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Abstract
Hairy roots cultures resulting from transformation by the soil bacteria Rhizobium rhizogenes represent a biotechnological 
tool to produce specialized bioactive metabolites. We previously developed a protocol allowing the sustainable produc-
tion of hairy roots from hybrid poplar 717-1B4 (Populus tremula  ×  Populus alba). In the present study we assessed 
physicochemical parameters for the optimization of growth of hybrid poplar HP15-3 hairy root line and production of 
ethyl acetate extracts with antioxidant potential. The use of Woody Plant Medium (WPM) as mineral base significantly 
improved growth index by 2.1-fold compared to Murashige and Skoog (MS) medium and was selected even if a slight 
decrease in total phenolic content (TPC) and antioxidant activity could be observed (DPPH and FRAP assays). Among 
the different concentrations tested (15, 30 and 60 g·L−1), sucrose at 30 g·L−1 made it possible to significantly increase the 
growth index, without affecting the TPC and the antioxidant potential of the root extracts. Stressful conditions likely to 
affect the biosynthesis of specialized metabolites were also tested. The cultivation of hairy roots under LED light condi-
tions resulted in a significant 2.45-fold increase in growth index. Antioxidant activity was also increased in relation to 
increased anthocyanin production. Furthermore, we demonstrated the feasibility of poplar hairy roots biomass production 
in temporary immersion bioreactors (RITA®) under two water and mineral supply conditions. UHPLC/HRMS analysis 
of the extracts allowed to identify and quantify two phenolic glycosides (tremulacin and nigracin) whose concentrations 
were increased during cultivation under LED light. Two flavonoids (cyanidin and cyanidin-3-glucoside) were identified in 
light-grown root extracts. The parameters optimized during this research work could be successfully transposed to produce 
root biomass in bioreactors and under light to obtain bioactive ingredients for cosmetic formulations.

Key message
LED light and optimized medium composition promoted hybrid poplar hairy root growth while leading to the production 
of anthocyanins and increased antioxidant activity of the organic extracts.
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Introduction

Plants are known to produce bioactive specialized metabo-
lites with protective or interacting roles in their environment. 
Those active molecules can also be used for human well-
being as food, cosmetics or pharmaceuticals. In most cases, 
these metabolites are extracted from the aerial parts of her-
baceous plants and trees (bark, buds and leaves) collected 
in natural habitats, cultivated areas, or produced by bio-
technology (D’Amelia et al. 2021). Roots which are highly 
exposed to biotic and abiotic stress-inducing conditions are 
also rich in a range of specialized metabolites synthesized 
for long-term survival that may differ from those accumu-
lated in aerial parts (Bishopp and Lynch 2015). Using roots 
grown in natural environments requires uprooting, which 
results in the destruction of the entire plant. This can be 
impactful for slow-growing herbaceous species or endan-
gered species such as Podophyllum hexandrum harvested 
for its richness in podophyllotoxin, a precursor to anticancer 
drugs (Farkya et al. 2004). In most cases, low root yield 
and long growth period also limit the harvest of desirable 
bioactive ingredients in sufficient quantities. In the context 
of global climate change leading to the increase of abiotic 
stresses such as drought, a drastic plant growth decrease is 
already visible affecting plant root availability as metabo-
lites sourcing. It is then necessary in this context to protect 
plant resources and to use biotechnological approaches to 
obtain higher biomass within a short time span and without 
depending on environmental conditions. To overcome these 
biomass supply problems, hairy root culture systems can 
provide an all-year-round accessible source of specialized 
metabolites from roots (Malik 2017).

Over the past decade, the use of biotechnology in the 
cosmetics industry has increased due to the sustainable 
production of large quantities of biomass (Georgiev et al. 
2018; Malarz et al. 2023). Indeed, in vitro multiplication 
of plants is independent of environmental constraints and 
requests less space and resources (Chen and Hu 2006). 
Hairy roots are transformed roots obtained after plant cell 
infection by Rhizobium rhizogenes. When in contact with 
plant wounds, T-DNA is transferred to the plant genome. 
The generated roots are capable of autonomous growth in 
vitro without the need of any growth regulator (Georgiev 
et al. 2018). In this regard, hairy root culture seems one of 
the most promising strategies to produce root biomass and 
further valorization of bioactive compounds (Benyammi et 
al. 2016; Malik 2017; Roy 2021). Studies on the special-
ized metabolites production revealed that a similar to higher 
quantity of molecules of interest are produced from hairy 
roots cultures (Malarz et al. 2023). Indeed, molecules that 
are naturally present only in the aerial parts of the plants 
have been found in Lawsonia inermis hairy roots (Bakkali 

et al. 1997). For Prunella vulgaris, the production of rosma-
rinic acid was found to be 10–15 times higher in hairy roots 
than in the original plant (Ru et al. 2016). Hairy root cul-
tures are also known for producing higher biomass than tra-
ditional cultures in a short time (Chen and Hu 2006; Malarz 
et al. 2023). Biosynthesis and release of specialized metabo-
lites highly depends on the culture conditions and physical 
environment (Malik et al. 2011) and they need to be stan-
dardized for each plant species. Depending on the species, 
the needs in mineral and carbohydrate nutrients may vary 
(Malik 2017). The concentration and nature of carbohydrate 
source as well as the mineral supplies have to be adjusted 
to obtain an optimized growth. Light has also been demon-
strated to have an impact on growth but also the production 
of specialized bioactive metabolites in hairy roots (Abbasi 
et al. 2007; Liu et al. 2002).

Numerous bioactive compounds found in woody plant 
species offer remarkable potential for use in pharmaceuti-
cals (Abiri et al. 2021; Duh et al. 2012; Malik et al. 2011; 
Metsämuuronen et al., 2019; Movahedi et al. 2021; Tebbi 
and Debbache-Benaida 2022). Likewise, poplar (Populus, 
family Salicaceae) is an important tree species distributed 
worldwide. Apart from its ecological benefits it is cultivated 
to produce wood used to manufacture, packaging, biofuels 
and paper pulp (Devappa et al. 2015) and is a source of bio-
logically active compounds (Guleria et al., 2021). Among 
these biological activities, antioxidant, anti-inflammatory 
and antibacterial properties are well described in the Popu-
lus genus (Stanciu et al. 2023; Zhang et al. 2006a, b; Zhong 
et al. 2012) and are mainly due to the presence of special-
ized metabolites such as phenolic compounds (gallic acid, 
cinnamic acid, etc.) including flavonoids (apigenin, kaemp-
ferol) (Devappa et al. 2015; Scaysbrook et al. 1992; Gule-
ria et al. 2022; Stanciauskaite et al. 2021). However, up to 
now, the poplar root compartment has been poorly studied, 
especially in relation to specialized metabolites contents. 
Poplars are particularly sensitive to increasing drought in 
their environment (McDowell et al. 2022) and natural popu-
lations may be threatened in the future. Collecting roots in 
the natural compartment is not possible since it is destruc-
tive. Yoshida et al. (2015) demonstrated the presence of 
anthocyanins in hybrid poplar hairy root lines. Popovic et 
al. (2016) highlighted the effect of drought on the produc-
tion of polyphenols in the roots of poplars grown hydropon-
ically. Recently, we have reported the production of phenol 
glucosides (tremulacin, trichocarpin), flavonoids (catechin, 
procyanidin) and other phenolic compounds in poplar 717 
- 1B4 hairy roots which are bioactive compounds with anti-
oxidant properties (Laffon et al. 2024).

Under in vitro culture conditions, several parameters 
such as the composition of the culture medium, can have 
an impact on plant tissues and organ growth. Employing 
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optimal culture conditions can enhance the hairy root bio-
mass production. The present study was designed to deter-
mine the impact of physicochemical factors including basal 
media and sucrose concentrations on hybrid poplar hairy 
root growth and specialized metabolites production. We 
also tested the effect of several stresses on those roots by 
growing them under light. We demonstrated the feasibil-
ity of scaling up the production of hybrid poplar hairy root 
biomass in temporary immersion bioreactors. These culture 
systems could make it possible, by limiting the frequency of 
immersion, to mimic water stress conditions likely to impact 
the production of specialized metabolites. The parameters 
optimized during the present study could be successfully 
maintained for large-scale commercial use in bioreactors to 
produce bioactive ingredients for cosmetic and pharmaceu-
tical industries.

Materials and methods

Plant material

Hairy root line HP15-3 was selected as a plant material. 
This line was obtained by the transformation of hybrid pop-
lar (Populus tremula × Populus alba 717-1B4 clone) with 
the Rhizobium rhizogenes strain 15,834 as reported earlier 
by our group and its transgenic state was confirmed by PCR 
amplification of rolB and rolC oncogenes (Laffon et al. 
2024).

HP15-3 hairy root line was maintained by regular sub-
culturing on MS reference liquid medium (Murashige and 
Skoog, supplied by DUCHEFA, ref M0255, 4.9 g·L−1) 
supplemented with sucrose (30 g·L−1), glutamine (0.2 
g·L−1), Polyvinylpyrrolidone (PVP, 4.0 g·L−1) and Mor-
pholino ethane sulfonic acid (MES, 0.5 g·L−1). The pH was 
adjusted to 5.7 before autoclave. Cultures were carried out 
in a dark culture room at 26 °C on a rotary shaker (Ohaus 
SHHD6850DG, 51 mm orbital) at 70 rpm (Laffon et al. 
2024).

Influence of basal medium composition and sucrose 
concentration

To study the effect of basal medium composition (macro- 
and micronutrients, vitamins), MS reference medium and 
WPM medium (Woody Plant Medium, supplied by DUCH-
EFA, ref. M0220) were used at full strength, at the concen-
tration indicated by the manufacturer (4.9 g·L−1 and 2.4 
g·L−1, respectively), with sucrose (30 g·L−1).

To evaluate the effect of carbohydrate concentration on 
hairy root growth, 3 concentrations of sucrose were tested: 
15, 30, and 60 g·L−1 with WPM as the basal medium.

For each experiment, 2.60 g of hairy roots were used as 
starting biomass and cultured on liquid medium as men-
tioned above. After 3 weeks of culture, the medium was 
discarded and replaced with fresh medium for a period of 
2 weeks. Cultures were harvested after a total cultivation 
time of 35 days. After harvesting, biomass was lyophilized 
for further extraction and phytochemical analysis. After the 
lyophilization process, roots were weighted to calculate the 
dry weight Growth Index (GI) with the following formula: 
GI = Final dry weight/Initial dry weight. Each experiment 
was run in triplicate.

Effect of light

To study the effect of light on growth and phytochemical 
profile of hairy roots, the roots were inoculated in WPM 
culture medium with sucrose (30 g·L−1). For technical 
reasons, the experiment was carried out in a phytotronic 
chamber at 24 °C equipped with LED lights (Vegeled Bi-
phosphorus white 4 K-N1) at 180 µmol·m−2·s−1 photosyn-
thetically active radiation on a rotary shaker (KS501 digital, 
IKA labortechnik, 30 mm orbital) at 70 rpm under a 16 h 
photoperiod. The control Erlenmeyer flasks were kept in the 
dark with aluminum foil. The experiment was conducted as 
before (2.6 g starting biomass, replacement of the medium 
after 21 days, harvest at day 35) in triplicate.

Effect of immersion frequency in temporary 
bioreactors

HP15-3 hairy root line was cultivated in temporary immer-
sion bioreactors (RITA®, Vitropic, France) as an alternative 
to classic cultivation conditions. Immersion duration was 
3 min, and two immersion frequencies were tested: 4/24 h 
and 8/24 h. Initial fresh biomass varied between 3 and 6 g. 
Final biomass was collected after 42 days.

Viability assay and microscopic observations

Root viability was assessed using the fluorescein diacetate 
(FDA) probe. After immersion for 5 min in a FDA solution 
(0.01 mg·mL−1), the roots were observed under an inverted 
epifluorescence microscope (Axio observer 3, Zeiss, 500/25 
nm bandpass excitation filter; bandpass emission filter 
535/30 nm band). The roots were also observed under trans-
mitted light.

Preparation of root extracts

Ethyl acetate was primarily chosen as the solvent to extract 
moderately polar compounds (Gil-Martin et al., 2022) and 
prevent too many sugars present in the root tissues from 
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obtained from the three solutions following the proportions 
80/8/8 (v/v/v). Ten µL samples at the concentration of 10 
mg·mL−1 and 190 µL FRAP solution were added into the 
wells. Absolute ethanol was used as a blank and solutions of 
Trolox in absolute ethanol at 1.0, 0.5, 0.3 and 0.1 mg·mL−1 
were used as standards. Trolox 1 mg·mL−1 was used as a 
reference for 100% activity. The plate was incubated in the 
dark at room temperature for 30 min and the absorbance 
was measured at 590 nm. All the assays were run in trip-
licate. The results were expressed in % of activity as com-
pared to Trolox.

DPPH radical scavenging assay

A solution of 2,2-diphenyl-1-picrylhydrazyl (DPPH) at 
788.6 µg·mL−1 was prepared. Ten µL of extract were 
added in the well and completed with a volume of 190 µL 
of DPPH solution. Absolute ethanol was used as a blank 
and solutions of Trolox in absolute ethanol at 1.0, 0.5, 0.3 
and 0.1 mg·mL−1 were used as standards. The 96 well plate 
was incubated in the dark at room temperature for 30 min 
and the absorbance was read at 516 nm. All the assays were 
run in triplicate. The results were expressed as percentage 
inhibition.

HPLC analysis

Hairy root extracts from different biological conditions were 
analyzed and compared using the HPLC-DAD method, with 
the target compounds being mainly phenolic compounds. 
Analysis was performed on the VWR Hitachi Chromaster 
HPLC. The column used for the analysis was a Phenomenex 
Luna C18 3 μm, 100Å, 150 × 4.6 mm. HPLC analysis was 
carried out at 40 °C, with a volume of injection of 10 µL, 
a flow of 1 mL.min−1, and a mobile phase composition of: 
A: H2O + 0.1% formic acid, B: acetonitrile + 0.1% formic 
acid and C: Isopropanol + 0.1% formic acid, with the fol-
lowing gradient: 0 min (95% A + 5% B); 20 min (100% B); 
25 min (50% B + 50% C), 30 min (50% B + 50% C); 31 min 
(100% B); 32 min (100% B); 33 min (95% A + 5% B); 42 
min (95% A + 5% B). Samples were analyzed with DAD at 
a wavelength from 200 nm to 600 nm and with two selected 
wavelengths: 280 nm and 366 nm for phenolic compounds 
and 520 nm for anthocyanins visualization. For quantita-
tive analysis, mixtures of different commercial standards at 
4 different concentrations, ranging from 0.1 to 2 mg·mL−1, 
were prepared in absolute ethanol. Calibration curves were 
built, representing the peak areas as a function of standard 
concentration for each standard. Slopes were used for quan-
tification of identified compounds in each sample obtained 
from ethyl acetate extracts of hairy roots grown on differ-
ent conditions with or without stress. Quantitative data 

being extracted at the same time. It was used for all phy-
tochemical analyses. Hairy roots were collected from liq-
uid cultures, rinsed and frozen before freeze-drying. The 
dry hairy roots were then ground into a fine powder using 
a mortar. The root powder was then extracted with an ethyl 
acetate solvent to extract moderate polar compounds, at a 
ratio of 1:40 with sonication at 80 kHz for 1 h. Acidified 
ethanol is more appropriate for the extraction of anthocya-
nins, whose color is preserved at acidic pH. This solvent 
was chosen for the phytochemical characterization of roots 
grown under LED lighting conditions. To obtain anthocy-
anin-enriched extracts the powder was extracted with abso-
lute ethanol acidified with 0.1% acetic acid at a ratio of 1:40 
with sonication at 37 kHz for 15 min followed by a 2-h mac-
eration. The liquid extracts were collected and evaporated 
under nitrogen flux for 24 h. The dried extracts were frozen, 
lyophilized, weighed and dissolved in absolute ethanol to 
a final concentration of 10 mg·mL−1. These samples were 
filtered using 0.25 μm filters before phytochemical analysis.

Determination of total phenolic content

Total phenolics content (TPC) was determined by the Folin-
Ciocalteu method. Absolute ethanol was used as a blank and 
solutions of gallic acid in the same solvent were used as 
standards. A calibration curve was established from etha-
nolic solutions ranging from 0.6 mg·mL−1 to 0.1 mg·mL−1. 
Twenty µL of sample at a concentration of 10 mg·mL−1 was 
added into a well. Ten µL of Folin solutions were added in 
all the wells. The plate was incubated at room temperature 
for 8 min. Then 30 µL of sodium carbonate solution at 20% 
in water was added and the wells were filled with 140 µL 
of ultrapure water. The 96 well plate was incubated in the 
dark at room temperature for 2 h and the absorbance was 
read at 760 nm using a µQuant microplate spectrophotom-
eter from BioTek. The results were expressed as mg.g−1 of 
dry extract gallic acid equivalent (GAE). The assay was run 
in triplicate.

FRAP and DPPH antioxidant activity assays

FRAP assay

The free radical scavenging activity using FRAP assay 
was determined based on a method reported by Benzie and 
Strain (1996). FRAP solution was prepared as follows: a 
buffer solution at 360 mg·L−1 sodium acetate was prepared 
in 1.6% acetic acid aqueous solution. A second solution was 
prepared by adding iron (III) chloride to the previously pre-
pared solution at 54 mg·L−1. A third solution was prepared 
with 2.9 g·L−1 2,4,6-Tris(2-pyridyl)-s-triazine in 0.3% 
hydrochloric acid aqueous solution. The FRAP solution was 
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Results

Effect of culture medium composition

The impact of the modification of culture medium composi-
tion, mineral basis and sucrose concentration, on the hairy 
roots specialized metabolites content and antioxidant activ-
ity have also been assessed. All colorimetric assays were 
performed after extraction with ethyl acetate of the hairy 
roots grown under different conditions.

Mineral basis composition

To assess mineral basis impact on the hairy root’s growth, 
HP15-3 liquid cultures were grown with two different min-
eral sources at the concentration given by the supplier. Liq-
uid cultures grown with WPM as a mineral basis showed 
a significant two-fold higher growth index (GI) than the 
ones grown with MS (6.69 and 3.13) (Fig.  1a). A higher 
final biomass was observed for the hairy roots grown with 
WPM-based medium, but no macroscopic phenotypical dif-
ferences could be observed (Fig. 1b). The viability of hairy 
roots was still very high after 35 days of culture for each 
condition as evidenced by the strong fluorescence after FDA 
staining (Fig. 1c). The diameter and branching of the hairy 
roots remained unchanged. Quantities of viable root border 
cells (RBCs) could be observed, gradually detaching from 
the root cap (Fig. 1c).

The Folin-Ciocalteu method showed a higher (although 
not significant) total phenolic content of hairy roots grown 
with MS compared to WPM as mineral basis (Fig. 2a) (24.9 
and 22.0 mg.g−1 GAE, respectively). For FRAP and DPPH 
antioxidant assays, extracts from cultures grown with MS 
medium showed significant higher antioxidant activity than 
those from cultures grown with WPM medium (Fig.  2b) 
(34.5% vs. 24.1% inhibition for DPPH and 57.8% and 
40.3% activity for FRAP, respectively).

The comparison between MS and WPM extracts revealed 
no major qualitative differences in the phytochemical profile 
but variations in the concentration of some compounds, the 
more apolar compounds (retention time between 22.5 and 
30 min) being more concentrated in the MS extract. (Fig. 2c 
and supplemental Fig. S1).

Sucrose concentration

Since a two-fold higher growth index was obtained using 
WPM as a mineral base, different concentrations of sucrose 
were tested on hairy root growth in this medium. The sucrose 
concentration of 30 g·L−1 gave the highest GI (7.70), fol-
lowed by 15 g·L−1 (4.92) and 60 g·L−1 (3.25) after a cul-
ture period of 35 days (Fig. 3a). The sucrose concentration 

were obtained from biological duplicates of each condi-
tion. Commercial standards of tremulacin and nigracin were 
purchased from CIMIT QUIMICA SL (Barcelona, ​​Spain). 
Catechin, chlorogenic acid, cyanidin et cyanidin glycoside 
were purschased from Extrasynthèse (Genay, France).

UHPLC-HRMS analysis

UHPLC-HRMS method was further used to more precisely 
identify specific specialized metabolites. As anthocyanin 
compounds produced under light were also targeted for this 
study, the positive ionization mode was chosen to detect 
both anthocyanin and phenolic compounds. UHPLC sepa-
rations were performed using an Ultimate 3000RSLC sys-
tem (Dionex, Germering, Germany) composed of a binary 
pump, an automatic sampler, a thermostated column com-
partment and a DAD detector. Analyses were performed 
using a Luna Omega C18 column (150 × 2.1 mm; 1.6 μm) 
(Phenomenex, Le Pecq, France) heated at 40 °C with a flow 
rate of 0.5 mL.min−1. The mobile phase was composed of 
A: H2O + 0.1% formic acid and B: ACN + 0.1% formic acid 
using the following gradient: 0 min (97% A + 3% B); 0.4 
min (97% A + 3% B); 15.1 min (15% A + 85% B); 16.1 min 
(0% A + 100% B); 18.1 min (0% A + 100% B); 18.3 min 
(97% A + 3% B): 21.1 min (97% A + 3% B). The injection 
volume was 2 µL.

HRMS experiments were carried out using a maXis 
Q-TOF (Bruker, Bremen, Germany) hyphenated with the 
previous UHPLC system. Data were acquired in ESI posi-
tive ion mode in the 50–1650 m/z range at a frequency of 
1 Hz. Source parameters were as follows: capillary voltage 
was set to 4.5 kV, nebulizing gas was set to 2 bar and drying 
gas was heated at 200 °C with a flow rate of 9 L.min−1.

Data were exploited using DataAnalysis 4.4 software 
(Bruker) and the obtained formulas were searched using the 
databases PubChem, Chemspider and Lotus.

Statistical analysis

Data were compared by ANOVA or Welch ANOVA’s tests, 
depending upon the variance homogeneity, and separated 
by Post-Hoc’s Tukey test. All analyses were performed 
with JASP open software from the University of Amster-
dam (JASP team, 2022. Version 0.18.3. Amsterdam, 
Netherlands).
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in antioxidant activity for cultures grown with different 
sucrose concentrations (Fig. 4b).

HPLC analysis showed no qualitative and almost no quan-
titative differences in the phytochemical profile of hairy root 
extracts grown in media containing 15 g·L−1 and 30 g·L−1 
sucrose (Supplemental Fig. S2). However, the reduction in 
peak areas revealed a lower quantity of all compounds for 
the extract from hairy roots grown in a medium contain-
ing 60 g·L−1 of sucrose, in accordance with the reduction in 
TPC (Fig. 4a).

of the medium did not affect root phenotype (diameter and 
branching) or viability (Fig.  3b, c) which remained high 
in the cultures until day 35. RBCs, although not visible on 
Fig.  3c (the roots had been blotted on filter paper before 
microscopic observation), were present in quantity around 
the root tips and in the culture medium.

The total phenolic content of the extract obtained from 
hairy roots grown in media with 60 g·L−1 sucrose was sig-
nificantly lower than the ones measured for other sucrose 
concentrations (Fig.  4a) (16.4 mg.g−1 GAE versus 22.7 
mg.g−1 GAE and 21.9 mg.g−1 GAE respectively for 15 g·L−1 
and 30 g·L−1 sucrose). However, both DPPH and FRAP 
assays revealed that there was no significant difference 

Fig. 1  Effect of macronutrient basis on HP15-3 hairy root growth. 
Growth index (a) and final biomass (b) of HP15-3 hairy root line 
grown 35 days in the dark on MS or WPM macronutrients basis sup-
plemented with 30 g·L−1 sucrose. Represented data are mean and stan-
dard deviation from biological triplicates. Root viability of HP15-3 

hairy roots line (c) was assessed using the fluorescein diacetate (FDA) 
probe. Roots were observed 5 min after staining with FDA under fluo-
rescence (Fl.) or bright field (BF) (Bar scale: 500 μm). The arrows 
indicate the presence of Root Border Cells. ** indicates significant 
difference at p < 0.01
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LED light did not affect the diameter and branching of hairy 
roots but it allowed the development of adventitious shoots. 
This morphogenesis process was not observed on roots 
grown in the dark. The shoots were then separated from the 
roots and subcultured on hormone free Agar-gelled half MS 
medium (30 g·L−1 sucrose, 8 g·L−1 agar). The shoots were 
a little stunted, they developed leaves and a dense adventi-
tious root system with a characteristic negative geotropism 
(Fig. 5e).

Two extraction processes were then evaluated on both 
hairy roots grown under light or dark conditions. Using 
ethyl acetate solvent (as for previously described experi-
ments), HP15-3 hairy roots grown under light showed a 
significantly higher amount of total phenolic compounds 
compared to hairy roots grown in the dark (34.3 mg.g−1 
GAE and 28.6 mg.g−1 GAE, respectively) and an associ-
ated higher antioxidant activity (37.6% and 28.5% inhibi-
tion for DPPH, respectively; 84.6% and 72.2% activity for 

Effect of lighting on root growth and production of 
specialized metabolites

The presence of light in a plant environment is an important 
parameter for growth. To assess the impact of lighting con-
ditions on biomass production, liquid cultures were grown 
under LED light or obscurity (under the previously optimized 
culture conditions: WPM, sucrose 30 g·L−1). Growth index 
of hairy roots grown 35 days with light was 2.45-fold higher 
(although non-significant) than that of roots grown in the 
dark (5.80 and 2.36 respectively) (Fig. 5a). The roots grown 
under light were predominantly pink (Fig. 5b). A pink color 
of cortical cells, root cap cells, as well as separated border 
cells could be observed under a bright field microscope, pre-
sumably due to anthocyanin biosynthesis (Fig. 5c, d). FDA 
staining revealed high viability of roots grown under light as 
well as those grown in the dark (Fig. 5c). Cultivation under 

Fig. 2  Effect of macronutrient basis on HP15-3 hairy root specialized 
metabolites production and antioxidant activity. Total phenolic content 
(TPC) (a) and antioxidant activity (b) of extracts of HP15-3 hairy root 
line grown 35 days in the dark on MS (Murashige and Skoog) or WPM 
(Woody Plant Medium) macronutrients basis supplemented with 30 
g·L−1 sucrose. Results were expressed in mg gallic acid equivalent 

(GAE) per gram of dry extract for TPC and in inhibition percentage 
(%) for both DPPH and FRAP assays. Represented data are means and 
standard deviation from biological triplicates. *** indicates signifi-
cant difference at p < 0.001. (c) HPLC profile of the extract of HP15-3 
grown on MS mineral base. Peak 3: nigracin, peak 4: tremulacin

 

1 3

Page 7 of 21  31



Plant Cell, Tissue and Organ Culture (PCTOC) (2025) 161:31

roots grown under light revealed significantly higher total 
phenolic content (Fig.  7a) than those grown in the dark 
(16.59 mg.g−1 GAE against 12.06 mg.g−1 GAE). Antioxi-
dant activity was also significantly increased when roots 
were cultivated under light (Fig. 7b). Indeed, FRAP assay 
showed a more than 1.6 higher antioxidant activity when 
roots were grown under light (67.8% and 41.2% activity, 
respectively) and anthocyanin-rich extract had a 1.3-fold 
higher inhibition percentage of free radicals for DPPH assay 
(51.4% and 39.2% inhibition, respectively).

The HPLC analysis with DAD revealed two peaks (5) 
and (6) (retention times of 5.50 and 6.25 min) absorbing 
at 520 nm for the ethanolic extracts of hairy roots grown 

FRAP, respectively) (Fig. 6a, b). Comparison of the HPLC 
chromatograms revealed that all the compounds with a 
retention time between 5 and 12.5 min and between 24 and 
30 min were present in higher quantities in the hairy roots 
grown with light than the ones grown in dark (Fig.  6c). 
Two compounds (dotted arrows on Fig. 6c) that have never 
been found in the previous analysis, possibly phenolic 
compounds, were found to be present in the ethyl acetate 
extracts of roots grown under light (retention time 6.50 min 
and 8.75 min).

To obtain anthocyanin-enriched extracts, the hairy root 
powder was extracted with absolute ethanol acidified with 
0.1% acetic acid as solvent. As previously observed, hairy 

Fig. 3  Effect of sucrose concentration on HP15-3 hairy root growth. 
Growth index (a) and final fresh biomass (b) of HP15-3 hairy roots 
line grown 35 days in the dark on WPM supplemented with 15, 30–60 
g·L−1 sucrose. Represented data are mean and standard deviation 

from biological triplicates. Root viability of HP15-3 hairy roots (c) 
was assessed using the fluorescein diacetate (FDA) probe. Roots were 
observed 5  min after staining with FDA under fluorescence (Fl.) or 
bright field (BF) (Bar scale: 500 μm)
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No significant differences in the total phenolic content 
were observed between the hairy roots grown in RITA sys-
tems programmed with 4/24 h and 8/24 h immersions com-
pared to the control condition (Erlenmeyer flasks on a rotary 
shaker) (respectively 18.0 mg.g−1 GAE, 17.9 mg.g−1 GAE 
and 18.1 mg.g−1 GAE) (Fig. 9a). DPPH assay showed no 
significant differences between the antioxidant activity of 
the hairy roots grown in RITA on 4/24 h and 8/24 h immer-
sion frequencies (30.8% and 30.2% inhibition, respectively) 
compared to the control (29.1% inhibition). The same trend 
was observed with the FRAP assay since no significant dif-
ferences are observed (Fig.  9b). HPLC analysis of the 3 
extracts showed identical profiles for each condition (Sup-
plemental Fig. S3).

UHPLC/HRMS identification and quantification of 
specialized metabolites

By means of UHPLC coupled to HRMS we were able to 
identify several specialized metabolites within the ethyl 
acetate extracts. The compounds are listed in Table 1 and 
their chemical structure is described in Fig. 10. (+) catechin 
(1), a flavonoid of the flavan-3-ols class, was detected in 
light conditions, and in trace amounts in the MS condition. 
Chlorogenic acid (2), an ester of hydroxycinnamic acid, was 
detected only under light conditions. Two phenolic glyco-
sides, nigracin (3) and tremulacin (4) were detected in all 
conditions. Finally, cyanidin-3-glucoside (5), an anthocy-
anin, and cyanidin (6), an anthocyanidin, could be detected 
in the acidified ethanolic extracts of hairy roots grown under 
light conditions.

under light that were absent from the HPLC chromatogram 
for those grown in the dark. They were further identified as 
cyanidin-3-glucoside and cyanidin, respectively (Fig. 7c).

Effect of immersion frequency in RITA® bioreactors

An increase in hairy root biomass production was attempted 
using temporary immersion bioreactors (RITA® systems). 
The duration of each immersion was set at 3 min. A high 
immersion frequency of 8/24 h was chosen to maintain good 
water status of the roots. An immersion frequency of 4/24 
hours was tested with the aim of limiting water intake and 
mimicking water stress. After 42 days, no significant dif-
ferences were observed in hairy roots growth since the GI 
respectively reached 2.8 and 3.1 for the immersion frequen-
cies of 4/24 h and 8/24 h (Fig. 8a). At the same time, hairy 
roots did not grow during the first week of the experiment 
but began to grow again all along the sides and the bottom 
of the temporary immersion system (Fig. 8b) showing the 
same phenotype. Cultivation in a temporary immersion bio-
reactor had no impact on root diameter and branching, but 
increased root hair density compared to Erlenmeyer flask 
culture. The delay in the resumption of growth, linked to the 
stress produced during subculturing, led us to postpone the 
biomass harvest by one week, i.e. after 42 days of cultiva-
tion. Statistical tests revealed no significant difference in the 
growth for the two conditions. The root tips remained viable 
for up to 42 days in both experimental conditions (Fig. 8c). 
RBCs were also observed in the culture media of RITA® 
bioreactors (data not shown), probably detached from the 
root tips during the immersion phases.

Fig. 4  Effect of sucrose concentration on hairy roots specialized 
metabolites production and antioxidant activity. Total phenolic content 
(TPC) (a) and antioxidant activity (b) of extracts of hairy roots grown 
35 days in the dark on WPM supplemented 15, 30–60 g·L−1 sucrose. 
Results were expressed in mg gallic acid equivalent (GAE) per gram 

of dry extract for TPC and in inhibition percentage (%) for both DPPH 
and FRAP assays. Represented data are means and standard deviation 
from biological triplicates. Bars labelled with different letters are sig-
nificantly different according to Tukey test ( p  < 0·05)
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Fig. 5  Effect of light on HP15-3 hairy root growth. (a) Growth index 
and (b) final fresh biomass of HP15-3 hairy root line grown 35 days 
under light or in the dark on WPM supplemented with 30 g·L−1 
sucrose. Represented data are mean and standard deviation from bio-
logical triplicates. Root viability of HP15-3 hairy roots line (c) was 
assessed using the fluorescein diacetate (FDA) probe. Roots were 

observed 5 min after staining with FDA under fluorescence or bright 
field (Bar scale: 500 μm). (d) border cells detached from root caps 
observed under fluorescence (Fl.) or bright field (BF) (Bar scale: 100 
μm). (e) development of adventitious shoots (indicated by arrows) 
under light and subsequent growth in baby food jars
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identification. Therefore, commercial standards were also 
injected into HPLC-DAD conditions. Catechin and chlo-
rogenic acid, although standards were available, could not 
be quantified because they accumulated in low quantities. 

The HPLC-DAD and the UHPLC-HRMS were per-
formed on two different columns and two different devices, 
so the retention time of compounds on the HPLC-DAD chro-
matogram could not be directly transposed from the HRMS 

Fig. 6  Effect of light on hairy roots specialized metabolites production 
and antioxidant activity. Total phenolic content (TPC) (a) antioxidant 
activity (b) and HPLC profiles (c) of extracts of hairy roots line grown 
35 days in the dark or under light on WPM supplemented with 30 
g·L−1 sucrose. Results were expressed in mg gallic acid equivalent 
(GAE) per gram of dry extract for TPC and in inhibition percentage 

(%) for both DPPH and FRAP assays. Represented data are means and 
standard deviation from biological triplicates. * and ** indicate signifi-
cant differences at p < 0.05 and p < 0.01, respectively. Peak 3: nigracin, 
peak 4: tremulacin. Dotted arrows indicate compounds accumulated 
only under LED light conditions
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tremulacin, retention time 11.50 min) were identified on the 
HPLC-DAD chromatograms (Figs. 2c, 6c, 7c, supplemental 
Fig. S1, S2, S3). Of the two compounds, tremulacin was 
present at the highest concentration. The latter was a little 
higher in WPM condition compared to MS. Tremulacin 

The concentrations of the phenolic glycosides nigracin and 
tremulacin present in all culture conditions could be evalu-
ated (Table 2). Besides, these molecules are quite specific 
to poplars and salicaceae. The peaks corresponding to 
these two compounds (nigracin, retention time 9.0 min and 

Fig. 7  Specialized metabolites content and antioxidant activity of 
anthocyanin-rich extracts of HP15-3 hairy roots line grown under light 
or in the dark. Total phenolic content (a) antioxidant activity (b) and 
HPLC profiles (c) at 520 nm of acidified ethanolic extracts of hairy 
root line grown 35 days in the dark or under light on WPM supple-
mented with 30 g·L−1 sucrose. Results were expressed in mg gallic 

acid equivalent (GAE) per gram of dry extract for TPE and in inhibi-
tion percentage (%) for both DPPH and FRAP assays. Represented 
data are means and standard deviation from biological triplicates. 
* and *** indicate significant differences at p < 0.05 and p < 0.001, 
respectively. Peak 5: cyanidin- 3-glucoside, peak 6: cyanidin
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Fig. 8  HP15-3 hairy root line growth in RITA® temporary immersion 
systems. Growth index (a) and final fresh biomass (b) of HP15-3 hairy 
roots line grown 42 days in RITA® systems in WPM with 30 g·L−1 
sucrose in the dark. Represented data are mean and standard deviation 

from five biological replicates. Root viability of HP15-3 hairy roots 
line (c) was assessed using the fluorescein diacetate (FDA) probe. 
Roots were observed 5 min after staining with FDA under fluorescence 
(Fl.) or bright field (BF) (Bar scale: 500 μm)
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Discussion

Optimization of media composition

In a previous study, we developed a sustainable hairy root 
culture medium modified with polyvinylpyrrolidone to cir-
cumvent the problem of browning due to phenolics (Laf-
fon et al. 2024). To increase the production of molecules of 
interest, a balance must be found to obtain a culture medium 
offering good biomass production as well as a good yield of 

content was the highest at 30 g·L−1 sucrose concentration. 
It was not affected during cultivation in a temporary immer-
sion bioreactor, whatever the immersion frequency, but 
increased by 3-fold under light conditions. Nigracin con-
tent was decreased 1.8 times in hairy roots grown in WPM 
compared to MS medium. Increasing sucrose concentration 
in the medium had a negative impact on nigracin accumula-
tion. The concentration of nigracin was also increased (2.9-
fold) under light conditions and particularly high in hairy 
roots cultured in temporary immersion bioreactors, inde-
pendently of the immersion frequency.

Table 1  UHPLC-HRMS detection of specialized metabolites in extracts of HP15-3 hairy roots grown under different experimental conditions
Compound Number tR 

(min)
[M + H]+ 
or [M]+

Theoreti-
cal mass

Fragments Formula Occurence

(+) 
- catechin

(1) 5.29 291.0868 291.0863 165.0544/139.0388/123.0440 C15H14O6 Light 
condition
Traces 
in MS 
condition

Chloro-
genic acid

(2) 5.33 355.1015 355.1023 163.0387/145.0281/135.0440 C16H18O9 Light 
condition

Nigracin (3) 7.60 407.1304 407.1336 389.1223/371.1113/353.1012/335.0904/267.0858/249.0753/23
1.0646/225.0754…

C20H22O9 All 
conditions

Tremulacin (4) 9.82 529.1692 529.1704 373.1284/267.0888/105.0347 C27H28O11 All 
conditions

Cyanidin- 
3-
Glucoside

(5) 5.31 449.1075 449.1078 287.0545 C21H21O11
+ Light 

condition

Cyanidin (6) 6.45 287.0552 287.0550 – C15H11O6
+ Light 

condition
(+) Catechin, chlorogenic acid, nigracin and tremulacin were identified in Ethyl acetate extracts. Cyanidin and cyanidin-3-glucoside were iden-
tified in acidified ethanolic extracts. tR: retention time (min), [M + H]+ or [M]+: experimental m/z

Fig. 9  Total phenolic quantification and antioxidant activity of extracts 
of HP15-3 hairy roots line grown in RITA® systems with two different 
immersion frequencies. Total phenolic content (TPC) (a) antioxidant 
activity (b) of extracts of liquid cultures grown 35 days in Control 
Erlenmeyer on rotary shaker or 42 days in RITA systems with 4 or 
8 immersions of the hairy roots per 24 h with WPM culture medium 
(sucrose 30 g·L−1, dark,). A control hairy root extract from a liquid cul-

ture in an Erlenmeyer flask (dark condition, same medium) was also 
tested. Results were expressed in mg gallic acid equivalent (GAE) per 
gram of dry extract for TPC and in inhibition percentage (%) for both 
DPPH and FRAP assays. Represented data are means and standard 
deviation from biological triplicates. The absence of letters indicates 
no different according to Tukey test (p < 0·05)
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specialized metabolites. With this objective, we worked on 
the optimization of different physicochemical parameters.

Effect of mineral composition

The mineral composition of the environment is an important 
parameter for plant growth. Here, the use of WPM as a min-
eral base increased the final biomass of hairy roots of hybrid 
poplar by more than 2-fold compared to MS medium. The 
first difference in terms of macronutrients composition is 
the higher concentration of sulfur in WPM compared to MS 
medium (7.18 mM and 1.5 mM concentrations given by the 
supplier, respectively). Indeed, sulfur is an essential mac-
ronutrient, component of many amino acids and proteins 
and involved in diverse plant biological processes. It is also 
involved in stress management and helps nutrient assimila-
tion. Depending on the species, a different amount of sul-
fur is required for plant growth, development and survival 
(Narayan et al. 2023), with no evidence of an increased need 
for tree species.

Besides, MS medium contains a 4-fold higher concentra-
tion of total nitrogen (60 mM versus 14.7 mM for WPM). 

Table 2  Quantification of phenolic glycosides nigracin and tremulacin 
in Ethyl acetate extracts of HP15-3 hairy roots grown under different 
experimental conditions
Condition Compound Concentration (mg.g−1 dry extract)
MS Nigracin 0.208 ± 0.002

Tremulacin 24.90 ± 0.96
WPM Nigracin 0.113 ± 0.045

Tremulacin 33.28 ± 4.59
Sucrose 15 g·L−1 Nigracin 0.147 ± 0.003

Tremulacin 29.63 ± 0.26
Sucrose 30 g·L−1 Nigracin 0.142 ± 0.027

Tremulacin 34.85 ± 2.57
Sucrose 60 g·L−1 Nigracin 0.064 ± 0.009

Tremulacin 26.82 ± 0.74
Darkness Nigracin 0.243 ± 0.078

Tremulacin 25.01 ± 3.08
Light Nigracin 0.705 ± 0.126

Tremulacin 77.59 ± 27.56
RITA 4/24 h Nigracin 1.451 ± 0.189

Tremulacin 34.57 ± 7.71
RITA 8/24 h Nigracin 1.501 ± 0.301

Tremulacin 33.74 ± 3.18
Data are mean and standard deviation of two independent experi-
ments

Fig. 10  Chemical structures of 
compounds identified in hybrid 
poplar hairy root organic extracts
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the antioxidant activity of extracts with the DPPH assay 
may be underestimated, the results were correlated with 
those obtained for FRAP.

Integrating all this data, we selected WPM for the fol-
lowing experiments, as it significantly improves hairy root 
growth with limited impact on the accumulation of special-
ized metabolites and overall antioxidant activity.

Effect of sucrose concentration

Sucrose concentration in the medium is known to affect both 
the availability of carbohydrate sources for plant tissues 
and the water potential of the extracellular compartment. A 
range of concentrations between 30 and 50 g·L−1 sucrose 
has frequently been reported as optimal for biomass accu-
mulation and production of specialized metabolites from 
adventitious roots and hairy root cultures, whereas higher 
concentrations of sucrose have an inhibitory effect on plant 
tissue culture growth (Vazquez-Flota et al., 1994; Baque et 
al. 2012; Praveen and Murthy 2012). Similarly, the supple-
mentation of cultures with sucrose has also been reported to 
influence the growth and development of hairy root cultures 
of Psoralea corylifolia (Shinde et al. 2010), Hypericum per-
foratum (Cui et al. 2010), Azadirachta indica (Srivastava 
and Srivastava 2012) and Daucus carota (Mukherjee et al. 
2019). Very low water potential resulting from a high sugar 
concentration can impact water and nutrient uptake and 
limit growth. These stressful conditions can nevertheless 
lead to the increased production of specialized metabolites. 
It can therefore be interesting to find a balance that provides 
a necessary uptake of sucrose for the roots as well as little 
stress to increase specialized metabolites production. The 
current study revealed that sucrose concentration affected 
the production of hairy root biomass and specialized metab-
olites production. Indeed, 30 g·L−1 of sucrose favorized 
high biomass production. Similar results have been reported 
for many hairy root species (Kochan et al. 2014; Praween 
and Murthy 2012; Yousefian et al. 2021). Kochan and al. 
(2014) showed that the highest growth rate was obtained for 
Panax quinquefolium with a sucrose concentration between 
30 and 50 g·L−1. They also found that growth was inhibited 
in cultures when the sucrose was over 70 g·L−1 and under 
20 g·L−1. Similarly, in our study, cultures grown with 15 
g·L−1 sucrose showed a reduced (although not significant) 
growth compared to 30 g·L−1 whereas high concentration of 
sucrose i.e. 60 g·L−1 had an inhibitory effect on hairy root 
growth. This could be related to the osmotic stress or toxic-
ity generated by high concentration of sucrose (Al-Khayri 
and Al-Bahrany 2002). Osmotic stress elevates the level of 
reactive oxygen species, which disrupts the proper cell func-
tioning by damaging the macromolecules, DNA and lipid 
membrane thus leading to cell death (Martinière et al. 2019; 

The two media have a similar NO3
−/NH4

+ ratio of approxi-
mately 1.9. Although nitrogen is known for its function 
in biochemical and physiological mechanisms of plants, 
leading to the improvement of the yield for all cultures 
(Leghari et al. 2016) its presence in too high concentrations 
can lead to the suppression of root differentiation (Singh 
et al. 2022a). In his study, Cabrera (2003) showed that for 
two woody plant species nitrate increasing concentrations 
favorized leaf growth but decreased root dry biomass. To 
enhance plant growth the suitable concentration of nitrogen 
and NO3

−/NH4
+ ratio must be determined for each species. 

In this regard, nitrogen excess in MS medium may have a 
negative impact on hybrid poplar, especially as the organs 
cultivated in our case are genetically modified roots.

It can also be noted that the two media also differ in their 
concentration of thiamine (Vitamin B1), the latter being 
10-fold higher in WPM than in the MS medium (3 µM vs. 
0.3 µM, respectively). Thiamine is involved in plant physi-
ological processes, among which respiration (Fitzpatrick 
and Chapman 2020) and biotic and abiotic stress resistance. 
External input of thiamine could therefore lead to increased 
stress resistance (Subki et al. 2018) and be responsible for 
increased robustness against stressful conditions for the 
roots grown with WPM compared to MS medium.

The Folin-Ciocalteu assay revealed that the mineral basis 
used for hybrid poplar hairy root cultures had a low impact 
on the total content of phenolics whereas HPLC analysis 
revealed quantitative differences between the two profiles. 
Hairy roots grown on MS media seemed to produce more 
apolar compounds than the ones grown on WPM. Besides, 
by means of DPPH and FRAP colorimetric assays we mea-
sured an antioxidant activity 1.4 times higher in the extracts 
of hairy roots grown on MS medium compared to those 
grown on WPM. This could be partly explained by the 
higher concentration of ammonium nitrate in MS medium 
which is used for the process of production of many anti-
oxidant compounds (Hazrati et al. 2022). We could hypoth-
esize that in this case, the apolar compounds produced by 
the hairy roots could be responsible for higher antioxidant 
activity than polar compounds.

For antioxidant assays we observed an important differ-
ence between values for FRAP and DPPH. This could be 
explained by the decrease of the capacity of antioxidants, 
such as gallic acid, to reduce DPPH when there are borates 
in the extracts (Chen et al. 2020). Indeed, boron is part of the 
composition of the mineral bases of WPM and MS. Hairy 
roots must have up taken the borates that could further be 
found in the tested samples after extraction. We can then 
consider that antioxidant activities measured with the DPPH 
assay were underestimated for all the experiments, whereas 
ferric reduction capacities were not affected by the presence 
of boron (Munteanu and Apetrei 2021). However, although 
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Growing hybrid poplar hairy roots under light induced the 
development of adventitious shoots capable of subsequently 
regenerating plants. Similarly, Han et al. (1997) were able 
to regenerate shoots from the hairy root of a hybrid poplar 
clone 53–246 (P. trichocarpa × P. deltoides) but only after 
supplementing the medium with cytokinin and auxin. The 
plants showed the same phenotype of dwarfism. In their 
study on shoot regeneration from horseradish hairy roots, 
Saitou et al. (1992) described that growth was initiated on 
light-grown hairy roots but stopped after 8 weeks. As for 
hybrid poplar, adventitious shoots started to grow after 5 
weeks of culture under light but not in the dark. As well as 
being a good means to improve hairy roots growth, the use 
of light on hairy root cultures could enable the production 
of adventitious shoots with original functions and character-
istics. Indeed, as suggested by Han et al. (1997), the advan-
tage could be taken of these modifications to select poplars 
with a more extensive root system and a better capacity to 
interact with soil microorganisms for better drought toler-
ance. This could be of interest in the current context of cli-
mate change.

In view of cosmetic or healthcare applications, the effect 
of light on hairy roots production of phenolic and other 
metabolites has been studied for several plant species. In 
the case of hybrid poplar, light improved overall phenolic 
content, as shown by Folin colorimetric assay and HPLC 
analysis, and antioxidant activity for both extractions tested. 
Several studies on specialized metabolites reached the same 
conclusion. A higher baicalein flavonoid accumulation had 
previously been described for Scutellaria lateriflora (Marsh 
et al. 2014) for hairy roots grown with light than for the 
ones grown in the dark. Abbasi et al. (2007) also reported 
a higher production of caffeic acid and derivatives like 
chicoric acid, caftaric acid and chlorogenic acid concomi-
tantly with increased phenylalanine ammonium lyase (PAL) 
enzyme activity when Echinacea purpurea hairy roots were 
grown with light.

The pink color of light-grown hybrid poplar hairy roots is 
associated with the accumulation of anthocyanins in corti-
cal cells, but also presumably in root border cells (RBCs), 
indicating a strong metabolic activity of the latter. Poplar 
RBCs have been characterized by their ability to secrete 
glyco-molecules constituting mucilage (Busont et al. 2023). 
It has been shown that Medicago truncatula seedling border 
cells are rich in specialized metabolites (Watson et al. 2015) 
such as flavonoids. As we observed the presence of a sig-
nificant quantity of RBCs in the medium of both light- and 
dark-grown cultures, this opens the prospect of using poplar 
hairy roots as a biotechnological tool to collect RBCs for 
transcriptomic and metabolomic studies. Further chemical 
analyses could demonstrate the potential of poplar border 
cells for anthocyanin biosynthesis.

Singh et al. 2022b). In their study, Praween and Murthy 
(2012) showed that 30 g·L−1 sucrose gave the highest hairy 
roots growth for Withania somnifera. However, the highest 
withanolide A production was achieved with a higher con-
centration of sucrose i.e. 40 g·L−1. Indeed, together with the 
lack of environmental constraints, an optimized media leads 
to the absence of stress for the plant during growth. As stress 
is known for activating phenolic pathways (Sasaki-Seki-
moto et al. 2005), providing to the plant the exact amount 
of sucrose needed may lead to the decrease of specialized 
metabolites production. As osmotic stress may affect the 
survivability of the roots due to reduced water and nutrients 
uptake we assessed root viability in each of the experimen-
tal conditions. Fluorescence revealed that roots were viable 
whatever the sucrose concentration, leading to the conclu-
sion that the stress occasioned to the roots was moderate.

In our study, the highest total phenolic contents and the 
highest (although non-significant) antioxidant activities 
were reached with the lowest 15 g·L−1 sucrose concentra-
tion and decreased with the augmentation of sucrose in the 
media. Culture on medium with a high concentration of 
sucrose (i.e. 60 g·L−1) led to a reduction in growth and anti-
oxidant activity. Total phenolic contents and HPLC profile 
also showed reduced concentration of extracted metabolites 
with a 60 g·L−1 sucrose concentration in the culture media. 
As the HPLC profiles showed no difference between 15 and 
30 g·L−1 sucrose and the differences in antioxidant activity 
and total phenolics being negligible, the best compromise to 
optimize growth and metabolite production was the use of 
30 g·L−1 sucrose in the culture medium.

Effect of lighting on root growth and production of 
specialized metabolites

Due to growing underground in natural conditions, most 
roots are rarely exposed to light. Under these conditions, 
light being stressful for these organs, it is all the more inter-
esting to see their response in terms of growth capabilities 
and newly synthesized specialized metabolites under artifi-
cial lighting. In the case of hybrid poplar hairy roots, light 
improved the growth index (by 2.45-fold) compared to dark 
conditions. This experiment was conducted for technical 
reasons on a different rotary shaker (smaller orbital) and in a 
different growth chamber (24 °C). This could at least partly 
explain the lower GI (2.36) observed for the standard condi-
tion (dark) compared to the previous experiments (6.69 for 
basal medium experiment, 7.70 for sucrose concentration 
experiment). In their study, Abbasi et al. (2007) described 
thicker roots but there was no difference in the growth rate 
for Echinacea purpurea hairy roots. In both studies, light 
did not damage the hairy root cells of plant species.
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conducted by drastically reducing the frequency and dura-
tion of immersion to more effectively mimic drought con-
ditions and study their impact on specialized metabolism. 
Indeed, osmotic stress is known to induce the production 
of metabolites and improve antioxidant activity (Zahedi et 
al. 2021). Media compositions should be optimized specifi-
cally to improve growth in this culture system. In our study, 
the production of specialized metabolites and antioxidant 
activity were comparable in both the temporary immersion 
system and control Erlenmeyer flasks.

Identification of specialized metabolites

UHPLC-HRMS analysis further allowed the identification 
of specialized metabolites known to have valuable biologi-
cal activities. Indeed, the presence of (+)-catechin, a flavan- 
3-ol known for its antioxidant activity, has been highlighted. 
Catechins known to be reactive oxygen species (ROS) scav-
engers are involved in reactions against oxidative stress 
(Bernatoniene and Kopustinskiene 2018). Chlorogenic acid 
was first identified in the roots of hybrid poplar grown under 
light conditions. This caffeic acid derivative has been iden-
tified in extracts of poplar buds (Populus balsamifera L., 
Populus nigra L.) and in propolis and is believed to con-
tribute to the antimicrobial and antioxidant activities of the 
latter (Stanciauskaite et al. 2021). Tremulacin and nigracin, 
two phenolic glycosides, were unequivocally identified for 
the first time in the hairy roots of hybrid poplar and could be 
quantified using standards. The concentrations of these two 
phenolic glycosides were strongly increased in hairy roots 
grown under LED light. Tremulacin, which is a phenolic 
glycoside related to salicin, was previously isolated from 
the leaves of P. tomentosa and willow (Salix sp.) bark and 
exerted interesting anti-inflammatory activity (Antoniadou 
et al. 2021; Cheng et al. 1994). Nigracin was identified in the 
bark and leaves of black poplar (P. nigra L.) by Palo (1984). 
This compound was also isolated more recently from the 
bark of Drypetes klainei and showed significant wound 
healing activities (Sferrazza et al. 2020). Nigracin was also 
previously shown to exert anti-inflammatory activity against 
COX-2 cyclooxygenase (Chai et al. 2008). Cyanidin (antho-
cyanidin) and cyanidin-3 glucoside (anthocyanin) were 
identified in extracts of hairy roots grown under LED light. 
Anthocyanins (including anthocyanins-3-glucoside), whose 
antioxidant and anti-UV properties have been described (He 
et al. 2017), have already been identified in poplar and their 
biosynthesis is tightly regulated in the presence of light by 
MYB transcription factors (Ma et al. 2021; Kim et al. 2021). 
Taken together these results indicate potential to produce 
valuable bioactive compounds by hairy roots of hybrid pop-
lar, particularly when grown under light conditions.

Total anthocyanin content (measured by spectrophotom-
eter at 520 nm) of acidified ethanolic extracts was 2-times 
higher in hairy roots grown under light compared to those 
grown in the dark (data not shown). The overall increase in 
the concentration of several compounds and the presence of 
two new compounds for the hairy roots grown under light 
were correlated with higher antioxidant capacity. Anthocya-
nins, through their protective activities against UV-mediated 
damage and melanogenesis (as tyrosinase inhibitors), their 
antioxidant properties or their effect on cutaneous bacterio-
stasis, constitute a group of bioactive compounds with many 
potential applications in cosmetics (Li et al. 2023).

Effect of immersion frequency in RITA® bioreactor

Temporary immersion systems have made a breakthrough 
in the biotechnology field over the last decades. The many 
advantages of these bioreactors in terms of culture condi-
tions make it a good system to improve plant growth. Indeed, 
those systems provide, amongst other assets, better oxygen-
ation of the tissues, a uniform availability of the nutrients 
and help dilute the toxic compounds produced by the plant 
(De Carlo et al. 2021). To obtain the highest yield of spe-
cialized metabolites as well as good biomass production, it 
is necessary to determine the frequency and time of immer-
sion of plant tissues to avoid hyperhydricity, known to limit 
plant growth (Georgiev et al. 2014). Temporary immersion 
systems have already been tested on tree species for plant 
micropropagation (Carvalho et al. 2019; Garcia-Ramirez, 
2023) but not for hairy roots culture and very little data is 
available on the cultivation of hairy roots of herbaceous spe-
cies in these bioreactors (Carlin et al., 2015; Kentsop et al. 
2021; Pavlov et al. 2005). Starting from 6 g, a final biomass 
of 20 g could be obtained after 42 days. To our knowledge, 
we demonstrated for the first time the feasibility of culti-
vating hairy roots of tree species in temporary immersion 
bioreactors. The lower GI obtained in RITA(®) bioreac-
tors compared to shake flasks could be attributed to the 
stress caused by temporary immersion. Besides, the culture 
medium was not discarded and replaced with fresh medium 
after 3 weeks. This may have led to nutrient depletion. In an 
aeroponic system, drought conditions simulated by reducing 
the frequency and duration of misting can lead to alterations 
in root exudation and production of specialized metabolites 
(Lin et al. 2023). In our study, reduced frequency of water 
and nutrient supplies did not have an impact on hairy root 
growth. Indeed, the high (8/24 h) and low (4/24 h) immer-
sion frequencies tested allowed similar growth and produc-
tion of specialized metabolites. Under our experimental 
conditions, the internal atmosphere probably remained too 
saturated with humidity, thus preventing the generation of 
water stress conditions. Future experiments deserve to be 
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Conclusions

During this study we optimized the growing conditions of 
hybrid poplar hairy roots. The choice of the mineral base and 
the adjustment of the sucrose concentration made it possible 
to increase the production of biomass and the antioxidant 
capacity of the extracts. Cultivation under light conditions 
promoted root growth while leading to the production of 
anthocyanins helping to increase the antioxidant activity 
of the extracts. The temporary immersion reactors can be 
used to maintain hybrid poplar hairy root culture. Using the 
optimized medium selected in our study, the RITA® system 
could be a promising alternative to produce root biomass 
with the aim of providing bioactive extracts for cosmetic or 
pharmaceutical applications.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​2​4​0​-​0​
2​5​-​0​3​0​6​4​-​9.

Acknowledgements  The authors thank Richard Bouceffa (Laboratoire 
P2E) for technical assistance with the installation of the temporary 
immersion bioreactors. The authors would like to thank the SALSA 
platform of ICOA Orléans for chromatographic analyses (HPLC, MS, 
HRMS) and resources.

Author contribution  Material preparation, data collection and analy-
sis: MB, SH, FC, CC, MS-V, SM; Study conception and design: FH, 
DM, ED, SC, SM, FL; Writing—original draft preparation: MB, ED, 
SM, SC, FL; Reviewing and editing: SC, FL; Funding acquisition and 
Project administration: SC, FL. All authors read and approved the final 
manuscript.

Funding  Open access funding provided by Université d' Orleans.
This research was carried out as part of the CosmetoPop research 
project (20037UNI0000 A) funded by the Center Val de Loire Region 
(ARD CVL Cosmetosciences 2020 program).

Data availability  The data that support the findings of this study are 
available upon request from the corresponding author.

Declarations

Competing interests	   All the authors have read the manuscript and 
declare there are no conflicts of interest.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

1 3

Page 19 of 21  31

https://doi.org/10.1007/s00299-007-0344-5
https://doi.org/10.1007/s00299-007-0344-5
https://doi.org/10.1080/87559129.2021.1877300
https://doi.org/10.1080/87559129.2021.1877300
https://doi.org/10.1023/A:1022380827034
https://doi.org/10.1023/A:1022380827034
https://doi.org/10.3390/ijms222011138
https://doi.org/10.3390/ijms222011138
https://doi.org/10.1016/S0176-1617(97)80019-3
https://doi.org/10.1007/s11738-011-0837-2
https://doi.org/10.3109/13880209.2016.1140213
https://doi.org/10.3109/13880209.2016.1140213
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.3390/molecules23040965
https://doi.org/10.3390/molecules23040965
https://doi.org/10.1038/nplants.2015.117
https://doi.org/10.3390/cells12060858
https://doi.org/10.3390/cells12060858
https://doi.org/10.1016/S0304-4238(02)00151-6
https://doi.org/10.1016/S0304-4238(02)00151-6
https://doi.org/10.1007/s11627-015-9681-1
https://doi.org/10.1007/s11627-015-9681-1
https://doi.org/10.15835/nbha47111305
https://doi.org/10.15835/nbha47111305
https://doi.org/10.1021/np800014s
https://doi.org/10.1021/np800014s
https://doi.org/10.1007/s10529-006-9111-x
https://doi.org/10.1007/s10529-006-9111-x
https://doi.org/10.1007/s11240-025-03064-9
https://doi.org/10.1007/s11240-025-03064-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Plant Cell, Tissue and Organ Culture (PCTOC) (2025) 161:31

Kentsop RAD, Iobbi V, Donadio G et al (2021) Abietane diterpenoids 
from the hairy roots of Salvia corrugata. Molecules 26:5144. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​m​o​​l​e​c​u​l​e​s​2​6​1​7​5​1​4​4

Kim MH, Cho JS, Bae EK et al (2021) PtrMYB120 functions as a 
positive regulator of both anthocyanin and lignin biosynthetic 
pathway in a hybrid Poplar. Tree Physio 41(12):2409–2423. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​t​r​​e​e​p​h​y​s​/​t​p​a​b​0​8​2

Kochan E, Szymańska G, Szymczyk P (2014) Effect of sugar con-
centration on ginsenoside biosynthesis in hairy root cultures 
of Panax quinquefolium cultivated in shake flasks and nutrient 
sprinkle bioreactor. Acta Physiol Plant 36:613–619. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​7​3​8​-​0​1​3​-​1​4​3​9​-​y

Laffon M, Bruat M, Chefdor F et al (2024) Hairy root induction in 
hybrid Poplar (Populus tremula × Populus alba) for sustainable 
growth and specialized metabolites production with antioxidant 
activities. Plant Cell Tiss Organ Cult 156:2. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
0​7​​/​s​1​​1​2​4​0​-​0​2​3​-​0​2​6​3​4​-​z

Leghari SJ, Wahocho NA, Laghari GM et al (2016) Role of nitrogen 
for plant growth and development: a review. Adv Environ Biol-
ogy 10:209–219

Li X, Liu C, Li Y et al (2023) Bioactivity and application of anthocya-
nins in skin protection and cosmetics: an extension as a functional 
pigment. Phytochem Rev 22:1441–1467. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​
/​s​1​​1​1​0​1​-​0​2​3​-​0​9​8​9​0​-​z

Liu CZ, Guo C, Wang YC, Ouyang F (2002) Effect of light irradiation 
on hairy root growth and Artemisinin biosynthesis of Artemisia 
annua L. Proc Biochem 38:581–585. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​
0​3​2​-​9​5​9​2​(​0​2​)​0​0​1​6​5​-​6

Lin H-A, Coker HR, Howe JA et al (2023) Progressive drought alters 
the root exudate metabolome and differentially activates meta-
bolic pathways in cotton (Gossypium hirsutum). Front Plant Sci 
14. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​l​s​.​2​0​2​3​.​1​2​4​4​5​9​1

Ma D, Tang H, Reichelt M, Piirtola EM, Salminen JP, Gershenzon 
J, Constabel CP (2021) Poplar MYB117 promotes anthocy-
anin synthesis and enhances flavonoid B-ring hydroxylation by 
up-regulating the flavonoid 3’,5’-hydroxylase gene. J Exp Bot 
72:3864–3880. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​j​x​​b​/​e​r​a​b​1​1​6

Malarz J, Yudina YV, Stojakowska A (2023) Hairy root cultures as a 
source of phenolic antioxidants: simple phenolics, phenolic acids, 
phenylethanoids, and hydroxycinnamates. Int J Mol Sci 24:6920. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​4​0​8​6​9​2​0

Malik S (2017) Production of plant derived natural compounds through 
hairy root culture. Springer, New York. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​9​
7​​8​-​3​-​3​1​9​-​6​9​7​6​9​-​7

Malik S, Cusidó RM, Mirjalili MH et al (2011) Production of the anti-
cancer drug taxol in Taxus baccata suspension cultures: a review. 
Process Biochem 46:23–34. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​r​o​​c​b​i​​o​.​2​0​​
1​0​​.​0​9​.​0​0​4

Marsh Z, Yang T, Nopo-Olazabal L et al (2014) Effect of light, Methyl 
jasmonate and cyclodextrin on production of phenolic compounds 
in hairy root cultures of Scutellaria lateriflora. Phytochemistry 
107:50–60. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​h​y​​t​o​c​​h​e​m​.​​2​0​​1​4​.​0​8​.​0​2​0

Martinière A, Fiche JB, Smokvarska M et al (2019) Osmotic stress 
activates two reactive oxygen species pathways with distinct 
effects on protein nanodomains and diffusion. Plant Physiol 
179:1581–1593. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​0​4​​/​p​p​​.​1​8​.​0​1​0​6​5

McDowell NG, Sapes G, Pivovaroff A et al (2022) Mechanisms of 
woody-plant mortality under rising drought, CO2 and vapour 
pressure deficit. Nat Rev Earth Environ 3:294–308. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​3​8​​/​s​4​​3​0​1​7​-​0​2​2​-​0​0​2​7​2​-​1

 Metsämuuronen S, Sirén H (2019) Bioactive phenolic compounds, 
metabolism and properties: a review on valuable chemical 
compounds in Scots pine and Norway Spruce. Phytochem Rev 
18:623–664. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​1​0​1​-​0​1​9​-​0​9​6​3​0​-​2

Chen X, Liang L, Han C (2020) Borate suppresses the scavenging activ-
ity of Gallic acid and plant polyphenol extracts on DPPH radical: 
A potential interference to DPPH assay. LWT 131:109769. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​l​w​t​.​2​0​2​0​.​1​0​9​7​6​9

Cheng GF, Liu DP, Yang DX, He KQ, Bai JY, Zhu XY (1994) Anti-
inflammatory effects of tremulacin, a salicin-related substance 
isolated from Populus tomentosa Carr. Leaves. Phytomedicine 
1:209–211. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​9​4​4​-​7​1​1​3​(​1​1​)​8​0​0​6​7​-​X

Cui X-H, Murthy HN, Wu C-H, Paek K-Y (2010) Sucrose-induced 
osmotic stress affects biomass, metabolite, and antioxidant lev-
els in root suspension cultures of Hypericum perforatum L. Plant 
Cell Tiss Organ Cult 103:7–14. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​2​4​0​-​0​
1​0​-​9​7​4​7​-​z

D’Amelia V, Docimo T, Crocoll C, Rigano MM (2021) Specialized 
metabolites and valuable molecules in crop and medicinal plants: 
the evolution of their use and strategies for their production. 
Genes 12:936. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​g​e​​n​e​s​1​2​0​6​0​9​3​6

De Carlo A, Tarraf W, Lambardi M, Benelli C (2021) Temporary 
immersion system for production of biomass and bioactive com-
pounds from medicinal plants. Agronomy 11:2414. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​3​​3​9​0​​/​a​g​​r​o​n​o​m​y​1​1​1​2​2​4​1​4

Devappa RK, Rakshit SK, Dekker RFH (2015) Potential of Poplar 
bark phytochemicals as value-added co-products from the wood 
and cellulosic bioethanol industry. Bioenerg Res 8:1235–1251. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​1​5​5​-​0​1​4​-​9​5​7​2​-​z

Duh PD, Chen ZT, Lee SW, Lin TP, Wang YT, Yen WJ, Kuo LF, Chu 
HL (2012) Antiproliferative activity and apoptosis induction of 
Eucalyptus Citriodora resin and its major bioactive compound in 
melanoma B16F10 cells J. Agric. Food Chem 60(32):7866–7872

Farkya S, Bisaria VS, Srivastava AK (2004) Biotechnological aspects 
of the production of the anticancer drug Podophyllotoxin. Appl 
Microbiol Biotechnol 65(5):504–519. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​
0​2​5​3​-​0​0​4​-​1​6​8​0​-​9

Fitzpatrick TB, Chapman LM (2020) The importance of thiamine 
(vitamin B1) in plant health: from crop yield to biofortification. 
J Biol Chem 295:12002–12013. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​4​​/​j​b​​c​.​R​E​V​
1​2​0​.​0​1​0​9​1​8

 García-Ramírez Y (2023) Temporary immersion system for in vitro 
propagation via organogenesis of forest plant species. Trees 
37:611–626. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​4​6​8​-​0​2​2​-​0​2​3​7​9​-​w

Georgiev V, Schumann A, Pavlov A, Bley T (2014) Temporary immer-
sion systems in plant biotechnology. Eng Life Sci 14:607–621. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​e​l​​s​c​.​2​0​1​3​0​0​1​6​6

Georgiev V, Slavov A, Vasileva I, Pavlov A (2018) Plant cell culture 
as emerging technology for production of active cosmetic ingre-
dients. Eng Life Sci 18:779–798. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​e​l​​s​c​.​2​0​
1​8​0​0​0​6​6

 Gil-Martín E, Forbes-Hernández T, Romero A et al (2022) Influence of 
the extraction method on the recovery of bioactive phenolic com-
pounds from food industry by-products. Food Chem 378:131918. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​o​o​​d​c​h​​e​m​.​2​​0​2​​1​.​1​3​1​9​1​8

Guleria I, Kumari A, Lacaille-Dubois M-A et al (2022) A review on 
the genus Populus: a potential source of biologically active com-
pounds. Phytochem Rev 21:987–1046. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​
1​1​0​1​-​0​2​1​-​0​9​7​7​2​-​2

Han K-H, Gordon M, Strauss S (1997) High-frequency transformation 
of cottonwoods (genus Populus) by Agrobacterium rhizogenes. 
Can J Res 27:464–470. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​9​​/​c​j​​f​r​-​2​7​-​4​-​4​6​4

Hazrati R, Zare N, Asghari-Zakaria R et al (2022) Factors affecting the 
growth, antioxidant potential, and secondary metabolites produc-
tion in Hazel callus cultures. AMB Expr 12:109. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​1​8​6​​/​s​1​​3​5​6​8​-​0​2​2​-​0​1​4​4​9​-​z

He Y, Hu Y, Jiang X et al (2017) Cyanidin-3-O-glucoside inhibits the 
UVB-induced ROS/COX-2 pathway in HaCaT cells. J Photo-
chem Photobiol B 177:24–31. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​p​h​​o​t​o​​b​i​
o​l​​.​2​​0​1​7​.​1​0​.​0​0​6

1 3

31  Page 20 of 21

https://doi.org/10.3390/molecules26175144
https://doi.org/10.3390/molecules26175144
https://doi.org/10.1093/treephys/tpab082
https://doi.org/10.1093/treephys/tpab082
https://doi.org/10.1007/s11738-013-1439-y
https://doi.org/10.1007/s11738-013-1439-y
https://doi.org/10.1007/s11240-023-02634-z
https://doi.org/10.1007/s11240-023-02634-z
https://doi.org/10.1007/s11101-023-09890-z
https://doi.org/10.1007/s11101-023-09890-z
https://doi.org/10.1016/S0032-9592(02)00165-6
https://doi.org/10.1016/S0032-9592(02)00165-6
https://doi.org/10.3389/fpls.2023.1244591
https://doi.org/10.1093/jxb/erab116
https://doi.org/10.3390/ijms24086920
https://doi.org/10.3390/ijms24086920
https://doi.org/10.1007/978-3-319-69769-7
https://doi.org/10.1007/978-3-319-69769-7
https://doi.org/10.1016/j.procbio.2010.09.004
https://doi.org/10.1016/j.procbio.2010.09.004
https://doi.org/10.1016/j.phytochem.2014.08.020
https://doi.org/10.1104/pp.18.01065
https://doi.org/10.1038/s43017-022-00272-1
https://doi.org/10.1038/s43017-022-00272-1
https://doi.org/10.1007/s11101-019-09630-2
https://doi.org/10.1016/j.lwt.2020.109769
https://doi.org/10.1016/j.lwt.2020.109769
https://doi.org/10.1016/S0944-7113(11)80067-X
https://doi.org/10.1007/s11240-010-9747-z
https://doi.org/10.1007/s11240-010-9747-z
https://doi.org/10.3390/genes12060936
https://doi.org/10.3390/agronomy11122414
https://doi.org/10.3390/agronomy11122414
https://doi.org/10.1007/s12155-014-9572-z
https://doi.org/10.1007/s12155-014-9572-z
https://doi.org/10.1007/s00253-004-1680-9
https://doi.org/10.1007/s00253-004-1680-9
https://doi.org/10.1074/jbc.REV120.010918
https://doi.org/10.1074/jbc.REV120.010918
https://doi.org/10.1007/s00468-022-02379-w
https://doi.org/10.1002/elsc.201300166
https://doi.org/10.1002/elsc.201300166
https://doi.org/10.1002/elsc.201800066
https://doi.org/10.1002/elsc.201800066
https://doi.org/10.1016/j.foodchem.2021.131918
https://doi.org/10.1016/j.foodchem.2021.131918
https://doi.org/10.1007/s11101-021-09772-2
https://doi.org/10.1007/s11101-021-09772-2
https://doi.org/10.1139/cjfr-27-4-464
https://doi.org/10.1186/s13568-022-01449-z
https://doi.org/10.1186/s13568-022-01449-z
https://doi.org/10.1016/j.jphotobiol.2017.10.006
https://doi.org/10.1016/j.jphotobiol.2017.10.006


Plant Cell, Tissue and Organ Culture (PCTOC) (2025) 161:31

Singh A, Mehta S, Yadav S et al (2022b) How to Cope with the chal-
lenges of environmental stresses in the era of global climate 
change: an update on ROS Stave off in plants. Int J Mol Sci 
23:1995. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​3​0​4​1​9​9​5

Srivastava S, Srivastava AK (2012) Statistical medium optimization 
for enhanced Azadirachtin production in hairy root culture of 
Azadirachta indica. Vitro Cell Dev Biol-Plant 48:73–84. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​6​2​7​-​0​1​1​-​9​3​9​5​-​y

Stanciauskaite M, Marksa M, Liaudanskas M, Ivanauskas L, Ivaskiene 
M, Ramanauskiene K (2021) Extracts of Poplar buds (Populus 
balsamifera L., Populus Nigra L.) and Lithuanian propolis: 
comparison of their composition and biological activities. Plants 
10(5):828. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​p​l​​a​n​t​s​1​0​0​5​0​8​2​8

Stanciu G, Aonofriesei F, Lupsor S, Oancea E, Mititelu M (2023) 
Chemical composition, antioxidant activity, and antibacterial 
activity of black Poplar buds’ hydroalcoholic macerates from 
dobrogea area. Molecules 28:4920. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​m​o​​l​e​
c​u​l​e​s​2​8​1​3​4​9​2​0

Subki A, Abidin AAZ, Yusof ZNB (2018) The role of thiamine in 
plants and current perspectives in crop improvement. B Group 
Vitamins-Current Uses Perspect 5(3):33–44. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​
7​7​2​​/​i​n​​t​e​c​h​o​p​e​n​.​7​9​3​5​0

Tebbi SO, Debbache-Benaida N (2022) Phytochemistry, chemical 
composition and therapeutic uses of Populus Nigra L. aerial parts 
from 1991–2021 onwards: an overview. Sustainable Chem Pharm 
30(100880):2352–5541. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​p​.​2​0​2​2​.​1​0​0​8​
8​0

Vázquez-Flota F, Moreno-Valenzuela O, Miranda-Ham ML et al 
(1994) Catharanthine and ajmalicine synthesis in Catharanthus 
roseus hairy root cultures. Plant Cell Tiss Organ Cult 38:273–279. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​0​3​3​8​8​7

Watson BS, Bedair MF, Urbanczyk-Wochniak E et al (2015) Inte-
grated metabolomics and transcriptomics reveal enhanced spe-
cialized metabolism in Medicago truncatula root border cells. 
Plant Physiol 167:1699–1716. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​0​4​​/​p​p​​.​1​1​4​.​2​5​
3​0​5​4

Yoshida K, Ma D, Constabel CP (2015) The MYB182 protein down-
regulates Proanthocyanidin and anthocyanin biosynthesis in Pop-
lar by repressing both structural and regulatory flavonoid genes. 
Plant Physiol 167:693–710. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​0​4​​/​p​p​​.​1​1​4​.​2​5​3​6​
7​4

Yousefian Z, Golkar P, Mirjalili MH (2021) Production enhancement 
of medicinally active coumarin and phenolic compounds in hairy 
root cultures of Pelargonium sidoides: the effect of elicitation and 
sucrose. J Plant Growth Regul 40:628–641. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
0​7​​/​s​0​​0​3​4​4​-​0​2​0​-​1​0​1​2​7​-​y

Zahedi SM, Karimi M, Venditti A (2021) Plants adapted to arid areas: 
specialized metabolites. Nat Prod Res 35:3314–3331. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​4​​7​8​6​​4​1​9​​.​2​0​1​​9​.​​1​6​8​9​5​0​0

Zhang X, Hung TM, Phuong PT et al (2006a) Anti-inflammatory 
activity of flavonoids from Populus Davidiana. Arch Pharm Res 
29:1102–1108. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​2​9​6​9​2​9​9

Zhang X, Thuong PT, Min B-S et al (2006b) Phenolic glycosides with 
antioxidant activity from the stem bark of Populus Davidiana. J 
Nat Prod 69:1370–1373. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​n​p​​0​6​0​2​3​7​u

Zhong L, Zhou L, Zhou Y et al (2012) Antimicrobial flavonoids from 
the twigs of Populus Nigra × Populus deltoides. Nat Prod Res 
26:307–313. https:​​​//d​oi.​or​g/10​.108​0/1478641100 36756 67

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Movahedi A, Almasi Zadeh Yaghuti A, Wei H, Rutland P, Sun W, 
Mousavi M, Li D, Zhuge Q (2021) Plant secondary metabolites 
with an overview of Populus. Int J Mol Sci Jun 26(13):6890

Mukherjee S, Kutty NN, Bera P, Mitra A (2019) Impact of light and 
sucrose supplementation on cellular differentiation, metabolic 
shift and modulation of gene expression in hairy roots of Daucus 
Carota. Plant Cell Tiss Organ Cult 136:383–397. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​0​7​​/​s​1​​1​2​4​0​-​0​1​8​-​1​5​2​3​-​5

Munteanu IG, Apetrei C (2021) Analytical methods used in determin-
ing antioxidant activity: A review. Int J Mol Sci 22:3380. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​j​​m​s​2​2​0​7​3​3​8​0

Narayan OP, Kumar P, Yadav B et al (2023) Sulfur nutrition and 
its role in plant growth and development. Plant Signal Behav 
18:2030082. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​5​​5​9​2​​3​2​4​​.​2​0​2​​2​.​​2​0​3​0​0​8​2

Palo RT (1984) Distribution of Birch (Betula Spp.), Willow (Salix 
Spp.), and Poplar (Populus Spp.) secondary metabolites and their 
potential role as chemical defense against herbivores. J Chem 
Ecol 10:499–520. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​9​8​8​0​9​6

Pavlov A, Georgiev V, Ilieva M (2005) Betalain biosynthesis by red 
beet (Beta vulgaris L.) hairy root culture. Process Biochem 
40:1531–1533. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​r​o​​c​b​i​​o​.​2​0​​0​4​​.​0​1​.​0​0​1

 Popović BM, Štajner D, Ždero-Pavlović R, Tumbas-Šaponjac V, 
Čanadanović-Brunet J, Orlović S (2016) Water stress induces 
changes in polyphenol profile and antioxidant capacity in Poplar 
plants (Populus Spp). Plant Physiol Biochem 105:242–250. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​l​a​p​h​y​.​2​0​1​6​.​0​4​.​0​3​6

Praveen N, Murthy HN (2012) Synthesis of withanolide A depends on 
carbon source and medium pH in hairy root cultures of Withania 
somnifera. Ind Crops Prod 35:241–243. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​
.​​i​n​d​​c​r​o​​p​.​2​0​​1​1​​.​0​7​.​0​0​9

Roy A (2021) Hairy root culture an alternative for bioactive com-
pound production from medicinal plants. Curr Pharm Biotechnol 
22:136–149. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​7​4​​/​1​3​​8​9​2​​0​1​0​​2​1​6​6​​6​2​​0​1​2​2​9​1​1​0​
6​2​5

Ru M, An Y, Wang K et al (2016) Prunella vulgaris L. hairy roots: 
culture, growth, and elicitation by ethephon and Salicylic acid. 
Eng Life Sci 6:494–502. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​e​l​​s​c​.​2​0​1​6​0​0​0​0​1

Saitou T, Kamada H, Harada H (1992) Light requirement for shoot 
regeneration in horseradish hairy roots 1. Plant Physiol 99:1336–
1341. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​0​4​​/​p​p​​.​9​9​.​4​.​1​3​3​6

Sasaki-Sekimoto Y, Taki N, Obayashi T et al (2005) Coordinated 
activation of metabolic pathways for antioxidants and defence 
compounds by jasmonates and their roles in stress tolerance in 
Arabidopsis. Plant J 44:653–668. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​3​6​​5​-​
3​​1​3​X​.​​2​0​​0​5​.​0​2​5​6​0​.​x

Scaysbrook T, Greenaway W, Whatley FR (1992) Relation of antimi-
crobial compounds present in Poplar bud exudate to disease resis-
tance by poplars. Z Für Naturforschung C 47(3–4):197–200. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​​g​/​​1​0​.​1​5​​1​5​/​​z​​n​c​-​1​​9​​9​2​-​3​-​4​0​5

Sferrazza G, Corti M, Andreola F et al (2020) Bioassay-guided isola-
tion of Nigracin, responsible for the tissue repair properties of 
Drypetes Klainei stem bark. Front Pharmacol 10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​3​​3​8​9​​/​f​p​​h​a​r​.​2​0​1​9​.​0​1​5​4​1

Shinde AN, Malpathak N, Fulzele DP (2010) Impact of nutrient compo-
nents on production of the phytoestrogens Daidzein and genistein 
by hairy roots of Psoralea Corylifolia. J Nat Med 64:346–353. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​4​1​8​-​0​1​0​-​0​4​1​9​-​4

Singh A, Hidangmayum A, Tiwari P et al (2022a) Chap. 5 - How the 
soil nitrogen nutrient promotes plant growth—a critical assess-
ment. In: Singh HB, Vaishnav A (eds) New and future develop-
ments in microbial biotechnology and bioengineering. Elsevier, 
pp 99–118

1 3

Page 21 of 21  31

https://doi.org/10.3390/ijms23041995
https://doi.org/10.1007/s11627-011-9395-y
https://doi.org/10.1007/s11627-011-9395-y
https://doi.org/10.3390/plants10050828
https://doi.org/10.3390/molecules28134920
https://doi.org/10.3390/molecules28134920
https://doi.org/10.5772/intechopen.79350
https://doi.org/10.5772/intechopen.79350
https://doi.org/10.1016/j.scp.2022.100880
https://doi.org/10.1016/j.scp.2022.100880
https://doi.org/10.1007/BF00033887
https://doi.org/10.1007/BF00033887
https://doi.org/10.1104/pp.114.253054
https://doi.org/10.1104/pp.114.253054
https://doi.org/10.1104/pp.114.253674
https://doi.org/10.1104/pp.114.253674
https://doi.org/10.1007/s00344-020-10127-y
https://doi.org/10.1007/s00344-020-10127-y
https://doi.org/10.1080/14786419.2019.1689500
https://doi.org/10.1080/14786419.2019.1689500
https://doi.org/10.1007/BF02969299
https://doi.org/10.1021/np060237u
https://doi.org/10.1080/14786
https://doi.org/10.1007/s11240-018-1523-5
https://doi.org/10.1007/s11240-018-1523-5
https://doi.org/10.3390/ijms22073380
https://doi.org/10.3390/ijms22073380
https://doi.org/10.1080/15592324.2022.2030082
https://doi.org/10.1007/BF00988096
https://doi.org/10.1016/j.procbio.2004.01.001
https://doi.org/10.1016/j.plaphy.2016.04.036
https://doi.org/10.1016/j.plaphy.2016.04.036
https://doi.org/10.1016/j.indcrop.2011.07.009
https://doi.org/10.1016/j.indcrop.2011.07.009
https://doi.org/10.2174/1389201021666201229110625
https://doi.org/10.2174/1389201021666201229110625
https://doi.org/10.1002/elsc.201600001
https://doi.org/10.1104/pp.99.4.1336
https://doi.org/10.1111/j.1365-313X.2005.02560.x
https://doi.org/10.1111/j.1365-313X.2005.02560.x
https://doi.org/10.1515/znc-1992-3-405
https://doi.org/10.1515/znc-1992-3-405
https://doi.org/10.3389/fphar.2019.01541
https://doi.org/10.3389/fphar.2019.01541
https://doi.org/10.1007/s11418-010-0419-4
https://doi.org/10.1007/s11418-010-0419-4

	﻿Growth parameter optimization of hybrid poplar (Populus tremula × Populus alba) hairy root culture for the production of antioxidant specialized metabolites
	﻿Abstract
	﻿Key message
	﻿Introduction
	﻿Materials and methods
	﻿Plant material
	﻿Influence of basal medium composition and sucrose concentration
	﻿Effect of light
	﻿Effect of immersion frequency in temporary bioreactors
	﻿Viability assay and microscopic observations
	﻿Preparation of root extracts
	﻿Determination of total phenolic content
	﻿FRAP and DPPH antioxidant activity assays
	﻿FRAP assay
	﻿DPPH radical scavenging assay


	﻿HPLC analysis
	﻿UHPLC-HRMS analysis
	﻿Statistical analysis
	﻿Results
	﻿Effect of culture medium composition
	﻿Mineral basis composition
	﻿Sucrose concentration


	﻿Effect of lighting on root growth and production of specialized metabolites
	﻿Effect of immersion frequency in RITA﻿®﻿ bioreactors
	﻿UHPLC/HRMS identification and quantification of specialized metabolites
	﻿Discussion
	﻿Optimization of media composition
	﻿Effect of mineral composition
	﻿Effect of sucrose concentration




