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The Effects of rol Genes of Agrobacterium
rhizogenes on Morphogenesis and Secondary
Metabolite Accumulation in Medicinal Plants

Check for
updates

Sayantika Sarkar, Ipshita Ghosh, Dipasree Roychowdhury, and Sumita Jha

Abstract Induction of hairy roots by Agrobacterium rhizogenes and regeneration
of Ri-transformed plants from such transgenic roots are reported in a large number
of taxonomically diverse plant species. Ri-transformed cultures (roots/calli/plants)
have altered characteristics of their own compared to non-transformed ones. Four
rol genes (rolA, rolB, rolC, rolD) of T-DNA of Ri-plasmid are known to be respon-
sible for these phenomena. However, few attempts have been made to elucidate the
role of individual rol genes on morphogenic ability. In addition, the effect of wild-
type A. rhizogenes on the production of secondary metabolites is well studied in
wide number of plant species. The popularity of this research has never declined
through time which explains its immense value and provides a hope for a promising
future. Based on such studies, several reviews have been written from time to time,
explaining the ‘rol effect’ on secondary metabolite accumulation in medicinal
plants and to discuss the advances in this field of research. However, investigations
dealing with the effect of individual rol genes are comparatively less and need fur-
ther attention. Therefore, in this chapter, we have discussed in detail the effects of
each of the four rol genes individually or in combination on in vitro morphogenesis
and secondary metabolite accumulation in medicinal plants.
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2.1 Introduction

Plants are known for their ability to regenerate new tissues and organs to whole
plants (morphogenesis) from damaged cells for survival due to their high cellular
totipotency (de Almeida et al. 2015; Ikeuchi et al. 2016). It is well known that mor-
phogenesis in vitro is affected by a variety of endogenous and exogenous factors
with cumulative effects in order to acquire organogenic competence and organ ini-
tiation followed by its development (Hicks 1994; Das et al. 1996; Kumar and Reddy
2011; Sarkar and Jha 2017). It is clear from the pioneering work of Skoog and
Miller (1957) that the type and concentration of auxin and cytokinin in the culture
medium have a great influence on morphogenesis as they determine the develop-
mental fate of regenerating organs: high ratios of auxin to cytokinin generally led to
root regeneration, and high ratios of cytokinin to auxin tended to promote shoot
regeneration.

Agrobacterium rhizogenes, a soil-borne gram-negative bacterium, is well known
to have a unique capability to induce ‘hairy root’ formation at the site of infection
in higher plants. Different strains of A. rhizogenes are known to induce such roots
from the host plant cells by transferring its T-DNA (transfer DNA) from root-
inducing (Ri) plasmid to the host genome (Tepfer 2017). Several studies have
revealed that only four open reading frames (ORFs) of the T-DNA are critical for
induction, growth and morphology of hairy roots in infected plants. These loci were
thus called rol (root-inducing locus) oncogenes and named as rolA (ORF 10), rolB
(ORF 11), rolC (ORF 12) and rolD (ORF 15) (White et al. 1985, Slightom et al.
1986). Such transgenic roots can be excised from the wound site and cultured indef-
initely on hormone-free medium. The hairy roots exhibit fast, plagiotropic growth
characterized by profuse lateral branching and rapid root tip elongation in growth
regulator-free medium in contrast to non-transformed roots (Tepfer and Tempé
1981; Chilton et al. 1982; Tepfer 1984).

While in some plant species the Ri-transformed roots exhibit this typical ‘Hairy
root syndrome’ (Tepfer and Tempé 1981; Chilton et al. 1982; Tepfer 1984), in other
plants, the Ri- roots lack the presence of extensive root hairs (Chaudhuri et al. 2005;
Roychowdhury et al. 2015a; Halder and Jha 2016). In addition to the variation of the
hairy roots between the species, variation in growth and morphology was also noted
among the different rhizoclones of a single species (Batra et al. 2004; Chaudhuri
et al. 2005; Alpizar et al. 2008; Roychowdhury et al. 2015a; Bandhyopadhyay et al.
2007; Majumdar et al. 2011; Ray et al. 2014; Basu and Jha 2014; Halder and Jha
2016; Basu et al. 2015). The variation in hairy root morphology includes variation
in thickness of primary root, lateral density of the roots (i.e. number of laterals per
cm), presence of rooty callus, etc. These variations among the transformed rhizo-
clones were attributed due to the variation in nature, site and number of T-DNA
integration into the host genome (Jouanin et al. 1987; Amselem and Tepfer 1992;
Batra et al. 2004; Alpizar et al. 2008). Molecular variation among the rhizoclones in
terms of T-DNA insertion and effect of T -DNA and Tr-DNA on root morphology
has been investigated by different groups (Batra et al. 2004; Bandhyopadhyay et al.
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Fig. 2.1 Differences in in vitro responses of five different strains of Agrobacterium rhizogenes in
axenic shoots of Tylophora indica after 6 weeks of infection. Infection was done at two different
sites, i.e., nodal wound site (NWS) and internodal wound site (INWS). (a, b) Control NWS
(bar = 0.2 cm) and INWS (bar = 0.13 cm) showing no response; (c, d, e) root induction from NWS
of explants infected with A. rhizogenes strain LBA 9402 (bar = 0.28 cm), A4 (bar = 0.25 cm) and
HRI (bar = 0.2 cm); (f) wound callus induction in 100% of NWS and INWS of explants infected
with A. rhizogenes strain 15,834 (bar = 0.4 cm); (g) wound sites showing swelling and necrosis in
explants infected with A. rhizogenes strain R1000 (bar = 0.4 cm)

2007; Alpizar et al. 2008; Taneja et al. 2010; Roychowdhury et al. 2015a). While the
morphology of hairy roots has been well characterized in many species, their anat-
omy has not been fully explored. The anatomy of A. rhizogenes-transformed roots
is more or less similar to wild-type roots with some notable exceptions (Kim and
Soh 1996; Odegaard et al. 1997; Park and Facchini 2000; Peres et al. 2001; Halder
and Jha 2016). In addition to the above-mentioned variations, morphogenetic ability
of A. rhizogenes varies with different strains within a single species (Vanhala et al.
1995; Kim et al. 2008; Ionkova et al. 2009; Thwe et al. 2016) (Fig. 2.1).

The morphogenic capability of the hairy roots is widely reported in a number of
plant species. Regeneration of Ri-transformed plants from the hairy root cultures
have been reviewed thoroughly from time to time (Christey 1997, 2001;
Roychowdhury et al. 2013b). Ri-transformed roots have been observed to show
spontaneous as well as induced, direct and/ or indirect, organogenesis and/or
somatic embryogenesis forming complete transgenic plants as reviewed earlier in
details (Fig. 2.2) (Roychowdhury et al. 2013b). Such plants showed altered pheno-
types when compared with wild-type plants, some of which are wrinkled leaf, short-
ened internodes, decreased apical dominance, altered flower morphology, increase
in the number of branches, reduced pollen and seed production and abundant
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Fig. 2.2 Regeneration in hairy root cultures of different plant species

production of highly branched plagiotropic roots (Tepfer 1984). It has been shown
that these abnormal morphological traits or ‘hairy root syndrome’ is due to the com-
bined actions of rolA, rolB, rolC and rolD genes since each of the rol genes are
associated with specific phenotypic alterations (Nilsson and Olsson 1997). Majority
of the hairy roots and Ri-transformed plants are known to be stable in long-term
culture, although some instability was also noted (Roychowdhury et al. 2013b,
2015a, b, 2017). Additionally, it has been reported that these Ri-transformed plants
were able to transmit the traits to their offspring in a Mendelian manner (Tepfer
1984).

In general, it has been amply demonstrated that the morphogenic response in
hairy roots transformed with wild-type A. rhizogenes is due to the presence of rol
genes (Fig. 2.3). However, the role of individual rol genes on morphogenesis is not
yet well documented. Therefore, in this chapter, we have summarized the effects of
each of the four rol genes individually or in combination on in vitro morphogenesis
of medicinal plants.

2.2 Effect of rolA Gene on Morphogenesis

Different explants infected with Agrobacterium tumefaciens strains harbouring rolA
gene showed induction of shoot buds from the wound sites on hormone-supplemented
media, either directly (Zhu et al. 2001a; Zia et al. 2010; Amanullah et al. 2016;
Bettini et al. 2016b) or indirectly through callus formation (van Altvorst et al. 1992;
Holefors et al. 1998). In all the reports, such hormone-supplemented media could
trigger shoot bud formation in non-transformed explants as well. The developing
shoots from the shoot buds were rooted in hormone-free (Bettini et al. 2016b) or
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Fig. 2.3 Morphogenic potential of leaf explants excised from Ri-transformed plants of Bacopa
monnieri. (a) Ri-transformed plant obtained following transformation with A. rhizogenes strain
9402, (b, ¢) morphogenesis in excised leaf explants excised from Ar 9402 Ri-transformed plants
harbouring rol genes of TL-T-DNA on basal medium (R-root organogenesis, S-shoot organogen-
esis) (bar = 1.5 mm and 1.0 mm). (d) Ri-transformed plant obtained following transformation with
A. rhizogenes strain A4 (e, f) morphogenesis in excised leaf explants excised from Ar A4-
Ri-transformed plants harbouring rol genes of TL-T-DNA on basal medium (R root organogenesis,
S shoot organogenesis) (bar = 1.0 mm and 0.9 mm)

hormone-supplemented media (van Altvorst et al. 1992; Holefors et al. 1998; Zhu
etal. 2001a; Zia et al. 2010; Amanullah et al. 2016) to generate complete transgenic
plants.

Alteration of phenotype of rolA-transgenic plants such as wrinkled leaves, lower
percentage of rooting, early flowering, reduced flower bud length, hyperstyly, small
fruits often lacking seeds and decreased pollen viability have been reported
(Schmiilling et al. 1988; Sinkar et al. 1988; van Altvorst et al. 1992; Carneiro and
Vilaine 1993; Dehio et al. 1993; Holefors et al. 1998; Zhu et al. 2001a; Zia et al.
2010; Amanullah et al. 2016; Bettini et al. 2016b). However, these phenotypic alter-
ations were found to be dependent on the level of transgene expression. When
expressed under its own promoter, this gene caused dwarfism, severe wrinkling of
leaves, shortened internodes, small leaves and condensed inflorescence (Schmiilling
et al. 1988; Sinkar et al. 1988). These phenotypes were even more exaggerated in
35S::rolA-transformed plants which showed stunted growth with small, dark-green,
severely wrinkled leaves and were late-flowering, with a reduced number of flowers
(Dehio et al. 1993). On the other hand, soybean rolA transformants showed enhanced
rooting in presence of auxin and early flowering as compared to the control plants
(Zia et al. 2010), while lower rooting percentage in rolA-transformed apple root-
stock A2 in auxin-supplemented medium and delayed flowering in rolA-transformed
Artemisia dubia plants are reported (Zhu et al. 2001a; Amanullah et al. 2016).
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Therefore, the effect of r0lA gene was also found to be species specific. However,
phenotypic variations were also observed among different ro/A-transformed clones
regenerated from the same plant species. Several authors have suggested that this
may be due to the copy number of transgene (Bettini et al. 2016b) or the position
effect where transgene is integrated into the host genome (Holefors et al. 1998).

2.3 Effect of rolB Gene on Morphogenesis

White et al. (1985) first identified that rolB gene plays a critical role in the formation
of adventitious roots from different explants after infection. Later on, several authors
agreed and showed that plant vector constructions carrying only rolB gene were
capable, to different extents, of triggering root differentiation on different plant tis-
sues (Cardarelli et al. 1987; Spena et al. 1987; Altamura et al. 1994; Schmiilling
et al. 1988). However, the frequency of root formation differed when rolB gene was
allowed to express under different promoters (Spena et al. 1987). More intense and
earlier root formation was observed with pPCV002-B1100 (where rolB is under the
control of its own 5’ flanking sequences) than with pPCV002-B300 (containing
only 300 bp of rolB 5’ flanking sequences). It is interesting to note that the CaMVBT
chimeric gene (where rolB is under the control of the cauliflower mosaic virus 35S
promoter) showed a weaker response than pPCV002-B1100 probably due to over-
expression of rolB transcript which is not conducive to root induction. On the con-
trary, this gene was found incapable of inducing roots on carrot discs when
inoculated alone (Cardarelli et al. 1987). But hairy root symptoms almost compa-
rable to those induced by wild-type A. rhizogenes were elicited when the discs were
inoculated with ro/B gene with 1200-bp-long 5 upstream region along with the
Tr-DNA (Capone et al. 1989). The roots induced by rolB were fast growing, highly
branched and plagiotropic (Capone et al. 1989). For several years, rolB has then
been regarded as a ‘root-inducing gene’ which is capable of turning on a specific
morphogenetic programme in higher plants. Apart from direct root formation, indi-
rect root formation was also reported in tobacco protoplast (Spena et al. 1987) and
leaf explants of Rubia cordifolia (Bulgakov et al. 2002). Unlike the control calli
which did not produce roots, pPCV002-B300-transformed calli showed spontane-
ous root formation on media containing either low or high auxin concentrations
(Spena et al. 1987; Bulgakov et al. 2002).

The morphology of rolB-transformed roots was very similar to hairy roots trans-
formed with wild-type A. rhizogenes. Compared to non-transformed roots, rolB-
induced roots were fast growing, highly branched and plagiotropic as a result of
increased sensitivity of auxin in plant cells transformed by this oncogene (Spena
et al. 1987; Schmiilling et al. 1988; Capone et al. 1989).

Shoot organogenesis and establishment of rolB-transformed plants from infected
explants are reported on hormone-supplemented media, either directly (Koltunow
et al. 2001; Carmi et al. 2003; Zhu et al. 2003; Zia et al. 2010; Arshad et al. 2014;
Dilshad et al. 2015a; Bettini et al. 2016a, Kodahl et al. 2016) or indirectly via callus
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induction (van Altvorst et al. 1992; Welander et al. 1998; Sedira et al. 2001; Zhu
et al. 2001b). In all the reports, such hormone-supplemented media could induce
shoot bud formation in non-transformed explants as well. However, when compared
with the non-transformed plants, the ro/B-transgenic plants showed numerous
altered phenotypes such as profuse rooting with altered root morphology; reduced
stem length, node number and apical dominance; shortened internodes; smaller,
wider leaves with altered shape; increased trichome density; early necrosis of rosette
leaves; altered floral morphology; more inflorescence; early flowering; high flower
production; infertile flowers; decreased pollen viability; abnormal ovary and ovule
development; early maturing of fruits; parthenocarpic fruits; and small size and less
number of fruits (Schmiilling et al. 1988; van Altvorst et al. 1992; Welander et al.
1998; Sedira et al. 2001; Koltunow et al. 2001; Zhu et al. 2001b; Carmi et al. 2003;
Zhu et al. 2003; Zia et al. 2010; Arshad et al. 2014; Dilshad et al. 2015a; Bettini
et al. 2016a; Kodahl et al. 2016).

rolB-transformed shoots showed enhanced rooting percentage and number of
roots per shoot in absence of auxin suggesting that the endogenous auxin level in
rolB transformants is sufficient for rooting (Welander et al. 1998; Sedira et al. 2001;
Zhu et al. 2001a, 2003). In presence of auxin in the medium, transformed shoots
produced profuse callus at the base of the stem and reduced both rooting percentage
and number of roots significantly which was probably due to increased auxin sensi-
tivity (Welander et al. 1998; Sedira et al. 2001). The morphology of the roots was
even altered where the roots became shorter and thicker in auxin-supplemented
medium (Sedira et al. 2001). However, multiple copies of ro/B gene insertion into
the plant genome also imposed a negative impact on rooting (Sedira et al. 2001; Zhu
et al. 2003). Zhu et al. (2001b) suggested that this reduction was more associated
with the position of the transgene on the plant genome.

rolB gene has been shown to significantly affect the phenotype of transformed
calli as compared to non-transformed calli in different species. The non-transformed
or empty vector transformed callus culture of Maackia amurensis was friable, aque-
ous and vigorously growing with light yellow or brown colour (Grishchenko et al.
2016). But the rolB-transformed calli displayed morphological variation and could
be correlated with the level of rolB expression. The calli with low level of transcrip-
tion were friable, globular and yellow-whitish to light-brown colour. In contrast,
compact, non-watery, yellow-brown to brown callus with active growth was
obtained in high level of rolB gene-expressing callus lines (Grishchenko et al.
2016). Similarly, inoculation of Vitis amurensis callus culture with rolB gene also
produced rolB-transformed calli lines of friable and compact type (Kiselev et al.
2007). The colour of leaf-derived-rolB-transformed calli of R. cordifolia was
reported to depend on the level of 70lB gene expression — yellow in low-expressing
callus, orange in moderately expressing callus and orange-red in highly expressing
callus due to maximum accumulation of anthraquinones (Bulgakov et al. 2002;
Shkryl et al. 2007). Some of the R. cordifolia calli transformed with rolB gene spon-
taneously formed small roots (Bulgakov et al. 2002).

The level of r0lB gene expression was also found to affect greatly the growth of
transformed callus (Kiselev et al. 2007; Shkryl et al. 2007). Compared to the
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non-transformed callus culture which grew vigorously, the growth of rolB-trans-
formed calli was reported to depend on the level of its expression. ro/B gene when
expressed at a low level supported the growth of callus (fast growing), but excessive
expression of rolB gene inhibited callus growth and was associated with necrosis in
callus tissues (Kiselev et al. 2007; Shkryl et al. 2007). This negative effect of ro/B
gene on the growth was found to be completely abolished when rolB-transformed
callus was treated with a tyrosine phosphatase inhibitor (Kiselev et al. 2007; Shkryl
et al. 2007). This result indicated that the growth of rolB-transformed cells is medi-
ated by tyrosine dephosphorylation.

2.4 Effect of rolC Gene on Morphogenesis

The rolC gene was able to induce root formation directly from leaf explants in
tobacco (Spena et al. 1987; Schmiilling et al. 1988; Palazén et al. 1998) under 35S
CaMV promoter and in Atropa belladonna under its own promoter (Bonhomme
et al. 2000). However, in Kalanchoe leaves, this gene could not stimulate root for-
mation when driven by its own or 35S CaMV promoter but induced roots when
expressed along with rolB gene (Spena et al. 1987; Schmiilling et al. 1988). On the
other hand, hairy root induction has been reported from rolC-transgenic calli in
absence or presence of auxin when expressed under strong CMV35S promoter in
Panax ginseng and R. cordifolia (Bulgakov et al. 1998, 2002).

Apart from root induction, rolC gene also affected the growth and morphology
of transgenic roots that were induced directly or indirectly from the explants (White
et al. 1985; Schmiilling et al. 1988). The morphology of rolC-transgenic roots also
varied depending on the plant species as well as type of media used (Bulgakov et al.
1998, 2005; Palazén et al. 1998; Bonhomme et al. 2000). By analysing insertional
mutants of rolC locus in the A4 Ri-plasmid, White et al. (1985) reported that the
growth of roots induced from Kalanchoe leaves was attenuated. When combined
with rolB gene, rolBC transgenic roots grew straight from these explants (Schmiilling
et al. 1988). In hormone-free medium, rol/C-induced transgenic roots of A. bella-
donna and tobacco showed fast and plagiotropic growth and were highly branched
(Schmiilling et al. 1988; Palazén et al. 1998; Bonhomme et al. 2000). In contrast,
Bulgakov et al. (1998) reported that P. ginseng transgenic roots derived from rolC-
transformed calli were slow growing with reduced lateral branching in absence of
hormone. These transgenic roots grew better in the medium supplemented with aux-
ins (Bulgakov et al. 1998, 2005).

In P. ginseng, non-transformed callus obtained from the stem did not show any
morphogenesis even after long-term culture in different combinations of hormone-
supplemented media (Gorpenchenko et al. 2006). However, introduction of rolC
gene into this callus resulted in morphological differentiation to form shoot buds in
absence of hormones. The majority of the shoots regenerated displayed fasciated
shoot apical meristems and fused leaf primordia.
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Formation of rol/C-transformed adventitious shoot buds has been reported from
different explants on hormone-supplemented media either directly (Fladung 1990;
Kurioka et al. 1992; Oono et al. 1993; Bell et al. 1999; Kaneyoshi and Kobayashi
1999; Zuker et al. 2001; Koshita et al. 2002; Kubo et al. 2006; Bettini et al. 2010;
Zia et al. 2010; Dilshad et al. 2015a; Ismail et al. 2016) or indirectly via callus
induction (Palazén et al. 1998; Zhang et al. 2006). rolC gene is known to cause
substantial morphological and biochemical alterations in transgenic plants which
were related to the degree of its expression (Schmiilling et al. 1988; Kurioka et al.
1992; Kaneyoshi and Kobayashi 1999). Transgenic plants expressing rolC gene
from its endogenous promoter had reduced apical dominance, plant height, inter-
nodal distance, node number and leaf area, enhanced branching, altered leaf mor-
phology, small flowers, small fruits, more number of fruits and reduced seed
production compared to wild-type plants (Schmiilling et al. 1988; Bell et al. 1999;
Kaneyoshi and Kobayashi 1999; Bettini et al. 2010; Kubo et al. 2006; Landi et al.
2009). However, rolC-transformed A. belladonna plants when expressed under
native promoter did not exhibit any morphological alteration and resembled with
wild-type plants (Kurioka et al. 1992).

When rolC is expressed under strong 35S CaMV promoter, these characteristics
were exaggerated, with drastically reduced apical dominance and internodal length;
highly dwarf, very small leaves with altered shape; more lateral branching; higher
rooting capacity; increased axillary budbreak; dramatic promotion of flowering;
reduced inflorescence; smaller flowers; and male sterile flowers (Schmiilling et al.
1988; Fladung 1990; Kurioka et al. 1992; Oono et al. 1993; Palazén et al. 1998;
Kaneyoshi and Kobayashi 1999; Zuker et al. 2001; Koshita et al. 2002; Dilshad
et al. 2015a; Ismail et al. 2016). In A. belladonna, although majority of rolC-
transformed plants showed typical altered phenotypes, only two unusual regener-
ants showed unexpected morphology of leaves where leaf periphery was severely
wrinkled and darker than central region (Oono et al. 1993). Under the control of 70S
CaMYV promoter, rolC-transformed soybean plants were dwarf and altered leaf mor-
phology, early flowering and lower number of flowers (Zia et al. 2010). Phenotypic
alteration such as shortened internodes and increased branching suggested that the
expression of rolC gene might be linked to an increase in cytokinin activity
(Schmiilling et al. 1988).

It has been hypothesized that the extreme dwarf phenotype and early flowering
in rolC-transformed plants were due to the reduction in gibberellic acid. Bettini
et al. (2010) reported that higher ratio of abscisic acid to indole-3-acetic acid (ABA/
IAA) may be responsible for the stunted aspect of these plants. Furthermore, rolC
leads to better rooting ability in transformed fruit trees (Kaneyoshi and Kobayashi
1999; Koshita et al. 2002), soybean (Zia et al. 2010) and carnation plants (Zuker
et al. 2001) which indicates that the expression of this gene could exert auxin-like
activity.

When callus culture of P. ginseng was transformed with rol/C gene under strong
promoter (35S CaMV), induction of somatic embryogenesis was observed
(Gorpenchenko et al. 2006). Non-transformed calli of P. ginseng did not show any
morphogenesis; however, introduction of rolC gene into the non-transformed calli
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resulted in morphological differentiation to form proembryos and somatic embryos
even in absence of hormone which indicated that 70lC gene is also able to induce
somatic embryogenesis (Gorpenchenko et al. 2006). But the proembryos and
somatic embryos that were formed had enlarged and fasciated meristems and termi-
nated at different stages of their development to form secondary adventitious meri-
stems. According to them, overexpression or ectopic expression of WUSCHEL
(WUS) gene and reduced CLAVATA (CLV) activities caused similar such develop-
mental abnormalities. Whether rolC gene affects embryogenesis in P. ginseng callus
through WUS/CLYV signalling pathway is not clearly understood.

Establishment of rolC-transformed callus cultures has been reported in some
species using A. tumefaciens harbouring 35S rolC gene in hormone-supplemented
media (Bulgakov et al. 1998, 2002; Grishchenko et al. 2013). It was found that inte-
gration of 7olC gene resulted in significant alteration of phenotype, growth and bio-
mass accumulation when compared with non-transformed callus culture. The empty
vector transformed callus of M. amurensis and R. cordifolia was friable and watery,
while rolC-transformed callus was compact and non-watery (Bulgakov et al. 2002;
Grishchenko et al. 2013). But in P. ginseng, the same rolC construct produced fria-
ble and almost watery-type callus in auxin-containing medium (Bulgakov et al.
1998). rolC gene also affects the growth and biomass accumulation of transformed
callus cultures depending upon the plant species used. Both empty vector and rolC-
transformed callus cultures of M. amurensis demonstrated active growth, but the
latter accumulated twice the amount of dry biomass compared to the former
(Grishchenko et al. 2013). The growth of rol/C-transformed P. ginseng callus was
also rapid in auxin-containing medium (Bulgakov et al. 1998). However, Bulgakov
et al. (2002) reported that the growth of one of the rol/C-transformed R. cordifolia
callus lines was reduced (almost twofold) compared to the control culture.

2.5 Effect of rolD Gene on Morphogenesis

To date, unlike other rol genes, rolD gene has not been thoroughly investigated
although it has been identified as a root locus (White et al. 1985). The mutants of
rolD gene in Kalanchoe leaves produced roots of attenuated growth along with
increased amount of callus (White et al. 1985). However, when rolD gene was intro-
duced in tobacco stems under the control of long version of promoter, root forma-
tion was achieved on hormone-free medium (Mauro et al. 1996). But no difference
was observed in adventitious root production, root morphology and its growth pat-
tern between rol/D and mock-infected plants.

rol-transformed plants (rolD gene under the control of 578 bp of its 5’ upstream
non-coding region) have been established in tobacco (Mauro et al. 1996), tomato
(Bettini et al. 2003) and Arabidopsis (Falasca et al. 2010). In tobacco, control as
well as rolD-transformed leaf explants was able to show shoot induction in hormone-
free MS medium (Mauro et al. 1996). In tomato, rol/D-transformed plants were
established in hormone-supplemented medium from cotyledons after infection;
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however, non-transformed plants were also obtained when explants were cultured
on non-selective medium (Bettini et al. 2003). Falasca et al. (2010) established seed
derived non-transformed and rolD-transformed Arabidopsis plants in hormone-free
medium.

In transgenic plants, the rolD gene does not seem to induce significant morpho-
logical modifications during vegetative growth except early bolting of the stem,
smaller leaves with characteristically curved pointed tips in tobacco (Mauro et al.
1996), increased branching in tomato (Bettini et al. 2003) and an increased produc-
tion of axillary buds and adventitious root meristems along with frequent occur-
rence of wrinkled leaves in Arabidopsis (Falasca et al. 2010). The most conspicuous
alteration of rolD transgenic plants was precocity in floral transition leading to early
flowering and increased number of inflorescences (Mauro et al. 1996; Bettini et al.
2003; Falasca et al. 2010). Since rolD gene product is assumed to catalyse the con-
version of ornithine to proline, effect of rolD on flowering may be therefore due to
the accumulation of proline or depletion of ornithine (Trovato et al. 2001). However,
Falasca et al. (2010) suggested that proliferation of axillary meristems in rolD plants
could be due to modification in cytokinin/auxin ratio in rolD-transformed plants.

2.6 Effect of rolABC Gene on Morphogenesis

When explants were transformed with A. tumefaciens harbouring rolABC together
(expressed under its own promoter), root induction occurred in absence of exoge-
nous hormone directly (Spena et al. 1987; Palazén et al. 1998; Bonhomme et al.
2000) or indirectly through callus induction (Spena et al. 1987; Rugini et al. 1991).
Nearly half of rolABC-transformed calli obtained from tobacco leaf protoplasts
were found to develop roots in the absence of exogenous auxin, whereas no root
induction occurred in calli transformed with the binary vector (pPCV002) (Spena
et al. 1987). The same construct when used to transform leaf explants of tobacco
and Kalanchoe was also able to induce roots in hormone-free medium (Spena et al.
1987; Palazén et al. 1998; Bonhomme et al. 2000). However, in Kalanchoe, co-
inoculation with A. fumefaciens strain pGV3297 harbouring a Ti-plasmid with
auxin-producing genes was needed for root formation although A. tumefaciens
strain pGV3297 itself did not form roots (Spena et al. 1987). In kiwi, the emergence
of some roots from leaf-derived rolABC-transformed callus was noticed when cul-
tured in callus induction medium containing auxin (Rugini et al. 1991). On the other
hand, high concentration of auxin in this medium prohibited root formation from
control calli which indicates that root morphogenesis was directed by rol genes in
transformed cells.

Compared to non-transformed roots, rolABC-transformed roots could grow well
in hormone-unsupplemented medium and showed the typical hairy root phenotype
as observed in roots transformed with wild-type A. rhizogenes (Palazén et al. 1998;
Bonhomme et al. 2000). Non-transformed roots obtained from in vitro grown plants
grew slowly with no lateral branching when cultured on MS basal medium (Palazén
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et al. 1998). In contrast, transformed roots expressing rolABC together grew more
vigorously, were highly branched with a plagiotropic growth and were thick (more
than 3 mm diameter) in the medium without phytohormone (Palazén et al. 1998;
Bonhomme et al. 2000). Schmiilling et al. (1988) reported that ro/ ABC-transformed
tobacco roots grew better in hormone-free medium than non-transformed roots. The
growth rate of transformed root lines was also significantly higher than non-
transformed roots (Palazon et al. 1998; Bonhomme et al. 2000).

The morphology of rolABC-transformed plants was more or less similar to that
of Ri-transformed plants and showed typical hairy root syndrome. Tobacco plants
transgenic for rolABC exhibited high growth rate of plagiotropic roots, reduced api-
cal dominance in roots and stems, wrinkled and epinastic leaves with altered mor-
phology, shorter internodal length, small flowers and reduced seed production
(Schmiilling et al. 1988; Palazén et al. 1998). van Altvorst et al. (1992) reported that
rolABC-transformed tomato plants showed similar morphology with control plants
with respect to leaf shape, leaf wrinkling, apical dominance and pollen production.
However, these transformed plants produced small, thin roots, low pollen viability
and reduced flower bud length compared to control plants (van Altvorst et al. 1992).
Rugini et al. (1991) reported that in vitro grown rolABC-transformed kiwi plants
had shorter internodes, dark-green wrinkled leaves and high rooting ability. In gen-
eral, three T-DNA genetic loci indicated as rolA, rolB and rolC act synergistically in
the induction and morphology of hairy roots as well as hairy root phenotype of
regenerated plants.

2.7 The ‘rol Effect’ on Secondary Metabolites in Plants

The application of plant tissue culture and plant genetic transformation for success-
ful production of highly valuable secondary metabolites is not a new trend and can
be traced back to the early works of Flores and Filner (1985), Kamada et al. (1986),
Mano et al. (1989) and Robins et al. (1991). It has been found that hairy roots,
Ri-transformed plants and Ri-transformed callus cultures showed activation of sec-
ondary metabolites in more than a hundred, taxonomically diverse medicinal plant
species (Ray et al. 1996, 2014, Ray and Jha 1999; Christey 1997, 2001; Chaudhuri
et al. 2005, 2006; Bulgakov 2008; Bulgakov et al. 2005, 2011; Majumdar et al.
2011; Roychowdhury et al. 2013a, b, 2015a, b; Basu and Jha 2014; Basu et al. 2015;
Paul et al. 2015; Halder and Jha 2016). In some cases decreased content of some of
the target metabolites has also been observed (Bulgakov et al. 2005). These changes
could be attributed to the variation in the pattern of T-DNA integration within the
genome of the host plant which caused the differential expression of key regulators
of biosynthetic pathways (Jouanin et al. 1987; Amselem and Tepfer 1992; Bulgakov
2008). The preference for ‘Ri-transformed plant or hairy roots or calli’ system for
production of secondary metabolites was due to their high growth rates acting as a
factory for continued production of high amounts of important compounds and the
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stability in metabolite accumulation in long-term cultures (Hikkinen et al. 2016,
Roychowdhury et al. 2017). Though there are various other factors affecting the
accumulation of secondary metabolites, which include media composition and pH,
effect of hormones, bacterial strain used for inoculation, temperature, light and
effect of elicitors (Chaudhuri et al. 2009; Majumdar et al. 2011; Simic et al. 2014;
Khalili et al. 2015; Paul et al. 2015; Sivanandhan et al. 2016; Basu et al. 2017); in
this review, we intended to confine our attention to the influence of rol genes on the
increase or decrease of secondary metabolites produced in medicinal plants. The
effect of wild-type A. rhizogenes on the production of secondary metabolites is well
studied in plants. Based on such studies, several reviews have been written from
time to time, explaining the ‘rol effect’ on secondary metabolite accumulation in
medicinal plants and to discuss the advances in this field of research (Hamill et al.
1987; Tepfer 1990; Toivonen 1993; Constantino et al. 1994; Bourgaud et al. 2001;
Rao and Ravishankar 2002; Verpoorte et al. 2002; Guillon et al. 2006; Srivastava
and Srivastava 2007; Bulgakov 2008; Bulgakov et al. 2013; Karuppusamy 2009;
Pistelli et al. 2010; Chandra 2012; Sharma et al. 2013; Roychowdhury et al. 2013a,
2017; Matveeva et al. 2015; Parr 2017; Mitra et al. 2017). The popularity of this
research has never declined through time which explains its immense value and
provides a hope for a promising future.

However, the knowledge regarding the respective roles of rolA, rolB, rolC and
rolD genes or when integrated in combinations is still insufficient. Very few attempts
have been reported, some of the pioneers being Palazén et al. (1997) and Bulgakov
et al. (1998). Years later, for the first time, Bulgakov (2008) took an initiative to
review how the individual rol genes impacted secondary metabolism. In the follow-
ing section of this chapter, the effects of individual and combined rol genes on sec-
ondary metabolites of medicinal plants have been discussed in details based on
updated list of reports. During the compilation it was observed that rolC gene has
been the most popular choice for this study followed by rolB and then rolA (Fig. 2.4).
Surprisingly, the role of 70lD in the accumulation of secondary metabolites has
remained unexplored.

2.8 Effect of rolA Gene on Plant Secondary Metabolite
Accumulation

There are very few reports on the effect of rolA gene on secondary metabolite pro-
duction (Palazén et al. 1997; Shkryl et al. 2007; Amanullah et al. 2016). The earliest
report where rolA was seen to stimulate nicotine production in transformed root
lines of Nicotiana tabacum was that of Palazén et al. (1997). Later, Shkryl et al.
(2007) transformed R. cordifolia plant with A. tumefaciens (strain GV3101) har-
bouring rolA construct pPCV002-A controlled by its own native promoter. In this
study, the effect of rolA gene on anthraquinone accumulation was investigated.
There was a 2.8-fold increase in the content of anthraquinones in the
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rolA-transformed calli compared to wild-type non-transformed ones. In rolA-trans-
formed cultures of A. dubia plants, artemisinin and its derived compounds were
found to be comparable to that of the non-transformed plant (Amanullah et al.
2016). Therefore, on one hand, rolA showed enhancement of secondary metabolites
in transformed N. tabacum plants and R. cordifolia calli (Palazén et al. 1997; Shkryl
et al. 2007) and, on the other hand, maintained the levels of secondary metabolite
production comparable to non-transformed A. dubia plants.

2.9 Effect of rolB Gene on Plant Secondary Metabolite
Accumulation

rolB gene has been a master regulator in secondary metabolite accumulation in
majority of the studies (Shkryl et al. 2007; Kiselev et al. 2007; Arshad et al. 2014;
Dilshad et al. 2016; Grishchenko et al. 2016). Presence of rolB gene has been co-
related to the enhanced secondary metabolite content in transformed plants with
respect to the non-transformed plants and plants transformed with rolA, rolC and
rolABC genes (Shkryl et al. 2007).

Transformed callus culture of R. cordifolia showed a 15-fold increase in anthra-
quinone levels when compared to the non-transformed callus culture (Shkryl et al.
2007). In this study, stimulation of isochorismate synthase gene (ICS) was posi-
tively correlated with the enhancement in anthraquinone content since ICS is a key
gene involved in biosynthesis of anthraquinones. Transformed callus lines express-
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ing low levels of rolB produced twofold higher anthraquinones, whereas transfor-
mants expressing medium and higher levels of rolB gene produced 2.8-fold and
4.3-fold anthraquinones, respectively. The effect of ro/B on production of another
target metabolite, resveratrol, was studied by Kiselev et al. (2007) in transformed
calli lines of V. amurensis Rupr. Compared to non-transformed callus, a striking
100-fold increase was seen in the rolB-transformed calli. It was further shown that
tyrosine phosphatase inhibitors played antagonistic role with the stimulatory effects
of rolB gene, suggesting the involvement of tyrosine phosphorylation in plant sec-
ondary metabolism. Grishchenko et al. (2016) established ro/B-transformed callus
cultures of M. amurensis Rupr., and the yield of isoflavonoids was studied in the
transformed calli. Isoflavonoid accumulation in ro/B-transformed calli ranged from
1.4 to 2.1% DW (dry weight) compared to 1.22% DW in empty vector control.

A. carvifolia Buch. plants transformed by rolB gene showed an increase in flavo-
noid levels (Dilshad et al. 2016). Caffeic acid, quercetin, isoquercetin, rutin, cate-
chin, apigenin, gallic acid and kaempferol were some of the flavonoids which were
compared among the transformed and non-transformed plants. Of these, apigenin
and catechin were absent in wild-type plants but present (75 mg/g DW) in the trans-
formed shoots. The transgenics showed an increased content of quercetin (sixfold),
rutin (2.4-fold) and isoquercetin (1.9-fold) in the transformed plants. Solanum lyco-
persicum L. transformed with A. tumefaciens harbouring rolB gene of A. rhizogenes
(Arshad et al. 2014) showed up to 62% increase in the lycopene content in rolB-
expressing tomato fruit lines compared to the control non-transformed fruits.

Hence, rolB gene can be considered having a positive effect on enhanced second-
ary metabolite production in medicinal plants because transformation with rolB
gene has resulted into higher metabolite content in most cases (Kiselev et al. 2007;
Shkryl et al. 2007; Dilshad et al. 2016).

2.10 Effect of rolC Gene on Plant Secondary Metabolite
Accumulation

Several reports are available which explained the role of rolC as a modulator of
secondary metabolite production among diverse group of medicinal plants
(Bulgakov et al. 1998, 2005; Palazén et al. 1998; Shkryl et al. 2007; Dubrovina
et al. 2010; Grishchenko et al. 2013; Vereschagina et al. 2014; Dilshad et al. 2015a,
b, 2016; Ismail et al. 2016).

Palazoén et al. (1998) examined levels of nicotine production in rol/C-trans-
formed plants of N. tabacum. In comparison with the non-transformed control,
the roots of rolC-transformed plants accumulated twice the amount of nicotine,
and the transformed leaves showed a threefold increase. Similarly, transformation
of P. ginseng with rolC oncogene resulted into production of threefold higher
levels of ginsenoside (Bulgakov et al. 1998). rolC-transformed callus cultures of
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R. cordifolia showed a 4.3-fold higher levels of anthraquinone compared to the
control calli (Shkryl et al. 2007). Dubrovina et al. (2010) in their study with V.
amurensis showed that rolC-transformed callus lines produced 3.7- to 11.9-fold
increase in resveratrol content compared to non-transformed calli. A stable two-
to fourfold increase (stable over a period of 2 years) in the polyphenol levels was
recorded in rolC-transformed calli of Cynara cardunculus var. altilis
(Vereshchagina et al. 2014).

Artemisinin content in rol/C-transgenic plant of A. annua showed a 4- to 4.6-fold
increment (Dilshad et al. 2015b). In the same study, artesunate and dihydroarte-
misin also increased up to 9.1-fold and 2-fold, respectively. A similar investigation
was conducted with another species of Artemisia, A. carvifolia (Dilshad et al.
2015a), where the artemisinin content recorded in transgenic plants was up to six-
fold higher than determined in non-transformed plants. The increase in contents of
artesunate, dihydroartemisinin and artemether was measured to be up to 8.9-, 3.2-
and 5-fold, respectively. Dilshad et al. (2016) reported twofold increase of caffeic
acid in rolC-transformed plants of A. carvifolia compared to non-transformed con-
trols. In addition, such rolC-transformed plants showed increased levels of querce-
tin (fourfold), isoquercetin (1.6-fold) and rutin (1.6-fold) compared to control.
rolC-transformed plants of Lactuca sativa showed enhancement of flavonoid con-
tent in the range of 7.5-8.2 pg/ml in contrast to 5.1 pg/ml in control (Ismail et al.
2016).

The stimulatory effect of 70lC on secondary metabolite accumulation was quite
evident in all of the above examples; however, it was interesting to note that rolC
gene has shown a reverse effect on production of certain metabolites in transformed
cultures of Eritrichium sericeum and Lithospermum erythrorhizon (Bulgakov et al.
2005). rolC-transformed cultures of E. sericeum (root and calli) and L. erythrorhi-
zon (calli) showed reduced rhabdosin and rosmarinic acid content than the respec-
tive controls. Grischenko et al. (2013) reported ro/C-transformed callus cultures of
M. amurensis with slightly higher isoflavonoid productivity compared to control.
Interestingly, on one hand, in the ro/C callus cultures, increased contents of six iso-
flavonoids were obtained; on the other hand, genistin production decreased com-
pared to control. This effect of r0lC on isoflavonoid production was stable for
4 years.

Therefore, rolC gene showed both stimulatory effect (Bulgakov et al. 1998;
Palazén et al. 1998; Shkryl et al. 2007; Dubrovina et al. 2010; Vereshchagina et al.
2014; Dilshad et al. 2015a, b, 2016; Ismail et al. 2016) and inhibitory effect
(Bulgakov et al. 2005) on the accumulated levels of target secondary metabolites.
rolC gene might be considered responsible for differential regulation of different
secondary metabolites within the same transformed plant causing increase in level
of one compound and reduction in level of others simultaneously (Grishchenko
et al. 2013).
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2.11 Synergistic Effect of rol ABC Gene on Plant Secondary
Metabolite Accumulation

The rol genes have individually shown to exert a neutral or a stimulatory as well as
negative effect on secondary metabolites in various medicinal plants (Bulgakov
et al. 2005; Kiselev et al. 2007; Shkryl et al. 2007; Dilshad et al. 2015a,b; Amanullah
et al. 2016; Grishchenko et al. 2016). To study the combinatorial effect of rol genes
(rolA, rolB, rolC), transformed cultures have been reported to be established with A.
tumefaciens harbouring rolABC genes (Palazén et al. 1998; Bonhomme et al. 2000;
Shkryl et al. 2007).

Palazoén et al. (1998) established r0lABC transgenic root lines of N. tabacum cv.
Xanthi, where the mean nicotine level showed a drastic enhancement (86 mg) in
comparison to that of the non-transformed root lines (0.8 mg). Shkryl et al. (2007)
performed an experiment with r0l/ABC transformed callus cultures of R. cordifolia
to monitor the effect on anthraquinone accumulation. Total anthraquinone content
in r0lABC transformed calli was measured to be almost 2 times the anthraquinone
levels recorded in non-transformed callus line and 1.4 times the anthraquinone lev-
els in wild-type (A4) transformed calli. Bonhomme et al. (2000) reported similar
increase in accumulation of total alkaloid contents in Ri-transformed and rolABC
transformed root lines of A. belladonna compared to non-transformed roots, sug-
gesting rolABC genes to be enough for increasing the tropane alkaloid content in
this plant.

Hence, the r0lABC showed a considerably stronger effect on the enhancement of
secondary metabolite productivity of transformed plants of Nicotiana (Palazén
et al. 1998). However, the stimulatory effect of rolABC gene on transformed R.
cordifolia calli (Shkryl et al. 2007) was relatively weaker than on Nicotiana as mea-
sured in terms of fold increment of their respective target metabolites. Differential
regulation of two different compounds within the transformed hairy root lines of the
same plant is yet another remarkable aspect of ro/ABC gene effect (Bonhomme
et al. 2000).

2.12 Conclusion

Transformation of plants with wild-type Agrobacterium rhizogenes has been sub-
ject of many studies. However the functions of individual oncogenes of the
Ri-plasmid are not well known. Rhizogenic property of A. rhizogenes is a well-
known phenomenon in higher plants, as well as morphogenesis from such hairy
roots. Four rol genes (rolA, rolB, rolC, rolD) are known to be responsible for such
ability for a long time. However, few attempts have been made to elucidate the mor-
phogenic ability of individual rol genes. Transformation with individual rol genes
results in transformed cultures (roots/calli/plants) having altered characteristics,
extent of which varies with plant species, choice of promoter and number of
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transcripts of the respective rol gene. In contrast, direct evidence of rhizogenic abil-
ity (direct and indirect) has been found in case of r0lABC genes together and the
morphology of such transformed cultures is comparable to typical Ri-transformed
ones.

While numerous reports are available on production of secondary metabolites
from Ri-transformed plants or callus or hairy root cultures, investigations dealing
with the effect of individual rol genes on secondary metabolite accumulation are
comparatively less and need further attention. Majority of the reports have high-
lighted the role of r0lC on secondary metabolite accumulation in medicinal plants.
We observed that phenylpropanoids were the most common group of target second-
ary metabolites studied for the effects of individual rol genes followed by terpe-
noids, alkaloids, quinones and steroids, respectively. While ro/A caused a stimulatory
effect in the accumulation of secondary metabolites, the rolB and rolC genes were
found to play dynamic roles leading to a differential regulation of the target metabo-
lites even in the same species. It was interesting to note that the rol[ABC genes
exerted a greater effect on secondary metabolite synthesis than individual rol genes.
From the overall study, the lack of reports for effect of individual rol genes suggests
that there is ample scope of research in this field in spite of being in the business for
more than three decades.
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