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Abstract
Background  Catharanthus roseus (C. roseus), belongs to the dogbane family Apocynaceae, is the source of various 
terpenoid indole alkaloids (TIAs) with excellent antitumor properties, including vinblastine, vincristine, ajmalicine, 
serpentine, vindoline, and catharanthine. However, TIAs are widely used in clinical anticancer research, their content 
is extremely low in plants, and currently insufficient to meet market demand. Therefore, exploring TIAs regulation 
is essential to improve TIAs yield. Numerous transcription factors have been shown to be involved in vinblastine 
biosynthesis, while the function of SPL members (CrSPL) has not yet been investigated in C. roseus. SPL genes regulate 
both plant growth and development as well as metabolite accumulation.

Results  In this study, genome-wide analysis identified fourteen CrSPL genes. The analysis included their gene 
structure, phylogenetic relationships, spatio-temporal expression profiles, response to methyl jasmonate and 
microRNA interactions. The yeast-one-hybrid (Y1H) and Dual-Luciferase (Dual-Luc) assays and transient overexpression 
show that CrSPLs can directly regulate the vinblastine biosynthesis pathway. The Cro-microRNA member, Cro-miR156a, 
can efficiently inhibit the activity of CrSPLs members and TIAs pathway genes.

Conclusions  Cro-miR156a and CrSPLs regulate TIAs biosynthesis, and this study provides a promising reference for 
investigating the roles of CrSPL TFs in regulating TIAs biosynthesis in C. roseus.
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Introduction
In plants, the transcription factors (TFs) can specifi-
cally bind to the cis-elements of gene promoter regions 
and activate or repress gene transcription to regulate 
the expression of downstream genes. Gene expression is 
essential for the growth and development of plants. Based 
on their sequences, structure, motif and biological func-
tions, TFs can be classified into several families such as 
WRKY, AP2/ERF, MYB, MYC, bHLH and so on [1]. The 
SQUAMOSA Promoter Binding Protein-Like (SPL) fam-
ily is one of the plant-specific TFs family and their mem-
bers are widely distributed in plants. The two SPL family 
members were firstly identified based on their binding 
activity to the SQUAMOSA gene promoter region of the 
snapdragon (Antirrhinum majus) flower meristem gene 
[2]which contain the conserved MDAS-BOX motif and 
can regulate the snapdragon flower development. Mem-
bers of SPL family share a highly conserved SBP domain, 
generally about 76 amino acid residues and identified 
by two zinc-figure binding sites known as Cys3His/Cys4 
(Zn1) and Cys2HisCys (Zn2) [3] the later overlaps with a 
conserved nuclear localization signal sequence (NLS) at 
the C-terminal of SBP domain [4]. The SBP domain has 
been showed to be necessary for SPL genes to bind to the 
“GTAC” core motif and gene-specific flanking regions 
[3].

The orthologous SPL genes have been identified and 
analyzed at the genome-wide level in more than 60 spe-
cies, including 16 SPL members in Arabidopsis thaliana 
[5] 28 in Populus [6] 31 in maize [7] 19 in rice [8] 56 in 
wheat [9] 15 in tomato [10] and so on. The specific roles 
of SPL family members have been extensively studied in 
several model plants, such as Arabidopsis thaliana, rice, 
maize and tomato. The members of the SPL family have 
been found to be responsible for various plant growth 
and developmental processes [11–14] including vegeta-
tive and reproductive phase transitions [13] pollen sac, 
leaf development, flowering and root development, gib-
berellic acid (GA) biosynthesis [14] copper homeosta-
sis, trichome formation [12] and stress response [11]. 
In A. thaliana, the SPL genes are divided into eight 
clades AtSPL1/12/14/16, AtSPL2/10/11, AtSPL3/4/5, 
AtSPL6, AtSPL7, AtSPL8, AtSPL9/15 and AtSPL13 [15]. 
AtSPL2/10/11 regulate the lateral organ development 
and the morphogenesis of cauline leaves and flowers [16]. 
AtSPL 3/4/5 controled the flowering time via integrating 
GA signal and photoperiod with SOC1-SPL module [17]. 
AtSPL8 plays the central role in the pollen sac develop-
ment, male fertility and GA biosynthesis and signaling 
[18] and AtSPL14 participates in the plant architecture 
development and sensitivity to fumonisin B1 [19]. In 
Oryza sativa, the fine-tuning expression of the SPL genes 
can enhance the rice yield. OsSPL14 promotes panicle 
branching and enhances grain productivity [20]; OsSPL16 

controls the grain size, shape and quality [21]. In maize, 
the SBP-box genes regulate the plant development such 
as regulating the rate of lateral primordia initiation [22]
the bract development, the establishment of meristem 
boundaries [23] and the naked grains of maize [24]. As 
more plant genome resources become available, more 
SPL genes and their function will be uncovered.

The microRNAs (miRNAs) have been showed to 
regulate the gene expression in plants which are 20–24 
nucleotides small RNA molecules, can cleavage the tar-
get mRNA or bind to their target-genes transcripts and 
form an RNA-induced silencing complex to repress the 
translation [25]. Many SPL genes identified to date are 
targeted by the members of miR156/157 family, and 
the target sites are in the coding-sequence (CDS) and 
3’-untranslated regions (3’UTR) [26]. In general, the SPL 
genes can cooperate with the putative miRNAs to form 
the miRNA-SPL module to play a critical role in various 
plant growth and development processes.

Catharanthus roseus L (Madagascar’s periwinkle), from 
the dogbane family Apocynaceae, is the source of a great 
variety of terpenoid indole alkaloids (TIAs) and regarded 
as the model plant for TIAs research. The important 
TIAs vinblastine, vincristine, ajmalicine, serpentine, vin-
doline, and catharanthine, accumulate in extremely low 
quantities in C. roseus [27] which have pharmacological 
activities including anti-cancer, anti-diabetic, anti-micro-
bial and so on. Among them, vinblastine and vincristine 
are widely used in anticancer research and clinical appli-
cations. It is usually assumed that the conversion of vin-
blastine to vincristine occurs in the absence of enzyme 
involvement. This leads to efforts to enhance production 
and develop novel sources of these compounds by imple-
menting multiple strategies. As more detailed genetic 
background and advanced omics tools of C. roseus, such 
as genomic sequencing, single-cell RNA sequencing and 
multi-omics provide us with more powerful informa-
tion about the key enzymes, transcription factors (TFs), 
and regulatory network of vinblastine. In general, key 
enzymes and transcriptional regulators, expressed indi-
vidually or in tandem, have been used to engineer the 
TIAs pathway in C. roesus [28].

Many transcription factors (TFs), involved in the regu-
lation of biosynthesis and metabolism of TIAs, have been 
identified and utilized in different culture methods of C. 
roseus, including hairy root and suspension cell cultures. 
The TFs such as CrORCA1/2/3/4/5/6 are from AP2/ERF 
family [29]; CrMYC2a/2b/2c [28] and CrBIS1/2/3 are 
from bHLH family [30]; CrWRKY1/2 from WRKY family 
[31] CrZCT1/2/3 are from C2H2 family [32] and CrBPF1 
is from MYB family [33]. The other TF families have still 
not been systematically described yet. There is some 
research focused on the identification of the C. roseus 
miRNA and their potential functions in C. roseus [34]. 
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However, the research about the SPL family members, 
miRNA-SPL modules and their roles in C. roseus growth, 
development, and especially the function in TIAs regula-
tory are limited and unclear.

Herein, in order to describe and uncover the SPL fam-
ily members and the miRNAs/SPL modules function in 
C. roseus. We characterized 14 members of the C. roseus 
SPL gene (CrSPL) family, and analyzed the gene structure, 
conserved domains, phylogenetic relationship, collinear 
relationship, Cro-miRNAs target sites and expression 
patterns. Further, we verified the putative Cro-miRNAs 
activity and investigated the Cro-miR156a-CrSPL poten-
tial roles in the regulatory of TIAs in C. roseus via Yeast-
one-hybrid (Y1H) and Dual-Luc assays. Our study aims 
to explore and elucidate the potential roles of the SPL 
genes in the C. roseus TIAs regulatory network, which 
will expand the TIAs regulatory network.

Method and materials
Plant materials and treatment
Catharanthus roseus and Nicotiana benthamiana were 
used in this study. The Catharathus roseus “SunStorm 
Red” seeds ware bought from Syngenta Flowers company 
(Grilory, USA), and the Nicotiana benthamiana seeds 
were bought from PU JIE BIOLOGY company (Shang-
hai, China). The Catharanthus roseus and Nicotiana ben-
thamiana seeds were planted in vermiculite and peaty 
soil(1: 2)in pots in a growth chamber under 16 light/ 
8  h dark and 65% relative humidity at 25 ± 2 ℃. Three-
week-old Nicotiana benthamiana plants were prepared 
for Agrobacterium tumefaciens infection. The whole two-
month-old Catharanthus plants were sprayed by the hor-
mone of 100 umol/L methyl jasmonates solution, the first 
pair leaves from plants crown were collected after 0, 0.5, 
1, 1.5, 3, 6, 9, and 12 h treatments. And then immediately 
frozen with liquid nitrogen and stored at -80 ℃ for future 
experiments. Three biological replicates were harvested 
at each time point.

Genome-wide identification and distribution of CrSPLs
To comprehensively identify the C. roseus SPL family 
genes (CrSPL), the chromosome level assembly genome 
information was obtained from the National Center for 
Biotechnology Information (NCBI) genome database 
(GenBank: GCA_024505715.1). The SBP family Pfam 
seed file (PF03110) was downloaded from Pfam database 
(https://pfam.xfam.org/), then searched and aligned with 
the C. roseus protein database via the hmmsearch func-
tion in HMMER.3.2 based on Ubuntu 22.04.3. The NCBI 
Conserved Domains Database (CDD) was used to predict 
the SBP domain and exclude the no-typical, structural 
integrity and redundant sequence. After that, the molec-
ular weight (MW), isoelectric point (pI) and protein sub-
cellular location of the CrSPL proteins were predicted 

by ExPASy (Expasy - ProtParam tool) and WoLF PSORT 
(https://wolfpsort.hgc.jp/). The MG2C website (​h​t​t​p​​:​/​/​​m​
g​2​c​​.​i​​a​s​k​​.​i​n​​/​m​g​2​​c​_​​v​2​.​1​/) was used to locate and align the 
positions of CrSPL genes based on the genome annota-
tion. The proteins sequences were beautified via ESPript 
3.0 (​h​t​t​p​​s​:​/​​/​e​s​p​​r​i​​p​t​.​​i​b​c​​p​.​f​r​​/​E​​S​P​r​​i​p​t​​/​c​g​i​​-​b​​i​n​/​E​S​P​r​i​p​t​.​c​g​i).

The phylogenetic, conserved domains, motifs and gene 
structure analysis
The phylogenetic tree of Catharanthus roseus, Arabidop-
sis thaliana, and Oryza sativa(japonica)was constructed 
using the MEGA11.8.0 with the Neighbor Joining (NJ) 
method and 1000 replications were set for bootstrap 
test, in which the protein sequences were truncated by 
TBtools software File trim function. The phylogenetic 
tree was visualized and beautified using the online soft-
ware EvolView (https://www.evolgenius.info/). The ​p​r​o​
t​e​i​n​s sequences of CrSPLs were submitted to the CDD 
for conserved domains predication, the CrSPLs gene 
structure analysis was performed via “Visualize Gene 
Structure” function in TBtools (Supplementary Table 1, 
Table S1). The conserved motifs of the full-length pro-
teins were performed via MEME Suite ( ​h​t​t​p​s​:​/​/​m​e​m​e​-​s​
u​i​t​e​.​o​r​g​/​​​​​)​, with default setting except the number of dis-
played motifs were set to 10. The other polygenetic tree 
including CrSPL proteins, motifs distribution, conserved 
domains, and gene structure were created by TBTools 
software according to the annotation information of the 
Catharanthus genomic GFF file.

Gene duplication and collinearity analysis
All amino acid sequences and GFF files of Catharanthus 
roseus, rice, and Arabidopsis were conducted a two-way 
comparison using the One step MCScanX of TBtools 
software, and then the synteny relationship of SPL genes 
were performed and visualized using the Dual systeny 
Plot toolkit package of TBtools software.

Analysis of the cis elements of CrSPL genes promoters
The upstream 2000  bp promoter regions of the CrSPL 
genes CDS region were extracted and predicted by 
TBtools software and Plant CARE (​h​t​t​p​​s​:​/​​/​b​i​o​​i​n​​f​o​r​​m​a​t​​i​c​
s​.​​p​s​​b​.​u​g​e​n​t​.​b​e​/), respectively. The cis-elements ​d​i​s​t​r​i​b​u​t​i​
o​n figure was constructed by TBtools software. Further-
more, the cis elements were emphasized and divided into 
four categories: stress responsiveness, light signal, cel-
lular development and phytohormones, and the cis-ele-
ments’ pie figure was constructed by the Graphpad Prism 
9.3.0 version.

Expression analysis of CrSPL genes in different tissue and 
response to phytohormone Methyl jasmonate
The mature leaf (MF), immature leaf (IF), stem (S), root 
(R) and flower (F) in one-month-old C. roseus plants 

https://pfam.xfam.org
https://wolfpsort.hgc.jp/
http://mg2c.iask.in/mg2c_v2.1/
http://mg2c.iask.in/mg2c_v2.1/
https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
https://www.evolgenius.info/
https://meme-suite.org/
https://meme-suite.org/
https://bioinformatics.psb.ugent.be/
https://bioinformatics.psb.ugent.be/
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were collected to perform the CrSPL genes expression 
analysis by RT-qPCR. The phytohormone treatment was 
performed as described in 2.1. Total RNA was isolated 
from the samples with the RNApure Plant Kit (DNase 
I) (CWBIO, China), the quality and concentration of 
the RNA samples were measured by Thermo Scientific 
NanoDrop 2000 UV-Vis Spectrophotometer (Thermo 
Scientific, United States). Takara PrimerScript RT Kit 
was used to synthesis cDNA with one ug RNA, and the 
cDNA was diluted to 500 ng/uL. The RT-qPCR (quantita-
tive real-time polymerase chain reaction) was performed 
on the LightCycle@96, which contained 10 uL Magic SYB 
mix, 0.4 uL each of forward and reverse primers, 4 uL 
cDNA and 5.2 uL ddH2O in a 20 uL reaction system. The 
reaction conditions include preincubation at 95 ℃ for 
30 s, 40 cycles at 95 ℃ for 10 s, and 60 ℃ for 30 s. Three 
biological replicates were used in each reaction and the 
relative gene expression levels were normalized with C. 
roseus 18  S rRNA gene and calculated using the 2−ΔΔCT 
method. A detailed list of the primers used in this study 
can be found in Table S3.

Prediction of putative micro-RNAs and target genes 
association and activity test
The published C. rosues mature miRNAs were down-
loaded from PmiREN website (https://pmiren.com/) to 
predict the putative miRNA sites in the CrSPL genes, 
and then the CrSPLs CDS sequences and mature miR-
NAs sequences were submitted to the online psRNA-
Target server (https://www.zhaolab.org/) with default 
parameters. The mature Cro-miRNA sequence, primary 
Cro-miRNA sequence and the interaction between the 
CrSPLs and putative miRNA can be found in the supple-
mental documentation (Table S4-S6). To test the puta-
tive Cro-miRNAs activity, the CaMV35s promoter was 
used to overexpress the primary miRNA sequences. 
The 500  bp were extracted from the upstream and 
downstream of mature miRNA sequences on C. roseus 
genome were set as the effector. Meanwhile, the modified 
pGreenII-0800 vector was set as the reporter, in which 
CaMV35s promoter was used to promote the Firefly-
Luciferases infused with the CrSPL genes CDS region at 
N-terminal.

The recombinant plasmids were transformed into A. 
tumefaciens strain GV3101 with helper plasmids pSoup 
and p19. The overnight-cultured Agrobacterium cells 
were collected at an optical density of 1 ~ 1.5 and resus-
pended in MMA buffer (20 mM 2-Morpholinoethane-
sulphonic acid, 40 mM Magnesium chloride hexahydrate 
and 100 mM Acetosyringone) and incubated at room 
temperature for three hours. Then the effectors and 
reporters were combined and mixed in 1:1 volume ration, 
infiltrated the 21-day-old Nicotiana benthamiana by 
disposal syringe. Following a 24-hour dark period and a 

subsequent 24-hour light period, N. benthamian leaves 
were harvested and pulverized. The relative Firefly-
Luciferase/Ren-Luciferase activity was then measured 
to describe the association between the putative miRNA 
and CrSPLs via the Dual-Luciferase Reporter Assay Sys-
tem (Promega, Madison, WI, USA). Six biological rep-
licates were conducted for each sample, and statistical 
analysis was performed using either one-way ANOVA or 
Student’s t-test.

Yeast one hybrid (Y1H) assays
The whole coding sequences of the 
CrSPL2/3/4/5/7/8/9/12 gene were cloned into the 
pB42AD vector. Additionally, the pLacZ-2u vector 
was used to clone the three consecutive copies of the 
core “GTAC” sequence with 4 ~ 6  bp flanking sequence 
in vinblastine pathway gene promoters. The recom-
bined pB42AD and pLacZ-2u vectors were transformed 
into the yeast strain EYG48A, the yeast strain, trans-
formed with the pB42AD and “GTAC” motifs alone, was 
regarded as the negative control. The yeast cells were cul-
tured on SD/-Trp/-Ura medium, then the yeast clones 
were incubated on SD/-Trp/-Ura/X-β-gal for selection at 
30 ℃ for three days.

Dual-luciferase assay for CrSPL genes transcription activity 
on TIAs biosynthesis genes
The 2000  bp DNA sequence of TIAs biosynthesis key 
enzymes genes upstream were extracted and regarded as 
the promoters, then cloned into the pGreen-II 0800 vec-
tors. CrSPL genes CDS were cloned into the pHB-x-YFP 
vector. The A. tumefaciens strain transformation, culture 
and N. benthamiana infiltrated method were described 
in 2.7. Six biological repeats were performed for each 
sample; statistical analysis was performed via one-way 
ANOVA or Student’s t test.

The transient overexpression of Cro-miR156a and CrSPLs in 
C. roseus seedlings
The Cro-miR156a and CrSPLs were transiently overex-
pressed in C. roseus seedlings as described in research 
[35].

Results
Identification and characters of the SPL gene family in the 
Catharanthus roseus genome
SQUAMOSA promoter-binding protein-like transcript 
factors (SPL) are plant-specific transcription factors with 
the conserved domain SBP that can recognize and bind to 
the promoter region of MADS box genes. To identify SPL 
genes in the C. roseus genome, the SBP HMM file (Pfam: 
PF03110) was used to blast against the C. roseus genome 
based on the Ubuntu system. Fourteen SPL genes were 
identified and then blasted using NCBI Batch CD-Search 

https://pmiren.com/
https://www.zhaolab.org/
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to predict the SBP domain and exclude the atypical, 
structural integrity and redundant sequences. To avoid 
naming confusion, the SPL genes were named CrSPL1-
CrSPL14 according to their chromosomal location and 
distributed on linkage group (LG): LG02(4), LG03(1), 
LG05(2), LG06(2), LG07(2) and LG08(3) (Fig. 1a).

The CDS and protein length of the fourteen CrSPL 
genes ranged from 441 to 3150  bp and 146 to 1084 aa, 
respectively (Table  1 and Table S1). The highly con-
served and intact SBP domain appeared at the N-termi-
nal region of all CrSPL genes, it contains two zinc finger 
structures (Zn-1 and Zn-2) and a nuclear localisation 
sequence (NLS) (Fig. 1b). In addition, the protein charac-
teristics including basic physical and chemical properties 
were identified. The molecular weights (M.W.) and theo-
retical isoelectric points (pI) of the proteins ranged from 
16.92 ~ 111.766  kDa and 5.71 to 9.73, respectively. Nine 
proteins of CrSPL family members’ pI were greater than 
7, which means that these proteins belong to the basic 
proteins. In terms of subcellular localisation, the WolF 
PSORT (https://wolfpsort.hgc.jp/) prediction results 
suggested that CrSPL proteins may be targeted to the 
nucleus (Table S2).

Phylogenetic relationship, conserved domains, motifs and 
gene structure of CrSPLs
In general, the genes that had a co-adaptation associa-
tion and relationship can perform similar functions. To 
explore the functions and revolution relationship of 
CrSPL proteins, an unrooted phylogenetic tree, contains 
14 C. roseus SPL(CrSPL), 16 A. thaliana SPL(AtSPL) and 
19 O. sativa SPL(OsSPL) proteins, were constructed by 
the neighbor-joining method (Fig.  2). These CrSPL pro-
teins were divided into eight subgroups: according to the 
phylogenetic relationship of SPL proteins in A.thaliana: 
CrSPL1/6/14 (Group 1), CrSPL11 (Group 2), CrSPL3 
(Group 3), CrSPL2/9 (Group 4), CrSPL5/12(Group 5), 
CrSPL7/8/10 (Group 6), CrSPL4 (Group 7) and CrSPL13 
(Group8).

In addition, to understand the evolutionary signifi-
cance of domain architecture, a phylogenetic tree of the 
CrSPL gene family combined with gene structure and 
phylogenetic tree was constructed by MEGA-11.0.8. We 
performed the conserved motif prediction of 14 CrSPL 
proteins via the online prediction website MEME, which 
were set as Motif 1-Motif 10 (Fig. 3). All members con-
tain motif 1, motif 2 and motif 3, which are the most 
conservative regions in SPL proteins. Interestingly, motif 

Fig. 1  Identification of CrSPLs gene in Catharanthus roseus. (a) The CrSPLs gene location on Catharanthus roseus chromosome. The dark green back-
ground shape and red text and lines were used to represent the Catharanthus chromosome and CrSPLs gene location respectively. (b) Amino acid 
sequence alignment of CrSPL proteins. The Zn-1 and Zn-2 domains and nuclear localization signal sequence (NLS) are indicated upside, the color back-
ground indicated identical amino acids
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4, motif 5 and motif 6 most only appeared in CrSPL1, 
CrSPL14, and motif 3 exit in CrSPL11 alone. Meanwhile, 
motif 3, motif 5 and motif 6 near the C-terminal in the 
CrSPL1, CrSPL4 and CrSPL11. The motifs’ order and 
range provide the possibility of more functions for the 
protein.

To study the gene structure of 14 CrSPL genes, CDS/
introns patterns were further investigated by align-
ing the corresponding genomic DNA sequence. Among 
them, the CrSPL1, CrSPL6, CrSPL11 and CrSPL14 have 
the most exon numbers about 10–11, and CrSPL1 and 
CrSPL7 have the longest and shortest introns, respec-
tively. Furthermore, the UTR has a variable distribution 
in these genes, no 5’UTR or 3’UTR regionappeared in 
CrSPL2, CrSPL5, CrSPL8 and CrSPL11. In other plants’ 
SPL family, the 5’UTR or 3’UTR also were absent in 
SPL gene structure, such as TaSPL8/13/15 in wheat, 
AtSPL2/5/7/12/13A/13B/15 in Arabidopsis.

Gene duplication within C. roseus and collinearity analysis 
of SPL genes between C. roseus, A. thaliana and O. sativa
Segmental and tandem duplication events generally pro-
mote gene expansion and evolution, resulting in vari-
ous paralogous gene pairs that aid plants in coping with 
diverse growth and developmental processes. Members 
of SPL genes that cluster into the same subgroup share 
similar gene structure and functions, suggesting a com-
mon evolutionary origin. Our study identified only two 
gene duplication events: CrSPL7-CrSPL8 and CrSPL2-
CrSPL9. This suggests that most of the CrSPL genes are 
conserved during the evolutionary process. In other 

words, the members of the SPL genes might have diverse 
functions in plant development.

We explored the collinear relationship of CrSPL after 
gene duplication within C. roseus by comparing the 
genomes of Arabidopsis and rice (Fig.  4). The results 
show that the genomes of C. roseus and A. thanliana 
have 14 (100%) syntenic gene pairs, which corresponds to 
the distribution of CrSPL on the C. roseus chromosome. 
Three gene pairs were found to be syntenic between C. 
roseus and the Oryza genome.Based on the evolutionary 
association analysis of gene duplication, a strong collin-
ear correlation was observed between C. roseus and A. 
thanliana. These results demonstrate that C. roseus and 
A. thanliana have conserved and consistent phylogenetic 
relationships of SPL genes.

Promoter cis-elements analysis of CrSPLs
The nucleotide sequences of 2000 bp were extracted from 
the upstream of each CrSPL CDS region and regarded as 
promoters. The PlantCARE website was used to predict 
cis-elements for all sequences. The 553 screened pro-
moter cis-elements can be categorized into four groups: 
229 stress-responsive cis-elements, 139 light response 
and regulatory cis-elements, 148 hormone-responsive 
cis-elements, and 47 cellular development cis-elements 
(Fig. 5). The most widely distributed cis-element was 
MYB, accounting for 26.6%. Additionally, STRE was 
identified as a significant cis-element in stress-responsive 
cis-elements. Furthermore, some special cis-elements 
for MYB binding sites were identified in stress response, 
such as MBSI, MRE, and MBS, which were involved in 
regulating flavonoid metabolism, light response, and 

Table 1  Information about CrSPL genes in Catharanthus roseus
Gene ID Locus tag Protein ID Gene 

name a
Chromosome position CDS 

length(bp)
Protein 
length(aa)

MW 
(kDa) b

PI Subcel-
lular 
local-
ization c

EVM0029095.1 M9H77_05808 KAI5674858.1 CrSPL1 LG02:134600–144,161(+) 3025 1008 112.888 6.85 Nucleus
EVM0001126.1 M9H77_09814 KAI5678864.1 CrSPL2 LG02:72983770–77,810,433(+) 1456 485 55.441 7.63 Nucleus
EVM0027799.1 M9H77_10331 KAI5679381.1 CrSPL3 LG02:77676301–77,681,780(-) 1417 472 51.380 8.79 Nucleus
EVM0020734.3 M9H77_10342 KAI5679392.1 CrSPL4 LG02:77804193–77,810,433(-) 1015 338 37.510 8.63 Nucleus
EVM0011066.1 M9H77_11907 KAI5671543.1 CrSPL5 LG03:18912964–18,916,171(-) 1114 371 39.879 8.63 Nucleus
EVM0032430.1 M9H77_20184 KAI5660861.1 CrSPL6 LG05:2865836–2,873,030(-) 3253 1084 119.695 7.15 Nucleus
EVM0027260.1 M9H77_21849 KAI5662526.1 CrSPL7 LG05:26031754–26,033,298(-) 847 282 32.370 7.68 Nucleus
EVM0033139.1 M9H77_25920 KAI5657127.1 CrSPL8 LG06:13720601–13,723,401(+) 441 146 16.923 5.71 Nucleus
EVM0032019.1 M9H77_28837 KAI5660044.1 CrSPL9 LG06:56878716–56,883,734(-) 1669 556 60.870 6.55 Nucleus
EVM0011359.1 M9H77_29721 KAI5652534.1 CrSPL10 LG07:13723417–13,725,672(-) 630 209 22.188 9.73 Nucleus
EVM0023234.1 M9H77_31257 KAI5654070.1 CrSPL11 LG07:32924108–32,936,023(-) 2470 823 91.219 6.59 Nucleus
EVM0035658.1 M9H77_33422 KAI5647417.1 CrSPL12 LG08:3402562–3,406,972(+) 1096 365 40.756 8.39 Nucleus
EVM0021833.1 M9H77_33423 KAI5647418.1 CrSPL13 LG08:3410856–3,414,266(-) 1045 348 38.231 8.78 Nucleus
EVM0005315.1 M9H77_36989 KAI5650984.1 CrSPL14 LG08:63175879–63,186,258(+) 3010 1003 111.766 6.74 Nucleus
a The name of SPL genes in this study
b M.W., Molecular weight (kDa Kiloadalton)
c pI, Isoelectric point. bp, base pair. aa, amino acid
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diverse stress. The number of stress-responsive cis-ele-
ments contributed half of the total cis-elements, suggest-
ing that these genes may be induced in response to biotic 
and abiotic stress.

Promoters of CrSPL were distributed by cis-elements 
responsible for light signal and hormones such as ABA, 
JA, Auxin, GA, SA and ETH. The most widely distributed 
cis-elements were Box 4 and TCT-motif in light signal 
and MYC and ERE in hormones, accounting for 25.2%, 
11.5%, 31.1% and 14.9% respectively. And jasmonic acid 
elements (MYC, TGACG and CGTCA) were most widely 
distributed in cis-elements responsible for hormones, 
accounting for 31.1%, 5.4% and 5.4% respectively, it sug-
gests that CrSPL genes might were strongly regulated by 
JA. The promoter sequence contains several cis-elements 
related to cellular development, including A-box, CAT-
box, CATA-motif, CCGTCC-box/motif, GCN4-motif, 
and HD-Zip 1. CCGTCC-box/motif and A-box were 
the most prevalent, accounting for 35.1% and 16.2%, 
respectively. This suggests that some CrSPL genes may 

play a role in plant growth and development. Overall, we 
identified several cis-elements in the CrSPL promoter 
sequences. Our findings suggest that CrSPL genes are 
involved in various biological processes in response to 
stress, light, hormones, and cellular development.

Expression profiles of CrSPL genes in different tissues and 
responses to Methyl jasmonates
To gain an overview of the tissue-specific expression 
profile of SPL genes in C. roseus, we analysed the rela-
tive expression levels via RT-qPCR in different C. roseus 
tissues, including flowers, stems, immature leaves, and 
mature leaves (Fig.  6 and Fig. S2a). Most SPL genes 
exhibited low expression levels in the stem. Among them, 
CrSPL1, CrSPL2, CrSPL3, CrSPL7, CrSPL8, and CrSPL10 
showed the highest expression levels in mature leaves. 
CrSPL5, CrSPL6, CrSPL11, CrSPL12, CrSPL13, and 
CrSPL14 show high expression profiles in flowers, while 
only CrSPL4 and CrSPL9 showed high expression levels 
in immature leaves and roots, respectively. Meanwhile, 

Fig. 2  The neighboring-joining tree between Catharanthus roseus, Arabidopsis thaliana, and Oryza sativa. Different colors were used to distinguish differ-
ent groups and branches, the Catharanthus roseus SPL proteins were decorated by red filled star, and the numbers in the middle of the branches represent 
the bootstrap scores
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Fig. 3  The unrooted phylogenetic tree, the gene structure and motif analysis of CrSPL genes. (a) The neighbor-joining tree on the left 14 CrSPL proteins 
form C. roseus. (b) Ten conserved motifs were represented by boxes, and different colors were used to represent these motifs. (c) The green color boxes 
indicate the 5’ and 3’ untranslated regions (UTR), and the yellow and gray color represent the exons and introns, respectively. (d) Different motifs amino 
acid sequences of CrSPL proteins
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the CrSPL gene expression profile from different cell pop-
ulations is also shown in Fig. S2b. Based on the profile of 
CrSPL genes, it is suggested that CrSPL may have various 
roles in growth processes, and certain members of the 
CrSPL family may play a dominant role at the same time.

TIA biosynthesis can be strongly stimulated by MeJA. 
Analysis of the promoters of CrSPL genes revealed that 
JA-response elements appear in the promoter region, 
indicating that CrSPL genes could respond to MeJA hor-
mone signals. The RT-qPCR results indicated that the 
members of the CrSPL family members can be induced 

by MeJA (Fig.  7 and Fig. S3). MeJA strongly inhibited 
the expression levels of CrSPL1, CrSPL3, CrSPL11 and 
CrSPL13, and significantly upregulated the expres-
sion level of CrSPL2, CrSPL4, CrSPL5, CrSPL6, CrSPL7, 
CrSPL8, CrSPL9, CrSPL10 and CrSPL12, except for no 
effect on CrSPL4 expression level. The CrSPL1, CrSPL3, 
CrSPL4, CrSPL5, CrSPL6, CrSPL7, CrSPL9 and CrSPL10 
responded rapidly to MeJA within 1.5  h, while other 
members responded more slowly.

Fig. 5  The analysis of cis-elements of 14 CrSPL genes promoters. (a)The cis-elements classification and numbers of CrSPL genes were represented by 
different colors and grid numbers. (b)The four categories of Stress responses, Light signal, Cellular development and Hormone response were shown in 
different colors. The pie chart size according to the cis-elements ratio (from left to right)

 

Fig. 4  Orthologous relationships between SPL genes in Arabidopsis thaliana, Oryza japonica. The orange blocks represent the chromosomes of C. roseus, 
while the green blocks represent chromosomes of other species. Collinear blocks among SPL genes were highlighted by red lines, while gray lines repre-
sent collinear gene pairs between different species
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Fig. 6  The expression profiles of C. roseus SPL genes in flower (F), stem (S), immature leaf (IF) and mature leaf (MF). Error bars represent mean ± SD (n = 3). 
The results represent the mean ± SD of biological triplicates (n = 3), and 2-ΔΔct was used to calculate the relative expression level
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Prediction of putative miRNA-target interactions and 
activity test
MicroRNAs (miRNAs) are involved in the regulation 
of gene expression in plants, acting as post-transcrip-
tional repressors by targeting downstream genes for 
cleavage or degradation [36]. The psRNATarget tool 
(https://www.zhaolab.org/) was employed to ascertain 
the presence of the target sites within the CrSPL fam-
ily members. The results suggested that ten members of 
Cro-miRNA family members can be paired with certain 
CrSPL genes in the CDS region (Fig. 8a). These members 
include Cro-miR156a-d, Cro-miR159c, Cro-miR2111a, 
Cro-miR2275a, Cro-miR828a, Cro-miRN5319 and Cro-
miR391a. The Cro-miR156a-d can target CrSPL2, 3, 4, 
5, 9 and 12, while Cro-miR391a targets CrSPL1 and Cr-
miR2111a targets CrSPL10. The association relationship 
between CrSPL genes and Cro-miRNAs is not specific. 
For instance, CrSPL2 can be targeted by Cro-miR156a-d, 

CrSPL3 by Cro-miR159e and Cro-miR156a-d, and 
CrSPL4 by Cro-miR2775a and Cro-miR828a.

To test the activity of Cro-miRNAs, Cro-miR156a was 
overexpressed using the CaMV35s promoter due to its 
mature sequence homology as the effector. Addition-
ally, we cloned members of the CrSPL family members 
(CrSPL2, 3, 4, and 5) into the modified pGreenII-0800 
vector as the reporter, in which the CrSPL CDS were 
infused at the N-terminator of Firefly-Luciferase pro-
tein. (Fig.  8b). The relative Dual-Luciferase level was 
measured, and the results showed that Cro-miR156a sig-
nificantly reduced the relative Luciferase activity of the 
reporter. The results indicated that there was a decrease 
in activity of CrSPL2 by approximately 38%, CrSPL3 by 
55%, CrSPL4 by 44%, and CrSPL5 by 69% (Fig. 8c). This 
suggests that the primary Cro-miR156a sequence can 
be transcribed and processed into mature micro small 
RNAs, which can then affect the activity of the SPL genes. 
The difference in the level of decrease among the target 

Fig. 7  CrSPLgenes response to methyl jasmonates (MeJA). The RT-qPCR was used to detect the relative expression levels of CrSPL genes under MeJA treat-
ment. The results represent the mean ± SD of biological triplicates (n = 3), and 2−ΔΔct was used to calculate the relative expression level.

 

https://www.zhaolab.org/
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Fig. 8  The interaction and association analysis between putative miRNAs and their target CrSPL genes. (a)The putative miRNAs and targeted genes are 
in the left and right, respectively. The different colors were used to connect the miRNAs and targeted genes to describe the interaction and association 
relationship. (b) The vectors constructed for the Cro-miR156 function test; (c) Cro-miR156a activity tests in N. benthamiana. The data were showed as 
the mean ± standard error (n = 6). Graphmad prism 9.3.0 and Excel were used for data processing and statistical analysis, and Student’s t test was used for 
significance test. *P ≤ 0.05, **P ≤ 0.01,***P ≤ 0.001, **** P ≤ 0.0001
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SPL genes may be due to the binding and cleavage capa-
bilities of Cro-miR156 or the limited effect of SPL mRNA 
change on SPL/FireflyLuc fusion protein activity.

The effects of CrSPL2/3/4/5/7/8/9/12 on the promoter 
activity of part enzymes in vinblastine biosynthesis
The biosynthesis of vinblastine is a complex process, 
comprising three distinct phases: the shikimate-choris-
mate-indole pathway, the MEP-secoiridoid pathway, and 
the monoindole alkaloid pathway (Fig. S1). However, the 
involvement of SPL genes in the regulation of vinblastine 
biosynthesis remains to be demonstrated. A Dual-Lucif-
erase and Yeast One-Hybrid assay were conducted to 
investigate the potential involvement of CrSPL genes in 
the biosynthesis of TIAs.

Initially, a Dual-LUC assay was conducted to ascer-
tain whether CrSPL proteins exert an influence on 
the activity of specific vinblastine synthesis enzymes 
(Cr7DLGT, CrLAMT, CrSGD, CrGS, CrT3R). The 
CrSPL2/3/4/5/7/8/9/12 were selected to perform the 
Dual-LUC, based on their interaction with Cro-miR156a 
and the expression profiles form different tissues and 
cell populations RNA-seq data (Fig. S2). As illustrated 
in Fig.  9, the relative Luc activities demonstrate that 
CrSGD activity can be activated by CrSPL2/3/4/5/9/12. 
Similarly, CrSPL2/3/4/5/9/12 activated the CrGS LUC 
activity, with the exception of CrSPL7/8, which had no 

effect. Additionally, only CrSPL9 was observed to acti-
vate Cr7DLGT and CrLAMT activity. A similar trend 
was observed for CrT3R, whereby CrSPL2/9 activated 
the Luc activity, while CrSPL3/4/5/7/8/12 had no effect.

The function of CrSPL in the biosynthesis of TIAs 
was further substantiated through the utilization of a 
Yeast One-Hybrid assay (Fig. 10). The SPL family mem-
ber has been demonstrated to possess the capacity to 
specifically recognize and bind the “GTAC” box. The 
PlantCARE analysis has revealed the presence of 5, 8, 
2, 3 and 1 “GTAC” boxes on CrSGD, CrGS, Cr7DLGT, 
CrLAMT and CrT3R promoter region, respectively. The 
yeast one-hybrid assay demonstrated that the second 
“GTAC” box on CrSGD was directly bound by CrSPL8 
and CrSPL12, while the third “GTAC” box on CrLAMT 
was directly bound by CrSPL2/3/4/5/8/9. Additionally, 
the sole “GTAC” box on CrT3R was shown to be directly 
bound by CrSPL3 and CrSPL8. In conclusion, the CrSPL 
genes may exert a direct influence on the activity of key 
enzymes involved in the biosynthesis of TIAs.

Transient ovexpression of Cro-miRNA and CrSPLs in C. 
roseus cotyledon
To further validate the function of Cro-miR156a and 
the CrSPLs in vivo, the transient overexpression was 
performed in the C. roseus cotyledon system. The tran-
sient overexpression of Cro-miR156a was observed 

Fig. 9  CrSPLs gene can activate the TIAs pathway gene promoter activity. (a) The vector construction for Dual-Luciferase assay. (b)-(f) The effect of 
CrSPLs gene on TIAs pathway gene promoter. Cr7DLGT, 7-deoxyloganetic acid glucosyl transferase; CrLAMT, loganic acid O-methyltransferase; CrSGD, 
strictosidine β-D-glucosidase; CrGS, geissoschizine synthase; CrT3R, tabersonine 3-reductase. The data showed as the mean ± standard error (n = 6). Graph-
mad prism 9.3.0 and Excel were used for data processing and statistical analysis, and Student’s t test was used for significance test. *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, **** P ≤ 0.0001
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to effectively reduce the relative expression levels of 
CrSPL2, CrSPL3, CrSPL5 and CrSPL9 by 61.4%, 21%, 59% 
and 69.7%, respectively (Figrue. 11). These results are 
consistent with those obtained from the Dual-Luc assay 
in N. benthamiana in above. Nevertheless, no statistically 
significant difference was identified in the relative expres-
sion levels of CrSPL4 and CrSPL12. As anticipated, the 
transient overexpression of Cro-miR16a was observed 
to alter the expression levels of genes involved in the 
vinblastine pathway. In comparison to the YFP transient 
overexpression lines, there was a notable reduction in the 
expression levels of CrLAMT, CrSLS, CrTDC, CrSGD, 
CrRedox1, CrDAT and CrPRX1 excepted CrSTR, CrGO, 
CrSAT and CrT3R. This suggests that Cro-miR16a may 
be capable of reducing vinblastine pathway gene expres-
sion by decreasing the activity of CrSPLs, as well as by 
directly binding to the vinblastine pathway gene pro-
moter and regulating its expression level.

In addition, CrSPL2, CrSPL3 and CrSPL5 were 
expressed in cotylen, respectivley. Interesting, the 

overexpression of CrSPL2, CrSPL3 and CrSPL5 have 
limited effect on TIAs biosynthesis pathway genes 
expression level. In CrSPL2-overexpressed line, CrSPL2 
can lightly increase CrSGD, CrGO, CrT3R and CrDAT 
expression level. as with the effect of CrSPL2, CrSPL5 
only had slight influence on CrGS and CrGO. However, it 
seems that CrSPL3 had no effficent effect on these genes 
(Fig. 12). These resluts indicated that overexpressing of 
CrSPL member alone might have limited effect on TIAs 
biosynthesis in C. roseus cotyleon.

Discussion
Catharanthus roseus is a widely cultivated plant known 
for its cancer-fighting properties and attractive appear-
ance. It is an important source of terpenoid indole alka-
loids (TIA) and is often used as a research model plant. 
Vinblastine and vincristine are two of the most widely 
used natural plant antitumor drugs, widely used in the 
treatment of Hodgkin’s disease, acute lymphoblastic 
leukemia, malignant lymphoma and other disease s, 

Fig. 10  CrSPLs can directly bind TIAs pathway gene promoter region. (a) Schematic diagrams of the CrSGD, CrLAMT and CrT3R promoters, and the “GTAC” 
cis-elements position are marked by rectangle. (b) Yeast one-hybrid (Y1H) assay for protein-DNA interaction, the Y1H assays results were one of six times 
repeated assay
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vindoline and catharanthine are used in the treatment of 
diabetes, and serpentine and ajmalicine are used in the 
clinic as a highly effective antihypertensive drug [37, 38]. 
The availability of high-quality genome and transcrip-
tome data has made it easier to explore gene function 
and the TIAs regulatory network in C. roseus. Recently, 
the ZCT family [39]MAPK family [40] and GRF family 
[41] members’ roles in TIAs regulatory have been illus-
trated. Previous research has shown that SPL genes are 
important for plant growth and development, including 
flower development, phase transition, signaling transduc-
tion, and regulation of secondary metabolites. However, 
information on the functions of SPL genes is still limited 
and unclear. In this study, we identified 14 SPL genes in 
C. roseus through genome-wide identification, without 
considering alleles (Table  1; Fig.  1). The number of SPL 
genes (Figs. 2 and 3) in C. roseus was similar to that in A. 
thaliana (16) and grape (15), but smaller than in wheat 
(56) [9]. This suggests that SPL genes have undergone dif-
ferent gene duplication events in different species.

In C. roseus, two gene duplication events occurred: 
CrSPL7-CrSPL8 and CrSPL2-CrSPL9 (Fig.  4). Addi-
tionally, we identified fourteen gene pairs with A. thali-
ana and three gene pairs with O. sativa during the gene 

duplication and collinear relationship analysis. These 
results suggest that C. roseus and A. thanliana have a 
conserved evolutionary relationship of SPL genes and a 
close evolutionary distance.

The analysis of cis-elements in the CrSPL gene pro-
moter regions revealed the presence of stress, light-signal, 
cellular development, and plant hormone signal response 
cis-elements (Fig.  5). The CrSPL genes’ expression pro-
files from different tissue and cell population show their 
roles in plants growth and development (Fig. 6). Among 
them, Jasmonate (JA) and its methyl esters, MeJA, are 
regulators of plant development and key elicitors in 
metabolite production. MeJA has been shown to partici-
pate in the synthesis of TIAs in C. roseus, and several C. 
roseus TF members can respond to MeJA (Fig. 7). CrSPL 
genes were also treated by MeJA and responded posi-
tively, indicating that JA has the potential to expand its 
applications by inducing the expression of CrSPL genes.

MiRNAs can reduce the expression level of their targets 
through transcript cleavage or translation repression. The 
SPL family is typically targeted by miR156/157 and form 
miRNA-SPL module, which is conserved in plants [36]. 
There are numerous reports on the multifaceted roles of 
the miR156-SPL module in different plants. This study 

Fig. 11  The overexpression of Cro-miR156a in C.roseus seedlings. The results represent the mean ± SD of biological triplicates (n = 3), and 2-ΔΔct was used 
to calculate the relative expression level and the Student’s t test was used for significance test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, **** P ≤ 0.0001. CrG10H, 
geraniol 10-hydroxylase; CrLAMT, loganic acid O-methyltransferase; CrSTR, strictosidine synthase; CrSLS, secologanin synthase; CrTDC, tryptophan decar-
boxylase; CrSGD, strictosidine-O-β-d-glucosidase; CrGO, geissoschizine oxidase; CrGS, geissoschizine synthase; CrRedox1, protein redox 1; CrDAT, deacetyl-
vindoline-O-acetyltransferase; CrSAT, stemmadenine-O-acetyltransferase; CrT3R, 16-methoxy-2,3-dihydro-3-hydroxytabersonine synthase; CrPRX1, class III 
peroxidase
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focuses on the potential role of the miR156-SPL module 
in metabolite regulation, rather than growth and devel-
opment. The SPL genes are involved in some of the sec-
ondary metabolic processes, among which the synthesis 
of anthocyanins is more regulated. The miR156-SPL 
module can promote the biosynthesis of anthocyanins, 
flavonoids and flavanols in Populus tremula by targeting 

and regulating the mRNA expression level of the SPL 
gene [42]. Fifteen SPL TFs were identified in Salvia milt-
iorrhiza, SmSPL6 can directly bind to the Sm4CL9 and 
SmCYP98A14 and promote the synthesis of Salvianolic 
acid B (Sal B) and Rosmarinic acid (Ros A) [43]. However, 
SmSPL7 inhibits the expression of SmTAT1 and Sm4CL9 
by directly binding to their promoters, blocking Sal B 

Fig. 12  The overexpression of CrSPL2/3/5 in C. roseus seedling. The results represent the mean ± SD of biological triplicates (n = 3), and 2−ΔΔct was used to 
calculate the relative expression leve and the Student’s t test was used for significance test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, **** P ≤ 0.0001
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biosynthesis, and promotes anthocyanin accumulation 
[44]; AaSPL2 can directly bind the key enzyme AaDBR2 
and promote artemisinin biosynthesis in Artemisia 
annua [45] and SPL9 activates the expression of the ses-
quiterpene synthase gene TPS21 by directly binding to its 
promoter and promote sesquiterpene production in Pog-
ostemon cablin [46].

There are limited reports describing the role of 
miR156/SPL module in TIAs in plants, including C. 
roseus. In this study, we predicted interactions between 
putative Cro-miRNA and CrSPL. The miR156 fam-
ily members, Cro-miR156a-e, target CrSPL2, CrSPL3, 
CrSPL4, CrSPL5, CrSPL9, and CrSPL12. We verified 
that Cro-miR156a can efficiently suppress the expres-
sion level of CrSPL2, CrSPL3, CrSPL4 and CrSPL5 genes 
in N. benthamiana (Fig. 8). Combining the Y1H (Fig. 10) 
and Dual-Luc assays (Fig.  9), it was found that CrSPLs 
members can bind to the specific TIAs gene promoter 
region and directly activate the Cr7DLGT, and CrLAMT, 
CrsSGD, CrGS and CrT3R promoter activity, which 
means these CrSPLs might directly regulate the TIAs 
biosynthesis.

Obtaining a stable transgenic C. roseus is a challeng-
ing process, which limits the exploration of the functions 
of the Cro-miR156/CrSPL modules in C. roseus. In this 
study, we employed the recently described transient over-
expression method in the C. roseus cotyledon system to 
ascertain the potential function of Cro-miR156a (Fig. 11) 
and CrSPLs in the regulatory of TIAs. Cro-miR156a 
effectively reduced the expression levels of its targets 
CrSPL2/3/5 with the exception of CrSPL4 and CrSPL12. 
Concurrently, Cro-miR156a is also capable of effectively 
reducing the expression levels of key genes involved in 
TIAs biosynthesis, including: CrG10H, CrLAMT, CrSLS, 
CrTDC, CrSGD, CrGS, CrRedox1, CrDAT and CrPRX1. 
Given the limited regulatory effect of CrSPLs on the 
TIAs pathway (Fig. 12), it seems plausible to suggest that 
the observed decrease in the expression level of TIAs 
pathway genes may be attributed to the reduction in the 
expression levels of the CrSPLs member genes and their 
potential coordinators. Nevertheless, further investiga-
tion is required to ascertain the potential coordinator of 
CrSPLs through high-throughput sequencing techniques, 
including ATAC-seq, single-cell-seq, chip-seq etc. The 
direct measurement of TIAs via an HPLC-MS system 
in stable transformed systems, such as hairy roots and 
suspension cells, will provide more efficient evidence. 
Collectively, our findings offer novel insights into the 
potential role of CrSPLs in regulating TIAs biosynthesis.

Conclusion
A comprehensive analysis of the SPL gene family was 
conducted on a whole-genome scale in Catharanthus 
roseus. Fourteen CrSPL members were identified and 

subjected to comprehensive analysis, encompassing 
gene structure, conservative motifs, evolutionary rela-
tionships, gene duplications, microRNA interactions, 
spatio-temporal expression patterns and MeJA response. 
Members of the CrSPL family have been observed to 
respond to methyl jasmonate (MeJA). Cro-miR156a was 
verified to target and decrease the expression levels of 
the CrSPL2, CrSPL3, CrSPL4 and CrSPL5 genes. It has 
been demonstrated that CrSPL2/3/4/5/7/8/9/12 can 
directly activate the activity of certain genes involved in 
the partial vinblastine pathway and thus can be regarded 
as a positive regulator of vinblastine. The overexpres-
sion of Cro-miR156a and CrSPL2/3/5 indicates that Cro-
miR156a functions as a negative regulator of vinblastine, 
reducing the expression level of vinblastine pathway 
genes. Additionally, the regulatory influence of CrSPL2/5 
on TIAs biosynthesis is limited, suggesting the need for 
additional factors. Overall, the findings of this study con-
tribute to the understanding of TIAs regulation by Cro-
miR156a and CrSPLs.
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