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Abstract
Plant bioactive compounds, particularly carotenoids, anthocyanins and flavonoids, plays a pivotal role in the 
pigmentation of plant tissues. In the current study, two distinct cambial meristematic cell (CMC) lines named REG-
CMC-1 and REG-CMC-2 were derived from R. glutinosa roots through tissue culture, with significant differences in 
carotenoid content. REG-CMC-1 showed a significantly higher carotenoid content compared to REG-CMC-2 cell 
lines. A total of 1.78 mg/g DW (dry weight) of carotenoids were detected from REG-CMC-1 cells, compared to only 
0.1 mg/g DW from REG-CMC-2 cells. Comprehensive transcriptomics and proteomics analysis were conducted 
further to investigate the difference in carotenoid content between two cell lines. Transcriptomics analysis of REG-
CMC-1 and REG-CMC-2 cell lines identified 14,773 differentially expressed genes (DEGs) including genes encoding 
xanthoxin dehydrogenase, zeta-carotene desaturase, zeaxanthin epoxidase and 9-cis-epoxycarotenoid dioxygenase, 
which may be involved in carotenoid production. Significantly enriched genes were involved in secondary 
metabolite biosynthesis, plant hormone signaling and stress responses. Proteomics study identified 5,361 unique 
proteins, of which 1,710 were differentially expressed, with critical categories related to proteolysis, carbohydrate 
metabolism and phosphorylation highlighting various enzymes critical to carotenoid biosynthesis pathway, 
including lycopene beta-cyclase and phytoene desaturase. These findings indicate the presence of carotenoid 
biosynthesis-related components in R. glutinosa root cambial meristematic cells and suggest potential relevance for 
biotechnological studies of carotenoid production.
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Introduction
  Rehmannia glutinosa, a member of the Orobanchaceae 
family, is a traditional herb commonly used in East Asia, 
particularly in countries like Japan, China and Korea [1, 
2]. This herb is utilized as dried, fresh and prepared root 
forms. Whether fresh, dried or steaming, tuberous roots 
have long been used to treat various ailments. It can be 
used to treat rheumatoid arthritis, fibromyalgia, asthma, 
hypertension, menopause symptoms, kidney problems, 
adrenal gland abnormalities, impotence and hair loss. 
In addition, R. glutinosa has been used to treat diabetes 
since ancient times. The polysaccharides and oligosac-
charides of R. glutinosa are the active ingredients that 
have been studied most for treating diabetes [3]. The 
health benefits are primarily attributed to various phy-
tochemicals, such as iridoid glycosides, phenylethanoid 
glycosides, polysaccharides, phenolic acids and rehman-
noside A [4].

 Research on the bioactive compounds of R. glutinosa 
has identified several novel and known compounds with 
potential therapeutic properties [5, 6]. Previous phyto-
chemical investigations of R. glutinosa species have iso-
lated and identified several chemicals, such as iridoid 
glycosides, ionone glycosides, phenethyl alcohol glyco-
sides, frehmaglutoside G, frehmaglutoside H, a novel 
carotenoid glycoside named neorehmannioside etc [7–
10]. , collectively underscoring the rich chemical diversity 
of R. glutinosa roots and highlighting their potentiality 
as a source for developing novel pharmacological agents. 
Active substances of R. glutinosa roots affect bone 
remodeling, the neurological, circulatory, cardiovascular 
and immunological systems. Secondary metabolites are 
usually produced in small quantities within specific tis-
sues of certain plant species. Key classes of these com-
pounds include alkaloids, phenylpropanoids, flavonoids 
and terpenoids, all of which are synthesized through 
complex biosynthetic pathways [2]. To date, approxi-
mately 200,000 metabolites have been identified, with 
several utilized in pharmaceuticals, food coloring and fla-
voring, pest and disease control agents, as well as in cos-
metics and fragrances [11–13].

 Carotenoids, pivotal terpenoid compounds, serve 
dual roles as photosynthetic pigments and antioxidant 
agents in plants, while also providing protective func-
tions against abiotic and biotic stresses. Carotenoids are 
the primary source of yellow, orange and red pigments in 
plants and widely found in nature [14, 15]. The majority 
of carotenoids are found in higher plants, particularly in 
their leaves, flowers, and fruits [16]. In medicinal plants 
like R. glutinosa, the carotenoid biosynthetic pathway 
intersects with iridoid production, influencing both pig-
ment accumulation and secondary metabolite synthesis 
[17, 18]. Consumption of carotenoids led to a reduced 
risk of several diseases, including cancers, cardiovascular 

disease, age-related macular degeneration and photo-
sensitivity due to UV exposure [19]. The carotenoids 
including beta-carotene, lycopene, lutein and zeaxanthin 
are most commonly studied for these effects. These ben-
efits are partly attributed to the antioxidant properties. 
Additionally, beta-carotene has the added advantage of 
being converted into vitamin A in the body. Natural food 
colorants like palm oil, paprika, annatto and saffron also 
derive their color from carotenoids [20].

 The global population is growing, making it increas-
ingly challenging to sustainably supply fresh and nutri-
tious foods for future generations. Therefore, it is 
necessary to produce compounds like carotenoids with 
pharmacological value in alternative ways to meet the 
higher demand. One of the most reliable, environmen-
tally friendly, sustainable and predictable processes for 
creating plant metabolites for the pharmaceutical sector 
is plant cell culture. The biosynthesis of plant metabolites 
like carotenoids, is well studied at the genetic and post-
translational levels [21], but some knowledge gaps still 
exist. Transcriptional and post-transcriptional regula-
tions are recognized as primary mechanisms controlling 
carotenoid biosynthesis while deeper research is needed 
to better understand.

In the present study, two distinct R. glutinosa cell lines, 
designated as REG-CMC-1 and REG-CMC-2, were 
investigated. REG-CMC-1 represents the original R. 
glutinosa CMC line (cell line 1), whereas REG-CMC-2 
denotes a subsequently established non-somaclonal line 
(cell line 2), developed following the previously applied 
procedure for REG-CMC-1 [22]. These two cell lines dif-
fer in pigmentation color and this work aims to identify 
high-confidence candidate genes, proteins and pathways 
associated with carotenoid differentiation. The proposed 
regulatory networks represent hypothesis-generating 
models that can inform and prioritize future functional 
studies.

Results
Morphological and cytological features of REG-CMC-1 and 
REG-CMC-2 cell lines
For induction of REG-CMC-2 cell line, fresh roots of R. 
glutinosa (three months old) were utilized as explants for 
the initiation of cell cultures (Fig. 1A). The root tissues 
were sectioned into thin slices and cultured on induc-
tion medium to promote callus formation (Fig. 1B). After 
7–10 days of incubation (24 h darkness at 25 °C), visible 
callus development was observed along the cut surfaces 
of the explants (Fig. 1C). The actively proliferating calli 
were subsequently transferred to liquid medium, where 
they formed compact yet friable aggregates, indicative 
of vigorous growth (Fig. 1D). Microscopic examination 
of the resulting suspension cultures revealed dispersed 
and elongated cell clusters (Fig. 1E). Furthermore, light 
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microscopy of the REG-CMC-2 cell line showed distinct 
vacuoles within the cells suggesting high cell viability and 
active metabolic status (Fig. 1F).

The REG-CMC-1 and REG-CMC-2 cell cultures pre-
dominantly consisted of individual cells or small clusters 
containing only a few cells. In contrast, dedifferentiated 
cell (DDC) cultures were characterized by dense, com-
pact aggregates composed of numerous tightly packed 
cells [22]. Anatomical examination further indicated that 
REG-CMC-1 and REG-CMC-2 cells (CMCs) contained 
multiple small vacuoles, whereas DDCs exhibited a single 
large vacuole occupying most of the cell volume. These 
cytological characteristics are consistent with previously 
reported features of R. glutinosa cell cultures [23, 24].

Growth characteristics, carotenoid accumulation and 
carotenoid content across successive cell passages
The growth kinetics of the two Rehmannia glutinosa cell 
lines, REG-CMC-1 and REG-CMC-2, were assessed over 
an 18-day culture period (Fig.  2A). Both lines exhibited 
a similar sigmoidal growth pattern, with steady biomass 
accumulation from day 6 to day 15, followed by a slight 
decline at day 18. REG-CMC-1 consistently showed 
slightly higher dry weight compared with REG-CMC-2 
throughout the culture period, reaching maximum val-
ues of approximately 12–13 g/L at day 15. These results 
indicate that both cell lines maintain stable proliferation 
under identical culture conditions, with REG-CMC-1 
demonstrating marginally greater growth potential.

Carotenoid content was quantified in both REG-
CMC-1 and REG-CMC-2 during the same culture period 
using a gravimetric method (Fig.  2B). Carotenoid levels 
in REG-CMC-1 increased gradually from day 6 to day 
15, reaching a maximum of approximately 1.78  mg/g, 
followed by a slight decrease at day 18. A similar pattern 
was observed in REG-CMC-2, with peak accumulation 
(~ 0.1  mg/g) also occurring at day 15. However, carot-
enoid content in REG-CMC-1 was significantly higher 
than in REG-CMC-2 across all time points, suggest-
ing line-specific differences in carotenoid biosynthesis 
capacity.

To evaluate the stability of carotenoid production dur-
ing long-term maintenance, carotenoid content was 
analyzed across multiple subcultures (passages 25–45) 
for both cell lines (Fig.  2C). REG-CMC-1 maintained 
carotenoid concentrations between 1.6 and 2.0  mg/g 
DW, while REG-CMC-2 showed relatively stable val-
ues ranging from 0.08 to 0.10  mg/g DW. No significant 
fluctuations were observed in either line across passages, 
indicating that both REG-CMC-1 and REG-CMC-2 
retained stable biosynthetic potential during continuous 
sub culturing.

Differences in carotenoids contents in REG-CMC-1 and 
REG-CMC-2 cell lines
REG-CMC-1 cell lines were characterized by their yellow 
pigmentation and REG-CMC-2 cell lines were character-
ized by the absence of coloured pigments. Callus cultures 

Fig. 1  Induction of R. glutinosa REG-CMC-2 cell line. A Fresh root of R. glutinosa (three month old); B Sliced R. glutinosa; C Sliced R. glutinosa cultured for 
10 days (red arrows indicate developing callus); D Callus; E. Micrographs of REG-CMC-2 cell clusters. F REG-CMC-2 cells showing vacuoles (red arrows) 
under a light microscope (Scale bar = 50 μm)
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of Rehmannia glutinosa REG-CMC-1 and REG-CMC-2 
cell lines exhibited distinct morphological and pigmenta-
tion characteristics. The REG-CMC-1 callus displayed a 
bright yellow coloration, whereas the REG-CMC-2 cal-
lus appeared white and compact (Fig.  3A). Lyophiliza-
tion of the cultured cells produced fine powders, with 
the REG-CMC-1 powder showing a yellow colour and 
the REG-CMC-2 powder exhibiting off-white appear-
ance (Fig.  3B). Metabolite extraction from the lyophi-
lized powders resulted in liquid extracts that retained 
the characteristic coloration of each cell line yellow 
for REG-CMC-1 and nearly colorless for REG-CMC-2 
(Fig.  3C). Further extraction and concentration yielded 

carotenoid-rich crude extracts, with REG-CMC-1 pro-
ducing an intense orange-red pigment and REG-CMC-2 
showing a much lighter off-white extract (Fig. 3D). These 
visual differences suggest distinct metabolite profiles 
between the two cell lines, potentially reflecting varia-
tions in pigment accumulation and secondary metabo-
lite biosynthesis. REG-CMC-1 cells produced 1.78  mg 
of total carotenoids per g of DW, whereas REG-CMC-2 
cells yielded 0.10  mg/g DW. These values represent the 
quantified carotenoid content extracted from the dried 
cell biomass. Meanwhile, the carotenoid contents of 
REG-CMC-1 and REG-CMC-2 cells determined by Vis-
ible Spectrophotometry peaked on 15th day, with values 
of 13.14 mg/g and 0.0096 mg/g, respectively.

Transcriptomics analysis of REG-CMC1 and REG-CMC2 cell 
lines
Quality control of transcriptomics data
Cultured REG-CMC1 and REG-CMC2 cell lines were 
utilized to construct libraries for high-throughput 
sequencing to elucidate the molecular basis of carot-
enoid production. Transcriptome sequencing yielded 
46.56 Gb of clean data, with each sample producing 7 
Gb and Q30 bases at 93%. Three samples of REG-CMC1 
yielded raw reads of approximately 52.9 to 50.9 million, 
clean reads ranging from 51.5 to 49.9  million and clean 
bases between 7.73 G and 7.48 G respectively. The aver-
age Q20, Q30 and GC contents were 98%, 93% and 45% 
respectively. In REG-CMC2 cell lines, raw reads varied 

Fig. 3  Extraction of metabolites from REG-CMC-1 and REG-CMC-2 cell 
lines; A Callus from REG-CMC-1 (yellow colour, up) and REG-CMC-2 (white 
colour, down) cells; B REG-CMC-1 lyophilized powder (left) and REG-
CMC-2 lyophilized powder (right). C Extracts from REG-CMC-1 (up) and 
REG-CMC-2 (down) cell lines; D Carotenoid crude extracts (REG-CMC-1) 
(left) and (REG-CMC-2) (right)

 

Fig. 2  Growth and Carotenoid Accumulation Characteristics of R. glutinosa Cell Suspension Lines. A Growth kinetics (g/L) of the two R. glutinosa cell lines, 
REG-CMC-1 and REG-CMC-2 during culture period; B Detected carotenoid content in REG-CMC-1 and REG-CMC-2 cell lines; C Carotenoid content across 
multiple subcultures
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from 55.2 to 51.1 million, clean reads were between 53.7 
and 49.9 million and clean bases ranged from 8.05 G to 
7.48 G. Q20 values were approximately 98.4%, Q30 val-
ues exceeded 94% and GC content was around 45% 
respectively.

REG-CMC1 cell lines produced 97.47% clean reads, 
0.19% low-quality reads and 2.34% adapter-related reads. 
Meanwhile, REG-CMC2 cell lines generated 97.27% clean 
reads, 0.17% low-quality reads and 2.56% adapter-related 
reads. Regional distribution of reads across genomic fea-
tures is presented in Fig.  4A. The regional distribution 
of reads in REG-CMC1 cell lines included 52.44% exon, 
8.87% intron and 38.67% intergenic regions. In REG-
CMC2 cell lines, 52.74% exon, 8.92% intron and 38.33% 
intergenic regions were identified. Principal Component 
Analysis (PCA) performed on the REG-CMC1 and REG-
CMC2 cell lines revealed that the first principal compo-
nent (PC1) accounted for 62.07% of the total variation in 
the dataset, representing the most significant axis along 
which the samples differ. The second principal compo-
nent (PC2) explained an additional 10.35% of the varia-
tion, capturing the next most important differences not 
described by PC1. Together, these two components 
accounted for approximately 72.42% of the overall vari-
ance, indicating that the majority of differences between 
the two cell lines can be effectively represented using 

just these two dimensions. This level of explained vari-
ance suggests a clear distinction between REG-CMC1 
and REG-CMC2, which is often illustrated through a 
PCA plot showing strong separation along PC1 and PC2 
(Fig. 4B).

Identified genes from REG-CMC1 and REG-CMC2 cell lines
Transcriptomics analysis between REG-CMC1 and 
REG-CMC1-2 cell lines identified 14,773 DEGs, with 
8,776 and 5,997 up regulated and down regulated genes 
respectively. List of some of the identified genes involved 
in carotenoid biosynthesis pathways is presented in 
Table 1. A large number of genes involved in carotenoid 
synthesis were significantly upregulated, reflecting their 
potential role in metabolic processes related to second-
ary metabolites. Many of the upregulated genes encode 
enzymes such as xanthoxin dehydrogenase and zeta-car-
otene desaturase, which are crucial in the biosynthesis of 
carotenoids, as well as secondary metabolites involved 
in cellular processes. These enzymes are also associated 
with KEGG pathways involved in carotenoid biosynthe-
sis and general metabolic processes, showing a strong 
link to the biosynthesis of secondary metabolites. Several 
transcripts encoding zeta-carotene desaturase and beta-
carotene isomerase, are similarly involved in the carot-
enoid biosynthesis pathway. Genes encoding zeaxanthin 

Fig. 4  Overview of transcriptomics profiling and functional enrichment analysis of REG-CMC1 vs. REG-CMC2 cells. A The distribution map of the compari-
son area; Reads that map to introns could come from precursor mRNA or introns that retain variable splicing events. Meanwhile, reads aligned to inter-
genic regions might originate from non-coding RNA or minor DNA contamination. B Principal Component Analysis (PCA) of REG-CMC1 and REG-CMC2 
cell lines; C GO enrichment diagram of differentially expressed genes from the transcriptomics analysis of REG-CMC1 vs. REG-CMC2 cells
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epoxidase, are essential for the conversion of carotenoid 
intermediates into more complex molecules, linking 
them to important physiological processes like photopro-
tection and plant development. There are also important 

downregulated genes which encodes 9-cis-epoxycarot-
enoid dioxygenase, an enzyme involved in the break-
down of carotenoids. This downregulation might indicate 
a reduction in the catabolic pathways of carotenoids 

Table 1  List of some of the identified genes associated with carotenoid biosynthesis and other metabolic pathways
Gene ID Gene Name log2 Fold 

Change
Regulation KEGG pathways

IMPGRGL1N62432 Xanthoxin dehydrogenase 5.388 Up (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N46692 Xanthoxin 
dehydrogenase-like

2.01201 Up (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N38937 Zeaxanthin epoxidase 1.98867 Up (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N15039 Zerumbone synthase-like -1.4442 Down (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N11711 Phytoene dehydrogenase 2.454676 Up (REG-CMC1) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N40609 15-cis-zeta-carotene 
isomerase

1.70329 Up (REG-CMC1) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N43793 Geranylgeranyl pyrophos-
phate synthase

2.11556 Up (REG-CMC1) Terpenoid backbone biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

IMPGRGL1N954 Zerumbone synthase 1.42646 Up (REG-CMC1) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N64635 Xanthoxin dehydrogenase 3.64784 Up (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N31768 Xanthoxin dehydrogenase 5.27378 Up (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N48381 Indole-3-acetaldehyde 
oxidase

2.39483 Up (REG-CMC1) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N21853 9-cis-epoxycarotenoid 
dioxygenase NCED5

-2.3747 Down (REG-CMC1) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N49156 Zeaxanthin epoxidase 1.1864 Up (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N47039 Xylulose kinase 2.59515 Up (REG-CMC1) Pentose and glucuronate interconversions; Metabolic pathways

IMPGRGL1N32688 9-cis-epoxycarotenoid 
dioxygenase NCED1

3.76058 Up (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N32067 9-cis-epoxycarotenoid 
dioxygenase NCED1

3.47968 Up (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N10527 Carotenoid cleavage 
dioxygenase 4

3.75904 Up (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N38940 Zeaxanthin epoxidase 6.10078 Up (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N32702 9-cis-epoxycarotenoid 
dioxygenase NCED1

6.51771 Up (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N31611 Probable carotenoid cleav-
age dioxygenase 4

-4.1789 Down (REG-CMC1) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N57599 Geranylgeranyl pyrophos-
phate synthase

-1.0107 Down (REG-CMC2) Terpenoid backbone biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

IMPGRGL1N31767 Xanthoxin dehydrogenase 1.42457 Up (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N5897 Caffeoylshikimate 
esterase-like

1.70753 Up (REG-CMC2) Phenylpropanoid biosynthesis; Metabolic pathways; Biosynthe-
sis of secondary metabolites

IMPGRGL1N41127 Probable carotenoid cleav-
age dioxygenase 4

-1.5563 Down (REG-CMC1) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N61345 Prolycopene isomerase -1.0609 Down (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites

IMPGRGL1N13155 Xanthoxin 
dehydrogenase-like

1.36413 Up (REG-CMC2) Carotenoid biosynthesis; Metabolic pathways; Biosynthesis of 
secondary metabolites
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under specific conditions, potentially highlighting an 
increased focus on carotenoid biosynthesis rather than 
degradation. Downregulated gene encoding abscisic acid 
8’-hydroxylase, are associated with phytohormone regu-
lation, particularly abscisic acid metabolism.

This analysis also identified genes encoding for proteins 
that belong to diverse functional categories, including 
proteins with oxidase activity, chaperonins involved in 
RNA degradation and cytochrome P450 enzymes asso-
ciated with various secondary metabolite pathways. A 
transcript encodes for a carotenoid 9, 10 (9’, 10’)-cleavage 
dioxygenase, a crucial enzyme in carotenoid degradation, 
which might be regulated under certain environmental 
or metabolic conditions [25]. Another identified gene 
encoding caffeoyl-CoA O-methyltransferase, which is 
involved in the biosynthesis of lignin and phenolic com-
pounds and plays important roles in plant pigmentation 
and defense mechanisms [26]. It catalyzes the meth-
ylation of caffeoyl-CoA, a key step in the formation of 
secondary metabolites, including flavonoids and antho-
cyanins which are responsible for the blue, red, and pur-
ple colors in flowers and fruits [27].

In contrast, several other identified genes encode 
enzymes unrelated to pigment biosynthesis, such as ribo-
nucleoside-diphosphate reductase and DNA polymerase 
theta. These enzymes are likely involved in DNA repair 
and cell division, essential processes for maintaining cel-
lular functions in pigment-producing cells, although 
they do not directly participate in pigment biosynthe-
sis. Another gene which encodes a MYB transcription 
factor (Myb4-like) associated with pigment regulation 
and known regulators of flavonoid biosynthesis, a path-
way crucial for the production of anthocyanins [28]. The 
presence of a MYB-related protein suggests that this 
gene may play a role in regulating pigment production, 
specifically within the flavonoid biosynthetic pathway. 
Additionally, a homeobox-leucine zipper protein (HAT4-
like) encoding gene, may influence pigment production 
indirectly through its involvement in plant development 
and stress responses. Another gene of interest encodes 
a multidrug resistance protein (DETOXIFICATION 29 
isoform X1), which may be involved in the transport of 
secondary metabolites, including pigments. Similarly, 
a multidrug resistance protein from the MATE family 
and acetolactate synthase 2 (chloroplastic-like), are likely 
involved in broader metabolic functions, such as amino 
acid synthesis and transport, which could indirectly 
influence pigment production.

Identified transcription factor families from the 
transcriptomics analysis
Transcriptomics analysis revealed a diverse array of TFs 
potentially involved in regulating pigment production in 
REG-CMC1 and REG-CMC2 cell lines. Among the most 

prominent TF groups identified are the ethylene-respon-
sive transcription factors (ERFs), which include isoforms 
from the RAP2, RAV1, CBF, and ERF families. These TFs 
are implicated in regulating pigmentation in response to 
environmental stress signals, such as drought or patho-
gen attack. Such stress often triggers the production of 
anthocyanins and other pigments as part of the defense 
mechanisms of plants [29]. Another significant group is 
the dehydration-responsive element-binding proteins 
(DREBs), including DREB1C and DREB1B which activate 
stress-related genes that influence pigment production. 
Similarly, PHD finger proteins, such as ALFIN-LIKE, are 
involved in various developmental processes, including 
those regulating pigment formation [30, 31]. AP2-like 
factors, including APETALA 2 (AP2) and WRI1, also play 
essential roles in flower and fruit development, processes 
that are closely linked to pigment synthesis [32]. More-
over, the ARID family of TFs, represented by genes such 
as separase and aminotransferase, are primarily involved 
in cell cycle regulation and metabolic control, indirectly 
influencing pigment production [33].

B3 domain-containing TFs, including RAV-like factors, 
The BES1 (brassinosteroid signaling) TF family, BES1 
(brassinosteroid signaling) were also identified which 
are essential for regulating pigment biosynthesis [34]. 
Additionally, bHLH (basic helix-loop-helix) transcrip-
tion factors, such as MYC2, play key roles in regulating 
stress responses and secondary metabolism, including 
jasmonate signaling, which is important for pigmentation 
under environmental stress [35]. Other groups including 
bZIP (basic leucine zipper) transcription factors, includ-
ing TGA7, C2H2 zinc-finger domain TF family and the 
C2C2-CO-like family, which includes CONSTANS-like 
proteins are implicated in stress response pathways and 
plant hormone signaling, all of which are crucial for reg-
ulating pigment production [36]. Similarly, NAC tran-
scription factors, MADS-box transcription factors, such 
as MADS-MIKC and MADS-M-type which are involved 
in various developmental and stress-response processes, 
may indirectly regulate genes related to secondary 
metabolite production, including carotenoids [37].

Identified key GO and KEGG enrichment pathways
The transcriptomics analysis identified a range of biologi-
cal processes associated with secondary metabolite bio-
synthesis and plant responses. GO enrichment analysis 
of the transcriptomics analysis of REG-CMC1 vs. REG-
CMC2 cell lines is presented in Fig.  4C. Key processes 
included the secondary metabolite biosynthetic process 
(GO: 0044550) and the phenylpropanoid biosynthetic 
process (GO: 0009699), both essential for producing 
plant secondary metabolites. Several processes related to 
oxygen levels and responses to hypoxia were also noted, 
including cellular response to hypoxia (GO: 0071456) 
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and response to decreased oxygen levels (GO: 0036293), 
highlighting the plant’s adaptive mechanisms to low-oxy-
gen environments. Cell death (GO: 0008219) and pro-
grammed cell death (GO: 0012501) also indicated critical 
cellular events that may be linked to stress responses 
or development. The involvement of pathways related 
to plant-type hypersensitive response (GO: 0009626) 
and immune effector processes (GO: 0002252) suggests 
mechanisms for plant defense against pathogens.

Furthermore, metabolic processes involving various 
compounds, including salicylic acid (GO: 0009696), jas-
monic acid (GO: 0009694) and alkaloids (GO: 0009820), 
indicated a potential complex network of hormonal and 
secondary metabolite pathways. The presence of pro-
cesses related to cell wall macromolecule catabolism 
(GO: 0016998) and hormone biosynthesis (GO: 0042446) 
further emphasized the role of these pathways in plant 
structure and function. These findings illustrated the 
intricate biological processes underlying plant metabo-
lism, stress responses and interactions with symbionts, 
reflecting the complexity of plant biology and the impor-
tance of secondary metabolites in growth and defense. 
The GO enrichment circular diagram of differential 
genes is presented in Fig.  5A for better clarification of 
GO analysis.

The distribution of differential genes annotated to 
KEGG pathways is illustrated in Fig.  5B. Among the 

differentially expressed genes, 11,741 common DEGs 
between the REG-CMC1 and REG-CMC1-2 cell lines 
were linked to 145 pathways. Key categories include 
“Environmental Information Processing”, highlighting 
pathways such as plant hormone signal transduction (353 
genes, 7.28%) and the MAPK signaling pathway in plants 
(211 genes, 4.35%). Under “Metabolism”, several path-
ways were identified, including the biosynthesis of vari-
ous plant secondary metabolites (1432 genes, 59.55%), 
starch and sucrose metabolism (198 genes, 4.09%), and 
phenylpropanoid biosynthesis (142 genes, 2.93%), indi-
cating diverse metabolic activities. Additional pathways 
focused on specific compounds, such as isoquinoline 
alkaloid biosynthesis (67 genes, 1.38%), anthocyanin bio-
synthesis (16 genes, 0.33%), and flavonoid biosynthesis 
(62 genes, 1.28%), emphasizing the complexity of plant 
secondary metabolite production. Other metabolic pro-
cesses, including fatty acid elongation (31 genes, 0.64%), 
were also noted, alongside pathways related to plant-
pathogen interactions (395 genes, 8.15%) and ribosome 
biogenesis (154 genes, 3.18%) in eukaryotes.

Proteomics analysis of REG-CMC1 and REG-CMC2 cell lines
Identified differentially expressed proteins (DEPs)
The comprehensive protein identification yielded 23,895 
peptides, which successfully identified 5,361 unique pro-
teins. To investigate the proteomic differences between 

Fig. 5  GO enrichment and KEGG pathway annotation of differentially expressed genes. A Circular diagram presenting GO enrichment of DEGs. The figure 
displays a circular diagram illustrating GO enrichment analysis; B Distribution of differential genes annotated to KEGG pathways. The numbers within the 
figure indicated the count of differential genes annotated to each pathway
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the REG-CMC1 and REG-CMC2 cell lines, principal 
component analysis (PCA) was performed. The PCA plot 
(Fig.  6A) demonstrated a clear separation between the 
two groups along the first principal component (PC1), 
which explained 84% of the total variance. This distinct 
clustering pattern indicates substantial differences in the 
overall protein expression profiles between REG-CMC1 
and REG-CMC2 cell lines. The differential expression 
analysis identified a total of 1,710 differentially expressed 
proteins (DEPs) between REG-CMC1 and REG-CMC2 
cell lines (Fig. 6B). Among these, 1,005 proteins were sig-
nificantly up regulated, while 705 were down regulated 
in REG-CMC1 relative to REG-CMC2 cell lines indi-
cating a widespread reprogramming of protein expres-
sion between the two cell lines. A volcano plot was used 
to visualize the distribution of DEPs based on log₂ fold 
change and –log₁₀ (p-value) (Fig.  6C). Red and green 
dots represent significantly up regulated and down reg-
ulated proteins, respectively, whereas gray dots indicate 
non-significant changes. The clear asymmetry between 
up- and down regulated proteins reinforces the obser-
vation that REG-CMC1 cells exhibit marked up regula-
tion of numerous proteins compared to REG-CMC2. To 
further characterize the expression patterns of DEPs, 
hierarchical clustering analysis was conducted, and the 
results were visualized in a heatmap (Fig. 6D). The heat-
map revealed distinct clustering of samples consistent 
with the PCA results, with REG-CMC1 and REG-CMC2 
cell lines forming two separate branches. The differential 
expression patterns displayed strong internal consistency 

within each group, further confirming the reproducibility 
of the proteomics data.

Domain annotation results of identified proteins
The domain annotations of identified proteins are illus-
trated as bar chart in Fig. 7A. Protein domains were cat-
egorized into active site, binding site, domain, family, 
homologous superfamily and repeat. In the active site 
category, 30 proteins (1.96%) were classified as serine/
threonine protein kinases, while 21 proteins (1.37%) con-
tained the ATP-binding domain associated with protein 
kinases. Within the domain category, the protein kinase 
domain was identified in 45 proteins (2.94%), followed 
by the ABC transporter-like ATP-binding domain and 
AAA+ family with 17 proteins (1.11%) and the ATPase 
domain with 16 proteins (1.05%). The cytochrome P450 
family exhibited the highest representation, encompass-
ing 16 proteins (1.05%), succeeded by the short-chain 
dehydrogenase/reductase (SDR) and peptidase S10 
families, each containing 12 proteins (0.78%) and the 
aquaporin transporter with 10 proteins (0.65%). In the 
homologous superfamily category, significant entries 
included the P-loop containing nucleoside triphosphate 
hydrolase with 106 proteins (6.93%), the NAD (P) bind-
ing domain superfamily with 61 proteins (3.99%), the 
alpha/beta hydrolase fold with 54 proteins (3.53%) and 
the protein kinase-like domain superfamily with 53 
proteins (3.46%). Additionally, the glycoside hydrolase 
superfamily comprised 40 proteins (2.61%) and the arma-
dillo-type fold was represented by 26 proteins (1.7%). 
The WD40 repeat identified 16 proteins (1.05%) as a 

Fig. 6  Overview of the proteomic analysis of differentially expressed proteins. A PCA of proteomics samples; B Statistical chart of differences between 
protein groups; C Volcano plot of differential protein expression; D Heat map showing differential protein clusters; the rows represent protein clusters, 
while the columns correspond to sample clusters
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significant repeat domain in this analysis. The compari-
son of domain annotations for up regulated and down 
regulated differentially expressed proteins is presented in 
Fig. 7B.

Functional classification of deps in REG-CMC1 and REG-CMC2 
cell lines
The identified proteins were functionally classified using 
the GO enrichment analysis. Among the biological pro-
cesses, a total of 56 proteins (6.09%) were enriched in 
proteolysis, followed closely by carbohydrate metabolic 
processes (53 proteins, 5.76%) and protein phosphoryla-
tion (52 proteins, 5.65%). Additional categories included 
phosphorylation (25 proteins, 2.72%), methylation (22 
proteins, 2.39%), microtubule-based movement (18 pro-
teins, 1.96%), and intracellular protein transport (16 
proteins, 1.74%). Regarding cellular compartment local-
ization, the nucleus and cytoplasm contained the highest 
number of identified proteins, totaling 80 (11.08%). Other 
significant compartments included the chloroplast (37 
proteins, 5.12%), membrane (32 proteins, 4.43%), plant 
membrane (28 proteins, 3.88%), cellular region (28 pro-
teins, 3.88%), cytosol (23 proteins, 3.19%) and nucleolus 
(18 proteins, 2.49%). In terms of molecular functions, the 
largest category was metal ion binding, with 134 proteins 
(10.82%). Other important categories included hydro-
lase activity (51 proteins, 4.12%), oxidoreductase activity 
(45 proteins, 3.63%), DNA binding (43 proteins, 3.47%), 
RNA binding (36 proteins, 2.91%), and heme binding 

(34 proteins, 2.74%) (Fig.  8A). KOG analysis (Fig.  8B) 
revealed that, within the general function prediction 
category, approximately 107 proteins were up regulated, 
while 79 proteins were down regulated. Importantly, in 
the categories related to post-transcriptional modifica-
tions, protein turnover, and chaperones, 97 proteins were 
up regulated and 44 proteins were down regulated. Simi-
larly, in the carbohydrate transport and metabolism cate-
gory, 108 proteins were up regulated, whereas 20 proteins 
were down regulated.

KEGG pathway enrichment analysis of deps in REG-CMC1 and 
REG-CMC2 cell lines
KEGG analysis indicated significant enrichment across 
five major pathways in REG-CMC1 and REG-CMC2 
cell lines, including cellular processes, environmental 
information processing, genetic information processing, 
metabolism, and organismal systems. Within the cellu-
lar processes category, motor proteins represented the 
largest group, comprising 28 proteins (3.16%), followed 
by pathways such as peroxisome (23 proteins, 2.6%) and 
endocytosis (17 proteins, 1.92%). In the environmental 
information processing category, plant hormone signal 
transduction was the most prominent pathway, with 30 
proteins (3.39%), followed by ABC transporters (21 pro-
teins, 2.37%) and MAPK signaling pathways in plants 
(19 proteins, 2.27%). For genetic information processing, 
significant pathways included protein processing in the 
endoplasmic reticulum (40 proteins, 4.52%), ribosome 

Fig. 7  Domain analysis of DEPs identified from proteomics analysis. A Domain annotations of differentially expressed proteins; B Comparison of domain 
annotations for up regulated and down regulated differentially expressed proteins
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biogenesis in eukaryotes (21 proteins, 2.37%) and RNA 
degradation (19 proteins, 2.15%). The metabolism cat-
egory was the largest, featuring key pathways such as 
carbon metabolism (91 proteins, 10.28%), biosynthesis of 
amino acids (85 proteins, 9.6%), biosynthesis of cofactors 
(56 proteins, 6.33%), glycolysis/gluconeogenesis (54 pro-
teins, 6.1%), pyruvate metabolism (47 proteins, 5.31%), 
starch and sucrose metabolism (41 proteins, 4.63%), and 
amino sugar and nucleotide sugar metabolism (37 pro-
teins, 4.18%). Furthermore, plant-pathogen interactions 
(36 proteins, 4.07%) were recognized as the exclusive 
pathway inside organismal systems.

The differential expression of proteins across vari-
ous KEGG pathways was quantified, with a bar graph 
(Fig.  8C). In the carbon metabolism pathway, 70 pro-
teins were up regulated, while 21 were down regulated. 
For the biosynthesis of amino acids, 62 proteins were up 
regulated, and 23 were down regulated. In the biosyn-
thesis of cofactors, 33 proteins exhibited up regulation 
and 23 down regulation. The glycolysis/gluconeogenesis 
pathway showed 46 proteins up regulated and 8 down 
regulated. In pyruvate metabolism, there were 40 up 
regulated and 7 down regulated proteins. For starch and 
sucrose metabolism, 37 proteins were up-regulated and 4 
down regulated. Finally, in the protein processing in the 
endoplasmic reticulum pathway, 35 proteins were up reg-
ulated and 5 down regulated.

Proteins involved in carotenoid synthesis in REG-CMC1 and 
REG-CMC2 cell lines
A list of some of the identified proteins that may be 
involved in the carotenoid biosynthesis process is pre-
sented in Table 2. Multiple proteins which may contribute 
to carotenoid metabolism, with several having possible 
roles in key processes such as the carotenoid biosyn-
thetic process and ubiquinone biosynthesis. Many of the 
identified proteins may contribute in broader metabolic 
pathways, such as secondary metabolite biosynthesis. A 
significant portion of the identified proteins were may 
be involved in various steps of carotenoid biosynthesis. 
A hypothetical protein from Paulownia fortunei, identi-
fied with the carotenoid biosynthesis process and associ-
ated with phytoene desaturase activity, which catalyzes 
the conversion of phytoene into carotenoids [38]. Simi-
larly, a plastid lycopene beta-cyclase 2 from Bixa orel-
lana, is involved in the conversion of lycopene into other 
carotenoids and is localized in the cytoplasm. This pro-
tein plays a key role in the synthesis of carotenoids such 
as lutein and zeaxanthin, critical for photosynthesis and 
plant pigmentation [39, 40].

Several other proteins, such as amine oxidase and 
indole-3-acetaldehyde oxidase, are involved in the oxida-
tion of amines and aldehydes, processes that may support 
broader secondary metabolism, including the biosyn-
thesis of carotenoids and other metabolic intermediates. 
Further, the identification of aldehyde oxidase enzymes 

Fig. 8  Functional classification and pathway annotation of DEPs. A GO classification of differentially expressed proteins; B KOG functional annotation of 
differentially expressed proteins; C Bar chart comparing KEGG pathway classifications
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Accession Number Description KEGG Pathways Subcellular 
localization

IMPGRGL1N11711 Hypothetical protein Pfo_012356 [Paulownia fortunei] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Cytoplasm

IMPGRGL1N20863 Plastid lycopene beta-cyclase 2 [Bixa orellana]; lyco-
pene beta-cyclase 2 [Bixa orellana]

Carotenoid biosynthesis; Biosynthesis of secondary 
metabolites

Cytoplasm

IMPGRGL1N23314 Amine oxidase [Handroanthus impetiginosus] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

chloroplast

IMPGRGL1N26012 Hypothetical protein Pfo_017880 [Paulownia fortunei] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Cytoplasm

IMPGRGL1N30391 Hypothetical protein Pfo_008364 [Paulownia fortunei] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

chloroplast

IMPGRGL1N31036 (-)-Isopiperitenol/ (-)-carveol dehydrogenase, 
mitochondrial-like [Olea europaea var. sylvestris]

Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

chloroplast

IMPGRGL1N31612 Hypothetical protein Pfo_010563 [Paulownia fortunei] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Cytoskeleton

IMPGRGL1N33469 Prolycopene isomerase [Buddleja davidii] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

chloroplast

IMPGRGL1N35243 PREDICTED: Indole-3-acetaldehyde oxidase [Camelina 
sativa]; PREDICTED: Indole-3-acetaldehyde oxidase 
[Camelina sativa]; PREDICTED: Indole-3-acetaldehyde 
oxidase [Camelina sativa]; PREDICTED: Indole-3-acetal-
dehyde oxidase [Camelina sativa]; PREDICTED: Indole-
3-acetaldehyde oxidase [Camelina sativa]

Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Cytoplasm

IMPGRGL1N17765 Hypothetical protein Pfo_018186 [Paulownia fortunei] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Nucleus

IMPGRGL1N20863 Plastid lycopene beta-cyclase 2 [Bixa orellana] Lyco-
pene beta-cyclase 2 [Bixa orellana]

Carotenoid biosynthesis; Biosynthesis of secondary 
metabolites

Cytoplasm

IMPGRGL1N23314 Amine oxidase [Handroanthus impetiginosus] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

chloroplast

IMPGRGL1N26012 Hypothetical protein Pfo_017880 [Paulownia fortunei] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Cytoplasm

IMPGRGL1N31612 Hypothetical protein Pfo_010563 [Paulownia fortunei] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Cytoskeleton

IMPGRGL1N35243 PREDICTED: Indole-3-acetaldehyde oxidase [Camelina 
sativa]; PREDICTED: Indole-3-acetaldehyde oxidase 
[Camelina sativa]; PREDICTED: Indole-3-acetaldehyde 
oxidase [Camelina sativa]; PREDICTED: indole-3-acetal-
dehyde oxidase [Camelina sativa]; PREDICTED: Indole-
3-acetaldehyde oxidase [Camelina sativa]

Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Cytoplasm

IMPGRGL1N38937 hypothetical protein Pfo_001613 [Paulownia fortunei] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

chloroplast

IMPGRGL1N40609 Hypothetical protein Pfo_016404 [Paulownia fortunei] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Cytoplasm

IMPGRGL1N46692 (-)-Isopiperitenol/ (-)-carveol dehydrogenase, 
mitochondrial-like [Sesamum indicum]

Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Endoplasmic 
reticulum

IMPGRGL1N47347 Reductase [Handroanthus impetiginosus] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Cytoplasm

IMPGRGL1N48375 Indole-3-acetaldehyde oxidase [Phtheirospermum 
japonicum]

Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Cytoplasm

IMPGRGL1N48381 Abscisic-aldehyde oxidase [Striga hermonthica] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Cytoplasm

IMPGRGL1N59860 Phytoene desaturase 1 [Rehmannia glutinosa]; Phy-
toene desaturase 1 [Rehmannia glutinosa]

Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Cytoplasm

IMPGRGL1N62432 (-)-Isopiperitenol/ (-)-carveol dehydrogenase mito-
chondrial [Phtheirospermum japonicum]

Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

chloroplast

IMPGRGL1N954 Hypothetical protein BUALT_Bualt15G0037800 
[Buddleja alternifolia]

Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Cytoplasm

Table 2  List of some of the identified proteins with possible roles in carotenoid biosynthesis, their potential metabolic pathways and 
subcellular localizations in REG-CMC1 and REG-CMC2 cell lines
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suggests a functional diversity in this protein family, 
with possible roles in both ferredoxin metabolism and 
carotenoid biosynthesis. These enzymes are commonly 
associated with the production of aldehyde intermedi-
ates in secondary metabolism and are distributed across 
the cytoplasm and chloroplasts. Additionally, the identi-
fication of proteins with domains related to short-chain 
dehydrogenases reflects a role in the possible reduction 
of various metabolites, including carotenoid interme-
diates, which is essential for maintaining the balance of 
carotenoid biosynthesis. These enzymes are localized to 
the cytoplasm, chloroplast, and endoplasmic reticulum, 
indicating that these cellular compartments are involved 
in the synthesis and modification of carotenoids [41–43].

Moreover, a large number of identified proteins are 
hypothetical, originating from diverse plant species such 
as Paulownia fortunei, Bixa Orellana and Handroan-
thus impetiginosus, Paulownia fortunei are associated 
to KEGG pathways related to carotenoid biosynthesis 
(ko00906) and biosynthesis of secondary metabolites 
(ko01110). Proteins like lycopene beta-cyclase 2 from 
Bixa orellana and phytoene desaturase 1 from R. glutin-
osa are potentially involved in the carotenoid biosynthesis 
pathway, supporting their significance in the production 
of carotenoid pigments. Some identified proteins such as 
indole-3-acetaldehyde oxidase and abscisic-aldehyde oxi-
dase are predicted to have roles in hormone-related path-
ways, potentially linking carotenoid derivatives to plant 
growth and stress responses [44–47].

Integrated transcriptomics and proteomics analysis 
revealed key molecular determinants of carotenoid 
variation in REG-CMC cell lines
Integrated transcriptomics and proteomics analysis 
revealed key molecular determinants of carotenoid varia-
tion in REG-CMC cell lines

Venn analysis of genes and proteins
To explore the relationship between transcriptomic and 
proteomic changes, an integrative analysis was con-
ducted combining differentially expressed transcripts 
(DETs) and differentially expressed proteins (DEPs). The 
Venn diagram (Fig.  9A) illustrates the overlap among 
all detected transcripts (all_tran), all detected proteins 
(all_prot), differentially expressed transcripts (diff_tran) 
and differentially expressed proteins (diff_prot). A total 

of 291 entities were commonly differentially expressed 
at both the transcript and protein levels, while 492 were 
unique to the transcriptome and 414 were unique to the 
proteome. This overlap indicates a moderate correlation 
between mRNA and protein expression profiles, suggest-
ing post-transcriptional regulation may contribute to the 
observed discrepancies.

To visualize the expression patterns of the overlap-
ping differentially expressed entities, hierarchical clus-
tering analysis was performed (Fig.  9B). The resulting 
heatmap revealed two distinct clusters corresponding 
to the experimental groups, indicating consistent trends 
in expression between transcriptomics and proteomics 
datasets.

GO enrichment analysis of integrated transcriptomic and 
proteomic data
GO enrichment analysis of the overlapping gene-protein 
set revealed significant enrichment in multiple biological 
processes, molecular functions and cellular components 
(Fig.  9C). In the biological process category, pathways 
related to “secondary metabolite biosynthetic process” 
(GO: 0044550) and “phenylpropanoid biosynthetic pro-
cess” (GO: 0009699) were highly enriched, underscor-
ing their potential roles in carotenoid biosynthesis and 
pigmentation differences between REG-CMC1 and 
REG-CMC2. Additional enriched processes included 
responses to hypoxia, programmed cell death, and vari-
ous metabolic pathways. Among cellular components, 
“cell wall” (GO: 0005618), “plant-type cell wall” (GO: 
0009505), and “anchored component of membrane” (GO: 
0031225) showed strong enrichment, suggesting struc-
tural differences between cell lines. Molecular function 
enrichment revealed key regulatory activities such as 
“RNA polymerase II transcription factor activity” (GO: 
0000981), “sulfotransferase activity” (GO: 0008146), and 
“ADP binding” (GO: 0043531), highlighting their possible 
involvement in gene regulation, metabolic modification 
and signaling.

Protein-specific GO enrichment further emphasized 
roles in microtubule-associated processes. Terms such as 
“microtubule-based movement” (GO:0007018), “micro-
tubule binding” (GO:0008017), and “microtubule motor 
activity” (GO:0003777) were significantly enriched, sug-
gesting a role in cellular transport and organization. 
Ion-binding functions such as “magnesium ion binding” 

Accession Number Description KEGG Pathways Subcellular 
localization

IMPGRGL1N20863 Plastid lycopene beta-cyclase 2 [Bixa orellana]; lyco-
pene beta-cyclase 2 [Bixa orellana]

Carotenoid biosynthesis; Biosynthesis of secondary 
metabolites

Cytoplasm

IMPGRGL1N26012 Hypothetical protein Pfo_017880 [Paulownia fortunei] Carotenoid biosynthesis; Metabolic pathways; Biosyn-
thesis of secondary metabolites

Cytoplasm

Table 2  (continued) 
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and “calcium ion binding” were also notably enriched. 
Additionally, protein enrichment pointed to significant 
involvement in carbohydrate metabolism (“carbohy-
drate metabolic process” (GO:0005975), proteolysis and 
energy production. Structural components including 
the “extracellular region” (GO:0005576), “chromoplast” 
(GO:0009509), and “pollen tube” (GO:0090406) were also 
enriched, indicating relevance to plant-specific functions 
such as photosynthesis and reproduction. The integrated 
GO enrichment analysis highlights the involvement of 
numerous biological processes and molecular functions, 
particularly those are associated with secondary metabo-
lism, cytoskeletal dynamics, and ion-mediated signaling, 
which may contribute to the phenotypic and metabolic 
differences observed between the REG-CMC1 and REG-
CMC2 cell lines.

Additionally, Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis identified several key 
metabolic and biosynthetic pathways that were signifi-
cantly enriched at both the transcript and protein levels 
(Fig. 9D). The most enriched pathways included “biosyn-
thesis of amino acids,” “carbon metabolism,” “starch and 

sucrose metabolism,” and “phenylpropanoid biosynthe-
sis.” Many of these pathways are associated with energy 
production and primary metabolism, reflecting their 
potential involvement in regulation between transcrip-
tional and translational responses.

Distribution of Genes and Proteins in Metabolic Pathways 
Related to Carotenoid Biosynthesis in REG-CMC1 and REG-
CMC2 Cell Lines
KEGG pathway enrichment analysis revealed signifi-
cant differences in the distribution of genes and proteins 
across various metabolic pathways in REG-CMC1 and 
REG-CMC2 cell lines (Fig.  10A and B). Notably, path-
ways associated with second

Screening, functional annotation and enrichment analysis 
of DEGs
ary metabolism particularly phenylpropanoid biosynthe-
sis (ko00940) and biosynthesis of various plant second-
ary metabolites (ko00999) were significantly enriched, 
suggesting their potential roles in the regulation of 
carotenoid and other pigment-related compounds. The 

Fig. 9  Integrated analysis of transcriptomics and proteomics data to identify shared functional features between DEGs and DEPs. A Venn diagram of dif-
ferentially expressed proteins and transcripts; B Protein and gene fold clustering heat map; C GO enrichment analysis of integrated genes and proteins; 
D KEGG pathway enrichment of differential proteins and genes

 



Page 15 of 25Zhou et al. BMC Plant Biology          (2026) 26:514 

phenylpropanoid biosynthesis pathway included 142 
genes but only 31 corresponding proteins, indicating a 
potential post-transcriptional regulation or temporal 
control of protein expression in this biosynthetic route.

Similarly, the phenylpropanoid metabolic process con-
tained 156 genes but only 12 proteins, while the phenyl-
propanoid biosynthetic process included 129 genes and 
just 3 proteins. This disparity between gene and protein 
representation suggests a complex regulation, possibly 
reflecting tissue-specific or developmentally regulated 
carotenoid biosynthesis. Other relevant pathways, such 
as diterpenoid biosynthesis (ko00904) and sphingolipid 
metabolism (ko00600), were also enriched, support-
ing the broader involvement of lipid-derived second-
ary metabolites in pigment production. In contrast, 
primary metabolic pathways like glycolysis/gluconeogen-
esis (ko00010) and carbon metabolism (ko01200) showed 
higher protein representation but lacked significant 
enrichment, indicating they may not directly involved in 
carotenoid-specific regulation.

Comprehensive proteomics analysis revealed key changes 
in protein expression across metabolic pathways, secondary 
metabolism and cellular regulation
Proteomic analysis revealed notable alterations in pro-
tein expression levels across key biological processes, 
with a particular focus on pathways involved in amino 
acid metabolism and secondary metabolite biosynthesis 
which may contribute carotenoid production. Several 
enzymes associated with phenylpropanoid biosynthe-
sis, a pathway closely linked to carotenoid accumula-
tion, were down regulated in REG-CMC2 compared to 
REG-CMC1. These include 4-coumarate: CoA ligase and 
phenylalanine ammonia-lyase, both of which play essen-
tial roles in the conversion of L-phenylalanine to precur-
sors of secondary metabolites. Their reduced abundance 

suggests a possible suppression of phenylpropanoid-
derived metabolic flux, potentially impacting carotenoid 
synthesis.

In addition, tyrosine decarboxylase, involved in aro-
matic amino acid metabolism (tyrosine, phenylalanine, 
tryptophan pathways), was also down regulated, indi-
cating a broader downshift in organonitrogen com-
pound biosynthesis. Similarly, decreased expression of 
an ATP-binding cassette (ABC) C transporter suggests 
reduced transmembrane transport of key metabolites, 
possibly affecting intracellular distribution of carot-
enoid precursors. Conversely, several proteins showed 
increased expression in REG-CMC2, including shiki-
mate O-hydroxycinnamoyl transferase, an enzyme asso-
ciated with phenylpropanoid and secondary metabolite 
biosynthesis, indicating a compensatory or cell-type-
specific regulatory mechanism. Up regulation of a puta-
tive LOV domain-containing protein and R2R3-MYB 
transcription factor both involved in signaling and gene 
regulation suggests enhanced transcriptional control of 
pathways related to growth and metabolic differentiation. 
Furthermore, primary-amine oxidase, up regulated in 
REG-CMC2, may participate in the metabolism of phe-
nylalanine and related pathways, further linking amino 
acid catabolism to secondary metabolite production.

Figure 11A illustrates the carotenoid biosynthesis path-
way highlighting the differentially expressed genes identi-
fied through transcriptomics analysis of the REG-CMC1 
and REG-CMC2 cell lines. Key up regulated nodes are 
concentrated around the early and middle stages of 
carotenoid biosynthesis, including enzymes involved 
in the conversion of phytoene to lycopene (such as crtI, 
crtB, crtY) and in the subsequent cyclization and hydrox-
ylation reactions leading to β-carotene, zeaxanthin and 
lutein formation. Down regulated enzymes were pri-
marily associated with the xanthophyll and abscisic acid 

Fig. 10  Visualization of differential expression and pathway enrichment from integrated transcriptomic and proteomic analysis. A Heatmap showing 
differential expression of proteins and genes. Red indicates up regulation, while blue represents down regulation; B Dot plot of enriched KEGG pathways 
from integrated transcriptomics and proteomics analysis
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(ABA) branches of the pathway (such as ABA2, NCED), 
suggesting reduced carotenoid catabolism and ABA syn-
thesis in the analyzed cells.

Carotenoid biosynthesis pathway displays the enzy-
matic cascade converting precursor molecules from the 
terpenoid backbone pathway into carotenoids and their 
downstream derivatives (Fig. 11B). The proteomic profile 
reveals pronounced up regulation of enzymes involved 
in the early and intermediate stages of carotenoid bio-
synthesis, particularly those catalyzing the sequential 
desaturation and cyclization reactions from phytoene to 
lycopene and β-carotene (such as phytoene desaturase, 
ζ-carotene desaturase, lycopene β-cyclase). Addition-
ally, proteins related to xanthophyll formation, such as 
β-carotene hydroxylase and zeaxanthin epoxidase, also 
exhibited elevated abundance, indicating an active con-
version toward zeaxanthin and lutein production. Con-
versely, down regulated proteins were mainly localized 
within the abscisic acid (ABA) branch of the pathway, 
such as abscisic-aldehyde oxidase and 9-cis-epoxyca-
rotenoid dioxygenase (NCED), consistent with reduced 
carotenoid catabolism and lower ABA biosynthetic activ-
ity in these cell lines.

qRT-PCR verification
All 6 selected DEGs including Xanthoxin dehydroge-
nase (IMPGRGL1N62432), Zeaxanthin epoxidase (IMP-
GRGL1N38937), Zeta-carotene desaturase (novel.19984), 
Phytoene dehydrogenase (IMPGRGL1N11711), 
15-cis-zeta-carotene isomerase (IMPGRGL1N40609) and 
Carotenoid cleavage dioxygenase 4 (IMPGRGL1N10527) 
were successfully validated by qRT-PCR. Quantitative 
RT-PCR analysis was performed to evaluate the expres-
sion profiles of potential carotenoid pathway genes under 
two cell lines (CMC1 and CMC2). Mean relative expres-
sion values were calculated for six representative genes, 
and the correlation between the two conditions was 
assessed using Pearson’s correlation coefficient. A mod-
erate positive correlation (r = 0.36) was observed between 
CMC1 and CMC2 cell lines, suggesting partial co-regu-
lation of carotenoid biosynthesis genes. The expression 
trends observed in REG-CMC-1 and REG-CMC-2 cell 
lines were consistent with the RNA-Seq data (Fig. 12A), 
supporting the accuracy and reliability of the transcrip-
tomics analysis. Specifically, Phytoene dehydrogenase 
showed higher expression in CMC1, whereas Carotenoid 
cleavage dioxygenase 4 was more strongly expressed in 
CMC2, implying potential differential regulation of syn-
thesis and degradation pathways under the two cell lines.

Fig. 11  Carotenoid biosynthesis pathway maps. A Pathway map from transcriptomics analysis. Genes or enzymes with up regulated expression in REG-
CMC1 and/or REG-CMC2 are indicated in red, whereas those down regulated are shown in blue. The green highlighted enzymes represent genes that 
were uniquely expressed or significantly induced in only one of the two cell lines; B Pathway map from proteomics analysis. Proteins showing up regula-
tion are highlighted in red, while down regulated proteins are indicated in blue. Green shading denotes proteins with significant expression unique to 
one of the two REG-CMC lines

 



Page 17 of 25Zhou et al. BMC Plant Biology          (2026) 26:514 

Protein expression profiles of PDS and LCY-B in REG-CMC-1 
and REG-CMC-2 cells
Western blot analysis demonstrated that both phytoene 
desaturase (PDS) and lycopene β-cyclase (LCY-B) pro-
teins were abundantly expressed in REG-CMC-1 cells, 
whereas no or only minimal expression was detected in 
REG-CMC-2 cells (Fig.  12B). These findings are consis-
tent with and corroborate the results obtained from the 
proteomic analysis.

Expression correlation analysis of genes and proteins in REG-
CMC1 and REG-CMC2 cell lines
The Spearman correlation coefficient (ρ = 0.355) quan-
tifies the relationship between gene and protein fold 
changes (Fig.  12C). This moderate positive correlation 
suggests that genes showing increased expression at the 
mRNA level generally tend to show increased protein 
expression as well, though the relationship is far from 
perfect. The correlation indicates an improved alignment 
between transcript and protein changes compared to 
individual sample analyses, but still reflects the influence 
of biological processes such as post-transcriptional regu-
lation, protein turnover and translation efficiency.

Discussion
 The biosynthesis of secondary metabolites in R. gluti-
nosa, particularly carotenoids is important for root pig-
mentation. ABC transporters facilitate the export of 
these secondary metabolites from the cytoplasm to vacu-
oles, where they accumulate and contribute to root col-
oration [48, 49]. REG-CMC-1 cells produced significantly 
higher yellow pigments compared to REG-CMC-2 cells. 
The dramatic difference in carotenoid content suggests 
profound regulatory divergence at both transcriptional 
and proteomic levels. The production of yellow pigments 
in REG-CMC-1 cells may be regulated by carotenoid bio-
synthesis pathway as large number of identified genes 
and proteins are associated with carotenoid biosynthesis.

 The current study provides evidence that integrated 
transcriptomic and proteomic analyses can offer insights 
into the molecular mechanisms associated with carot-
enoid biosynthesis in Rehmannia glutinosa CMCs. The 
identification of genes and proteins such as phytoene 
synthase (PSY), 15-cis-phytoene desaturase, zeta-caro-
tene desaturase (ZDS), beta-carotene isomerase, and zea-
xanthin epoxidase suggests the possibility of coordinated 
regulation across multiple steps of the carotenoid biosyn-
thetic pathway, from precursor formation to downstream 

Fig. 12  Validation and correlation analysis of gene and protein expression between R. glutinosa cell lines REG-CMC-1 and REG-CMC-2. A Validation of 
RNA-Seq data through qRT-PCR analysis; B Protein expression validation through Western blotting; C scatter plot comparing changes in gene expression 
(transcriptomics) and protein expression (proteomics) between REG-CMC1” and “REG-CMC2 cell lines
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modifications. These findings aligned with known roles 
of these enzymes in model plants, where they catalyzed 
essential steps in carotenoid formation and conver-
sion, contributing to the diversity of carotenoid-derived 
compounds such as lutein, zeaxanthin, and abscisic acid 
[50–52]. Xanthoxin dehydrogenase and abscisic-aldehyde 
oxidase encoding genes which are involved in carotenoid 
catabolism and related pathways were also identified 
in this research. These results suggest a tightly regu-
lated network which may be responsible for carotenoid 
accumulation and may control its conversion to bioac-
tive metabolites such as abscisic acid. The detection of 
enzymes including geranylgeranyl diphosphate synthase 
(GGPPS) and tocopherol cyclase indicates a potential 
association between carotenoid biosynthesis and path-
ways involved in isoprenoid and secondary metabolite 
metabolism, confirming earlier reports on the diversity of 
terpenoid products in CMCs of R. glutinosa [53].

Comparison with previous studies reinforces these 
findings. Zhou et al. [22] reported elevated levels of iri-
doid glycosides (IAs) and terpenoids in R. glutinosa 
CMCs, along with identification of genes crucial for 
catalpol and IA biosynthesis. In this study, the REG-
CMC-1 and REG-CMC-2 cell lines exhibited distinct 
transcriptional and proteomic profiles. Compared with 
REG-CMC-2, REG-CMC-1 showed higher expression of 
carotenoid-related genes and greater carotenoid content, 
which may reflect differences in metabolic characteristics 
between CMC subpopulations. Enrichment of secondary 
metabolic pathways, including carotenoid and phenyl-
propanoid biosynthesis, as well as galactose metabolism, 
indicates a degree of biochemical diversity between the 
two cell lines. KEGG and GO enrichment analyses fur-
ther showed that transcript levels were generally higher 
than the corresponding protein abundance, particularly 
in the carotenoid biosynthesis pathway. This observation 
suggests that post-transcriptional or translational regu-
lation may contribute to differences in metabolite accu-
mulation, a finding consistent with previous studies that 
reported fluctuations in gene expression and metabolite 
levels during developmental transitions in other plants 
[54].

Furthermore, the subcellular localization and enzyme 
complex formation observed in other species such as 
PSY, PDS, and ZDS associating with plastidic thylakoid 
membranes [52] and GGPPS accumulating in plastidic 
globules [55] support the importance of spatial orga-
nization in carotenoid biosynthesis. These insights are 
supported by studies in grapevine, where expression 
of VvDXS and VvDXR genes, key upstream regulators 
in the methylerythritol phosphate (MEP) pathway, was 
positively correlated with carotenoid accumulation dur-
ing fruit ripening [56–58]. Similar transcriptional pat-
terns may be observed in R. glutinosa, which could be 

related to carotenoid biosynthesis in CMCs, with pos-
sible involvement of the MEP pathway in terpenoid and 
carotenoid metabolism.

Proteomics analysis of R. glutinosa CMC lines revealed 
the presence of proteins related to carotenoid biosynthe-
sis. Among these, phytoene desaturase 1 and lycopene 
β-cyclase were observed at the protein level, indicating 
a possible role in early and intermediate stages of carot-
enoid biosynthesis. These enzymes catalyze the desatu-
ration of phytoene and the cyclization of lycopene into 
beta-carotene, respectively critical reactions that ulti-
mately lead to the production of carotenoids and xan-
thophylls essential for pigmentation and photosynthesis 
[52]. In addition, the detection of prolycopene isomerase 
and indole-3-acetaldehyde oxidase suggests a potentially 
interconnected protein network in which redox pro-
cesses and energy metabolism may be associated with 
carotenoid accumulation. Although several proteins 
were annotated as hypothetical, their co-expression with 
known carotenoid biosynthetic enzymes indicates that 
further functional studies may help clarify their roles 
within this pathway. This complexity reflects previous 
findings that in plants, many carotenoid biosynthetic 
enzymes form multi-enzyme complexes in plastidic com-
partments such as the stroma and thylakoid membranes, 
where localization and post-translational modifications 
play crucial roles in functional activity [51, 55].

In addition to carotenoids, the results of this study indi-
cate the potential involvement of the phenylpropanoid 
pathway in R. glutinosa root pigmentation. Proteins and 
gene expression related to phenylalanine ammonia-lyase 
(PAL), cinnamate-4-hydroxylase (C4H), and 4-couma-
rate-CoA ligase (4CL) were enriched, consistent with 
previous research highlighting their roles in the biosyn-
thesis of flavonoids and anthocyanins secondary metab-
olites known for their pigmentation and antioxidative 
functions [59, 60]. The presence and regulation of MYB 
transcription factors, particularly R2R3-MYBs, further 
support their involvement in the activation of anthocy-
anin biosynthetic genes, aligning with the regulatory 
mechanisms described in other plant species [61, 62].

The co-regulation of both carotenoid and anthocy-
anin biosynthesis pathways appears to be coordinated, 
at least in part, by the MBW transcriptional complex 
(MYB–bHLH–WD40), which has been implicated in 
modulating a wide range of pigmentation-related pro-
cesses [63]. In R. glutinosa, this shared regulatory control 
likely underpins the complex coloration of roots, where 
both carotenoids and phenylpropanoids contribute to the 
visual phenotype and offer protective benefits through 
their antioxidant properties [64]. Furthermore, cytoskel-
etal dynamics and primary metabolic processes such 
as starch and sucrose metabolism may indirectly influ-
ence secondary metabolite biosynthesis. Microtubule 
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organization, for instance, has been shown to modulate 
the expression of anthocyanin biosynthetic genes, possi-
bly by affecting intracellular trafficking or transcriptional 
regulation [63]. Similarly, the breakdown of sucrose into 
glucose and fructose supplies essential carbon skeletons 
for flavonoid and anthocyanin biosynthesis, as well as 
general energy demands of highly active metabolic cells 
[65, 66]. The regulatory networks proposed in this study 
are derived from correlation-based omics analyses com-
bined with previously reported functional evidences. 
Collectively, the results indicate a possible coordination 
between carotenoid and phenylpropanoid pathways in 
R. glutinosa CMCs at transcriptional and proteomic lev-
els. Several key carotenoid-associated genes and regu-
latory factors showed concordant expression trends at 
both the mRNA and protein levels, suggesting that these 
candidates may play important roles in the divergence of 
carotenoid accumulation between REG-CMC1 and REG-
CMC2.The involvement of regulatory factors such as 
MBW transcription factors, together with metabolic flux 
from primary carbohydrate metabolism, may contribute 
to the regulation of pigment biosynthesis in root tissues. 
These findings contribute to a better understanding of 
root pigmentation and secondary metabolite accumu-
lation in R. glutinosa, and may support future efforts to 
optimize the production of bioactive compounds.

Materials and methods
Plant materials
R. glutinosa plant was identified by Dr. Pengfei Zhou of 
School of Basic Medical Sciences, Guangdong Medical 
University, China. About 1–3-month-old fresh roots of R. 
glutinosa plants were collected in Jiaozuo, Henan Prov-
ince, China. Rehmannia glutinosa roots those growing 
naturally in the wild were collected for cambium tissue 
culture. No special permission was needed for research 
involving this species. Plant specimens were stored in the 
gene bank herbarium at Guangdong Medical University, 
China, with the reference number of GDD230XT99.

Cells lines and culture conditions
The two cell lines, REG-CMC-1 and REG-CMC-2, were 
derived from explants of two different R. glutinosa roots. 
According to the iPlant Database (​h​t​t​p​​s​:​/​​/​w​w​w​​.​i​​p​l​a​​n​t​.​​c​n​
/​i​​n​f​​o​/​R​e​h​m​a​n​n​i​a) maintained by the Institute of Botany, 
Chinese Academy of Sciences, the genus Rehmannia 
comprises six species: R. glutinosa, R. henryi, R. chry-
santha, R. piasezkii, R. solanifolia, and R. chingii. Based 
on morphological assessment and comparison with 
diagnostic characteristics described in this database, 
the plant specimens collected for this study were taxo-
nomically confirmed as Rehmannia glutinosa. Two wild 
R. glutinosa individuals were collected from Jiaozuo, 
Henan Province. These plants served as the sources for 

establishing two independent cell lines. One specimen 
exhibited a distinctly yellow root cross-section, from 
which the REG-CMC-1 cell line was induced. The sec-
ond specimen displayed an almost white root cross-sec-
tion with a slightly yellowish epidermis, from which the 
REG-CMC-2 cell line was derived. The fresh rhizomes of 
R. glutinosa were harvested in Jiaozuo, Henan Province, 
China. The surface soil of R. glutinosa roots washed and 
then rinsed with tap water for 3 h. The cleaned explants 
were placed on a clean bench, and filter paper was used 
to absorb the surface water, followed by sterilization 
with 3% hydrogen peroxide (2  min), rinsing with sterile 
distilled water (3 times), sterilization with 75% medical 
ethanol (2 min), and 3 times rinsing using sterile distilled 
water. Then, 15  min sterilization with mercuric chlo-
ride solution (0.1%, w/v), followed by rinsing with sterile 
distilled water (5 times), and finally soaking the steril-
ized explants in 150 mg/l citric acid solution to prevent 
browning.

The methodology used to establish REG-CMC-2 in 
the present study was adapted directly from the proce-
dures described for REG-CMC-1 [22]. Sterilized R. glu-
tinosa explants were cultured in 250 mL conical flasks 
containing 50 mL of basal Murashige and Skoog (MS) 
medium supplemented with 30 g L⁻¹ sucrose, 2 mg L⁻¹ 
α-naphthalene acetic acid (NAA), 2 mg L⁻¹ 6-benzyl-
aminopurine (6-BA), and 1 mg L⁻¹ 2,4-dichlorophen-
oxyacetic acid (2,4-D). Within approximately 7–12 days 
of culture, pale-yellow (REG-CMC-1) or white (REG-
CMC-2) cell masses developed around the root cam-
bium region. After 14 days, the newly formed calli were 
transferred to fresh subculture medium (100 mL of MS 
medium supplemented with 2 mg L⁻¹ naphthalene ace-
tic acid (NAA), 1 mg L⁻¹ 6-benzylaminopurine (6-BA), 
and 30 g L⁻¹ sucrose; pH: 6.0) for further growth. The 
initial callus tissue derived from the roots appeared as 
firm, light-yellow aggregates. Both REG-CMC-1 and 
REG-CMC-2 cells subsequently developed into soft, fri-
able layers of cells exhibiting yellow-green or whitish 
coloration.

Following induction, the initially generated cells were 
designated as the first generation. Both REG-CMC-1 
and REG-CMC-2 were maintained on MS solid medium 
supplemented with 2  mg/L NAA, 1  mg/L 6-BA, 30  g/L 
sucrose, and 4 g/L gellan gum (pH 6.0), and sub cultured 
at 12-day intervals at 25  °C in darkness. Microscopic 
observations revealed that CMC cultures consisted pre-
dominantly of single cells or small clusters, whereas cal-
lus cultures formed dense, compact clusters with many 
cells, consistent with our previous observations of REG-
CMC-1. For the present study, REG-CMC-1 at the 35th 
subculture and REG-CMC-2 at the 30th subculture were 
employed. To establish a suspension culture system, 6.0 g 
of REG-CMC-1 and REG-CMC-2 were transferred into 

https://www.iplant.cn/info/Rehmannia
https://www.iplant.cn/info/Rehmannia
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250 mL Erlenmeyer flasks containing 100 mL of MS 
medium supplemented with 2 mg/L NAA, 1 mg/L 6-BA, 
and 30 g/L sucrose (pH was adjusted to 6.0). The flasks 
were placed on a shaker with 120  rpm at 25  °C under 
continuous dark conditions.

Metabolites extraction, refinement and carotenoid 
determination
For the carotenoid extraction, 10.0  g of dried cell mass 
was placed into a 500 mL beaker. A total of 250 mL of 
anhydrous ethanol was added, and the mixture was 
sealed and soaked in the dark for 10  h. The extraction 
process was further enhanced using an ultrasonic clean-
ing machine with 20 kHz frequency and 10 s on / 10 s off 
pulse for 30  min at 30  °C. This extraction was repeated 
twice, with the filtrate from each extraction being col-
lected and filtered. After completing all three extractions, 
the filtrates were combined. The combined solution was 
then processed using a rotary evaporator to remove the 
ethanol, yielding a crude extract of carotenoids including 
other metabolites.

The crude extract was weighed and W₁ represents the 
measured weight of the crude extract obtained after the 
extraction process. This value indicates the total amount 
of material extracted from the sample, which contains 
the carotenoids along with other possible compounds. 
Because the initial sample weight (10 g) and extrac-
tion conditions were fixed for all samples, crude extract 
weight was normalized by dividing by 10 to express 
carotenoid content (mg) on a per-gram sample basis, 
following the normalization principle used in standard 
carotenoid quantification methods [67].

The carotenoid content of REG-CMC-1 and REG-
CMC-2 was determined using a commercial Carotenoid 
Assay Kit (Shanghai Yuanye Bio-Technology Co., Ltd.). 
Fresh cells (0.1 g; dry weight 0.05 g) were homogenized 
with 50 mg of extraction powder and 1 mL of Carotenoid 
Assay Buffer. The homogenate was transferred into a 10 
mL centrifuge tube, and the mortar or homogenizer was 
rinsed several times with a small volume of Carotenoid 
Assay Buffer. The washings, together with the residues, 
were combined in the same centrifuge tube. The vol-
ume was then adjusted to 10 mL with Carotenoid Assay 
Buffer, mixed thoroughly, and incubated in the dark for 
15  min. Subsequently, the mixture was centrifuged at 
4000  rpm for 5  min, and the supernatant was collected 
for analysis. Prior to measurement, the spectrophotom-
eter was preheated for at least 30 min and set to a wave-
length of 440 nm. The carotenoid extract was placed into 
a 1 cm path-length cuvette, with Carotenoid Assay Buffer 
used as the blank. The absorbance at 440 nm (A₄₄0) was 
recorded.

Carotenoid content was calculated using the following 
equation:

Carotenoid content (mg/g) = A440/ (250 × 
1)×V×1000/W = 0.04×A440/W [68].

Where, V = volume of carotenoid extract (0.01  L); 
W = sample fresh weight or dry weight (g), 250 = empiri-
cal extinction coefficient of carotenoids (L/g/cm); 
1000 = unit conversion factor (g to mg); 1 = path length of 
the cuvette (cm). This extraction was repeated twice, with 
the filtrate from each extraction being collected and fil-
tered. After completing all three extractions, the filtrates 
were combined.

RNA extraction, cDNA library construction and sequencing
Total RNA was extracted from REG-CMC-1 and REG-
CMC-2 cell lines with the RNA Easy Fast Plant Tissue 
Kit (TIANGEN Biotech Co., Ltd., Beijing, China) by 
the manufacturer’s instructions. Three independent cell 
cultures were maintained and total RNA was extracted 
from each, resulting in three biological replicates. Mes-
senger RNA (mRNA) was isolated using two standard 
approaches such as enrichment of polyadenylated tran-
scripts via Oligo (dT) magnetic beads and depletion of 
ribosomal RNA from total RNA to retain non-rRNA spe-
cies. Agarose gel electrophoresis was used to assess the 
quality and integrity of RNA and a NanoDrop TM 8000 
spectrophotometer (Thermo Scientific, USA) was used 
to analyze the purity of RNA. High-quality RNA of each 
sample was then used to create cDNA libraries in accor-
dance with the Illumina platform procedure (Illumina, 
USA) and the cDNA libraries were sequenced using the 
Illumina HiSeq™ 2000 platform.

Screening, functional annotation and enrichment analysis 
of DEGs
Raw sequencing reads were subjected to stringent qual-
ity control using FastP [69] to ensure high data integ-
rity for downstream analyses. Filtering criteria included 
the removal of reads containing adapter sequences and 
exclusion of reads in which the proportion of undeter-
mined bases (N) exceeded 10%; and as well as elimina-
tion of reads where over 50% of bases had a quality score 
≤ Q20. High-quality clean reads were then aligned to the 
reference genome to generate mapped data. Differential 
gene expression analysis between REG-CMC-1 and REG-
CMC-2 cell lines were performed using DESeq2 [70]. 
Benjamini-Hochberg method was employed to modify 
the p-values for multiple hypothesis testing, resulting in 
the false discovery rate (FDR). Genes were categorized 
as differentially expressed if the absolute value of the log2 
fold change (log2 FC) was ≥ 1 and the false discovery rate 
(FDR) was < 0.05. KEGG [71] and GO [72] were utilized 
for the functional annotation, classification, and pathway 
enrichment analysis of DEGs.
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Validation of RNA-Seq data by quantitative real-time PCR 
(qRT-PCR)
To validate the RNA-Seq results and examine the expres-
sion patterns of genes involved in carotenoid biosyn-
thesis, 6 DEGs including Xanthoxin dehydrogenase 
(IMPGRGL1N62432), Zeaxanthin epoxidase (IMP-
GRGL1N38937), Zeta-carotene desaturase (novel.19984), 
Phytoene dehydrogenase (IMPGRGL1N11711), 
15-cis-zeta-carotene isomerase (IMPGRGL1N40609) and 
Carotenoid cleavage dioxygenase 4 (IMPGRGL1N10527) 
were randomly selected for qRT-PCR analysis. For each 
gene, three independent biological replicates were used, 
with each biological replicate further tested in three tech-
nical replicates.

Total RNA was extracted from the cell lines using the 
RNAprep Pure Plant Plus Kit (Tiangen, Beijing, China), 
following the manufacturer’s protocol. Complementary 
DNA (cDNA) synthesis was carried out using the Trans-
Script® All-in-One First-Strand cDNA Synthesis Super-
Mix for qPCR (TransGen Biotech, China), according to 
the manufacturer’s instructions. Gene-specific primers 
were designed using PRIMER5 software (version 5.2) and 
are detailed in Table 3. The housekeeping gene β-actin 
was used as an internal reference for normalization of 
gene expression levels. qRT-PCR assays were performed 
using the ABI PRISM® 9600 Sequence Detection System 
(Applied Biosystems, USA) with SYBR Green Supermix, 
following the manufacturer’s instructions. The thermal 
cycling program included an initial denaturation at 94 °C 
for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 
°C for 30 s (annealing), and a final extension at 72 °C for 
10 min. Relative gene expression levels were calculated 
using the 2−ΔΔCT method [73].

Extraction, purification and identifcation of protein
Protein extraction
Three biological replicates were prepared by cultur-
ing cells independently and processing them separately 
through protein extraction and further processes. The 

sample was grounded into a powder in liquid ammo-
nia. An appropriate amount of the powder was trans-
ferred to a 1.5  ml centrifuge tube and an appropriate 
amount of L3 lysis buffer (1% SDS, 100 mM Tris-HCl, 
7 M urea, 2 M thiourea, 1 mM PMSF, and 2 mM EDTA) 
was added. After oscillation and mixing, the sample was 
ultrasonically lysed on ice for 10  min and the superna-
tant was centrifuged to obtain a protein solution. After 
that, 4 volumes of chilled acetone were added to the pro-
tein solution, and the solution was precipitated at -20 °C 
overnight. The precipitate was centrifuged at 4  °C and 
retained. The precipitate was washed with cold acetone 
and redissolved in 8 M urea. The total protein concentra-
tion was determined by BCA protein quantification assay.

Protease desalting
Equal amounts of protein solution were taken based on 
protein concentration and brought to a total volume of 
200 µl with 8 M urea. The solution was then treated with 
10 mM DTT at 37  °C for 45 min and alkylated with 50 
mM iodoacetamide (AM) for 15 min in the dark at room 
temperature. Later protein solution (4 times) was added 
with pre-chilled acetone, and the protein was precipi-
tated at -20  °C for 2 h. After centrifugation, the protein 
pellet was precipitated and resuspended in 200 µl of 25 
mM ammonium bicarbonate solution and 3  µl of tryp-
sin (Promega) and digested overnight at 37 °C. Following 
digestion, peptides from each sample were desalted on 
a C18 column, concentrated by vacuum centrifugation, 
and re-dissolved in 0.1% (v/v) formic acid.

Liquid chromatography with tandem mass spectrometry 
(LC-MS/MS)
The samples were analysed using a NanoElute UHPLC 
apparatus at nano-flow parameters. Mobile phase A 
consisted of 0.1% formic acid in water, whereas mobile 
phase B included 0.1% formic acid in pure acetonitrile. 
Samples were introduced through an autosampler onto a 
C18 analytical column (25 cm × 75 μm, 1.6 μm particle 
size; Ion Opticks, Australia). To maintain optimal sepa-
ration efficiency, the column temperature was regulated 
at 50  °C using an integrated oven. Each run involved a 
sample load of 200 ng, with a flow rate set at 300 nL/min. 
During gradient elution, the proportion of mobile phase 
A gradually decreased while mobile phase B increased, 
enabling peptide separation based on hydrophobic-
ity. The gradient began with 98% mobile phase A. From 
0 to 25  min, mobile phase A decreased linearly to 78%. 
Between 25 and 30 min, it was further reduced to 65%. 
From 30 to 35 min, a sharper decrease brought it down 
to 20%. Finally, a hold at 20% mobile phase A from 35 
to 40 min ensured complete elution of strongly retained 
peptides. A 40-minute gradient elution began with a lin-
ear increase of mobile phase B from 2% to 22% over the 

Table 3  List of primers used in this study for qRT-PCR validation
SL. No. Primer ID Primer Sequence (5’-3’)
1. Xde-Fw TCTAGCGATTCGCCTCTTGT

2. Xde-Rv TTGCACCACCTGTTACCAAA

3. Zds-Fw TCGTCACGAGGCCTAGAAGT

4. Zds-Rv TTTGGAGGCTGTTCTTGCTT

5. ZEP-Fw GCAATGGTATGCATTTCACG

6. ZEP-Rv CAGAATGGCTTCCTCCTCAG

7. PDS-Fw AAGGCGCTGTCTTATCAGGA

8. PDS-Rv CTCCCGCCAAATTAATGAGA

9. Z-Iso-Fw TTCCATCGCTAAATCCCTTG

10. Z-Iso-Rv GATACGGCGGATTAAGGTGA

11. CCD4-Fw TACACTCTGCAGCCGATACG

12. CCD4-Rv AAGCCAAGCTTGTGTTTGCT
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first 25  min. This was followed by a continued gradient 
from 22% to 35% between 25 and 30 min. Subsequently, 
the concentration of mobile phase B was further elevated 
from 35% to 80% over the next 5 min (30–35 min). The 
gradient concluded with mobile phase B maintained at a 
constant 80% for the final 5 min (35–40 min) to complete 
the separation process.

Mass spectrometry analysis and data acquisition
Mass spectrometry analysis yielded the mass-to-charge 
ratio (m/z) and signal intensity of peptides, along with the 
m/z and signal intensity of the fragment ions generated 
post-peptide fragmentation. Following chromatographic 
separation, the mixed peptide sample was initially ana-
lyzed using a timsTOF Pro2 mass spectrometer operat-
ing in data-dependent acquisition parallel accumulation 
serial fragmentation (ddaPASEF) mode. This preliminary 
step was conducted to optimize the acquisition windows 
for subsequent data-independent acquisition (diaPASEF) 
analysis. The effective chromatographic gradient used 
during MS acquisition was 40  min, with detection per-
formed in positive ion mode. The precursor ion mass 
range was set from 100 to 1700  m/z, and ion mobility 
values ranged from 0.85 to 1.3 V·s/cm². Ions were accu-
mulated and released within 100 ms, achieving an ion 
utilization efficiency close to 100%. Instrument settings 
included a capillary voltage of 1500 V, a drying gas flow 
rate of 3 L/min, and a drying temperature of 180 °C.

In ddaPASEF mode, the system acquired four MS/MS 
scans per cycle, with a total cycle time of 0.53 s. The scans 
were performed across a charge state range of 0–5, with 
a dynamic exclusion time of 0.4  min to prevent redun-
dant fragmentation. Additional parameters included an 
ion density threshold of 10,000, a minimum intensity 
threshold of 1500, and collision energy ramping based on 
ion mobility starting at 27 eV for 1/K = 0.85 V·s/cm² and 
increasing to 45 eV for 1/K = 1.3 V·s/cm². The quadrupole 
isolation width was set at 2 Å for m/z values below 700, 
and 3 Å for m/z above 800.

For the diaPASEF acquisition, data were collected using 
a mass range of 400–1200  m/z and a mobility range of 
0.85–1.3  V·s/cm². The method employed 24 mass steps 
per cycle, each with a mass window of 25 Da and an over-
lap of 0.1 Da, across two ion mobility windows, resulting 
in a total of 48 acquisition windows. The average acquisi-
tion cycle time for diaPASEF was approximately 1.17 s.

To identify proteins, spectral library searching was 
employed in addition to conventional sequence database 
searches. In this approach, experimental tandem mass 
spectra are matched against spectra in a curated spectral 
library, enabling peptide sequence identification via simi-
larity scoring from the NIST Mass Spectrometry Data 
Center (proteomicsresource.washington.edu). A false 

discovery rate (FDR) of 1% was implemented for both 
precursor ion and protein levels.

Protein differential expression analysis
 Proteins with a fold change (FC) ≥ 1.5 and a P-value < 
0.05 were considered significantly differentially expressed 
[74]. These proteins were subsequently normalized using 
z-scores, and hierarchical clustering was performed to 
generate heat maps for visualization.

 Functional classification of proteins
The detected proteins linked to different biological pro-
cess categories were classified according to the GO 
(http://www.geneontology.org) and UniProtKB ​(​​​h​t​t​p​:​/​/​
w​w​w​.​u​n​i​p​r​o​t​.​o​r​g​​​​​) databases. Hierarchical clustering of 
protein expression patterns was performed using Clus-
ter software version 3.0, utilizing log2-transformed spot 
abundance ratios to compare REG-CMC-1 and REG-
CMC-2 cell lines. The KOG database was categorized 
into 26 functional classifications. The identified proteins 
were analyzed against the comprehensive KEGG species 
database to derive KEGG annotation results. The number 
of differentially expressed proteins associated with each 
KEGG pathway was quantified, and the results were visu-
alized using a bar graph.

Validation of protein expression through Western blotting
Total protein was extracted from REG-CMC-1 and REG-
CMC-2 cells, and protein concentrations were deter-
mined using a BCA assay kit (Vazyme, China). Equal 
amounts of protein were resolved by SDS–PAGE and 
subsequently transferred onto polyvinylidene difluoride 
(PVDF) membranes using an electrotransfer system (Bio-
Rad, USA). The membranes were blocked with 5.0% (w/v) 
nonfat milk at room temperature for 1 h and then incu-
bated overnight at 4  °C with primary antibodies against 
phytoene desaturase (PDS) and lycopene β-cyclase (LCY-
B) (Phyto AB, USA). After incubation with horserad-
ish peroxidase (HRP)-conjugated secondary antibodies, 
immunoreactive signals were detected using Clarity™ 
Western ECL substrate (Bio-Rad, USA). β-actin served 
as an internal loading control and was detected using a 
β-actin antibody (Phyto AB, USA), followed by incuba-
tion with a peroxidase-conjugated secondary antibody. 
Band intensities were quantified using ImageJ software.

Conclusions
R. glutinosa continues to emerge as a valuable resource 
in both traditional and modern medicine due to its 
diverse bioactive compounds, particularly its carot-
enoids, glycosides and phenolic compounds. The explo-
ration of its chemical profile has opened new avenues for 
understanding its therapeutic effects, including its abil-
ity to manage chronic conditions such as diabetes and 

http://www.geneontology.org
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hypertension. The innovative application of plant cell 
culture systems, especially in the context of producing 
secondary metabolites like carotenoids, offers a promis-
ing strategy for sustainable and environmentally friendly 
production of bioactive compounds, reducing depen-
dency on traditional agricultural practices and enabling 
controlled, high-yield production under optimized con-
ditions. Two cell lines, REG-CMC-1 and REG-CMC-2, 
were successfully induced and established from the cam-
bial ring region of R. glutinosa roots. The induction of 
REG-CMC-1 was initiated from root slices in which the 
cambial area exhibited a distinct yellow pigmentation, 
which was subsequently reflected in the yellow coloration 
of the derived cell line. In contrast, REG-CMC-2 origi-
nated from root slices where the cambial region appeared 
distinctly white, resulting in a white-colored cell line. 
That identified genes and enzymes including phytoene 
synthase, zeta-carotene desaturase and lycopene β-cyclase 
may contribute to the increased production of yellow 
pigments observed in REG-CMC-1 cells. The consistency 
between omics data and independent experimental vali-
dation confirms the reliability of the identified differen-
tially expressed genes and proteins. This analysis reveals 
distinct expression patterns related to carotenoid biosyn-
thesis and associated regulatory pathways, underscoring 
fundamental molecular differences between REG-CMC1 
and REG-CMC2 cell lines. Functional validation experi-
ments are beyond the scope of the present study and 
we proposed a putative regulatory network that pro-
vides a hypothesis-generating framework for carotenoid 
differentiation.
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