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Abstract In the presented work, plant growth regulators

(PGRs) were tested for their influence on biomass growth

and accumulation of therapeutically-relevant indolizidine

alkaloids in Securinega suffruticosa (Phyllanthaceae) callus

cultures. The study included 9 auxins [2,4-dichlorophe-

noxyacetic acid (2,4-D), 2,4,5-trichlorophenoxyacetic acid,

indole-3-acetic acid (IAA), 4-chlorophenoxyacetic acid,

indole-3-butyric acid, 4-amino-3,5,6-trichloropicolinic acid,

b-naphthoxyacetic acid, 1-naphthaleneacetic acid, indole-3-

propionic acid, one polar auxin transport inhibitor (2,3,5-

triiodobenzoic acid) and 7 cytokinins [2-isopentenyladenine,

1-phenyl-3-(1,2,3-thiadiazol-5-yl)urea, N-(2-chloro-4-pyr-

idinyl)-N0-phenylurea, diphenylurea, zeatin, kinetin (KIN),

6-benzylaminopurine]. The respective PGRs were applied at

0.5 and 5.0 mg l-1, together with 5.0 or 0.5 mg l-1 KIN or

2,4-D (for auxins and cytokinins, respectively). The calli

subjected to different phytohormone combinations (39

modifications in total) were evaluated for growth and alka-

loid content, and the results tested for statistical differences.

The highest concentrations of securinine (1.73 mg g-1 DW)

and allosecurinine (3.11 mg g-1 DW) were recorded in the

callus grown in the presence of 0.5 mg L-1 IAA and

5.0 mg L-1 KIN. To the best of the authors’ knowledge, this is

the first such comprehensive report concerning the influence

of PGRs on alkaloid accumulation in plant in vitro cultures.
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Abbreviations

AS Allosecurinine

BAP 6-Benzylaminopurine

4-CPA 4-Chlorophenoxyacetic acid

CPPU N-(2-chloro-4-pyridinyl)-N0-phenylurea

(forchlorfenuron)

2,4-D 2,4-Dichlorophenoxyacetic acid

DPU Diphenylurea

DW Dry weight

Gi Growth index

HPTLC High performance thin layer chromatography

IAA Indole-3-acetic acid

IBA Indole-3-butyric acid

2iP 6-(c,c-Dimethylallylamino)purine

(2-isopentenyladenine)

IPA Indole-3-propionic acid

KIN Kinetin

NAA 1-Naphthaleneacetic acid

BNOA b-Naphthoxyacetic acid

PGR Plant growth regulator

PCL 4-Amino-3,5,6-trichloropicolinic acid (picloram)

S Securinine

SH Schenk–Hildebrandt

2,4,5-T 2,4,5-Trichlorophenoxyacetic acid

TDZ 1-Phenyl-3-(1,2,3-thiadiazol-5-yl)urea

(thidiazuron)

TIBA 2,3,5-Triiodobenzoic acid

ZEA Zeatin
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Introduction

Securinine (S), the main pharmacologically active con-

stituent of Securinega suffruticosa (Pall.) Rehd., Phyllan-

thaceae, is an indolizidine alkaloid and c-aminobutyric

acidA receptor (GABAAR) competitive antagonist. S is

considered a promising agent for the prevention and treat-

ment of neurodegenerative diseases, including Alzheimer’s

disease, amyotrophic lateral sclerosis and post-alcohol

degeneration (Raj and Luczkiewicz 2008; Gupta et al.

2011). Apart from the above properties, S was shown to

exhibit cytotoxic activity against colon (Rana et al. 2010)

and breast cancer cell lines (Li et al. 2014), as well as inhibit

toxoplasma growth (Holmes et al. 2011). The second main

alkaloid of S. suffruticosa, allosecurinine (AS), acts as a

cholinergic agent (Raj and Luczkiewicz 2008).

In previous years, in vitro cultures of S. suffruticosa were

established in order to provide an efficient and reliable

source of securinega alkaloids (Wysokińska 1979; Ide et al.

1986; Ide 1991; Yuan et al. 2005, 2007; Raj et al. 2009,

2015). Despite promising results in terms of alkaloid accu-

mulation, these reports provided limited data on the influ-

ence of phytohormones on the accumulation of S and related

compounds in the investigated biomasses. Given that the

biosynthesis of alkaloids in plant cell cultures is strongly

affected by both the type and concentration of PGRs used

(Verpoorte et al. 1991), modifications of phytohormone

composition can be considered a simple, yet effective tool for

improving the productivity of an in vitro system. However,

contrary to other alkaloid groups such as indole (Verpoorte

et al. 1991; van der Heijden et al. 2004; Pietrosiuk et al. 2007)

and diterpene derivatives (Sabater-Jara et al. 2010; Malik

et al. 2011), reports concerning the influence of exogenous

PGRs on indolizidine alkaloid accumulation are rather

scarce and limited to the most commonly used phytohor-

mones like 2,4-dichlorophenoxyacetic acid (2,4-D),

1-naphthaleneacetic acid (NAA), and kinetin (KIN)

(Wysokińska 1979; Ide 1991; Yuan et al. 2007).

The aim of the presented work was to investigate the

influence of different combinations of PGRs (39 modifi-

cations in total) on biomass growth and the accumulation

of S and AS in S. suffruticosa callus cultures. Conse-

quently, the experiment led to the selection a phytohor-

mone composition providing the highest concentrations of

the investigated compounds. Correlations between callus

growth and the accumulation of indolizidine alkaloids were

established and possible relationships between the chemi-

cal structure of the PGRs used and the observed effects

were also discussed. To the authors’ knowledge, this is the

first such comprehensive study on the influence of phyto-

hormones on alkaloid accumulation in a single in vitro

model.

Materials and methods

Plant material

The experiments were conducted with the use of previously

established (Raj et al. 2009) S. suffruticosa callus cultures,

grown on solidified (0.7 % w/v agar) Schenk–Hildebrandt

(SH) medium (Schenk and Hildebrandt 1972) containing

5.0 mg l-1 2,4-D, 5.0 mg l-1 KIN and 3 % w/v sucrose,

and subcultured at 4-week intervals.

Experimental procedures and culture conditions

For the experiment, 1 g portions of S. suffruticosa callus,

taken on 30 d of the growth cycle, were transferred to baby

food jars (Sigma-Aldrich, St. Louis, US-MO) filled with

25 ml of the solidified (0.7 % w/v agar) SH media sup-

plemented with 3 % (w/v) sucrose and the respective

phytohormones (10 replicates per modification, 2 series of

5 repetitions). The cultures were maintained at 24 ± 1 �C
under a 16/8 (light/dark) photoperiod (88 ± 8 lmol m-2 s-1,

Philips TLD 35 fluorescent lamps). After 4-weeks, the calli

were harvested and their growth indices (Gi) calculated as

described by Yuan et al. (2007). After freeze-drying (Lyovac

GT2, Fin-Aqua-Santasalo-Sohlberg Co, Tuusula, Finland),

the samples were evaluated for S and SA content using the

previously developed HPTLC-densitometric method (Raj

et al. 2009).

PGRs used in the study were either sterile-filtered

[forchlorfenuron (CPPU), diphenylurea (DPU), indole-3-

acetic acid (IAA), 2-isopentenyladenine (2iP), thidiazuron

(TDZ), 2,3,5-triiodobenzoic acid (TIBA); Schleicher &

Schuell 0.2 lm CA filters, GE Healthcare, Little Chalfont,

UK] into the pre-autoclaved media or co-autoclaved (1 bar,

120 �C, 20 min) with other media components (all reagents

from Sigma-Aldrich, purified water produced by double

distillation). The pH of the media was adjusted to 5.8 prior

to autoclaving.

Experimental scheme

In order to test the effect of auxins and anti-auxins on the

growth rate and accumulation of S and AS, the KIN-con-

taining media were supplemented interchangeably with

2,4-D, IAA, NAA, TIBA, 4-chlorophenoxyacetic acid

(4-CPA), indole-3-butyric acid (IBA), indole-3-propionic

acid (IPA), b-naphthoxyacetic acid (BNOA), 2,4,5-

trichlorophenoxyacetic acid (2,4,5-T) and picloram (PCL).

The respective PGRs and KIN were applied at both 1:10

and 10:1 ratio—the media containing 5.0 or 0.5 mg l-1

KIN were supplemented with 0.5 or 5.0 mg l-1 auxin/

auxin inhibitor, respectively. S. suffruticosa calli grown on
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SH media supplemented solely with 0.5 or 5.0 mg l-1 KIN

(C1 and C2, respectively) and the callus maintained on

PGR-free SH medium (C0) were the reference groups.

Analogously, the influence of cytokinins on callus

growth and the accumulation of the indolizidine alkaloids

was investigated by enriching the 2,4-D-supplemented

media interchangeably with CPPU, DPU, 2iP, KIN, TDZ,

6-benzylaminopurine (BAP) and zeatin (ZEA). The cyto-

kinins and 2,4-D were applied at both 1:10 and 10:1 ratio—

the media containing 5.0 or 0.5 mg l-1 2,4-D were sup-

plemented with 0.5 or 5.0 mg l-1 auxins, respectively. S.

suffruticosa calli grown on SH media supplemented solely

with 0.5 or 5.0 mg l-1 2,4-D (C3 and C4, respectively) and

the callus maintained on PGR-free SH medium (C0) were

the reference groups.

In the next part of the study, the PGRs which provided

the best results in terms of indolizidine alkaloid content

(IAA and ZEA of auxin and cytokinin group, respectively)

were applied jointly at 1:10 and 10:1 ratio (2 modifications:

0.5 mg l-1 IAA ? 5.0 mg l-1 ZEA and 5.0 mg l-1

IAA ? 0.5 mg l-1 ZEA). S. suffruticosa calli grown in the

presence of 0.5 mg l-1 IAA and 5.0 mg l-1 KIN (modifi-

cation providing the highest alkaloid concentration in both

variable auxin and variable cytokinin groups) and on the

PGR-free medium were the reference groups.

Statistical analysis

The differences in Gi values and S and AS concentrations

observed between the calli grown on media with different

PGR composition were tested for statistical significance

(p\ 0.05) using the analysis of variance, followed by

Tukey’s range test (Statistica 10.0 software, StatSoft,

Tulsa, US-OK). Correlations between Gi and accumulation

of S and A were also investigated for each of the experi-

ments (p\ 0.05).

Results

The effects of different PGR compositions on the growth

rate (Gi value) and indolizidine alkaloid content of S.

suffruticosa callus were presented in Fig. 1. The biomass

maintained on the PGR-free medium (C0 modification—

Fig. 2a) for 30 d was characterized by relatively low Gi

value (218 %). AS concentration in the biomass

(1.42 mg g-1 DW) was over twofold higher than that of S

(0.61 mg g-1 DW).

2,4-D added at 0.5 mg l-1 as the sole PGR (Fig. 1d, C3)

significantly stimulated callus growth (Gi = 471 %, over

twofold increase compared to C0 group) but this effect was

not observed when 5.0 mg l-1 concentration was applied

(Fig. 1c, C4). 2,4-D decreased the accumulation of S and

AS in a dose-dependent manner, with stronger inhibitory

effect at higher concentration.

The addition of 0.5 or 5.0 mg l-1 KIN (C1 and C2,

respectively, Fig. 1a, b) had no significant effect on callus

growth, but significantly increased the accumulation of

both alkaloids. No clear dose-related effects were

observed, however, lower KIN concentration (C1)

favoured AS production (3.12 mg g-1, ca. twofold

increase as compared to C0 (Fig. 1b).

Auxins/anti-auxins at 0.5 mg l-1, applied jointly with

5.0 mg l-1 KIN, exhibited variable effects on callus growth,

ranging from inhibitory (TIBA, NAA) through neutral (IAA,

CPA, IBA, IPA) to stimulatory (2,4,5-T, PCL, BNOA, 2,4-

D). The combination of 0.5 BNOA and 5.0 KIN provided

the highest growth rate (Gi = 502 %) of all PGR modifi-

cations (callus depicted in Fig. 2b). None of the auxins

supplemented at 0.5 mg l-1 had statistically significant

stimulatory effect on S accumulation, however, IAA, BNOA

and IPA significantly increased AS content. 2,4,5-T and IBA

had significant negative effect on S production, whereas

PCL and 2,4-D significantly decreased the accumulation of

both alkaloids (Fig. 1a). The highest mean concentrations of

S and AS (1.73 and 3.11 mg g-1 DW) were recorded for the

culture supplemented with 0.5 mg l-1 IAA and 5.0 mg l-1

KIN (Fig. 1a). Statistical analysis showed negative correla-

tions between callus growth (Gi) and AS concentration

(-0.27, p = 0.007), as well as between Gi and the sum of

alkaloids (-0.25, p = 0.013).

The inclusion of 5.0 mg l-1 auxin into the 0.5 mg l-1

KIN-supplemented medium either did not affect (2,4,5-T,

IAA, IBA, PCL, IPA, 2,4-D) or significantly stimulated

callus growth (4-CPA, BNOA, NAA). The only exception

was the anti-auxin TIBA which at 5.0 mg l-1 significantly

decreased the growth rate. As in the case of 0.5 mg l-1

auxin/5.0 mg l-1 KIN modifications, the highest Gi value

(490 %) was recorded for BNOA (callus depicted in

Fig. 2c). Of the PGRs tested, IAA, IBA, TIBA, BNOA and

IPA had no effect on S accumulation whereas 2,4,5-T,

4-CPA, PCL, NAA and 2,4-D exerted significant inhibitory

effect. Except for IAA and IPA, AS concentrations in the

examined calli were significantly lowered in comparison to

reference culture (C1). The combination of 5.0 mg l-1 IAA

and 0.5 mg l-1 KIN provided the highest mean concentra-

tions of S (1.42 mg g-1 DW) and AS (2.42 mg g-1 DW).

The statistical analysis showed no important correlations

between the growth rate (Gi) and indolizidine alkaloid

accumulation.

As depicted in Fig. 1c, cytokinins at 0.5 mg l-1, applied

together with 5.0 mg l-1 2,4-D, had inhibitory (TDZ,

CPPU), neutral (2iP, ZEA, KIN, BAP) or stimulatory

(DPU, Gi = 427 %) effect on callus growth, as compared

to C4 reference group (2,4-D only). All the cytokinins

tested at 0.5 mg l-1 significantly increased S
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accumulation. The same effect was observed for AS,

except for 2iP and DPU which had no significant effect on

its concentration. The highest amounts of S and AS were

recorded in the calli grown in the presence of 0.5 mg l-1

ZEA (0.32 and 0.88 mg g-1 DW, respectively) or

0.5 mg l-1 KIN (0.32 and 1.06 mg g-1 DW, respectively).

At the same time, all phytohormone modifications tested

provided lower indolizidine alkaloid concentrations com-

pared to the PGR-free (C0) medium (Fig. 1c). No statisti-

cally significant correlations between callus growth and

alkaloid concentrations were established.

When supplemented at 5.0 mg l-1 and jointly with

0.5 mg l-1 2,4-D, the cytokinins had significant negative

effect on callus growth. The inhibitory effect varied from

ca. 20 % (2iP, KIN) to over 90 % decrease in Gi value

recorded for TDZ and CPPU. DPU was the only PGR that

did not significantly affect biomass growth (Gi = 436 %,

comparable to C3 group). Of the cytokinins examined,

DPU, KIN and BAP had no significant effect on S accu-

mulation, whereas 2iP, TDZ and CPPU caused ca. twofold

increase in its concentration. AS accumulation was nega-

tively influenced by 2iP, TDZ, DPU, KIN and BAP but

remained statistically unchanged after TDZ and CPPU

supplementation. The callus supplemented with 0.5 mg l-1

ZEA and 5.0 mg l-1 2,4-D was characterized by the

highest indolizidine alkaloid content (0.85 and

1.93 mg g-1 DW of S and AS, respectively). The obtained

results, however, were not significantly different than those

of control (C0) group (Fig. 1d). Statistical analysis showed

negative correlation (-0.31, p = 0.009) between biomass

growth (Gi) and S accumulation, however, no such rela-

tionship was established for AS and the sum of alkaloids.

As presented in Fig. 3, the combinations of IAA and

ZEA (i.e. the PGRs of auxin and cytokinin groups which

provided the highest indolizidine alkaloid accumulation—

Fig. 1) had no significant effect on callus growth. The

recorded concentrations of S (1.02–1.20 mg g-1 DW) and

AS (2.00–2.24 mg g-1 DW) were significantly higher than

those in the control group but also significantly lower in

comparison to the combination of 0.5 mg l-1 IAA and

Fig. 1 The effect of different combinations of auxins/anti-auxins and

cytokinins on the growth rate (Gi) and indolizidine alkaloid content of

S. suffruticosa callus: a 0.5 mg l-1 auxin/anti-auxin ? 5.0 mg l-1

KIN, b 5.0 mg l-1 auxin/anti-auxin ? 0.5 mg l-1 KIN, c 0.5 mg l-1

cytokinin ? 5.0 mg l-1 2,4-D, d 5.0 mg l-1 cytokinin ? 0.5 mg l-1

2,4-D (micromolar concentrations are given in parentheses). Control

groups: C0 phytohormone-free medium, C1 0.5 mg l-1 KIN, C2

5.0 mg l-1 KIN, C3 0.5 mg l-1 2,4-D, C4 5.0 mg l-1 2,4-D.

Different letters indicate significant differences between means

(p\ 0.05)
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5.0 mg l-1 KIN which consequently proved to be most

effective PGR composition in the whole experiment (1.73

and 3.11 mg g-1 DW of S and AS, respectively).

Discussion

Modifications of phytohormone composition offer wide

possibilities of improving cell culture productivity with

respect to therapeutically relevant constituents (Murthy

et al. 2014). However, difficulties can arise from often

opposite effects of auxins and cytokinins towards sec-

ondary metabolism. Consequently, in order to provide high

productivity, plant cell cultures need to be maintained in

two-phase systems or supplemented with a balanced,

empirically optimized auxin/cytokinin composition (Ver-

poorte et al. 1991; Collin 2001; Luczkiewicz and Cisowski

2001; Ramawat and Mathur 2007).

In the presented work, 39 different PGR combinations

were tested for their influence on the growth and indoli-

zidine alkaloid content in S. suffruticosa callus cultures.

Since the growth of S. suffruticosa callus was previously

shown to be both auxin- and cytokinin dependent (Raj

2011), the experiment was conducted using auxin/cy-

tokinin combinations. Given that the effects of phytohor-

mones on primary and secondary metabolism are usually

dose-dependent (Verpoorte et al. 1991; Ramawat and

Mathur 2007), the media with opposite auxin/cytokinin

ratios were tested—the experimental approach so far suc-

cessfully applied in the studies concerning phytohormone-

Fig. 2 S. suffruticosa calli grown using different PGR modifications:

a PGR-free medium, b 0.5 mg l-1 BNOA ? 5.0 mg l-1 KIN,

c 5.0 mg l-1 BNOA ? 0.5 mg l-1 KIN, d 0.5 mg l-1

TDZ ? 5.0 mg l-1 2,4-D, e 5.0 mg l-1 TDZ ? 0.5 mg l-1 2,4-D,

f 0.5 mg l-1 IAA ? 5.0 mg l-1 KIN

Plant Cell Tiss Organ Cult (2015) 123:39–45 43
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related accumulation of phenolics, including anthocyanins

(Luczkiewicz and Cisowski 2001), isoflavones (Luczkie-

wicz et al. 2014) and phenolic acids (Szopa and Ekiert

2014), in plant cell cultures.

When applied alone, 2,4-D and KIN, respectively, had

inhibitory and stimulatory effect on alkaloid accumulation

which is in agreement with previous studies on cell cul-

tures of alkaloid-bearing plants (Verpoorte et al. 1991;

Ramawat and Mathur 2007). The experiments also

demonstrated that simultaneous application of KIN and

2,4-D was not beneficial in terms of growth rates and

alkaloid concentrations obtained. The influence of differ-

ent combinations of the above PGRs on the growth and

alkaloid content in S. suffruticosa callus was also inves-

tigated by other authors. Yuan et al. (2007) found that at

the constant KIN concentration, the increase in 2,4-D

content resulted in slower growth rate and lower alkaloid

concentration. In another study, Ide (1991) tested several

compositions of 2,4-D and KIN, the best of which yielded

0.06 mg g-1 S (compared to 0.32 mg g-1 S in the present

work). Because of different PGR concentrations applied,

the results of previous studies are not directly comparable

with the current work. Nevertheless, the general conclu-

sion is that a combination of 2,4-D and KIN can be used

for both initiation and maintenance of S. suffruticosa cell

cultures—while preserving their ability to accumulate

alkaloids.

As indicated by previous studies, the replacement of 2,4-D

with other auxins often resulted in significant increase of

alkaloid accumulation in plant cell cultures (Verpoorte

et al. 1991). In the present work, the combination of

0.5 mg l-1 IAA and 5.0 mg l-1 KIN provided the highest

accumulation of S and AS among all PGR compositions

tested. Positive effect on indolizidine alkaloid

accumulation was also noted for NAA, confirming the

results by Wysokińska (1979), Ide (1991) and Yuan et al.

(2007), as well as IPA whose influence on alkaloid meta-

bolism has so far been scarcely investigated.

Contrary to the above PGRs, most auxins included in the

study negatively influenced alkaloid accumulation in S.

suffruticosa, with PCL exhibiting the strongest inhibitory

effect. Also, no positive results were found for TIBA, an

anti-auxin included in the experiments because of its stim-

ulatory effect on secondary metabolism observed in previous

work by the authors (Luczkiewicz et al. 2002, 2014).

When applied at 0.5 mg l-1, cytokinins were shown to

promote alkaloid accumulation in S. suffruticosa, thus

reversing the negative effect of 2,4-D on secondary meta-

bolism. Nevertheless, the recorded concentrations of S and

AS were still lower than in C0 group (PGR-free medium).

In general, media compositions involving purine-type

cytokinins (especially ZEA and KIN) had more beneficial

effects since they significantly increased alkaloid accu-

mulation without negatively affecting callus growth.

Phenylurea derivatives, on the other hand, either inhibited

culture growth (TDZ and CPPU) or strongly increased

biomass yield at the expense of alkaloid production (DPU).

An important observation arising from the study is that

PGR combinations of 0.5 mg l-1 auxin and 5.0 mg l-1

cytokinin employed in the study showed negative correla-

tion between callus growth and alkaloid accumulation,

indicating that the growth medium could not be optimized

for both high biomass yield and secondary metabolite

content. It also needs to be mentioned that several PGRs

included in the study (e.g. PCL, TIBA, TDZ, CPPU, CPU)

were not previously examined with respect to their influ-

ence on indolizidine alkaloid biosynthesis. Therefore, it is

difficult to assess whether the observed effects follow a

general rule or are rather species-specific.

In the final part of the study, S. suffruticosa calli were

grown on the media supplemented with the combinations

of auxin and cytokinin which provided the highest indoli-

zidine alkaloid content (IAA and ZEA, respectively) in

order to check for synergistic effects between both PGRs.

The experiment proved unsuccessful, yielding lower con-

centrations of S and AS compared to IAA/KIN composi-

tion. Nevertheless, the maximum securinine content

obtained in the present work (1.73 mg g-1 DW) was

higher in comparison to the reports by Wysokińska (1979)

and Ide (1991) (1.17 and 0.4 mg g-1 DW, respectively).

Conclusions

Cell growth and securinine concentration in S. suffruticosa

callus cultures proved to be strongly affected by the type and

amount of the PGRs applied. Of the phytohormone

Fig. 3 The effect of the combinations of IAA with ZEA or KIN

[concentrations given in mg l-1 and lM (values in parentheses)] on

the growth rate (Gi) and indolizidine alkaloid content of S.

suffruticosa callus. C0: phytohormone-free medium. Different letters

indicate significant differences between means (p\ 0.05)
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compositions tested, the highest indolizidine alkaloid con-

tent was achieved using the combination of 0.5 mg l-1 IAA

and 5.0 mg l-1 KIN, providing higher securinine concen-

tration in comparison to previous reports. However, negative

correlation between callus growth and indolizidine alkaloid

accumulation indicates that developing a two-phase pro-

duction system may be necessary to further improve alkaloid

productivity of S. suffruticosa cell cultures.
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