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Abstract

Key message Overexpression of both native and mutant

forms of AtCPK1 in Rubia cordifolia cells increased

anthraquinone production and transcript abundance of

the RcIPPI, RcOSBL, RcOSBS, and RcICS genes to

different extents.

Abstract Calcium-dependent protein kinases (CDPKs) are

involved in various cell processes and are regulated by a

calcium signal system. CDPKs also function in plant

defense against stress factors such as pathogens, tempera-

ture, and salinity. In this study, we compared the effect of

heterologous expression of two forms of the Arabidopsis

AtCPK1 gene, native and constitutively active (Ca2?-in-

dependent), on anthraquinone production in transgenic

Rubia cordifolia cells. Significant qualitative and quanti-

tative differences were found in the content of anthraqui-

none derivatives in control and AtCPK1-transgenic calli.

Expression of the AtCPK1 gene increased anthraquinone

production by 3 and 12 times for native and constitutively

active forms, respectively, compared with control cells. In

addition, we identified and quantified the expression of

genes encoding key enzymes of the anthraquinone

biosynthesis pathway, including isochorismate synthase

(ICS), o-succinylbenzoate synthase (OSBS), o-succinyl-

benzoate ligase (OSBL), and isopentenyl diphosphate iso-

merase (IPPi). In all AtCPK1-transgenic cell lines,

expression of ICS, OSBS, OSBL, and IPPi increased con-

siderably at 14–15 days of subculture and decreased at the

end of cultivation (30 days). The results suggest that both

native and constitutively active AtCPK1 forms induced

anthraquinone accumulation at the logarithmic growth

stage via enhancement of expression of genes involved in

the metabolism of anthraquinones or their regulatory

mechanisms.

Keywords AtCPK1 � Rubia cordifolia � Anthraquinones �
Plant cell cultures

Abbreviations

AQs Anthraquinones

CDPKs Calcium-dependent protein kinases

ROS Reactive oxygen species

Introduction

Calcium-dependent protein kinases (CDPKs) are members

of a large multigene family, acting as Ca2? sensors in

plants. These enzymes have been implicated in responses

to biotic (Sudha and Ravishankar 2002; Boudsocq et al.

2010; Coca and San Segundo 2010) and abiotic (Asano

et al. 2012) stresses. CDPKs are also known to be involved

in growth (Matschi et al. 2013), development (Jain et al.
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2011), cell differentiation (Schulz et al. 2013), and plant–

microbe interactions (Veremeichik et al. 2014).

6-Dimethylaminopurine and other commonly used kinase

inhibitors may decrease the accumulation of phytoalexins

through a decline of CDPK activity in a variety of plants

(Choi and Bostock 1994; Vitrac et al. 2000). In Ara-

bidopsis and French bean particular CDPK proteins may

phosphorylate phenylalanine ammonia lyase (PAL) which

is involved in the biosynthesis of the polyphenols. Thus,

stress perception via CDPK and phosphorylation of PAL

enzyme provides a certain connection between defense

reactions and regulation of secondary metabolism in plant

cells (Allwood et al. 1999, 2002; Cheng et al. 2001).

The first experimental evidence for the influence of

CDPK on secondary metabolism was demonstrated using

mutant forms of the AtCPK1 gene from Arabidopsis

thaliana. The Rubia cordifolia cell line transformed with

mutant constitutively active form of AtCPK1 was found to

be 10-times more active in anthraquinone (AQ) biosyn-

thesis than untransformed culture (Shkryl et al. 2011). The

activation of AQ metabolism was associated with the rise

in the intracellular level of reactive oxygen species (ROS)

(Bulgakov et al. 2011). Thereby, expression of the consti-

tutively active form AtCPK1 may mimics the effects of

elicitors, causing an accumulation of anthraquinones by

elevation of ROS content.

AQs are known phytoalexins of Rubia species which

possess antitumor (Lajkó et al. 2015), antifungal (Kang et al.

2010), antioxidant (Zengin et al. 2015), and moderate

cytotoxic (Mishchenko et al. 2014) activities. AQs are also

considered useful for the disintegration and elimination of

urinary stones (Singh and Chauhan 2004). In the biosyn-

thetic pathway of Rubia-type AQs, shikimic acid, a-ketog-
lutarate via o-succinylbenzoate leads to the production of

ring A and B. In contrast, ring C is produced from isopen-

tenyl diphosphate, a common precursor for the synthesis of

isoprenoids. Several key enzymes implicated in AQ meta-

bolism have been identified. Isochorismate synthase (ICS)

converts chorismate, from the shikimate pathway, to iso-

chorismate; o-succinylbenzoate synthase (OSBS) catalyzes

the conversion of isochorismate to o-succinyl benzoic acid

(OSB) in the presence of a-ketoglutarate and thiamine

diphosphate; o-succinylbenzoate ligase (OSBL) forms CoA-

linked o-succinylbenzoate; isopentenyl diphosphate iso-

merase (IPPi) catalyzes the conversion of isopentenyl

pyrophosphate (IPP) to more-reactive dimethylallyl

pyrophosphate (DMAPP) (Han et al. 2001).

The aims of this study were to compare the effects of

overexpression of native and constitutively active forms of

the AtCPK1 gene on AQ biosynthesis in R. cordifolia cell

lines and to evaluate the changes in expression profiles of

genes involved in the AQ metabolic pathway.

Materials and methods

Callus cultures

The untransformed callus line of R. cordifolia (designated

in this work as R) and the transgenic callus line, trans-

formed with the mutant, constitutively active form of

AtCPK1 (designated in this work as R-Ca), used in this

study have been described previously (Shkryl et al. 2011).

The R. cordifolia transgenic callus line overexpressing the

native form of the AtCPK1 gene (designated in this work as

R-Ak) was created via Agrobacterium-mediated transfor-

mation of the R callus line.

To amplify the full-length sequence of the AtCPK1 gene

(GenBank accession no. NM_120569), we used amplified

cDNA of Arabidopsis thaliana Col-0 and the following

gene specific primers: forward 50-ACA AAG ATC TTT

ATG GGT AAT ACT TGT GTT G-30 (the Bgl II restric-

tion site is underlined) and reverse 50-GAC TGG GCC

CCT AGA GTT TAA GAG CAA TGC-30 (the Apa I

restriction site is underlined). PCR was performed using

these primers and conditions described previously

(Kozhemyako et al. 2010) and resulted in an 1855-bp-long

sequence. Plasmid vector pSAT6-MCS (Tzfira et al. 2005),

which contained the tandem cauliflower mosaic virus

(CaMV) 35S promoter, tobacco etch virus (TEV) leader,

and the CaMV 35S terminator, was used for the con-

struction of the plant expression vector. AtCPK1 was

subcloned as a BglII-ApaI fragment into the same sites of

linearized plasmid. The obtained constructions, pSAT6-

AtCPK1, were checked for the absence of mutations by

DNA sequencing as described previously (Shkryl et al.

2010) at the Instrumental Centre of Biotechnology and

Gene Engineering of IBSS FEB RAS using an ABI 3130

Genetic Analyzer (Applied Biosystems, Foster City, CA,

USA). The newly constructed expression cassette was

excised as a PI-PspI-fragment and subcloned into the bin-

ary vector pPZP-RCS2-nptII (Goderis et al. 2002; Tzfira

et al. 2005), containing left and right border regions of the

Ti plasmid and a gene for kanamycin resistance (nptII)

under the control of the octopine synthase (ocs) promoter

and terminator sequences. The final construction (Fig. 1),

pPZP-RCS2-nptII-AtCPK1, was transferred into Agrobac-

terium tumefaciens strain EHA105/pTiBo542 (Hood et al.

1993) by electroporation (BioRad Gene Pulser, 0.1-cm

cuvettes, 25 mF, [2.5 kV), following the manufacturer’s

protocol. Individual colonies were selected on LB medium

containing 150 mg/l rifampicin, 300 mg/l spectinomycin,

and 200 mg/l streptomycin at 28 �C.
The R-Ak callus line was obtained via Agrobacterium-

mediated transformation of R. cordifolia suspension culture

R as described previously (Shkryl et al. 2011). Selection of
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transgenic calli was achieved through five passages on the

medium, supplemented with kanamycin (50 mg/l).

R, R-Ca, and R-Ak callus lines were cultivated in

100 ml Erlenmeyer flasks on ‘‘W’’ agarized medium

(Bulgakov et al. 2011), supplemented with 0.5 mg/l

6-benzylaminopurine and 2.0 mg/l a-naphthaleneacetic
acid, in the dark at 25 �C with 30-day subculture intervals.

Calli were dried under hot air flow (60 �C for 5 h) and used

for determination of composition and quantity of

anthraquinones.

Growth indices were calculated as follows: final fresh

weight of tissues—initial fresh weight of tissues/initial dry

weight of tissues.

RNA isolation, cDNA synthesis and PCR reactions

The isolation of total RNA and first-strand cDNA synthesis

were carried out as described previously (Shkryl et al.

2008, 2010).

PCRs were performed in 50-ml reaction volumes con-

taining 1 ll of RT reaction product, 1 9 PCR buffer with

2.5 mM MgCl2, 200 lM of each deoxynucleotide, 1 lM of

the specific primer pair and 1 U ColoredTaq polymerase

(Sileks, Russia). PCRs were performed in a iCycler (Bio-

Rad Laboratories) and cycle conditions were as follows:

96 �C for 10 s, 55 �C for 30 s, 72 �C for 1 min.

For testing the integrity of the cDNA preparation pri-

mers used for the R. cordifolia actin gene (GenBank

accession no. DQ531565) were applied. The primer set 50-

TCC AAA CGA GGT ATC TTA AC-30 and 50-GCA AGA

TCA AGA CGG AGA AT-30 spans a 91-bp intron

sequence that allowed for testing for the absence of DNA

contamination in the sample.

The primers 50-AGC CTG AAA CGC TAG AGG AG-30

and 50-CTA GTG AGC TCA GCC GCT TT-30 were used

for amplification of a 517 bp AtCPK1 transcript.

To amplify sequences corresponding to OSBS, OSBL

and IPPi genes, degenerate primers were designed

according to the GenBank conserved amino acid sequences

of the corresponding enzymes from different plant species.

The primer set forward 50-GTN GCN CAY GGN YTN

GGN AC-3 and reverse 50-TCY TTN ARN CCN GGN

SWN CC-30 correspond to the conserved amino acid

sequences VAHGLGTY and SGSPGLKD of OSBS pro-

teins. These conserved amino acid segments were chosen

based on the alignment of known plant OSBS genes from

Arabidopsis lyrata (GenBank accession no.

XP_002887212), Ricinus communis (GenBank accession

no. XP_002514555), Vitis vinifera (GenBank accession no.

XP_002268761), V. vinifera (GenBank accession no.

CBI27421), V. vinifera (GenBank accession no.

CAN71091), Populus trichocarpa (GenBank accession no.

XP_002314907).

The primer set forward 50-CCN YTN TGY CAY ATH

GGN GGN A-3, reverse 50-CAN GCY TCN GTC ATN

CCR TAN GC-30 corresponding to OSBL gene were

designed using the amino acid sequences PLVHIGG and

YGMTEA. These conserved amino acid segments were

chosen based on the alignment of known plant OSBL genes

from Physcomitrella patens (GenBank accession no.

XP_001761932), Zea mays (GenBank accession no.

NP_001143117), Sorghum bicolor (GenBank accession no.

XP_002444999), P. trichocarpa (GenBank accession no.

XP_006377959), R. communis (GenBank accession no.

XP_002528558).

The primer set forward 50-CAY MGN GCN TTY WSN

GTN TTY YT-3, reverse 50-TAR TCN ARY TCR TGY

TCN CCC CA-30 corresponding to IPPi gene were

designed using the amino acid sequences HRAFSVF and

WGEHEVD These conserved amino acid segments were

chosen based on the alignment of known plant IPPi genes

from A. thaliana (GenBank accession no. NP_197148 b
NP_186927), A. lyrata (GenBank accession no.

XP_002884339), Brassica oleracea (GenBank accession

no. AAF36996), V. vinifera (GenBank accession no.

XP_002277935).

Using PCR with these primers and total RNA from R.

cordifolia cells, cDNA fragments of predicted lengths were

amplified. These fragments were isolated from gels with a

Glass Milk Kit (Sileks, Russia) and sequenced as described

earlier (Shkryl et al. 2008) at the Instrumental Centre of

Biotechnology and Gene Engineering of IBSS FEB RAS

Fig. 1 Physical map of pPZP-RCS2-AtCPK1 binary vector. BR and

BL—right border and left border, respectively; 2 9 35S, double 35S

promoter; AtCPK1-Ak, native, protein coding sequence of A. thaliana

CPK1 gene; Term, terminator; pNOS, promoter of the nopaline

synthase gene; NPTII, neomycin phosphotransferase II (kanamicine

resistance); ori, origin of replication; SpR/SmR, resistance to specti-

nomycin and streptomycin, respectively
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using an ABI 3130 Genetic Analyzer (Applied Biosystems,

Foster City CA, USA).

Rapid amplification of cDNA ends

To obtain full-length sequences of R. cordifolia OSBL and

IPPi genes, we performed Rapid Amplification of cDNA

Ends (RACE), using step-out PCR technology (Matz et al.

1999) with modifications (see below). cDNA was synthe-

sized from total RNA isolated from the R. cordifolia callus

culture and subjected to 25 cycles of amplification, using

the SMART cDNA Amplification Kit, according to the

manufacturer’s instructions (Clontech, CA, USA). In our

modified protocol of RACE, we used the degenerate pri-

mers as described in previously in the first round of PCR

instead of gene-specific primers. The use of these primers

allowed for the simultaneous amplification of all expressed

isoforms of RcOSBL and RcIPPi. The gene-specific pri-

mers (Supplemental Table 1) were employed in the second

round of RACE to obtain individual amplicons for each

isoform of RcOSBL and RcIPPi (Veremeichik et al. 2012).

The fragments obtained by RACE were cloned into the

plasmid pJET1.2 (Fermentas, Lithuania) and sequenced.

Real-time PCR

The quantitative real-time PCR (qPCR) analysis was per-

formed using a CFX96 (Bio-Rad Laboratories, Inc., USA)

with 2.59 SYBR green PCR master mix containing ROX

as a passive reference dye (Syntol, Russia).

Gene-specific primers were used for qPCR as follows:

RcICS (GenBank accession no. EF090619) forward 50-
TAT CGT GCG AGA GAA CAT CA-30 and reverse 50-
GAA TTC TGG CCA GTT TGC GA-30; RcOSBL (Gen-

Bank accession no. KT893312) forward 50-TAC GGA

GAT GGT GGT TGC-30 and reverse 50-ATC CGT CAC

CCA TGC CAT-30; RcOSBS (GenBank accession no.

KU725713) forward 50-AAG TGG CTC AAA GAA GAT

G-30 and reverse 50-CAC ATT TTG ATT GAT TTG AA-

30; RcIPPi (GenBank accession no. KT222914) forward 50-
GTT GGT CTG GAC AAA TAC CGG-30 and reverse 50-
GTG AAC TGA TCA ACT GGA AC-30.

Reactions were done in a 12.5 ll volume containing

300 nM of each primer, 1 ll of the diluted cDNA sample

and 2.5 mM MgCl2. All PCR reactions were performed

under the following conditions: 5 min at 95 �C, followed
by 35 cycles of 10 s at 95 �C and 30 s at 60 �C in a 96-well

reaction plate. Two biological replicates, resulting from

two different RNA extractions, were used for analysis, and

three technical replicates were analysed for each biological

replicate. No-template controls and RNA-RT controls were

included in the qPCR analysis to verify the absence of

contamination. The absence of non-specific products or

primer-dimer artefacts in the samples was confirmed by

melting curve analysis at the end of each run and by pro-

duct visualization using electrophoresis on a 1 % agarose

gel stained with ethidium bromide.

The actin gene of R. cordifolia was used for normal-

ization of the qPCR data. The stability of the RcActin gene

expression was previously confirmed using 18S gene

expression (Shkryl et al. 2011). Data were analyzed using

CFX Manager Software (Version 1.5; Bio-Rad Laborato-

ries Inc., Hercules, CA, USA).

Determination of composition and quantity of AQ

pigments

The composition and quantity of AQ pigments were

determined photometrically in 15- and 30-day cultures with

a UV-mini 1240 (Shimadzu, Japan) as described previously

(Mischenko et al. 1999). HPLC–DAD-MS was performed

on a Shimadzu LCMS-2020 chromatograph (Shimadzu

Corp., Japan) with a diode-matrix and mass-spectrometric

detectors as described previously (Bulgakov et al. 2011).

The separation was carried out over a Discovery HS C18

column (150 9 2.1 mm, 3 lm particle size, Sigma-

Aldrich) using a binary gradient of HOAc (0.1 %): MeCN

from 10 to 100 % MeCN over 10 min at flow rate 0.2 ml/

min and column temperature 40 �C. Mass spectra were

taken in electrospray ionization (ESI) mode at atmospheric

pressure, recording negative ions (1.50 kV) in the m/

z range 100–800.

Statistical analysis

All values are expressed as the mean ± SE. For compar-

ison among multiple data, analysis of variance (ANOVA)

followed by a multiple comparisons procedures was

employed. Fisher’s protected least significant difference

(PLSD) post hoc test was employed for the inter-group

comparison. Pearson correlation analysis was used to

reveal relationships between two variables.

Results

Growth parameters of R. cordifolia transformed

callus cultures

Full-length sequence of the AtCPK1 (GenBank §
NM_120569) gene was obtained from amplified cDNA of

Arabidopsis thaliana Col-0 using PCR and cloned into

pPZP-RCS2 binary vector. Transgenic callus line overex-

pressing native form of the AtCPK1 gene was obtained via

Agrobacterium-mediated transformation of R. cordifolia

suspension culture R as described in the Materials and
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Methods Section. After 2–3 weeks of selection, the

AtCPK1-transformed culture (R-Ak) began to form yellow-

orange, vigorously growing callus aggregates. This cell

line had a stronger yellow color than the control, non-

transgenic cell culture, but was less intensely colored than

the callus line transformed with the constitutively active

form of the AtCPK1 gene (R-Ca) (Fig. 2a). The transgenic

cell culture R-Ak, generated for this study, had

stable growth characteristics and morphological homo-

geneity for at least 12 months of observation.

To determinate heterologous expression of the AtCPK1

gene in R. cordifolia transformed calli, we performed PCR

with gene-specific primers. RcActin gene expression was

used to evaluate the integrity of the cDNA obtained

(Fig. 2b). AtCPK1 transcripts were detected in R-Ca and

R-Ak transgenic cultures while no PCR products were

observed in the control culture. All cultures grew vigor-

ously with growth indices between 9.3 and 12.5.

Effect of AtCPK1 gene on biosynthesis

of anthraquinones

To estimate the effect of AtCPK1 overexpression on sec-

ondary metabolism of transgenic R. cordifolia cells, com-

position and quantity of AQ pigments of R, R-Ca, and

R-Ak callus lines were examined at exponential (15 days)

and stationary phases of growth (30 days) by HPLC–DAD-

MS and UV-spectrophotometry.

HPLC–DAD–MS analysis of the R, R-Ak and R-Ca

ethanol extracts allowed the identification of 10 main AQ

derivatives (Fig. 3): pseudopurpurin primveroside (1),

pseudopurpurin glucoside (2), munjistin glucoside (3),

ruberitrinic acid (4), munjistin primveroside (5), lucidin

primveroside (6), pseudopurpurin (7), alizarin (8), purpurin

(9) and munjistin (10). The major component produced by

R callus culture was AQ 10; other compounds were pro-

duced at levels 2–5 times lower than AQ 10. All specific

AQ derivatives found in the control cells were also present

in AtCPK1-transgenic calli but in substantially greater

quantities. AtCPK1 also changed which compounds were

produced in R-Ak and R-Ca callus lines. The main AQ

pigments found in R-Ak cells were compounds 4 and 8,

while compound 10, the major component found in the R

Fig. 2 a Phenotypes of the Rubia cordifolia callus cultures. R,

untransformed callus line; R-Ca, callus line transformed with

constitutively active, calcium-independent form of AtCPK1; R-Ak,

callus line transformed with native form of AtCPK1. Cultures were

grown for 3 weeks on WB/A medium. b PCR products of RcActin and

AtCPK1 from cDNA of R, R-Ca, R-Ak, and callus cultures. PC,

positive PCR control (pPZP-RCS2-AtCPK1 DNA); NC, negative

control (no cDNA added), M, DNA markers (100 bp ? 1.5 kb ladder,

SybEnzyme, Russia)

Fig. 3 HPLC separation of the AQ pigment extracts obtained from R,

R-Ak, and R-Ca calli. Discovery HS C18 column, binary gradient

elution with 0.1 % acetic acid-acetonitrile, flow rate 0.2 ml/min,

detection at 254 nm. AQ derivatives: pseudopurpurin primveroside

(1), pseudopurpurin glucoside (2), munjistin glucoside (3), ruber-

itrinic acid (4), munjistin primveroside (5), lucidin primveroside (6),
pseudopurpurin (7), alizarin (8), purpurin (9) and munjistin (10)
(identification see in Table 1)
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culture, was present only in its glycosylated form, 3. Major

components found in R-Ca cells were AQs 1, 3, and 7. In

addition, R-Ca calli began to produce compound 6, which

was not found in other cultures, but stopped biosynthesiz-

ing compound 8. The retention times, MS and UV–Vis

absorption data of the identified compounds are given in

Table 1.

AQ quantity in control and AtCPK1-transgenic calli was

estimated by UV–visible spectrophotometry (Table 2). AQ

accumulation in the transgenic cell line expressing the

native form of AtCPK1 (R-Ak) showed a 4.5-fold increase

on day 15 and 3.5-fold increase on 30 day of culture

(p B 0.01) (Table 2). AQ accumulation in the transgenic

cell line, expressing the constitutively active form of

AtCPK1 (R-Ca), showed an 18.6-fold increase on day 15

and 12.3-fold increase on 30 day of culture (p B 0.01)

(Table 2). The production of AQs rose with biomass

accumulation and reached maximal values at the end of

passage (Table 2).

Identification and analysis of R. cordifolia genes

involved in anthraquinones metabolism

To identify genes encoding key enzymes of anthraquinone

biosynthesis, includingOSBL,OSBS, and IPPi, we designed

sets of degenerative primers for each gene. These primers

were used in PCR with cDNA templates obtained from cell

cultures, R, R-Ca, and R-Ak. Fragments of the predicted

lengths were obtained and sequenced, and partial sequences

ofR. cordifoliaOSBL,OSBS, and IPPi geneswere identified.

To obtain full-length sequences, a modified protocol of

RACE was performed using degenerate primers in the first

round of amplification for all genes studied. Full-length

sequences of RcOSBL and RcIPPi transcripts and the partial

sequence of RcOSBS transcripts were identified and sub-

mitted to GenBank under the accession numbers KT893312,

KT222914, and KU725713, respectively.

High levels of amino acid identity were found between

the deduced R. cordifolia RcOSBL, RcIPPI, and RcOSBS

Table 1 List of the retention times, MS data of pseudomolecular ions ([M-H]-), UV–Vis absorption data and structural elucidation for AQs

identified from R. cordifolia AtCPK1-transformed and untransformed cultures using HPLC–DAD-MS

No. RT (min) [M-H]- Molecular formula k max (nm) Compound Content of anthraquinones, %

R R-Ak R-Ca

1 6.42 593 C26H26O16 253, 288, 432 Pseudopurpurin primveroside 8.86 8.55 13.71

2 7.39 461 C21H18O12 249, 313, 350, 425 Pseudopurpurin glucoside 4.46 3.25 3.79

3 8.09 445 C21O18H11 247, 271, 346, 408 Munjistin glucoside 6.57 14.18 15.74

4 8.66 533 C25H26O13 260, 331, 416 Ruberitrinic acid 3.25 18.25 3.31

5 8.79 577 C26H26O15 258, 335, 407 Munjistin primveroside 4.92 5.51 1.92

6 9.48 563 C26H28O14 277, 338, 419 Lucidin primveroside – – 3.58

7 11.33 299 C15H8O7 258, 290, 330, 497 Pseudopurpurin – 10.71 24.25

8 11.98 239 C14H8O4 248, 279, 438 Alizarin 0.56 14.09 –

9 12.59 255 C14H8O5 255, 293, 481 Purpurin 4.68 12.09 11.11

10 12.91 283 C15H8O6 249, 278, 438 Munjistin 15.87 – 2.02

Table 2 Biomass accumulation, anthraquinone (AQ) quantity and AQ production in untransformed and AtCPK1-transgenic callus cultures of R.

cordifolia at 15 and 30 days of culture

Callus line Fresh biomass (g/l) Total AQ quantity (% dry wt) AQ production (mg/l)

15 days

R (untransformed culture) 99.78 ± 3.70A 0.25 ± 0.01C 10.28 ± 0.38C

R-Ca (constitutively active AtCPK1) 70.21 ± 7.08B 4.64 ± 0.18A 188.72 ± 14.52A

R-Ak (native AtCPK1) 97.30 ± 3.60A 1.13 ± 0.12B 53.05 ± 1.97B

30 days

R (untransformed culture) 399.07 ± 20.90A 0.29 ± 0.04C 51.46 ± 2.70C

R-Ca (constitutively active AtCPK1) 339.95 ± 42.67B 3.56 ± 0.24A 635.65 ± 77.52A

R-Ak (native AtCPK1) 389.22 ± 21.48A 1.01 ± 0.08B 152.44 ± 8.41B

The data presented are mean values ± SE. Different superscript letters indicate statistically significant differences of means (p B 0.05) in each

column, Fisher’s LSD
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proteins and known enzymes from other plants, using the

BLAST algorithm (Supplemental Table 2).

Sequence analysis of the RcOSBL and RcIPPI genes

indicated that the full-length cDNA contains the 50-UTR,
the complete open reading frame (ORF) and 30-UTR. The
BLASTp search utility identified the ATG translation start

in both genes. RcOSBL and RcIPPI have 2040 and 976 bp

ORFs, encoding proteins of 559 and 237 amino acids,

respectively. Sequence analysis of RcOSBS indicated that

the sequence contains part of the ORF and has 250 bp.

Analysis of ICS, OSBL, OSBS, and IPPi gene

expression

The expression profiles of RcICS, RcOSBL, RcOSBS, and

RcIPPi genes in non-transformed and AtCPK1-transgenic

calli were examined, using cDNA samples isolated from R,

R-Ak, and R-Ca callus cultures at 12, 13, 14, 15 and

30 days of growth (Fig. 4). The AtCPK1 gene increased the

expression levels of all genes studied. Notably, the effect of

the constitutively active form of AtCPK1 was 1.2–3.2

times greater than that of the native form. In the untrans-

formed callus line, RcICS, RcOSBL, RcOSBS, and RcIPPi

transcript abundance decreased during the growth cycle

and reached minimal values at the end of cultivation. In

both R-Ak and R-Ca transgenic cells, the expression of

RcICS, RcOSBL, RcOSBS, and RcIPPi transcripts peaked

at day 14 and 15 (i.e., the exponential phase). Thus, at

14 days of culture, the expression of RcICS, RcOSBS,

RcOSBL, and RcIPPi in R-Ak and R-Ca calli was 3–10 and

7–23 times higher than in R cells, respectively. The

expression levels of RcOSBS, RcOSBL, and RcIPPi at the

end of cultivation period (30 days) was lower than in all

other time points studied.

Fig. 4 Expression patterns of the R.cordifolia genes involved in

anthraquinone biosynthesis during exponential (12–15 days) and

stationary phases (30 days): a isochorismate synthase; b o-succinyl-

benzoate synthase; c o-succinylbenzoate-CoA ligase; d isopentenyl

diphosphate isomerase. Data (mean ± standard error) represent

measurements of three independent replicates from two different

RNA isolations and are presented as relative expression levels

normalized to the expression of the R. cordifolia actin gene. Different

letters above bars indicate statistically significant differences of

means (p B 0.05), Fisher’s LSD
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Discussion

The biotechnological production of secondary metabolites

on an industrial scale is not well developed with rare

exceptions. Thus, improving the methods of industrial cul-

tivation of plant cells (Weathers et al. 2010) and creating new

generations of plant cell cultures with improved character-

istics (Wang 2008; Nascimento and Fett-Neto 2010) are

active areas of research. Overexpression of a key enzyme,

regulating the rate-limiting step in a biosynthetic pathway, is

widely used as a biotechnological approach to increase

metabolite production (Farré et al. 2014). However, this

strategy is not always successful. For example, expression of

bacterial isochorismate synthase in transgenic root cultures

of Rubia peregrina resulted in only 20 % higher levels of

total AQs after 30 days in culture (Lodhi et al. 1996). Sim-

ilarly, transgenic cell lines of Morinda citrifolia overex-

pressing 1-deoxy-D-xylulose-5-phosphate synthase showed

a 21 % increase of anthraquinone quantity on day 3, a 24 %

increase on day 6 and an 18 % increase on day 9 of culture

(Quevedo et al. 2010). The use of regulatory genes for the

improvement of plant cell cultures is a promising approach in

biotechnology (Verpoorte and Memelink 2002).

Calcium and calcium sensor protein serine/threonine

kinase signaling networks participate in elicitor-induced

accumulation of plant secondary metabolites (Smith 1994;

Zhao et al. 2005). In particular, chitosan-induced AQ

accumulation in Rubia tinctorum involves increase in

intracellular calcium ions, which regulate protein kinases

participating in elicitation (Vasconsuelo et al. 2005). Dif-

ferent CPDKs could potentially regulate phytoalexins

production via ROS signaling (Xing et al. 2001) or direct

phosphorylation of key enzymes in biosynthetic pathways

(Allwood et al. 1999, 2002; Cheng et al. 2001).

We have previously demonstrated that heterologous

expression of a mutant, Ca2?-independent (constitutively

active) form of the Arabidopsis AtCPK1 gene caused a

significant increase in AQ quantity in transformed

R. cordifolia cells. In contrast, overexpression of the non-

active form of AtCPK1 had no effect on anthraquinone

production. In the work presented here, we obtained

transgenic R. cordifolia cells expressing the native form of

AtCPK1 and compared its action with a constitutively

active variant of the gene. Both forms of the AtCPK1 gene

triggered significant activation of AQ biosynthesis but to

different extents. Accumulation of AQs in the R-Ak cell

line showed a 4.5-fold increase on day 15 and 3.5-fold

increase on day 30 of culture. AQ quantity in the R-Ca calli

showed an 18.6-fold increase on day 15 and 12.3-fold

increase on 30 day of culture (Table 2). AtCPK1 gene

expression also led to significant changes in composition of

AQ pigments in transgenic calli. R-Ak and R-Ca cells

began to produce pseudopurpurin as one of the major

compounds, but stopped biosynthesizing munjistin. AQ

accumulation in the AtCPK1-transgenic cell lines was

likely caused by de novo biosynthesis of AQs, because the

rise in AQ quantity coincided with the activation of

expression of the key genes for AQ biosynthesis, including

RcICS, RcOSBS, RcOSBL, and RcIPPi (Fig. 4). Interest-

ingly, in both, R-Ak and R-Ca transgenic cells, the

expression of genes involved in metabolism of anthraqui-

nones peaked at the exponential phase of cell growth and

significantly decreased at the end of cultivation.

The mechanism of AQ activation by CDPK is presently

unknown. The mechanism might involve direct activation

of the enzymes involved in the AQ metabolic pathway,

analogous to the process described for PAL genes (Allwood

et al. 1999, 2002; Cheng et al. 2001). However, in silico

analysis using the KinasePhos online tool (Huang et al.,

2005) did not reveal any putative sites for phosphorylation

by AtCPK1 in ICS, OSBL, OSBS, and IPPi enzymes of

R. cordifolia. It seems more likely that AtCPK1 is involved

in indirect activation of ICS expression via transcription

factors and/or regulatory proteins. For example, CDPKs

could elevate ICS transcriptional levels via phosphoryla-

tion of WRKY transcription factors, which directly interact

with the ICS promoter (van Verk et al. 2011; Seyfferth and

Tsuda 2014). Recently, the 14-3-3 isoforms v and e were

identified as potential substrates for AtCPK1 (Swatek et al.

2014). In soybean, 14-3-3 proteins interact with

GmMYB62 and GmMYB176 transcription factors,

involved in isoflavonoid biosynthesis (Dhaubhadel and Li

2010; Li and Dhaubhadel 2012), and thus, may directly or

indirectly play a role in secondary metabolism. The latter

mechanism may be similar to the action of the rolB gene

from Agrobacterium rhizogenes. We have previously

shown that rolB and the constitutively active form of

AtCPK1 act on AQ production in very similar ways (Bul-

gakov et al. 2012). Although the precise mechanism of

RolB function is unclear, it might be associated with 14-3-

3 proteins to some degree (Moriuchi et al. 2004). Reactive

oxygen species (ROS) generation, mediated by AtCPK1

(Xing et al. 2001), also could affect AQ biosynthesis.

These mechanisms are not mutually exclusive, and could

possibly interact to activate the AQ metabolic pathway.
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