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Abstract
The plant cell culture provides an efficient technique for growth and production kinetics studies of bioactive compounds 
present in plants. Therefore, the present study investigated, for the first time, to identify the specific culture days required 
for higher metabolite yield in Rhodiola imbricata. A transcript-level gene expression study was conducted to understand 
the molecular cues associated with metabolite biosynthesis. The leaf callus cell line showed an optimum growth rate (FW: 
20 g/100 mL, DW: 1.21 g/100 mL), growth index (19.00), salidroside (3.68 mg/g DW, rosavin (0.21 mg/g DW and rosarin 
(0.08 mg/g DW) on 24th day of the incubation period. However, salidroside, rosavin, and rosarin metabolite yield followed 
the growth-dependent manner in both callus cell lines, while tyrosol and p-coumaric acid showed growth independent accu-
mulation pattern. Moreover, the antioxidant study displayed maximum phenolic content (8.07 mg/g DW) on day 18, flavonoid 
content (9.73 mg/g DW) on day 3, and DPPH activity  (IC50; 0.79 mg/mL) on day 24 in leaf callus cell line. The RT-qPCR 
analysis showed upregulation of PAL, 4-HPAAS, 4-HPAAR , and UDPGT genes associated with metabolite accumulation. 
Expression analysis revealed a positive correlation with the metabolites yield. Furthermore, the optimized parameter could 
be exploited for a higher yield of specific metabolite and sequential scale-up studies.

Key message 
This is the first-ever study on the specific growth phase and accumulation pattern of metabolites in the friable callus cell 
lines of Rhodiola imbricata. Similarly, molecular signatures were also investigated to elucidate key genes associated with 
salidroside and rosavins biosynthesis. Furthermore, current optimized parameters lay the foundation for a cell suspension 
study, scale-up, and year-round metabolite production.
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Introduction

The majority of secondary metabolites predominantly derive 
from the plants and counterparts in the medicinal, agricul-
tural, and industrial sectors. Rhodiola imbricata (Edgew) is 
a trans-Himalayan medicinal plant with immense pharma-
ceutical potential. The plant is used in a traditional thera-
peutic system and as a food crop (Choudhary et al. 2015; 
Tayade et al. 2017). Rhodiola is one of the richest salidroside 
sources and offers a commercially viable raw material for the 
herbal, health, and pharmaceutical industries. R. imbricata is 
sanctified with a plethora of pharmaceutical properties, viz., 
radioprotective, wound healing, freeze tolerance, anti-age-
ing, antioxidant, stress buster, immunomodulatory, and most 
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importantly, as an adaptogen (Chaurasia et al. 2003; Arora 
et al. 2005; Chawla et al. 2010; Tayade et al. 2013; Bhard-
waj et al. 2018a; Tao et al. 2018; Kapoor et al. 2019; Rattan 
et al. 2020). Studies on R. imbricata showed the presence 
of dietary minerals, essential amino acids, ascorbic acid, 
vitamins, and antioxidant compounds, thus unleashing it as 
a nutraceutical rich source (Tayade et al. 2017). Phenyle-
thanoids (Salidroside and Tyrosol) along with phenylpro-
panoids (rosavin and rosarin) were previously quantified in 
field-grown, in vitro plants and callus culture by Bhardwaj 
et al. (2018b), Bhardwaj et al. (2018c), Kapoor et al. (2018) 
and Rattan et al. (2020). These phyto complexes play a vital 
role in their remarkable biological potential and therefore 
draw significant scientific interest in Rhodiola. However, 
overexploitation and traditional usage of this herb persuaded 
threat to its wild habitat and receded this plant to red data 
book, hence became endemic and endangered (Kumar et al. 
2011).

Due to the increment rise in demand for Rhodiola raw 
extract and salidroside (Tayade et al. 2017), a need for a reli-
able, affirmative, and efficient strategy for producing these 
metabolites has been eagerly sought. Dependence on field-
grown plants for these secondary metabolites has conceded 
with ever-changing climatic conditions, poor seed germina-
tion, geographical barriers, plant growth cycle, and habitat 
loss (Chaurasia et al. 2007; Kumar et al. 2011). Therefore, 
to compensate for these impairments, an efficient protocol of 
in vitro seed germination, plant regeneration, and micropro-
pagation techniques have been developed by Bhardwaj et al. 
(2018b), Bhardwaj et al. (2018c), and Rattan et al. (2020). 
Plant cell culture techniques were developed previously to 
produce metabolites in R. imbricata (Kapoor et al. 2018; 
Rattan et al. 2020). Further, cell culture offers an alterna-
tive strategy to produce the desired metabolite and reduce 
the burden on natural Rhodiola reserves. However, bioactive 
production through cell cultures in R. imbricata is still lim-
ited. Hence, there is a need to develop an optimized param-
eter for the sustainable production of desired metabolites.

Callus growth kinetics studies are significant for identify-
ing the appropriate time for the passage and accumulation 
of bioactive substances. Thus, it facilitates the monitoring 
of callus culture, particularly biomass accumulation, cel-
lular growth maintenance, and metabolites tracking (Costa 
et al. 2015). Reduction of nutrients, depletion of carbon 
sources, water availability, and the accumulation of toxic 
substances may reduce growth and starts browning of cal-
lus (Partap et al. 2020; Parsad et al. 2020; Wahyuni et al. 
2020). Correspondingly, these parameters become pivotal 
in determining the overall growth period of callus cultures 
and maintaining logarithmic growth of cells (Nogueira et al. 
2008). Similarly, dry callus growth kinetics are prudent for 
industrial applications, as dry biomass is more stable than 
fresh biomass (Costa et al. 2015). Likewise, investigating the 

active involvement of genes related to metabolite biosynthe-
sis opens various possibilities to validate and comprehend 
the overall flux of gene expression at different growth levels 
(Kumar et al. 2020; Rattan et al. 2020; Partap et al. 2020). 
Thus, the simultaneous evaluation of metabolite accumula-
tion and gene expression can be assessed for proper harvest-
ing and sustainable production. Increment in callus growth 
to culture days provides valuable insights about the accu-
mulation behaviour of metabolites. Therefore, the present 
study focuses on the effective use of friable leaf and root 
callus cell line for callus growth rate, biomass, and metabo-
lite yield with specific culture days by evaluating it through 
growth kinetics dynamics. Further, antioxidant profiling 
provides better evidence about the antioxidant potential of 
the Rhodiola callus extracts. Additionally, the investigation 
was carried out to elucidate pathway genes associated with 
salidroside, rosavin, and rosarin biosynthesis.

Materials and methods

Development and maintenance of friable callus cell 
line

The induction, proliferation, and establishment of friable 
green callus cell lines derived from in vitro leaf and root 
explants of Rhodiola imbricata were discussed in our previ-
ous report (Rattan et al. 2020). The friable callus cell lines 
were maintained on the MS medium augmented with pre-
viously standardized hormone concentrations of 0.5 mg/L 
TDZ and 1.0 mg/L NAA. Subsequently, callus cell lines 
were regularly subcultured at 25–30 day intervals and incu-
bated under 25 °C temperature, 65% relative humidity, and 
16 h light/8 h dark photoperiod with 70 μmol/m2/s light 
intensity.

Callus cell growth and biomass yield

In the present investigation, actively growing friable green 
calli assessed for cell growth and biomass yield in R. imbri-
cata. For growth kinetics study, 3 g callus as initial inoculum 
was used from the friable green callus. After that, callus 
was harvested every three-day interval up to 30 days of the 
incubation period in both callus cell lines. Also, fresh weight 
(FW) was measured for callus growth over the initial inocu-
lum weight, and total callus growth biomass was recorded in 
terms of growth index (GI). All the harvested callus samples 
were dried in the oven at 35 °C and measured for callus 
dry weight (DW) determination. All the experiments were 
repeated thrice, and growth measurements were done with 
three replicates per harvesting day. GI was calculated using 
the formula described by Godoy-Hernandez and Vazquez-
Flota (2006) as; Growth Index (GI) = final callus fresh 
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weight (FW) − initial callus fresh weight (FW)/initial cal-
lus fresh weight (FW). Callus biomass yield was expressed 
as gram per litre of medium, culture growth over the 30 days 
of the incubation period.

Phytochemical extraction and UPLC‑PDA analysis 
for determination of metabolite content and yield

The powdered callus samples (200 mg) were infused with 
6 mL methanol (70%) and then kept in a water bath soni-
cator for 30 min. Afterward, extracts were centrifuged at 
3500 rpm for 8 min at 4 °C and then filtered with a 0.22 µm 
PTFE syringe filter. Ultra-performance liquid chromatog-
raphy (UPLC) equipped with a photodiode array (PDA) 
detector was used for metabolite quantification (Rattan et al. 
2020). The quantification of major metabolites (salidroside, 
tyrosol, rosavin, and rosarin) with phenolic acids (gal-
lic acid, p-coumaric acid, and cinnamic acid) was carried 
out in callus samples of R. imbricata. The gradient elution 
contains mobile phase A (0.1% formic acid in water), and 
mobile phase B (0.1% formic acid in acetonitrile) was used. 
The initial sample run was 3.0 min and 12 min for total run 
time, with detection wavelength set at 270 nm. Injection vol-
ume (1 µL) of the extract was used to estimate each marker 
compound, and metabolite yield was expressed as gram per 
culture days for one litre medium.

Antioxidant assays

Total phenolic content (TPC)

Determination of TPC was done according to the protocol 
followed by Partap et al. (2019). Folin-Ciocalteu’s (FC) rea-
gent (1.5 mL) was added to 100 μL of methanolic extract of 
callus samples and incubated at room temperature for 5 min. 
After that, 1.2 mL of 2.5%  Na2CO3 solution was mixed into 
the reaction mixture and further incubated for 1 h. The 
absorbance was measured at 765 nm using a microplate 
reader against the blank. TPC was calculated as gallic acid 
equivalent (GAE) mg/g of callus dry extract. Concentrations 
(5–50 μg/μL) of gallic acid standard solutions was used for 
the plotting of calibration curve based on regression equa-
tion (y = 0.0579x − 0.1703, R2 = 0.998).

Total flavonoid content (TFC)

Determination of TFC was done using the protocol followed 
by Partap et al. (2019). Each sample extract (100 µL) was 
mixed with 150 µL of  NaNO2 (0.5 M) and 150 µL of  AlCl3 
(0.3 M). Afterward, 1.0 mL of 1 M NaOH solution was fur-
ther mixed into the respective reaction mixture. The mixture 
was mixed thoroughly and incubated for 30 min. The absorb-
ance was measured at 510 nm using a microplate reader 

against blank. For TFC estimation, 20–100 μg/μL concentra-
tions of quercetin were used for calibration curve preparation 
with regression equation (y = 0.0187x + 0.1864, R2 = 0.996).

Free radical scavenging assay (DPPH)

DPPH activity of sample extract was evaluated as described 
previously by Kumar et  al. (2020). A methanolic stock 
solution of 400 μM DPPH was prepared and kept at 10 °C 
for further use. Varying concentrations (200–240 μg/μL) 
of the sample extract were used, and made the final vol-
ume (1.0 mL) with the methanol in each reaction mixture. 
Afterward, 2.0 mL of DPPH solution was mixed with the 
respective extract. An equal volume of methanol (1.0 mL) 
and DPPH (2.0 mL) were used as a control. After that, the 
reaction mixture was incubated in the dark for 30 min. 
The absorbance was measured using a microplate reader 
at 517 nm. The  IC50 value of each sample extract and the 
standard was calculated to determine free radicle scaveng-
ing activity.

RNA extraction, cDNA preparation, and RT‑qPCR analysis

Total RNA was isolated from callus samples on each har-
vesting day using the iRIS method (Ghawana et al. 2011). 
The integrity and quality of RNA were assessed by using 
NanoDrop™2000 (Thermo Scientific, USA). Verso cDNA 
synthesis kit was used for the preparation of the first strand 
cDNA as per the manufacturer’s instructions. Previously 
designed primers of salidroside and rosavins biosynthetic 
pathway genes; Phenylalanine ammonia-lyase (PAL), Tyros-
ine decarboxylase (TyDC), 4-Hydroxyphenylacetaldehyde 
synthase (4-HPAAS), 4-Hydroxyphenylacetaldehye reduc-
tase (4-HPAAR ), Uridine 5′-diphospho-glucosyltransferase 
(UDPGT) were used for RT-qPCR analysis (Ma et al. 2008; 
Lan et al. 2013; Torrens-spence et al. 2018; Rattan et al. 
2020) (Supplementary file; Table S1). Identical qPCR cycles 
were executed as 10 min at 94 °C (initial denaturation), 
40 cycles of 94 °C for 15 s (denaturation), 52 °C to 56 °C 
(annealing temperature) for 30 s, extension at 72 °C for 30 s. 
Further, the 26S rRNA was used as an internal control for the 
normalization of data. Further, the  2(−ΔΔCt) method was used 
for the calculations (Schmittgen and Livak 2008).

Experimental data analysis

SPSS 25.0.0 software was used for the analysis of the experi-
mental data. One-way ANOVA with Duncan and Dennett’s 
test was done to evaluate significant differences among the 
studied parameter. Principal component analysis (PCA) was 
used for the comparison of significant differences among 
all studied characters. Multidimensional scaling (MDS) 
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analysis was used to ordinate all samples into clusters based 
on the studied parameters.

Results

Growth kinetics and metabolite accumulation

Time course breakdown of R. imbricata friable callus growth 
with respect to metabolite accumulation investigated for 
the first time. Fresh callus of leaf and root were harvested, 
weighed, and dried for dry mass estimation. The measured 
parameters (FW and DW) were described in callus biomass 

per 100 mL medium. On day 27, maximum callus biomass 
FW (21.90 g, 18.72 g) and DW (1.21, 0.83 g) were observed 
in both callus lines (Tables 1, 2; Fig. 1). Correspondingly, 
up to day 24, the growth phase indicated a constant increase 
in leaf callus and ranged from 3.75 to 20.00 g FW. A similar 
pattern of growth was also seen in root callus, day 3 (3.59 g 
FW), and day 24 (18.04 g FW) (Tables 1, 2). However, from 
day 24 onwards stationary phase was observed and weighted 
21.90 g FW on day 27 and 21.89 g FW on day 30 in the 
leaf callus (Table 1). In root callus, stationary phase was 
also observed on day 27 (18.72 g FW) and day 30 (18.40 g 
FW), respectively (Table 2). Similarly, dry weight (DW) in 
leaf callus was ranged from 0.24 to 1.21 g and in root callus 

Table 1  Growth biomass, growth index, and metabolite accumulation in leaf callus cell line of R. imbricata with respect to culture days

Experimental data represent the means of three replicates and standard error (SE). Different superscripts letters in a column specify statistically 
significant differences (p ≤ 0.05, Duncan Multiple Range Test)
FW fresh weight, DW dry weight, GI growth index

Culture days Biomass production 
(g/100 mL)

GI Metabolite content (mg/g DW)

FW DW Salidroside Tyrosol Rosavin Rosarin p-coumaric acid

3 3.75 ± 0.28a 0.24 ± 0.01a 2.75 ± 0.28a 0.89 ± 0.01a 0.82 ± 0.02b,c 0.15 ± 0.00b 0.04 ± 0.00a 0.09 ± 0.00a,b

6 6.04 ± 0.47b 0.35 ± 0.02b 5.04 ± 0.47b 1.13 ± 0.00b 0.86 ± 0.02d,e 0.15 ± 0.00b 0.04 ± 0.00a 0.09 ± 0.00a,b

9 7.93 ± 0.42c 0.43 ± 0.01bc 6.93 ± 0.42c 1.97 ± 0.03d 0.87 ± 0.02c,d 0.18 ± 0.01c 0.05 ± 0.00a,b 0.09 ± 0.00a,b

12 10.97 ± 0.41d 0.50 ± 0.02c 9.97 ± 0.41d 2.43 ± 0.02e 0.81 ± 0.00b 0.19 ± 0.00c 0.05 ± 0.00a,b 0.10 ± 0.00b

15 12.64 ± 0.24e 0.70 ± 0.01d 11.64 ± 0.24e 2.78 ± 0.03f 0.81 ± 0.01b 0.19 ± 0.00c 0.06 ± 0.00b,c 0.08 ± 0.00a

18 15.83 ± 0.10f 0.86 ± 0.01e 14.83 ± 0.10f 3.11 ± 0.00g 0.91 ± 0.00d,e 0.19 ± 0.00c 0.05 ± 0.00a,b 0.11 ± 0.00c

21 17.76 ± 0.13g 0.92 ± 0.01e 16.76 ± 0.13g 3.14 ± 0.05g 0.95 ± 0.01e 0.19 ± 0.01c 0.05 ± 0.00a,b 0.11 ± 0.01c

24 20.00 ± 0.10h 1.21 ± 0.07f 19.00 ± 0.10h 3.68 ± 0.01h 1.05 ± 0.03f 0.21 ± 0.00d 0.08 ± 0.00d 0.14 ± 0.00d

27 21.90 ± 0.14i 1.21 ± 0.03f 20.90 ± 0.14i 2.03 ± 0.00d 0.66 ± 0.01a 0.17 ± 0.01c 0.07 ± 0.00c 0.09 ± 0.00a,b

30 21.89 ± 0.46i 1.20 ± 0.04f 20.89 ± 0.46i 1.75 ± 0.00c 0.65 ± 0.01a 0.11 ± 0.01a 0.06 ± 0.01b,c 0.08 ± 0.00a

Table 2  Growth biomass, growth index, and metabolite accumulation in root callus cell line of R. imbricata with respect to culture days

Experimental data represent the means of three replicates and standard error (SE). Different superscripts letters in a column specify statistically 
significant differences (p ≤ 0.05, Duncan Multiple Range Test)
FW fresh weight, DW dry weight, GI growth index

Culture days Biomass production 
(g/100 mL)

GI Metabolite content (mg/g DW)

FW DW Salidroside Tyrosol Rosavin Rosarin p-coumaric acid

3 3.59 ± 0.10a 0.21 ± 0.01a 2.59 ± 0.10a 1.18 ± 0.01a 0.47 ± 0.02b 0.07 ± 0.00a,b 0.04 ± 0.00a 0.09 ± 0.00a,b,c

6 5.83 ± 0.07b 0.33 ± 0.01b 4.83 ± 0.07b 1.28 ± 0.00b 0.84 ± 0.03c 0.08 ± 0.00a,b 0.06 ± 0.00b 0.09 ± 0.00a,b

9 7.13 ± 0.06c 0.45 ± 0.01c 6.13 ± 0.06c 1.47 ± 0.00c 0.88 ± 0.01c,d 0.08 ± 0.01a,b,c 0.07 ± 0.00b 0.09 ± 0.01a,b,c

12 8.44 ± 0.13d 0.51 ± 0.00d 7.44 ± 0.13d 2.02 ± 0.03e 0.87 ± 0.01cmd 0.09 ± 0.00b,c,d 0.07 ± 0.01b 0.11 ± 0.00d,e

15 11.63 ± 0.13e 0.64 ± 0.01e 10.63 ± 0.13e 2.69 ± 0.00g 0.91 ± 0.02d 0.09 ± 0.00c,d 0.07 ± 0.01b 0.10 ± 0.00b,c,d

18 14.31 ± 0.18f 0.72 ± 0.02f 13.31 ± 0.18f 2.95 ± 0.00h 0.99 ± 0.01e 0.12 ± 0.01e 0.08 ± 0.00b 0.10 ± 0.00c,d

21 16.10 ± 0.11g 0.78 ± 0.01g 15.10 ± 0.11g 2.97 ± 0.03h 1.02 ± 0.02e,f 0.13 ± 0.01e 0.08 ± 0.00b 0.11 ± 0.00d,e

24 18.09 ± 0.07h 0.82 ± 0.01h 17.09 ± 0.07h 3.39 ± 0.00i 1.07 ± 0.02f 0.15 ± 0.01f 0.10 ± 0.01c 0.12 ± 0.00e

27 18.72 ± 0.23i 0.83 ± 0.02h 17.72 ± 0.23i 2.38 ± 0.00f 0.88 ± 0.03c,d 0.10 ± 0.01d 0.05 ± 0.00a 0.09 ± 0.00a,b

30 18.40 ± 0.28h,i 0.81 ± 0.02h 17.40 ± 0.28h,i 1.66 ± 0.01d 0.13 ± 0.00a 0.07 ± 0.00a 0.04 ± 0.00a 0.08 ± 0.00a
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0.21–0.82 g from day 3 to day 24. The stationary phase was 
observed on day 24 to day 30 in both calli (Tables 1, 2). 
Likewise, the growth index (GI) also followed a similar 
trend, as observed in callus growth biomass (Tables 1, 2). 
Both callus cell lines showed the highest growth index on 
day 27 (leaf; 20.90, root; 17.72) after a lag and exponential 
phase (Tables 1, 2).  

Subsequently, culture day-wise metabolite accumulation 
in both callus cell lines was quantified. Maximum salidro-
side content was detected on day 24 (leaf; 3.68 mg/g DW, 
root; 3.39 mg/g DW), followed by day 21 (leaf; 3.14 mg/g 
DW, root; 2.97 mg/g DW) (Tables 1, 2).

Salidroside was detected at every successive harvesting 
day. Similarly, tyrosol was detected maximum on day 24; 
leaf callus (1.05 mg/g DW) and root callus (1.07 mg/g DW). 
However, a similar trend of accumulation was observed 
in both callus cell lines. The range varied from 0.65 to 
1.05 mg/g DW in leaf callus, and root callus ranged from 
0.47 to 1.07 mg/g DW (Tables 1, 2). Other key metabolites, 
rosavin, and rosarin followed a similar pattern in both cal-
lus cell lines. Rosavin was detected maximum on day 24 
(0.21 mg/g DW) in leaf callus and (0.15 mg/g DW) in root 
callus. Moreover, rosarin was found maximum on day 21 
in leaf callus (0.08 mg/g DW) and root callus (0.10 mg/g 
DW), respectively (Tables 1, 2). Overall, the accumulation 

of these key metabolites was observed at every successive 
harvesting day in both callus cell lines (Supplementary file; 
Fig. S1 A to S1 U).

Callus biomass production and metabolite yield

For the first time, friable leaf and root callus were studied to 
optimize culture days to obtain maximum metabolite yield. 
Subsequently, these optimized parameters are prerequisites 
for the scale-up of metabolite at shake flask and bioreactor 
level. Callus biomass production and net metabolite yield 
were expressed in g/L DW and g/culture days. Total cal-
lus biomass (g/L) and net salidroside yield (g/culture days) 
were predominantly calculated highest at day 24 (12.10 g/L; 
44.53 g), followed by day 21 (9.20 g/L; 28.89 g) in leaf 
callus with respect to harvesting time (Fig. 2a). However, 
in root callus, maximum biomass accumulation yielded at 
day 27 (8.33 g/L), followed by day 24 (8.20 g/L), and net 
salidroside yield was 27.77 g on day 24, followed by day 
21 (23.19 g), respectively (Fig. 2c). Furthermore, tyrosol 
achieved 12.75 g and 8.80 g in both callus cell lines on cul-
ture day 24 (Fig. 2a, c). However, rosavin and rosarin net 
yield were achieved the highest (2.48 g) and (1.04 g) in leaf 
callus on day 24. Similarly, in root callus, rosavin (1.24 g) 
and rosarin (0.79 g) were observed on the same day interval 

Fig. 1  Successive stages of leaf and root callus cell line with respect to culture days in R. imbricata. Scale bar = 20 mm, a–j growth phases of 
leaf callus cell line; 3 days interval, k–t growth phases of root callus cell line; 3 days interval
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to total biomass (Fig. 2b, d). From the study, net salidroside 
and rosavins yield were obtained maximum on day 24, and 
after that, the reduced yield was observed.

Total phenolic, flavonoid, and radical scavenging 
activity

TPC was accumulated maximum on culture day 18, 
i.e., 8.07 mg/g DW followed by day 24 (7.25 mg/g DW) 
in leaf callus (Table 3). However, in root callus, day 21 
detected maximum TPC, i.e., 7.97 mg/g, followed by day 
15 (7.41 mg/g DW), respectively (Table 4). Similarly, TFC 
was detected maximum in leaf callus on culture day 3, 
i.e., 9.73 mg/g, followed by day 30 (9.57 mg/g). Whereas 
root callus accumulated maximum TFC on culture day 
24 (9.98 mg/g DW) followed by day 15 (8.97 mg/g DW), 
respectively (Table 4). Nevertheless, both callus cell lines 
showed an insignificant variation in TPC and TFC in the 
prospect of culture days. Furthermore, for the first time, a 
DPPH assay was done to evaluate the  IC50,  EC50, ARP, and 
AEAC in both callus cell lines of R. imbricata. Lesser  IC50 
values indicate maximum scavenging activity, as a smaller 
amount of extract is needed to reduce the concentration of 
DPPH to 50%. Maximum scavenging activity i.e.,  IC50 were 
detected in leaf callus on day 30 (0.79 mg/mL), and in root 
callus on day 9 (0.87 mg/mL) (Tables 3, 4). Similarly, DPPH 

activity is also expressed as  EC50 (mg/mL) and detected 
maximum in leaf callus (day 30; 2.39). While in root callus, 
day 9 showed higher  EC50 values, i.e., 2.64. Moreover, ARP 
was observed maximum in leaf callus on day 24 (41.91) and 
in root callus on day 9 (37.93). Furthermore, AEAC was 
calculated (in mg AA/100 g) as 561.56 on day 24 in leaf 
callus, whereas in root callus, day 9 showed a maximum 
AEAC, i.e., 508.29 (Tables 3, 4). Overall, a disparate pattern 
was seen in both callus cell lines to culture days intervals.

Gene expression pattern

On day-wise assessment, day 0 was considered as con-
trol, and subsequent days were considered treatments. The 
expression of genes in leaf callus was conjointly increased 
significantly on day 27, i.e., PAL (1.62-fold), TYDC (2.01-
fold), 4-HPAAS (5.04-fold), 4-HPAAR  (1.62-fold), and 
UDPGT (2.50-fold), respectively. Moreover, 4-HPAAR  
showed significant transcript abundance on day 9 (3.63-
fold), day 12 (3.42-fold), and day 30 (2.74-fold). In com-
parison, UDPGT showed maximum fold expression on day 
12 (5.06-fold) and day 30 (3.33-fold) (Fig. 3a). Root cal-
lus showed a significant increase in transcript abundance 
of all five genes than control. Nevertheless, day 24 showed 
simultaneously increased RNA abundance for all genes as 
PAL showed transcript abundance of (3.30-fold), TYDC 

Fig. 2  Time course of growth biomass and net metabolite yield in 
leaf and root callus cell line of Rhodiola imbricata. a and b biomass 
accumulation, phenylethanoid and phenylpropanoid yield in leaf cal-

lus cell line, c and d biomass accumulation, phenylethanoid and phe-
nylpropanoid yield in root callus cell line
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(4.73-fold), 4-HPAAS (5.52-fold), 4-HPAAR  (14.78-fold), 
and UDPGT (1.82-fold) respectively (Fig. 3b). Though, 
maximum expression of PAL (5.36-fold) was observed on 
day 12, followed by day 18 (4.33-fold). Similarly, TYDC 
showed maximum RNA expression on day 6 (6.10-fold) and 

day 15 (5.57-fold). While, 4-HPAAS has increased transcript 
abundance on day 12 (8.86-fold), followed by day 27 (6.41-
fold) and day 21 (5.62-fold), respectively. Likewise, UDPGT 
showed the highest expression on day 27 (4.09-fold), fol-
lowed by day 6 (4.02-fold), day 15 (2.43-fold), and day 9 

Table 3  Antioxidant activity of leaf callus cell line with respect to culture days in R. imbricata 

Experimental data represent the means of three replicates and standard error (SE). Different superscripts letters in a column specify statistically 
significant differences (p ≤ 0.05, Duncan Multiple Range Test)
DPPH-2 2-diphenyl-1- picrylhydrazyl
IC50-half maximal inhibitory concentration,  EC50-half-maximal effective concentration
ARP-antiradical power = (1/EC50) × 100
AEAC-ascorbic acid equivalent antioxidant capacity =  (IC50(AA)/IC50 (sample)) ×  105

AA ascorbic acid

Culture days DPPH activity TPC (mg gallic acid 
equivalent/g dry weight)

TFC (mg 
quercetin/g dry 
weight)IC50 (mg/mL) EC50 (mg/mL) ARP (%) AEAC (mg AA/100 g)

3 0.94 ± 0.01b,c 2.86 ± 0.02c 34.92 ± 0.21b 468.02 ± 2.83b 6.43 ± 0.06c 9.73 ± 0.14e

6 0.97 ± 0.02b,c 2.95 ± 0.05c 33.91 ± 0.51b 454.42 ± 6.86b 6.35 ± 0.11c 9.51 ± 0.06d,e

9 0.93 ± 0.02b 2.83 ± 0.06c 35.39 ± 0.73b 474.29 ± 9.81b 6.52 ± 0.05c 6.16 ± 0.04a

12 0.94 ± 0.03b,c 2.83 ± 0.08c 35.37 ± 0.94b 473.96 ± 12.62b 5.55 ± 0.04b 9.36 ± 0.17d,e

15 1.06 ± 0.00d 3.22 ± 0.00d 31.10 ± 0.04a 416.75 ± 0.49a 7.12 ± 0.12e 8.26 ± 0.35b,c

18 0.83 ± 0.00a 2.52 ± 0.00b 39.62 ± 0.05c 530.98 ± 0.62c 8.07 ± 0.05f 8.25 ± 0.24b,c

21 0.83 ± 0.00a 2.51 ± 0.01b 39.91 ± 0.13c 534.77 ± 1.76c 5.06 ± 0.02a 7.95 ± 0.12b

24 0.79 ± 0.01a 2.39 ± 0.03a 41.91 ± 0.58d 561.56 ± 7.78d 7.25 ± 0.05e 7.87 ± 0.12b

27 0.98 ± 0.02d 2.96 ± 0.05c 33.86 ± 0.58b 453.80 ± 7.74b 6.76 ± 0.11d 8.83 ± 0.06c,d

30 0.79 ± 0.00a 2.39 ± 0.01a 41.82 ± 0.23d 560.43 ± 3.08d 6.75 ± 0.04d 9.57 ± 0.61d,e

Table 4  Antioxidant activity of root callus cell line with respect to culture days in R. imbricata 

Experimental data represent the means of three replicates and standard error (SE). Different superscripts letters in a column specify statistically 
significant differences (p ≤ 0.05, Duncan Multiple Range Test)
DPPH-2 2-diphenyl-1- picrylhydrazyl
IC50-half maximal inhibitory concentration,  EC50-half maximal effective concentration
ARP-antiradical power = (1/EC50) × 100
AEAC-ascorbic acid equivalent antioxidant capacity =  (IC50(AA)/IC50 (sample)) ×  105

AA ascorbic acid

Culture days DPPH activity TPC (mg gallic acid 
equivalent/g dry weight)

TFC (mg 
quercetin/g dry 
weight)IC50 (mg/mL) EC50 (mg/mL) ARP (%) AEAC (mg AA/100 g)

3 0.91 ± 0.01a,b 2.75 ± 0.03a,b 36.38 ± 0.34b 487.48 ± 4.52b 6.55 ± 0.01d 7.59 ± 0.17b

6 0.96 ± 0.01c 2.91 ± 0.03c 34.40 ± 0.39a 460.97 ± 5.15a 5.67 ± 0.08b 7.87 ± 0.22b

9 0.87 ± 0.00a 2.64 ± 0.01a 37.93 ± 0.07c 508.29 ± 0.97c 6.63 ± 0.10d,e 7.83 ± 0.09b

12 0.96 ± 0.02c 2.91 ± 0.05c 34.39 ± 0.54a 460.80 ± 7.18a 6.82 ± 0.14e 8.00 ± 0.18b

15 0.94 ± 0.02bc 2.85 ± 0.07b,c 35.08 ± 0.87a 470.19 ± 11.61a,b 7.41 ± 0.04f 8.97 ± 0.32c

18 0.94 ± 0.01bc 2.86 ± 0.03b,c 34.96 ± 0.31a 468.47 ± 4.16a 6.31 ± 0.06c 8.90 ± 0.12c

21 0.98 ± 0.02c 2.97 ± 0.06c 33.66 ± 0.64a 451.12 ± 8.56a 7.97 ± 0.08g 8.14 ± 0.23b

24 0.98 ± 0.01c 2.98 ± 0.03c 33.57 ± 0.36a 449.83 ± 4.80a 6.19 ± 0.03c 9.98 ± 0.21d

27 0.97 ± 0.01c 2.93 ± 0.03c 34.19 ± 0.31a 458.22 ± 4.10a 4.08 ± 0.07a 6.82 ± 0.12a

30 0.96 ± 0.01c 2.92 ± 0.02c 34.23 ± 0.21a 458.77 ± 2.87a 4.07 ± 0.08a 6.27 ± 0.12a
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(2.00-fold) (Fig. 3b). In leaf callus, 4-HPAAR  and UDPGT 
showed increased expression on initial culture days than 
intermediate days and further showed higher expression at 
later days (Fig. 3a). The overall gene expression remained 
higher in the root callus and followed a relatively more or 
less pattern throughout the culture days (Fig. 3b).

Correlation analysis

In leaf callus, component analysis extracted two PC axis 
with variation PC1 (31.54%) and PC2 (25.14%). Further-
more, the PC1 axis contained highly correlated characters 
such as FW, DW, and GI, while the PC2 axis contained 
TYR and HPAAS (Fig. 4a). In root callus, component anal-
ysis extracted PC1 (33.51%) and PC2 (25.72%) variation. 
Moreover, the PC1 axis accumulated FW, DW, GI, and 
DPPH activity (IC50, EC50, ARP, AEAC) as highly cor-
related characters. Likewise, the PC2 axis contained highly 

correlated characters such as TFC, TYR, and ROR (Fig. 4b). 
The analysis found that test parameters in both callus cell 
lines unveiled two different PC axis presenting random illus-
trations. Additionally, multidimensional scaling (MDS) was 
used for cluster-wise allocation of test parameters based on 
the Euclidean distance model. In leaf callus, samples formed 
four clusters (Stress = 0.146; RSQ; 0.891). Where cluster 
I contain GA, IC50, and EC50. While cluster II denotes; 
ROV, TPC, TYR, SAL, PCOU, and ROR. Likewise, Cluster 
III depicts DW, GI, FW, AEAC, and ARP into one group. 
Though, cluster IV contains HPAAS, TYDC, HPAAR , PAL, 
UDPGT, and TFC, respectively (Fig. 4c). Similarly, four 
clusters were formed in root callus (Stress = 0.144; RSQ; 
0.911). Where cluster I denote FW, DW, GI, IC50, and 
EC50. While GA, UDPGT, HPAAS, TYDC, and PAL resided 
in cluster II. Similarly, cluster III represents; TYR, TFC, 
HPAAR , TPC, PCOU, AEAC, and ARP. Further, SAL, ROV, 
and ROV were grouped into Cluster IV (Fig. 4d). The above 

Fig. 3  Expression profiling of phenylethanoid and phenylpropa-
noid pathway genes with respect to culture days in leaf and root cal-
lus cell line of R. imbricata. a leaf callus cell line, b root callus cell 
line. PAL; phenylalanine ammonia-lyase, TYDC; tyrosine decarboxy-

lase, 4-HPAAS; 4-hydroxyphenylacetaldehyde synthase, 4-HPAAR ; 
4hydroxyphenyacetaldehyde reductase, UDPGT; UDP-glucosyltrans-
ferase. (Color figure online)
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observation achieved dissimilarities between data variables 
and illustrated distinct clusters in both callus cell lines.

Discussion

Callus growth rate and culture duration often play a vital 
role in the accumulation behaviour of metabolites. Thus, 
understanding the biosynthesis mechanism of natural prod-
ucts is essential for improving secondary metabolites yield 
(Hussein et al. 2016). Therefore, determining the specific 
growth phase with higher metabolite yield is the utmost sig-
nificant criteria. This production strategy is broadly explored 
using callus, suspension, and in vitro cultures of medicinal 
plants (Alvarez 2014; Kapoor et al. 2019; Partap et al. 2020; 
Prasad et al. 2020). But studies related to salidroside produc-
tion assessing growth dynamics of callus cell lines were still 
limited in R. imbricata. The present findings showed that 
the metabolite accumulation pattern was closely associated 
with actively growing callus cell lines. Production of salidro-
side reached the maximum at day 24 with vigorous callus 

growth. Afterward, restricted callus growth was observed, 
leading to slightly oxidized patches. The overall callus mor-
phology and colour remained the same until the stationary 
phase. Calli were further oxidized at the end of the station-
ary phase, leading to callus browning in patches. Oxidized 
brown patches have resulted from phenolic oxidation, which 
induces brown pigment formation (Coimbra et al. 2019). In 
general, cell growth curves are of the sigmoid type. In the 
present study, both callus cell lines showed a relatively fast 
growth in which the log phase was observed until day 24 
of incubation. Nevertheless, biomass accumulation in the 
leaf callus cell line was higher than the root callus cell line. 
Several factors such as active cell division, more parenchy-
mal cells, endogenous amounts of growth regulators, and 
efficient use of nutrients triggered the leaf callus cell line to 
proliferate faster than the root callus cell line (Rattan et al. 
2020). To date, there is no previous literature available about 
growth kinetics study in root callus cell line of R. imbricata. 
However, growth and biomass studies in callus and suspen-
sion cultures of R. imbricata were previously reported by 
Kapoor et al. (2018, 2019).

Fig. 4  Correlation between growth biomass, growth index, metabolite 
content, antioxidant activity, and gene expression pattern in leaf and 
root callus cell line of R. imbricata with respect to culture days. a and 
b PCA analysis of leaf and root callus cell line, c and d MDS analy-
sis of leaf and root callus cell line. FW-fresh weight; DW-dry weight; 
GI-growth index; GA-gallic acid; SAL-salidroside, TYR-tyrosol; 

ROV-rosavin; ROR-rosarin; PCOU- p-coumaric acid; TPC- total 
phenolic content; TFC-total flavonoid content; DPPH activity (IC50, 
EC50, ARP, AEAC); PAL; phenylalanine ammonia-lyase, TYDC; 
tyrosine decarboxylase, 4-HPAAS; 4-hydroxyphenylacetaldehyde syn-
thase, 4-HPAAR ; 4-hydroxyphenylacetaldehyde reductase, UDPGT; 
UDP-glucosyltransferase
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In vitro production of desired metabolites has always 
been an interesting arena for researchers. It exhibits the 
potential to fulfill the ever-expanding commercial demands 
of plant phytochemicals on a sustainable basis (Efferth 
2019). Although callus culture, suspension culture, adven-
titious root culture provides an efficient technique for metab-
olite production in Rhodiola species (Wu et al. 2003; Shi 
et al. 2013; Bhardwaj et al. 2018b, c; Kapoor et al. 2019; 
Mirmazloum et al. 2019; Rattan et al. 2020; Stepanova et al. 
2021). The present study investigated callus cell lines for 
growth-related secondary metabolite production. These cell 
lines produced phenylethanoids and phenylpropanoids in an 
explant type and growth-dependent manner. The successive 
increment in metabolite production was observed in both 
callus cell lines with increasing callus growth. The outcomes 
revealed that the concentration of metabolites (mg/g) fol-
lowed a close response pattern in both callus cell lines. How-
ever, the leaf callus cell line showed higher metabolites yield 
based on biomass accumulation (g/L) perspective. Further, 
the leaf callus cell line can be exploited for a sequential scale 
of metabolites at the suspension level. The present findings 
were in accordance with the previously published report 
of Kapoor et al. (2018) and Rattan et al. (2020). Growth-
dependent metabolite production may have attributed to the 
low availability of sucrose, plant growth regulators, nitrogen 
source, and microelements at the later stage of the incuba-
tion period (Costa et al. 2015; Kapoor et al. 2019; Wahyuni 
et al. 2020). Benyammi et al. (2016) and Hundare et al. 
(2018) reported maximum metabolites accumulation at the 
post-exponential phase. The present investigation explained 
the higher metabolite yield in callus cell lines concerning 
specific time and growth rate. These findings may lay the 
firm foundation for active ingredient harvesting, production 
strategies, and further use of callus cell lines in suspension 
culture with nutrient and chemical feeding to improve the 
overall yield of desired metabolites.

The medicinal potential of the plants ascribed in the 
occurrence of phytochemicals with varying biological poten-
tial; therefore, it becomes necessary to evaluate the total 
phenolic and flavonoid content. In the present study, callus 
cell lines were assessed for the first time to identify antioxi-
dant potential concerning the growth phase. The content of 
phenols, flavonoids, and radical scavenging activity showed 
an independent link with callus growth. Consequently, anti-
oxidant potential varied in all subsequent culture days and 
ranged in close proximity to the initial culture days. Plant 
phenolics are carbon-based secondary compounds. Several 
biochemical and molecular studies strongly support the idea 
that plant phenol levels are positively correlated with the 
content of available photosynthesis and negatively correlated 
with plant growth and nutrient status (Nybakken et al. 2011). 
Similarly, Naik et al. (2010) reported that decreased phe-
nolic compounds are associated with sucrose intake during 

callus growth. Hence, periodic subcultures are necessary 
for the renewal of carbon sources for the construction of 
new molecules. Previously, Kapoor et al. (2018) assessed 
total phenolic (11.84 mg/g DW), total flavonoid (5.53 mg/g 
DW) content, and DPPH activity (53.50%) in leaf callus 
grown under blue light condition. However, in suspension 
culture treated with jasmonic acid (100 mM), enhanced pro-
duction of total phenolic (14.69 mg/g DW), total flavonoid 
(4.95 mg/g DW) content, and DPPH scavenging activity 
(56.32%) in R. imbricata (Kapoor et al. 2019).

The active role of key genes in salidroside and rosavins 
production is previously studied in Rhodiola species (Ma 
et al. 2008; Zhang et al. 2011; Lan et al. 2013; Mirmazloum 
et al. 2015; Torrens-spence et al. 2018; Rattan et al. 2020). 
The present study emphasized evaluating the transcript-level 
expression of pathway genes in callus cell lines. Therefore, 
metabolite content was validated and correlated by RT-
qPCR expression profiling of pathway genes. Obtained 
results revealed that PAL, 4-HPAAS, 4-HPAAR , and UDPGT 
genes are actively involved in the biosynthesis of metabo-
lites and showed increased upregulation. The role of tyrosine 
decarboxylase (TYDC) and phenylalanine ammonia-lyase 
(PAL) in salidroside and rosavins biosynthesis was reported 
by Zhang et al. (2011) and Mirmazloum et al. (2015). Cui 
et al. (2017) studied the role of endophyte Trimmatostroma 
species in R. crenulata. They concluded the association of 
gene expression with salidroside production. Moreover, 
Torrens-spence et al. (2018) stated the active role of genes 
4-HPAAS and 4-HPAAR  in phenylpropanoid pathway in R. 
rosea. Furthermore, Rattan et al. (2020) recently reported 
the active involvement of all biosynthetic pathway genes in 
metabolite production. The current study suggests the corre-
lation between metabolite production and increased expres-
sion of biosynthetic pathway genes in both callus cell lines.

Overall, callus biomass production and metabolite yield 
was achieved significantly higher on day 24 in both callus 
cell lines. Subsequently, expression analysis also revealed 
higher expression of biosynthetic pathway genes. This 
study can be further explored to enhance metabolite yield 
in R. imbricata through metabolic pathway engineering or 
genome editing tools.

Conclusion

The present study is the first successful attempt for the cal-
lus biomass production with higher metabolite yield in fri-
able callus cell lines of R. imbricata. Salidroside content 
achieved maximum at the exponential phase of the callus 
in the 30-day incubation period. Moreover, culture day 24 
can be utilized for metabolite yield, further subculture, and 
suspension culture experiments. The metabolite produced 
higher in the leaf callus cell line, and further, it can be used 
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for pilot and commercial-scale metabolite production. This 
study also emphasizes the reduction in time duration for 
metabolite yield, which usually takes 3 to 5 years in the 
wild and is a vital consideration for future up-scaling efforts. 
This investigation may lay theoretical and practical founda-
tions for further research on precursor and elicitor feeding, 
bioreactor scale-up studies, pathway modulation efforts, and 
commercial application in the cell culture of R. imbricata.
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