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ABSTRACT 
 

 

Calotropis procera has been widely researched as a medicinal plant mainly due to its medicinal properties, 

including the presence of cardiac glycosides; However, less attention has been paid to its study as a source 

for natural rubber production. The biosynthesis of natural rubber occurs through the mevalonate (MVA) 

pathway in the cytoplasm and the methylerythritol phosphate (MEP) pathway in the plastids, with acetyl-

CoA being converted to isopentenyl pyrophosphate (IPP), the building block of natural rubber. Given the 

lack of detailed information on the natural rubber biosynthesis pathway in this plant and the absence of 

an annotated genome sequence, research based on de novo transcriptome assembly is particularly crucial. 

In this study, the Trinity and rnaSPAdes tools were employed to assemble the de novo transcriptome of 

C. procera from the data set available in the SRA database. Following a comprehensive evaluation of the 

assembly’s quality, the transcriptome was annotated using the Hayai-Annotation Plants tool. 

Subsequently, pathways associated with natural rubber biosynthesis were reconstructed and mapped using 

the GhostKOALA and KEGG Mapper tools, with pathway visualizations created through the Color tool. 

According to the results, unigenes received putative annotations in three domains: biological processes, 

cellular components and molecular functions. Additionally, during the KEGG pathway reconstruction, 19 

ortholog genes involved in the terpenoid backbone biosynthetic pathway were identified, including 7 

ortholog genes related to the MVA pathway, 8 orthologs related to the MEP pathway, and 4 ortholog 

genes associated with the biosynthesis of C10-C20 isoprenoids. This study enhances our understanding of 

the natural rubber biosynthesis pathways in C. procera, providing a foundation for future research aimed 

at exploring its biotechnological applications. 
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1. Introduction 

The plant Calotropis procera, belonging to the 

Apocynaceae family, is a perennial, evergreen, and 

flowering species that naturally occurs in vast regions 

of Iran, including the provinces of Khuzestan, Bushehr, 

Hormozgan, Fars, Kerman, and Sistan and Baluchestan 

(Avazzadeh et al., 2018; Kaur et al., 2021). The use of 

this valuable medicinal plant in traditional medicine 

has been reported for the treatment of fever, leprosy, 

colds, eczema, asthma, rheumatism, dysentery, skin 

diseases and dyspepsia (Al-Rowaily et al., 2020). This 

plant is a source of numerous cardiac glycosides and 

their steroidal components (genins) (Pandey et al., 

2016). Furthermore, all parts of the plant secrete a 

 
* Corresponding author. 

   E-mail address: sabokdast@ut.ac.ir 
 

Agrotechniques in Industrial Crops, 202x, x(x): xx-xx 

white milky latex from the incision sites (Falana and 

Nurudeen, 2020; Mohamed et al., 2017). The chemical 

composition of the plant's latex is highly complex, 

containing 25 to 35% poly (cis-1,4-isoprene) by 

weight, which is recognized as the principal compound 

of natural rubber (Mohamed et al., 2017). 

Natural rubber, primarily derived from the rubber 

tree (Hevea brasiliensis), is renowned for its elasticity, 

excellent resistance to pressure, and abrasion. It finds 

widespread application across various industries, 

including tire manufacturing and medical equipment. 

The biosynthesis of this compound occurs through the 

mevalonate (MVA)-dependent pathway in the 

cytoplasm and the methylerythritol phosphate (MEP) 
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pathway in plastids. These pathways consist of a series 

of finely regulated enzymatic reactions that convert 

acetyl-CoA into isopentenyl pyrophosphate (IPP), 

which serves as the structural building block of natural 

rubber. (Pütter et al., 2017; Yamashita and Takahashi, 

2020). The MVA pathway involves 3-hydroxy-3-

methylglutaryl-CoA reductase (HMGR) as a critical 

regulatory enzyme, ultimately yielding IPP. 

Concurrently, Farnesyl Diphosphate Synthase (FPS) in 

the cytosol generates Farnesyl Pyrophosphate (FPP), 

which serves as an allylic primer for rubber 

polymerization. While necessary, its catalytic role is 

primarily in providing this precursor primer, with the 

complexity and regulation of the ultimate polymer 

synthesis residing elsewhere (Cherian et al., 2019; 

Yamashita and Takahashi, 2020). 

The actual synthesis of the natural rubber polymer 

predominantly occurs on the surface of rubber 

particles, specialized cytoplasmic organelles 

characterized by a proteolipid unilamellar membrane. 

Here, cis-prenyltransferases (CPTs) catalyze the head-

to-tail condensation of IPP molecules onto the FPP 

primer, elongating the polyisoprene chain with cis 

stereochemistry. Proteins abundant on the rubber 

particle surface, such as Rubber Elongation Factor 

(REF) and Small Rubber Particle Protein (SRPP), are 

intrinsically linked to this process. REF and SRPP form 

complexes that stabilize the rubber particle membrane, 

indicating their pivotal role in optimizing rubber 

biosynthesis beyond mere substrate provision (Fang et 

al., 2025; Yamashita and Takahashi, 2020). 

Today, natural rubber faces an increasing global 

demand, necessitating the exploration of alternative 

sources. Taraxacum kok-saghyz offers a promising 

alternative due to its high-quality rubber, rapid growth, 

and adaptability. In this plant, transcriptome analysis 

identified rubber-related genes and Single Nucleotide 

Polymorphisms (SNPs), offering tools for improving 

rubber yield through marker-assisted selection (Luo et 

al., 2017). H. brasiliensis has also been studied 

extensively for similar purposes (Mantello et al., 2014). 

Additionally, C. procera is a drought- and salinity-

tolerant species that thrives in arid and semi-arid 

regions. Due to its production of sap containing natural 

rubber, it is emerging as a promising candidate for this 

purpose (Kaur et al., 2021).  

Transcriptome analysis through RNA sequencing 

serves as a powerful tool for examining gene 

expression patterns and regulatory networks (Tan et al., 

2023). This approach has been successfully applied to 

elucidate the complexities of natural rubber 

biosynthesis in H. brasiliensis, leading to the 

identification of key genes and pathways in this plant 

(Mantello et al., 2014). Moreover, studies on the 

transcriptome of C. procera have elucidated various 

biological aspects, including responses to abiotic 

stresses (Ramadan and Hassanein, 2014), fiber 

morphogenesis (Khatoon et al., 2018), and the profiling 

of cysteine proteases (Kwon et al., 2015), highlighting 

the power of transcriptome analysis in elucidating 

molecular mechanisms that underpin key traits in C. 

procera. The discovery of the molecular details of 

natural rubber biosynthesis in C. procera is crucial for 

enhancing its production and fully exploiting its 

potential. Moreover, rubber biosynthesis is intricately 

linked to the terpenoid pathway, which produces 

essential building blocks for diverse plant compounds. 

De novo transcriptome assembly plays a pivotal role in 

identifying genes and regulatory elements within these 

pathways, especially in non-model plants (Ayachit et 

al., 2019; Mokhtari et al., 2023). 

Despite the growing recognition of C. procera as a 

promising alternative source for natural rubber 

production, a comprehensive understanding of its 

molecular mechanisms remains lacking. While 

previous studies have provided insights into the plant’s 

medicinal properties and the general chemical 

composition of its latex, a significant gap exists in 

detailed molecular studies linking specific genes to the 

biosynthesis of natural rubber in C. procera. Although 

natural rubber biosynthesis has been well-characterized 

in H. brasiliensis and some other rubber-producing 

plants, the pathways and key regulatory genes involved 

in this process in C. procera remain largely unexplored, 

which hinders the full exploitation of its potential for 

natural rubber production.  

Moreover, while the MVA and MEP pathways are 

known to play a central role in natural rubber 

production, the specific genes and enzymes responsible 

for rubber synthesis in C. procera have not been fully 

identified. No comprehensive transcriptome of this 

plant exists that can provide insights into the gene 

expression profiles associated with rubber 

biosynthesis. This lack of data hinders our ability to 

manipulate the production of natural rubber in this 

species for industrial and commercial applications.  
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The goal of this study is to fill this gap by performing 

de novo transcriptome assembly of C. procera and 

identifying the key genes involved in natural rubber 

biosynthesis. By analyzing the plant’s transcriptome, 

we aim to provide a comprehensive list of candidate 

genes involved in the biosynthetic pathways of natural 

rubber, which could pave the way for further functional 

validation and optimization of rubber production. 

 

2. Materials and methods 

2.1. Data collection and preparation 

For the de novo assembly of the transcriptome of C. 

procera, the raw dataset (accession numbers: 

SRR1554320, SRR25601465) in FASTQ format was 

retrieved from the SRA database. The data were 

uploaded to the Galaxy server (usegalaxy.org, version 

24.1.4) using the 'Download and Extract Reads in 

FASTQ' tool (version 3.1.1). Subsequently, the quality 

of the reads in the selected SRR samples was assessed 

using the 'FastQC' tool (version 0.12.1) (Andrews, 

2010), with a focus on GC and N content, adapter 

presence, and other factors. Following this, the 

'Trimmomatic' tool (version 0.39) (Bolger et al., 2014) 

was employed to trim and remove low-quality bases 

and adapter sequences, utilizing the following 

parameters: LEADING:3, TRAILING:3, 

SLIDINGWINDOW:4:15, and MINLEN:36. 

 

2.2. De novo assembly of short reads 

Following the read correction process, de novo 

assembly was performed using two tools: 'Trinity' 

(version 2.15.1) (Grabherr et al., 2011) and 

'rnaSPAdes' (version 3.15.5) (Bushmanova et al., 

2019), employing the default settings for both. To 

assess the quality of the assembly generated by the 

aforementioned tools, the 'rnaQUAST' tool (version 

2.3.0) (Bushmanova et al., 2016) was utilized. 

Additionally, to complement the quality assessment of 

the assembly, the 'BUSCO' tool (version 5.8.0) (Seppey 

et al., 2019; Simão et al., 2015) was employed, 

selecting the Viridiplantea lineage (green plants). 

 

2.3. Candidate gene selection in the rubber 

biosynthesis pathway 

After performing read assembly using the Trinity 

software, the resulting assembly was searched against 

plant candidate genes (REF, HMGR, CPT, FPS, and 

SRPP) using the 'R' software and the 'matchPDict' 

function from the 'Biostrings' package (Pagès et al., 

2019). Following the identification of high-scoring 

transcripts with more than 70% similarity, their 

alignment with the genome of C. procera was carried 

out using the NCBI database. In the next step, gene 

prediction was performed using the Arabidopsis 

thaliana genome in the online 'FGENESH' software 

(Solovyev et al., 2006). To validate the predicted 

results, each predicted gene was searched against the 

SRA data of C. procera using the 'BLASTn' tool. 

 

2.4. Prediction of coding regions 

To predict the coding sequence (CDS) in the 

assembled unigenes, the 'TransDecoder' tool (Haas et 

al., 2013), version 5.5.0, was utilized. The applied 

settings included the selection of standard genetic 

codes, designating 100 amino acids as the minimum 

protein length, and setting 500 base pairs as the 

maximum length of the open reading frame (ORF) for 

training the Hidden Markov Model (HMM). 

 

2.5. Functional annotation of assembled transcriptome 

For the functional annotation of the assembled 

transcriptome of the C. procera, the plant-specific tool 

'Hayai-Annotation Plants' (Ghelfi et al., 2019), version 

2, available at pgdbjsnp.kazusa.or.jp/app/hayai2, was 

utilized with the default settings. The resulting graphs 

from the data analysis in this section were generated 

using Excel (version 2019) and ChiPlot (ChiPlot, 2024) 

software. 

 

2.6. Prediction of metabolic pathways 

For the automatic assignment of K numbers (Knum) 

and annotation related to orthologs in the KEGG 

database (KO), as well as the prediction of metabolic 

pathways involved in rubber biosynthesis in C. 

procera, the predicted protein and peptide sequences 

generated by the 'TransDecoder' tool were input into 

the online software Ghostkoala (Kanehisa et al., 2016). 

Subsequently, the assigned K numbers for enzymes 

involved in the biosynthetic pathway were 

reconstructed using the 'Reconstruct' tool within the 

KEGG Mapper collection (Kanehisa and Sato, 2020; 

Kanehisa et al., 2022). The results related to the natural 

rubber biosynthesis pathway were visualized on the 

map using the 'Color' tool. 
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3. Results and discussion 

3.1. De novo transcriptome assembly 

The transcriptome of C. procera was assembled de 

novo using two tools, 'rnaSPAdes' and 'Trinity', on the 

Galaxy server. Quality assessment results (Table 1) for 

the assembled transcriptome, evaluated using 

'rnaQuast', revealed that the total number of transcripts 

assembled with 'rnaSPAdes' was slightly higher than 

that of 'Trinity'. However, 'Trinity' performed better in 

assembling transcripts longer than 500 base pairs. On 

the other hand, 'rnaSPAdes' was more successful in 

identifying transcripts longer than 1000 base pairs, with 

a higher average transcript length compared to 'Trinity'. 

Furthermore, the N50 value, which reflects the quality 

of transcriptome assembly, was higher for 'rnaSPAdes' 

than for 'Trinity'. These results generally suggest that 

'rnaSPAdes' is more effective in assembling longer 

transcripts and optimizing data aggregation. In 

contrast, the quantitative evaluation results using the 

'BUSCO' tool showed that both assembly tools 

performed similarly, with neither tool losing any 

essential transcripts. However, 'rnaSPAdes' assembled 

less complete, single-copy transcripts than 'Trinity', 

while also producing a higher number of duplicate 

transcripts compared to 'Trinity'. Additionally, 

'rnaSPAdes' generated fewer fragmented transcripts 

than 'Trinity', indicating greater accuracy in simulating 

the gene structure (Fig. 1). 

 

Table 1. Description of the results from the qualitative 

assessment of de novo assembly of C. procera 

transcripts using the 'rnaQuast' tool. 

Statistics 
Assembly 

rnaSPAdes Trinity 

Transcripts 65790 65575 

Transcripts > 500 bp 37797 38474 

Transcripts > 1000 bp 30074 26515 

Average length of transcripts 1310 1160 

N50 2426 1986 

 

 
Figure 1. Description of the results from quantitative evaluation of de 

novo assembly of C. procera transcriptomes using the 'BUSCO' tool. 

De novo transcriptome assembly is a crucial step in 

RNA-seq data analysis, aimed at reconstructing full-

length transcripts from short reads, allowing us to study 

transcripts without the need for a reference genome 

(Haas et al., 2013). In this study, after performing de 

novo transcriptome assembly for C. procera, we 

utilized two powerful tools, 'rnaQUAST' and 'BUSCO', 

to conduct a comprehensive quality and quantitative 

evaluation. 'rnaQUAST' enabled us to precisely assess 

the assembly quality in terms of completeness, 

accuracy, and fragmentation. Various metrics are used 

to evaluate assembly quality, with N50 being one of the 

most commonly employed. This metric indicates the 

minimum contig length required to cover half of the 

total assembled length. In other words, a higher N50 

value implies that more reads have overlapped to form 

larger contigs, resulting in a higher-quality assembly 

(Bernal-Gallardo and de Folter, 2024). On the other 

hand, evaluating the quality of assembled sequences is 

complex and often limited to metrics such as N50. 

'BUSCO', by using a set of single-copy orthologous 

genes, allowed us to assess the completeness of the 

assembly in terms of essential genes. The fundamental 

principle of 'BUSCO' is that single-copy orthologous 

genes are rarely duplicated or lost during evolution, and 

thus their presence in an assembly indicates its 

completeness (Simão et al., 2015). The results from 

these two complementary tools provided us with a 

comprehensive assessment of the quality and quantity 

of the C. procera transcriptome assembly.  

 

3.2. Functional annotation of transcriptome 

The results obtained from the functional annotation 

of the transcriptome of C. procera with the 'Hayai-

Annotation Plants' tool, and the assignment of 

hypothetical functions to the unigenes, revealed that the 

enrichment of pathways related to various biological 

processes, molecular functions and cellular 

components exhibited diverse and specific 

distributions among the genes (Fig. 2). The detailed 

distribution of the identified unigenes is illustrated in 

Fig. 3, which will be further explained below. In the 

realm of biological processes, the highest number of 

unigenes was found in the category of transcriptional 

regulation, which highlights the significant role of gene 

expression regulation in cellular processes. This 

process plays a crucial role, particularly in cell growth, 

differentiation, and the response to environmental 

0% 20% 40% 60% 80% 100%

Trinity

rnaSPAdes

BUSCOs

A
ss

em
b

ly

BUSCO Assesment Result

Complete and single-copy BUSCOs (S)

Complete and duplicated BUSCOs (D)

 Fragmented BUSCOs (F)

 Missing BUSCOs (M)



5 Ali-Askari et al / Agrotechniques in Industrial Crops, 202x, x(x): xx-xx 

 

  

stimuli. Another important biological process is 

carbohydrate metabolism, which indicates that cellular 

energy and the regulation of carbohydrate reserves 

directly influence cell functionality. 

In molecular functions, the highest number of 

unigenes was observed in ATP binding and metal ion 

binding, emphasizing the importance of energy and the 

interactions between proteins and metal ions in various 

cellular processes. Moreover, after DNA and RNA 

binding activities, various protein-related activities, 

such as kinase activity, underscore the significance of 

regulatory processes in cells. These results suggest that 

proteins and enzymes responsible for metabolic and 

regulatory processes play a critical role in maintaining 

cellular homeostasis. In cellular components, 

membrane-associated components exhibited the 

highest number of unigenes, clearly reflecting the vital 

role of the membrane in cellular communication and 

material transport. Following the membrane, the 

nucleus contained the highest number of unigenes, 

emphasizing its importance as the center of genetic 

information and the regulation of biological processes. 

Overall, these findings suggest that cells function in a 

highly intricate collaboration across various biological 

processes, molecular functions, and cellular 

components. Understanding these interactions could 

have numerous applications in various biological 

fields. 

 

 
Figure 2. The abundance distribution of three domains —biological 

processes, cellular components, and molecular functions—associated 

with unigenes identified in Gene Ontology (GO) annotation of C. 

procera transcripts using 'Hayai-Annotation Plants' tool. 

 

 
Figure 3. Predicted Gene Ontology (GO) terms associated with biological processes, cellular components, and molecular functions in data from de novo 

assembly annotation of C. procera transcriptome using 'Hayai-Annotation Plants' tool. 

               

          

               

              

Biological  rocess

 ellular  omponent

 olecular  unction

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

cell wall organization

transcription, DNA−templated

DNA repair

vesicle−mediated transport

protein folding

intracellular protein transport

translation

carbohydrate metabolic process

regulation of transcription, DNA−templated 

oxidoreductase activity

nucleic acid binding

DNA−binding transcription factor activity

protein serine/threonine kinase activity

zinc ion binding

protein kinase activity

RNA binding

DNA binding

metal ion binding

ATP binding

Plant-type vacuole membrane

Myosin complex

Plastid

1,3-beta-D-glucan synthase complex

Phragmoplast

Nuclear pore

Ribonucleoprotein complex

Transcription factor TFIID complex

Nucleus

Integral component of membrane

B
io

lo
g

ic
al

 P
ro

ce
ss

M
o

le
cu

la
r 

F
u
n
ct

io
n

C
el

lu
la

r 
C

o
m

p
o

n
en

t

Number of Genes

G
en

e 
O

n
to

lo
g
y
 T

er
m

s



6 Ali-Askari et al / Agrotechniques in Industrial Crops, 202x, x(x): xx-xx 

 

 

The 'Hayai-Annotation Plants' tool is designed for 

the rapid and precise annotation of functional genes in 

plants, utilizing the 'R' software. This platform 

combines sequence similarity searches using the 

'USEARCH' tool against the 'UniProtKB' database 

(within the Embryophyta branch), with an additional 

step dedicated to functional annotation. The tool 

provides five layers of annotation, including protein 

names, Gene Ontology (GO) terms encompassing its 

three main domains (biological process, molecular 

function, and cellular component), Enzyme 

Commission (EC) numbers, protein existence levels, 

and the type of evidence supporting the annotation. The 

system employs a novel algorithm that prioritizes the 

protein existence level to expand GO and EC 

information, allowing for the annotation of 

representative peptide sequences from A. thaliana on a 

standard personal computer (Ghelfi and Isobe, 2025). 

 

3.3. Prediction of candidate genes in the rubber 

biosynthesis pathway 

Among the five candidate genes explored in this 

study—REF, HMGR, CPT, FDS, and SRPP—three of 

the latter genes were identified with 100% similarity to 

the targeted genes. The gene prediction conducted 

using the 'FGENESH' software also confirmed these 

genes as valid candidate genes. The results of the gene 

prediction indicated that all of them are located on the 

positive DNA strand. The coding sequence of the cis-

prenyl transferase (CPT) gene contains a single exon, 

spanning nucleotides 574 to 1605 (Fig. 4A). 

Additionally, the predicted protein of this gene is 343 

amino acids in length. Regarding the rubber elongation 

factor (REF) gene, two exons were observed, with exon 

one spanning nucleotides 143 to 604 and exon two 

spanning nucleotides 1013 to 1900. The predicted 

protein length for this gene is 449 amino acids (Fig. 

4B). Furthermore, the coding sequence of the farnesyl 

diphosphate synthase (FDS) gene consists of a single 

exon, ranging from nucleotides 267 to 1193 (Fig. 4C), 

and its predicted protein is 308 amino acids long. For 

the key 3-hydroxy-3-methylglutaryl-CoA reductase 

(HMGR) gene, two exons were observed, the first exon 

spans nucleotides 587 to 782, and the second exon 

spans nucleotides 865 to 1190, with the predicted 

protein consisting of 174 amino acids (Fig. 4D). 

Finally, for the small rubber particle protein (SRPP) 

gene, which encodes a small rubber particle protein, 

five exons were found, with lengths of 54, 141, 75, 162, 

and 174 nucleotides, respectively. The predicted 

protein length for this gene is 203 amino acids (Fig. 

4E). Furthermore, searches conducted using the 

BLASTn tool against the SRA data of C. procera 

confirmed that the five identified genes are structurally 

and functionally consistent with genes found in the C. 

procera genome. 

The biosynthesis of natural rubber involves two 

distinct metabolic pathways based on their synthesis 

locations: the MVA pathway, which occurs in the 

cytoplasm, and the MEP pathway, which takes place in 

plastids. Both pathways contribute to the synthesis of 

isopentenyl pyrophosphate (IPP), which is 

subsequently converted to its isomer, dimethylallyl 

pyrophosphate (DMAPP) (Yamashita and Takahashi, 

2020). The MVA pathway begins with acetyl-CoA and 

continues through a series of enzymatic reactions, with 

a key step catalyzed by HMGR. On the other hand, the 

MEP pathway starts with pyruvate and glyceraldehyde-

3-phosphate and includes a set of enzymes, including 

the rate-limiting enzyme 1-deoxy-D-xylulose 5-

phosphate synthase (DXS) (Pütter et al., 2017). IPP and 

DMAPP are then utilized to synthesize larger prenyl 

pyrophosphate precursors such as geranyl 

pyrophosphate (GPP), farnesyl pyrophosphate (FPP), 

and geranylgeranyl pyrophosphate (GGPP). These 

precursors serve as building blocks for various 

isoprenoids, including natural rubber. The final step in 

natural rubber biosynthesis involves the 

polymerization of IPP units by cis-prenyltransferase 

(CPT). CPT is a membrane-bound enzyme located 

within rubber particles, specialized organelles where 

rubber biosynthesis and storage occur (Cherian et al., 

2019). The rubber elongation factor (REF) gene plays 

a crucial role in stabilizing and maintaining rubber 

particles in the biosynthetic pathway, although its 

precise function remains unclear (Yamashita and 

Takahashi, 2020). Additionally, the SRPP protein plays 

a key role in the biosynthesis of natural rubber. This 

protein acts as a cofactor in the rubber production 

process. Recent studies have shown that SRPP 

expression is influenced by various transcription 

factors, which could potentially enhance natural rubber 

production (Li et al., 2020). The rubber transferase 

(RT) complex is also considered a pivotal enzyme 

involved in catalyzing rubber biosynthesis. However, 

the exact composition of the RT complex in rubber-
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producing plants remains ambiguous and unknown 

(Tan et al., 2023). A comprehensive understanding of 

the rubber biosynthesis pathway enables researchers to 

explore metabolic engineering approaches aimed at 

enhancing both the yield and quality of rubber in plants. 

It has been demonstrated that the upregulation of key 

enzymes in the MVA and MEP pathways, such as 

HMGR and DXS, leads to increased rubber production 

in specific plants. Furthermore, manipulating the 

expression of CPT and other genes related to rubber 

biosynthesis also holds promise for enhancing rubber 

biosynthesis (Cherian et al., 2019). 

 

 
Figure 4. Prediction of potential genes in A. thaliana genomic DNA using the 'FGENESH' tool. The abbreviations CDSf, CDSi, CDSl, CDSo, PolA, and 

TSS represent key components of a gene structure. Specifically, CDSf denotes the first coding sequence (including the start codon), CDSi refers to an 

internal coding sequence (internal exon), CDSl represents the last coding sequence (including the stop codon), and CDSo stands for a single coding 

sequence. PolA indicates the polyadenylation signal sequence, while TSS marks the transcription start site. 

 

3.4. Natural rubber biosynthesis pathway 

reconstruction in C. procera 

According to the results obtained from 'GhostKoala', 

approximately 19,350 unigene sequences (47.2%) were 

annotated with KO assignments. Among these, the 

highest number of annotations were related to protein 

families involved in genetic information processing, 

carbohydrate metabolism, and those involved in 

signaling pathways and cellular processes (Fig. 5). The 

biosynthetic pathway reconstruction results, using the 

'Reconstruct' tool based on the output from 

'GhostKoala' in the 'KEGG Mapper', identified a total 

of 424 pathways in the assembled transcriptome of C. 

procera. Out of these, 19 ortholog genes were related 

to the biosynthesis of terpenoids. Furthermore, this part 

of the study showed that the unigene sequences 

receiving GhostKoala annotations belonged to 96 

distinct modules, among which the biosynthesis 

modules for terpenoids and polyketides were 

identified. Notably, the C5 isoprenoid biosynthesis 

submodule from the MVA pathway (7 orthologs), the 

C5 isoprenoid biosynthesis submodule from the MEP 

pathway (8 orthologs), and the C10-C20 isoprenoid 

biosynthesis submodule in plants (4 orthologs), all of 

which are associated with the biosynthesis of natural 

rubber, were identified (Fig. 6). 
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In the cytoplasmic pathway, acetyl-CoA is the 

primary precursor. This pathway consists of six main 

steps, facilitated by the enzymes acetyl-CoA 

acetyltransferase (ACAT, [EC:2.3.1.9]), HMG-CoA 

synthase (HMGS, [EC:2.3.3.10]), HMGR, 

[EC:1.1.1.34], mevalonate kinase (MVK, 

[EC:2.7.1.36]), phosphomevalonate kinase (PMK, 

[EC:2.7.4.2]), and mevalonate diphosphate 

decarboxylase (MVD, [EC:4.1.1.33]). Among these 

enzymes, HMGR has been identified as the key rate-

limiting enzyme in this pathway (Cherian et al., 2019). 

In contrast, the plastidial MEP pathway utilizes eight 

consecutive enzymes to produce IPP and DMAPP from 

precursors. The first step in this pathway is rate-

limiting and is catalyzed by the enzyme DXS, 

[EC:2.2.1.7], which converts the precursors pyruvate 

and glyceraldehyde-3-phosphate into 1-deoxy-D-

xylulose 5-phosphate (DXP). All genes encoding the 

enzymes of the MEP pathway in plants have a 

prokaryotic origin (Cordoba et al., 2009). 

 

 
Figure 5. Results of 'GhostKOALA's functional annotation tool on data 

obtained from 'TransDecoser' tool. 

 

 
Figure 6. The backbone of the terpenoid biosynthetic pathway (map00900) and display of annotated unigenes (colored rectangles) involved in the 

rubber biosynthetic pathway. Blue, yellow, and red rectangles represent the MVA, MEP, and C10-C20 isoprenoid biosynthesis pathways in plants, 

respectively (Kanehisa et al., 2022). 
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Transcriptomic analyses shed light on the 

mechanisms of terpenoid biosynthesis. Gymnema 

sylvestre and Valeriana officinalis transcriptome 

analyses identified numerous genes involved in the 

terpenoid pathway (Ayachit et al., 2019; Mokhtari et 

al., 2023). Additionally, in silico transcriptome 

analysis has proven essential in identifying microRNAs 

(miRNAs) as crucial regulators, with miR5021 and 

miR838 in Taraxacum spp. being linked to terpene 

synthesis and influencing key enzyme expression for 

rubber precursors (Karimi et al., 2022). 

Further research is essential to fully elucidate the 

rubber biosynthesis pathway and its regulatory 

mechanisms in C. procera and other alternative rubber-

producing plants. The identification and 

characterization of new genes and enzymes involved in 

rubber biosynthesis, along with a comprehensive 

understanding of the regulatory mechanisms 

controlling rubber production, will be crucial for 

developing effective approaches to enhance rubber 

yield and quality in these plants. Additionally, 

exploring the potential of synthetic biology approaches 

to design and engineer novel rubber biosynthesis 

pathways could pave the way for the sustainable 

development of this product (Ning et al., 2023). 

 

4. Conclusion 

The de novo assembly approach is essential for 

constructing comprehensive transcriptomes. In this 

study, given the nature of C. procera as a non-model 

plant, a de novo transcriptome assembly approach was 

employed. This approach was crucial as it allowed for 

the characterization of the plant's transcriptome 

without relying on an existing reference genome. RNA-

seq data generates vast amounts of information, 

enabling the identification of numerous transcripts. 

Assigning functional annotations to the predicted 

unigenes, including GO analysis and exploring the 

Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathways, was invaluable in identifying genes involved 

in the biosynthetic pathway of natural rubber. While 

the primary biosynthetic pathways of natural rubber, 

namely the MVA and MEP pathways, are well-

established, many genetic and regulatory details of 

these pathways remain poorly understood, particularly 

in plants such as C. procera. Thus, this study plays a 

crucial role in complementing existing knowledge by 

identifying key candidate genes and candidate enzymes 

involved in these pathways. The analysis revealed the 

presence of key genes and enzymes related to the MVA 

and MEP pathways, which are essential for the 

production of isopentenyl pyrophosphate (IPP) and 

dimethylallyl pyrophosphate (DMAPP), precursors for 

rubber biosynthesis. This research not only aids in the 

identification and investigation of key candidate genes 

in the natural rubber biosynthetic pathway but also, by 

introducing bioinformatics tools and innovative 

methods, paves the way for further research in this 

field. Ultimately, the findings of this study contribute 

to a deeper understanding of the molecular mechanisms 

involved in the biosynthetic pathway of natural rubber 

production in C. procera and could serve as a 

foundation for the development of more sustainable 

and novel methods for its production. 
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