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Abstract
Main conclusion Long-term cultured calli may experience a biosynthetic shift due to the IAA-dependent expression
of the rolA gene, which also affects ROS metabolism.

Abstract The “hairy root” syndrome is caused by the root-inducing Ri-plasmid of Rhizobium rhizogenes, also known as
Agrobacterium rhizogenes. The Ri-plasmid contains genes known as rol genes or root oncogenic loci, which promote root
development. The important implications of the rolA gene from the T-DNA include reduced plant size, resistance to infec-
tions, and the activation of specialised metabolism. Nevertheless, 70lA does not belong to the plast gene group because its
function is still uncertain. Recent investigations have shown two important effects of the rolA gene. First, the production of
secondary metabolites has changed in long-term cultivated rolA-transgenic calli of Rubia cordifolia L. Second, the expres-
sion of both the rolA and rolB genes has a strong auxin-dependent antagonistic effect on reactive oxygen species (ROS)
homeostasis. In this work, we attempted to elucidate two rolA gene phenomena: what caused the secondary metabolism
of long-term cultured calli to change? How does the individual expression of the rolA gene affect ROS homeostasis? We
analysed SNPs in the 5’ untranslated region and coding region of the rolA gene. These mutations do not affect the known
essential amino acids of the RolA proteins. Notably, in the promoter of the rolA gene, an ACTTTA motif for auxin-mediated
transcription factors was identified. Using two separate cell cultures, we demonstrated the strong auxin dependence of rolA
gene expression. The expression of genes involved in ROS metabolism decreased in response to an auxin-mediated increase
in rolA gene expression. Two assumptions can be made. The long-term cultivation of calli may cause changes in the hormonal
state of the culture over time, which may modulate the action of the RolA protein. Moreover, auxin-dependent expression
of the rolA gene led to a decrease in ROS metabolism. It can be assumed that the antagonistic interaction between rolA and
rolB prevents strong rolB-induced auxin sensitivity and oxidative bursts to balance the cell state.
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Introduction

The biodiversity gained through horizontal gene transfer
involves both prokaryotes and eukaryotes (Aubin et al.
2021). Extensive research on the transfer of genes from
Agrobacterium to plants has revealed the possibility of a
symbiotic relationship between plants and agrobacteria.
The “hairy root” syndrome is caused by oncogenes from
the transfer DNA (T-DNA) of the root-inducing Ri-plas-
mid of Rhizobium rhizogenes (also known as Agrobacte-
rium rhizogenes). The T-DNA of the Ri-plasmid contains
genes known as rol genes or root oncogene loci, which
promote root development. A comprehensive examina-
tion of the effects of individual and joint expression of
these genes has proven the biotechnological importance
of rol genes as activators of the specialised metabolism
of medicinal plants (Bulgakov et al. 2011; Vereshchagina
et al. 2014; Sarkar et al. 2018). Furthermore, the stress
resistance of transgenic plants is significantly regulated by
rol genes (Guo et al. 2019; Gutierrez-Valdes et al. 2020;
Pujari and Babu 2022; Veremeichik et al. 2022). Rol genes
have been identified in the genomes of several plant spe-
cies (Matveeva and Otten 2021; Chen et al. 2022). The
significant benefits of rol gene expression on metabolism,
the production of aberrant development, and the rerouting
of roots and other plant organ growth have been shown for
naturally occurring transformants (Desmet et al. 2021).
Owing to the potential to use rol genes to improve the
properties of crop and noncrop-cultured plants, Japan and
a few other countries exempt wild-type Ri-plants from
legal control of genetically modified organisms or GMOs
(Desmet et al. 2020a; Smytch et al. 2021; Philips et al.
2022). Thus, determining the nature and function of the
rol genes in R. rhizogenes is an important field of research.

Among the other rol genes, the function of the rolA
gene is still the most unclear and poorly understood
(Veremeichik et al. 2023a). The rolA gene is the 10th
open reading frame (ORF) of the 18 ORFs of the TL-
DNA, the T-DNA of type II and type III pRi, and the 15th
OREF of type I pRi, according to Hooykaas and Hooykaas
(2021). The rolA gene has cis-regulatory elements, includ-
ing the promoter, 5'- and 3’-UTRs, and polyadenylation
sites, in addition to the coding region (CDS) (Sinkar et al.
1988). The length of ORF10 in various R. rhizogenes
strains ranges from 279-423 bp, according to recent and
past studies of rolA gene structure. The rolA promoter is
thought to be phloem specific (Schmiilling et al. 1989).
Subsequent investigations have shown that the rolA tran-
scripts of Arabidopsis plants contain both 5'- and 3'-UTRs,
with the 5’-UTR displaying traits typical of plant precur-
sor RNA introns that differ between mannopine and agro-
pine pRi (Magrelli et al. 1994). Moreover, the splicing of
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rolA mRNA is necessary for efficient in vivo expression
of the rolA phenotype (Spena and Langenkemper 1997).
Xue et al. (2008) conducted a comparative analysis of rolA
splicing in transgenic tobacco, apple, and Arabidopsis.
The introns ranged in length from 84 to 75 bp, whereas
the 3'-UTR was 549 bp long. The RolA proteins from all
three types of Ri plasmids are small (approximately 100
amino acid residues) and have a high pI (more than 11).
Investigations of the N-terminus of A4-RolA have shown
its essential role in its biological function. Additionally, a
highly hydrophobic region was found (Barros et al. 2003).
Bioinformatics analysis of the RolA protein structure was
performed by Rigden and Carneiro (1999). They consid-
ered it the most appropriate comparative model of RolA on
the basis of the papillomavirus E2 (2bopA) domain struc-
ture. This model suggests that RolA is a DNA-binding
protein or a transcription factor.

RolA may be essential for the biochemical pathways
involved in the development of hairy root symptoms. Plants
with pRi morphology can be classified into two categories:
those with transformed phenotypes (T) and those with super-
transformed phenotypes (T'). T-phenotype plants present
fewer pRi-induced symptoms (Tepfer 1984). The antago-
nism between rolA and rolB is typically the reason for the
smoothing of the traits of pRi-phenotype T. Moreover, one
of the main functions of rolA is to regulate the expression of
rolB. One such instance that produces an antisense message
is the finding of additional rolA transcripts, which span the
whole rolB sequence and have a size range of 2.1-2.8 kb
(Durand-Tardif et al. 1985). The expression of the rolB gene
has been shown to be strongly controlled by the ACTTTA
motif, which binds to transcription factors such as NtBBF1
with Dof domains (Baumann et al. 1999). The expression
of the rolB gene is dose-independently correlated with the
presence of auxin throughout a 48 h period; however, the
expression of this transcription factor is not auxin depend-
ent (Baumann et al. 1999). A possible explanation for the
combined effect on the ROS signalling system has been
presented recently. It was shown that rolB (Veremeichik
et al. 2016) and rolC (Shkryl et al. 2022) are responsible for
the upregulation and downregulation of Rboh gene expres-
sion, respectively. Individual expression of the rolB and
rolC genes also differentially affects the expression of the
ROS scavengers (Bulgakov et al. 2012; Shkryl et al. 2022).
According to Maurel et al. (1991), RolB is known to induce
sensitivity to exogenous auxin, which is followed by necrosis
and growth inhibition (White et al. 1982; Schmiilling et al.
1988). Conversely, rolA gene expression leads to a decrease
in endogenous TAA (Dehio et al. 1993; Bettini et al. 2016).
Knowledge of the ROS steady state is lacking, which makes
it difficult to comprehend how RolA regulates physiological
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activities. Furthermore, it is still unclear how exogenous
auxins control the individual expression of the rolA gene.

In 2000, R. cordifolia rolA-transformed callus cultures
(RA cultures) were obtained (Shkryl et al. 2008). Over the
first 14 years, the expression of the rolA gene showed only
a slight effect on secondary metabolism. Anthraquinone
(AQ) production was three times greater than that in untrans-
formed callus cultures. Nonetheless, a sudden increase in
the AQ content in the RA calli line was observed in 2014
(Veremeichik et al. 2019). The production of AQs increased
to 874 mg/L, which was ten times greater than the AQ con-
tent in the control culture (Veremeichik et al. 2019). Numer-
ous hypotheses have been proposed for the possible causes
of the sudden AQ biosynthesis activation. Among them is
the possibility that changes in the nucleotide sequence of
the rolA oncogene could have occurred during a period of
long-term cultivation. An in-depth analysis of the coding
and cis-regulatory elements of the 70lA gene has revealed a
new direction for research. In the present study, we investi-
gated the effects of IAA on rolA gene expression and ROS
homeostasis in rolA-transformed cells.

Materials and methods
Callus cultivation and auxin treatments

A nontransgenic cell culture of R. cordifolia was previ-
ously obtained from a plant collected in the southern area
of Primorsky Krai, Russia. In this study, the nontransgenic
control culture was denoted by R (Mischenko et al. 1999).
This culture was subsequently transformed via the rolA gene
(GenBank: K03313.1), as previously reported by Bulgakov
et al. (2002), under the control of its own native promoter
(Shkryl et al. 2008). The calli line was identified as RA in
this investigation. For over two decades, R. cordifolia cul-
tures transformed with the rolA gene and the control culture
R have been cultivated under the following conditions: calli
are subcultured every 30 days in the dark on agarized media.
For R calli, 0.5 mg/l 6-benzylaminopurine and 2.0 mg/1
a-naphthaleneacetic acid were added to the media. The
plant growth regulators (PGR)-containing medium used in
this study was called W/BA. Hormone-free media (W0) was
used for cultivating the R. cordifolia rolA-transgenic callus
lines.

Obtaining a genetic construct and transformation
of a cell culture

To obtain the new rolA-harvesting genetic construct,
the rolA gene (GenBank: K03313.1) under the control
of its own native promoter was amplified using primer
pairs listed in Suppl. Table S1. The PCR product and the

pSAT6 cassette vector were digested with Agel and Apal
enzymes (NEB, Ipswich, MA, USA) at 5'-ACCGGT-3' and
5'-GGGCCC-3', respectively, and ligated according to the
manufacturer’s protocol (NEB). The resulting construct,
pSAT6-rolAProm-rolA, was sequenced to check its integ-
rity. Next, the rolAProm-rolA-terminator was transferred
from the pSAT6 vector via the PI-Pspl (NEB) enzyme into
the pPZP-RCS2 expression binary vector containing the
kanamycin resistance gene (nptill) (Tzfira et al. 2005). The
resulting binary vector was subsequently transformed into
Agrobacterium tumefaciens strain EHA105 cells (Hood
et al. 1993) via electroporation (GenePulser, Bio-Rad,
Hercules, CA, USA). The obtained recombinant strain of
Agrobacterium was used for the genetic transformation of
R. cordifolia control cell cultures, as described previously
(Shkryl et al. 2011). A transgenic culture, designated RAN
(Rubia rolA New), was obtained after six months of selec-
tion on kanamycin. The callus cultures were successfully
cultivated on both W/BA and WO media in the dark at
24 °C with 28-day subculture intervals.

HPLC-PDA-MS determination of anthraquinones
(AQs)

The callus extracts for the HPLC assay were prepared by
ultrasonic treatment of dried and ground tissue in 80%
methanol and cleared with a 0.45-pm membrane (Milli-
pore, Bedford, MA, USA).

Both HPLC-PDA and HRMS studies were performed
for AQ determination. An Agilent 1260 Infinity instru-
ment (Agilent Technologies, Santa Clara, CA, USA) fit-
ted with a PDA detector was used for analytical HPLC
metabolite profiling. An analytical Zorbax C18 column
(150 mm, 2.1 mmi.d., 3.5 pm part size; Agilent Technolo-
gies) heated at 40 °C was used as the stationary phase.
A binary gradient with A (0.1% aqueous formic acid)
and B (acetonitrile with 0.1% formic acid addition) was
installed with a flow rate of 0.2 ml/min, starting at 0% B.
The following linear gradient profile was used: 0—35 min
—0-40% B; 40 min — 50% B; 50 min — 100% B. UV/Vis
spectra for each individual peak were captured between
200 and 800 nm using a PDA detector. The wavelength of
430 nm was chosen for recording the chromatograms for
AQ determination. A Shimadzu LCMS-IT-TOF instrument
(Shimadzu, Kyoto, Japan) including a tandem ion trap/
time-of-flight mass spectrometer was used for the high-
resolution MS studies. Electrospray ionisation (ESI) was
used in both positive and negative ion modes. The MS
conditions were as follows: the range of m/z detection was
100-1200, the drying gas (N,) pressure was 150 kPa, the
nebuliser gas (N,) flow rate was 1.5 1/min, the ion source
potential changed from — 3.8 to 4.5 kV, and the interface
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temperature was 200 °C. Additionally, MS? data were col-
lected in automatic mode.

RNA isolation, cDNA synthesis and real-time PCR
DNA and RNA extraction

DNA from fresh and dried tissue of cell cultures was iso-
lated using the SDS buffer method (Chabi Sika et al. 2015).
DNA quality was assessed by gel electrophoresis on a 0.8%
agarose gel in the presence of ethidium bromide. The iso-
lated DNA was diluted 50 times or more. To analyse rolA
and ROS-generated/scavenging gene expression, samples of
R, RA, and RAN cultures were harvested from 30-day-old
cell cultures. For all RT analyses, we used three independ-
ent RNA extractions. Isolation of total RNA and first-strand
cDNA synthesis were carried out as described previously
(Shkryl et al. 2008). All RNA samples were treated with
DNAse (Biolabmix, Novosibirsk, Russia) according to the
manufacturer’s protocol.

Cloning of rolA mutants

The PCR products were obtained from the DNA of the
rolA-transformed cultures with specific primers targeting
the promoter and 3'-untranslated regions of the rolA gene
(Suppl. Table S1). PCR was performed using a kit for the
amplification of complex plant DNA regions using high-
precision and high-throughput Phire polymerase, which also
detects potential mutations and removes PCR errors, and
2X PCR buffer according to the manufacturer’s protocol
(Thermo Fisher Scientific, Waltham, MA, USA). The reac-
tion was carried out in an iCycler amplifier (Bio-Rad Labo-
ratories) programmed for the following reaction conditions:
preliminary denaturation at 95 °C for 3 min; 35 cycles of
95 °C for 30 s, 55 °C for 20 s, and 72 °C for 60 s; and final
elongation at 72 °C for 3 min. For cloning, the PCR prod-
ucts were purified by isolation with a low-melting agarose
gel (Sigma-Aldrich, Burlington, MA, USA) using phenol
extraction (Sambrook et al. 1989). The purified PCR prod-
ucts were cloned and inserted into the pJET vector using
the CloneJET PCR Cloning Kit (Thermo Fisher Scientific),
and the resulting ligation mixture was used to transform the
E. coli Turbo strain (NEB). The sequencing reaction was
performed using the BigDye Terminator Cycle Sequencing
Kit (Applied Biosystems, Woburn, MA, USA) in an iCycler
cycler programmed for the following reaction conditions:
predenaturation at 96 °C for 1 min; 30 cycles of 96 °C for
20 s, 55 °C for 20 s, and 60 °C for 3 min. The sequence was
determined using the ABI 3500 Genetic Analyser (Applied
Biosystems) at the Instrumental Centre of Biotechnology
and Gene Engineering of FSCEATB FEB RAS. At least
150 individual clones of DNA obtained from RA cultures

@ Springer

in 2008 and 2024 were analysed. The search for homologues
of sequenced DNA fragments was carried out in the Gen-
Bank sequence database using the BLAST program (Alts-
chul et al. 1990). Amino acid sequences corresponding to
the sequenced cDNA fragments were determined using the
GeneRunner v3.0 program.

Design of primers for real-time PCR

Primers for the evaluation of rolA expression with point
mutations were developed using the technique described
by Hayashi et al. (2004). The direct primer, in addition to
the substitution at the last 3’ position, also had an artifact
substitution at the 3rd position from the 3’ end. In this case,
artefact replacement was performed according to the prin-
ciple of A/T — G or G/C — A nucleotides (Suppl. Fig. S1a).
All primers used are listed in Suppl. Table S1.

Real-time PCR

The expression of the genes encoding the ROS-generating
enzymes (NADPH-oxidase, RcRboh3), the enzymes respon-
sible for ROS detoxification (catalase, RcCat; superoxide
dismutases, RcCSD1-3; ascorbate peroxidases, RcApx1-
3, Shkryl et al. 2010), and housekeeping reference genes
such as actin and 18 s (Shkryl et al. 2011) were examined
using the previously described gene-specific primer pairs.
A CFX96 instrument (Bio-Rad Laboratories) was used with
2.5 SYBR Green PCR Master Mix (Biolabmix) for quan-
titative real-time PCR (qPCR) examination. Three biologi-
cal and three technical replicates from three distinct RNA
extractions were used for analysis. A 10 pl volume contain-
ing 250 nM of each primer, 1 pl of the diluted cDNA sample,
and 2 mM MgCl, was used for the reactions. To confirm
that there was no contamination, qPCR analysis was per-
formed with both the RNA-RT and no-template controls.
CFX Manager Software (Version 1.5; Bio-Rad Laboratories)
was used to analyse the data. Using the formula 2722 the
lower-expressing sample was given a value of 1 in the rela-
tive mRNA calculation. CFX Manager software (version 1.5;
Bio-Rad Laboratories, Inc.) was used to analyse the data.
gPCR analysis for the detection of mutant genes on the basis
of melting curves was performed on a CFX96 instrument
(Bio-Rad) with 2.5 x SYBR Green PCR Master Mix (Bio-
labmix) in accordance with the manufacturer’s protocol. The
reaction conditions were as follows: preliminary denatura-
tion at 95 °C for 3 min; 35 cycles at 95 °C for 20 s, 60 °C for
20 s, and 72 °C for 30 s; final elongation at 72 °C for 3 min;
denaturation at 95 °C for 10 min; and melting curves in the
range of 75-90 °C with a temperature increase of 0.2 °C,
with 100 repetitions. To verify that there were no nonspecific
products or primer—dimer artefacts in the samples, melting
curve analysis and product visualisation via electrophoresis
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on a 1% agarose gel stained with ethidium bromide were
employed. The results were analysed by using Bio-Rad CFX
Manager software (Version 3.1; Bio-Rad Laboratories).

Laser confocal imaging of intracellular ROS in living
cells

The intracellular ROS abundance was measured using a
previously described methodology (Veremeichik et al.
2021). The foundation of these investigations is the capac-
ity of plant cells to oxidise fluorogenic dyes to their cor-
responding fluorescent equivalents. Callus cultures (R,
RA, and RAN) that were 30-day-old, stable, or had grown
on acidified W/BA or WO for one passage were stained
for 10 min at 25 °C in the dark with 2,7-dichlorodihy-
drofluorescein diacetate (H2DCF-DA, Molecular Probes,
Eugene, OR, USA) at a final concentration of 50 pg/ml.
After two rounds of washing, the DCF fluorescence levels
within the cells were promptly assessed using an argon
laser (Aex =488 nm; emission Ch3-LP filter, 505 nm) and
an Axiovert 200 M LSM510 META confocal microscope
(Zeiss, Oberkochen, Germany). Using LSM 510 software
release 4.2 (Zeiss), time series files were obtained and
stored on a computer hard disc. The data are presented as
the average of six different tests, each of which involved
the analysis of at least thirty to forty cells.

Statistical analysis
All values are presented using Statistica 10.0 (StatSoft
Inc., USA) as the mean + SE. A significant difference was

defined as P <0.05. Student’s t test was used to compare
two independent categories, and ANOVA and multiple

a
474

comparisons were used to evaluate data across multiple
groups. For the intergroup comparisons, Fisher’s protected
least significant difference (PLSD) post hoc test was used.

Results

Identification of SNPs in the rolA gene of long-term
cultivated rolA-transgenic calli of R. cordifolia

Numerous hypotheses have been proposed for the potential
causes of sudden AQ biosynthesis activation. Among them
is the possibility that changes in the nucleotide sequence of
the rolA oncogene could have occurred during a period of
long-term cultivation. To investigate this theory, DNA was
extracted from dried RA culture tissue that was obtained
in 2008, prior to modifications in the biosynthetic status,
and from fresh tissue. For the DNA template, the whole
rolA gene, including its promoter and 5’ and 3’ untrans-
lated regions, was amplified using the highly precise and
effective polymerase. The PCR products were subsequently
cloned and inserted into pJET vectors. For each of the vari-
ants (DNA 2008 and DNA 2024), at least 150 clones were
sequenced. Sequencing the PCR products yielded the follow-
ing results. The promoter region sequence was unchanged
for both 2008 and 2024 DNA. Moreover, we detected and
recognised the native motif (Fig. 1a, designated a black tri-
angle) of the auxin-dependent Dof protein (Baumann et al.
1999).

In the 2008 DNA template, no changes were detected
in the nucleotide sequence of the rolA gene. In the 2024
DNA matrix, 8 clones were found to contain various muta-
tions. By analysing the obtained clones, we identified two
groups of mutations (Fig. 1, Suppl. Fig. S2): mutations in the

AU - . - 22
[
T e R TII 1t EAATRRSAMMMTL | st
b , ww
PIHHIFH‘I‘ 5'UTR E
=
¢ G-T G>A AG A*G C-T AG AG -
20 268 274 280 348 367 392 402 512
L

Fig. 1 Simplified diagrams of the structure of the rolA gene based
on pRiA4 plasmids and the detected substitutions. The simpli-
fied scheme (a) of the main parts of the rolA gene is represented:
promoter (—474—1 bp), grey block; 5'- and 3'-UTRs (1-240 and
512-722 bp, respectively), yellow blocks; rolA coding region (240-
512 bp), pink block (accordingly to Spena and Langenkemper 1997;

Pandolfini et al. 2000; Xue et al. 2008). The detected substitutions in
5'-UTR (b) are designated yellow triangles; the motif (ACTTTA) for
the auxin-dependent Dof protein is designated a grey triangle (Bau-
mann et al. 1999); the intron is designated deep yellow blocks. The
detected substitutions in the the rolA coding region (c) are designated
pink triangles, respectively
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5'-untranslated region (AMU) and mutations in the coding
region of the gene (AMC). As shown in Fig. 1b, the detected
substitutions in the 5’-UTR and in the rolA coding region
are designated yellow and pink triangles, respectively. Three
variants of AMU-type mutations were found: AMUT1 (sub-
stitution of A to G at position 112), AMU2 (substitution of
G to A at position 144), and AMU3 (substitution of T to C
at position 221). Five variants of AMC-type mutations were
identified: AMC123 (3 consecutive nucleotide substitutions
A to G at positions 280, 348, and 403), AMC4 (substitu-
tion A to G at position 392), AMCS (substitution G to T at
position 268), AMC6 (substitution G to A at position 274),
and AMCY7 (substitution C with T at position 367). Nucleo-
tide substitutions in AMC lead to changes in the amino acid
sequence of the RolA protein.

The next step in our work was to confirm the presence
of mutations detected during sequencing via PCR with spe-
cific primers. For this purpose, artificial forward primers
were developed for each mutation variant. The mechanism
of operation of artificial primers is as follows (Hayashi et al.
2004): a primer containing a substitution corresponding to
the mutation as the last nucleotide and an artifact substitu-
tion nucleotide (i.e., substitution of A/T for G/C and vice
versa) acquires increased specificity for the mutant sequence
and loses the ability to anneal to the native gene. PCR with
such a primer paired with a specific reverse primer will yield
a product only on the SNP-containing template. For each
mutant sequence, we developed a forward primer with two
described substitutions; a common primer was used as a
reverse primer. Analysis of the selective efficiency of prim-
ers by PCR with visualisation of reaction products in agarose
gel (Suppl. Fig. S1b) revealed that the combination of prim-
ers, in which a specific artificial forward primer is used for
each specific mutation, resulted in an equivalent concentra-
tion of a plasmid containing the native form of the rolA gene
(AWT) and plasmids containing the corresponding mutation,
and the PCR product was visible only on the mutated plas-
mid (Suppl. Fig. S1).

There are incredibly few copies of the transgene in the
genomes of plant cells. We employed real-time PCR with
melting curve product detection to identify transgene
mutants. Suppl. Fig. S3 shows that none of the mutations
were found on the 2008 RA DNA template. Additionally, the
RA 2024 DNA matrix showed evidence of all 8 mutations
(Suppl. Fig. S3, red asterisks). Two mutations, AMU1 and
AMCS6, were weakly detected on the cDNA template (Suppl.
Fig. S3, green asterisks). Despite the reliability of the results
obtained, owing to the extremely weak level of expression,
it is difficult to assume that the detected mutations could
be the cause of the biochemical changes in long-cultivated
rolA-transformed cultures.

@ Springer

Auxin-mediated expression of the rolA gene
in transformed R. cordifolia callus cultures

In the promoter region of the rolA gene, we detected and
recognised a native motif (Fig. 1a, designated a black trian-
gle) for the auxin-dependent Dof protein, which was previ-
ously described for the rolB gene (Baumann et al. 1999). We
hypothesised that rolA gene expression may be regulated by
auxins. To determine how auxin affects rolA gene expression
and related processes, we obtained a new rolA-transformed
R. cordifolia cell culture. We compared the effects of exog-
enous auxins on growth and transgene expression in both
callus cultures. We obtained a new genetic construct based
on the pSAT16 vector, which carries the rolA gene under
the control of its own promoter (Fig. 2a). The cassette vec-
tor pSAT16 containing rolA was obtained according to the
description in Materials and methods. The genetic construct
rolA-Promoter-rolA—35S terminator was transferred into
the binary vector pPZP (Suppl. Fig. S4). The binary vector
was then transferred into the A. tumefaciens strain EHA105
by electroporation. The control R. cordifolia cell line, des-
ignated R, was transformed via Agrobacterium-mediated
transformation. After selection on kanamycin-supplemented
media (50 mg/l) for six months, kanamycin-resistant callus
lines were obtained and designated RAN (Rubia-rolA-New).
While the control cell culture had a yellow color, the new
rolA-transformed cell cultures had a similar morphology,
with a deep yellow tint and a friable consistency (Fig. 2b).

The long-term cultivated RA cell line was subsequently
grown on PGR-free media. In the presence of hormones,
the growth of the culture decreased after several passages;
however, the growth was stable. In the absence of hormones,
the control culture R completely died after the second pas-
sage. The new rolA-transformed callus culture RAN was
grown with (W/BA media) and without PGR (W/0 media).
The growth of cell culture RAN was similar to that of RA;
PGR led to slight decreases in growth (Fig. 2c). To confirm
successful 70lA gene expression and the effect of exogenous
auxins, new RAN and long-term cultivated callus culture
RA were grown in the presence of IAA (2 mg/l). Analyses
of the rolA gene expression were performed on the 1st, 15th,
and 30th days of growth, and the results were compared with
those of PGR-free growing cells using qPCR with a melting
curve. The rolA gene expression was significantly greater
in the RAN cell line than in the RA line when the cultures
were grown on PGR-free media. When IAA was added, rolA
gene expression increased in both cell lines after 30 days
of treatment (Fig. 2d). Thus, in long-term cultivated cell
lines, the abundance of the transgene may have decreased.
However, the ability of the RA cell culture to grow in a
PGR-free medium ensures the safety of the transgene as a
selective marker.
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Fig.2 Generation and comparative analysis of a new rolA-trans-
formed callus culture of R. cordifolia. a Description of the genetic
construct. Right border: T-DNA part of the pPZP vector, RB, LB.
Left border: rolA’s promoter and 35S term, 35S cauliflower mosaic
virus terminator; 5’UTR rolA, part of the rolA gene including cod-
ing region and 5’ untranslated regions; Ocs Prom/Term, the octopine
synthase promoter/terminator; nptll, neomycin phosphotransferase II.
b-d Phenotypes (b), growth (c¢), and rolA gene expression (d) of the

Analysis of the AQ content

First, the callus lines of R. cordifolia were analysed using
HPLC-PDA-MS. The chromatographic separation of the
AQs is shown in Fig. 3a, b. A total of 12 major peaks of
AQs were detected and tentatively identified. UV—Vis and
mass—spectral data were collected and examined. We obtained
high-resolution mass measurements and developed molecular
formulas for the detected compounds with mass measurement
uncertainties of less than 4.5 mDa. All the data required for
identification are listed in Suppl. Table S2. Thus, peaks 1-5
were identified as follows: pseudopurpurin primveroside (1),
pseudopurpurin glucoside (2), munjistin glucoside (3), luci-
din primveroside (4) and ruberitrinic acid (5), as we reported
previously (Shkryl et al. 2016). Additionally, two peaks (11
and 12) corresponded to AQ aglycones (Shkryl et al. 2016).
Therefore, peak 11, with a retention time of 37.5 min, was
defined as the sum of three undivided components: alizarin
([M-H]™ at m/z 239), munjistin ((M-H] ™ at m/z 283) and pseu-
dopurpurin ([M-H]™ at m/z 299) (Suppl. Table S2, and Suppl.
Fig. S5). Peak 12, with a retention time of 40.8 min, was iden-
tified as purpurin ([M-H]™ at m/z 255) (Shkryl et al. 2016).
In addition, at least five new components were recognised

control (R), long-term cultured (RA) and newly obtained (RAN)
rolA-transformed callus cultures of R. cordifolia. R, control cell cul-
ture stable growing on W/BA media; RA and RAN, rolA-transformed
cell cultures stable growing on WO and W/BA media, respectively.
The data are presented as the mean + SE from four subcultures (bio-
logical replicates) with two technical replicates for each experiment.
Different letters above the bars indicate statistically significant differ-
ences (P <0.05, Fisher’s LSD)

as AQ derivatives to coincide with previously published
data for Rubiaceae (Tripathi et al. 1997; Derksen et al. 2002;
Boldizsar et al. 2006). Thus, the following AQ derivatives
were tentatively determined: alizarin-methyl ether gentiobio-
side (peak 6, [M-H]™ at m/z 577), lucidin glucoside (peak 7,
[M-H]™ at m/z 431), alizarin-methyl ether primveroside (peak
8, [M-H]™ at m/z 547), purpurin-methyl ether primveroside
(peak 9, [M-H]™ at m/z 563) and rubiadin primeveroside (peak
10, [M-H]™ at m/z 547) (Suppl. Table S2).

As shown in Fig. 3a, b, and Suppl. Table S3, the extract
of R calli contained only compounds 1-3 and 11, whereas
all 12 compounds were detected in the long-term-cultivated
rolA-transformed calli of RA. In addition to the four minor
compounds 7-10, eight other major AQ derivatives were
found in the extract of the newly obtained rolA-transformed
calli RAN (Fig. 3a, Suppl. Table S3). A semi-quantitative
evaluation of the AQ content was carried out to compare the
samples with each other in terms of peak areas (recorded
at a wavelength of 430 nm). An analysis of the AQ content
revealed that the relative AQ content was 2.4- and 35-fold
greater in the rolA-transformed calli (for the RAN and RA
callus lines, respectively) than in the control R calli (Fig. 3c).

@ Springer
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Fig.3 a HPLC (430 nm) anthraquinone (AQ) profiling comparison
of the crude extracts obtained from R (control cell culture) and rolA-
transformed newly obtained (RAN) culture. b Long-term cultured
(RA) callus cultures of R. cordifolia. The peak numbers correspond
to those listed in Suppl. Table S1. ¢ Relative AQ content in R (con-
trol cell culture), rolA-transformed newly obtained (RAN) culture,
and long-term cultured (RA) callus cultures of R. cordifolia was cal-
culated as a semi-quantitative evaluation of peak areas obtained from
each chromatogram (recorded at a wavelength of 430 nm). The con-
trol calli R were stably grown on W/BA media, and ro/A-transformed
calli were stably grown on WO media for 30 days. The data are pre-
sented as the mean=+ SE from four subcultures (biological replicates)
with two technical replicates for each experiment. Different letters
above the bars indicate statistically significant differences (P <0.05,
Fisher’s LSD)
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ROS accumulation in the control
and rolA-transformed R. cordifolia callus cultures

The reactive oxygen species are important mediators of
numerous plant cell processes, including development,
growth, and stress responses. These cellular processes
require a basal ROS level. An increase in ROS triggers stress
responses, such as the production of specialised metabo-
lites, and an excess of ROS causes oxidative stress, which
is lethal (Mittler 2017). Individual expression of rol/B and
rolC has been demonstrated to be able to regulate ROS gen-
eration, accumulation, and scavenger expression (Bulgakov
et al. 2008, 2012, 2013; Veremeichik et al. 2016; Shkryl
et al. 2022). In a previous study, we reported PGR-dependent
modulation of rolA and rolB gene expression, intracellular
ROS levels and the expression of genes involved in ROS
metabolism in pRiA4-transformed calli (Veremeichik et al.
2023b).

We compared R. cordifolia control untransformed cell
cultures and both recently obtained (RAN) and long-term
cultured (RA) rolA-expressing cell cultures. We analysed
the following variants: rolA-transformed callus cultures were
grown on the comfortable PGR-free WO for 30 days, and
R was stably grown on W/BA and WO for 30 days. Using
confocal microscopy, the fluorescence of individual live
cells loaded with H2DCF-DA was quantified. The accumu-
lation of intracellular ROS in the R cells was monitored, and
the results revealed that the ROS levels in the developing
R cells were equal to those in the W/BA and WO cultures
(Fig. 4). Compared with those in control R calli, a signifi-
cant decrease of 20% in the level of intracellular ROS was
detected in both long-term cultured RA and newly obtained
RAN calli. In general, ROS accumulation was equal in both
RA and RAN calli (Fig. 4).

Expression of ROS metabolism enzymes
in the control and rolA-transformed callus cultures
of R. cordifolia

Singlet oxygen radicals (SORs) are produced by the Rhoh
protein (Fig. 5, left panel; Mittler 2017). We previously
demonstrated that stress induces RcRbohl expression (Vere-
meichik et al. 2016). Furthermore, overexpression of the
rolB gene increased the expression of the RcRbohl gene,
but overexpression of the rolC gene had the opposite effect
(Veremeichik et al. 2016; Shkryl et al. 2022). In the present
study, we analysed the expression of the RcRbohl gene in
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Fig.4 a, b ROS accumulation in R. cordifolia cells was measured
via confocal microscopy (a) and DCF fluorescence (b). Abundance
of intracellular reactive oxygen species (ROS) in R, control cell cul-
ture stable growing on W/BA media and growing on W0 media for
one passage; long-term cultured (RA) and newly obtained (RAN)
rolA-transformed callus cultures of R. cordifolia, stable growing on
WO media. The ROS levels are presented as the mean = standard
error from six independent experiments at the end phase of growth
(30 days). Different letters above the bars indicate statistically signifi-
cant differences (P <0.05, Fisher’s LSD)

long-term cultivated R. cordifolia and newly obtained rolA-
transformed R. cordifolia cell cultures in comparison with
the control untransformed cell cultures.

We compared the 30-day-old callus lines: R stable grow-
ing on W/BA and rolA-transformed callus cultures stable
growing on the comfortable PGR-free WO for 30 days and
growing on media supplemented with IAA for 30 days. The
expression of the stress-induced RcRbohl gene was strongly
lower in rolA-expressing calli than in control R calli. IAA
treatment enhanced this effect (Fig. 5, right panel, top). In
addition, at the end of growth, the expression patterns of
the ROS-scavenging enzymes (RcCSDs, RcApxs, and ReCat,
Fig. 5, left panel; Mittler 2017) were measured. The expres-
sion of all three ReCSD genes was reduced in rolA-express-
ing calli. The level of expression of the RcApxI gene was

equal in the control and rolA-expressing calli, whereas the
expression of the stress-induced RcApx2 and RcCatl genes
was lower in the rolA-expressing calli than in the control
calli. TAA treatment enhanced this effect (Fig. 5, right panel,
bottom).

Discussion

The wild-type pRi-expressing plants presented a variety
of characteristics, including decreased apical dominance,
shorter internodes in roots, taller nodes, shoots, and root
branching, wrinkled, dark-green leaves, enhanced second-
ary metabolites, and a changed essential oil composition. A
comprehensive investigation of the biological function of rol
genes in natural transformants, as well as their presence in
the genomes of certain plant species (Matveeva and Otten
2019, 2021; Stavnstrup et al. 2020; Chen et al. 2022), has
revealed significant advantages of rol gene expression on a
number of physiological processes, such as metabolism, the
induction of aberrant growth, and the rerouting of growth
of roots and other plant organs (Desmet et al. 2021). Sev-
eral of these characteristics may be helpful in crop breeding
and selection (Desmet et al. 2020b). A common application
of wild R. rhizogenes-mediated transformation is the pro-
duction of phytochemical compounds for pharmaceuticals.
Understanding the biological function of each rol gene in
this complex process is essential. However, as previously
indicated, most studies on the biological roles of rol genes
have been carried out in agropine strains, most notably the
A4 strain. Therefore, we may discuss the role and potential
biological relevance of the agropine rolA gene, which has a
frameshift that could make it different from rolA in other pRi
types (Veremeichik et al. 2023a). The overexpression of the
A4-rolA gene results in a number of traits, including reduced
size (Holefors et al. 1998; Zhu et al. 2001; Zia et al. 2010),
resistance to Fusarium oxysporum and a reduction in ABA
and IAA (Bettini et al. 2016), and wrinkled leaves (Sinkar
in 1988). Another important effect of A4-rolA gene expres-
sion is the induction of specialised metabolism in tobacco
root cultures (Palazon et al. 1997), R. cordifolia cell cultures
(Shkryl et al. 2008), and Artemisia dubia plants (Amanul-
lah et al. 2016). A study by Serino et al. (1994) examined
a rolA homologue that was isolated from cucumopine pRi
(rola). The similarity between rola and rolA is lower than
that of other rolA genes. The hairy root syndrome is caused
by more effective stimulation of root growth caused by rola
(Serino et al. 1994). However, despite the effects shown, the
function of the rolA gene remains unknown. This is why the
plast gene group does not contain rolA. There is a fourth
category of “orphan genes”, which includes T-DNA genes
with unclear functions, such as rolA (Otten 2018a). In the
present work, we tried to clarify two phenomena shown in

@ Springer
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Fig.5 Expression of ROS metabolism enzymes in the control and
rolA-transformed callus cultures of R. cordifolia. R, control cell cul-
ture stable growing on W/BA media and growing on W0 media for
one passage, long-term cultured (RA) and newly obtained (RAN)
rolA-transformed callus cultures of R. cordifolia, stable growing on
WO media and growing on W/BA media for one passage. The left
block of the figure is a scheme (Mittler 2017) of the generation of sin-
glet oxygen radicals (SORs) by Rboh enzymes and, below, the ROS
detoxification system, including ROS-scavenging enzymes (SOD,

previous studies. (1) What led to the activation of second-
ary metabolism in long-term cultivated ro/A-transformed
R. cordifolia cell cultures? (2) What effect does rolA gene
expression have on ROS metabolism?

Calli of R. cordifolia transformed with the rolA gene
have been cultivated for more than 14 years. Since 2014,
rolA-transgenic culture has altered the biosynthesis of the
secondary metabolite AQs. Moreover, the control culture
did not undergo any changes (Veremeichik et al. 2019). The
expression of the rolA gene in the transformed culture was
stable during cultivation. However, a change was found not
only in metabolism but also in the expression of key genes
encoding enzymes involved in AQ biosynthesis. The reason
for this shift may be the appearance of a SNP in the rolA
gene as a result of long-term cultivation. In the present work,
an in-depth analysis revealed the appearance of SNPs both
in the coding region and in the 5> UTR. However, analysis
of the SNP expression data revealed that the expression of

@ Springer

superoxide dismutase; APX, ascorbate peroxidase; Cat, catalases) and
their ROS-activated transcription factors (TFs). The right block pre-
sents the mRNA levels measured by real-time PCR and is reported
as the relative expression of the Rboh gene and genes encoding anti-
oxidant enzymes. The analysis was repeated three times; 30-day-old
cell cultures were used. The data are presented as the mean =+ standard
error. Different letters above the bars indicate significantly different
means (P <0.05; Fisher’s LSD)

these forms was negligible compared with that of the native
rolA gene. In addition, the detected mutations do not affect
known essential amino acids of the RolA protein, such as
DO, D7, B12, B17, S23, K24, R27, R28, K32, R33, R43,
N51, and S80 (Rigden and Carneiro 1999). Thus, it can be
assumed that the accumulation of mutations is not associ-
ated with the biosynthetic shift, and it is necessary to look
for another reason.

An important result of this research is the discovery of
the sequence of the ACTTTA motif in the promoter region
of the rolA gene. This motif binds IAA-mediated transcrip-
tion factors such as NtBBF1, which contains Dof domains,
as described for the rolB gene (Baumann et al. 1999). This
motif defines an auxin-dependent expression pattern. We
have previously shown that the expression of the rolA and
rolB genes is inconsistent and IAA-dependent (Veremeichik
et al. 2023b). The 30-day cultivation of pRiA4-transformed
calli in the presence of IAA led to the induction of rolA gene
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expression and immediate inhibition of rolB gene expres-
sion. Moreover, 30 days of cultivation of pRiA4-transformed
calli on PGR-free media strongly reduced rolA gene expres-
sion and induced rolB gene expression. The presence or
absence of IAA in the media had no effect on the expres-
sion of the rolC gene. However, we did not find information
about the effect of auxins on the individual expression of the
rolA gene. Thus, it can be assumed that a shift in biosynthe-
sis in long-term cultured rolA-calli may be associated with
changes in the hormonal status of the cell culture during
long-term cultivation. Understanding these processes has
encountered a number of difficulties. First, the homeostasis
of hormones, especially auxins, in plant calli during long-
term cultivation is unknown. Second, how IAA affects rolA
expression is not known. Thus, to address this hypothesis,
we first examined the effect of IAA on rolA gene expression.
For this purpose, an additional cell culture of R. cordifolia
was obtained and transformed with a new genetic construct
carrying the rolA gene under the control of its own promoter.
Using two independent cell cultures, we reliably showed that
the expression of the rolA gene under the control of its own
promoter is IAA dependent. In this context, determining how
the hormonal status of a cell culture changes during long-
term cultivation is necessary. However, this work requires
scale and robust validation to identify general patterns, not
just specific phenomena.

Interestingly, rolA gene expression led to a twofold
increase in the AQ content in newly obtained calli. This
result corresponds to that previously obtained. In 2008, it
was shown that rolA-expressing calli of R. cordifolia RA,
used in this work for long-term cultivation, contained two-
fold more AQ than did the control untransformed calli
(Shkryl et al. 2008). After more than 5 years of continu-
ous cultivation, a biosynthesis shift was observed (Vere-
meichik et al. 2019). In the present work, this activatory
effect on rolA gene expression was confirmed after the next
ten years of cultivation. Moreover, the composition of the
AQ derivatives was more abundant in both of the analysed

rolA-expressing calli lines than in the untransformed con-
trol culture. We propose a possible explanation for the rolA-
mediated time-dependent activation of AQ biosynthesis.
IAA dependence of rolA gene expression may determine
the RolA-dependent modulation of IAA biosynthesis and
metabolism. Moreover, the ability of rolA-expressing calli
to grow on PGR-free media for a long period of time also
indicates a possible role for RolA in the regulation of IAA
biosynthesis. Whereas IAA and AQs are derivatives of the
common precursor chorismate (Mano and Nemoto 2012;
Bajguz and Piotrowska-Nic 2023), it can be hypothesised
that RolA can affect the shikimic acid pathway. However,
this assumption requires careful study and confirmation but
also points to a new direction in the study of the function of
the rolA gene.

However, the obtained data led to unexpected results.
Identification of the IAA dependence of rolA gene expres-
sion made it possible to identify a new function of RolA.
We showed that the expression of rolA leads to a strong
decrease in intracellular ROS due to a decrease in the
expression of ROS-generating genes, which in turn pro-
vokes a decrease in the expression of ROS detoxification
genes. The data obtained are consistent with the previously
obtained results and allow us to form a more complete
picture of rol-mediated regulation of ROS metabolism in
plant cells. In our previous study, to clarify the roles of
rolA genes in PGR-dependent growth alterations, we ana-
lysed the dependence of R. cordifolia on ROS metabolism
and TAA-mediated rol gene expression in wild pRiA4-
transformed calli. The absence of PGR in the medium led
to the inhibition of rolA gene expression accompanied by
a high expression level of the rolB gene. The addition of
media supplemented with IAA had the opposite effect: a
decrease in ROS in the presence of IAA and an increase
in its absence (Veremeichik et al. 2023b). In the present
work, we showed that the expression of the rolA gene is
IAA dependent and that the IAA-mediated increase in
rolA gene expression led to a decrease in the expression of
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Fig.6 A simplified model suggesting the possible auxin-depend-
ent mechanism of the rolA-mediated action of the rolB gene. a The
scheme shows that the promoter (gray block) of the rolA gene can be
auxin regulated, as shown in the present study, due to the presence of
the ACCTTTA motif for the auxin-dependent Dof protein (Baumann
et al. 1999). TAA induces the expression of the rolA gene, which is
accompanied by a decrease in the expression of genes encoding

enzymes of the ROS metabolism system. b It can be assumed that the
expression of the rolA gene blocks the expression of the rolB gene at
the transcription level (Durand-Tardif et al. 1985), whereas the RolA
protein, in addition, mitigates the RolB-induced activation of ROS
signalling (Veremeichik et al. 2016) to prevent ro/B-mediated growth
inhibition
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genes involved in ROS metabolism (Fig. 6a). The results
obtained can be summarised in a diagram (Fig. 6b). When
rolA genes are coexpressed, IAA-dependent expression of
the rolA gene blocks the expression of the rolB gene (Tep-
fer 1984; Durand-Tardif et al. 1985; Capone et al. 1989),
and there seems to be a mechanism preventing rolA and
rolB from coexpressing. Furthermore, compared with
the ro/B and rolC promoters, the rolA promoter is more
active (Schmiilling et al. 1989). We showed that IAA-
dependent expression of the rolA gene led to a decrease
in ROS metabolism, as did the expression of rolA alone
and in combination with other rol genes. The antagonis-
tic interaction between rolA and rolB may prevent strong
rolB-induced auxin sensitivity (Maurel et al. 1991) and
oxidative bursts to balance the cell state (Fig. 6b). The
biological roles of the rol genes are complementary. Each
of them appears to have a distinct effect on host activi-
ties that are involved in determining root differentiation,
according to Spena et al. (1987). The iRNA machinery can
also control rolA and rolB gene expression. The core and
accessory proteins of the microRNA processing apparatus
(DCL1, AGO1, and AGO4) are encoded by genes whose
expression is regulated by rolB (Bulgakov et al. 2015).
Subsequent investigations of small RNAs derived from the
T-DNA of R. rhizogenes in the hairy roots of P. vulgaris
revealed that rolA is a dominant source of small RNAs,
whereas no ArT-sRNAs are derived from the rolC gene
(Pelaez et al. 2017). Moreover, MiR393 is absent in hairy
roots but present in pRi-transformed calli. According to
Pelaez et al. (2017), miR393 is believed to target major
auxin receptors and may be important for development.

Recent research has demonstrated potential auxin-
dependent contradiction between rolA and rolB, as well
as potential targets and physiological consequences, such
as ROS metabolism. The data we obtained and presented
in this work need to be verified via a whole plant. Such
studies will be especially interesting from an evolutionary
perspective. Durable investigations of rolA-transformed
cell cultures have made it possible to identify the func-
tion of RolA in the modulation of auxin homeostasis and
secondary metabolism during long-term cultivation. The
evolutionary role of the rolA gene as a possible modulator
of auxin homeostasis can be determined by studying whole
plants. First, it is necessary to clarify the effect of RolA on
ROS metabolism in whole plants; second, it is necessary
to determine the impact of the overexpression of the rolA
gene on dynamic IAA homeostasis and, conversely, the
influence of the dynamic homeostasis of auxins on rolA
gene expression.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00425-024-04597-7.
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