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Abstract Catharanthus roseus (L.) G. Don is a plant
species known for its production of a variety of terpenoid
indole alkaloids, many of which have pharmacological
activities. Production of catharanthine in cell cultures or in
hairy roots established by transformation with Agrobacte-
rium rhizogenes is of interest because catharanthine can be
chemically coupled to the abundant leaf alkaloid vindoline
to form the valuable anticancer drug vinblastine. Here, we
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observed a high amount of catharanthine in hairy roots of
C. roseus, established by infecting leaf explants with the 4.
rhizogenes >agropine-type A4 strain carrying plasmid pRi.
T-DNA transfer from plasmid pRi into hairy roots was
confirmed by PCR for the essential T-DNA genes r0l4
and rolB and the agropine synthesis gene ags. The results
suggest that integration of T-DNA into the plant DNA plays
a positive role on the catharanthine pathway in C. roseus
hairy roots. Furthermore, co-transformation with the soy-
bean transcription factor GmMYBZ2 indicated that
GmMYBZ2 reduces the catharanthine production by
alteration of expression of a number of genes linked to
the pathway. Transcription levels of the zinc-finger tran-
scription factor 1 gene ZCT1 were high, and the transcrip-
tion levels of the anthranilate synthase gene AS«, the
strictosidine synthase gene STR, and the key transcription
factor gene octadecanoid-responsive Catharanthus APE-
TALA2/ethylene response factor were low. In addition,
GmMYBZ2 had a negative effect on the gene expression
levels of A-type cyclin CYSA and B-type cyclin CYSB,
which was correlated with a reduced growth rate of the hairy
roots.

Keywords Catharanthine - Growth index - Hairy roots -
Metabolic engineering - MYB transcription factor -
Transcript profiling

Introduction
The production of secondary metabolites by plant cell and
tissue cultures is an active field of study because of its

potential as a source of valuable pharmaceutical compounds
(Weathers et al. 2010). Catharanthus roseus (L.) G. Don
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has been extensively investigated because it produces a
variety of terpenoid indole alkaloids (TIAs), many of which
have physiological effects in humans, and several are
therefore used as pharmaceuticals. The monomeric com-
pounds ajmalicine and serpentine are used in the
treatment of cardiac and circulatory diseases, whereas
dimeric TIAs, such as 3', 4-anhydrovinblastine, vincristine,
and vinblastine, are powerful anticancer drugs (van der
Heijden et al. 2004; Singh et al. 2001). These dimeric TIAs
are synthesized from vindoline and catharanthine. A
schematic representation of the catharanthine biosyn-
thetic pathway in C. roseus adapted from our previous
review is shown in Fig. 1 (Zhou et al. 2009). Vindoline is
abundant in C. roseus plants, and catharanthine can be
produced by C. roseus cell or hairy root cultures (Zhao et
al. 2001). Purified catharanthine and vindoline can also be
chemically coupled to form dimeric alkaloids as an
alternative way to produce these compounds. Therefore,
the production of catharanthine and its mechanism of
biosynthesis in C. roseus cell or hairy root cultures have
been extensively explored. In vitro cultures of hairy roots
derived from C. roseus via Agrobacterium rhizogenes
infection exhibited higher genetic stability as compared to
cell suspension cultures. Hairy roots accumulate higher levels
of TIAs and have been used widely in many laboratories.
Additionally, they can grow in hormone-free and low-nutrient
salt media (Georgiev et al. 2007; Zhou et al. 2009).

Coordinated transcriptional control of biosynthetic genes
has emerged as a major mechanism dictating the
accumulation of secondary metabolites in plant cells.
Over the last decade, many efforts were directed at the
elucidation of the regulatory role of transcription factors
(TFs) in the TIA biosynthesis pathway in C. roseus.
Octadecanoid-responsive Catharanthus AP2/ERF domain
proteins (ORCAs), which are members of the AP2/ERF
TF family, have been shown to regulate the MeJA-
responsive activation of several TIA biosynthetic genes
in C. roseus (Menke et al. 1999; van der Fits and
Memelink 2000). In glucosinolate and phenylpropanoid
biosynthesis, MYB TFs play important regulatory roles.
The role of MYB TFs in TIA biosynthesis has not been
studied until now. MYB TFs can be classified into three
subfamilies based on the number of conserved imperfect
repeats in the DNA-binding domain, i.e., R3 MYBs
(MYBI1R) with one repeat, R2ZR3 MYBs (MYB2R) with
two repeats, and R1IR2R3 MYBs (MYB3R) with three
repeats (Rosinski and Atchley 1998; Jin and Martin 1999).
Among these MYB TFs, the R2ZR3 MYBs form one of the
largest TF gene families in plants, with 126 members
identified in Arabidopsis thaliana (Stracke et al. 2001).
Plant MYBs have been implicated in controlling processes
as diverse as secondary metabolism, epidermal cell fate,
formation of trichomes, development, signal transduction,
disease resistance, and the control of the cell cycle (Jin
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Fig. 1 Schematic representation of the biosynthesis pathway for
catharanthine in C. roseus. Solid lines represent a single enzymatic
conversion whereas dashed lines indicate multiple enzymatic con-
versions (Zhou et al. 2010). Abbreviations: AS anthranilate synthase,
CPR cytochrome P450 reductase, DL7H 7-deoxy-loganin 7-
hydroxylase, DMAPP dimethylallyl diphosphate, DXR 1-deoxy-D-
xylulose 5-phosphate reductase, DXS 1-deoxy-D-xylulose 5-phosphate
synthase, GES geraniol synthase, GI0OH geraniol 10-hydroxylase,
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10HGO 10-hydroxygeraniol oxidoreductase, GPP geranyl diphos-
phate, GPPS geranyl diphosphate synthase, /DS 1-hydroxy-2-methyl
2(E) butenyl 4-phosphate synthase, [PI isopentenyl diphosphate
isomerase, LAMT S-adenosyl-L-methionine: loganic acid methyltrans-
ferase, MECS 2-C-methyl-p-erythritol 2,4-cyclodiphosphate synthase,
SGD strictosidine (3-D-glucosidase, SLS secologanin synthase, STR
strictosidine synthase, TDC tryptophan decarboxylase, 7SB tryptophan
synthase f3
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and Martin 1999; Kui et al. 2010). Consensus motifs in
MY Bs important for their function are just beginning to be
elucidated. AtMYB4 has the motif NLELRISLPDDV in its C
terminus, which is essential for its repressive activity on the
cinnamate 4-hydroxylase promoter (Jin et al. 2000). This
motif (pdLNLD/ELxiG/S) is also conserved in a number of
R2R3 MYB proteins belonging to subgroup 4 which include
AtMYB4, AtMYB6, AtMYB7 and AtMYB32, strawberry
FaMYBI, Antirrhinum AmMYB308 and AmMYB330, and
maize ZmMYB31 and ZmMYB42, which exert a similar
repressive effect as AtMYB4 (Tamagnone et al. 1998;
Aharoni et al. 2001; Fornalé et al. 2006). All these TFs
possess, besides the repressor motif pdLNLD/ELxiG/S, a
putative zinc-finger domain in their C terminus. The R2R3
GmMYBZ2 protein (DQ902861), which was previously
isolated from soybean (Glycine max) in our lab, also has the
pdLNLD/ELxiG/S motif and a putative zinc-finger domain
in its C terminus, and it therefore probably acts as a
transcriptional repressor (Du et al. 2009). Since, similar
R2R3-type MYB genes have been shown to regulate
secondary metabolite biosynthesis in Arabidopsis. We
explored the effect of constitutive overexpression of
GmMYBZ2 on the expression of genes encoding TIA
biosynthesis enzymes and regulatory TFs and on catharan-
thine biosynthesis in C. roseus hairy roots. The results
showed that constitutive overexpression of GmMYBZ2 led
to a significant decrease in the accumulation of catharanthine
and in the expression level of several key genes acting in
the catharanthine biosynthesis pathway. Additionally,
GmMYBZ2 affected hairy root growth rate and the expression
levels of the cell cycle genes CYSA and CYSB encoding A-
and B- type cyclins, respectively. Finally, we found that
genes from the T-DNA of the hairy root-inducing Ri plasmid
affected the catharanthine biosynthesis pathway.

Materials and methods
Plant transformation and root cultivation

The plasmid pCAMBIA 2301-GmMYBZ2 (provided by
Du Hai and Dr. Yang Wen-Jie, Biotechnology Research
Institute, Chinese Academy of Agricultural Sciences) was
electroporated into A. rhizogenes agropine strain A4
(obtained from the Agricultural Culture Collection of
China) (Brillanceau et al. 1989), and transformants were
selected on YEB media (5 g/L tryptone, 1 g/L yeast extract,
0.5 g/ MgS0O, 7H,0, 10 g/L sucrose, 10 g/L agar, pH 7.4)
containing 50 mg/L kanamycin and 50 mg/L rifampicin.
The presence of pCAMBIA2301-GmMYBZ2 was con-
firmed by PCR amplification.

C. roseus seeds were obtained from the Institute of
Medicinal Plant Development, Chinese Academy of Medical

Sciences (Beijing, China), and plants were grown at 25°C
with a 16-h light/8-h dark photoperiod. Roots of wild-type
plants served as controls (WT). Transformation of leaf
explants was carried out with strains A4 and A4/pCAM-
BIA2301-GmMYBZ2 basically following the previously
described method for tobacco leaf disk transformation
(Horsch et al. 1989; Zhang et al. 2004). Roots developing
at cutting edges 2—3 weeks after co-cultivation were excised
from the explants and subcultured every 5 weeks at 25°C in
the dark on solid, hormone-free, half-strength B5 medium
(Gamborg et al. 1968), supplemented with 30 g/L sucrose.
The selection media contained 400 mg/L cefotaxime and/or
100 mg/L kanamycin used for hairy roots (AR) and
transgenic GmMYBZ?2 hairy root (Z), respectively. Rapidly
growing bacteria-free kanamycin-resistant lines were used to
establish liquid hairy root cultures. About 100 mg (£5 mg) of
fresh roots (3 cm in length) were inoculated into 150-mL
conical flasks containing 40 mL of liquid half-strength B5
medium and cultured on an orbital shaker (100 rpm) at 25°C
in the dark.

Investigation of root growth

Replicate flasks with the same inoculum size were cultured
for 42 days, and roots from five flasks were collected in
triplicate at days 3, 7, 14, 21, 28, 35, and 42. The growth
index defined as (final dry biomass—initial dry biomass)/
initial dry biomass was determined.

PCR analysis

Genomic DNA was isolated from hairy roots by using the
modified acetyl trimethyl ammonium bromide method
(Zhou et al. 2010). DNA was used in PCR analysis for
detecting the presence of the A. rhizogenes rolA, rolB, ags,
vir C and the soybean GmMYBZ2 genes. Primers were
RolAF (5'-ATGGAATTAGCCGGACTAAACG-3") and
RoIBR (5'-ATGGATCCCAAA TTGCTATTCC-3"), AgsF
(5'-CGGAAATTGTGGCTCGTTGTGGAC-3") and AgsR
(5-AAT CGTTCAGAGAGCGTCCGAAGTT-3’), VirCF
(5'-GGCTTCGCCAACCAATTTGGAGAT-3") and VirCR
(5'-TTTTGCTCCTTCAAGGGAGGTGCC-3"),
GmMYBZ2F (5'"-TTTTGAACAGA
GGAATCGACCCTGCA-3") and GmMYBZ2R (5'-
ATTTCCAAGCGGGTGCAATCCCA-3'). PCR mixtures
containing 1 pL of each primer (10 pM), 2 uL of 10 mM
dNTPs, 2 uL of 10x PCR buffer (Mg”* plus) and 0.5 units
of Taq DNA polymerase (Takara), and 200 ng of genomic
DNA in a total volume of 20 pL were heated at 94°C for
5 min followed by 30 cycles of 1 min at 94°C, 1 min at
60°C, 1 min at 72°C, and a final incubation at 72°C for
10 min. Amplified fragments were analyzed by 1%
agarose gel electrophoresis.
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Southern blot hybridization

Putatively transformed GmMYBZ2 hairy root clones were
analyzed by PCR with the primers GmMYBZ2SF (5'-
TTTTGAACAGAGGAATCGACCCTGCA-3") and
GmMYBZ2SR (5'-ATTTCCAAGCGGGTGCAATCCCA-
3"). Amplified fragments were separated by 0.8% agarose
gel electrophoresis, transferred to a Hybond-N" nylon
membrane (Amersham), and hybridized with the
digoxigenin-11-dUTP labeled GmMYBZ2 gene according
to the manufacturer’s instructions (DIG High Prime DNA
Labeling and Detection Starter Kit I, Roche, Germany).

Histochemical GUS assays

To assay [3-glucuronidase activity, sectioned transformed
roots were incubated overnight at 37°C in Eppendorf
tubes containing 2 mL staining solution with 0.5 mg/mL
5-bromo-4-chloro-3-indolyl-3-p-glucuronide (X-gluc),
0.5 mM K3Fe(CN)g, and 0.5 mM K4Fe(CN)g (Jefferson
1987).

Catharanthine extraction and HPLC detection

Approximately 200 mg (£5 mg) of fresh hairy roots were
freeze-dried overnight. The dry roots were weighed,
crushed in a tissue grinder, and extracted at room
temperature in 1 mL of MeOH for 60 min in a bath
sonicator (KQ-500 DB). The extract was centrifuged at
15,000xg for 5 min at 25°C, and the supernatant was
filtered through a PTFE 0.45 um filter into an amber glass
HPLC vial prior to HPLC analysis as previously described
by using a mobile phase consisting of a mixture of 5 mM
NaH,PO4-H;PO4 pH 6 and acetonitrile (Tikhomiroff and
Jolicoeur 2002; Zhou et al. 2010). Standards for cathar-
anthine (98%, Sigma) were prepared in methanol at a final
concentration of 1 mg/mL.

cDNA synthesis and Q-PCR amplification

Total RNA was isolated from the hairy roots samples
stored at —80°C using a Plant RNA,, Column (Tiandz,
China) according to the manufacturer’s protocol and
treated with RNase-free DNase (Promega). Reverse
transcription was carried out using the M-MuLV Reverse
Transcriptase (Revert Aid™ First Strand cDNA Synthesis
Kit, Fermentas) according to the manufacturer’s protocol.
A negative control (without reverse transcriptase) was
performed for each sample. The quantitative PCR (Q-PCR)
amplification was carried out in a 96-well plate Bio-Rad
iQ5 Multicolor Real-Time PCR Detection System. Each
reaction contained 0.5 puL ¢cDNA, 1.6 pL mixed primers,
10 uL SYBR Green PCR Master Mix, and 7.9 uL
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nuclease-free water. The primers of some genes (4Sc,
TDC, DXS, GI0H, CPR, SLS, STR, SGD, ORCA2,
ORCA3, ZCT1, ZCT2, ZCT3, GBF1, GBF2, DXR, MECS,
HDS, PGGT-1, RSP9) were previously described (Peebles
et al. 2009; Zhou et al. 2010). Table 1 contains a list of
primers of the other investigated genes (CYSA4, CYSB).
Reaction mixtures were incubated for 2 min at 50°C,
3 min at 95°C, followed by 40 cycles of 15 s at 95°C, 15 s at
60°C, and 20 s at 72°C. Relative gene expression was
quantified using the comparative threshold cycle (CT) method
(Shalel-Levanon et al. 2005). The gene encoding the 40S
ribosomal protein S9 (RSP9) was used as control (Menke et
al. 1999).

Statistical analysis

All data were examined using one-way analysis of variance
(ANOVA) (General Linear Models on GLM procedure).
The Student—Neuman—Keuls test was used to identify the
means which differed if the ANOVA test indicated
significance. A P value <0.05 was considered to be
significant.

Results
Development of transgenic hairy root lines

The soybean GmMYBZ2 gene was introduced into C.
roseus leaf explants using the A. rhizogenes strain A4
carrying the plasmid pCAMBIA2301-GmMYBZ2. The
abbreviations Z and AR refer to the transgenic hairy root
lines generated from transformations with strains 4. rhizo-
genes A4/pCAMBIA2301-GmMYBZ2 and A. rhizogenes
A4 (blank transformation), respectively. Thirty-six
kanamycin-resistant Z hairy root lines and 10 AR hairy root
lines were generated, of which 22 Z and 10 AR lines
survived the successive subculture steps. Some Z hairy root
lines turned brown and aged considerably faster than AR
hairy root lines (including Z4, Zs, Z¢, Z7, Z10, Z11, Z12, Z13,
Z19, 253, 74, Zos, Z5g, and Z3(). These lines were discarded,
and the remaining hairy root lines were subcultured for
5 weeks in hormone-free, half-strength B5 liquid medium.
Significant differences in growth characteristics were
detected among independently transformed root lines. The
22 Z lines grew slowly and vigorously with thicker and
fewer branches whereas AR lines grew fast with slender,
dense, and white branches (Fig. 2). Significant differ-
ences (P<0.01) were found between Z lines and AR lines
with respect to growth rate (Fig. 3). Both types of hairy
root lines reached the highest growth rate at the third week
and accumulated maximum fresh weight after 5 weeks of
culture.
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Table 1 List of genes and
primer pairs used for Q-PCR Gene Accession no. Primer pairs PCR products
CYs4 D86385 5'-CTTATTGGATTATGGCTGTG-3' 150 bp
5'-TCCTTTAAGTCTGCTGGTTT-3'
CYSB D86386 5'-AATTCGTCGTGCTCTTGGAG-3' 141 bp

5'-GCTACTGCTGCTGCTTGTGC-3’

Molecular analysis of genetically engineered hairy roots

To demonstrate the presence of T-DNA region genes of
both pRi and pCAMBIA2301-GmMYBZ2 plasmids in the
genome of transformed hairy roots, a PCR analysis of root
genomic DNA was performed. PCR analyses performed on
all 10 AR hairy root lines led to the amplification of the
expected rol4 and rolB fragment. PCR analysis confirmed
the presence of the ags gene in five out of 10 AR hairy root
lines (data not shown). PCR analysis performed on all 22 Z
hairy root lines led to the amplification of the expected rol4
and rolB fragment (1.5 kb), identical to that of the positive
control (pRi A4 plasmid) (Fig. 4a). No PCR products were
obtained with DNA from wild-type roots (negative control),
from brown and aged Z hairy root lines (Z4, Z,s, and Zg)
(Fig. 4a), and from all the tested transformed roots when
using the virC primers (data not shown). These results
indicated that the hairy roots contained the rol4 and rolB
genes in their genomes and that they were free of bacteria
as shown by the inability to detect the virC gene. Ten out of
25 examined hairy root lines contained the ags gene which
is on a separate Tr-DNA derived from plasmid pRi A4
(Fig. 4b). Our result showed that the T -DNA derived from
pRi A4 was sufficient to induce the typical hairy root
phenotype. PCR performed with primers specific for the
GmMYBZ2 gene resulted in the amplification of a single
fragment with the expected size of 810 bp in 23 out of 25
investigated hairy root lines (Fig. 4c). No PCR products
were obtained with DNA from brown and aged hairy root
lines Z, and Z,g. Based on these results, we selected six
hairy root lines (Z1, Zg, Z16, Z1s, Z32, and Z33) for further

Fig. 2 The phenotype of C.
roseus hairy roots. The
abbreviations Z and AR refer to
transgenic hairy root lines Z;
and AR, generated from
transformations with strains 4.
rhizogenes A4/pCAMBIA2301-
GmMYBZ2 and A. rhizogenes
A4, respectively

study. PCR—Southern blot analysis and reverse transcription
PCR confirmed the presence and expression of the
GmMYBZ2 gene in these six selected hairy root lines
(Fig. 4d and e, respectively). Additionally, strong GUS
staining was detected for these six Z hairy root lines
confirming that they contained the T-DNA derived from
plasmid pPCAMBIA2301-GmMYBZ2 (Fig. 5).

Catharanthine content in hairy roots

The catharanthine contents of wild-type roots, AR hairy
root lines, and Z hairy root lines were measured as
shown in Fig. 6. Catharanthine contents in three AR lines
(AR, ARg, and AR () were variable, ranging from 0.38 to
0.56 mg/g fresh weight (FW). In wild-type roots,
catharanthine was undetectable. This demonstrates that
the T-DNA genes derived from the pRi A4 plasmid
positively affected the catharanthine biosynthesis pathway.
The catharanthine levels in the six Z lines were lower
compared to those of the A lines, ranging from 0.20 to
0.25 mg/g FW. This indicates that GmMYBZ2 might
down-regulate the biosynthesis of catharanthine in C.
roseus hairy roots.

Analysis of gene expression

The expression levels of several genes encoding enzymes
acting in the catharanthine biosynthesis pathway or in
precursor pathways were determined in WT roots and hairy
root lines AR1 and ZI1. These genes were ASa and TDC
from the indole pathway; DXS, DXR, MECS, HDS, G10H,
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Fig. 3 Growth index of C. roseus hairy roots. White triangles, black
squares, and black triangles refer to the AR, and Z; hairy root lines
and WT roots, respectively. Error bars represent the standard
deviation of triplicate analyses

CPR, and SLS from the monoterpenoid pathway; and STR
and SGD from the TIA pathway. In addition, the expression
levels of several genes encoding regulatory proteins and of
two genes (CYSA and CYSB) encoding cell cycle regulators
were determined. TF genes were ORCA2 and ORCA3, the
zinc-finger protein-encoding genes ZCT1, ZCT2, and ZCT3,
and the G-box-binding protein-encoding genes GBFI and
GBF?2. The gene PGGT-I encodes type I protein geranyl-
geranyltransferase, which plays a regulatory role by
prenylating proteins. The RPS9 gene encoding the 40S
ribosomal protein S9 served as the control gene. For each
gene, the expression level in WT roots was set at 1, and the
expression levels in hairy root lines were normalized to the
WT expression level. The results represent the average of
three replicate measurements using the same RNA.

Expression of indole pathway genes

The expression levels of the indole pathway genes A4S« and
TDC for the three different types of roots are shown in
Fig. 7a. The AR, line showed the highest A4S« transcript
level. The Z, line showed the highest 7DC transcript level;

however, it had a significantly lower AS« transcript level
than the AR, line. The WT root showed the lowest
transcript levels for both ASa and 7DC. These results
indicated that the T-DNA genes derived from plasmid pRi
A4 could positively regulate the transcription levels of
indole pathway genes 4ASa and TDC. TF GmMYBZ2
appeared to positively affect TDC gene expression, but it
had a negative effect on ASa gene expression.

Expression of terpenoid pathway genes

The expression levels of the terpenoid pathway genes DXS,
DXR, MECS, HDS, GI10H, CPR, and SLS for the three
different types of roots are shown in Fig. 7b. The Z; and
AR lines had similar levels of DXS, DXR, MECS, HDS,
and SLS transcripts. The Z; line had a significantly lower
level of GI0H transcript compared to the AR; line. WT
roots had the lowest transcript levels for all terpenoid
pathway genes. These results indicated that the T-DNA
genes derived from plasmid pRi A4 could positively affect
the expression of terpenoid pathway genes. TF GmMYBZ2
had a positive effect on CPR gene expression but a small
negative effect on G/0H gene expression.

Expression of TIA pathway genes

The expression levels of TIA genes STR and SGD for the
three different types of roots are shown in Fig. 7a. The
SGD gene was expressed at a similar level in the three root
types. The AR, line had the highest level and WT roots
the lowest level of STR transcripts. These results indicated
that the T-DNA genes derived from the plasmid pRi A4
could positively affect STR and SGD expression. TF
GmMYBZ2 had a negative effect on the STR gene
expression level.

A M PCNGNG Zy Z; Zy Zs 232y Zu ZuZi ZvZwZin InZnM  Zis ZwZyZw Zos  Zoy Zap Zas Zaa Zss Zae

B M PCNGNCG Zn Za Zs Za ZeZo Zna ZnsZae ZvnZasZaw ZnZnn M Zas Zas Zar Zos Zov Zoy Zax Zas Zaw Zas Lai

C PCNGONG Zy 2y Zy Zy Zy 29 MZy ZnscaeZyy ZngZnZn M Zy Zas Zos Zys Zag Zas Ty Zigp Zay Zya Zas Zyg M

Z Zsg Z16 Zys Zn Zn

D

Fig. 4 Molecular analysis of transgenic hairy root lines. a Represen-
tative PCR analysis for the presence of rol4 and rolB genes in
transgenic hairy root lines. M DNA marker, PC pRiA4 (positive
control), NC wild-type C. roseus roots (negative control), Z transgenic
hairy root lines generated from transformations with strain A.
rhizogenes A4/pCAMBIA2301-GmMYBZ2, Z; to Z;s different
transgenic lines. b Representative PCR analysis for the presence of
the ags gene in transgenic hairy root lines. ¢ Representative PCR
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analysis for the presence of the GmMYBZ2 gene in transgenic hairy
root lines. PC pCAMBIA2301-GmMYBZ2 (positive control), NCI
AR hairy root line, NC2 wild-type C. roseus roots (negative control).
d PCR—Southern blotting for the presence and (e) reverse transcriptase
PCR analysis for the expression of the GmMYBZ2 gene in transgenic
hairy root lines. PC pCAMBIA2301-GmMYBZ2 (positive control),
NC wild-type C. roseus roots (negative control)
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Fig. 5 GUS staining of transgenic hairy root lines. NC/ AR hairy root line, NC2 wild-type C. roseus root (negative control), Z different

transgenic lines

Expression of TIA regulator genes

The expression levels of ORCA2, ORCA3, ZCTI1, ZCT2,
ZCT3, GBF1, GBF2, and PGGT-I for the three different
types of roots are shown in Fig. 7c. GBFI, GBF2, ZCT2,
ZCT3, and PGGT-I transcripts exhibited a similar level for
all three root types. ZCT1 transcript levels were highest in
WT roots and were twofold higher in the Z1 line than in the
ARI1 line. These results indicated that GmMYBZ2 posi-
tively affected ZCT1 gene expression and that the T-DNA
genes derived from the plasmid pRi A4 had a negative
effect on ZCT! gene expression. ORCA3 mRNA levels
were highest in the AR, line and lowest in WT roots. The
Z, line exhibited a significant lower level of ORCA3
mRNA transcripts than the AR; line. These results
indicated that the T-DNA genes derived from the plasmid
pRi A4 had a positive effect on ORCA2 and ORCA3 gene
expression, whereas TF GmMYBZ2 had a negative effect
on the ORCA3 gene expression level.

Fig. 6 Catharanthine content in 0.7 4
three types of C. roseus roots. g

WT wild-type C. roseus roots. o 0.6
The abbreviations Z and AR \‘éﬁ

refer to the transgenic hairy root £ 051
lines generated from transfor- §

mations with strains A. rhizo- § 04 1
genes A4/pCAMBIA2301- §

GmMYBZ2 and A. rhizogenes § 0.3+
A4, respectively. Bars represent 2

the deviation of 5% g 0.2
©

g 0.1
O

0 4

WT

Cell cycle regulators

The expression levels of the cell cycle regulator genes
CYSA4 and CYSB for the three different types of roots are
shown in Fig. 7a. The AR, line showed the highest levels
and WT roots the lowest levels in CYS4 and CYSB
transcripts. The Z; line displayed lower levels of CYSA4
and CYSB transcripts than the AR; line. These results
indicated that the T-DNA genes derived from the plasmid
pRi A4 had a positive effect on CYS4 and CYSB gene
expression, whereas TF GmMYBZ2 had a negative effect
on CYSA and CYSB gene expression.

Discussion
In dicots, hairy roots can be induced after infection with 4.

rhizogenes, a soil-borne pathogenic bacterium responsible
for the development of the hairy roots disease (Georgiev et

AR1 AR3 AR6 Z1 Z8 Z16 Z18 732 733

Hairy root line
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Fig. 7 Expression levels of
genes involved in the catharan-
thine biosynthesis pathway.
Dark gray, black, and white bars
refer to the WT roots, and AR,
and Z; hairy root lines, respec-
tively. 2°(—44Ct) values repre-
sent the relative expression
levels. The data were normal-

>
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ized to wild type (set at 1) using
the comparative threshold cycle
method. Error bars represent the
standard deviation of triplicate
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SGD ASa TrDC
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al. 2007). A. rhizogenes-induced hairy root cultures exhibit
stable and fast growth rates, genetic and biochemical
stability, and increased production of secondary compounds
compared to cell suspension cultures. Moreover, trans-
formed hairy roots can also be successfully cultured in
large-scale bioreactors (Georgiev et al. 2007, 2009). A.
rhizogenes is able to transfer the T-DNA of binary vectors,
thereby enabling the production of transformed roots
bearing other foreign genes on a second T-DNA (co-
transformation). However, it has been reported that the
integration of the Ri-plasmid T-DNA and the T-DNA from
the binary vector occur independently (Shahin et al. 1986).
More recently, Kumar et al. (2005) have shown that during
transformation, co-transfer of T-DNA from both Ri plasmid
and binary plasmid is not obligatory in Coffea canephora.
The presence of the rold, rolB, and GmMYBZ2 genes in Z
lines demonstrates that the Ri T-DNA and the binary
plasmid T-DNA were successfully transferred to C. roseus
hairy roots.

We found variability in the distribution of GUS
expression among the six selected Z hairy root lines. The
strongest GUS expression was always seen in the root tip
and in the central cylinder. This staining pattern has often
been observed in transformed plants when the CaMV35S
promoter was used (Terada and Shimamoto 1990; Diouf et

@ Springer
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al. 1995). However, in some root lines, all the tissues
displayed GUS activity. This wide variability in the spatial
distribution of GUS expression has often been reported in
hairy roots (Alpizar et al. 2006). It might result from
differences in the number of T-DNA copies, in T-DNA
rearrangements (Kohli et al. 2003).

The hairy roots from the AR lines grew slowly, were thin
and straight, and had slender, dense, and white branches
with thin tips, whereas hairy roots from the Z lines grew
slowly with thick and fewer branches. Aging was observed
along with the generation of brown pigments in some of the
Z lines, most likely due to the accumulation of phenolic
compounds. The growth rate of the AR lines was faster
than that of the Z lines through analysis of the growth
index. Plant growth is accomplished in two ways: by cell
growth and by cell division, processes controlled by the G1
and M phases of the cell cycle, respectively (Nasmyth
1996). Cell cycle phases are initiated by cyclins which can
be grouped as the A- and B-type mitotic (M) cyclins and
the D-type G1 cyclins (Dewitte and Murray 1997). D-type
cyclins might function as mediators of internal and
environmental stimuli to drive cell division (Riou-Khamlichi
et al. 1999). Both B- and A-type cyclins in plants are
expressed during mitosis and are known as mitotic cyclins,
and they contribute greatly to G2/M transition (Obaya and
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Sedivy 2002). Many authors have also reported that the
expression of plant mitotic cyclin genes is a good marker for
mitotic activity since it is exclusively confined to mitotically
active cells of meristematic tissues (Ferreira et al. 1994;
Kouchi et al. 1995; Setiandy et al. 1997). One approach
for a better understanding of how hairy roots regulate cell
division is the molecular analysis of genes associated with
the cell cycle. Our results demonstrated that the T-DNA
genes derived from the plasmid pRi A4 positively affected
CYSA and CYSB gene expression. TF GmMYBZ2 on
the other hand had a negative effect on CYSA and
CYSB gene expression levels. Therefore, there is a
correlation between the growth rates of the AR lines
and the Z lines, and the relative CYS4 and CYSB gene
expression levels.

Generally, a high content of secondary metabolites in
plant tissues is associated with poor growth (Jouhikainen et
al. 1999). Hairy root morphology also plays an important
role in secondary metabolite production (Zhang et al.
2004). We observed that catharanthine contents in the three
AR lines (AR;, ARg, and AR;y) were variable, ranging
from 0.38 to 0.56 mg/g FW. Catharanthine levels in WT
roots were undetectable, in agreement with a previous
report (Ciau-Uitz et al. 1994). Catharanthine levels in the
six selected Z lines were lower compared with those of the
A lines, ranging from 0.20 to 0.25 mg/g FW. We conclude
that the T-DNA genes derived from the plasmid pRi A4 had
a positive effect on the catharanthine biosynthesis pathway,
and TF GmMYBZ2 had a negative effect. The transcript
levels of catharanthine pathway genes correlate with the
catharanthine concentrations. The AR hairy root lines had
higher transcript levels of ASa, MECS, SLS, DXR, DXS,
G10H, HDS, CPR, STR, ORCA2, and ORCA3, lower levels
of ZCT1I, and no difference in the transcript levels of other
genes studied (TDC, PGGT-1, SGD, ZCT2, ZCT3, GBF1I,
and GBF2) compared to WT roots. Canel et al. (1998)
reported that overexpression of 7DC did not improve the
contents of catharanthine although it enhanced tryptamine
levels and that a constitutively high TDC activity seemed to
be detrimental to the growth of C. roseus cell cultures. STR
overexpressing cultures showed 10 times higher STR
activity than the wild-type line, resulting in higher TIA
accumulation including catharanthine (Canel et al. 1998).
ASa overexpression in C. roseus hairy roots under the
control of a glucocorticoid inducible promoter system
resulted in a large increase in the indole compounds
tryptophan and tryptamine. Loganin feeding to these hairy
roots led to an increase in catharanthine content of 26%
(Peebles et al. 2005, 2006). GI0OH overexpression in cell
cultures resulted in higher G10H activity and promoted the
formation of 10-hydroxygeraniol (Collu et al. 2001).
Overexpression of GI/0H in transgenic hairy root lines
significantly enhanced the accumulation of ajmalicine,

vincristine, and vinblastine (Gong et al. 2005). These
reports show that key enzyme genes can limit the
metabolic flux in the catharanthine pathway. The AR
hairy root lines contained high levels of catharanthine,
probably due to the fact that the expression levels of key
genes in the catharanthine pathway were elevated. At least
two reasons can be put forward to explain why
GmMYBZ2 has a negative effect on catharanthine
biosynthesis in Z lines. First, the Z lines had high levels
of ZCT1I transcripts. ZCT1 can bind to the promoter of
STR and repress its activity (Pauw et al. 2004). Second,
the Z lines had low transcript levels of ASac and ORCA3,
which are key genes in catharanthine biosynthesis.
GmMYBZ2 has the conserved amino acid motif
pdLNLD/ELxiG/S (Du et al. 2009), which is a well-
studied transcriptional repression motif. Our results reveal
the potential of T-DNA genes derived from the plasmid
pRi A4 to modify the flux in the catharanthine pathway.
They also reveal the complexity of the regulation of the
catharanthine pathway and indicate the necessity to find
unknown regulators, of which the expression is affected
by T-DNA genes derived from the pRiA4 plasmid.

In conclusion, the current work demonstrates the
positive effect of T-DNA genes derived from the plasmid
pRi A4 on genes encoding enzymes and regulators acting in
the catharanthine pathway. Our work also demonstrates that
GmMYBZ2 had a negative effect on catharanthine produc-
tion which was correlated with higher transcript levels of
ZCTI and lower expression levels of AS«, STR, and
ORCA3. 1t is possible that this effect of GmMYBZ2 is
indirect via reduction of the expression levels of T-DNA
genes. These results suggest that establishment of a delicate
balance between levels of cell cycle regulators, positive
regulators, and negative regulators might be necessary to
increase the flux through the TIA pathway to catharanthine
in C. roseus hairy roots.
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