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Glycyrrhizin, the active compound of the TCM drug Gan Cao stimulates 
actin remodelling and defence in grapevine 
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A B S T R A C T   

Actin remodelling by a membrane-associated oxidative process can sense perturbations of membrane integrity 
and activate defence. In the current work, we show that glycyrrhizin, a muscle relaxant used in Traditional 
Chinese Medicine, can activate oxidative burst and actin remodelling in tobacco BY-2 cells, which could be 
suppressed by diphenylene iodonium, an inhibitor of NADPH oxidases. Glycyrrhizin caused a dose-dependent 
delay of proliferation, and induced cell death, which was suppressed by addition of indole-acetic acid, a natu-
ral auxin that can mitigate RboH dependent actin remodelling. To test, whether the actin remodelling induced by 
glycyrrhizin was followed by activation of defence, several events of basal immunity were probed. We found that 
glycyrrhizin induced a transient extracellular alkalinisation, indicative of calcium influx. Furthermore, tran-
scripts of phytoalexins genes, were activated in cells of the grapevine Vitis rupestris, and this induction was 
followed by accumulation of the glycosylated stilbene α-piceid. We also observed that glycyrrhizin was able to 
induce actin bundling in leaves of a transgenic grape, especially in guard cells. We discuss these data in frame of a 
model, where glycyrrhizin, through stimulation of RboH, can cause actin remodelling, followed by defence re-
sponses, such as calcium influx, induction of phytoalexins transcripts, and accumulation of stilbene glycosides.   

1. Introduction 

Grapevine (Vitis vinifera) is among the fruit crops with the highest 
cash yield per area and has shaped entire cultures, especially in Europe 
and the Near East [1]. The impact on human culture is linked with the 
high sugar content and pleasant taste of the fruits, but also makes this 
crop very attractive for a couple of pathogens. While American wild 
species of Vitis have co-evolved with several important pathogens, the 
wild ancestor of this crop, the European Wild Grape (Vitis sylvestris), had 
evolved in isolation, and was, therefore, a naïve host, when these 
pathogens entered Europe in the second half of the 19th century in 
consequence of economic globalisation. Especially the Downy Mildew of 
Grapevine (caused by the oomycete Plasmopara viticola) has developed 
into one of the most devastating diseases in viticulture around the world. 
In order to control this severe pathogen, excessive amounts of fungicides 
are applied to the vineyards: around 70 % of European fungicide 

consumption (more than 100 000 t p.a.) goes on account of viticulture 
[2], which creates a very negative ecological footprint and promotes the 
spread of fungicide resistance, even in form of multidrug resistance [3]. 
To reduce fungicide load, web-based prediction systems, such as Viti-
meteo, have been successfully implemented [4], but such systems 
require considerable expertise from the side of the farmers. Also new 
resistant varieties, harbouring resistance factors from American and 
Siberian wild grapes [5], have allowed to reduce fungicide load 
considerably, especially in Germany. However, the consumer accep-
tance of these new varieties is still not very pronounced. Therefore, 
alternative strategies are warranted. For instance, boosting the innate 
immunity of the host would allow to contain pathogens at lower 
fungicide dosages. 

To deal with biotic attacks, plants have evolved a particular two- 
layer innate immune system. The first layer (designated as MTI for mi-
crobial molecular pattern triggered immunity) recognises and responds 
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to molecules which are common in many classes of microbes (including 
non-pathogens), while the second layer (termed ETI for effector trig-
gered immunity) responds to specific pathogens by recognition of their 
effectors, by which such co-evolved pathogens quell the first level of 
host immunity [6]. Both, MTI and ETI, are associated with complex 
defence signalling, which includes calcium influx, release of reactive 
oxygen species, activation of mitogen-activated protein kinase (MPK), 
plant hormone synthesis and signalling, metabolic changes, excessive 
transcriptional reprogramming, and the synthesis and accumulation of 
phytoalexins and other secondary metabolites [7]. While MTI and ETI 
trigger overlapping transcriptional responses [8,9], the transcriptional 
response of ETI is typically faster, stronger, and/or more prolonged than 
gene expression associated with MTI [9–12]. Moreover, ETI is in most 
cases (albeit not always) culminating in a specific form of programmed 
cell death, termed hypersensitive reaction. Also the early responses, 
upstream of gene expression, overlap between these two layers of innate 
immunity, but differ in their temporal pattern: A comparative study in 
grapevine cells [13] revealed that activation of reactive oxygen species 
initiated earlier and reached higher amplitudes in response to a trigger 
of ETI, while calcium influx was seen to proceed more swiftly in 
response to a trigger of MTI. Therefore, despite difference in amplitude 
and timing, MTI and ETI seem to work in concert when establishing 
plant immunity [6]. 

Wild American grapes have co-evolved with the important grapevine 
pathogen Downy Mildew (P. viticola) over millions of years. Therefore, 
they should have had enough time to evolve ETI and consequently are 
capable of coping with these pathogens. Introgression of genetic factors 
linked with this ETI into cultivated grapevine has been a success story 
[5], but is endangered by new pathogen strains that can break this 
resistance. Therefore, new approaches to boost basal immunity using 
novel resistance factors from Chinese [14,15] and European [16–18] 
wild grapes have been launched. For instance, the novel factor Rpv10 
from Vitis amurensis is already successfully employed in commercial 
varieties in Germany [19] 

Although more and more defence-related genes have been found, 
breeding of grapevine is a lengthy process, and the resulting resistance 
might turn out of limited durability due to pathogen evolution. As 
alternative to fungicides or resistance breeding one might attempt to 
render the immune system of grapevine more sensitive against these 
pathogens, a strategy that has been termed as ‘priming of defence’ 
[20–22]. Basal immunity often confers only a residual level of resis-
tance, especially once it has been quelled by pathogen effectors [23]. 
Treatments that would activate defence response prior to pathogen in-
vasion, should, therefore evade immune suppression [21]. Since basal 
immunity is controlled by several genes, activation of basal immunity is 
effective against a broad range of diseases (“horizontal resistance”) and, 
thus, may be more sustainable than single R genes based ETI [23]. The 
reduction in plant fitness caused by priming is relatively minor, because 
priming is based on an elevated responsiveness to a given elicitor or MTI, 
but does not express this costly defence response in the absence of an 
attack [23]. The epigenetic changes induced during priming, are rela-
tively stable, such that plants develop an immunological memory [20]. 

Since priming seems to be linked with a change of sensitivity, it is 
most likely reflected in changes of early signalling. These might involve 
changes in abundance or structure of receptors at the plasma membrane, 
or modifications of associated components involved in early signalling. 
In this context, actin filaments are of interest, since they play a role for 
the perception of membrane integrity [24]. In fact, actin filaments 
respond swiftly to defence-related elicitors, or to physical perturbation 
of membrane integrity. Bacterial harpin proteins [25–27], as well as the 
phytoalexins resveratrol [28] can cause a remodelling of the dynamic 
meshwork of cortical actin filaments and their subsequent contraction 
into actin cables. This dynamic subpopulation of actin [27] plays a role 
for membrane integrity in animal cells [29], plant cells [30], and 
oomycetes [31]. Some of the molecular components have been identi-
fied: A plant-specific Networked (NET) superfamily of actin-binding 

proteins specifies different membrane compartments to interact with 
actin [32]. In Arabidopsis, Actin Depolymerising Factor 4 regulates the 
rapid detachment of actin and formation of actin cables after pertur-
bation of membrane integrity [33,34]. This actin remodelling is often 
followed by programmed cell death [35] as it often occurs during ETI, 
for instance in response to the bacterial elicitor harpin [27,35]. 

While actin remodelling is a hallmark of ensuing programmed cell 
death (for review see [35]), it does not necessarily culminate in cell 
death. For instance, bundled actin is also a typical feature of cells that 
have terminated (or failed to initiate) elongation growth [27]. The link 
between plant defence and remodelling of cortical actin filaments seems 
to be formed by reactive oxygen species [24,27,36], generated by the 
membrane-located NADPH oxidase Respiratory burst oxidase Homo-
logue that, upon membrane passage interact with the actin capping 
protein [37]. The fact that a similar link between ROS and actin is also 
found in mammalian and fungal cells [35] indicates that the relationship 
between ROS and actin has a long evolutionary history. 

In our previous work, we could show that glycyrrhizin, the active 
compound of a plant drug used as gan cao (Glycyrrhiza radix) in Tradi-
tional Chinese Medicine (TCM) can induce zoospore burst in the 
oomycete grapevine pathogen P. viticola [31]. This effect was linked 
with an inhibition of contractile vacuole activity and dependent on a 
NADPH oxidase and on actin, which would mean that the ROS-actin 
circuit is also preserved in these oomycetes. Also in mammalian cells, 
glycyrrhizin can modulate the generation of ROS. For instance, it can 
soothe inflammation-dependent contraction of smooth muscles, and, 
thus, relieve asthma or spasmic bronchitis [38]. Also oxidative burst of 
neutrophils, a potent mediator of tissue inflammation was inhibited by 
glycyrrhizin in vitro (reviewed Asl and Hosseinzadeh [39]). 

Since the actin-ROS circuit is conserved from Oomycetes over plants 
till mammalian cells, and since this circuit can be stimulated by gly-
cyrrhizin, we would expect that glycyrrhizin can be used as a trigger to 
activate actin-dependent defence response in plant cells as well. This 
question was the motivation for the current study. Making use of 
transgenic tobacco and grapevine cells, as well as transgenic grapevine 
plants expressing a fluorescent actin maker, and spinning disc confocal 
microscopy, we can show that glycyrrhizin can induce actin remodel-
ling, and that this remodelling requires the activity of the membrane- 
located NADPH oxidase. The actin response is followed by activation 
of phytoalexin synthesis genes and accumulation of glycosylated stil-
bene phytoalexins. The fact that the actin response induced by glycyr-
rhizin is followed by cell death bears some resemblance with a 
hypersensitive response. Interestingly, addition of exogenous indole 
acetic acid (a natural auxin), which can mitigate glycyrrhizin-induced 
actin remodelling, also can mitigate cell death indicative of a func-
tional link between actin and activation of programmed cell death. Since 
glycyrrhizin can activate several early events of grapevine defence, it 
has potential to develop defence-priming strategies. 

2. Materials and methods 

2.1. Cell lines and plants 

Suspension cells of tobacco BY-2 (Nicotiana tabacum L. cv Bright 
Yellow 2, [40]) and the transgenic actin marker strain GF11, expressing 
a GFP fusion with the Arabidopsis thaliana fimbrin actin-binding domain 
2 (GFP-AtFABD2) in a stable manner [41] were cultivated as described in 
Huang et al. [42]. 

Cell suspension cultures of the grapevine Vitis rupestris originating 
from leaves [43] were cultured as described in Qiao et al. [25] in liquid 
MS medium on an orbital shaker (KS250 basic, IKA Labortechnik, Ger-
many) at 150 rpm, 25 ◦C, in the dark at weekly subcultivation intervals. 

Transgenic grapevine plants (Vitis vinifera cv. Chardonnay, line 10a), 
expressing the GFP-AtFABD2 marker [44] were grown in the greenhouse 
of Botanical Garden, Karlsruhe Institute of Technology (KIT). Fully 
expanded leaves were excised and used for leaf-disc experiments. From 
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the same transgenic genotype, suspension cells were established from 
leaf mesophyll. In short, leaves were surface sterilised with 1% NaOCl 
for 2 min, and subsequently washed with several cycles of sterile water 
and 70 % EtOH. After cutting the leaf into 5-mm pieces under sterile 
conditions, the tissue was then placed on agar with 2.3 g⋅L− 1 MS me-
dium basal salts, modification 1 (Duchefa) solidified with 0.5 % (w/v) 
Gelrite (Roth, Karlsruhe). Media were complemented with 2 g/l sucrose 
and 1 mg L− 1 2,4-D. After 4–6 weeks at 23 ◦C, the calli were excised and 
transferred to liquid medium, to generate later suspension cultures. 
Chardonnay GFP-AtFABD2 cells were cultured as described for 
V. rupestris suspension cells, but supplemented with 50 mg L− 1 Kana-
mycin to maintain selective stringency. 

2.2. Chemicals 

The bacterial elicitor harpin from Erwinia amylovora (Pflanzenhilfs-
mittel, ProAct, Starnberg, Germany; 1% active ingredient Harpin pro-
tein) was dissolved in water to yield a stock solution of 300 mg ml− 1. An 
aqueous stock solution of glycyrrhizin (Roth, Karlsruhe, Germany) was 
prepared to 4 mM. Diphenylene iodonium chloride (DPI; Cayman, 
United States), a specific inhibitor of NADPH oxidases, was prepared in 
dimethyl sulfoxide (DMSO) to give a stock solution of 200 μM. Indole-3- 
acetic acid (IAA; Roth, Karlsruhe, Germany) was dissolved in 96 % 
ethanol to a stock solution of 5 mM and kept at − 20 ◦C protected from 
light. Evans Blue (Sigma-Aldrich, Steinheim, Germany) was prepared as 
a solution of 2.5 % (w/v) in sterilised water and used for viability 
staining. 

2.3. Detection of actin filaments in suspension cells and leaf discs 

To test the cellular actin response to glycyrrhizin treatment, 20 μM of 
glycyrrhizin were used in case of tobacco BY-2 GF11 cells, and 20 or 50 
μM glycyrrhizin for the grapevine Chardonnay cells expressing GFP- 
AtFABD2 marker. To test the effect of superoxide to the response of 
actin, we pre-treated the GF11 cells with 200 nM DPI or the equivalent 
volume of DMSO as solvent control for 30 min before adding 20 μM 
glycyrrhizin. 

To visualise actin in leaf cells, disc of 5 mm diameter were excised 
from leaves of V. vinifera cv. Chardonnay plants expressing the GFP- 
AtFABD2 marker using a cork borer. The leaf discs were placed on wet 
filter paper in Petri dishes and then infiltrated in perfluorodecalin (PFD, 
Sigma-Aldrich, Steinheim, Germany) for 5 min to increase the specimen 
transparency. Then, the leaf discs were either treated with water as 
solvent control, or with 2 mM, or 4 mM glycyrrhizin, respectively. 

The cellular details of individual cells or leaf discs were examined 
under a spinning-disc device (YOKOGAWA CSU-X1 5000) by optical 
sectioning. The 488 nm emission line of an Ar-Kr laser (Zeiss) was used 
to excite GFP. Confocal images were recorded with an AxioObserver Z1 
(Zeiss, Jena, Germany) equipped with a cooled digital CCD camera 
(AxioCam MRm) using a 63 x LCI-NeofluarImmCorr DIC objective (NA 
1.3) and a spinning-disc device (YOKOGAWA CSU-X 15000). At 
different time points after onset of the treatments, z-stacks were 
captured and processed using the Zen 2012 (Blue edition) software 
platform to generate orthogonal projections from the recorded stacks. 

2.4. Quantification of actin reorganisation in GF11 suspension cells 

In response to glycyrrhizin, the actin filaments contracted towards 
the cell centre around the nucleus. To quantify this central contraction of 
actin filaments, we used the software ImageJ (NIH, Bethesda, United 
States, https://imagej.nih.gov/ij/) to record fluorescent density profiles 
over the orthogonal projections, which had been obtained from the 
confocal z-stacks. We had observed, during preparatory experiments, 
that the response in the periphery was slower than in the cell centre 
(Suppl. Fig. S1). To average over the entire cell, we, therefore, used two 
probing lines parallel to the long cell axis, and then determined the 

geometrical average by multiplying the two values (since these values 
are ratios, the use of arithmetic means is not appropriate). 

The width of probing lines was chosen as 4 pixels to integrate over 
small random fluctuations of intensity and thus smoothen the profiles. 

The density profiles were exported to a pre-structured Excel sheet 
(Excel 2013, Microsoft Office, United States) such that the length of the 
profile was divided into three equal parts, and the intensity over each of 
these parts was integrated, such that the proportion of the entire signal 
collected along the probing line falling into the respectively third was 
automatically calculated. If the actin filaments were evenly distributed, 
this integral should be the same in all three thirds, if the actin filaments 
were contracted upon the cell centre, the integral in the central domain 
should be higher than in the two peripheral thirds. To normalise the 
values, the integral for the central part was divided by a third of the total 
integral. A value of 1 would then mean that actin is distributed evenly, a 
value larger than 1 would mean a contraction of actin to the centre, and 
a value below 1 means that actin is predominantly concentrated in the 
periphery and depleted from the centre. During preparatory studies, we 
had compared the readout for central contraction for those obtained for 
peripheral depletion (Suppl. Fig. S2). The results were almost identical. 

2.5. Quantification of actin filament reorganisation in leaf discs 

Since the epidermal cells were considerably smaller and the resolu-
tion of actin recorded in leaf discs not sufficient for the above-mentioned 
quantification strategy, we had to use a different approach, making use 
of the skew of the intensity histogram as a readout for the distribution of 
actin filaments in leaf discs. The transition of a fluorescent structure 
from a symmetrical distribution into bundles or agglomerations should 
increase the areas with very low pixel values, while the saturation of 
fluorescent pixels would lead to an underrepresentation of the high 
values. As a consequence, the intensity histogram will become skewed to 
the left. While such changes of skew have been used to infer the degree 
of actin bundling [45,46], it will also increase in case of actin contrac-
tion towards the nucleus. We determined this change of skew in 
time-lapse series of leaf discs to quantify the actin condensation based on 
the intensity histogram collected over the ROI of orthogonal projections 
obtained from confocal z-stacks (ImageJ, NIH, Bethesda, United States). 
For the abaxial side, this was done separately for pavement cells and 
guard cells. The histogram data were then imported into a 
pre-structured calculation sheet of Excel 2013 (Microsoft Office, United 
States) and analysed using the “skew” command. To compensate for the 
natural variation of initial skew values between leaf discs, we defined as 
value of actin reorganisation Ar the change of the skew compared to the 
first measured time point (5 min after adding glycyrrhizin) and 
normalized for the skew value of this first point: Ar = △S/St= 5 min. 

2.6. Quantification of cell cycle duration 

To quantify cell cycle duration, 0.5 mL aliquots of cell suspension 
were collected daily from days 0 to 4 after adding different concentra-
tions of glycyrrhizin (2, 20, 50 or 100 μM). The cell number per millilitre 
was determined using a Fuchs-Rosenthal hematocytometer (Thoma 
Glasbläser, Freiburg) under a light microscope (Zeiss-Axioskop 2 FS, DIC 
illumination, ×20 objective). Doubling times were estimated from these 
cell density values as described in [42] based on 1500 individual cells 
per data point. 

2.7. Quantification of cell mortality 

To quantify cell mortality, the Evans Blue dye exclusion test (Gaff 
and Okong’O-Ogola, [47] was used. The dye cannot pass the plasma 
membrane and therefore will not stain viable cells, while cells that have 
lost their membrane integrity are stained intensely. Aliquots of cell 
suspension (0.5 mL) were collected from day 2 after adding different 
concentrations of glycyrrhizin (50, 100 or 150 μM) alone or combined 
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with 2 μM IAA, respectively. Each sample was transferred into 
custom-made chambers to remove the medium, and then the cells were 
incubated in 2.5 % (w/v) Evans Blue for 3 min. Unbound dye was 
removed by washing thrice with fresh medium. The frequency of the 
dead cells (stained in blue) was scored under under a light microscope 
(Zeiss-Axioskop 2 FS, DIC illumination, ×20 objective). The values re-
ported are based on the observation of 1500 cells from three indepen-
dent experiments. 

2.8. Measurement of extracellular alkalinisation 

Extracellular alkalinisation can be used as a rapid readout for the 
activation of plant immunity, because it reports the co-import of proton 
with calcium as an earliest known event of signalling [48]. Extracellular 
alkalinisation was measured by pH meter (pH 12, Schott Handylab) with 
a pH electrode (LoT 403-M8-S7/120, Mettler Toledo) after 
pre-equilibrating V. rupestris cells on an orbital shaker for around 60 min 
and then treated with different concentrations of glycyrrhizin (50 or 100 
μM). Values for △pH were calculated as differentials of treatment versus 
mock control. Peak values were used as estimate for △pHmax and were 
reached at around 300− 900 s (5− 15 min). 

2.9. RNA extraction, cDNA synthesis and quantitative Real-Time RT-PCR 

Total RNA was isolated using the Universal RNA Purification Kit 
(Roboklon, Berlin, Germany) according to the protocol of the manu-
facturer. The extracted RNA was treated with an RNase-free DNase 
(Qiagen, Hilden, Germany) to remove any potential contamination by 
genomic DNA. The mRNA was transcribed into cDNA using the M-MuLV 
cDNA Synthesis Kit (New England Biolabs, Frankfurt am Main, Ger-
many) according to the instructions of the manufacturer. To prevent 
RNA degradation, RNase inhibitor (New England Biolabs, Frankfurt am 
Main, Germany) was added. The amount of RNA template was adjusted 
to 1 μg. 

To test, whether glycyrrhizin elicited the expression of defence- 
related genes (in this study we measured steady-state transcript levels 
for phenylalanine ammonia lyase, PAL, stilbene synthase, StSy, and 
resveratrol synthase, RS as markers), Vitis rupestris cells were treated 
with 50 μM, 100 μM glycyrrhizin, or with water (solvent control) for 0, 
1, 3, 5 hours. The abundance of transcripts was evaluated by quantita-
tive Real-Time RT-PCR using the primers listed in Table S1 of the sup-
plementary material. The Real-Time RT-PCR was performed in a Bio- 
Rad CFX detection system (CFX96 Touch™ Real-Time PCR Detection 
System, Bio-Rad, California, United States) according to the instructions 
of the manufacturer with the following programs: initial strand sepa-
ration at 95 ◦C for 3 min followed by 39 cycles of strand separation at 
95 ◦C for 15 s; annealing and elongation at 60 ◦C for 40 s. Values for 
relative transcript abundance were calculated using elongation factor 1α 
and actin as internal standards [49]. The recorded Ct values were then 
used to estimate the steady-state level of the respective transcript using 
the 2− ΔΔCt method [50]. 

2.10. Quantification of stilbene biosynthesis 

To test, whether the transcript of stilbene synthase (StSy) was 
accompanied by the final product generated by this enzyme, V. rupestris 
cells were treated either with 100 μM glycyrrhizin, or with 9 μg⋅ml− 1 

Harpin as a positive control for 10 h. Water was used as negative control. 
Cells were drained from culture medium by a vacuum of 800 pa 
(Vacuubrand CVC2, Brand, Germany), frozen in liquid nitrogen, and 
then stored at − 80 ◦C until future analysis. Aliquots of 3 g fresh weight 
of untreated control or treated cells were homogenised with 20 ml of 80 
% (v/v) methanol in water by an ultrasonic processor (UP100H, 
Hielscher, Germany) for 3 min. The homogenate was incubated for 2 h in 
the dark at room temperature in a rotatory shaker and filtered through a 
filter paper (Whatman® Grade 1, Schleicher & Schüll, Germany). The 

filtrate was concentrated to a residual volume 5 ml in a glass tube at 
40 ◦C (Heating Bath B490, BÜCHI, Germany) at 280 rpm (Rotavapor R- 
205, BÜCHI, Germany), under a vacuum of 100 Pa (Vacuubrand CVC2, 
Brand, Germany). Stilbenes were extracted from the aqueous phase by 
adding 2 ml 5% (w/v) NaHCO3, and three aliquots of 5 ml ethyl acetate. 
The pooled ethyl acetate phase was completely dried, and the residue 
suspended in 2 ml of methanol before being injected into the HPLC. 

Analysis of stilbenes was carried out on a high-performance liquid 
chromatograph, HPLC (Agilent, 1200 series, Waldbronn, Germany) as 
described in Chang et al. (2011). Trans-resveratrol, trans-piceid, and 
δ-viniferin were quantified using external standards based on retention 
time and UV-VIS spectra. The standards for trans-resveratrol (Sigma- 
Aldrich, Steinheim, Germany), trans-piceid (Phytolab, Vestenbergs-
greuth, Germany), and δ-viniferin (Sigma-Aldrich, Steinheim, Germany) 
were dissolved in methanol to a concentration of 100 mg l− 1. Calibration 
curves for quantification of the samples were determined using these 
standards and found to be linear (r2>0.99). At least three independent 
experimental series were conducted. 

2.11. Statistical analyses 

All data represent the mean from at least three independent experi-
mental series. Bars are standard errors. Statistical significance was 
assessed using Microsoft Office Excel Software (version 2013) and using 
a student t-test with defining *as P ≤ 0.05, and as **P ≤ 0.01. 

3. Results 

In the current work, we followed the cellular responses to glycyr-
rhizin with a focus on actin and defence. For quantitative phenotyping of 
these responses, we used a tobacco BY-2 strain expressing the actin- 
binding domain 2 of Arabidopsis thaliana fimbrin (AtFABD2) infusion 
with GFP, because this cell strain with its pronounced axiality of division 
and expansion allows to phenotype actin-dependent morphological re-
sponses in a reliable manner [42]. To probe for defence responses 
including phytoalexins synthesis, we were then changing to suspension 
cells and plants of the economically relevant variety V. vinifera cv. 
Chardonnay expressing the same fluorescent actin marker. 

3.1. Glycyrrhizin can induce actin remodelling in tobacco BY-2 cells, 
which is blocked by Diphenylene Iodonium 

To test whether glycyrrhizin could elicit an actin response in plant 
cells, we used this compound to treat suspension cells of the tobacco 
actin marker line GF11 [41]. As shown in Fig. 1B, a treatment with 20 
μM glycyrrhizin induced a clear response of actin filaments which was 
evident as early as 10 min after addition of the compound and not seen 
in the solvent (water) control (Fig. 1A). This actin response included 
bundling of actin strands and a contraction towards the nucleus. To 
validate this actin condensation statistically, we quantified the central 
contraction of actin filaments by quantitative image analysis (Fig. 2A). 
While in the negative control no significant change of actin organisation 
was seen over the entire time of the experiment (60 min), glycyrrhizin 
induced a strong increase of central contraction which became signifi-
cant from 15 min after addition of the compound (Fig. 2B, left). 

To test, whether this actin response to glycyrrhizin was dependent on 
an apoplastic oxidative burst by the membrane-located NADPH oxidase, 
we pre-treated the cells for 30 min with 200 nM of the specific inhibitor 
diphenylene iodonium (DPI), or the same volume DMSO as solvent 
control for DPI, before adding 20 μM glycyrrhizin (Fig. 2B, right). While 
DPI alone did not cause any significant actin response, it was able to 
efficiently suppress the actin contraction caused by glycyrrhizin almost 
down to the level as seen in the negative control. Also, in the solvent 
control (0.1 % v/v DMSO), no actin response was observed (data not 
shown). 
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3.2. Glycyrrhizin shifts tobacco BY-2 cells from proliferation to cell death 
dependent on actin 

Actin bundling and contraction is often a hallmark heralding pro-
grammed cell death. We, therefore, quantified the effect of glycyrrhizin 
on the length of the cell cycle and the viability of the treated cells. In 
order to find out, whether the cellular effects produced by glycyrrhizin 
depend on actin, we compared non-transformed wild-type cells with the 
GF11 cells, since overexpression of the AtFABD2 marker is known to 
cause a mild reduction of actin dynamics [42]. When we followed the 
response of doubling time during the proliferative phase of the culture 
over different concentrations of glycyrrhizin in the wild type (Fig. 3A), 
we found an apparent increase of doubling time from less than a day in 
non-treated cells to more than 4 days in the presence of 100 μM of 
glycyrrhizin. This delay in cycling was significant from 50 μM glycyr-
rhizin, but not seen at lower concentrations. In the line overexpressing 
the fimbrin actin binding domain 2 marker, this increase of doubling 
time was reduced (Fig. 3B). Here, treatment with 100 μM delayed the 
cycling to only 2 days, and at 50 μM, no significant delay was seen, 
contrasting with the situation in the non-transformed wild type. It 

should be noted that 20 μM of glycyrrhizin, a concentration that had 
caused actin contraction (Fig. 2B, left), did not delay the cycling of 
neither the WT, nor that of the transgenic line. 

To find out, whether the prolongation of cell cycle duration is asso-
ciated with actin-dependent cell death, we scored mortality after two 
days of glycyrrhizin treatment using the Evans Blue dye exclusion test. 
In the non-transformed wild type (Fig. 3C), mortality was sharply 
increased to almost 40 % already at a concentration of 50 μM of gly-
cyrrhizin. By doubling this concentration to 100 μM, this value hardly 
changed, while for 150 μM mortality could be driven to around 50 %. In 
GF11 (Fig. 3D), higher concentrations of glycyrrhizin were needed to 
obtain the same level of mortality as in the wild type. Here, 50 μM were 
still not saturating, producing mortality of around 15 %, while a 
doubling of this concentration to 100 μM produced 40 %, a value that 
could not be significantly driven further by raising the concentration of 
glycyrrhizin to 150 μM. In other words: the GF11 line, where actin fil-
aments are mildly stabilised, is less sensitive to glycyrrhizin induced cell 
death indicative of a role for actin in this cellular response. To test this 
assumption, we repeated the experiment in the presence of low con-
centrations of the natural auxin indole acetic acid (2 μM IAA), which can 

Fig. 1. Response of actin filaments to glycyr-
rhizin in non-cycling tobacco BY-2 cells 
expressing the actin marker fimbrin actin- 
binding domain 2 in fusion with GFP. A con-
trol cells treated with water, B cells treated with 
20 μM of glycyrrhizin. Geometric projections of 
confocal z-stacks are shown as an overview 
(upper row) and zoomed in to show the details 
of actin remodelling (lower row). Cells were 
treated in the expansion phase of the culture 
following proliferation. The location of nucleus 
is shown with white arrows.   
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inhibit actin bundling [24,42,51]. We observed that IAA reduced 
glycyrrhizin-induced mortality, but only for the higher concentrations of 
glycyrrhizin, and only partially (Fig. 3C, D, dark grey bars). For the 
non-transformed BY-2 cells (Fig. 3C), a significant effect was only seen 
for 150 μM of glycyrrhizin (here, auxin decreased mortality from around 

50% to 30%). For the line overexpressing the actin marker (Fig. 3D), the 
auxin effect was manifest already at 100 μM of glycyrrhizin. Thus, auxin, 
as suppressor of actin bundling, can mitigate the effect of glycyrrhizin, 
and this mitigation is different when actin filaments are stabilised by 
overexpression of the AtFABD2 marker, which both supports a role of 

Fig. 2. Quantification of the actin condensation 
response to glycyrrhizin in non-cycling tobacco 
BY-2 cells expressing the actin marker fimbrin 
actin-binding domain 2 in fusion with GFP. A 
Schematic depiction of the strategy to quantify 
the actin response by measuring a profile of 
fluorescence intensity along a probing line. B 
Time course of actin condensation determined 
from time-lapse series. Left: response to 20 μM 
of glycyrrhizin compared to the solvent control 
(water), right: effect of pre-treatment with 
200 nM of diphenylene iodonium (DPI) 30 min 
before addition of 20 μM glycyrrhizin as 
compared to same concentration of glycyrrhizin 
alone or DPI alone. Data represent mean values 
and standard errors from 40 individual time 
series collected from at least three independent 
biological experiments. Statistical significance 
was assessed using a student t-test with defining 
*as P ≤ 0.05, and as **P ≤ 0.01.   

Fig. 3. Dose-response relations over glycyrrhizin for doubling time (A, B) and mortality (C, D) in non-transformed tobacco BY-2 cells (WT, A, C), and cells expressing 
the actin marker Arabidopsis thaliana fimbrin actin-binding domain 2 in fusion with GFP (AtFABD2-GFP, B, D). Mortality was assessed either with glycyrrhizin alone 
(light grey bars) or in combination with 2 μM of indole-acetic acid (IAA, dark grey bars) at day 2 after subcultivation and addition of the compounds. Data represent 
mean values and standard errors from 1500 cells per data point and experiment and at least three independent biological experiments. Statistical significance was 
assessed using a student t-test with defining *as P ≤ 0.05, and as **P ≤ 0.01. 
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actin filaments for glycyrrhizin-induced cell death. 

3.3. Glycyrrhizin can induce apoplastic alkalinisation in grapevine cells 

Alkalinisation of the apoplast is one of the earliest responses of plants 
cell to microbial elicitors [48]. We, therefore, used extracellular alka-
linisation to monitor a potential activation of defence responses by 
glycyrrhizin in suspension cells of the wild grape Vitis rupestris, since 
these cells produce a robust and stable defence response to elicitation 
[25]. When glycyrrhizin was added to the cell suspension, the pH 
increased rapidly and without any lag phase culminating a few 10 min. 
after addition of the compound to decrease again at a slower pace 
(Fig. 4A). Both, the velocity and the amplitude of this response were 
dependent on the dose of glycyrrhizin: For 100 μM of glycyrrhizin the 
peak was reached faster (in about 5 min) compared with 50 μM, where 
the peak was observed later, at about 10 min. Likewise, for 100 μM of 
glycyrrhizin the alkalinisation reached almost 0.5 pH units, while for 50 
μM only half of this value (0.25 units) were seen (Fig. 4B). The dose 
dependent, transient activation of a transient extracellular alkalinisation 
indicates that glycyrrhizin can specifically activate a calcium influx 
channel. 

3.4. Glycyrrhizin can induce expression of phytoalexin genes in grapevine 
cells 

As glycyrrhizin can elicit an apoplastic alkalinisation indicative of an 
activation of defence, we wondered, whether this early response would 
be followed by induction of defence-related transcripts, especially of 
those relevant for phytoalexin synthesis. We selected phenylalanine 
ammonium lyase (PAL) as the first committed step of the phenyl-
propanoid pathway, and resveratrol synthase (RS) and stilbene synthase 
(StSy) representing the first committed step of the stilbenoid branch. We 
observed a clear, rapid (from 1 h after addition of the compound) and 
stable induction of PAL and RS transcripts for 100 μM glycyrrhizin 
(Fig. 5), while 50 μM induced only a transient response that decline after 
peaking at 1 h. The pattern for StSy differed – here, the induction was 
much slower (requiring 3 h to become significant) and weaker (only half 
of the induction seen in RS). Again, the response induced by 50 μM did 
not increase over time but rested at the level reached at 3 h. 

3.5. Glycyrrhizin can induce accumulation of glycosylated stilbenes 

To test whether the accumulation of RS and StSy transcripts would be 
followed by accumulation of the respective metabolites (stilbenes), we 

probed for trans-resveratrol as a direct product of resveratrol /stilbene 
synthase, its glucoside trans-piceid, and its oxidative dimer δ-viniferin in 
response to treatment with 100 μM glycyrrhizin. Suspension cells of 
V. rupestris accumulate mainly stilbene aglycons, such as trans-resvera-
trol and δ-viniferin, but only low levels of the glycosylated stilbenes, 
such as trans-piceid, when they are treated with the bacterial elicitor 
harpin [13]. To probe for the activity of stilbene synthases, we measured 
trans-resveratrol, its glucoside trans-piceid, and its oxidative dimer 
δ-viniferin by HPLC in V. rupestris, after 10 h incubation with either 
water as solvent control, with 100 μM glycyrrhizin, or with 9 μg⋅ml− 1 

harpin as positive control, respectively (Fig. 6). We observed that the 
steady-state level of trans-resveratrol was increased around 6-fold in 
response to glycyrrhizin, as compared to the solvent control, while the 
glycosylated derivative of trans-resveratrol, trans-piceid was elevated 
around 2.5-fold over the value seen in the solvent control, and the 
oxidative dimer δ-viniferin was elevated over the solvent control by a 
factor of around two. This pattern indicates that trans-resveratrol is 
formed to a certain extent, but then glycosylated preferentially, while 
only a small proportion is converted into the non-glycosylated vinifer-
ins. This pattern is in stark contrast to the response of the same cells to 
harpin, which was used as positive control for the ability of these cells to 
produce a stilbene response. Here, trans-resveratrol accumulated 
around 40-fold over the solvent control, and δ-viniferin even around 
100-fold over the solvent control. In contrast, the accumulation of 
trans-piceid was comparable (around 3-fold) as that induced by gly-
cyrrhizin. These data show that glycyrrhizin can induce a significant 
(but moderate) accumulation of stilbenes, preferentially in glycosylated 
form, while harpin can induce a strong accumulation of stilbenes, which 
preferentially are channelled into the non-glycosylated viniferins. 

To assess, whether this accumulation of α-piceid would be accom-
panied by cell death, we scored the mortality of the same cell strain after 
48 h. While in the control, mortality was low (below 10 %), the score 
was strongly induced by 100 μM glycyrrhizin to around 40 %, i.e. to a 
level very similar to those seen in tobacco BY-2 (Fig. 3C). 

3.6. Glycyrrhizin can induce actin remodelling in both, grapevine 
suspension cells and leaf discs 

To test, whether glycyrrhizin can also induce actin remodelling in 
grapevine, we had expressed the same actin marker (fimbrin actin- 
binding domain 2 in fusion with GFP) in the commercially relevant 
grapevine variety V. vinifera cv. Chardonnay, from which a suspension 
cell culture was generated. In the negative control (treated with water as 
solvent), actin filaments, while progressively bundling over the time on 

Fig. 4. Glycyrrhizin can induce apoplastic alkalinisation in suspension cells of Vitis rupestris. A representative time courses of the change in extracellular pH after 
addition of 50 μM and 100 μM glycyrrhizin. B dose dependent increase of maximal pH changes. Data represent mean values, and standard errors from 6 independent 
biological replications Statistical significance was assessed using a student t-test with defining *as P ≤ 0.05, and as **P ≤ 0.01. 
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the microscope stage, were maintaining their overall configuration 
(Fig. 7A). In contrast, treatment with 20 μM glycyrrhizin elicited a 
massive change of actin structure that was already significant at the first 
possible time point of observation (5 min after adding the compound, 
mounting the specimen, and adjusting the spinning-disc microscope). 
Here, bright fluorescent actin speckles were seen in the cell centre 
around the nucleus in addition to the usual filaments in the cortex 
(Fig. 7B). In the subsequent time points, these speckles increased in 
brightness, while the peripheral actin filaments became depleted. 
Compared to the situation in tobacco BY-2 cells (Fig. 1), the actin 
cytoskeleton of the grapevine cells appeared to be more sensitive to 
modulation. Since already the mere observation on a slide under the 
microscope was able to induce actin bundling (similar to the situation in 
tobacco cells after treatment with glycyrrhizin, compare Fig. 1B with 
Fig. 7A), while in grapevine cells glycyrrhizin induced a much stronger 
actin contraction towards the nucleus culminating in perinuclear 
speckles. 

To test, whether this actin contraction response to glycyrrhizin can 
be observed in real plant tissue, we used leaf discs excised from leaves of 
the V. vinifera cv. Chardonnay plant expressing the fluorescent actin 
marker GFP-AtFABD2, and followed the actin responses in epidermal 
cells at the adaxial (upper) and abaxial (lower) side of the disc by 
confocal spinning disc microscopy. Due to the presence of impermeable 
cuticles, we had to increase the concentration of glycyrrhizin consider-
ably. In the abaxial side, where the stomata are located, we were able to 
trigger a massive contraction of actin, which was much more pro-
nounced as compared to the suspension cells (Fig. 8A). In the guard cells, 

several agglomerations of actin around the chloroplasts were seen, while 
in the neighbouring epidermal pavement cells became more or less 
eliminated. To investigate this response in a quantitative manner, we 
used the skewness of the intensity histogram as readout, since redistri-
bution of a signal from a homogenous to a condensed distribution will 
result in overrepresentation of low-intensity pixels, while pixels of high 
intensity will not increase to the same extent due to signal saturation. 
This optical phenomenon, which also is known as sieve effect, will, 
therefore, produce an asymmetry of the histogram to the left side, which 
can be used to measure actin condensation [45]. Since the actin response 
in the abaxial side was especially strong in guard cells, we conducted the 
quantification separately for pavement cells and guard cells (Fig. 8B). 
While a lower concentration of glycyrrhizin (2 mM) or treatment with 
water as solvent control increased the skew only insignifantly for 
pavement cells, 4 mM caused a significant increase. For guard cells, the 
response to glycyrrhizin was more sensitive – here, already for 2 mM of 
glycyrrhizin, the skew increased significantly, and for 4 mM, the effect 
was increased further. 

In contrast, in the adaxial side, while seeing a certain actin response 
as well, mirrored by a progressive increase of the skew, we could only 
detect an apparent difference between 4 mM glycyrrhizin treatment and 
solvent control (15 min), and the response was less pronounced as 
compared to the abaxial side. We have to mention that the observation 
of the adaxial side required that the abaxial side with the stomata was 
facing the slide and therefore was imbibed with water (needed to avoid 
drying of the sample), such that air exchange through the stomata was 
impaired. In contrast, for observation of the abaxial side, the stomata 

Fig. 5. Glycyrrhizin can induce expression of phytoalexins genes in suspension cells of Vitis rupestris. Time course of steady-state transcript levels for phenylalanine 
ammonium lyase (PAL), resveratrol synthase (RS), and stilbene synthase (StSy) in response to 0 μM (white circles), 50 μM (grey squares), and 100 μM (black triangles) 
glycyrrhizin. Data represent mean values and standard errors from at least three independent biological replicates conducted in three technical replicates. Statistical 
significance was assessed using a student t-test with defining *as P ≤ 0.05, and as **P ≤ 0.01. 

Fig. 6. Glycyrrhizin can induce the accumulation of glycosylated stilbenes in suspension cells of Vitis rupestris. Accumulation of the aglycon trans-resveratrol (left), 
the glycosylated stilbene trans-piceid (center), and the oxidised dimer δ-viniferin (right) in μg per g fresh weight prior to (0 h) and 10 h after addition of either 100 μM 
glycyrrhizin or 9 μg⋅ml− 1 of the bacterial elicitor harpin (as positive control). Data represent mean values and standard errors from at least three independent 
biological replicates. Statistical significance was assessed using a student t-test with defining *as P ≤ 0.05, and as **P ≤ 0.01. 
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were facing upwards and therefore were not imbibed. This experimental 
limitation (which could not be avoided) should be kept in mind because 
it bears upon the interpretation (given below in the discussion), why we 
did not observe any significant actin response in the adaxial side, while 
actin was responding during the observation of the abaxial side. 

4. Discussion 

Traditional approaches to controlling pathogens in grapevines have 
several limitations and problems. Therefore, new approaches are 
required. The current study was intended as contribution to explore the 
potential of defence priming as an alternative method. As previous 
studies had shown that glycyrrhizin could induce actin reorganisation 
through ROS in animal cells and even in Oomycete zoospores, the 
relationship between ROS and actin seems to be evolutionarily 
conserved in eukaryotic cells. Since this ROS-actin circuit seems to act as 
a system to detect perturbations of membrane integrity, and, thus, might 
be used as a trigger of plant defence [24,27]. Thus, we predict that in 
plant cells, glycyrrhizin can also induce defence responses. In the cur-
rent study, we tested several implications of this hypothesis, such as 
actin remodelling, its dependence on the activity of the NADPH oxidase 
RboH and auxin, the activation of phytoalexin synthesis genes, the 
accumulation of stilbene phytoalexins, as well as induction of cell death 
by glycyrrhizin, making use of transgenic grapevine cells and plants 
expressing a fluorescent actin marker. We will now briefly address 

methodological aspects of analysing actin remodelling in cells and 
leaves, then discuss potential mechanisms for the modulation of actin 
remodelling by glycyrrhizin, continue with the downstream events 
including activation of phytoalexin synthesis genes, and potential 
posttranslational regulation of stilbene accumulation, and then develop 
a working model, from which we derive implications for future research. 

4.1. How to quantify actin reorganisation 

To quantify actin reorganisation is a difficult task, due to the high 
complexity of actin arrays that differ in several aspects, such as 
bundling, orientation, waviness, and dynamicity (see [24], for discus-
sion of this parameter). Several methods to quantify this complexity 
have been proposed [46,52], however, none of these methods can be 
generalised, due to the impressive diversity of actin arrays in different 
cell types, and in response to different signals. Therefore, each strategy 
has to be tailored to the respective system. The defence response of actin 
in suspension cells consists of three concomitant events – cortical fila-
ments are depleted, while perinuclear filaments are bundled, and, third, 
actin filaments contract to the nucleus. To quantify the bundling is 
possible by measuring profiles of intensity along a probing line and 
calculating from those changes in actin thickness. However, in the case 
of glycyrrhizin, these differences are relatively small, and their quanti-
fication turns out to be quite cumbersome. Also the second 
defence-related phenomenon, depletion of actin filaments from the cell 

Fig. 7. Response of actin filaments to glycyrrhizin in non-cycling cells from V. vinifera cv. Chardonnay expressing the actin marker fimbrin actin-binding domain 2 in 
fusion with GFP. A control cells treated with water, B cells treated with 20 μM of glycyrrhizin. Geometric projections of confocal z-stacks are shown. Size bar 
corresponds to 10 μm. 
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cortex, while yielding significant differences, turned out to be 
time-consuming as well. It turned out that the third aspect, the 
contraction of actin on the nucleus, was much easier to be scored 
(Fig. 2). During a preparatory study, we have compared the results ob-
tained from scoring cortical depletion and from central contraction with 
the same set of cells and obtained similar results (Suppl. Fig. S2). 
However, the approach to score central contraction required only 25 % 
of the time and also turned out to be more robust against fluctuations 
between individual cells. Therefore, the method of quantifying the 
central contraction of actin was later employed to conduct this study. 

Also in leaf discs of grapevine expressing the actin marker AtFABD2, 
actin contracts around the nucleus in response to pathogens or in 
response to activation of defence by elicitors. In principle, one might 
therefore quantify this in each individual cell in the same way as dis-
cussed above. However, this turned out to be very cumbersome and 
time-consuming, because the cells are smaller, cell borders were more 
difficult to delineate, the cells were of different types (guard cells and 
pavement cells),and cells of different orientation are intertwined. We, 
therefore, relied upon a strategy introduced by Higaki, Kutsuna, Sano 
and Hasezawa [46], measuring changes in skew of the intensity histo-
gram as readout. While in the original protocol, the skew was used to 
estimate actin bundling, it should be said explicitly that bundling is not 
the only actin response that would bear on the skew, since any change of 
actin distribution, where diffuse signals are contracted, would cause a 
shift of the skew. So, we used this strategy to infer the degree the 
condensation of actin upon the nucleus. While the skew turned out to 
reflect the visual impression of actin remodelling, in our hands, this 
approach suffered from considerable noise, when snapshots from 
different leaf regions are compared. However, it worked reliably, when a 
given region of interest was followed over time, because the influences 
of static structures, such as cell walls, on the skew remain constant and 
will not bear on the differential of the skew. Summarising, to our 
experience, quantifications of actin have to be adjusted to the respective 
system, and have to be calibrated by using time series of the same region 
of interest. It is also not making any sense to compare absolute numbers 
obtained from different cell types or tissues, one can only rely on relative 

changes to compare different conditions or treatments of the same cell 
type or tissue. 

4.2. Glycyrrhizin might trigger an evolutionary ancient sensor for 
membrane integrity 

Rapid reorganisation of the actin cytoskeleton at the infection site 
has been observed as early plant response to fungal or oomycete path-
ogens [53–56]. The function of this response has been suggested to 
relate to vesicle transport towards the penetration site, critical for the 
formation of cell wall appositions and the accumulation of antimicrobial 
compounds [57]. This actin function is basically of structural nature. 

There is, however, accumulating evidence that cortical actin fila-
ments are not only acting as structural “skeleton”, but convey sensory 
functions. Such sensory functions of actin are well described in animal 
cells, for instance for mechanosensing during migration of mammalian 
cells (reviewed in [58,59]). In plants, as well, many external signals are 
perceived and transduced from the cell wall to the cytoskeleton 
(reviewed in [60]). In particular, a membrane-associated subpopulation 
of actin takes part in the regulation of membrane dynamics [61], and 
sustains membrane integrity during volume regulation [62]. Perturba-
tions of membrane integrity are followed by rapid detachment of 
cortical actin and formation of actin cables [27], depending on leakage 
of apoplastic reactive oxygen species generated by the 
plasma-membrane located NADPH oxidase Respiratory burst oxidase 
Homologue [24]. 

The working hypothesis that glycyrrhizin triggers this membrane 
integrity sensor can explain several findings of the current study: 1. 
Actin remodelling in response to glycyrrhizin can be suppressed by 
diphenylene iodonium, a specific inhibitor of Respiratory burst oxidase 
Homologue (Fig. 2B), consistent to results obtained with other mem-
brane disrupters, such as the bacterial elicitor harpin [27], or the 
cell-penetrating peptide BP100 [24]. 2. Mortality induced by glycyr-
rhizin can be mitigated by indole-acetic acid (Fig. 3), a transportable 
auxin that can suppress actin remodelling in response to perturbed 
membrane integrity [24,27]. 3. The sensitivity of cell cycling and 

Fig. 8. Response of actin filaments to glycyrrhizin in leaf discs from V. vinifera cv. Chardonnay expressing the actin marker fimbrin actin-binding domain 2 in fusion 
with GFP. A representative example of nuclear actin contraction in abaxial cells leading to a shift in the intensity histogram that can be quantified by a change of the 
skew. Size bar corresponds to 5 μm. B change of skew on the adaxial (left-hand graph) and abaxial (central and right-hand graphs) face of leaf discs either treated 
with water as solvent control (open squares), with 2 mM glycyrrhizin (grey circles) or with 4 mM glycyrrhizin (black triangles). For the abaxial side, change of skew 
was determined separately for pavement cells (central graph) and guard cells (right-hand graph). Data represent mean values and standard errors from at least three 
independent biological replicates. Statistical significance was assessed using a student t-test with defining *as P ≤ 0.05, and as **P ≤ 0.01. 
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induction of cell death is significantly reduced in cells, where actin 
dynamics are reduced by overexpression of the fimbrin actin-binding 
domain (Fig. 3). 

This actin-ROS based membrane integrity sensor seems to be 
evolutionarily ancient, because some of its characteristic features and 
players have also been described for animal cells: For instance, upon 
induction of cell migration and phagocytosis (both responses are rele-
vant for their immunity) three cytosolic subunits of the plasma- 
membrane located NADPH oxidase complex, p40-phox, p47-phox, and 
p67-phox, bind to actin filaments [63]. This process involves other 
actin-binding proteins (such as cofilin and coronin), demonstrating a 
strong link between innate immunity, ROS production/signalling and 
the actin cytoskeleton. There is also evidence that glycyrrhizin targets 
this functional circuit in animal cells as well. For example, glycyrrhetinic 
acid, an aglycone of glycyrrhizin, induced disruption of F-actin in mouse 
tumour cells [64]. On the other hand, ammonium glycyrrhizinate, an 
ammonium salt of glycyrrhizin, was shown to block potently H2O2-in-
duced actin disruption in gastric epithelial cells [65]. Into the same di-
rection points the observation that glycyrrhizin can mitigate 
inflammations by suppressive oxidative burst [39]. Also in zoospores of 
the Oomycete Plasmopara viticola, glycyrrhizin induced cell burst 
depending on actin and the plasma membrane located NADPH oxidase 
[31]. Thus, the link between actin and ROS generated by 
plasma-membrane located NADPHS oxidases seems to be evolutionarily 
ancient. Our data are consistent with the assumption that this functional 
circuit, which is probably linked with sensing of membrane integrity, is 
also preserved in cells of higher plants. 

4.3. The actin-ROS membrane integrity sensor can trigger defence 

We pursue the hypothesis that glycyrrhizin can trigger the actin-ROS 
sensor for membrane integrity. This hypothesis leads to the implication 
that specific glycyrrhizin-induced defence responses must exist. In fact, 
we could show in this study that glycyrrhizin stimulated apoplastic 
alkalinisation, expression of phytoalexin genes, and the accumulation of 
glycosylated stilbenes. These results support the idea that actin bundling 
is a shift signal from growth to defence. 

There are specific differences, though: While transcripts of PAL and 
RS (Fig. 5) were induced strongly, the response of StSy was much slower 
and weaker although the encoded gene product is expected to catalyse 
the same reaction as RS, namely, synthesis of the stilbene aglycone 
resveratrol. However, the stilbene synthases are organised in a large 
gene family, with different clades that differ in their regulation pattern 
and might be under control of different transcription factors [66]. The 
induction of resveratrol-synthase transcripts was followed by a mild 
accumulation of trans-resveratrol, and a more substantial accumulation 
of its glycosylated derivative α-piceid (Fig. 6), indicative of a scenario, 
where the newly formed stilbene aglycone is rapidly linked with a 
glucose moiety. In contrast, δ-viniferine, one of the oxidised resveratrol 
oligomers, did not accumulate. The glycosylated α-piceid shows only 
weak antifungal activity and might represent a storage pool, while the 
aglycone trans-resveratrol and, to a higher extent, the viniferins, are 
potent antimicrobial compounds [67,68]. In a comparative study in of 
defence responses triggered in grapevine cells by the PAMP flg22 and 
the cell-death inducing elicitor harpin, the accumulation of trans--
resveratrol and δ-viniferine was found to be a hallmark for cell-death 
related defence, while accumulation of α-piceid marked basal immu-
nity [13]. Also in our work, glycyrrhizin (in contrast to harpin) failed to 
induce any δ-viniferine, which would support a scenario that the type of 
defence induced by glycyrrhizin classifies as basal immunity. However, 
on the other hand, we observed that a significant fraction of the cells had 
undergone cell death, when scored 48 h after addition of glycyrrhizin 
(Suppl. Fig. S3). The mortality is comparable to that seen for treatment 
with harpin [27], and also to that found in tobacco BY-2 cells (Fig. 3C), 
supporting a scenario, where the defence response evoked by glycyr-
rhizin is of the cell-death related type. Even though the glucoside 

α-piceid is not directly toxic for fungal pathogens, it may be related to 
plant defence priming responses: Storage of glycosylated metabolites in 
the vacuole could be seen as anticipative strategy, which under path-
ogen attack would allow for rapid release of bioactive phytoalexins 
following cleavage of the sugar moiety [23]. 

4.4. Actin as a switch for cell-death related immunity? 

In order to cope with unfavourable conditions, plants have to 
repartition their resources between defence and growth in a balanced 
and regulated manner [69]. We pursue the working hypothesis that this 
balance is regulated by the cortical actin cytoskeleton. This hypothesis 
implies that addition of auxin should reduce defence-related remodel-
ling of actin as well as defence responses. This had been demonstrated in 
previous work for tobacco BY-2 cells [24], but also for grapevine cells 
[27]. Also in the current study, auxin can mitigate the induction of 
mortality by glycyrrhizin (Fig. 3C). Interestingly, the delay of cell 
cycling, the same holds true for the mortality response, is much weaker 
in GF11 cells as compared to non-transformed BY-2 cells (Fig. 3). This 
may due to a mild reduction of actin dynamics caused by the over-
expression of the AtFABD2 marker [42], and provides evidence for a 
causative role of actin remodelling for the cellular responses to 
glycyrrhizin. 

Thus, the phenomenon is related to the balance between auxin and 
glycyrrhizin. Since glycyrrhizin-induced actin remodelling can be sup-
pressed by diphenylene iodonium (Fig. 2), a specific inhibitor of the 
NADPH oxidase Respiratory burst oxidase Homologue (RboH), the 
balance between auxin and glycyrrhizin might be established by their 
competition for the common signalling molecule superoxide, which can 
regulate actin organisation by a mechanism involving phospholipase D, 
and phosphatidyl inositol-4,5-bisphosphate (PIP2) that modulate actin 
remodelling by sequestering actin modifiers, such as actin- 
depolymerisation factors and capping proteins [24]. 

The activation of RboH-dependent actin remodelling produces two 
cellular readouts: activation of phytoalexin genes, and cell death. These 
cellular responses can be mitigated by auxin and diphenylene iodonium 
(Figs. 2 and 3; [24,27]), concomitant with respective effects on actin 
remodelling. The accumulation of ROS in response to glycyrrhizin and 
the inhibition of this accumulation by diphenylene iodonium was not 
experimentally addressed in the current study. However, previous 
studies for grapevine cells have shown (i) that activation of defence 
genes by the bacterial elicitor harpin is preceded by the accumulation of 
cytoplasmic ROS [13]; (ii) that RboH activity is necessary for 
harpin-triggered gene activation [28]; and (iii) that actin bundling in 
response to harpin requires RboH activity [27]. The most straightfor-
ward way is a working model (Fig. 9) where actin remodelling (triggered 
by RboH-dependent ROS) is upstream of defence signalling. In addition 
to RboH-dependent actin remodelling, glycyrrhizin also activates a 
calcium influx (Fig. 4), a hallmark of MAMP-triggered basal immunity 
(reviewed in [70]). The almost instantaneous activation of alkalinisation 
by high concentrations of glycyrrhizin (Fig. 4A) points to a direct acti-
vation (rather than indirectly through activation of calcium channels by 
apoplastic ROS, [71]). In the same cellular model, the phytoalexin genes 
are induced in a similar manner for both MAMP-triggered immunity 
(experimentally triggered by flg22) that is not accompanied by cell 
death, and for harpin-triggered immunity that is linked with cell death 
[13]. Thus, these two cellular responses (activation of phytoalexins 
synthesis genes and cell death) can be uncoupled and, therefore, must be 
mediated by different pathways (Fig. 9, ⑤). In grapevine, the activation 
of defence-related cell death is linked with the activation of metacaspase 
2 and 5 [72]. It remains to be elucidated, whether both inputs (calcium 
influx, actin remodelling) are needed for this cellular response. It is also 
interesting that glycyrrhizin seems to activate specifically the stilbene 
synthases addressed by the RS primer, while other members of this gene 
family [66] that are addressed by the StSy primer, are less responsive. 

The role of actin remodelling as signalling event that can steer 
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different readouts of plant defence would lead to the implication that 
this remodelling should be specifically pronounced in cells, where 
pathogen entry is to be expected. Many pathogens, for instance the 
oomycete Plasmopara viticola (the causative agent of Downy Mildew of 
Grapevine) specifically target to the stomata for host colonisation [73]. 
Guard cell actin responds to this pathogen with a strong condensation 
upon the nucleus, and this accompanied by a similar response to the 
pavement cells, although the pathogen has not attached to those cells 
directly [44]. This has led to the concept of a gatekeeper function of 
guard cell actin. Glycyrrhizin seems to be able to mimick the actin 
response to P. viticola with respect to guard cells (Fig. 8B). Since gly-
cyrrhizin does not cause a similar actin response in the pavement cells, 
the systemic “gatekeeper signal” seems to require additional factors 
deriving from the pathogen (possibly surface structures that can act as 
elicitors). 

4.5. Outlook 

The current work demonstrates that glycyrrhizin could induce 
defence responses in grapevine cells by causing actin remodelling. 
Whether these glycyrrhizin-induced responses will culminate in a 
priming memory has not been addressed here, because it would require 
a different experimental design, where the cells or leaves are challenged 
by pathogens following a pretreatment with glycyrrhizin. This remains 
to be addressed in future works. From the model (Fig. 9), two additional 
questions emerge: (1) Is glycyrrhizin binding to a receptor, and if so, is 
the receptor triggering oxidative burst and actin remodelling identical to 
that, which is responsible for calcium influx? (2) At what stage of 
defence signalling does the pathway leading to cell death diverge from 
basal immunity? How does this bifurcation depend on actin remodel-
ling? One way to approach these questions is to search for other triggers 
that possibly allow to uncouple actin remodelling from cell death. 
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