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Abstract 

Hairy root (HR) cultures are quickly evolving as a fundamental research tool and as a bio-based production system for 
secondary metabolites. In this study, an effcient protocol for establishment and elicitation of anthocyanin-producing 
HR cultures from black carrot was established. Taproot and hypocotyl explants of four carrot cultivars were trans-
formed using wild-type Rhizobium rhizogenes. HR growth performance on plates was monitored to identify three 
fast-growing HR lines, two originating from root explants (lines NB-R and 43-R) and one from a hypocotyl explant 
(line 43-H). The HR biomass accumulated 25- to 30-fold in liquid media over a 4 week period. Nine anthocyanins and 
24 hydroxycinnamic acid derivatives were identifed and monitored using UPLC-PDA-TOF during HR growth. Adding 
ethephon, an ethylene-releasing compound, to the HR culture substantially increased the anthocyanin content by up 
to 82% in line 43-R and hydroxycinnamic acid concentrations by >20% in line NB-R. Moreover, the activities of super-
oxide dismutase and glutathione S-transferase increased in the HRs in response to ethephon, which could be related 
to the functionality and compartmentalization of anthocyanins. These fndings present black carrot HR cultures as a 
platform for the in vitro production of anthocyanins and antioxidants, and provide new insight into the regulation of 
secondary metabolism in black carrot. 

Keywords: Anthocyanins, antioxidant enzymes, black carrot, ethephon, hairy root, hydroxycinnamic acids, Rhizobium 
rhizogenes, rol genes. 

Introduction 

Black carrot (Daucus carota L. ssp. sativus var. atrorubens Alef) ac-
cumulates anthocyanins as major secondary metabolites. Due 
to their high ratio of monoacylated structures with three sugar 
moieties, black carrot anthocyanins display high chemical sta-
bility, which, combined with their elevated concentration in 

the taproot (Montilla et  al., 2011; Barba-Espín et  al., 2017), 
make them suitable replacements for synthetic colourants. 
Nowadays, extracts of black carrots are commonly used in 
juices, ice creams, candies, and soft drinks as a healthy alter-
native to the red azo dye Allura Red (E129) (Carocho et al., 
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2014). Moreover, as strong dietary antioxidants, anthocyanins 
help to prevent cardiovascular and neuronal diseases, dia-
betes, and cancer, among other illnesses (Stintzing and Carle, 
2004). In this context, there is substantial potential for new 
strategies that increase pigment production and thus lower 
cost-to-value ratio. 

Hairy roots (HRs) obtained from the infection of plants 
by the soil-borne pathogenic bacterium Rhizobium rhizogenes 
(formerly Agrobacterium rhizogenes) are evolving fast both as a 
fundamental research tool and for bio-based production of 
secondary metabolites in pharmacological, nutraceutical, and 
cosmetic industries (Bourgaud et  al., 2001; Srivastava and 
Srivastava, 2007; Mishra et  al., 2008; Georgiev et  al., 2012). 
HRs have been established from a wide range of plants as a 
source of secondary metabolites, naturally produced by the 
plant, or to produce therapeutic recombinant proteins. HRs 
are also a suitable platform for the study of gene function and 
to elucidate physiological processes, among other applications 
(Georgiev et al., 2012;Häkkinen and Oksman-Caldentey, 2018; 
Gutierrez-Valdes et al., 2020).As a result, the scientifc research 
related to HR cultures has progressively increased since the 
1990s, which is also refected in a number of patents registered 
in the last few years (Gutierrez-Valdes et al., 2020). 

Rhizobium rhizogenes induces the growth of HRs at the in-
fection sites due to the insertion of a plasmid-borne transfer 
DNA (T-DNA), which, among other genes, contains the four 
root oncogenic loci (rol), termed rolA, rolB, rolC, and rolD (White 
et al., 1985; Slightom et al., 1986).When applied as a biotech-
nological tool, transformation by R.  rhizogenes results in the 
development of HRs on the explant material. HRs are char-
acterized by gravitropism loss, profuse growth in the absence 
of phytohormones, and, often, higher levels of secondary me-
tabolites compared with wild-type roots (Mishra and Ranjan, 
2008; Georgiev et  al., 2012; Desmet et  al., 2020). These dis-
tinctive features can be used for marker-free selection of suc-
cessfully transformed HR lines. Today, there is an increasing 
awareness that naturally occurring transformation events from 
R. rhizogenes to plants are not confned to a few genera, but 
are detectable in numerous cultivated and uncultivated plant 
species (Furner et al., 1986; Matveeva et al., 2012; Kyndt et al., 
2015, Matveeva and Otten, 2019). 

In agropine strains of R.  rhizogenes, the T-DNA is split 
into left (TL) and right (TR) fragments. The rolA–rolD loci 
are located on the TL-DNA, whereas two auxin-homeostasis 
genes, designated aux1 and aux2, are located on the TR-DNA 
(Jouanin et al., 1987). In addition, it has been demonstrated 
that the two T-DNAs are integrated independently into the 
host plant genome (Jouanin et  al., 1987; Christensen et  al., 
2008). However, whereas TL-DNA can be found as single 
inserts, TR-DNA has not been detected without the corres-
ponding TL-DNA in transformed plants or HR lines (Alpizar 
et al., 2008; Hegelund et al., 2017). Although the mechanism 
of rol gene-mediated induction of HRs is not completely 
understood, it is hypothesized to involve the activation of 
signal transduction pathways, including interaction with 
tyrosine phosphatase and 14-3-3 proteins (Moriuchi et  al., 
2004). The Western-type carrot (i.e. conventional orange 

carrot) is highly susceptible to R.  rhizogenes infection, and 
routine transformation protocols have been established using 
taproots as an explant source (Cardarelli et al., 1987; Christey 
and Braun, 2005). Within a given carrot cultivar, individual 
biotypes difered in their susceptibility towards the bacterial 
strain used, which supports the importance of the genotype 
(Baranski et  al., 2006). However, to the best of our know-
ledge, the R.  rhizogenes-mediated transformation of black 
carrot has not been accomplished. 

Anthocyanins are regarded as both secondary metabolites 
and antioxidants (Tanaka et al., 2008). The onset and accu-
mulation of secondary metabolites in HR cultures often re-
quires elicitors (Zhao et  al., 2004; Ali et  al., 2006; Savitha 
et  al., 2006; Yan et  al., 2006; Ahlawat et  al., 2014), which 
usually act as signalling molecules of plant stress responses. 
The role of ethephon, an ethylene-releasing compound, as 
an anthocyanin elicitor has been tested in a diverse range of 
plant organs such as taproots of black carrots (Barba-Espin 
et al., 2018) and strawberry fruits (Reis et al., 2020), and tar-
tary buckwheat HRs (Li et al., 2017), its efect being linked 
to a physiological stress response. In this sense, many elicitor 
treatments have been associated with oxidative stress, which 
can be a factor directly triggering secondary metabolite for-
mation (Able et  al., 2003; Ali et  al., 2006; Huerta-Heredia 
et  al., 2009). Upon elicitation, gradual increases in reactive 
oxygen species (ROS), mainly hydrogen peroxide (H2O2), 
have been reported as stress-mediating signalling mol-
ecules (Able et  al., 2003). To minimize the harmful efects 
of ROS, plants have evolved non-enzymatic and enzymatic 
antioxidant defence mechanisms (Foyer and Noctor, 2011). 
Anthocyanin accumulation is thus considered a positive re-
sponse to oxidative stress, since it acts as a non-enzymatic 
antioxidant capable of directly scavenging ROS (Huda-
Faujan et al., 2009). In particular, glutathione S-transferases 
(GST) participate in anthocyanin transportation from the 
cytoplasm to permanent storage in the vacuole (Edwards 
et  al., 2000). Therefore, elucidating the interplay between 
the antioxidant system and the secondary metabolism upon 
elicitation seems to be highly relevant for understanding the 
accumulation of anthocyanins in HRs. 

In the present work, black carrot HRs were induced upon 
infection with a wild-type R.  rhizogenes strain. Fast-growing 
HR lines in combination with the elicitor ethephon were 
investigated as a platform for the bio-based production of 
anthocyanins, phenolic compounds, and antioxidants. 

Materials and methods 

Plant material and explant preparation 
Black carrots (Daucus carota L. ssp. sativus var. atrorubens Alef) of two com-
mercial cultivars, ‘Deep Purple’ F1 and ‘Night Bird’ F1 (Bejo Seeds Inc., 
Oceano, CA, USA), and of two inbred lines named 43 and 44 were util-
ized as explant source.The explants consisted of taproot discs and hypo-
cotyl segments.To obtain taproot discs, 10-week-old taproots grown in a 
climate chamber under a 12 h photoperiod (20 °C/18 °C) were washed, 
peeled, and surface sterilized by successive immersion in 70% ethanol, 
45 g l−1 calcium hypochlorite, and 70% ethanol (for 1, 45, and 1 min, 
respectively). Finally, the taproots were washed three times in sterile 
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water and sliced into 0.3–0.5 cm thick discs; the taproot crown (2–4 cm 
length) was discarded to avoid a high abundance of endophyte species 
(Surette et  al., 2003). To obtain hypocotyl segments, the seeds were in 
vitro germinated on basic medium [BM: 0.22% (w/v) Murashige and 
Skoog (MS) (Murashige and Skoog, 1962), 3% (w/v) sucrose, 200 mg 
l–1 timentin (ticarcillin disodium:potassium clavulanate, 15:1; Duchefa 
Biochemie, Haarlem, The Netherlands), and 400  μl l–1 Atamon con-
taining NaC6H5CO2 (Haugen-group, Hvidovre, Denmark)].Twelve-day-
old hypocotyls were excised into 5 cm length segments, producing fresh 
wounds for inoculation. 

Induction and maintenance of hairy roots 
Rhizobium rhizogenes strain A4, harbouring the agropine-type plasmid 
pRiA4, was cultured into 50 ml of MYA [0.4% mannitol, 0.5% (w/v) 
yeast extract, 0.05% (w/v) casamino acids, and 0.2% (w/v) ammonium 
sulfate, pH 6.6] in the dark at 180 rpm and 28 °C (Hegelund et al., 2017). 
At an OD600=0.65, the bacterial suspension was in the logarithmic phase 
and ready for inoculation. 

Surface-sterilized explants were immersed in the bacterial culture so-
lution for 30 min.As control, explants were immersed in MYA without 
bacteria. Following inoculation, explants were washed in sterile water 
and blotted with sterilized flter paper to remove excess bacteria. After 
2 d of co-cultivation on solid 0.22% (w/v) half-strength MS (1/2 MS) 
containing 15  mg l−1 acetosyringone (Sigma–Aldrich Co., St. Louis, 
MO, USA), the explants were transferred onto solid BM (four explants 
per plate).Two to four weeks after inoculation, HRs that formed at the 
wound sites of the root discs and hypocotyl segments were transferred 
individually onto solid BM and subsequently propagated via subcultures 
on 1/2 MS medium every 3 weeks. In addition, a few non-inoculated 
explants developed adventitious roots (data not shown), characterized by 
low branching and vigour, which made them easily separable from pu-
tatively transformed HRs. As a source of inoculum for all experiments, 
HR segments were grown in the dark in 250 ml fasks containing 100 ml 
of 1/2 MS for 1 week at 100 rpm on an oscillatory shaker (Innova 4430, 
New Brunswick Scientifc, Enfeld, CT, USA). 

Based on their distinctive morphology, >90 viable HR lines were 
frst designated as putatively transformed. Out of these lines, the three 
showing the most vigorous growth on solid medium after 5–7 subcul-
tures, namely NB-R, 43-R, and 43-H, originating from a root explant 
of carrot ‘Night Bird’ F1, a root explant of carrot 43, and a hypocotyl ex-
plant of carrot 43, respectively, were selected for molecular confrmation 
of transformation and further experiments. 

Extraction of DNA and RNA, and PCR analysis 
Genomic DNA and RNA from 100 mg of tissue were extracted with a 
DNeasy Plant Mini Kit and RNeasy Plant Minikit (Qiagen,Venlo,The 
Netherlands), respectively, according to the manufacturer’s instructions. 
DNA and RNA yield and purity were determined by a Nanodro™ 1000 
spectrophotometer (Thermo Fisher Scientifc Inc.,Waltham, MA, USA). 
RNA integrity was verifed on agarose gels. Purifed RNA was stored 
at –80 °C. Subsequently, 1 µg of RNA was treated with Amplifcation 
Grade DNase I  (Sigma–Aldrich Co.) and cDNA synthesized using an 
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA), as recom-
mended by the supplier. All PCRs using gDNA or cDNA were per-
formed using Ex Taq polymerase (Takara Bio Inc., Kusatsu, Japan), as 
recommended by the manufacturer, with addition of 2% (v/v) DMSO 
in the fnal reactions. Primers targeting rolB, aux1, and aux2 were used as 
indicators of the presence of TL- and TR-DNA, respectively (Lütken et al., 
2012). Primers targeting VirD2 were used to detect any residual bacteria 
remaining on the hairy roots. Primers targeting carrot DcActin1 was used 
as a control (Wang et al., 2016; Barba-Espín et al., 2017). With the ex-
ception of rolA-D, where annealing temperatures were 1 min at 55.6 °C, 
the PCR conditions were as follows: 4 min at 94 °C, 35 cycles of [30 s 
94 °C, 1 min 60 °C, 45 s 72 °C], and 72 °C at 7 min. Primer pairs were 
evaluated for PCR and quantitative real-time PCR (RT-qPCR) analyses. 
The primer nucleotide sequences are specifed in Supplementary Table 
S1 at JXB online). 

Quantitative real-time PCR analyses 
RT-qPCR was performed using SsoAdvanced™ Universal SYBR® 

Green Supermix according to the manufacturer’s instructions (Bio-Rad) 
with a CFX Connect™ Real-Time PCR Detection System (Bio-Rad). 
Analyses of primer temperature optimization, melting curves, standard 
curves for primer pair efciencies, Cq values, and normalized expression 
(ΔΔCq) in addition to reference primer pair selection were conducted 
using CFX Maestro Software (Bio-Rad). Specifc RT-qPCR settings and 
efciencies for primers targeting rolA–rolD (Lütken et al., 2012) and ref-
erence genes (Wang et al., 2016) are available in Supplementary Table S2. 
The experimental design included three technical replicates and three 
biological replicates. Negative and non-reverse transcription controls 
were included where relevant.The RT-qPCR assay was duplicated in full 
from the level of HR cultures. 

Cultivation in liquid cultures and ethephon application 
The culture conditions consisted of 12 h light (140 µmol m–2 s–1)/12 h 
darkness (20  °C/18  °C) on an oscillatory shaker at 100  rpm (Innova 
4430, New Brunswick Scientifc).The HR inoculum (0.3–0.35 g FW of 
a 1 week pre-culture) was transferred to 250 ml glass Erlenmeyer fasks 
containing 100 ml of liquid MS at diferent strengths (1/4 MS, 1/2 MS, 
and full MS), where a time-course analysis of biomass accumulation and 
anthocyanin content was conducted over a 4 week period. Subsequently, 
based on the highest yield obtained in 1/2 MS, this medium was chosen 
for investigating the efect of ethephon (Sigma–Aldrich Co.).A 100 mg 
ml–1 ethephon (Sigma–Aldrich Co.) stock solution was prepared and 
added to HR cultures in 1/2 MS medium at day 0 or 10, resulting in fnal 
concentrations of 50 mg l–1 and 200 mg l–1 for both days of application. 

The whole HR from each fask (biological replicate) was collected 
at diferent time points (0, 5, 10, 15, 21, and 28 d), then washed, blotted, 
weighed, frozen in liquid nitrogen, and stored at –80 °C until further ana-
lysis.The experimental design included at least fve biological replicates. 

Determination of total monomeric anthocyanin content (TMAC) 
HRs were homogenized in a 3% sulfuric acid solution (1:1,w/w),using a 
Waring® two-speed commercial blender (VWR, Bie & Berntsen, Herlev, 
Denmark). Subsequently, the generated homogenate was thoroughly 
mixed with distilled water (1:2, w/w).After 1 h incubation at room tem-
perature, the mix was centrifuged for 20 min at 4000 g. The supernatant 
(extract) was used to determine the TMAC according to the pH diferen-
tial method with slight modifcations (Barba-Espín et al., 2017). In brief, 
the HR extract was diluted in 0.2 M KCl–HCl pH 1 (1:20, v/v), and 
the absorption of the mix was registered between 700 nm and 350 nm 
using a UV-visible spectrophotometer (Thermo Scientifc Evolution™ 
220,Waltham, MA, USA).TMAC was calculated as cyanidin-3-glucoside 
equivalents. 

Extraction procedure and sample preparation for ultra-high 
performance liquid chromatography-photodiode array detector 
mass spectrometry (UPLC-PDA-TOF MS) 
HRs were freeze-dried for 24 h using a ScanVac Freeze Dryer CoolSafe 
4 Touch (LaboGene, Alleroed, Denmark). Subsequently, the dried ma-
terial was ground into powder using a mortar. Upon an initial extraction 
screening on a composite HR sample (data not shown), the following 
high extraction efciency protocol was established: 50 mg of the HR 
powder was extracted twice in 1.5  ml of a 50% methanol (HPLC 
grade, Chemsolute®, Roskilde, Denmark) solution with 1% formic 
acid (Chemsolute®), and once in 1 ml of the same solution.The extract 
was then vortexed, sonicated, and centrifuged for 10  min at 10 000 g 
(Hettich® MIKRO 120 centrifuge,Thermo Fisher Scientifc, MA, USA). 
The supernatant generated in the successive extractions (4 ml) was fl-
tered through Hydrophilic 0.20 µm membrane flters (Millex Samplicity 
Filter, Merck, Darmstadt, Germany) and used for analysis. Extractions 
were carried out on fve biological replicates. A  quality control (QC) 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/advance-article/doi/10.1093/jxb/eraa376/5893278 by R

oyal Library C
openhagen U

niversity user on 19 O
ctober 2020 

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa376#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa376#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa376#supplementary-data
https://academic.oup.com/jxb/advance-article/doi/10.1093/jxb/eraa376/5893278
https://0.3�0.35
https://OD600=0.65


Copyedited by: OUP

  

  

 
 
 
 

 
 

   

 

 
 

 

 

 

 

 

 
 

 

 

 

 
 

 

 
  

 
 

 
  

 

 

 

 

 
   

 
 

 

  

Page 4 of 16 | Barba-Espín et al. 

sample consisting of a pool of equivalent aliquots of the individual ex-
tracts was prepared. 

Identifcation and quantifcation of phenolic compounds by 
UHPLC-PDA-TOF MS 
Polyphenols were identifed and quantifed by means of UHPLC-PDA-
TOF MS. Chromatography was performed on an Acquity UPLC I-Class 
system (Waters Corp., Milford, MA, USA) equipped with a Binary 
Solvent Manager (BSM), a Sample Manager with a Flow Through Needle 
(SM-FTN), and a Column Manager. The system was then coupled to 
a Waters 2998 photodiode array detector (PDA) and a Xevo G2 TOF 
mass spectrometer with an electrospray ionization (ESI) source (Waters 
Corp.). Separation was obtained on an Acquity UPLC BEH C18 column 
(130 Å, 1.7 µm, 2.1 mm×100 mm) (Waters Corp.) maintained at 40 °C. 
The mobile phase consisted of 1% formic acid in water, v/v (eluent A), 
and 1% formic acid in methanol (LC-MS grade, MikroLab Aarhus A/S, 
Hoejbjerg, Denmark), v/v (eluent B).The gradient elution program was 
as follows: 0 min, 1% B; 15 min, 30% B; 25 min, 99% B; 27 min, 99% B; 
27.1 min, 1% B; and 30 min, 1% B. The fow rate was 0.4 ml min–1, and 
the injection volume was 6 µl. QCs were used to monitor technical vari-
ation.All extracts and QC samples were diluted twice with water before 
injection, performed in random order. UV/Vis absorption spectra were 
recorded from 210 nm to 600 nm in steps of 1.2 nm at a sampling rate 
of 5 points s–1. Hydroxycinnamic derivatives (detected at 330 nm) and 
anthocyanins (detected at 520 nm) were quantifed as chlorogenic acid 
and cyanidin-3-O-glucoside equivalents g DW–1, respectively, using ex-
ternal standard calibration curves (Extrasynthese, Lyon, France). 

The full-scan mass spectra were recorded in positive ESI mode for 
all samples and in both positive and negative ionization mode for QCs 
and selected samples, for which MSE data were also obtained.The source 
parameters were as follows: capillary voltage, 2.0 kV; cone voltage, 30 V; 
source temperature, 120 °C; desolvation temperature, 500 °C; cone gas 
fow rate, 50 l h–1; and desolvation gas fow rate, 900 l h–1.The scan range 
was from 100 m/z to 1000 m/z with 0.5 s scan time, a 0.014 s inter-scan 
delay, and 6  eV collision energy. For MSE experiments, function 1, at 
low energy, was registered with a collision energy of 10 eV, and func-
tion 2, at high energy, was acquired with a collision energy ramp from 
10 eV to 50 eV. Data were recorded in centroid mode.All analyses were 
performed using 50 pg µl–1 leucine-enkephalin (Sigma–Aldrich Co.) as 
lockmass introduced by a lockspray at 20 µl min–1 and measured every 
30 s. Compound identifcation was based on comparison with authentic 
standards. If standards were unavailable, a tentative identifcation was re-
ported based on previous literature, retention time consideration, and 
mass spectral data. All operations were controlled by MassLynx version 
4.1 software (Waters Corp., Milford, MA, USA). 

UHPLC-PDA-TOF MS data pre-processing and method 
validation 
LC-UV/VIS-MS data were converted to mzML using msconvert from 
ProteoWizard and imported into R using the R package mzR (Kessner 
et  al., 2008; Chambers et  al., 2012). The UV/VIS traces for 520  nm 
and 330  nm (±2  nm) were extracted and baseline corrected using 
the rollingBall algorithm in the baseline package (Liland et  al., 2010). 
The CentWave algorithm in XCMS (Smith et  al., 2006; Tautenhahn 
et  al., 2008) was used to detect all untargeted peaks; subsequently, 33 
pre-specifed peaks (specifed by retention time and wavelength) were 
selected. The integration for each peak was then manually inspected 
graphically. 

The LC-UV/VIS analytical method developed for the quantitative 
analysis of anthocyanins and hydroxycinnamic acid derivatives was valid-
ated in terms of linearity, limit of detection (LOD), limit of quantitation 
(LOQ), precision (intraday and interday repeatability tests), and accuracy. 
The linearity of calibration curves for chlorogenic acid and cyanidin-3-
O-glucoside was evaluated by the coefcient of determination (R2) and 
the residuals of the ftted regression models. A weighted linear regres-
sion within the working concentration range (0.2–370 mg l–1) was used 

(R2>0.99).The low end of the concentration range (0.2–5 mg l–1) em-
ployed a standard linear regression model and was used to establish LOD 
and LOQ.The intraday and interday precision were evaluated by repeated 
injections of samples and standards performed on the same days and on 
diferent days, respectively, during data acquisition. QC samples, used to 
monitor technical variation, were analysed along the entire sequence.The 
coefcient of variation for all experiments did not exceed 10%.Accuracy 
was determined by the addition of standards at two concentrations into 
three diferent samples, which resulted in average recoveries of 92–102%. 

Determination of antioxidant enzyme activity 
Enzyme extractions were performed according to Acosta-Motos et  al. 
(2017). In brief, HR samples were homogenized (1:2, w/v) in 50 mM 
Tris–acetate bufer containing 0.1 mM EDTA, 2 mM cysteine, and 0.2% 
(v/v) Triton X-100 (pH 6.0).The extracts were centrifuged for 15 min 
at 10 000 g (Hettich Mikro 120, Fisher Scientifc, Pittsburgh, PA, USA). 
Finally, the supernatant was fltered on Sephadex G-25 NAP columns 
according to the manufacturer’s instructions (GE Healthcare, Chicago, IL, 
USA).The protein concentration was determined according to Bradford 
(1976), and the activities of catalase (CAT), peroxidase (POD), superoxide 
dismutase (SOD), and GST were assayed as described by Clemente-
Moreno et  al. (2009) and Barba-Espin et  al. (2012). The analyses were 
conducted using a UV/Vis V-630 Bio spectrophotometer (Jasco,Tokyo, 
Japan). 

Statistical analysis 
All analyses were done with at least fve biological replicates (inde-
pendent HRs), except for RT-qPCR, in which case three biological 
replicates were included. All experiments were conducted independ-
ently twice. Data were expressed as the mean ±SE. Statistical analyses for 
qPCR were done in CFX Maestro (Bio-Rad) using one-way ANOVA 
followed by Tukey’s post-hoc test (P≤0.05). For the rest of the analyses, 
the Statistical Package for the Social Sciences (SPSS Statistics 19.0, IBM 
Corp., Armonk, NY, USA) was used, and one-way ANOVA was per-
formed followed either by Tukey’s post-hoc test or by Student’s t-test for 
pairwise comparisons (P≤0.05). 

Results and discussion 

Establishment and selection of black carrot hairy 
root lines 

An efcient transformation procedure in black carrots was es-
tablished by screening R.  rhizogenes-mediated transformation 
efciencies in four cultivars and two explant types—taproot 
discs and hypocotyl segments (Fig. 1). Ninety-two HRs were 
isolated and classifed as putatively transformed due to their 
characteristic phenotype (Tepfer, 1984). Transformation ef-
ciencies were higher for taproot than for hypocotyl explants, 
ranging from 26% (for cv. 44) to 85% (for ‘Night Bird’ F1). In 
contrast, the frequencies of the HRs from hypocotyls were not-
ably lower, displaying values between 3.7% (for ‘Deep Purple’ 
F1) and 12% (for cv. 43).This is in contrast to earlier fndings 
in which young tissues, such as hypocotyls, young leaves, and 
cotyledons, provided high transformation frequencies (Sevón 
and Oksman-Caldentey, 2002). On the other hand, transform-
ation frequency was in the range of that observed by Baranski 
et  al. (2006) upon a broad comparison of 12 Western carrot 
genotypes and four R. rhizogenes strains. Figure 2 shows the de-
velopment of the HRs on explants and the subsequent transfer 
to axenic culture. Interestingly, a number of the HR cultures 
displayed the presence of bacterial and fungal contaminants 
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Fig. 1. Hairy root formation frequency (%) on taproot (T) and hypocotyl 
(H) explants from four black carrot cultivars (43, 44, ‘Deep Purple’ F1, and 
‘Night Bird’ F1). Percentages represent the number of hairy root clusters 
per hundred explants. Error bars represent the SE of two independent 
transformation experiments. 

Axenic culture 

Contaminated 

T H T H T H T H 

Fig. 2. Representative pictures of hairy root emergence and growth 
performance on 1/2 MS solid medium. Line NB-R, originated from a carrot 
disc explant 3 weeks after Rhizobium rhizogenes inoculation (A), was 
excised and transferred onto BM (B). After 3 weeks of culture on 1/2 MS 
medium, hairy roots incubated in darkness displayed weaker pigmentation 
(C) compared with hairy roots incubated under a 12 h photoperiod (D). 
(This fgure is available in colour at JXB online.) 

(Fig. 1). In a parallel study, these contaminants were identifed 
as culturable endophyte species (unpublished results), which 
supports recent fndings regarding endophyte abundance in 
carrot (Nan et al., 2019;Abdelrazek et al., 2020). 

Among the HR lines generated, lines NB-R, 43-R, and 
43-H—originating from a root explant of ‘Night Bird’, a 
root explant of 43, and a hypocotyl explant of 43, respect-
ively—were selected on the basis of their prolifc growth and 
branching growth habit in Petri dishes.These HR lines were 
confrmed to be transformed by PCR (Fig. 3) and then selected 
for further experiments in glass Erlenmeyer fasks. Integration 
of TL-DNA in the three lines was verifed by the detection of 
rolB and the absence of virD2, which is located on the pRiA4 
plasmid but not in the transferred region. Interestingly, none 
of the selected HR lines contained aux genes, which belong 
to TR-DNA (Fig. 3). This was previously observed in carrot 

rolB 

DcActin 

aux1 

aux2 

virD2 

Fig. 3. PCR fragments of rolB, aux1, aux2, DcActin, and VirD2 in the 
carrot hairy root lines NB-R, 43-R, and 43-H. (–), negative control (water); 
(+), positive control (pRiA4). 

transformed with diferent R. rhizogenes strains, where a ma-
jority of the HR lines generated did not contain TR-DNA 
(Capone et al., 1989). Similarly, root cultures of cofee showed 
no integration of TR-DNA among 55 tested root lines (Alpizar 
et al., 2008). 

Infuence of medium strength on hairy root growth and 
anthocyanin content 

The impact of MS medium strengths, namely 1/4, 1/2, and 
full MS, was evaluated on the growth and TMAC of the three 
HR lines cultivated for a 12  h photoperiod over a 4 week 
period (Fig. 4). Incubation in darkness was not included as it 
provided similar biomass accumulation but low or absent pig-
mentation (Fig. 2C). Similarly, Abbasi et al. (2007) reported a 
light-enhanced accumulation of anthocyanin in HR cultures 
of Echinacea purpurea. In our study, a growth kinetic resembling 
a sigmoidal curve was displayed in the three HR lines grown 
in diferent media, where an initial lag phase was followed by 
a log phase and, fnally, a plateau phase at day 21 (Fig. 4A–C). 
The biomass achieved was higher in 1/2 and full MS (Fig. 4B, 
C) than in 1/4 MS (Fig. 4A). Nevertheless, medium strength 
did not show a drastic efect on HR growth, which supports 
earlier observations that HRs are less susceptible to changes 
in medium strength than cell suspension and callus cultures 
(Sáenz-Carbonell et al., 1997; Giri et al., 2001).At day 28, line 
43-H in 1/2 MS reached the highest yield, displaying increases 
of 28.9% and 39.3% with respect to the corresponding yields 
of 43-R and NB-R.The 25- to 30-fold increases in biomass 
in the course of 28 d were higher than those published in HRs 
from orange carrot (Kondo et al., 1989; Baranski et al., 2006; 
Sircar et  al., 2007), and they are in the range of the highest 
yields obtained in fasks (e.g. Rubia akane; Park and Lee, 2009) 
and in bioreactors (e.g. Panax ginseng;Yu et al., 2005). 

In contrast to its minor efect on biomass, medium strength 
strongly infuenced anthocyanin production (Fig.  4D-F). 
Overall, HRs grown in 1/4 and 1/2 MS displayed a typ-
ical S-shaped anthocyanin production curve, although 
TMAC was moderately higher in 1/2 MS, in which case 
the levels were 4- to 6-fold higher than those in full MS. 
This discrepancy may be due to excess nutrition in the latter 
medium (Yin et al., 2013). Comparable results were also re-
ported by Yu et  al. (2000), who found that lower medium 
strengths favoured ginsenoside accumulation, whereas max-
imum biomass was obtained in full MS. Maximum TMAC 
(3.03±0.10 mg g–1 DW) was achieved in line 43-R at day 28 
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Fig. 4. Biomass accumulation (g DW l–1) and total monomeric anthocyanin content (TMAC) of the selected hairy root lines in 1/4 MS (A, D), 1/2 MS (B, 
E), and full MS (C, F) liquid media over a 4 week period. Data represent the mean ±SE, n=5. 

(Fig. 4E). Overall, the similar S-shaped curves of biomass and Untreated 

anthocyanin production indicate that there was not a clear Ethephon added at day 0  

separation in time between biomass formation and the func- Ethephon added at day 10 

tioning of secondary metabolism, as reported in two-step in 
12vitro production systems (Guerriero et al., 2018). Altogether, 

the cultivation of HR in 1/2 MS was found to be suitable for 10 

both biomass and anthocyanin accumulation. 
8 
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an anthocyanin elicitor was previously reported in taproots 
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ethephon treatment was observed. Similarly, ethephon in-
creased the betalain contents of beetroot, with no detrimental 
efect on root size (Barba-Espin et al., 2018). Anthocyanin ac-
cumulation was also enhanced 3-fold in tartary buckwheat 
HRs treated with ethephon (Li et  al., 2017). In the present 
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work, the capacity of ethephon as an anthocyanin elicitor was 
tested in 1/2 MS medium. First, two ethephon concentrations 
(50 mg l–1 and 200 mg l–1) and two application times (day 0 or 
10) were tested in line 43-H, and their efect was analysed at 
the end of the 28 d period (Fig. 5).The lower concentration 
did not change biomass or anthocyanin content when added 
either at day 0 or day 10. In contrast, 200 mg l–1 ethephon 
triggered a distinct response as a function of the application 
time: when applied at day 0, ethephon decreased both DW 
and TMAC by 40% and 20%, respectively, whereas application 

0 

Ethephon 

[mg L-1] 

Fig. 5. Effect of ethephon concentration (50 mg l–1 or 200 mg l–1) and 
time of application (day 0 or 10) on the g DW l–1 and total monomeric 
anthocyanin content (TMAC) of hairy roots of 43-H measured at day 28. 
Different letters indicate statistical signifcance according to Tukey’s test 
(P≤0.05). Data represent the mean ±SE, n=5. 
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at day 10 increased TMAC by 65% with no detrimental ef-
fect on the biomass (Fig.  5). The importance of the age of 
the culture in elicitation was previously shown in HR cul-
ture of Whitania somnifera (Sivanandhan et al., 2013) and in cell 
cultures of Catharanthus roseus (Namdeo et al., 2004; Gautam 
et  al., 2011), where earlier applications of elicitor negatively 
afected bioactive compound accumulation.This phenomenon 
can be explained by a less efcient enzymatic machinery and, 
thereby, a reduced elicitor response in early phases of growth 
(Kombrink et al., 1986;Vasconsuelo et al., 2003). 

A 
43-H 

Monitoring anthocyanin and phenolic composition in 
ethephon-treated hairy root 

Based on the results in the above-mentioned analyses, 200 mg 
l–1 ethephon applied at day 10 was chosen for further experi-
ments, and its efect was monitored during the growth of lines 
43-R, 43-H, and NB-R. Ethephon-treated HRs displayed 
a more intensive and uniform pigmentation (Fig.  6A), par-
ticularly on the abaxial surface. Such diferential colouration 
may relate to the diferent light prevalence throughout the 
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Fig. 6. Effect of ethephon on anthocyanin accumulation in 43-H, 43-R, and NB-R hairy root lines. (A) Image of untreated and 200 mg l−1 ethephon-
treated hairy roots at day 28. (B) Total anthocyanins based on quantifcation of individual anthocyanin forms by UPLC-PDA. Data represent the mean 
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(P≤0.05). (This fgure is available in colour at JXB online.) 

https://academic.oup.com/jxb/advance-article/doi/10.1093/jxb/eraa376/5893278


Copyedited by: OUP

  

  

 

 
 

 

 
 

 

 

 

 

 

 

 
 

 

 
 

 
 

 

 

  

Page 8 of 16 | Barba-Espín et al. 

HR, given that light is one of the main factors stimulating 
anthocyanin biosynthesis (Toguri et  al., 1993; Chalker-Scott, 
1999). No signifcant changes in biomass were found between 
ethephon-treated and untreated HRs at any sampling point 
(data not shown). 

Anthocyanins and other phenolic compounds were identi-
fed by UHPLC-PDA-TOF MS in samples of the three HR 
lines in response to the ethephon treatment. In total, nine 
anthocyanin compounds were characterized based on accurate 
mass and fragmentation patterns, retention time, and com-
parison with previous literature (Table 1; Figs 7, 8).Two non-
acylated (peaks A1 and A2) and fve acylated (peaks A3˗A7) 
cyanidin-based forms were found, as reported in black carrot 
taproot (Kammerer et al., 2003; Montilla et al., 2011; Algarra 
et  al., 2014). The characteristic fragment at m/z 287, corres-
ponding to cyanidin aglycone, confrmed the assignment.Two 
other anthocyanins, present in trace amounts, were tentatively 
assigned (peak A8) as peonidin 3-xyloxyl(sinapoylglucosyl) 
galactoside (m/z 963) and peonidin 3-xyloxyl(feruloylglucosyl) 
galactoside (m/z 933), for which the characteristic peonidin 
aglycone fragment at m/z 301 was detected. Based on the 
abundance of each individual anthocyanin form, the total 
anthocyanin content was calculated over the 4 week period 
(Fig.  6B). Compared with untreated HRs, the mean antho-
cyanin content was higher in the elicited HRs of the three 
lines at days 15, 20, and 28. In 43-R, the total anthocyanin con-
tent reached an 82% increase upon elicitation at day 28. The 
corresponding increase in 43-H at day 28 was 75%. In NB-R, 
however, the most pronounced diference between treated and 
untreated HRs was found at day 15 (45%), and this diference 
decreased to 16% by day 28. Compared with anthocyanin de-
termination by TMAC measurement (Figs 4E, 5), MS quan-
tifcation provided higher concentrations, and the diferences 
between methods ranged from 25% to 30% (data not shown). 
Such diferences can be attributed to a higher extraction ef-
ciency of samples for UHPLC-PDA-TOF MS. 

The percentage of acylated forms (peaks A3–A8) increased 
over time in both treated and untreated HRs, as occurs during 
black carrot taproot development (Barba-Espín et  al., 2017). 
At day 28, acylated forms ranged from 78% (untreated 43-H) 
to 84% (treated NB-R) (data not shown), which contrasts 

with the 50–60% prevalence in mature black carrot taproots 
(Montilla et  al., 2011; Algarra et  al., 2014; Barba-Espín et  al., 
2017).This highlights the potential applicability of black carrot 
HRs in colourant production, as acylated anthocyanins show 
increased stability in downstream applications (Giusti and 
Wrolstad, 2003; Fenger et al., 2019). 

The most prevalent anthocyanin in black carrot taproot cor-
responds to cyanidin 3-xylosyl(feruloylglucosyl)galactoside 
(Kammerer et al., 2003), which was the major acylated antho-
cyanin detected in lines 43-H and NB-R. Conversely, cyanidin 
3-xylosyl(sinapoylglucosyl)galactoside (peak A5) was the most 
abundant form in 43-R, and the level increased by >133% in 
elicitor-treated HRs compared with untreated HRs (Fig. 7). 
This indicates diferential regulation in response to ethephon 
among HR lines, even though 43-H and 43-R originated 
from the same carrot cultivar. However, the mechanisms that 
determine changes in the anthocyanin composition pattern in 
black carrot have not yet been clarifed. 

Regarding non-anthocyanin phenolic compounds, 
24-hydroxycinnamic acid derivatives were identifed based on 
accurate mass and fragmentation patterns, retention time, and 
comparison with previous literature in black carrot (Alasalvar 
et  al., 2001; Kammerer et  al., 2004; Ceoldo et  al., 2009) 
(Table 2; Supplementary Tables S3, S4; Figs 9, 10). Individual 
phenolic compounds difer considerably in their contribution 
to total antioxidant capacity (Goupy et al., 2003; Sroka et al., 
2003). Most importantly, hydroxycinnamic acid derivatives 
contribute to anthocyanin stability in black carrot by inter-
molecular co-pigmentation (Cortez et  al., 2016). Based on 
the content of individual hydroxycinnamic compounds, the 
total hydroxycinnamic acid content was calculated (Fig.  9). 
The levels reached were in the range of the highest phen-
olic contents reported to date in black carrot (Algarra et  al., 
2014; Barba-Espín et  al., 2017), and an order of magnitude 
greater than the anthocyanin contents reported in this study 
(Fig. 6B). Ethephon elicitation increased the hydroxycinnamic 
compound content solely in NB-R, reaching 64.2±2.28 mg 
g–1 DW and 52.6±1.93 mg g–1 DW in treated and untreated 
HRs, respectively (Fig. 9). 

Among hydroxycinnamic acids, chlorogenic acid was the 
major compound in NB-R (peak P2), as reported in black 

Table 1. Identifcation of anthocyanins in the hairy root extracts of lines 43-H, 43-R, and NB-R by LC-MS in positive ESI mode 

Peak no. Rt (min) Tentative identifcation Exact Measured ∆m Major 
mass (m/z) mass (m/z) (ppm) fragments 
[M]+ [M]+ 

A1 8.30 Cyanidin 3-xylosyl(glucosyl)galactoside 743.2035 743.2024 1.5 287.0567
 A2 8.80 Cyanidin 3-xylosylgalactoside 581.1506 581.1507 0.2 287.0636 
A3 9.13 Cyanidin 3-xylosyl(caffeoylglucosyl)galactoside 905.2352 905.2346 0.7 287.0567 
A4 10.06 Cyanidin 3-xylosyl(hydroxybenzoylglucosyl) 863.2246 863.2272 3.0 287.0567 

galactoside 
A5 10.36 Cyanidin 3-xylosyl(sinapoylglucosyl)galactoside 949.2614 949.2614 0.0 287.0550 
A6 10.80 Cyanidin 3-xylosyl(feruloylglucosyl)galactoside 919.2508 919.2504 0.4 287.0550 
A7 11.10 Cyanidin 3-xylosyl(coumaroylglucosyl)galactoside 889.2402 889.2368 3.8 287.0580 
A8 11.45 Peonidin 3-xylosil (sinapoylglucosyl) galactoside 963.2765 963.2791 2.7 301.0726 

Peonidin 3-xylosil (feruloylglcucosyl) galactoside 933.2659 933.2627 3.4 301.0726 
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Fig. 7. Anthocyanin composition monitored in untreated and 200 mg l–1 ethephon-treated hairy roots of 43-H, 43-R, and NB-R. Anthocyanin 
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Fig. 8. Typical LC-UV/VIS trace of anthocyanins in black carrot hairy roots recorded at 520 nm. Peak identifcation (A1–A8) is shown in Table 1. 

Table 2. Identifcation of hydroxycinnamic acid derivatives in the hairy root extracts of lines 43-H, 43-R, and NB-R by LC-MS in negative 
ESI mode 

Peak no. Rt (min) Tentative Exact mass Measured ∆m Major fragments 
identifcation (m/z) [M-H]- mass (m/z) (ppm) 

[M-H]-

P1 4.38 Caffeoyldaucic acid 365.0514 365.0522 2.2 203.0173 [M-caffeoyl-H]–, 731.1066 [2M-H]– 

P2 6.39 Chlorogenic acida 353.0878 353.0870 2.3 191.0530 [M-caffeoyl-H]–, 707.1830 [2M-H]– 

P3 7.17 Caffeoylhexoside 341.0878 341.0858 5.9 179.0354 [M-hexose-H]– 

P4 7.75 Feruloylhexoside 355.1034 355.1029 1.4 193.0511 [M-hexose-H]–, 175.0394 [M-hexose-H2O]– 

P5 8.51 Sinapoylhexoside 385.1140 385.1130 2.6 223.0605 [M-hexose-H]–, 205.0490 [M-hexose-H2O]– 

P6 8.81 Caffeoylquinic acid 353.0878 353.0829 13.9 191.0519 [M-caffeoyl-H]– 

P7 9.97 Feruloylquinic acid 367.1034 367.1016 4.9 191.0528 [M-feruloyl-H]–, 735.2131 [2M-H]– 

P8 11.88 Caffeoyldaucic acid 365.0514 365.0507 1.9 203.0180 [M-caffeoyl-H]–, 185.0087 [M-caffeoyl-
water-H]–, 731.1066 [2M-H]– 

P9 12.10 Feruloylquinic acid 367.1034 367.1027 1.9 191.0548 [M-feruloyl-H]– 

P10 14.06 Unknown – – – – 
P11 14.37 Dicaffeoylquinic acid 515.1195 515.1191 0.8 353.0880 [M-caffeoyl-H]– 

P12 14.78 Feruloyldaucic acid derivative – – – 379.0658 [feruloyldaucic acid-H]– 

P13 15.50 Dicaffeoyldaucic acid 527.0831 527.0807 4.6 365.0494 [M-caffeoyl-H]–, 203.0170 [M-(2*caffeoyl)-H]– , 
185.0086 [M-(2*caffeoyl)-water-H]– 

P14 16.40 Dicaffeoylquinic acid 515.1195 515.1158 7.2 353.0838 [M-caffeoyl-H]– 

P15 16.97 Caffeoylferuloyldaucic acid 541.0987 541.0975 2.2 379.0650 [M-caffeoyl-H]–, 365.0500 [M-feruloyl-H]– , 
203.0199 [M-caffeoyl-feruloyl-H]–, 185.0107 [M-caffeoyl-
feruloyl-water-H]–, 179.0346 [caffeic acid-H]– 

P16 17.23 Caffeoylsinapoyldaucic acid 571.1093 571.1118 4.4 409.0792 [M-caffeoyl-H]–, 203.0191 [M-caffeoyl-
sinapoyl-H]–, 185.0091 [M-caffeoyl-sinapoyl-water-H]– 

Dicaffeoyldaucic acid 527.0831 527.0834 0.6 365.0509 [M-caffeoyl-H]–, 203.0191 [M-(2*caffeoyl)-H]– , 
185.0091 [M-(2*caffeoyl)-water-H]– 

P17 17.40 Caffeoylferuloyldaucic acid 541.0987 541.0988 0.2 379.0675 [M-caffeoyl-H]–, 203.0204 [M-caffeoyl-
feruloyl-H]–, 185.0093 [M-caffeoyl-feruloyl-water-H]– 

Caffeoylsinapoylquinic acid 559.1457 559.1461 0.7 397.1143 [M-caffeoyl-H]– 

P18 17.61 Caffeoylferuloylquinic acid 529.1351 529.1326 4.7 353.0846 [M-feruloyl-H]– 

P19 17.78 Dicaffeoylquinic acid 515.1195 515.1187 1.6 353.0872 [M-caffeoyl-H]– 

P20 17.99 Diferuloyldaucic acid 555.1144 555.1136 1.4 379.0675 [M-feruloyl-H]–, 193.0504 [M-feruloyldaucic 
acid-H]– 

P21 18.17 Feruloylsinapoylquinic acid 573.1613 573.1604 1.6 397.1151 [M-feruloyl-H]– 

P22 18.29 Diferuloyl quinic acid 543.1508 543.1492 2.9 367.0995 [M-feruloyl-H]– 

P23 18.50 Caffeoylferuloyl quinic acid 529.1351 529.1346 0.9 367.1011 [M-caffeoyl-H]–, 353.0854 [M-feruloyl-H]– 

P24 18.73 Unknown – – – – 
P25 20.34 Unknown – – – – 
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Peaks correspond to those indicated in Fig. 10. 
HRMS data along with neutral loos information were used for the identifcation of hydroxicinnamic acid derivatives (common neutral losses used for the 
identifcation of the sugar moiety and acyl groups were: caffeoyl, m/z 162.0317; hexose, m/z 162.0528; feruloyl, m/z 176.0473; sinapoyl, m/z 206.0579). 
a Peak was identifed by matching the retention time and m/z value with the authentic standard. 

https://academic.oup.com/jxb/advance-article/doi/10.1093/jxb/eraa376/5893278
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Fig. 9. Accumulation of hydroxycinnamic acid derivatives in untreated and 200 mg l-–1 ethephon-treated hairy roots of 43-H, 43-R, and NB-R over a 
4 week period. Data represent the mean ±SE, n=5. Asterisks indicate signifcant differences between untreated and treated samples for each pairwise 
comparison according to Student’s t-test (P≤0.05). 
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Fig. 10. Typical LC-UV/VIS trace of non-anthocyanin phenolic compounds in black carrot hairy roots recorded at 330 nm. Peak identifcation (P1–P25) is 
shown in Table 2. 

carrot taproot (Alasalvar et al., 2001; Kammerer et al., 2004), 
whereas the predominant phenolic acid in 43-H and 43-R 
consisted of dicafeoyldaucic acid (peak P13) (Table  2; 
Supplementary Table S4). Among the most abundant com-
pounds observed, namely chlorogenic acid (peak P2), 
dicafeoyldaucic acid (peak P13), dicafeoylquinic acid (peak 
P14), cafeoylferuloyldaucic acid and cafeoylsinapoylquinic 
acid (joint elution in peak P17), and cafeoylferuloylquinic 
acid (peak P18), NB-R displayed remarkable increases upon 
elicitation for peaks P13, P14, P17, and P18 (35, 31, 62, and 
81%, respectively) (Table  2; Supplementary Table S4). For 
43-H, only chlorogenic acid increased in treated HRs, from 
4.88±0.14 mg g–1 DW to 6.30±0.83 mg g–1 DW. In com-
parison, the same compound in 43-R decreased by 31% upon 
elicitation. Taken together, it seems that, in addition to the 
efect of carrot genotype (Baranski et  al., 2006), individual 
transformation events within the same genotype may lead to 
distinct patterns of secondary metabolites. 

Antioxidant enzyme activities over time and in 
response to ethephon 

The activity of the main antioxidant enzymes was studied in 
the HRs in order to correlate changes in these enzymes with 
changes in growth and anthocyanin accumulation (Fig.  11). 
The plant antioxidant system is composed of enzymatic and 
non-enzymatic components and is responsible for maintaining 
a tight balance between ROS production and scavenging 
(Mittler et al., 2002).Among the enzymatic components, SOD 
generates H2O2 from superoxide radicals (O2·

–), whereas CAT 
and peroxidases catalyse the scavenging of H2O2 (Mittler 
et  al., 2002; Díaz-Vivancos et  al., 2010). In addition to their 
role as detoxifers of diverse exogenous substrates, multiple 
GST enzymes display glutathione peroxidase activity, thus 
these GSTs participate in antioxidative metabolism by re-
ducing lipid hydroperoxides and scavenging H2O2 (Bartling 
et al., 1993; Dixon et al., 2009). Importantly, certain GSTs are 

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa376#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraa376#supplementary-data
https://6.30�0.83
https://4.88�0.14
https://academic.oup.com/jxb/advance-article/doi/10.1093/jxb/eraa376/5893278
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Fig. 11. Antioxidant enzyme activities monitored in untreated and 200 mg l–1 ethephon-treated hairy roots of 43-H, 43-R, and NB-R. Data represent the 
mean ±SE, n=5. Asterisks indicate signifcant differences between untreated and treated samples for each pairwise comparison according to Student’s 
t-test (P≤0.05). 

necessary for efcient anthocyanin transport from the cyto-
plasm into permanent sequestration in the vacuole (Edwards 
et al., 2000; Behrens et al., 2019).The increased GST activity 
observed over time and in response to ethephon elicitation 
in the three HR lines (Fig. 11A) may therefore correlate to 
anthocyanin accumulation in the vacuole. In 43-H, the GST 
activity increased from 2.03±0.06 µmol min–1 mg protein–1 at 
day 0 to 14.38±0.59 and 11.09±0.88 µmol min–1 mg protein–1 

at day 28 in ethephon-treated and untreated HRs, respectively. 
Nevertheless, it seems that GSTs involved in transportation do 
not catalyse anthocyanin glutathionation, but rather bind re-
versibly to anthocyanins, acting as carrier proteins (Zhao et al., 
2015; Behrens et al., 2019).The increase in SOD activity over 
time (Fig. 11B) would result in H2O2 production. In this sense, 
expression of rol genes has been associated with an oxidative 
burst leading to increased secondary metabolite production in 
Rubia cordifolia (Bulgakov et  al., 2008). Moreover, biotic and 

abiotic elicitation has been found to stimulate the antioxi-
dant system via an oxidative burst in HRs of diferent species 
(Goel et al., 2011). In the present study, such a defence response 
against a hypothetical ROS burst was not refected in a stimu-
lation of POD (Fig. 11C or CAT (Fig. 11D) activities. Instead, 
anthocyanins, as powerful non-enzymatic antioxidants capable 
of directly scavenging ROS (Huda-Faujan et al., 2009), could 
be modulating the excess H2O2 generated by SOD activity. 
In addition, increased GST activity in elicited HRs could be 
related to the glutathione peroxidase activity of certain GSTs 
(Dixon et  al., 2009). Although ROS are mainly produced in 
the cytoplasm, mitochondria, and peroxisome, they can difuse 
across cell membranes, especially H2O2, and enter into vacuoles 
(Yamasaki et al., 1997; Mubarakshina et al., 2010). In vacuoles, 
there is no SOD or CAT, and ROS scavenging relies mainly on 
non-enzymatic antioxidants (Mittler et al., 2004). Moreover, al-
though mostly described as cytosolic proteins, GSTs have been 

https://11.09�0.88
https://14.38�0.59
https://2.03�0.06
https://academic.oup.com/jxb/advance-article/doi/10.1093/jxb/eraa376/5893278
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found to be associated with the vacuole among other organ-
elles (Carter et  al., 2004; Heazlewood et  al., 2004; Zybailov 
et al., 2008). Consequently, anthocyanin and GSTs located in 
the vacuole could be critical in maintaining homeostasis in the 
HRs over time and in response to ethephon. 

Expression analysis of rolA–rolD in hairy roots 

To investigate whether ethephon treatment infuenced the 
expression levels of rol genes, 15-day-old HRs of 43-H and 
43-R were analysed by RT-qPCR. This growth stage was 
used as it was the frst sampling point after ethephon applica-
tion. Transcripts of all four T-DNA-localized rol genes could 
be confrmed; however, none of the rolA-D transcript levels 
was found to respond to the ethephon treatment (Fig.  12). 
Among the transferred genes, rolA, B, and C or their combin-
ation have been found to induce HRs in numerous species, 
including carrot (Shkryl et  al., 2007), and synergistic efects 
of the rol genes on an enhanced production of secondary me-
tabolites have been reported (Giri and Narasu, 2000; Sevón 
and Oksman-Caldentey, 2002; Shkryl et al., 2007). However, it 
remains unknown whether secondary metabolite production 
is linked to diferential expression levels of rol genes. In the 
present study, diferential patterns of secondary metabolism in 
response to ethephon were observed in two lines, 43-H and 
43-R, which both originated from the same carrot cultivar. 
However, this did not correlate with any ethephon-induced 
changes in the transcription of rol genes (Fig. 12). 

Genetic stability of HRs is well known (Georgiev et  al., 
2012; Desmet et al., 2020). In the present study, the expression 
analysis was done >2  years after obtaining the HR lines, in 
parallel with the determination of the antioxidant enzyme ac-
tivities and the anthocyanin and phenolic composition.During 
that time, >30 regular subculturings were done. Moreover, the 
three selected HR lines were maintained for nearly 4 years via 
regular subculturing without measured loss of vigour and pig-
mentation.This suggests that stable HRs of black carrots have 
been developed. 

43-R (U)  43-R (T)    43-H (U)  43-H (T) 

a a 

a a 

a 
a 
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a 
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a a 
a 
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rolA rolB rolC rolD 

Fig. 12. Effects of ethephon treatment on the relative expression of rol 
genes in the hairy roots of lines 43-H and 43-R at day 15. Results are 
expressed relative to untreated 43-R [43-R (U)] as a normalizing sample. 
U, untreated hairy roots; T, 200 mg l–1 ethephon-treated hairy roots. Data 
represent the mean ±SE, n=3. Different letters on the top of columns 
indicate signifcant differences between the treatments and hairy root lines 
for each rol gene according to Tukey’s test (P≤0.05). 

However, Guivarc’h et  al. (1999) reported an unstable 
phenotype and genotype of HRs of D. carota during a 2 year 
follow-up. On the other hand, other authors reported meta-
bolic and genetic stability of C.  roseus (Peebles et  al., 2009) 
and Datura stramonium HRs (Maldonado-Mendoza et al., 1993) 
during 5 years.The longest follow-up of a HR line was in HRs 
of Hyoscyamus muticus which were subcultured during 16 years 
with minor fuctuations of metabolite yield (Häkkinen et al., 
2016). 

Conclusion 

This study has established, for the frst time, anthocyanin-
accumulating HR cultures from black carrot.The superior HR 
lines displayed a 25- to 30-fold biomass increase during the 
course of 28 d, a rate comparable with the highest reported in 
fasks. Ethephon acted as an efcient elicitor of anthocyanin ac-
cumulation in the selected lines, reaching an increase of up to 
82% upon elicitation. An interplay between SOD activity and 
anthocyanin in the maintenance of redox homeostasis is sug-
gested. Moreover, a correlation between anthocyanin content 
and GST could link to the function of the latter as an antho-
cyanin transporter. Beyond the practical implications of black 
carrot HRs as a bio-based system for anthocyanin production, 
this work provides a valuable tool for the study of interactions 
between secondary and antioxidant metabolism in HR growth. 

Supplementary data 

The following supplementary data are available at JXB online. 
Table S1. Annotation, accession numbers, and nucleotide 

sequences of primers to genes used for PCR. 
Table S2. Annotation, accession number, and settings of 

gene-specifc primers used for quantitative real-time PCR 
(RT-qPCR) analyses. 

Table S3. Identifcation of hydroxycinnamic acid derivatives 
in the hairy root extracts of lines 43-H, 43-R, and NB-R by 
LC-ESI/HRMS in positive ionization mode. 

Table S4. Quantifcation of the hydroxycinnamic acid de-
rivatives (µg g–1 DW) as chlorogenic acid equivalents in 
the hairy root extracts of lines 43-H, 43-R, and NB-R by 
UPLC-PDA. 
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responding author, Gregorio Barba-Espín, upon request. 
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