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Abstract 

The simultaneous and sequential dual elicitation effect on plumbagin production in Plumbago indica L. root cultures, 
revealed that combination of chitosan (150 mg  L−1) with ʟ-alanine (5 mM) or methyl-β-cyclodextrin (MCD; 2 mM) 
significantly increased plumbagin production, but in the different treatment manners. The simultaneous treatment 
using chitosan + ʟ-alanine on a 14-day-old culture enhanced plumbagin production to 14.62 mg g−1 DW, while the 
sequential additions of MCD to a 12-day-old culture followed by chitosan after 48 h enhanced production of plum-
bagin to 14.33 mg g−1 DW. The plumbagin productivity from both treatments were up to 1.3- and 8-fold higher than 
the chitosan treated (10.93 mg g−1 DW) and untreated root cultures (1.76 mg g−1 DW). Moreover, the present studies 
provided new information on the effect of simultaneous and sequential elicitation on plumbagin-producing P. indica 
root cultures using chitosan in combinations with MCD or ʟ-alanine.
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Introduction
Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone), a 
bioactive constituent in various medicinal products, and 
most prominently present in Plumbago species especially 
the roots of Plumbago indica L. (Plumbaginaceae) (Mal-
lavadhani et  al. 2002). The demand for the large-scale 
production of plumbagin has gained tremendous focus 
due to its attractive pharmacological effects (Kaewbum-
rung and Panichayupakaranant 2012), and low supply 
cause of low yields from traditional route to fill the gap 
(Komaraiah et al. 2003). Moreover, unfeasibility of plum-
bagin chemical synthesis, and incomplete information of 
plumbagin biosynthesis restricts application of metabolic 
engineering for its production. Presently, application of 

elicitors to plant cell/organ cultures has been found as 
one of the most effective biotechnological approaches 
to induce or enhance the production of plumbagin in P. 
indica.

A wide variety of elicitors such as yeast extracts (Puta-
lun et  al. 2010; Juengwatanatrakul et  al. 2011), chitosan 
(Komaraiah et  al. 2003; Gangopadhyay et  al. 2011; Jaisi 
and Panichayupakaranant 2016a, 2017), methyl jas-
monate (Gangopadhyay et  al. 2011; Martin et  al. 2011), 
salicylic acid (Silja et al. 2014) and gamma ray irradiation 
(Jaisi et al. 2013) have been employed to induce the bio-
synthesis of plumbagin in various plant cell/organ cul-
tures of plumbagin-producing plants. Recently, P. indica 
root cultures have been employed to enhance plumbagin 
production using different biotic and abiotic elicitors 
(Panichayupakaranant and Tewtrakul 2002; Jaisi et  al. 
2013; Jaisi and Panichayupakaranant 2016a, b, c, 2017). 
In addition, our recent works demonstrated that chitosan 
(150  mg  L−1) is the most suitable elicitor for enhanced 
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production of plumbagin in P. indica root cultures (Jaisi 
and Panichayupakaranant 2016a, b, 2017).

However, till date most researchers have focused on the 
effect of an individual elicitor for plumbagin productiv-
ity. Apparently, different elicitors have different mode of 
actions, and the elicitors depending on different signal 
transductions induce different proteins and secondary 
metabolites (Cho et  al. 2008). These plant signal trans-
duction cascades involved in secondary metabolites 
production is a complicated network. Lately, research-
ers have observed that the combined use of two differ-
ent elicitors can be more effective due to a synergistic or 
additive or potentiating effect (Zhao et al. 2001; Pourian-
ezhad et al. 2019). One such strategy is the combination 
of a biotic or abiotic elicitor with one of the signal mol-
ecules in plant defense responses such as salicylic acid or 
methyl jasmonate. For example, 55-fold increased taxane 
production in Taxus x media cell cultures were achieved 
using cyclodextrin and methyl jasmonate (Sabater-Jara 
et al. 2014). Nonetheless, even application of two differ-
ent elicitors was also found effective, for instance 17- to 
40-fold enhanced trans-resveratrol production in Vitis 
vinifera L. suspension culture cells using cyclodextrins 
and coronatine (Almagro et  al. 2015). Moreover, the 
application of different elicitors at suitable time intervals 
has enhanced secondary metabolite production more 
than the treatments in the same period. Such sequential 
treatment has been reported to be effective strategy. Cho 
et  al. (2008) have reported that the production of ben-
zophenanthridine alkaloids in Eschscholzia californica 
Cham. suspension cultures through sequential treat-
ments with methyl jasmonate, salicylic acid and yeast 
extracts was more effective than simultaneous or single 
treatments. In addition, 24  h prior treatment of Salvia 
miltiorrhiza Bunge. hairy root cultures with methyl jas-
monate potentiated the yeast extract-induced tanshinone 
production (Ge and Wu 2005). Similarly, dual elicita-
tion using low concentration of  Ag+ and  Cd+ stimulated 
phenolic acid accumulation in V. vinifera cell suspension 
cultures without loss of cell viability (Cai et  al. 2013). 
Selection of efficient elicitors for synergistic combina-
tion and period for the treatment are therefore the most 
important and practical ways to improve secondary 
metabolites production.

Notably, there has been so far no report concerning 
simultaneous or sequential dual combination effects on P. 
indica root cultures. Based on our previous characteriza-
tion of suitable biotic and abiotic elicitors (Jaisi and Pan-
ichayupakaranant 2016a), further focus on an improved 
plumbagin production using the dual combination of 
chitosan and a particular elicitor, i.e., methyl jasmonate, 
salicylic acid, yeast extracts, 1-naphthol, MCD,  AgNO3, 
sodium acetate and ʟ-alanine was performed. The effects 

of simultaneous and sequential treatments of the dual 
combined elicitors on production of plumbagin and root 
biomass were also determined.

Materials and methods
Root cultures
The root cultures of P. indica were established and main-
tained in the cultured conditions as described previously 
by Jaisi and Panichayupakaranant (2016a). Briefly, the 
root cultures were initiated from the young leaf explants, 
and maintained in 250-mL Erlenmeyer flasks containing 
50 mL Gamborg’s B5 liquid medium supplemented with 
0.1 mg NAA  L−1 and 20 g sucrose  L−1, on a rotary shaker 
(60  rpm), at 25 ± 2  °C under dark conditions. The root 
cultures (2 g fresh weight) were maintained in the same 
conditions by a 3-week periodic subculture.

Elicitor preparation
Different type and concentration of elicitors, i.e., methyl 
jasmonate (50 µM), salicylic acid (50 µM), yeast extracts 
(100 mg L−1), MCD (2 mM),  AgNO3 (100 µM), 1-naph-
thol (50  µM), sodium acetate (5  mM), and ʟ-alanine 
(5  mM), were selected to combine with chitosan 
(150 mg L−1) according to our previous study (Jaisi and 
Panichayupakaranant 2016a). Yeast extract was purified 
by ethanol precipitation as described by Hahn and Alber-
sheim (1978) before use. The elicitor stock solutions were 
prepared as follows; methyl jasmonate, salicylic acid, 
and 1-naphthol were prepared in 40% v/v ethanol, while 
yeast extracts, chitosan, MCD,  AgNO3, sodium acetate 
and ʟ-alanine were prepared in distilled water. The yeast 
extract and chitosan stock solutions were autoclaved for 
15 min at 121 °C, while the other elicitor stock solutions 
were filtered through a microfilter (0.20 μm) and stored 
at 4 °C until use.

Simultaneous and sequential elicitation
Elicitor treatment combination, time for sequential addi-
tion of elicitors and harvest time was selected accord-
ing to biomass and plumbagin content reported in our 
previous study (Jaisi and Panichayupakaranant 2016a, c, 
2017). For a simultaneous treatment, the 14-day-old root 
cultures were simultaneously added with any combina-
tion of chitosan and a particular elicitor. For a sequen-
tial treatment, the 12-day-old root cultures were added 
with chitosan, and after 48 h followed by an addition of 
a particular elicitor. The sequential treatment was also 
performed vice versa, started with a particular elicitor 
and followed by chitosan. The same amount of water or 
ethanol was added to the control cultures throughout the 
experiments.

After the treatments, the root cultures were continu-
ally cultured in normal culture conditions for another 
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72  h, and then the root biomass was harvested from 
the culture medium by a vacuum filtration and washed 
with distilled water to remove residual medium. The 
roots were dried at 50 °C for 24 h. The dry weight (DW) 
of roots was recorded using an analytical balance and 
stored at − 20  °C until use. The harvested cultured 
medium was also frozen at − 20 °C until use.

Quantitative plumbagin analysis
Quantitative determination of plumbagin was per-
formed using the HPLC method as described pre-
viously by Jaisi et  al. (2013). In brief, the dried root 
powders (100 mg) were extracted with ethanol (20 mL) 
under reflux conditions for 20  min, and then filtered. 
The cultured medium (50  mL) was acidified with 1  N 
HCl to pH 2.0, and then extracted with ethyl acetate 
(20  mL × 3). The treated resin was extracted with 
methanol (20  mL × 3) on a shaker (60  rpm), for 12  h. 
The obtained extracts were evaporated under reduced 
pressure at 40 °C, and the residue was reconstituted in 
methanol, and the volume adjusted to 10 mL.

The analysis was performed by HPLC (Waters 1525, 
Westbrook, CT) system, set up using a C18 column 
 (Phenomenex® ODS, 5 µm, 150 mm × 4.6 mm i.d.). The 
mobile phase was a mixture of methanol and 5% aque-
ous acetic acid (80:20, v/v), with an isocratic elution at 
a flow rate of 0.85 mL min−1. The quantitative detection 
wavelength was set at 260  nm. The content of plum-
bagin was calculated by comparing with the standard 
curve of authentic plumbagin (Sigma-Aldrich, USA). 
The experiments were performed in triplicate.

Data processing and analysis
The plumbagin content and the total plumbagin yield 
(mg  L−1 media) were used to determine any effects of 
the elicitations. The plumbagin content was calculated 
by combining the intracellular and extracellular content 
of plumbagin based on a dry biomass (mg g−1 DW). The 
total yield of plumbagin was calculated by multiplying 
the plumbagin content with the dry weight of root bio-
mass per 1-L media (mg L−1).

All experiments were performed in minimum trip-
licate (n = 3) and values regarding the biomass, plum-
bagin content and total plumbagin yield are presented 
as a mean ± SE. The values were analyzed using one-
way ANOVA followed by Tukey’s multiple range 
tests, and the differences at p ≤ 0.05 were regarded as 
significant.

Results and discussion
Effects of simultaneous elicitation on plumbagin 
production
Our present study indicated that only a combination of 
chitosan and ʟ-alanine improved the plumbagin pro-
duction in the simultaneous dual elicitation. The pro-
duction of plumbagin was up to 14.62  mg  g−1 DW that 
was 1.43-fold higher than the chitosan single treatment 
(10.93 mg g−1 DW) (Fig. 1a). Some of the other simultane-
ous dual elicitations did influence the plumbagin produc-
tion, but was significantly lower than the single chitosan 
elicitation (Fig. 1). In addition, regarding the dual elicita-
tion effect on growth of the root culture, the total yields of 
plumbagin production were calculated based on the cul-
tured root biomass in mg  L−l. The chitosan and ʟ-alanine 
simultaneous treatment provoked the highest total 
plumbagin yield of 43.87 mg L−1 that was up to 1.67-fold 
higher than the chitosan single-elicited group (26.22  mg 
 L−l) (Fig. 1b). Such magnitude of an enhanced plumbagin 
production using the dual simultaneous elicitation with 
chitosan and ʟ-alanine could be due to the possible role 
of ʟ-alanine as a precursor for plumbagin biosynthesis as 
reported by Rischer et al. (2002), along with the effects of 
chitosan inducing defense responses (Iriti and Faoro 2009), 
cell permeability effects (Johnson et al. 1991), or chitosan 
might have influenced on the enzymes involved in the 
biosynthesis of plumbagin like that of phenylpropaniod 
pathway (Chakraborty et al. 2009). Similarly, dual combi-
nation effect on plumbagin production has been reported 
through a simultaneous methyl jasmonate and chitosan 
treatment in the hairy root culture of P. indica (Gangopad-
hyay et al. 2011). Notably, the dual elicitation with chitosan 
and ʟ-alanine or MCD did not affect the dried root bio-
mass compared to the untreated group (Fig. 1c).

In addition, the root cultures simultaneously treated 
with chitosan and MCD significantly improved the 
intracellular plumbagin production up to 3.87  mg  g−1 
that was 2.2- and 2.85-fold higher than the control 
(1.76  mg  g−1 DW) and chitosan-alone treated groups 
(1.36  mg  g−1 DW). It is in accordance to the higher 
intracellular accumulation of anthraquinone in sus-
pension cultures of Rubia tinctorum L. by combined 
treatment using cyclodextrins and methyl jasmonate 
(Perassolo et al. 2016) and parthenolide in cell suspen-
sion of Tanacetum parthenium by combined treatment 
of yeast extracts and methyl jasmonate (Pourian-
ezhad et  al. 2019). The productivity obtained through 
this key strategy, was much higher than those previ-
ously reported in the chitosan-treated root cultures 
of P. indica (10.6  mg  g−1 DW) (Jaisi and Panichayu-
pakaranant 2016a). Also comparatively higher than 
the yeast extract treated in  vitro cultures of Drosera 
indica L. (2.69  mg  g−1 DW) (Juengwatanatrakul et  al. 
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2011), and D. burmannii (8.8  mg  g−1 DW) (Putalun 
et  al. 2010), and the combined methyl jasmonate and 
chitosan-treated P. indica hairy root cultures in a biore-
actor system (13.16 mg g−1 DW) (Gangopadhyay et al. 
2011).

The present study demonstrated that the combined 
elicitation using either chitosan and 1-naphthol or chi-
tosan and sodium acetate insignificantly reduced plum-
bagin production when compared to each of the single 
treatment (Jaisi and Panichayupakaranant 2016a). Similar 
reports on lower production in simultaneous dual com-
bination of methyl jasmonate and chitosan compared 
to methyl jasmonate single treatments was observed in 
betacyanin accumulation in Portulaca sp. cv. cell suspen-
sion cultures (Bhuiyan and Adachi 2003). These results 
indicated that simultaneous dual elicitations may not 
only give a synergistic effect, but also an antergic effect 
on secondary metabolite productions. However, the 
order of the dual treatments may also play an important 
role in their effects on secondary metabolite production. 
A sequential treatment strategy for further improved 
plumbagin production was therefore further studied.

Effects of sequential elicitation on plumbagin production
The sequential dual elicitation strategy using a 48-h prior 
chitosan treatment followed by a treatment with a par-
ticular elicitor did not significantly improve the plum-
bagin productivity compared to the single chitosan 
treatment group. Although the sequential treatments of 
chitosan followed by methyl jasmonate gave the high-
est total plumbagin content (15.08 mg g−1 DW) that was 
1.38-fold higher than the chitosan-alone treated groups 
(10.93 mg g−1 DW) (Fig. 2a), no significant difference in 
their total plumbagin yields (chitosan; 26.22 mg  L−1 and 
chitosan + methyl jasmonate; 30.16 mg  L−1) was observed 
(Fig. 2b). However, a significant decrease in the root bio-
mass was observed in all sequential treatments, except 
for the chitosan combinations with ʟ-alanine or MCD 
when compared with those of the control group (Fig. 2c). 
Noteworthy, most sequential treatments lead to higher 
extracellular released plumbagin contents than those of 
the simultaneous treatments, which might have affected 
the dry root biomass, especially through the phytotoxic 
action of plumbagin (Gonçalves et al. 2009).

Moreover, the effects of vice versa sequential treat-
ments for the dual combined elicitors were determined 
(Fig.  3). The key combined elicitors that enhanced 
plumbagin production through this dual sequen-
tial treatment were MCD followed by chitosan, with 
the total plumbagin content of 14.33  mg  g−1 DW that 
was 1.3-fold higher than chitosan single treatment 
(10.93 mg g−1 DW) (Fig. 3a). In addition, its total plum-
bagin yield (40.12 mg  L−l) was also significantly higher 
than that of the chitosan single treated group (26.22 mg 
 L−l) (Fig.  3b). This may be due to the effect of MCD 
on induction of plant defense responses. It has been 
reported that cyclodextrins have been shown to trig-
ger a signal transduction cascade involved in secondary 
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Fig. 1 Effect of simultaneous treatments using chitosan and other 
elicitors on a plumbagin content; b total plumbagin yield; c dry 
root biomass. Fourteen-day P. indica root cultures were treated with 
150 mg chitosan  L−1 (singly) or combined with methyl jasmonate, 
salicylic acid, 1-naphthol, yeast extract, MCD,  AgNO3, sodium 
acetate and ʟ-alanine. Control is untreated root cultures with 
equal amount of distilled water or 2% ethanol added on the 14th 
day. Measurements were taken after 72-h treatment from day 14 
treatments. Values are mean ± SE of triplicate experiments. Data 
were analyzed by one-way ANOVA, using Tukey’s test for multiple 
comparison. Different superscripts letters between the groups are 
significantly different at p < 0.05. MCD; methyl-β-cyclodextrin
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metabolites pathway, resulting in enhanced production 
of taxane in Taxus x media cell cultures using cyclo-
dextrin and methyl jasmonate (Sabater-Jara et al. 2014). 
Interestingly, only the sequential treatment using MCD 
followed by chitosan showed no significant different in 

the root biomass when compared to the control group 
(Fig.  3c). This result implied that MCD may reduce 
phytotoxicity of chitosan and plumbagin via its inclu-
sion complex formations with chitosan and plumbagin.
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by chitosan on a plumbagin content; b total plumbagin yield; c 
dry root biomass. Twelve-day P. indica root cultures were treated 
with methyl jasmonate, salicylic acid, 1-naphthol, yeast extract, 
MCD,  AgNO3, sodium acetate and ʟ-alanine, then followed by 
150 mg L−1 chitosan at 14 days. Control is untreated root cultures 
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is the singly treated at 14 days. Measurements were taken after 
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triplicate experiments. Data were analyzed by one-way ANOVA, using 
Tukey’s test for multiple comparison. Different superscripts letters 
between the groups are significantly different at p < 0.05. MCD; 
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The simultaneous or sequential treatment of chi-
tosan in dual combination with a particular elicitor 
accelerated plumbagin production by diverse ways; the 
mechanism for every treatment may be more intricate 
since it depends on the interactions between physi-
ological effects caused by two treatments as observed 
by Zhao et  al. (2005). In insectivorous plants, plum-
bagin is restricted to the traps suggesting its possible 
role as defense mechanism against microbes brought 
by visiting prey and additionally act as molecular trig-
gers in prey capture and digestion (Galek et  al. 1990; 
Raj et  al. 2011; Widhalm and Rhodes 2016). Raj et  al. 
(2011) reported that in Nepenthes khasiana, chitin 
induces production of droserone and 5-O-methyl dros-
erone. Similarly, chitin induces the production of plum-
bagin in Drosophyllum lusitanicum suspension cultures 
(Nahálka et al. 1998). Such phenomenon of plumbagin 
increase due to chitosan was also observed in in  vitro 
culture of D. indica (Juengwatanatrakul et  al. 2011) 
and D. burmannii (Putalun et al. 2010). It is likely that 
the induced plumbagin production in these studies 
could be due to mimicking of natural defense mecha-
nism (Iriti and Faoro 2009) or might have triggered the 
expression of enzymes involved in plumbagin biosyn-
thesis similarly to other plant secondary metabolites 
(Chakraborty et  al. 2009; Baque et  al. 2012). Till date, 
signaling mechanism of elicitors influencing plum-
bagin production or complete plumbagin biosynthesis 
is largely unknown.

It is interesting to note the order of treatments using 
chitosan and a particular elicitor plays an impor-
tant role on the enhanced plumbagin production. The 
variability of plumbagin production observed in dual 
elicitation of chitosan with plant signaling molecules 
like salicylic acid or methyl jasmonate might be due 
to inhibition of the degree of acetylation, a mecha-
nism by which chitosan induces the defense responses 
(Xing et  al. 2015) or might be the cross-interference 
between the two distant pathways of salicylic acid and 
jasmonic acid signal transduction or the electrostatic 
interactions. Similar observation is reported on cross-
interference or negative interaction between the plant 
signaling molecules and combining elicitors (salicylic 
acid or methyl jasmonate) (Vidal et al. 1997; Schweizer 
et al. 1997; Bhuiyan and Adachi 2003). In both elicita-
tions, the order of sequential treatments with chitosan 
combining 1-naphthol,  AgNO3, salicylic acid, yeast 
extract and sodium acetate did not enhance the plum-
bagin production compared to single chitosan-treated 
group (Figs.  1, 2 and 3). Both strategies, simultaneous 
and sequential combination of chitosan with ʟ-alanine 
or MCD favored plumbagin production with insignifi-
cant effect on root dry weight.

Conclusion
In conclusion, the present study revealed that plum-
bagin production considerably depends on the type 
of elicitor combination, elicitor contact period and 
growth stage of the root culture for treatment. The key 
success strategies include, the simultaneous treatments 
with chitosan (150  mg  L−1) and ʟ-alanine (5  mM) on 
the 14-day-old root culture for 72  h, and the sequen-
tial treatments with MCD (2  mM) on the 12-day-old 
root culture followed the chitosan treatment after 48 h. 
These two methods gave a total plumbagin production 
of 14.62- and 14.33- mg  g−1 DW, respectively, within 
17 days of culture. These culture systems will be useful 
in designing an intensive approach to improve plum-
bagin production and the root biomass through in situ 
adsorption techniques that are feasible for large-scale 
production of plumbagin. Moreover, the present studies 
provided new information on the effect of simultaneous 
and sequential elicitation effects on plumbagin-pro-
ducing P. indica root cultures using chitosan in combi-
nation with MCD, ʟ-alanine and 1-naphthol. Notably, 
such synergistic strategies on P. indica root cultures 
could be a useful model-system to study the transcrip-
tomic and metabolic profiles for better knowledge and 
understanding on plumbagin biosynthetic pathway 
underlying the mechanism for the enhanced produc-
tion through elicitation.
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DW: Dry weight; MCD: Methyl-β-cyclodextrin; NAA: 1-Naphthalene acetic acid.
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