
Vol.:(0123456789)1 3

Plant Cell, Tissue and Organ Culture (PCTOC) (2018) 134:65–77 
https://doi.org/10.1007/s11240-018-1400-2

ORIGINAL ARTICLE

Response of Dionaea muscipula J. Ellis to light stress in in vitro: 
physiological study

Krzysztof Tokarz1   · Wojciech Makowski1 · Rafal Banasiuk2 · Aleksandra Krolicka2 · Barbara Piwowarczyk1

Received: 9 August 2017 / Accepted: 23 February 2018 / Published online: 28 February 2018 
© The Author(s) 2018. This article is an open access publication

Abstract
Stress response of Dionaea muscipula J. Ellis to various light quality and quantity regimes, in the context of secondary metab-
olites production was determined. Venus Flytrap plants were cultivated in vitro in four different light regimes: fluorescence 
(50 µmol × m−2 × s−1 PPFD—control), fluorescence (120 µmol × m−2 × s−1 PPFD) and white LED (120 µmol × m−2 × s−1 
PPFD) and in the darkness. Higher light intensity caused significant increase of membrane lipid peroxidation during the 
first 4 weeks of experiment. Whereas, light spectrum caused activation of defensive mechanisms. In the case of white LED, 
this mechanism was associated with the increased catalase activity and elevated synthesis of cinnamic acid derivatives, 
total phenols and plumbagin. While, in higher light intensity of fluorescence lamp, a reduction of chlorophyll content, and 
an increase amount of phenylopropanoids and plumbagin was observed. In turn, Venus Flytrap plants showed the highest 
activity of antioxidant enzymes, especially peroxidase, in the darkness. Higher concentration of plumbagin observed for the 
first time in response to different light quality and quantity, suggests that plumbagin is involved in photoprotection and/or 
in the antioxidant activity in Venus Flytrap tissue. Consequently, light might be used as an inorganic elicitator of 1,4-naph-
thoquinone derivatives and other phenolic compounds.
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Introduction

Dionaea muscipula J. Ellis (Venus Flytrap) is a carniv-
orous plant from the Droseraceae family. This species 
is endemic plant from the North and South Carolina in 
United States (Hook 2001). According to Givnish’s et al. 
(1984) cost-benefit model of carnivory, carnivorous plants 
are usually restricted to moistly, nutrient poor and sun 
exposed habitats, because only in such conditions car-
nivory is fully profitable. Modification of carnivorous 
plants leaves led to decrease photosynthesis efficiency and 
high breeding intensity due to energy demand in the pro-
cess of attracting, capturing and digesting the prey (Pav-
lovic and Saganova 2015). In natural conditions carnivo-
rous plants growing in open sun, can be exposed to various 
stress factors, in particular: light stress results from high 
light intensity, and changed light spectral composition 
(Tkalec et al. 2015). Light is a donor of the energy in the 
photosynthesis process and also mediates by photorecep-
tors in plant development affecting growth and metabo-
lism regulation (Muller-Xing et al. 2014). Photophilous 
plants use for photosynthesis about 50% of incoming solar 
radiation. From 22 to 50% of energy is dissipated in the 
violaxanthin-antheraxanthin-zeaxanthin (VAZ) cycle. It 
is estimated that around 2–8% of non-dissipated energy 
is a source of photooxidation (Szymanska et al. 2017). 
Therefore, high light intensity which, on the one hand, 
excesses photochemical efficiency of photosynthetic appa-
ratus and on the other hand, is too high to be harmless 
dissipated by (VAZ) cycle leads to light stress (Barczak-
Brzyżek et al. 2017). In addition to the light intensity, 
its spectral composition is equally important. Changes in 
the light spectral composition affect the physiological pro-
cesses and depending on the species, become a stimulator 
or stressor (Ouzounis et al. 2015b). The predominance of 
blue radiation, apart from anatomical changes, induces the 
chlorophyll formation and chloroplast development with a 
significant proportion of grana thylakoids, with high con-
tent of PS II and cytochrome b6f therein and high amount 
of Rubisco. Red light in contrast, leads to decrease of pho-
tosynthetic pigments content, formation of chloroplasts 
consisting mainly with stroma thylakoids with lesser PS 
II contribution but higher amount of PS I and cytochrome 
b6f (He et al. 2017). Thus changes in the structure of pho-
tosynthetic apparatus due to solar radiation composition 
may lead to light stress.

High light stress in plants, can cause oxidative damage 
(proteins, DNA and unsaturated fatty acids oxidation) and 
cells death. Most intensive production of reactive oxygen 
species (ROS), during excess light radiation, takes place 
on two-step photodamage reactions localized in oxy-
gen evolving center (OEC) and PS II reaction centre in 

chloroplasts (Takahashi and Badger 2010; Zavafer et al. 
2015). High light stress leads to perturbations in OEC, 
PSII reaction centres composition and efficiency, caus-
ing an excited molecules generation. Such molecules can 
interact with molecular oxygen leading to the formation 
of ROS e.g. superoxide and singlet-excited oxygen (Apel 
and Hirt 2004; Shumbe et al. 2016). The ROS reaction 
with lipids, particular with arachidonic acid which is per-
oxidized to finally form malondialdehyde (MDA), is gen-
erally known as “lipid peroxidation” and MDA content 
is widely accepted biomarker of oxidative stress (Tsikas 
2017). In plant response to light stress, protection role 
against ROS on the one hand play antioxidant enzymes 
like: catalase (CAT), peroxidase (POD) and others and, on 
the other hand, secondary non enzymatic metabolites i.e. 
phenolic compounds and isoprenoids (Samuoliene et al. 
2013). Antioxidant proteins’ activity leads to scavenging 
ROS and allows plant to survive stress (Tattini et al. 2005). 
Moreover variation in spectral composition and intensity 
of light can modify concentration of biological active 
compounds in plants, like phenolics, flavonoids, antho-
cyanins, tannins and other plant secondary metabolites 
(Arena et al. 2016). That is why selected wavelengths are 
used in biotechnology and industry for biologically active 
compounds synthesis enhancement. For example, low and 
high intensity of UV-B radiation lead to increase produc-
tion of glycyrrhizin in root tissue of Glycyrrhiza uralensis 
(Afreen et al. 2005) and under low light irradiance roots 
synthesized more glycyrrhizic acid, than control plants 
(Hou et al. 2010). Moreover, Kawka et al. (2017) showed 
that various light regimes caused differences in the quan-
tity of phenolic compounds in shoot culture of Scutellaria 
lateriflora.

Plants from the Droseraceae family are sources of a few 
types of secondary metabolites: naphthoquinones, phenolic 
acids, flavonoid glucosides and flavonoids. On the one hand, 
phenolic compounds are the part of plant defence system 
during stress conditions. As a non-protein agent, they protect 
cells from oxidative-damages by scavenging ROS (quench-
ing mechanism) and removing toxic substances from the 
cell environment (Shohael et al. 2006). Metabolites from 
phenols group are produced in cytoplasm and storage in 
vacuoles. During the presence of excess light or changed 
spectral composition these compounds can be accumulated 
in the epidermis cells, and act as a screening metabolites. 
Depending on the chemical structure of phenols, these 
compounds can have various absorption peak and may be 
protectants against various light wavelength (Takahashi and 
Badger 2010). Widhalm and Rhodes (2016), reported that 
1,4-naphtoquinones can play important role in protection 
against photooxidation. In sexual fruiting bodies of filamen-
tous fungi 1,4-naphtoquinones derivatives are accumulated 
as screening compounds. Phylloquinone (vitamin K1), which 
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is 1,4-naphtoquinone, is one of the compounds involved in 
photosynthesis in plants and some microorganisms (Gross 
et al. 2006). Simultaneously, on the other hand, naphthoqui-
nones as well as phenolic compounds have various medi-
cal properties. Therefore, genus: Dionaea and Drosera are 
medical plants used in folk medicine (Krolicka et al. 2008). 
Naphthoquinones are very diverse group of metabolites, 
synthesized by plants, microorganisms and some animals. 
In the plant kingdom these compounds, apart from Droser-
aceae family, are present in Nepenthaceae, Bignoniaceae, 
Plumbaginaceae, Boraginaceae, Juglandaceae, Dioncophyl-
laceae and Acanthaceae (Widhalm and Rhodes 2016). In 
carnivorous plants, plumbagin is produced in acetate-pol-
ymonate pathway, where precursors are acetyloCoA and 
malonyloCoA. Widhalm and Rhodes (2016) paid attention 
to several ecological properties of naphthoquinones. These 
redox active compounds are involved in allelopathy, plant-
microbial and plant-insect interactions. Derivates of the 
naphthoquinones play a protective role against predators 
(Tokunaga et al. 2004) and during digestion of prey in a leaf 
traps protect from putrefaction (Widhalm and Rhodes 2016).

Some scientists have characterized interactions of carniv-
orous plants with various environmental stress factors, like 
heavy metals (Babula et al. 2009), shade and nitrogen deficit 
(Thoren et al. 2003) in the context of carnivory syndrome 
or acclimation strategy. However, physiological response of 
carnivorous plants to light stress is still unknown. The aim 
of present study was to characterize D. muscipula response 
to various light quality and quantity regimes, in the context 
of secondary metabolites production—in particular phe-
nolic compound. Present study is focused on biochemical 
mechanisms involved in light stress response and synthesis 

of biologically active compounds in D. muscipula plants. To 
our knowledge this is the first report on Venus Flytrap physi-
ological and biochemical response to different light intensity 
and spectral composition.

Materials and methods

Plant material

Dionaea muscipula plantlets were obtained from the Botani-
cal Garden of Wroclaw, Poland. The optimal medium for 
micropropagation of Venus flytrap consisted of ½ MS 
medium (Murashige and Skoog 1962), 3% sucrose, 0.8% 
agar, pH 5.5. The plants used in experiment were grown 
in in vitro conditions in a growth chamber with 50 ml of 
medium per flask. Tissue cultures were subcultured in 
2 months intervals onto fresh medium. Plants were cultivated 
in temperature: 23 ± 1 °C, illumination: 50 µmol × m−2 × s−1 
photosynthetic photon flux density (PPFD) (Osram d.o.o., 
Zagreb), in 16 h/8 h light/dark cycle.

Experiment design and light treatments

Shoots of established culture of D. muscipula were trans-
ferred onto fresh basal medium (the same as described in 
section above), ten plants per one flask. Culture vessels 
were closed with transparent PVC foil. Tissue cultured 
were placed in four various light regimes: fluorescence of 
50 µmol × m−2 × s−1 PPFD (control objects), darkness, fluo-
rescence of 120 µmol × m−2 × s−1 PPFD (fluorescence) and 
white LED light of 120 µmol × m−2 × s−1 PPFD (white LED) 

Fig. 1   Spectral characteristic 
of lights applied in experiment: 
white LED light (WL) and 
fluorescence lamp (FL)
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(Osram d.o.o., Zagreb). Spectral compositions of light radia-
tion used in experiment and the percentage participation of 
selected wavelength ranges in whole used spectral radia-
tion are presented in Fig. 1. On the basis of preliminary test 
results, 120 µmol × m−2 × s−1 light intensity was selected as 
a stress factor. After 4 and 8 weeks of culture plant material 
were collected, subjected to growth analysis, frozen in liquid 
nitrogen, freeze-dried for 72 h, homogenized and stored in 
− 20 °C. Next various biochemical analysis were made on 
the plant material. Whole experiment was conducted in two 
independent repetitions.

Growth assessment

Growth index (GI) of fresh weight (FW) of plants were used 
to assess plant growth. GI was calculated based on the for-
mula: GI = [(FWb − FWa)/FWb] × 100, where FWa is the 
fresh weight of plant material at the beginning of the experi-
ment, and FWb is fresh weight at the end of experiment.

Photosynthetic pigment estimation

The content of chlorophylls a (Chl a) and b (Chl b) and 
carotenoids (Car) was measured by spectrophotometric 
method of Lichtenthaler (1987) with modifications. Plant 
tissue (10  mg dry weight (DW)) were homogenized in 
1 mL of 80% acetone with addition of magnesium chloride 
(MgCl2) in 4 °C. Samples were centrifuged for 15 min at 
25,155×g, in 4 °C. Supernatant were collected and pellet 
were extracted two more times with 1 mL of 80% acetone till 
discoloration of plant tissue. After dilution, the absorbance 
of extract was measured at 663 nm (Chl a), 646 nm (Chl b) 
and 470 nm (Car), using Double Beam spectrophotometer 
U-2900 (Hitachi High-Technologies Corporation). Content 
of pigments was calculated according to Wellburn (1994). 
Additionally, total chlorophyll (Chl a+b) content, ratio of 
chlorophylls a to chlorophyll b (Chl a/b) and ratio of carot-
enoids to total chlorophylls (Car/Chl a+b) were calculated.

Malonylodialdehyde content estimation

The content of malonylodialdehyde (MDA) was determined 
according to Dhindsa et al. (1981), with slight modifications. 
Samples (10 mg DW of tissue) were homogenized in 1 mL 
of 0.1% trichloroacetic acid (TCA) in 4 °C and centrifuged 
for 5 min at 25,155×g. Supernatant (0.2 mL) were mixed 
with 0.8 mL of 20% TCA containing 0.5% thiobarbituric 
acid (TBA). Reaction mixtures were incubated in 95 °C for 
30 min and centrifuged for 10 min at 25,155×g. The absorb-
ance of supernatants was measured at 532 and 600 nm. The 
value at 532 nm were reduced by the value at 600 nm (the 
correction value). Content of MDA was calculated with 
absorbance coefficient for MDA (ε = 155 mM cm−1).

Assessment of antioxidant enzymes activity

Antioxidant enzymes activity was analyzed using spectro-
photometric methods. Activity of catalase (CAT) was deter-
mined according to Bartosz (2006) and peroxidase (POD) 
according to Lück (1962). Tissue (10 mg DW) were homog-
enized at 4 °C, in 1 mL of phosphate buffers with pH 7.0 
and 6.2 for CAT and POD activity analysis, respectively. 
Samples were centrifuged for 15 min at 25,155×g, in 4 °C. 
To determine the activity of CAT, 0.2 mL of supernatant 
was mixed with 1.8 mL of phosphate buffer (pH 7.0) and 
1 mL of H2O2 solution in phosphate buffer. Absorbance of 
H2O2 decomposed by CAT was measured using wavelength 
240 nm, during 4 min, in 1 min intervals. The results were 
presented as the amount of enzyme that decomposed 1 µmol 
of H2O2 in 1 min.

Activity of POD was determined in reaction of p-phenyl-
diamine oxidation to phenazine by tested enzyme. 1.5 mL of 
phosphate buffer (pH 6.2), 0.5 mL of supernatant, 0.1 mL 
of 1% solution of p-phenyldiamine was mixed with 0.1 mL 
of 0.1% H2O2. Absorbance was measured at 485 nm (0.1 
rise of absorbance correspond to one unit of POD activity).

Phenolic compounds estimation

The amount of total phenolic content (TPC) were meas-
ure using photometric method with Folin’s reagent (Swain 
and Hillis 1959) with modifications. Plant material (10 mg 
DW) were homogenized in 1 ml of 80% methanol in 4 °C. 
Samples were centrifuged for 15 min (25,155×g, 4 °C). 
Diluted extract was mixed with 0.2 mL of Folin’s reagent 
(Sigma-Aldrich Chemie, GmBH, Steinheim, Germany) and 
1.6 mL of 5% Na2CO3. After 20 min incubation in 40 °C, 
the absorbance of samples were measured at 740 nm. Chlo-
rogenic acid was used as a reference standard and the results 
were expressed as milligram chlorogenic acid equivalents 
per 1 g of plant DW tissue.

Cinnamic acid derivatives, flavonols 
and anthocyanins estimation

Content of cinnamic acid derivatives (CAD), flavonols, and 
anthocyanins was determined using the spectrophotometric 
method according to Fukumoto and Mazza (2000). Plant 
material (10 mg DW) were homogenized in 1 mL of 80% 
methanol in 4 °C. Samples were centrifuged for 15 min 
(25,155×g, 4 °C). Diluted supernatant was mixed with: 
0.25 mL 0.1% HCl in 96% EtOH and 4.55 mL 2% HCl in 
H2O. After 15 min, the absorbance was measured at wave-
lengths of 320, 360, and 520 nm. Using calibration curves 
made for caffeic acid, quercetin, and cyanidin, the content 
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of CAD, flavonols, and anthocyanins was calculated. Results 
were expressed as milligram of CAD, flavonols and antho-
cyanins per 1 g of plant DW tissue.

Plumbagin content estimation

Plant material (10 mg DW) were homogenized in 0.5 mL 
of redistilled H2O and 0.5 mL of tetrahydrofuran (THF). 
Samples were shaken 15 min and 200 mg of NaCl were 
added. Samples were shaken to dissolve the salt and cen-
trifuged for 15 min (25,155×g). Supernatant was collected 
for chromatographic analysis (HPLC). The chromatographic 
separation was carried out using Beckmann Gold System 
equipped with a Thermo Separations Spectra 100 variable 
wavelength detector and a Rheodyne 6-way injection valve. 
For the stationary phase an Agilent XDB-C18 (4.6 × 50 mm, 
1.8 µm) was used. The flow rate used was 1 mL min−1. The 
sample injection volume was 10 µL. The mobile phase for 
the analysis consisted of methanol as eluent A and water as 
eluent B. The separation was performed in isocratic condi-
tions (60% A). The length of the analysis was 5 min. The 
retention time of plumbagin was 2.78 min. The separation 
was carried at room temperature. For determining concen-
tration of the compounds 4 point 3 level standard curve was 
used. Monitoring was performed at 254 nm. All analyses 
were performed in triplicate.

Statistical analyses

All results were subjected to one-way analysis of variance 
(ANOVA). The significant differences between means were 
determined using Duncan test at p < 0.05 level. STATIS-
TICA 12.0 (StatSoft Inc., Tulsa, OK, USA) was used to 
carry out statistical analyses. All physiological determina-
tions were made in five replications.

Results

Plant growth index

GI of D. muscipula plants did not change significantly 
regardless high light intensity or changed spectral compo-
sition (Table 1). Only GI of plants cultivated 8 weeks in 
darkness decreased significantly in comparison to control 
conditions. Representative plants grown under the applied 
light conditions are shown on Fig. 2.

Accumulation of photosynthetic pigments

Different spectral composition and high light intensity had 
significant influence on photosynthetic pigment accumula-
tion in Venus Flytrap. Total chlorophylls content (Chl a+b) 

decreased in plants after 4 and 8 weeks of darkness. In high 
light intensity chlorophylls content decreased in plants 
from white LED after 4 weeks and from fluorescence after 
8 weeks (Fig. 3). Similar changes were observed in Chl a/b 
ratio (Table 2). Car/Chl a+b ratio increased after 4 weeks 
in cultures from each tested conditions. After 8 weeks this 
effect was observed only in darkness (Table 2).

Total carotenoids (Car) content decreased significantly 
in shoots after 4 and 8 weeks in darkness. There was no sig-
nificant differences in carotenoids content between control 
culture and high lights intensity conditions cultures, either 
after 4 and 8 weeks (Fig. 3).

MDA content

After 4 weeks, MDA content increased significantly by ~ 15 
and 40%, respectively in plants from white LED and fluores-
cence, in comparison to control plants. In turn, D. muscipula 
plants from darkness accumulated significantly less MDA 
(Fig. 4). After 8 weeks of culture, decrease of MDA content 
was also observed in plants from darkness. No significant 
changes were noted in plants from the other light conditions 
(Fig. 4).

Activity of antioxidant enzymes

Depending on light conditions, various activity of POD and 
CAT was observed. After 4 weeks of D. muscipula culture, 
CAT activity was significantly higher in the darkness and 
fluorescence, compared to control plants. After 8 weeks of 
culture, significantly increase of CAT activity was observed 
in plants from white LED (Fig. 5). Darkness had a strong 
influence on POD activity in tested plants. In compared to 
control culture, either after 4 and 8 weeks, significantly 
enzyme activity was observed. In contrast, there was no sig-
nificant differences in POD activity in white LED as well as 
fluorescence conditions (Fig. 5).

Table 1   Effect of different light conditions and darkness on growth 
index in tissue culture of D. muscipula, after 4 and 8 weeks of culture

Different letters significant difference at p < 0.05 in each period; RU 
rela units, SD standard deviation

Light conditions Growth index [RU ± SD] (± percentage of 
control)

4 weeks 8 weeks

Control 0.72a ± 0.13 2.19a ± 0.18
Darkness 0.89a ± 0.05 (+ 23.6) 1.17b ± 0.05 (− 46.6)
Fluorescence 0.82a ± 0.24 (+ 13.9) 2.14a ± 0.21 (− 2.3)
White LED 0.56a ± 0.09 (− 22.2) 2.35a ± 0.70 (+ 7.3)
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Accumulation of cinnamic acid derivatives, flavonols 
and anthocyanins

Content of CAD significantly decreased after 4 and 8 weeks 
in the darkness and significantly increased in plants after 8 
weeks in white LED and fluorescence. Concentration of fla-
vonols as well as anthocyanins significantly decreased after 
8 weeks in darkness (Table 3).

Accumulation of phenolic compounds 
and plumbagin in various light conditions

Results concerning accumulation of phenolic compounds 
and naphtoquinone—plumbagin showed that various light 
conditions used in experiment had significantly effect on 
secondary metabolism of D. muscipula plants. Plumbagin 
and total phenolic contents (TPC) in darkness significantly 
decreased both after 4 and 8 weeks of culture. Contrary 
to darkness, TPC increased significantly after 4 as well as 

Fig. 2   Morphology of Dionaea muscipula plants growing on different light conditions after 8 weeks: a control, b fluorescence lamp, c white 
LED and d darkness

Fig. 3   Effect of different light 
conditions and darkness on 
chlorophyll a (Chl a), chlo-
rophyll b (Chl b), chlorophyll 
a+b (Chl a+b) and carotenoids 
(Car) accumulation in tissue 
culture of D. muscipula, after 
4 and 8 weeks. Different letters 
significant difference at p < 0.05 
in each parameter and period

Table 2   Effect of different light conditions and darkness on chloro-
phyll a/b ratio (Chl a/b) and carotenoids/chlorophyll a+b ratio (Car/
Chl a+b) in tissue culture of D. muscipula, after 4 and 8 weeks of 
culture

Different letters significant difference at p < 0.05 in each parameter 
and period; SD standard deviation

Light condi-
tions

Pigment ratio (± SD)

Chl a/b Car/Chl a+b

4 weeks 8 weeks 4 weeks 8 weeks

Control 2.92a ± 0.12 3.76a ± 0.11 0.43c ± 0.02 0.30b ± 0.01
Darkness 2.33c ± 0.10 1.97c ± 0.29 0.94a ± 0.05 2.34a ± 0.27
Fluorescence 2.88a ± 0.11 3.15b ± 0.07 0.51b ± 0.06 0.35b ± 0.01
White LED 2.63b ± 0.10 3.55a ± 0.11 0.53b ± 0.07 0.33b ± 0.01
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8 weeks of culture in white LED and only after 4 weeks 
in fluorescence conditions (Fig. 6). Plumbagin content 
decreased significantly in darkness after 4 and 8 weeks. 
Nevertheless, significantly increase of plumbagin was 

observed in fluorescence after 4 weeks and in fluorescence 
and white LED after 8 weeks of culture (Fig. 7).

Fig. 4   Effect of different light 
conditions and darkness on 
malondialdehyde (MDA) con-
centration in tissue culture of D. 
muscipula, after 4 and 8 weeks. 
Different letters significant 
difference at p < 0.05 in each 
period

Fig. 5   Effect of different light 
conditions and darkness on 
peroxidase (POD) and catalase 
(CAT) activity in tissue culture 
of D. muscipula, after 4 and 8 
weeks. Different letters signifi-
cant difference at p < 0.05

Table 3   Effect of different 
light conditions and darkness 
on cinnamic acid derivatives 
(CAD), flavonols (F) and 
anthocyanins (A) content in 
shoots of D. muscipula, after 4 
and 8 weeks of culture

Different letters significant difference at p < 0.05 in each parameter and period; SD standard deviation

Light conditions Cinnamic acid derivatives 
(mg g−1 DW ± SD)

Flavonols (mg g−1 
DW ± SD)

Anthocyanins (mg g−1 
DW ± SD)

4 weeks 8 weeks 4 weeks 8 weeks 4 weeks 8 weeks

Control 3.38a ± 0.14 4.04c ± 0.10 3.31a ± 0.13 3.14a ± 0.15 0.14a ± 0.06 0.16a ± 0.02
Darkness 2.74b ± 0.64 2.31d ± 0.05 3.22a ± 0.98 2.51b ± 0.17 0.17a ± 0.23 0.07b ± 0.02
Fluorescence 3.61a ± 0.20 4.33b ± 0.14 3.32a ± 0.24 3.42a ± 0.32 0.18a ± 0.03 0.18a ± 0.02
White LED 3.64a ± 0.19 4.85a ± 0.28 3.25a ± 0.24 3.22a ± 0.26 0.19a ± 0.01 0.17a ± 0.02
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Discussion

The quality and quantity of solar radiation affect plant 
growth and development via photosynthesis as well as, 
being a key factor sensed by photoreceptors, induce gene 
expression and cell components biosynthesis in morpho-
genesis process (Arena et al. 2016). Short wavelengths 
(between 380 and 450 nm) activate the cryptochrome 
(Cry), phototropin (Pho) and riboflavin (Rib) receptors, 
while phytochrome (Phy) perceives red/far-red radiation 
(Yang et al. 2017). Since stress is defined as any changes 
of environmental factors leading to disorders in efficiency 
of metabolic processes, in case of photoautotrophic organ-
ism, both an excess of light, as well as its lack and rapid 
changes in its composition are elements of the broader 
concept cold as a light stress (Kruger et al. 1997). In pre-
sented experiments D. muscipula plants grew both under 
darkness as well as light conditions differing in inten-
sity and spectral composition, but nevertheless, rich in 
the blue light and with small amount of red light. The 

monochromatic lights, or the prevalence of short-wave 
radiation leads to disturbances in the plant growth rate 
and biomass production, while a white light induces inten-
sive plant growth and leaf biomass synthesis (Liu et al. 
2018). A high proportion of blue light affects plant growth 
and development. Yang et al. (2017) reported that leaves’ 
area and growth rate decreased in tobacco plants grown 
in blue light conditions. Similar effects were observed 
in lettuce, wheat and Doritaenopsis (Shin et al. 2008; Li 
and Kubota 2009). Moreover blue light reduced growth 
rate of tobacco, radish, pea and wheat (Cope and Bugbee 
2013; Yang et al. 2017). Contrary, higher participation of 
blue light in the light spectrum led to the plants’ dry mass 
increase, with no significant effect on growth rate of differ-
ent plant species (Ouzounis et al. 2014, 2015a; Szopa and 
Ekiert 2016). In our experiments there were no changes 
in the growth rate both after 4 and 8 weeks of culture 
regardless of the light sources, but light quality and quan-
tity affected plant development - plants from white LED 
became more compact. No change in the growth rate of 
Venus Flytrap plants might be due to the adaptation of this 
species to high blue light contribution in light spectrum 
what was observed by other authors in lettuce plant (Lac-
tuca sativa) (Ouzounis et al. 2014, 2015a). In the darkness 
the red/far-red ration is very low leading to inhibition of 
multitude processes regulated by Phy photoreceptor fam-
ily, in particular growth and development (Krahmer et al. 
2018; Song and Li 2018). On the one hand, the level of 
soluble sugars, amino acids and a few groups of second-
ary metabolisms increase, on the other, accumulation of 
the starch, proteins, chlorophyll and carotenoids decrease 
causing decrease rate of plant growth and development 
(Han et al. 2017; Krahmer et al. 2018). In our experiments 
in the darkness, a statistically significant decrease in the 
plant growth rate after 8 weeks of culture was observed 
what was related to the inconsiderable etiolated shoots 
extension in relation to the whole plant biomass.

Despite its key functions in photosynthesis and morpho-
genetic regulation of the plant growth rate and develop-
ment, light due to its frequent and rapid changes in intensity 
and spectral composition is the most common stress factor 
for the plant (Taiz et al. 2015). Changes in the quality and 
quantity of radiation affect the structure, composition and 
functionality of photosynthetic apparatus modifying the 
chloroplasts, chlorophyll and carotenoids quantity and their 
mutual relationship (Anderson et al. 2008; Ballottari et al. 
2007; Esteban et al. 2015). During exposition to excess light, 
chloroplasts can change positions in cells compartments to 
avoid overabundance of energy. Moreover, in the chloro-
plasts may occur rearrangement of existing structures and 
in longer period selective synthesis and chloroplast com-
ponents degradation can be observed (Bailey et al. 2001). 
Absorption of excess energy can lead to photoinhibition and 

Fig. 6   Effect of different light conditions and darkness on total phe-
nolic content (TPC) in tissue culture of D. muscipula, after 4 and 8 
weeks. Chlorogenic acid was used as a reference standard and the 
results were expressed as mg chlorogenic acid equivalents per 1 g of 
plant DW tissue. Different letters significant difference at p < 0.05 in 
each period

Fig. 7   Effect of different light conditions and darkness on plumbagin 
(P) production in tissue culture of D. muscipula, after 4 and 8 weeks. 
Different letters significant difference at p < 0.05 in each period
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reduce the photosynthetic efficiency of PSII (Tkalec et al. 
2015). Moreover, light stress might lead to disorders in pho-
tosynthetic pigments quality and quantity. Changes in the 
Chl a and Chl b content are associated with the process of 
acclimation to the changing light conditions. Chl a is an 
immanent both in the Light Harvesting Complexes (LHCI 
and LHCII) as well in the reaction centers of the photo-
systems (PSI and PSII) whereas Chl b is a part only in the 
LHCs. Decrease in the Chl a+b content and/or low value of 
Chl a/b ratio indicate a reduction in the LHCII antennas size 
what is a paramount indicator of photosynthetic apparatus 
acclimation to light stress (Esteban et al. 2015; Morosinotto 
and Bassi 2012). In addition Chl b decrease in plants expose 
to high light intensity indicates chlorophyll destruction (Tka-
lec et al. 2015). Also spectral composition affects the content 
of photosynthetic pigments and their mutual relations. Yang 
et al. (2017) reported that tobacco plants grown under blue 
light had a significantly lower chlorophyll and carotenoids 
content compared to control. At the same time, the Chl a/b 
ratio in these plants was higher than that under white light 
ones, showing that the acclimatization strategy of tobacco 
to high-energy blue light is related to the effective reduction 
of the photosynthetic antennas size of as well as the num-
ber of active reaction centres. In contrary, Ouzounis et al. 
(2015a) in lettuce plants cultivated under sunlight supple-
mented with blue radiation observed significant increase 
of photosynthetic pigments compare to control, indicating 
that plant acclimation to high-energy radiation is a complex 
process, requiring contribution of wider spectrum radiation. 
In our experiment, light conditions led to lower chlorophyll 
concentration in D. muscipula plants but these changes 
dependent on light spectral composition. After 4 weeks the 
reduction in total chlorophyll content as well as in Chl a/b 
ratio was caused by white LED, whereas after 8 weeks simi-
lar changes were observed in fluorescence light condition. 
The decrease in chlorophyll content combined with a lower 
Chl a/b ratio indicates a change of antennas size, as well as 
the reconstruction of photosystem reaction centers (Esteban 
et al. 2015). The changes under white LED observed after 4 
weeks of culture resulted from the smaller blue light and the 
greater green light participation in its spectrum (see Fig. 1). 
Blue radiation using Cry and Pho induces chlorophyll syn-
thesis and supports the acclimation of the photosynthetic 
apparatus for light stress, while green radiation, which is 
also sensed by Cry reserves blue light-induced responses 
(Ouzounis et al. 2015a). As a consequence after 4 weeks of 
high light treatment D. muscipula grown under white LED 
had the lowest chlorophyll content due to both lower syn-
thesis rate as well as photooxidation process. In contrary, 
8 weeks high light treatment under fluorescence abundants 
in blue light caused chlorophyll content decreased due to 
photosynthetic apparatus reorganization. In this context 
very meaning is Chl a and Chl a/b ratio decrease without 

Chl b changes, what can suggest the reduction of antennas 
and the reconstruction of photosystems (Dai et al. 2009). 
Changes in photosystems compositions are one of the pos-
sible way to acclimation in excess light conditions (Walters 
2005). Tkalec et al. (2015) showed that outdoor growing 
plants of Drosera rotundifolia accumulated less Chl a, than 
indoor growing ones, due to on the one hand small amount 
energy available in growing chambers and, on the other 
hand to avoid the possible negative effect of excess energy. 
Total content of Chl a and Chl b significantly decreased in 
plants of Ligustrum vulgare and Phillyrea latifolia exposed 
to excess light (Tattini et al. 2005). In the same study Car/
Chl a+b ratio significantly increased in both examined spe-
cies. This parameter increased also in D. rotundifolia plants 
from outdoor conditions, comparing to indoor (Tkalec et al. 
2015). Similarly, our experiment also showed the significant 
increase of Car/Chl a+b ratio in high light intensity after 4 
weeks. Car/Chl a+b ratio was proposed as an indicator of 
VAZ cycle activity. VAZ process is based on transforma-
tion of violaxanthin to zeaxanthin, which have the ability to 
conversion of excess energy to heat (Szymanska et al. 2017). 
Our study showed, that after 4 weeks of Venus Flytrap cul-
ture, exposition to high light conducted to activation of VAZ 
cycle, degradation of chlorophyll and the reconstruction of 
photosystems. Such reaction to light stress probably led 
to new way of dealing with presence of high light energy. 
Smaller photosystemes antennas and lover concentration of 
Chl a allow to acclimation of D. muscipula photosystems to 
presence of light stress.

In mature plants, in the darkness after the initial short-
term growth rate increase, the senescence photosynthetic 
apparatus degradation as well as a growth rate reduction 
follow (Krahmer et al. 2018; Krupinska et al. 2012). It leads 
to an dramatic drop in the chlorophyll content due to chlo-
roplast degradation (Krupinska et al. 2012). Also in our 
experiment photosynthetic pigments content in D. muscipula 
cultivated in the darkness decreased. Light stress caused by 
both darkness as well as high light intensity and variation in 
its spectral composition may lead to increased ROS produc-
tion and oxidative stress. A useful biomarker for estimating 
the level of oxidative stress is the MDA content, which is 
the product of the lipid peroxidation (Shohael et al. 2006). 
Tattini et al. (2005) showed that L. vulgare and P. latifolia 
plants under high solar radiation accumulated more MDA in 
comparison to the plants which grew in shadow. Moreover, 
also light quality may cause oxidative stress. Yu et al. (2017) 
reported significant increase of lipid peroxidation in Camp-
totheca acuminata seedlings grown under blue light. Both 
applied light conditions (white LED and fluorescence) after 
4 weeks of our experiment, caused increased MDA concen-
tration in Venus Flytrap tissue. Reduced chlorophyll content 
in D. muscipula tissue under white LED and fluorescence 
may result from disintegration of chloroplasts membranes 
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caused by unsaturated fatty acids oxidation (Takahashi and 
Badger 2010). However, not only quantity of delivered light 
energy can modify MDA content in plant tissue. Shohael 
et al. (2006) shown that the highest MDA content have been 
observed in embryos of Eleutherococcus senticosus culti-
vated under red LED light compared to fluorescent light or 
darkness. Tissue culture of D. muscipula had the highest 
level of MDA in white LED, what can evidence the highest 
level of ROS production in this conditions. ROS, formed 
under light stress induce activity of plant antioxidant system 
i.e.: by phenols accumulation and enzymes’ activity increase 
(Torres-Franklin et al. 2008). Ibrahim et al. (2014), in Labi-
sia pumila Benth plants exposed to irradiance and CO2 
concentration gradient, demonstrated significantly negative 
correlation of MDA level with TPC and flavonols accumula-
tion. They reported the highest MDA level in plants under 
low radiation and high CO2 concentration. While under high 
radiation and the same CO2 concentration, they observed 
decrease of MDA but significant increase of phenolic com-
pounds accumulation. Increased level of CO2 during exposi-
tion to high light intensity can cause probably reduction of 
photorespiration and ROS production. In contrast, our results 
showed increased MDA level leading to the TPC increased 
in D. muscipula in response to high light intensity. Increased 
ROS and MDA level could be an indispensable factor for 
some secondary metabolites production, as postulated by 
Ibrahim and Jaafar (2012). Nonetheless, different acclima-
tion strategies to changed light conditions in D. muscipula 
and L. pumila results probably from their natural origin—L. 
pumila occurs in tropical forests of Malaysia.

Examined light conditions did not affected POD activ-
ity, while CAT activity increased in fluorescence (after 4 
weeks) and white LED (after 8 weeks). Golemiec et al. 
(2014) reported significant increase in Cat1 and Cat3 
genes expression as well as higher catalase and peroxi-
dase activity in tobacco plants in response to high light 
and high light + hydrogen peroxide treatments respectively. 
Wang et al. (2017) observed enhanced activity of antioxi-
dant enzymes together with increased level of MDA and 
H2O2 in Changium smyrnioides plants under full sunlight. 
In presented experiments, the highest activity of POD (in 
both periods) and CAT (after 4 weeks) was noted in plants 
cultivated in darkness, in which level of MDA decreased 
significantly. This may prove, on the one hand, the highest 
amount of ROS production in the darkness, caused by both 
increased dark respiration intensity as well as progressive 
photosynthetic apparatus degradation due to senescence, as 
reported Krupinska et al. (2012), but on the other, the most 
effective action of antioxidant enzymes in etiolated plants 
of D. muscipula. In turn, POD is involved in synthesis of 
substances building the cell wall (Lin and Kao 2001). Elon-
gation growth of cells in the darkness, and development of 
cell wall structure may influence the high POD activity in 

Venus Flytrap. Furthermore, the lowest level of TPC, CAD, 
flavonols, anthocyanins and plumbagin accumulation in 
this carnivorous plant growing in the darkness suggests, 
that response to high level of ROS production in limited 
light conditions is based on antioxidant enzymes activity 
and synthesis of phenolic compounds is associated with light 
presence.

Dionaea muscipula is known as the plant reach in many 
derivatives of phenolic compounds: various phenolic acids, 
flavonoids and naphtoquinones (Gaascht et al. 2013). Until 
now, researchers focused mainly on D. muscipula medical 
properties, and importance of those compounds in response 
system to abiotic stress factors in this plant have not been 
clarified. In presented study we proved that concentration of 
various phenolic derivatives is connected with light condi-
tions: increased TPC in fluorescence after 4 weeks and in 
white LED after 4 and 8 weeks of culture. After 8 weeks in 
white LED and fluorescence also CAD content (phenylo-
propanoides) have increased. Furthermore, study of Tkalec 
et al. (2015) showed that outdoor growing plants of D. rotun-
difolia accumulated more phenolic compounds, anthocya-
nins and flavonols than indoor growing plants. Anthocyanins 
and flavonols are known mostly as the protectants vs UV-A 
and UV-B radiation, which are the part of spectral composi-
tion of natural solar radiation (Agati and Tattini 2010). They 
are also known as strong antioxidant compounds, which have 
the ability to inhibit ROS generation and act as the antioxi-
dant molecules (Agati et al. 2012). In Venus Flytrap we did 
not observed changes in anthocyanins and flavonols con-
centration in high light conditions, probably because of the 
different acclimation strategy of this plant to excess energy 
and various radiation composition.

Relations between antioxidant enzymes and phenolic 
compounds activity in the response to stress conditions in 
plants needs further research. Severe stress factor could 
decrease activity of antioxidant enzymes and contribute 
to elevated activity of phenolic compounds in response to 
oxidative damage (Agati et al. 2012; Mamedes-Rodrigues 
et al. 2017). Our results demonstrated, that increased unsat-
urated fatty acid oxidation (MDA) after 4 weeks of high 
light intensity was reduced after next 4 weeks of experi-
ment. This can indicate the effective defense system in D. 
muscipula, despite that only CAT activity was affected by 
light conditions applied. Increased level of TPC, as well 
as CAD after 8 weeks of experiment showed participation 
of phenolic compounds derivatives in response of Venus 
Flytrap to changed light conditions. Saito and Mizukami 
(2002) reported that presence of light can decrease con-
centration of naphtoquinones in plant tissue culture. In 
contrary, Silja et al. (2014) reported increased content of 
plumbagin in response to biotic stressors. However, level 
of plumbagin in D. muscipula tissue culture increased in 
white LED and fluorescence after 8 weeks and decreased 
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in darkness. Moreover, the highest concentration of plum-
bagin was obtained in plants grew 8 weeks under white 
LED, together with elevated TPC, CAD content and CAT 
activity. Widhalm and Rhodes (2016), reported various 
ecophysiological roles of 1,4-naphtoquinones derivatives, 
but their role in acclimation mechanisms to changed abiotic 
conditions is still unknown. Our research showed that pro-
duction of plumbagin in D. muscipula in in vitro, as well 
as the other phenolic compounds, is affected by light qual-
ity and quantity. This suggests that 1,4-naphtoquinones are 
involved not only in allelopathy and biotic stress response, 
but also could play important role in photoprotection and/or 
in the antioxidant activity in Venus Flytrap tissue. Until now, 
photoprotection role of 1,4-naphtoquinones derivatives was 
postulated by Widhalm and Rhodes (2016), as the screening 
metabolites in filamentous fungi against shortwave radia-
tion. Presented experiment showed, that plumbagin takes 
part in the response strategy of D. muscipula to different 
light conditions. On the other hand, to determine how plum-
bagin works in defence system of carnivorous plants under 
abiotic stress (as the antioxidant compound or/and screening 
metabolite) further studies are necessary. After all, changes 
observed in phenolic compounds concentration affected by 
different light quality and quantity provide the basis for the 
use of light as the elicitor of biologically active compounds 
in plants from Droseraceae family.

Conclusion

In the presented study the stress response strategy of Venus 
Flytrap in in vitro culture to various light spectra and intensi-
ties, in the context of phenolic compounds production—in 
particular plumbagin was examined. For the first time the 
significant increase of cinnamic acid derivatives and plum-
bagin synthesis in association with higher light intensity and 
spectral composition was observed. It might suggest that 
1,4-naphtoquinones are involved in photoprotection and/or 
in the antioxidant activity in Venus Flytrap tissue. Moreover, 
it seems that appropriate light quality and quantity might be 
use as an inorganic elicitor for synthesis of 1,4-naphthoqui-
none derivatives.
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