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Preface to “Structure, Chemical Analysis, Biosynthesis, 
Metabolism, Molecular Engineering and Biological 
Functions of Phytoalexins” 

Ever since the concept of phytoalexins was proposed by Müller and Borger in 1940, these 
compounds have attracted considerable attention due to the central role they play in the defense 
mechanisms of various plants. Besides displaying antifungal activity in numerous plant–pathogen 
interactions, phytoalexins have been implicated in human health and disease as antioxidant, anticancer 
and cardioprotective agents as well as being supposed to act positively in neurodegenerative illnesses. 
More than 25 years after the work of Siemann and Creasy which established a relationship between the 
concentration of the phytoalexin resveratrol in wine and the beneficial effects of wine consumption on 
health, the relevant literature on phytoalexins and their role in health and disease has increased 
tremendously. Knowledge on phytoalexins relies on fields as diverse as organic synthesis, analytical 
chemistry, plant molecular pathology, biocontrol, biochemistry and various aspects of biomedicine and 
biotechnology. It is almost impossible to review all of these aspects and, therefore, an attempt is made 
here to illustrate some of them with a particular emphasis on the induction mechanisms of 
phytoalexin biosynthesis, methods for their analysis in complex matrices, fungal metabolism and 
phytoalexin bioactivity. Very diverse phytoalexins are described: the stilbene phytoalexins from 
grapevine; the pterocarpan phytoalexins pisatin and glyceollin I from pea and soybean; the indole 
phytoalexins brassinin and camalexin; the phenylpropanoid-derived phytoalexins coumarins; 
chlorogenic acid and the isoflavonoid phytoalexins luteolin, linarin and apigenin from the 
Compositae species. This book is divided into 13 chapters which are described in more detail in the 
editorial.  

I hope this book will expose the need for and promise of phytoalexin research to the scientific 
community and encourage new colleagues to enter into this exciting and ever-growing field of research! 
This book will thus serve as a resource for teachers, researchers and students concerned with the study of 
phytoalexins.  

I am grateful to the contributors of this book, who are all leading experts in their respective research 
areas as well as to the colleagues who took on the crucial task of evaluating all the submitted articles. I 
also wish to thank our publisher, MDPI, Derek J. McPhee, editor-in-chief of Molecules, the editorial 
staff of this journal, and Jade Lu, section managing editor, for their encouragement and expert 
guidance, which enabled the publication of this book. 

  This book is dedicated to the memoriam of Roger Bessis

Philippe Jeandet 
Special Issue Editor 
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Received: 23 December 2017; Accepted: 26 December 2017; Published: 28 December 2017

Plants in their natural environment are facing large numbers of pathogenic microorganisms,
mainly fungi and bacteria. To cope with these stresses, plants have evolved a variety of
resistance mechanisms that can constitutively be expressed or induced. Phytoalexins, which are
low-molecular-weight antimicrobial compounds produced by plants as a response to biotic and
abiotic stresses, take part in this intricate defence system. This special issue is the continuation
of that published in 2015 entitled “Phytoalexins: Current Progress and Future Prospects” through
http://www.mdpi.com/journal/molecules/special_issues/phytoalexins-progress.

Phytoalexins display a wide range of properties as antifungal compounds in various plants or
preventing actions against human diseases as antioxidant, anticancer and cardioprotective agents
as well as being supposed to act positively in neurodegenerative diseases such as Alzheimer’s
and Parkinson diseases. These compounds have been the subject of numerous studies over the
last two decades. Thirteen research and review articles have been published in this special issue:
four articles concern the biosynthesis of phytoalexins as a response to biotic and/or abiotic elicitors
capable of inducing their production in plants [1–4], two articles describe methods for phytoalexin
analysis in complex matrices [5,6], one article reports on phytoalexin metabolism by fungi [7],
and six articles focus on the biological activity of phytoalexins [8–13].

By definition, phytoalexins are non-constitutive compounds produced by plants solely as a
response to potentially pathogenic microorganisms or a large number of biotic and chemical elicitors.
In the work of Woźniak et al. [1], the ability of a chemical elicitor, lead employed at various doses,
or a biotic factor, pea aphid infestation, to act on the signaling pathways (salicylic acid, SA and abscisic
acid, ABA production) of pea seedlings was studied. Regulation of the level of these two signaling
molecules was also assessed upon cross interactions between the abiotic factor (lead) and the biotic
factor (aphid infestation). The elicitor-mediated increases of the SA and ABA pathways in pea resulted
in a strong induction of the biosynthesis of the phytoalexin pisatin. In the article of Farrell et al. [2],
two distinct elicitors were also used to enhance the production of glyceollin I, a phytoalexin from
soybean. Combination of the chemical elicitor, silver nitrate (AgNO3) with the wall glucan elicitor
(WGE) from the pathogen Phytophthora sojae was shown to have an additive effect on the induction
of glyceollin production in soybean, reaching up to 745 μg/g tissue. Both elicitors act by distinct
mechanisms. WGE upregulates the genes working on the isoflavonoid and glyceollin pathways
while AgNO3 increases hydrolysis of 6”-O-malonyldaidzein to form daidzein, an intermediate in the
glyceollin pathway.

Oligogalacturonides (OGs) are well known potent stimulators of the plant immune system.
In the work of Selim et al. [3], the eliciting activity of two OG fractions of varying polymerization
degrees, one non-acetylated and one 30% acetylated, was determined in pea against Aphanomyces root
rot. Significant root infection reductions were observed in both cases. The OG-mediated increased
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resistance of pea to Aphanomyces root rot was linked namely to an upregulation of the genes
involved in the phytoalexin pisatin pathway (phenylalanine ammonia lyase, chalcone synthase,
and isoflavone reductase).

Study of the biological properties of phytoalexins is hampered by their limited supply and the
impossibility to recover them in sufficient amounts by conventional plant extraction procedures or
chemical synthesis. The use of biotechnological systems could thus represent powerful methods for
the production at large-scale of these compounds. In the article of Tisserant et al. [4], hairy root cultures
of grapevine obtained after transformation with Rhizobacterium rhizogenes were used for obtaining
high-purity stilbene phytoalexins. A significant accumulation of resveratrol, piceid, and ε- and
δ-viniferins was observed both in the fresh tissues and the extracellular medium as a response to a
combination of two elicitors, methyljasmonate and cyclodextrins.

As phytoalexins are naturally occurring compounds of a very diverse nature, highly
specific qualitative and quantitative analytical techniques are thus needed for their accurate
determination in complex matrices such as biological fluids, plant extracts, or plant cell cultures.
In the work of Hurtado-Gaitán et al. [5], a method coupling ultra-high-performance liquid
chromatography to triple-quadrupole mass spectrometry operated in the multiple reaction monitoring
mode was developed for the detection and the quantitation of five stilbene phytoalexins from
grapevine (trans-resveratrol, trans-piceid, trans-piceatannol, trans-pterostilbene, and trans-ε-viniferin).
The applicability of the technique was verified in various matrices including cell culture extracts and
red wine, and the method was also used to follow the enzymatic conversion of trans-resveratrol to
trans-piceatannol in the presence of NADPH substrates and grape protein extracts. In the work of
Hwan Hwang et al. [6], four phytoalexins found in Compositae species, three isoflavonoid-type
phytoalexins (linarin, luteolin, and apigenin) and one phenylpropanoid-related phytoalexin
(chlorogenic acid) were analyzed and quantized by ultra-performance liquid chromatography.
The technique employed led to a good resolution of the four phytoalexins with a reasonable analysis run
time (14 min). Upstream applications of this method resulted in the determination of the antioxidant
activity of the four phytoalexins.

The ability of a pathogenic microorganism to detoxify the phytoalexins to which it is exposed is
an essential component of the cross talk between plants and pathogens. In the article of Pedras et al. [7],
research on phytoalexin detoxification inhibitors, the so-called PALDOXINS, was developed. Work has
focused on inhibitors of brassinin oxidase which is an inducible fungal enzyme from the plant
pathogen, Leptosphaeria maculans, catalyzing the detoxification of the phytoalexin brassinin to
indole-3-carboxaldehyde and S-methyl dithiocarbamate. It is suggested that quinoline-derived
compounds, especially 3-ethyl-6-phenylquinoline, display the highest inhibiting activity of the
brassinin oxidase.

Beside their antifungal properties in plants, phytoalexins show preventing activities against
human diseases as antioxidant, anticancer, cardioprotective, antibacterial, and antifungal agents.
Six articles report here on the biological implication of phytoalexins in human diseases [8–13].

In the work of Moon et al. [8], the antifungal activity of natural and synthetic coumarins, which
are phenylpropanoid-derivated phytoalexins, was evaluated against Aspergillus flavus. This mold is
responsible for the production of various aflatoxins, considered to be the most important carcinogenetic
agents of natural origin. Among 26 tested coumarins, five compounds displayed potent antifungal and
antiaflatoxigenic activities against A. flavus. The 4-hydroxy-7-methyl-3-phenyl coumarin especially
showed a 50% inhibition of the fungal growth at a concentration of 100 μg/mL. Most interestingly,
coumarins displayed remarkable inhibition effects at 10 μg/mL on the production of aflatoxins B1 and
B2, being the activity of the 4-hydroxy-7-methyl-3-phenyl coumarin correlated with the downregulation
of several genes (aflD, aflQ, aflR, and aflK) working on the biosynthetic route to aflatoxin.

Phytoalexins exert some inhibiting activity against a range of bacteria or fungi implicated
in human diseases such as skin infection, candidiasis, gonorrhea, and respiratory tract infections.
In the work of Lee et al. [9], the antibacterial activity of pterostilbene, a dimethylated phytoalexin
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derived from resveratrol, in combination with the antibiotic gentamicin was evaluated against six
strains of Gram-positive and -negative bacteria. Results evidenced a synergistic action between
the phytoalexin and the antibiotic against Staphylococcus aureus ATCC 25923, Escherichia coli O157,
and Pseudomonas aeruginosa 15,442. Growth of the tested bacteria was completely inhibited by the
synergistic action of pterostilbene and gentamicin within 2–8 h treatment with half of their minimum
inhibitory concentrations.

Numerous phytoalexins have been reported to exhibit significant anticancer, chemopreventive,
and antiproliferative activities. In the article of Chripkova et al. [10], the antiproliferative effects of
indole phytoalexins including brassinin, homobrassinin, camalexin, and their synthetic derivatives
have been reviewed. Mechanisms of their anticancer actions include induction of apoptosis and cell
cycle arrest, inhibition of neovascularization, and modulation of the signaling pathways associated
with malignant transformation or cell survival. Search for synthetic derivatives of indole phytoalexins
such as the 2-amino derivatives of spiroindoline phytoalexins displaying high anticancer features
was also described. In the work of Nivelle et al. [11], a new dimer of resveratrol called labruscol
has been purified and identified from grapevine cell suspensions of Vitis labrusca L. cultivated in a
14 L bioreactor. The antiproliferative activity of labruscol was demonstrated, this compound exerting
almost 100% of cell viability inhibition of the human skin melanoma cancer cell line HT-144 at a dose
of 100 μM within 72 h of treatment. Moreover, at the very low concentration of 1.2 μM, labruscol
showed a 40% inhibition of cancer cell invasion, an activity not displayed by resveratrol. It thus
seems that labruscol possesses complementary properties of resveratrol in particular regarding cell
invasion, suggesting its utilization in combination with resveratrol to improve its antiproliferative
capacities. In the work of Aires et al. [12], the identification of microRNAs was described following
treatment of human primary fibroblasts with resveratrol. This study focuses on the relation between
resveratrol treatment and deficiency in Carnitine-Palmitoyl Transferase-2 (CTP2), a mitochondrial
enzyme involved in long-chain fatty acids entry into the mitochondria for their β-oxidation and energy
production. It has indeed already been shown that resveratrol treatment restores normal fatty acid
oxidation rates in patients harboring CPT2-gene mutation. Data resulted in the identification of several
microRNAs displaying altered expression levels in fibroblasts either in the presence or absence of
CPT2 or in the presence or absence of resveratrol stimulation. In addition, putative target transcripts of
the microRNAs were described, suggesting that their gene products are important for the detrimental
effects of CPT2 and the beneficial effects of resveratrol.

Although resveratrol has been shown to prevent the proliferation of malignant cells, the molecular
mechanisms mediating resveratrol specific effects on lymphoma cells remain unknown. To answer
this question, Jara et al. investigated cell survival and gene expression in the Burkitt’s lymphoma cell
line Ramos upon treatment with resveratrol [13]. The data obtained suggest that resveratrol displays
significant anti-proliferative and pro-apoptotic activities on those cells, modulating the expression of
several genes implied in the apoptotic process as well as inducing the DNA damage response and DNA
repairing. From a mechanistic point of view, the data clearly correlated the decrease in malignant cell
survival with the activation of apoptotic markers such as caspase 3 and fragmented poly(ADP-ribose)
polymerase 1 in a dose-dependent manner. Moreover, expression of the pro-apoptotic genes Noxa and
Puma was increased in a time-dependent fashion after 1 h and 3 h of resveratrol treatment, but no
effect was observed on the expression of the Fas gene. Additionally, resveratrol induced significant
increases in proteins necessary for the initiation of the DNA repair pathway.

All these articles thus highlight the central role played by phytoalexins in plant–microbe
interactions as well as in human diseases. This special issue is accessible through the following
link: http://www.mdpi.com/journal/molecules/special_issues/phytoalexins.

Acknowledgments: The guest editor thanks all of the authors for their contributions to this special issue, all the
reviewers for their work in evaluating the manuscripts, and Derek J. McPhee, the editor-in-chief of Molecules as
well as the editorial staff of this journal, especially Jade Lu, Managing Editor, for their kind help in making this
special issue. This special issue is dedicated to the memoriam of Roger Bessis.
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Abstract: The aim of this study was to investigate the effect of an abiotic factor, i.e., lead at
various concentrations (low causing a hormesis effect and causing high toxicity effects), on the
generation of signalling molecules in pea (Pisum sativum L. cv. Cysterski) seedlings and then during
infestation by the pea aphid (Acyrthosiphon pisum Harris). The second objective was to verify whether
the presence of lead in pea seedling organs and induction of signalling pathways dependent on
the concentration of this metal trigger defense responses to A. pisum. Therefore, the profile of
flavonoids and expression levels of genes encoding enzymes of the flavonoid biosynthesis pathway
(phenylalanine ammonialyase and chalcone synthase) were determined. A significant accumulation
of total salicylic acid (TSA) and abscisic acid (ABA) was recorded in the roots and leaves of pea
seedlings growing on lead-supplemented medium and next during infestation by aphids. Increased
generation of these phytohormones strongly enhanced the biosynthesis of flavonoids, including a
phytoalexin, pisatin. This research provides insights into the cross-talk between the abiotic (lead) and
biotic factor (aphid infestation) on the level of the generation of signalling molecules and their role in
the induction of flavonoid biosynthesis.

Keywords: lead; Acyrthosiphon pisum; signalling molecules; flavonoids; pisatin; flavonoid biosynthesis
enzymes; defense responses; Pisum sativum

1. Introduction

Under natural conditions we may frequently observe the effect of many stress factors acting
simultaneously or sequentially. Plants demonstrate a great ability to adapt their metabolism to rapid
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changes in the environment [1] and therefore they have developed a wide range of mechanisms to
cope with abiotic and biotic stresses. It has been established that plant defenses against these stresses
may imply common and/or complementary pathways of signal perception, signal transduction and
metabolism [2,3]. Plants exposed to these stresses respond on multiple levels. To date molecular
mechanisms involved in plant defenses against the above-mentioned stress factors were revealed
independently and singly, thus further research is required to identify convergence points between
abiotic and biotic stress signalling pathways. Fuijta et al. [4] reported that signalling molecules,
transcription factors and kinases may be important common players that are involved in the crosstalk
between stress signalling pathways. It has been suggested that phytohormone and reactive oxygen
species (ROS)/ reactive nitrogen species (RNS) signalling pathways play key roles in the cross-talk
between biotic and abiotic stress signalling. These cross-talk signalling pathways regulate metabolic
processes in the context of plant defense.

Since in the course of the coevolution of plants and biotic factors, including herbivores, undergo
mutual adaptation, abiotic factors also significantly affect that process. Poschenrieder et al. [5] reported
that during their coevolution with plants, pathogens and herbivores compete in an environment where
efficient metal ion acquisition and ion homeostasis are essential for survival. Nevertheless, to date
no studies have been conducted on plant-insect interactions involving the stress response signalling
system in plants in relation to heavy metal concentration in the environment. Only plant signalling in
response to herbivory, including aphids, has been well documented [6–8]. Invertebrates, especially
insects, are good models to study heavy metal toxicity and can be bioindicators of environmental
pollution. Insects, including aphids, play a definite role in the trophic chain and as food for other
organisms they may constitute an important path for the bioaccumulation of heavy metals.

Studies in this work emphasise the important role of salicylic acid (SA) and abscisic acid (ABA) in
defense responses associated with the accumulation of flavonoids in edible pea exposed to varying
lead concentrations, i.e., at a low concentration inducing the metabolic status of the plants, potentially
leading to the hormesis effect, and at a high concentration causing a toxic effect, as well as during
infestation of A. pisum. This is the first report revealing the effect of lead as an abiotic factor and
phytophages (A. pisum) as a biotic factor on the biosynthesis of pisatin, a phytoalexin characteristic
of Pisum sativum L., which may serve a significant role in its defense strategy. Pisatin is believed to
play a key role during abiotic and biotic stress responses. Jeandet et al. [9] reported that phytoalexins
are biocidal compounds synthesised by and accumulated in plants as a response to biotic and abiotic
stresses, which play important roles in their defense systems. Significantly enhanced production
of phytoalexins was also observed in response to the elicitation of signalling molecules such as
SA, methyl jasmonate and methyl-β-cyclodextrins in plants [10]. The induction of phytoalexin
biosynthesis was demonstrated in many plant species in response to insects [11–20]. Dual-choice
tests involving varied phytoalexin contents carried out by Hart [21] revealed that an isoflavonoid
phytoalexin(s) had feeding-deterrent properties towards insects. Additionally, it has been revealed that
several isoflavonoid phytoalexins, including coumestrol and genistein, deterred insect feeding [22,23].
The anti-nutritional effects of flavonoids on insects have also been confirmed by other research
results [24–26]. Moreover, an isoflavone genistein and a flavone luteolin were shown to have an
impact on the prolonged period of stylet probing, reduced salivation and passive ingestion of the
pea aphid, A. pisum [27]. Simmonds [12,28] reported that flavonoids modulate the feeding and
oviposition behaviour of insects. The aphicidal effect of flavonoids against aphids was manifested
by mortality of nymphs and apterous adults [29]. It was suggested that flavonoids may be used as a
bio-insecticide within the framework of integrated pest management (IPM) programmes. On the other
hand, Diaz Napal and Palacios [30] demonstrated that flavonoids can also be phagostimulants when
applied at a low concentration.

Moreover, the accumulation of phytoalexins was also demonstrated in plant responses to heavy
metals [31–37]. The concentration of heavy metals, including lead, has been increasing in the
environment as a result of progressive industrialisation. Ashraf et al. [38] reported that recent rates of
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soil contamination with various heavy metals leading to their introduction to agro-ecosystems and
their transfer to human beings through the food chain are alarming and observed on a global scale.
It has been documented that in terrestrial ecosystems soil is the primary source of heavy metal transfer
to agricultural produce [39]. A proportion of these metals also enters plant systems from the external
atmosphere surrounding the plants [40], thus affecting productivity and crop quality. Surface waters
may also be contaminated with lead due to the use of nitrogen fertilisers containing this metal [41].
Pourrut et al. [42] reported that among heavy metals lead is the second most harmful pollutant, second
only to arsenic, according to the new European REACH regulations.

Edible pea, a crop object of our research, is used on a broad scale due to the high protein content in
its seeds. Proper understanding of resistance mechanisms in crop plants is the foundation of integrated
pest management. Additionally, insects playing a distinct role in the trophic chain and as food for
other organisms may be an important element in the bioaccumulation of heavy metals.

The first objective was to investigate the effect of lead on the generation of signalling molecules
such as phytohormones, e.g., SA and ABA, and next to determine how cross-interactions of both stress
factors, i.e., lead and A. pisum, regulate the level of these signalling molecules and affect flavonoid
biosynthesis. The second objective was to determine the level of flavonoids, especially a phytoalexin,
pisatin, in response to the impact of the above-mentioned stressors. Flavonoids are a remarkable group
of plant metabolites that are important elements of the defence system of legumes in interactions
with biotic stress factors [14]. No other class of secondary products has been credited with so many
and such diverse key functions in plants. Additionally, within the second research objective the level
of expression was determined for genes encoding enzymes of the flavonoid biosynthesis pathway,
i.e., phenylalanine ammonialyase (PAL), an enzyme initiating phenylpropanoid metabolism, and
chalcone synthase (CHS), which catalyses the first committed step in the flavonoid biosynthetic
pathway. It is known that flavonoids may be found either in a free state or conjugated as esters or
glycosides. Biological activity in an interaction with biotic stressors was revealed by free flavonoid
aglycones, released from glycosides with the use of glucosidases [43]. For this reason, in this study we
analysed changes in the activity of β-glucosidase, an enzyme which hydrolyses flavonoid glucosides.
In turn, PAL is an enzyme that catalyses a reaction converting L-phenylalanine to ammonia and
trans-cinnamic acid. PAL is the first enzyme of the phenylpropanoid pathway, via which polyphenol
compounds, such as flavonoids, are biosynthesised in plants. Additionally, this enzyme initiates one of
the pathways of SA biosynthesis in plants [44]. Therefore, phenylalanine as a substrate is transformed
by PAL to cinnamic acid, which then can be converted to o-coumaric acid, and in subsequent reactions
to SA. Cinnamic acid may also be converted to benzoates, and then with the participation of the BA2H
enzyme (benzoic acid-2-hydroxylase) to SA [45]. Moreover, the third objective was to determine the
effect of lead at varying concentrations (i.e., at a low concentration inducing the metabolic status of the
plants, potentially leading to the hormesis effect, and at a high concentration causing a toxic effect on
the growth of pea seedlings. At the same time, we investigated lead content in roots and leaves of pea
seedlings growing at varied lead concentrations in the medium and during cross-interactions of lead
and infestation of a phytophage with the piercing-sucking mouthpart, i.e., A. pisum, as well as lead
content in bodies of the insect A. pisum.

We assume in this study that at a low concentration of lead in the substrate this metal will
be accumulated mainly in roots of pea seedlings, while at higher concentrations some of the
accumulated lead will be transported to leaves. In the case of the application of these two different
lead concentrations we may expect differences in the intensity of generation of signalling molecules
such as SA and ABA, in the sequence/period of their generation, changes in the transduction of signals
from roots to leaves and in triggering of defense responses, i.e., flavonoid accumulation, including
pisatin. In view of the above we expect that at a low concentration lead deposited mainly in roots
will induce synthesis of signalling molecules and the signal will be transmitted to leaves, which
contributes to an enhanced stress defense potential of pea seedlings. In turn, in the case of the applied
toxic concentration of lead in the substrate a certain pool of this metal will be transported from roots
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to leaves, thus physiological and biochemical changes in leaves of pea seedlings will firstly be a
consequence of the direct effect of lead.

2. Results

2.1. The Effect of Lead and A. pisum on SA Accumulation in Pea Seedlings

Already at the beginning of the experiment, i.e., 4 days after the administration of lead, before
aphid transfer to pea seedlings, a significant accumulation was recorded for total salicylic acid
(TSA) (Figure 1a,b), i.e., the sum of free (SA) (Figure 1c,d) and glucoside-bound salicylic acid (SAG)
(Figure 1e,f) in the roots and leaves of pea seedlings growing on the Hoagland medium with 0.075 and
0.5 mM Pb(NO3)2. Statistical analysis confirmed significance of differences in these results (Table S1a,b)
in Supplementary Materials). Additionally, at 0 h of the experimental SA concentration in the roots of
pea seedlings cultured at 0.075 and 0.5 mM Pb(NO3)2 was two and 500 times higher than in the control.
In turn, at the application of 0.075 and 0.5 mM Pb(NO3)2 the level of SA in leaves of pea seedlings was
2- and 20-fold greater than in the control. The level of TSA in these organs of pea seedlings cultured
at the high lead concentration (0.5 mM Pb(NO3)2 ) was significantly higher than in the organs of
seedlings growing on the medium with 0.075 Pb(NO3)2 or in the control (pea seedlings cultured with
no addition of lead and not colonised by pea aphids). The highest TSA level was recorded in 72-h
roots (10,555.97 ng g−1 FW) and leaves (773 ng g−1 FW) of pea seedlings growing at the higher tested
lead concentration of 0.5 mM Pb(NO3)2 and colonised by pea aphids A. pisum. The high accumulation
of TSA was also found in the roots of pea seedlings growing on the Hoagland medium with 0.5 mM
Pb(NO3)2 and not colonised by A. pisum. Moreover, pea aphid feeding significantly enhanced the
accumulation of TSA in leaves, both in those of pea seedlings growing on the medium with a low lead
level (0.075 mM Pb2++aphids variant) and a high lead concentration (0.5 mM Pb2++aphids variant),
or without it (+aphids variant). In leaves of pea seedlings growing on the Hoagland medium with
0.075 mM Pb(NO3)2 and colonised by A. pisum the concentration of TSA increased versus infestation
time, but it was significantly lower than in the case of leaves of seedlings cultured with the high
lead concentration.

Roots Leaves 

 
(a) 

 
(b) 

 
(c) (d) 

Figure 1. Cont.
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(e) (f) 

Figure 1. The effect of lead and A. pisum on accumulation of total salicylic acid (TSA) (a,b), salicylic
acid (SA) (c,d) and salicylic acid glucoside (SAG) (e,f) in roots (a,c,e) and leaves (b,d,f) of pea seedlings.
The data were obtained in three independent experiments and statistically analysed using ANOVA
(p-values at α = 0.05). Hypotheses on the equality of means were verified by the two-sample t-test.
To account for multiple testing, we used the Bonferroni correction (statistically significant differences
are shown in Table S1).

In 24-h roots of pea seedlings from the 0.075 mM Pb(NO3)2+aphids variant the level of free
salicylic acid (SA) was observed to increase in comparison to the control, +aphids and +0.075 mM Pb2+

variants. In turn, in 48- and 72-h leaves the accumulation of SA in the 0.075 mM Pb2++aphids variant
was greater than in the control and 0.075 mM Pb(NO3)2 variants. Besides, the level of TSA in the roots
was much higher than in the leaves. The A. pisum infestation alone caused a significant increase in the
SA level, as the concentration of SA in these leaves was higher than in the control leaves.

2.2. The Effect of Lead and A. pisum on ABA Accumulation in Pea Seedlings

The level of abscisic acid (ABA) was markedly higher in the leaves than in the roots (Figure 2a,b).
At the application of the toxic lead concentration in the substrate (0.5 mM Pb(NO3)2) a very strong
accumulation of ABA was observed already at the beginning of the experiment (0 h), i.e., after 4 days
from the administration of lead at 0.5 mM Pb(NO3)2 . The greatest accumulation of ABA was recorded
in 24-h roots (15 ng g−1 FW) and leaves (99.82 ng g−1 FW) of pea seedlings growing at the higher
tested lead concentration of 0.5 mM Pb(NO3)2. Additionally, the high ABA level in these leaves
(0.5 mM Pb2+ variant) was maintained at all time points of the experiment. An increase in ABA levels
was also observed from 24 to 72 hpi in the leaves of pea seedlings growing on the medium with
0.5 mM Pb(NO3)2 and colonised by A. pisum, but only at 72 hpi it was higher than in the 0.5 mM Pb2+

variant and in the other variants. In turn, an increasing ABA level was also recorded in leaves of pea
seedlings growing on the medium with the low lead level (0.075 mM Pb2+ variant) and infested by
A. pisum (0.075 mM Pb2++aphids variant), as the concentration of ABA in these leaves was 9.99 and
14.53 ng g−1 FW, respectively. In contrast, in the control it was 6.47 ng g−1 FW. Statistical analysis
showed highly significant differences in these results (Table S1a,b). Also aphid feeding alone caused
ABA accumulation in 72-h leaves. In addition, the highest ABA accumulation was recorded at 24 h
of the experiment in the roots of the 0.5 mM Pb2+ variant. Up to 48 hpi ABA accumulation was
also demonstrated in the roots of the 0.5 mM Pb2++aphids variant. In turn, in the roots of pea
seedlings growing on the medium with 0.075 mM Pb(NO3)2 an increase in ABA levels was recorded in
comparison to the control, but only at 72 h of the experiment both in the 0.075 mM Pb2+ and 0.075 mM
Pb2++aphids variants. Additionally, ABA accumulation occurred also as a result of A. pisum feeding
mainly at 24 hpi (+aphids variant).
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Roots Leaves 

 
(a) (b) 

Figure 2. The effect of lead and A. pisum on accumulation of abscisic acid (ABA) in roots (a) and
leaves (b) of pea seedlings. The data were obtained in three independent experiments and statistically
analysed using ANOVA (p-values at α = 0.05). Hypotheses on the equality of means were verified by
the two-sample t-test. To account for multiple testing, we used the Bonferroni correction (statistically
significant differences are shown in Table S1).

2.3. The Effect of Lead and A. pisum on Accumulation of Flavonoids in Pea Seedlings

The flavonoid profile in roots and leaves of pea seedlings revealed the presence of pisatin,
2′OH-genistein hexoside, Glc-Glc-Glc rhamnose, Glc-Glc-Glc kaempferol, Glc-Glc-Glc rhamnose
isomer 1, Glc-Glc-Glc rhamnose isomer 2,2′OH-genistein tetrahexoside, quercetin hexoside, Glc-Glc-Glc
kaempferol and Glc-Glc-Glc-Rha quercetin (Figures 3 and 4, Figure S1).

2.3.1. The Effect of Lead and A. pisum on Accumulation of Pisatin in Pea Seedlings

It should be mentioned here that at the beginning of the experiment (i.e., 4 days after the
administration of lead) the level of pisatin in the roots of the 0.5 mM Pb2+ variant was 19 times
higher than in the control, while in the roots of the 0.075 mM Pb2+ variant its was two times higher
than in the control (Figure 3a,b). Statistical analysis showed differences in these results to be highly
significant (Table S1a,b). In turn, in leaves of the 0.5 mM Pb2+ variant at 0 h of the experiment the
concentration of pisatin was 2-fold greater than in the other variants. Moreover, at all the time points
of the experiment a significant pisatin accumulation was demonstrated in the organs of pea seedlings
after lead administration at the high concentration. While a very strong pisatin accumulation was
noted in the roots of the 0.5 mM Pb2+ and 0.5 mM Pb2++aphids variants, in those of pea seedlings
growing on the medium with 0.5 mM Pb(NO3)2 and not colonised by pea aphids (0.5 mM Pb2+ variant)
the level of pisatin was higher than it was in the variant with 0.5 mM Pb(NO3)2 and pea aphids
(0.5 mM Pb2++aphids variant). In turn, in the roots of pea seedlings growing on the medium with
0.075 mM Pb(NO3)2 (0.075 mM Pb2+ and 0.075 mM Pb2++aphids variants), the level of pisatin at 24 h
and 48 h of the experiment was 2- and over 2.5-fold greater in relation to the control, respectively.
Additionally, it should be mentioned here that pisatin level in the leaves of pea seedlings was lower
than in roots. The highest pisatin accumulation was observed at 48 h of the experiment both in the
roots and leaves of pea seedlings. However, in the leaves of the 0.5 mM Pb2++aphids variant the level
of this metabolite was highest. It should be stressed that the cross-talk of these two stressors, i.e.,
lead at 0.5 mM Pb(NO3)2 and pea aphid feeding, caused the strongest accumulation of pisatin at all
time points after infestation. Additionally, from 48 hpi an increase was observed in pisatin levels in
leaves of seedlings cultured at a low concentration of lead in the medium (0.075 mM Pb2+ variant).
The cross-talk of lead at 0.075 mM Pb(NO3)2 and pea aphid infestation caused an accumulation of
pisatin in leaves at 72 hpi, but this accumulation was significantly lower than in the leaves of the
0.5 mM Pb2+ and 0.5 mM Pb2++aphids variants.
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Roots Leaves 

 
(a) (b) 

Figure 3. The effect of lead and A. pisum on accumulation of pisatin in roots (a) and leaves (b) of pea
seedlings. The data were obtained in three independent experiments and statistically analysed using
ANOVA (p-values at α = 0.05). Hypotheses on the equality of means were verified by the two-sample
t-test. To account for multiple testing, we used the Bonferroni correction (statistically significant
differences are shown in Table S1).

2.3.2. The Effect of Lead and A. pisum on the Level of Isoflavonoid and Flavonoid Glycosides in
Pea Seedlings

Four days after the administration of lead at a high concentration (0 h of the experiment),
before transferring aphids to pea seedlings, generally a significant accumulation of isoflavonoid
and flavonoid glycosides was recorded (Figure 4, Figure S1 in Supplementary Materials). At this
time point in the leaves of pea seedlings growing on the medium with 0.5 mM Pb(NO3)2, the
levels of 2′OH-genistein hexoside, Glc-Glc-Glc rhamnose isomer 1, Glc-Glc-Glc rhamnose isomer
2,2′OH-genistein tetrahexoside, quercetin hexoside, Glc-Glc-Glc kaempferol and Glc-Glc-Glc-Rha
quercetin were higher than in the other experimental variants (control and 0.075 mM Pb2+ variants).
Statistical analysis showed highly significant differences in these results (Table S1a,b). In turn, an
opposite trend was observed in the roots, i.e., a decrease in the content of the above-mentioned
metabolites in relation to the control, with the exception of Glc-Glc-Glc rhamnose isomer 2, which was
present only in the leaves (Figure 4, Figure S1). At subsequent time points both in the roots and leaves
of pea seedlings, both non-infested and infested by A. pisum, growing on the medium with 0.5 mM
Pb(NO3)2 (0.5 mM Pb2+ and 0.5 mM Pb2++aphids variants), generally high accumulation was found
for 2′OH-genistein hexoside, Glc-Glc-Glc rhamnose, Glc-Glc-Glc rhamnose isomer 1, Glc-Glc-Glc
rhamnose isomer 2 (only in the leaves) and 2′OH-genistein tetrahexoside. However, concentrations
of theses metabolites in tissues affected by both factors, i.e., abiotic (lead) and biotic (aphid) (0.5 mM
Pb2++aphids variant), were lower than in those affected by lead alone (0.5 mM Pb2+ variant). At 24 h
of the experiment, during the influence of only lead applied at the low concentration (0.075 mM Pb2+

variant), as well as cross-talk between lead and A. pisum (0.075 mM Pb2++aphids variant) and only
A. pisum infestation (+aphids), levels of such metabolites as 2′OH-genistein hexoside, 2′OH-genistein
tetrahexoside, Glc-Glc-Glc rhamnose, Glc-Glc-Glc rhamnose isomer 1, Glc-Glc-Glc rhamnose isomer 2,
quercetin hexoside, Glc-Glc-Glc kaempferol and Glc-Glc-Glc-Rha quercetin were observed to increase
in leaves of pea seedlings. Besides, generally at 48 hpi in leaves of pea seedlings infested by A. pisum
and growing on the medium with 0.075 mM Pb(NO3)2 the levels of 2′OH-genistein tetrahexoside,
Glc-Glc-Glc rhamnose, Glc-Glc-Glc rhamnose isomer 1, Glc-Glc-Glc rhamnose isomer 2, Glc-Glc-Glc
kaempferol and Glc-Glc-Glc-Rha quercetin decreased in relation to those in leaves of the 0.075 mM
Pb2+ variant. Moreover, at 72 h of the experiment, i.e., 7 days after lead application, levels of these
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metabolites in the leaves and roots of pea seedlings cultured on the medium with 0.075 mM Pb(NO3)2

(0.075 mM Pb2+ variant) were markedly reduced in relation to the control.

2.3.3. Quantitative Analysis of Metabolites in the Roots and Leaves of Pea Seedlings

Comparative metabolomic analyses were performed between each group of samples (variants)
both for roots and for leaves (Figure 5). PCA differentiated all the analysed experimental groups,
whereas the group of samples from pea seedlings treated with the higher lead concentration was very
clearly separated in the case of roots, while the additional treatment with aphids also gave a distinctly
separated group. Such good separation was not the case for pea seedling leaves, although also in
this case samples obtained from pea seedling leaves treated with the higher lead concentration are
easily distinguished from the others. In contrast, the effect of aphid presence on the metabolome was
not as evident as in the case of roots. In turn, in leaves significant changes were observed between
the metabolome of such groups as 0.5 mM Pb2+, 0.5 mM Pb2++aphids and 0.075 mM Pb2+, 0.075 mM
Pb2++aphids, +aphids. Moreover, it is interesting that quantitative analyses of metabolites for roots
demonstrated that the control group, the group growing in the medium with the low lead concentration
(0.075 mM Pb2+ variant ) and the group only infested by pea aphids ( +aphids variant) were clustered
close to each other. Only the 0.5 mM Pb2++aphids variant was located separately, although it was still
near them.

Roots Leaves 

 
(a) (b) 

 
(c) (d) 

Figure 4. Cont.
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(e) (f) 

 

(g) 

Figure 4. The effect of lead and A. pisum on the level of isoflavonoid and flavonoid glycosides 2′OH
genistein hexoside (a,b), Glc-Glc-Glc rhamnose (c,d), Glc-Glc-Glc kaempferol (e,f), in roots (a,c,e) and
leaves (b,d,f) of pea seedlings. An LC-MS extracted ion chromatogram showing profiles of phenolic
componds found in leaves (g). Arbitrary unit means a relative unit of measurement to show the amount
of substance (intensity), the reference measurement is dependent on individual measurement on MS
(ion counts on MS detector). The data were obtained in three independent experiments and statistically
analysed using ANOVA (p-values at α = 0.05). Hypotheses on the equality of means were verified by
the two-sample t-test. To account for multiple testing, we used the Bonferroni correction (statistically
significant differences are shown in Table S1).

Roots Leaves 

 
(a) (b) 

Figure 5. Cont.
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(c) (d) 

Figure 5. Quantitative analysis of metabolites in roots (a,c) and leaves (b,d) of pea seedlings.
The Principal Components Analysis (PCA) of the positive ion (a,b) and negative ion (c,d) MS shows
distinct and close clustered groups of these ions for experimental variants, i.e., control, +aphids,
0.075 mM Pb2+, 0.075 mM Pb2++aphids, 0.5 mM Pb2+ and 0.5 mM Pb2++aphids

Unfortunately, it was impossible to identify all the differentiating components of the sample
due to the difficulty in interpreting the MS2 spectra, although spectral analysis showed that partially
differentiation of the samples corresponded to flavonoid derivatives. For this reason, the MS2 spectra of
flavonoids were analysed both for positive and negative ions and the quantity of identified compounds
was measured using the targeted analysis approach by determining the areas of the corresponding
chromatographic peaks.

2.4. The Effect of Lead and A. pisum on Expression Levels of Phenylalanine Ammonialyase and Chalcone
Synthase Genes in Pea Seedlings

Semi-quantitative RT-PCR analysis revealed that pea aphid feeding alone (+aphids), lead
administration at the high and low concentrations in the medium (0.5 mM Pb2+ and 0.075 mM Pb2+) as
well as the cross-talk of lead and A. pisum infestation (0.5 mM Pb2++aphids and 0.075 mM Pb2++ aphids)
upregulated mRNA levels for PAL and CHS in relation to the control (Figure 6). However, during
exposure to lead at the high concentration and A. pisum (0.5 mM Pb2++aphids variant), the expression
level of genes encoding PAL in the 0.5 mM Pb2++aphids leaves was lower than in the 0.5 mM Pb2+

leaves, while it was generally higher than in leaves infested by aphids only (+aphids variant). Besides,
the low concentration of lead (0.075 Pb(NO3)2) caused also upregulation of mRNA levels of the PAL
and CHS genes. At the application of the low lead concentration the highest relative mRNA level for
PAL was observed at 48 hpi in the leaves of seedlings growing on the medium with 0.075 Pb(NO3)2

and colonised by pea aphids (0.075 mM Pb2++aphids variant). However, these stress factors had a
much stronger effect on the upregulation of CHS rather than PAL. The very high upregulation of
mRNA for the CHS genes was observed as a result of the impact of lead or the cross-talk of lead and
A. pisum, especially at the toxic concentration of lead. Also, the low lead level and A. pisum infestation
(0.075 mM Pb2++aphids variant) raised the mRNA level for CHS, but it was much less markedly than
in the case of lead or the cross-talk of lead at the toxic concentration and A. pisum.

2.5. The Effect of Lead and A. pisum on β-Glucosidase Activity in Pea Seedlings

In the roots of pea seedlings growing on the Hoagland medium supplemented with lead, already
after 4 days from the administration of lead an increase in β-glucosidase activity was observed, being
higher at the high lead concentration in comparison to that at the low lead concentration (Figure 7,
Table S1a,b). A very high stimulation of β-glucosidase activity was recorded in roots of pea seedlings
of the 0.5 mM Pb2+ and 0.5 mM Pb2++aphids variants. At 24 hpi during the cross-talk of lead (0.5 mM
Pb(NO3)2) and A. pisum, the activity of this enzyme in roots was highest among the experimental
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variants tested and this high level was maintained at subsequent time points after infestation. Moreover,
it is of interest that at 72 hpi this activity dropped in roots of the 0.5 mM Pb2++aphids variant in relation
to the activity of β-glucosidase in roots of the 0.5 mM Pb2+ variant. A similar trend was observed in
leaves at 72 hpi. In turn, the activity of the enzyme in leaves of seedlings cultured on the medium with
lead was lower than in the control at 0 h of the experiment. At 48 and 72 h under the influence of lead
alone applied at the low concentration and the cross-talk of lead and A. pisum (0.075 mM Pb2+ and
0.075 mM Pb2++aphids variants), a reduction in β-glucosidase activity was observed in relation to the
control. Additionally, aphid infestation alone (+aphids variant) stimulated an increase in β-glucosidase
activity, as at 24 and 72 hpi the activity of this enzyme was higher than in the control. It should be
added that the lowest activity of the enzyme was recorded in the leaves of pea seedlings growing on
the medium with lead applied at the high concentration (0.5 mM Pb2+ variant) and in leaves of the
0.5 mM Pb2++aphids variant.

Figure 6. The effect of lead and A. pisum on expression levels of phenylalanine ammonialyase (PAL) and
chalcone synthase (CHS) genes in leaves of pea seedlings. The data were obtained in three independent
experiments and statistically analysed using ANOVA (p-values at α = 0.05). Hypotheses on the equality
of means were verified by the two-sample t-test. To account for multiple testing, we used the Bonferroni
correction (statistically significant differences are shown in Table S1).

Roots Leaves 

 
(a) 

 
(b) 

Figure 7. The effect of lead and A. pisum on β-glucosidase activity in roots (a) and leaves (b) of pea
seedlings. The data were obtained in three independent experiments and statistically analysed using
ANOVA (p-values at α = 0.05). Hypotheses on the equality of means were verified by the two-sample
t-test. To account for multiple testing, we used the Bonferroni correction (statistically significant
differences are shown in Table S1).
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2.6. The Effect of Lead and A. pisum on Activity of Phenylalanine Ammonialyase in Pea Seedlings

The activity of phenylalanine ammonialyase (PAL) differed in the roots and the leaves of pea
seedlings (Figure 8). At all time points of the experiments a decrease in PAL activity was observed
in the roots of pea seedlings exposed to stress factors in relation to the control, with the exception of
the activity of this enzyme in roots exposed to lead at the low concentration at 72 h (0.075 mM Pb2+

variant). It should be noted that the strong reduction in enzyme activity was recorded in roots of
pea seedlings exposed to lead alone at the higher concentration (0.5 mM Pb2+ variant) and during
the cross-talk of lead and the pea aphid (0.5 mM Pb2++aphids variant). In turn, during the impact of
these stress factors, i.e., aphid infestation (+aphids), lead at the low concentration (0.075 mM Pb2+) and
the cross-talk of lead and aphids (0.075 mM Pb2++aphids), the reduction in PAL activity in roots of
seedlings exposed to these stress factors was not marked when compared to the control. Moreover,
in leaves of seedlings growing for 4 days on the medium with lead (0 h of the experiment), PAL
activity increased both at the low and at the high lead concentration, although it was higher in leaves
growing on the medium with 0.5 mM Pb(NO3)2 than in leaves growing on the medium with 0.075 mM
Pb(NO3)2. At subsequent time points a higher PAL activity was detected in leaves infested by aphids
(+aphids variant) and in leaves of seedlings growing on the medium supplemented with lead at the
high concentration (0.5 mM Pb2+ variant) as well as during the cross-talk of lead and A. pisum (0.5 mM
Pb2++aphids variant) in relation to the control. A very high PAL activity was observed at 24 and 72 h
of the experiment in the seedlings growing on the medium with 0.5 mM Pb(NO3)2 and infested by
pea aphids (0.5 mM Pb2++aphids variant). For lead application at the low concentration, at 48 h and
72 h of the experiment in leaves of pea seedlings PAL activity was found to decrease in relation to the
control. Statistical analysis showed significant differences in these results (Table S1a,b). Additionally, it
should be mentioned that after 4 days from the administration of the high lead concentration (0 h of
the experiment), a 2-fold decrease in enzyme activity was recorded.

Roots Leaves 

 
(a) (b) 

Figure 8. The effect of lead and A. pisum on activity of phenylalanine ammonialyase in roots (a) and
leaves (b) of pea seedlings. The data were obtained in three independent experiments and statistically
analysed using ANOVA (p-values at α = 0.05). Hypotheses on the equality of means were verified by
the two-sample t-test. To account for multiple testing, we used the Bonferroni correction (statistically
significant differences are shown in Table S1).

2.7. The Effect of Lead and A. pisum on the Growth of Pea Seedlings

The administration of lead to the medium caused symptoms of phytotoxicity, which were varied
and depended on the concentration of lead in the medium. Symptoms of phytotoxicity were visible
the earliest on the roots due to their direct contact with lead ions (results not shown). Calculations
of the Index of Tolerance (IT) showed that among the tested lead concentrations (0.05 and 0.075 mM
Pb(NO3)2) inhibition of root elongation in relation to the control was found at the concentration of
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0.5 mM Pb(NO3)2. Additionally, feeding of A. pisum on pea seedlings cultured with an addition of lead
at the above-mentioned concentrations only slightly reduced elongation of pea seedlings (Figure 9).

We need to stress here that it was the lower of the tested lead concentration, i.e., 0.075 mM
Pb(NO3)2. The effect of lead alone at the above concentration, as well as the simultaneous effect of
lead (0.075 mM) and A. pisum generally did not inhibit the increment in length of pea seedlings, as
the values of these growth indexes were only slightly higher than in the control. Stimulation of shoot
and root length of pea seedlings by the low lead concentration (0.075 mM Pb(NO3)2) was visible at
the beginning of the experiment (after 4 days from the administration of lead before transferring the
aphids to pea seedlings) and at the subsequent time points, i.e., 24 h and 48 h for shoots. In contrast,
a significant inhibition of root and shoot growth of pea seedlings was found after 4 days from the
administration of lead at the high concentration. The roots in the 0.5 mM Pb2+ variant were two times
shorter than those of the control and the roots of 0.075 mM Pb2+ variants. At subsequent time points of
the experiment (24, 48 and 72 hpi) limitation of root elongation growth was also found in the 0.5 mM
Pb2+ and 0.5 mM Pb2++aphids variants. Therefore, the applied toxic concentration (0.5 mM Pb(NO3)2)
caused the strong inhibition of growth in pea seedlings, while the applied low concentration (0.075 mM
Pb(NO3)2) caused stimulation of growth in pea seedling shoots up to 48 h, with these differences being
statistically significant (Table S1a,b).

Roots Leaves 

(a) (b) 

 
(c)

Figure 9. The effect of lead and A. pisum on growth of roots (a) and shoots (b) of pea seedlings.
Pea seedlings after 4 days from the administration of lead and prior to transferring aphids onto pea
seedlings (at 0 h) and 72 h after pea aphid infestation; (c). The data were obtained in ten independent
experiments and statistically analysed using ANOVA (p-values at α = 0.05). Hypotheses on the equality
of means were verified by the two-sample t-test. To account for multiple testing, we used the Bonferroni
correction (statistically significant differences are shown in Table S1).
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2.8. The Content of Lead in the Roots and Leaves of Pea Seedlings and in Bodies of Pea Aphid

Analysis of lead content in pea seedlings revealed that this heavy metal was accumulated in
large quantities in the roots of pea seedlings. Already at 0 h of the experiments, i.e., after 4 days
from the administration of lead, accumulation of this element was observed both in the roots of
seedlings growing on the medium with 0.5 mM Pb(NO3)2 and 0.075 mM Pb(NO3)2 (Figure 10,
Table S1). However, lead concentration in the tissue of roots cultured on the medium with the
high lead concentration was over 3.5 times higher than in the tissues cultured on the medium with
its low concentration. At subsequent time points of the experiment, lead content in roots growing on
the medium with 0.5 mM Pb(NO3)2 increased as compared to that in roots at 0 h. Thus, the following
values were recorded: at 0 h 18,569.94 mg·kg−1, at 24 h 24,571.18 mg·kg−1, at 48 h 24,911.73 mg·kg−1

and at 72 h 27,750.66 mg·kg−1, respectively. In roots of pea seedlings growing on the medium with
lead at the high and the low concentrations and infested by A. pisum (0.075 mM Pb2+ + aphids and
0.5 mM Pb2+ + aphids variants), the content of lead increased slightly, but only at 24 hpi, while at the
next time point it was lower than in the 0.075 mM Pb2+ and 0.5 mM Pb2+ variants. Furthermore, at the
administration of the lower lead concentration to the medium its contents in the seedling roots were as
follows: at 0 h 5027.8 mg·kg−1, 24 h 4343.16 mg·kg−1, 48 h 5589.32 mg·kg−1 and 72 h 5202.08 mg·kg−1.
Administration of lead at 0.5 mM Pb(NO3)2 caused an increased lead content in the seedling leaves.
Lead contents in leaves of the 0.5 mM Pb2+ variant were as follows: at 0 h 19.64158 mg·kg−1, 24 h
30.04383 mg·kg−1, 48 h 23.7783 mg·kg−1 and 72 h 37.78 mg·kg−1. In turn, lead contents in leaves of
the 0.075 mM Pb2+ variant at 0 h was 1.89381 mg·kg−1, at 24 h 1.72839 mg·kg−1, 48 h 2.49095 mg·kg−1

and 72 h 5.05971 mg·kg−1, respectively. Additionally, pea aphid infestation caused increased lead
contents in leaves of pea seedlings at all time points after infestation. The highest content was recorded
at 72 hpi in pea seedlings growing on the medium with 0.5 mM Pb(NO3)2 and infested by A. pisum,
amounting to 67.28 mg·kg−1. Additionally, as it was mentioned above, pea aphid feeding stimulated
lead uptake and increased lead contents also in leaves of pea seedlings in the 0.075 mM Pb2+ + aphids
variant, i.e., at 24 hpi it was 2.84 times, at 48 h 2.87 times and at 72 h 2.64 times in relation to lead
contents in leaves of the 0.075 mM Pb2+ variant, respectively. Moreover, it should be mentioned here
that at the beginning of the experiment (i.e., 4 days after lead administration), lead concentration in
leaves of pea seedlings growing on the medium with 0.5 mM Pb(NO3)2 was 10 times higher than in
leaves of seedlings growing on the medium with 0.075 mM Pb(NO3)2.

Lead content in bodies of pea aphids increased with infestation time, i.e., in the period from 24 to
72 hpi (Figure 10c, Table S2). The highest lead content was recorded at 72 hpi in bodies of pea aphids,
ranging from 175.1867 mg·kg−1 to 431.62322 mg·kg−1. In turn, in bodies of pea aphids feeding on
pea seedlings growing on the medium with 0.075 mM Pb(NO3)2 the content of lead was markedly
lower than in the bodies of pea aphids feeding on pea seedlings growing on the medium with 0.5 mM
Pb(NO3)2, with the levels ranging from 24.0655 mg·kg−1 to 30.8712 mg·kg−1, respectively.

Roots Leaves 

 
(a) (b) 

Figure 10. Cont.
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Figure 10. Lead contents in roots (a) and leaves (b) of pea seedlings and in bodies of pea aphids (c).
The data were obtained in three independent experiments and statistically analysed using ANOVA
(p-values at α = 0.05). Hypotheses on the equality of means were verified by the two-sample t-test.
To account for multiple testing, we used the Bonferroni correction (statistically significant differences
are shown in Table S1, S2).

3. Discussion

An important goal from the point of view of ecology is to study interactions between biotic and
abiotic stresses at different levels of biological organisation [46]. Exposure of plants to one stress alters
their metabolic status, which can influence the intensity or ability to adaptively respond to a subsequent
stress. The results obtained within this study show for the first time the relationship between different
concentrations of lead in the medium in terms of their effect on the growth of pea seedlings, pea aphid
infestation and defensive response of plants manifested in the generation of signalling molecules.
Moreover, it is a novel finding to show an enhanced generation of phytohormones such as SA and
ABA in roots and leaves of pea seedlings and induction of biosynthesis of secondary metabolites,
i.e., flavonoids, in the context of the effect of lead and the cross-talk of lead and a phytophage with
the piercing-sucking mouthpart, i.e., A. pisum. Presently more evidence needs to be provided for
the simultaneous impact of environmental factors on the defense strategy of the plants, i.e., to show
the relationship of an abiotic stress factor (heavy metal) and plant defenses induced by a biotic
stress factor (aphids). Also, the results within this research work provide new insights concerning
the phenomenon of hormesis: the abiotic factor (lead)—plant (signalling molecules and flavonoids,
including pisatin)—herbivore (the insect with a piercing-sucking mouthpart).

We demonstrated that after administration of lead at a high concentration in the substrate at
0.5 mM Pb(NO3)2, a high concentration of this element was observed first in the roots and then in
the leaves of pea seedlings. Also, lead was downloaded by pea aphids, especially in large amounts
when aphids were feeding on pea seedlings growing on the medium with 0.5 mM Pb(NO3)2. In turn,
at the low concentration of 0.075 mM Pb(NO3)2, this element was mainly accumulated in the roots,
while only small amounts appeared in the leaves and next in bodies of A. pisum, which was in line
with our assumption. At a low concentration of lead deposited mainly in roots the consequence was
an enhanced metabolic status of pea seedlings, which elicited defense mechanisms of the leaves to the
biotic stress factor. Therefore, after 4 days from the administration of lead, in 0 h-leaves of the 0.075 mM
Pb(NO3)2 variant an increased level of signalling molecules such as SA was noted. Statistical analysis
showed significant differences between levels of SA or SAG in leaves of the 0.075 mM Pb(NO3)2 variant
and the control variant. However, the content of an isoflavonoid phytoalexin, pisatin, in leaves with a
low lead level at this point time was not increased in relation to the control leaves, while an increase
was observed only for some glucosides and the PAL activity, an enzyme initiating phenylpropanoid
metabolism. The increase in pisatin levels in the above-mentioned leaves was found at 48 and 72 hpi
as a result of lead or lead and A. pisum interactions; however, it was significantly lower than in the
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case of the impact of lead with the high concentration. It should be emphasized that the different
concentrations of the abiotic factor in the medium caused the different defensive response on multiple
levels. In addition, direct contact of the stress factor (lead) with the roots caused a stronger defense
response of the roots in comparison to the leaves. An interesting observation was noted after pea aphid
feeding on pea seedlings cultured on the medium with lead at both concentrations. It was shown that
A. pisum infestation modulated molecular and metabolic responses in the pea seedlings both with
the high and low lead concentration. These changes included both the roots and the leaves, which
indicates systemic signalling from the leaves to the roots, triggered by A. pisum feeding on the pea
seedlings. The analysis of generation intensity for TSA (SA and SAG) and ABA in the roots and the
leaves of pea seedlings growing on the medium with lead and during the treatment of both lead and
A. pisum shows that SA is a molecule intensively stimulated both by lead alone and the cross-talk
of lead and A. pisum. Also, a strong SA accumulation was found in the roots and the leaves during
A. pisum feeding infestation alone, while higher levels of TSA were detected in the roots rather than
the leaves. In turn, an opposite result was obtained for ABA, as a higher level of this molecule was
found in the leaves than in the roots. Moreover, in the leaves the very strong TSA accumulation was
a result of the amplification of the signal coming from lead and A. pisum, with the response being
stronger at the high lead concentration than at the low concentration. In the roots a similar effect for
SA was observed, but it was visible only at 72 hpi. Moreover, it should be stressed here that for ABA a
slightly different trend was recorded. Lead treatment stimulated ABA accumulation most strongly.
The amplification of the signal from lead and A. pisum was only observed at 72 hpi in the leaves with a
high lead content and at 24 hpi in the leaves with a low lead content, respectively.

In the published literature the important role of SA and ABA was demonstrated both in responses
to biotic and abiotic stresses, as well as in the development of plants ([47–51] and references in this
article). These phytohormones play a crucial role in adaptive responses to stresses. SA as a signal
molecule induces plant defense responses to biotic stress factors, including insect pests ([52,53] and
references in this article). Besides, SA has been assigned roles in improved plant tolerance to stress
via SA-mediated control of major metabolic processes in plants [51]. SA treatments induced different
physiological and biochemical processes (e.g., enhanced the level of oxidative stress, the expression
of genes involved in flavonoid metabolism and the amount of non-enzymatic antioxidants) in the
leaves and roots of plants; however, the response of these organs varied [10]. Moreover, salicylates
are molecules that may activate defense genes in plant response to stress. Upon intensification of
these signals, an increase in the synthesis of allelochemicals and defence proteins was triggered [54],
providing protection to the plants. It was also suggested that SA antagonises the oxidative damaging
effects of lead both directly by activating the antioxidative enzymatic system and indirectly by
decreasing lead uptake from soil [55]. Additionally, Chen et al. [56] demonstrated that SA alleviates
lead-induced membrane disruptions and plays a positive role in rice seedlings protecting them against
toxicity. Additionally, it has been revealed that lead causes an increase in endogenous free SA levels
in all organs of Zygophyllum fabago [57]. The application of SA on wheat induced plant resistance to
aphids [58]. El-Khawas [59] reported that priming plants with SA induced resistance of crop plants
against herbivores, showing it to be successful in Pisum sativum against the leafminer Liriomyza trifolii.
Therefore, an increase in the SA level was often observed in plant response to abiotic and biotic
stresses, including aphid infestation [8,60]. Additionally, there are reports concerning the significance
of SA in the minimisation of impacts of heavy metals, including lead [56,61–63]. It is believed that
phytohormones such as SA and ABA can be promising compounds for the reduction of plant sensitivity
to stresses, which may be important for agriculture [10,64]. The results of our experiments have shown
that lead treatment and aphid attack seem to affect SA and pisatin accumulation synergistically. Lead
treatment caused stimulation of PAL activity in leaves of seedlings after 4 days (0 h). Additionally, the
cross-talk of these two stressors, i.e., lead at 0.5 mM Pb(NO3)2 and A. pisum significantly induced the
activity of the enzyme in leaves of the 0.5 mM Pb(NO3)2 + aphids variant. What is more, amplification
of the signal induced by the cross-talk of lead and A. pisum attack strongly upregulated the expression
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of PAL and CHS genes in the leaves of pea seedlings; it was stronger for CHS than for PAL. On the
other hand, a synergistic positive role with jasmonate-induced defenses against herbivores and an
antagonistic role with salicylate-based resistance to some pathogens was observed in the case of
plant responses to water and salt stress by Thaler and Bostock [46]. Besides, the role of ABA as a
central regulator of abiotic stress response in plants has been proven in numerous studies [65–67].
ABA concentration in plant tissues is known to increase when plants are exposed to heavy metals,
suggesting an involvement of this phytohormone in the induction of protective mechanisms against
heavy metal toxicity [68–70]. Stroiński et al. [71] reported that ABA was required in the transduction
of the cadmium (Cd) signal to potato roots. For example, cadmium treatment leads to increased
endogenous ABA levels in roots of Typha latifolia and Phragmites australis [72], in potato tubers [73]
as well as rice plants [74]. The same effect was verified in several other studies. When mercury
(Hg), Cd and copper (Cu) solutions were applied to wheat seeds during germination, ABA levels
increased [75]. In cucumbers, seed germination decreased and ABA content increased under Cu2+ and
zinc (Zn2+) stress [76]. Similarly, increased amounts of ABA were detected in germinating chickpea
(Cicer arietinum) seeds under lead (Pb) toxicity conditions [77], as well as crowberries (Empetrum nigrum)
exposed to Cu and nickel (Ni) [78]. Strong SA and ABA generation found in P. sativum L. cv. Cysterski
seedlings during the influence of lead and the cross-talk of lead and A. pisum, especially at a high lead
concentration, may indicate the involvement of these molecules in defensive response. However, as it
was mentioned above, lead and aphid attack seem to affect SA and pisatin accumulation synergistically.
In the case of ABA, this dependence was demonstrated only at 72 hpi. In the published literature
some reports have shown that ABA was involved in the modulation of the phenylpropanoid pathway
in berry skins [79,80]. Exogenous applications of ABA to red grape berries caused an increase in
the flavonoid content [79–82]. In turn, in stressed plants ABA treatment regulated the expression of
genes encoding enzymes of the flavonoid biosynthesis pathway [83]. In the case of our experiments,
apart from an enhanced generation of signalling molecules under stress conditions, upregulation of
phenylpropanoid metabolism genes, a strong accumulation of flavonoids and a strong stimulation
of the activity of β-glucosidase were also recorded. The upregulation of CHS mRNA and pisatin
accumulation in leaves of pea seedlings infested by the pea aphid at varying population sizes was
observed in our previous studies [20]. We demonstrated also the participation of another signal
molecule such as nitric oxide (NO) in pisatin accumulation and upregulation of the relative mRNA
levels for PAL in leaves pretreated with NO donors (GSNO and SNP), both infested and non-infested
tissues [84]. Moreover, there are reports concerning a transcriptional and posttranscriptional control of
PAL expression under heavy metals stress [36]. The Pb induced PAL mRNA levels in legume plants
exposed to heavy metals stress.

Additionally, our results show also a significant accumulation of flavonoid and isoflavonoid
glycosides in response to lead alone and to the cross-talk of lead and the phytophage. Higher levels
of these metabolites were recorded in the roots than in the leaves. As it was already mentioned
above, the level of glycosides was also higher in the organs of pea seedlings growing with a high
lead concentration in comparison to seedlings cultured with a low lead concentration. Generally,
the dominant trend was associated with reduced levels of the metabolites in tissues affected by
lead and aphids in comparison to those affected by lead treatment. In contrast, the reduction of
flavonoid and isoflavonoid glycosides was observed mainly at the administration of the toxic dose
of lead in the medium and A. pisum infestation in relation to their levels in leaves of the 0.5 mM Pb2+

variant. Additionally, the reduction of these metabolites was stronger in the roots than in the leaves.
The reduction of glycosides accompanied a high activity of β-glucosidase in pea seedlings growing
with lead, or the variant with lead and infested by aphids, or only that with the attack by aphids.
An increase in the activity of this enzyme may be related with the release of metabolites toxic for aphids
or participation in the reconstruction of cell wall damage and the strengthening of its structure [85].
In turn, in our experiments reduction of the enzyme activity at 72 hpi in both leaves and roots may be
due to the effect of A. pisum effectors that may block defense mechanisms of the host plant, including
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hydrolysis of glucosides to free aglycones. Many of the isoflavonoids and flavonoids have reactive free
hydroxyl groups which are biologically active [86]. A diverse group of phytoalexins, particularly their
chemical diversity, the main biosynthetic pathways and their regulatory mechanisms, phytoalexin gene
transfer in plants and their role as antibiotic agents, were presented by Jeandet [87]. Also, information
has also been provided concerning modulation of phytoalexin levels through engineering of plant
hormones, defence-related markers or elicitors [88]. Our earlier research results [20] revealed also
subcellular location of flavonoids using confocal microscopy in leaves of pea seedlings infested by
aphids [20]. Furthermore, Adrian et al. [89] for the first time showed that aluminum chloride can act
as a potent elicitor of resveratrol synthesis in grapevine leaves. Strong evidence was provided that a
metallic salt can act as a direct inducer of phytoalexin response in grapevines.

Additionally, very interesting results of these studies showed that the toxic concentration of lead
strongly inhibited growth of pea seedlings (root length in the 0.5 mM Pb2+ variant was about 2 times
shorter than in the control and 0.075 mM Pb2+ variants), while the low concentration of 0.075 mM
Pb(NO3)2 stimulated slightly growth, especially the shoots of seedlings, thus indicating the hormesis
effect. Extremely interesting are results of quantitative analysis of metabolites in the roots and leaves
of pea seedlings. Here the Principal Component Analysis (PCA) of the positive and negative ions MS
revealed that groups ions in the control, + aphids, 0.075 mM Pb2+, 0.075 mM Pb2+ + aphids variants are
clustered close. There may be a link between growth and the metabolome of plants from these variants.
In turn, groups of the 0.5 mM Pb2+ and 0.5 mM Pb2+ + aphids variants were distinct in relation to
the other.

It is known that at elevated concentrations heavy metals negatively affect morphology, physiology
and biochemistry of plants [90–94]. The inhibition growth of lupin roots was observed in response to
heavy metals (Pb, Cd and Cu), which was accompanied by an increased synthesis and accumulation of
a 16 kDa polypeptide [95]. In turn, Rucińska et al. [96] reported that at higher lead concentrations the
formation of both free radicals and reactive oxygen species is beyond the capacity of the antioxidant
system, which in turn may contribute to reduced root growth. Lead can induce several morphological,
physiological and biochemical dysfunctions in plants, such as a decrease in seed germination, plant
growth, chlorophyll production, etc., while it also causes lipid peroxidation, oxidative stress and
DNA damage [97]. A decrease was also recorded in dry weight of both roots and shoots [98,99].
Lead can reduce 50% of growth when applied at a concentration of 1000 mg/L in Eichhornia crassipes
(water hyacinth). Also, an increase in lead concentration caused a decrease in chlorophyll content
and an increase in the activity of antioxidative enzymes [100]. The results of the studies showed
that Pb is a highly toxic element that can be accumulated in the cell wall, the cell membrane,
vacuoles, mitochondria and peroxisomes. Małecka et al. [101]. Krzesłowska et al. [102] reported
that plant cell wall (CW) remodeling, in particular formation of CW thickenings (CWTs) abundant
in low-methylesterified pectins (pectin epitope JIM5 - JIM5-P) able to bind metal ions, including
Pb, certainly increases the CW capacity for toxic metal ion binding and compartmentalisation.
Rabęda et al. [103] reported that binding trace metals by JIM5-P may lead to a reduction of cell
elongation and plant growth inhibition. Moreover, results of our research highlighted lead-induced
hormetic growth response. Hormesis and the paradoxical effect of Pb at a low concentration on growth
of wheat seedlings was revealed by Erofeeva et al. [104], but it was noted for Cd. In turn, a hormetic
response of Lonicera japonica induced by Cd at low concentrations (≤10 mg·kg−1) closely related to
the increase in net photosynthesis was demonstrated by Jia et al. [105]. Numerous vivid discussions
concerning the importance of hormesis responses in toxicology and risk assessment may be followed
in scientific papers and in the media, particularly during the last 15 years. It is assumed that hormesis
is an adaptive response to stress. Recently, in a further attempt to convert the classical descriptive
term of hormesis into a mechanistically based concept, it was proposed to consider hormesis as
an adaptive response that is “providing a quantitative estimate of biological plasticity” [5]. In the
published literature some reports indicate that herbivorous insects feeding on contaminated plants
may suffer from developmental disorders manifested e.g., in an alteration of some life history traits,
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such as changes in morphology. When specimens of the cabbage aphid Brevicoryne brassicae L. were
reared on lead contaminated host plants, they were smaller and showed a considerable degree of
morphological asymmetry in comparison to aphids on non-contaminated plants [106,107]. Moreover,
Poschenrieder et al. [2] reported that heavy metals in plants may affect herbivores, e.g., by acting as an
antifeedant or a systemic plant pesticide, or by fortifying their antioxidant defenses.

In summary, this study supplies additional new information on the responses of pea seedlings
to cross-talk of a heavy metal, lead, and aphid attacks. We have shown a relationship between
SA and ABA-mediated signalling and their impact on the accumulation of flavonoids, including
an isoflavonoid phytoalexin, pisatin. Also, we have demonstrated changes in the expression of key
enzymes of the phenylpropanoid pathway (PAL and CHS) and the activity of β-glucosidase, an enzyme
hydrolysing flavonoid glucosides to free aglycones, in the context of the cross-talk of lead and aphid
attack. Moreover, our results demonstrate that a response of the plant to one stress with varying
severity influences its response to other stresses.

In the future it is necessary to provide more evidence for the cross-tolerance phenomenon.
Moreover, it is interesting to examine the interactions between hormone-signaling pathways and their
impact on defence responses of plants and the ecological pattern of association of stresses.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Pea (Pisum sativum L. cv. Cysterski) seeds of the S-elite class were used in the experiments, these
were obtained from the Plant Breeding Company at Tulce near Poznan in Poland. Surface-sterilisation
of seeds was performed as described by Mai et al. [8] and Morkunas et al. [20]. After 6 h of imbibition
the seeds were transferred onto filter paper (in Petri dishes) and immersed in a small amount of water
in order to support further absorption. After a subsequent 66 h the seed coats were removed from the
germinating seeds. Next the germinating seeds (35 pieces) were transferred to hydroponic grow boxes
containing Hoagland medium (the control). Hydroponic boxes were covered with dark foil to mimic
soil conditions. The experiments were conducted on seedlings of pea (P. sativum). Pea seedlings during
the first four days were cultured in hydroponic cultures on the Hoagland medium in a phytotrone at
22–23 ◦C, 65% relative humidity, and light intensity of 130–150 μM photons m−2s−1 with the 14/10 h
(light/dark) photoperiod. Next, on the fifth day the medium was replaced in all the hydroponic
variants and lead was added to the medium at 0.075 Pb(NO3)2 and 0.5 mM Pb(NO3)2. After 4 days
from the administration of lead, pea aphids were transferred onto pea seedlings. The following
experimental variants were used: the control pea seedlings cultured with no addition of lead and not
colonised by pea aphids (Acyrthosiphon pisum), pea seedlings growing on the Hoagland medium with
different concentrations of lead ions, i.e., 0.075 mM Pb(NO3)2 and 0.5 mM Pb(NO3)2 and pea seedlings
growing on the Hoagland medium with different concentrations of lead ions and colonised by pea
aphids A. pisum, pea seedlings growing on the Hoagland medium colonised by pea aphids A. pisum.
Samples for analyses were collected 4 days after lead administration and prior to transferring aphids
onto pea seedlings (at 0 h), and next after 24, 48, 72 h of the action of the two stress factors, i.e., lead
and A. pisum. Hydroponic cultures were aerated with an aeration system. Pea seedlings, both the
control and growing in the presence of lead ions and seedlings growing in the presence of lead ions for
colonisation by A. pisum, were cultured in glass aquariums (30 cm × 22 cm × 28 cm) and protected
with gauze. Main experimental treatments with the insects comprised leaves of pea seedlings, while
analyses were also performed for roots, in order to obtain comprehensive information concerning
dependencies of root-leaves after the addition of lead to the medium at different concentrations.
The experiments were conducted only using adult insects.

23

Bo
ok
s

M
DP
I



Molecules 2017, 22, 1404

4.2. Aphids and Infestation Experiment

Acyrthosiphon pisum (Harris), originally cultured and supplied by the Department of Entomology,
the Poznań University of Life Sciences, Poland, was reared on Pisum sativum L. in a growth chamber
under conditions as specified above. On day 11 of culture pea seedlings were infested with 20 apterous
adult females of A. pisum. The aphid populations were monitored throughout all the experiments [108].
The control pea seedlings were cultured with no addition of lead and not colonised by pea aphids
(Acyrthosiphon pisum).

4.3. Detection of Salicylic Acid (SA)

Salicylic acid was extracted and quantified following the HPLC method, as previously described
by Yalpani et al. [109] and modified by Mai et al. [8]. Frozen roots and leaves were ground in
liquid nitrogen to a homogenous powder, from which approximately 0.50 g was taken for analysis.
Salicylic acid was extracted twice with methanol (90% followed by a straight solvent), strongly stirred
and centrifuged at 12,000× g for 10 min at 4 ◦C. The resultant supernatant was divided into two
equal batches and the solvent was evaporated to dryness under a stream of nitrogen. Dry extract
was dissolved in 5% trichloroacetic acid (TCA), and after centrifugation free salicylic acid (SA) was
extracted three times with the extractive organic mixture of ethyl acetate:cyclopentane:isopropanol
(100:99:1; v/v/v). In order to determine free and glucoside bound salicylic acid (TSA), 40 units of
β-glucosidase in Na-acetate buffer (100 mM, pH 5.2) were added to the second part of the dry extract
and incubated for 90 min at 37 ◦C. Lyophilised β-glucosidase from almonds (Sigma-Aldrich) was
used; according to the manufacturer’s specification one unit liberates 1.0 μmole of glucose from salicin
per min at pH 5.0 and 37 ◦C. The reaction was terminated by the addition of 5% TCA and salicylic
acid was extracted as described above. After solvent evaporation, the dry residue was dissolved in a
mobile phase (200 mM K-acetate buffer, pH 5.0 and 0.5 mM ethylenedinitrilotetraacetic acid, EDTA)
and analyzed by HPLC coupled with fluorometric detection in a Waters Company chromatograph
(Milford, MA, USA) composed of a 2699 Separation Module Alliance and 2475 Multi- Fluorescence
Detector. Chromatographic separation was obtained in a Spherisorb ODS2 WATERS Company column
(4.6 mm × 10 mm, 3 μm). Detection parameters were λ = 295 nm for excitation and 405 nm for emission.
The content of glucoside bound salicylic acid (SAG) was calculated as the difference between total and
free salicylic acid (TSA-SA) and the results were expressed as nanograms per gram of fresh weight
material (ng g−1 FW).

4.4. Detection of Abscisic Acid (ABA)

For ABA measurement samples consisting of approx. 1 g frozen tissue were homogenised in
liquid nitrogen and extracted twice with 20 mL 80% (v/v) methanol containing 20 mg/L butylated
hydroxytoluene. Subsequently 100 ng [2H6]ABA were added. The methanol fraction was removed
under reduced pressure and the aqueous phase was acidified to pH 2.0 with 12 M HCl and centrifuged
at 10,000× g for 15 min to remove chlorophyll. The supernatant was partitioned three times against
ethyl acetate and dried under vacuum. The dry residue was dissolved in 5 mL 1 M formic acid (FA) and
loaded on a Discovery® DSC−18 SPE cartridge (Supelco Inc., Bellefonte, PA, USA) pre-conditioned
with 4 mL MeOH and allowed to equilibrate with 4.0 mL of 1 M FA. The column was then washed
with 4 mL 1 M FA, 20% of methanol in 1M FA and finally target phytohormones were eluted with
4 mL of 80% methanol in water. The eluate was evaporated and further purified by HPLC using a
SUPELCOSIL ABZ + PLUS column (250 mm × 4.5 mm, 5 μm article size; Supelco). The samples were
reconstituted in 130 μL of 20 % methanol and chromatographed with a linear gradient of 20–80%
methanol in 0.1 M formic acid for 20 min, flow rate 1.0 mL/min at 22 ◦C. The fractions collected at
12.5 ± 0.5 min were evaporated to dryness, methylated with diazomethane, dissolved in 30 μL of
methanol and analyzed by GC/MS–SIM (Auto-System XL coupled to a TurboMass, Perkin-Elmer,
Walthman, MA, USA) using a MDN-5 column (30 m × 0.25 mm, 0.25 μm phase thickness, Supelco).
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The GC temperature program was 60 ◦C for 1 min, 60–250 ◦C at 10 ◦C/min, flow rate 1.5 mL/min,
injection port was 280 ◦C and electron potential 70 eV. The retention times of ABA and [2H6] ABA were
14.07 and 14.3 min, respectively. GC/MS–SIM was performed by monitoring m/z 190 for endogenous
ABA and 194 for [2H6] ABA, 130 for endogenous IAA and 132 [2H2] IAA according to the method
described by Vine et al. [110].

4.5. Analysis of Flavonoids

4.5.1. Isolation of Phenolic Compounds

Plant material, previously frozen at −80 ◦C was homogenised in 80% methanol (20 mL·g−1·FW)
and sonicated for 3 min in a VirTis VirSonic 60 sonicator [111]. The suspension was filtered through
a Büchner funnel and concentrated under vacuum at 40 ◦C. Plant extract samples for LC analyses
were prepared from 0.5 g FW pea tissue. The samples were purified and concentrated by solid-phase
extraction on cartridges containing a cation exchanger and RP C−18 silica gel (Alltech, Carnforth, UK)
used in tandem, according to the method proposed by Stobiecki et al. [112].

4.5.2. Liquid Chromatography–Mass Spectrometry (LC/UV/ESI/MS/MS)

Plant extract samples were analysed using a Waters UPLC Acquity system coupled with a
micrOToF-Q mass spectrometer (Bruker Daltonics, Bremen, Germany). An Agilent Poroshell RP-C18
column (100 mm × 2.1 mm; 2.7 μm) was used. During LC analyses elution was performed using two
solvent mixtures: A (95% H2O, 4.5% acetonitrile, 0.5% acetic acid; v/v/v) and B (95% acetonitrile,
4.5% H2O, 0.5% acetic acid; v/v/v). Elution steps were as follows: 0–5 min 10%–30% B, 5–12 min
isocratic at 30% B, 12–13 min linear gradient up to 95% of B and 13–15 min isocratic at 95% of B. Pisatin
and flavonols were identified by comparing their retention times and mass spectra with the data from
respective standards. The micrOToF-Q mass spectrometer consisted of an ESI source operating at
a voltage of ±4.5 kV, nebulisation with nitrogen at 1.2 bar and dry gas flow of 8.0 L/min at 220 ◦C.
The instrument was operated using the micrOTOF Control program version 2.3 and data were analysed
using the Bruker Data Analysis ver. 4 package. Targeted MS/MS experiments were performed using
a collision energy ranging from 10 to 25 eV, depending on the molecular masses of the compounds.
The instrument operated at a resolution of minimum 15,000 full widths at half maximum.

4.5.3. Quantitative Analysis of Metabolites

For targeted quantitative analysis, the extracted ion chromatogram traces were used, with peaks
plotted for exact monoisotopic masses of compounds. Such traces were prepared for each compound
earlier and identified based on their MS2 spectra. For calibration purposes, p-hydroxybenzoic acid was
added to each analysed sample as the internal standard at a final concentration of 125 μM (LC retention
time and MS spectra did not interfere with those of the studied compounds). Total quantitative analysis
was conducted based on all signals acquired in the positive MS mode using the Profile Analysis 2.1
software (Bruker Daltonics). Multivariate analyses were carried out by the unsupervised principal
component analysis (PCA).

4.6. Total RNA Extraction and Semiquantitative RT-PCR Analysis

Pea seedling leaves (0.50 g) were frozen in liquid nitrogen and ground with a mortar and
pestle in the presence of liquid nitrogen. For RT-PCR analyses of the target gene, total RNA was
isolated from 45 mg tissue using the SV Total RNA Isolation System (Promega, Manheim, Germany)
according to the recommendations of the manufacturer [84,113]. The RNA level in samples was
assayed spectrophotometrically at 260 nm. The A260/A280 ratio varied from 1.8 to 2.0. The cDNA
samples for RT-PCR experiments were synthesised from 1 μg of total RNA and oligo (dT)18 primers
using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Life Technologies
Polska, Warszawa, Poland). One μL of the each cDNA was used as a template for the PCR reaction
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with specific PCR primers. Thermal cycling conditions in the PAL, CHS and actin genes expression
assay consisted of an initial denaturation at 95 ◦C for 5 min, followed by 25 cycles at 95 ◦C for 30 s,
58 ◦C for 30 s and 72 ◦C for 45 s. The PCR products were analysed by agarose gel electrophoresis
(1.5%). The specific primers were used for PCR reactions: PAL F 5′-GAGCAGCACAACCAAGATG-3′

and PAL R 5′-CTCCCTCTCAATTGACTTGG-3′, CHS F 5′-AGGTCTTCGCCCATATGTGAA-3′ and
CHSR 5′-GTGCTTGTCCAACAAGACTGT-3′. The fragment of Pisum sativum actin (HQ231775) coding
sequence was amplified as a reference gene using actin F 5′-GCATTGTAGGTCGTCCTCG-3′ and actin
R 5′-TGTGCCTCATCACCAACATAT-3′ primers.

4.7. Extraction and Assay of β 1,3-Glucosidase Activity

The activity of β 1,3-glucosidase (EC 3.2.1.21) was determined spectrophotometrically (Lambda
15 UV-Vis spectrophotometer, Perkin Elmer, Norwalk, CT, USA) applying the method proposed
by Nichols et al. [114] and modified by Morkunas et al. [115]. Leaves and roots of pea seedlings
(500 mg) were ground at 4 ◦C in 0.05 M phosphate buffer of pH 7.0 and 1% polyvinylpyrrolidone (PVP).
The enzyme activity was determined in the supernatant obtained after centrifugation at 15,000× g
for 20 min. The mixture containing 0.2 mL phosphate buffer (0.05 M, pH 7.0), 0.2 mL extract and
0.2 mL 4-nitrophenyl-β-D-glucopyranoside as substrate (2 mg·mL−1) was incubated for one hour at
35 ◦C. Afterwards, 0.6 mL 0.2 M Na2CO3 was added. The formation of p-nitrophenol (p-NP) was
followed at 400 nm. The activity was measured in three replications and expressed as μM p-nitrophenol
mg−1·protein·h−1.

4.8. Extraction and Assay of Phenylalanine Ammonialyase (PAL) Activity

The activity of PAL (EC 4.3.1.24) was determined with a modified method of Cahill and
McComb [116] as modified by Morkunas et al. [43]. The amount of 0.50 g of frozen leaves was
homogenised at 4 ◦C with a mortar and pestle in 4 mL of 100 mM Tris–HCl buffer (pH 8.9) containing
5 mM mercaptoethanol, and 0.050 g PVP. Afterwards the homogenate was centrifuged at 12,000× g
for 20 min at 4 ◦C. The supernatant was used for enzyme analyses. The reaction mixtures contained
0.50 mL of 20 mM borate buffer (pH 8.9), 0.50 mL of 10 mM l-phenylalanine, and 0.50 mL extract
in a total volume of 1.5 mL. A sample without the substrate l-phenylalanine was used as a blank.
The reaction proceeded for 24 h at 30 ◦C and was interrupted by the addition of 1.5 mL 2 N HCl. PAL
activity was measured by the change of absorbance at 290 nm due to the formation of trans-cinnamic
acid using a Perkin Elmer Lambda 15 UV-Vis spectrophotometer. The activity of PAL is expressed as
μM trans-cinnamic acid expressed per mg protein per hour (μM trans-cinnamic acid· mg−1protein h−1).

4.9. Determination of Lead Content

All reagents and standards were of at least analytical grade. All solutions were prepared using
ultrapure water 18.2 MΩ·cm. Root and leaf samples of pea seedlings were rinsed with ultrapure water
(CDRX-200, Polwater, Kraków, Poland) and air dried at room temperature. Air dried samples were
then ground (Planetary Micro Mill Pulverisette 7 premium line, Fritsch, Idar-Oberstein, Germany)
and oven dried at 70 ◦C before weighing. Subsamples (0.5 g) were digested in 10 mL 65% nitric acid
(Suprapur, Merck, Darmstadt, Germany) using a closed vessel digestion microwave system (MARS 5,
CEM Corp., Matthews, NC, USA). The digested solutions were diluted to 50 mL using ultrapure water.
The aphid samples were washed and dried as described for the plant samples. 0.2 g subsamples of
aphids were digested in 10 mL 65% nitric acid (Suprapur, Merck) at 80 ◦C until the solution became
clear. The digested solutions were diluted to 25 mL using ultrapure water. The lead concentrations
were determined by flame atomic absorption spectroscopy (FAAS) (SpectrAA 240FS, Varian, Palo Alto,
CA, USA) and graphite furnace atomic absorption spectroscopy with the Zeeman correction (GFAAS)
(SpectrAA 240Z, Varian). Certified reference materials were analysed to verify the accuracy and
precision of the measurements. Observed concentrations for the certified INCT-MPH-2 mixed Polish
herbs sample (Institute of Nuclear Chemistry and Technology, Poland) were 2.02 mg·kg−1 Pb (certified
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2.16 ± 0.23 mg·kg−1) for plant samples and 1.99 mg·kg−1 Pb for aphid samples. The Laboratory is
accredited according to ISO/IEC 17025.

4.10. Statistical Analysis

All determinations were conducted within three independent experiments. Additionally, three
biological replicates per experimental variant were made for a given experiment. Analysis of variance
(ANOVA) was used to verify the significance of means from independent experiments within a given
experimental variant. The elementary comparisons between particular levels of the analysed factor
in different times (independently) were tested using the two-sample t-test for equal means for all
the observed traits. To account for multiple testing, we used the Bonferroni correction. Moreover,
comparisons related to the following plant material variants, i.e., the control vs. the 0.075 mM Pb2+

variant; the control vs. 0.5 mM Pb2+ variant; the control vs. the +aphids variant; the control vs.
0.075 mM Pb2++aphids variant; the control vs. 0.5 mM Pb2++aphids variant;. 0.075 mM Pb2+ variant vs.
0.5 mM Pb2+ variant; 0.075 mM Pb2+ variant vs. 0.075 mM Pb2++aphids variant; 0.5 mM Pb2+ variant
vs. 0.5 mM Pb2++aphids variant; 0.075 mM Pb2++aphids variant vs. 0.5 mM Pb2++aphids variant;
+aphids variant vs. 0.075 mM Pb2++aphids variant; +aphids variant vs. 0.5 mM Pb2++aphids variant.
In turn, comparisons related to the following aphid variants, i.e., the control vs. 0.075 mM Pb2+ variant;
the control vs. 0.5 mM Pb2+ variant; 0.075 mM Pb2+ variant vs. 0.5 mM Pb2+ variant, respectively.
The figures present data obtained as means of triplicates for each variant along with standard errors of
mean (SE). All the analyses were conducted using the GenStat v. 17 statistical software package.

5. Conclusions

In the presented study we revealed that lead at various concentrations (low causing the hormesis
effect vs. high causing the toxic effect) and the cross-talk of lead and A. pisum induced generation
of SA and ABA in pea seedlings. Increased generation of these phytohormones strongly enhanced
the biosynthesis of flavonoids, including a phytoalexin, pisatin. Strong generation of SA and ABA
found in pea seedlings as a result of the influence of lead alone, especially at a lead high concentration,
and the cross-talk of lead and A. pisum may indicate the involvement of these molecules in defensive
responses, with these responses being stronger at exposure to a toxic lead dose rather than at a low
dose of lead.
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Abbreviations

ABA abscisic acid
ANOVA analysis of variance
Cd cadmium
CHS chalcone synthase
EDTA ethylenedinitrilotetraacetic acid
ESI electrospray ionization
FW fresh weight
g gram
Glc glucose
h hour
FA formic acid
GC-MS gas chromatography/mass spectrometry
hpi hour post infestation
HPLC high-performance liquid chromatography
IAA indole-3yl-acetic acid

LC/UV/ESI/MS/MS
Liquid chromatography/ultraviolet detection/electrospray–mass spectrometry
(tandem mass spectrometry)

MS mass spectrometry
MS2 second stage of mass spectrometry
PAL phenylalanine ammonia-lyase
PCA principial component analysis
Pb lead
REACH Registration, Evaluation, Authorisation and Restriction of Chemicals
RT-PCR Reverse transcription polymerase chain reaction
SA salicylic acid
SAG salicylic acid glucoside
SIM Selected ion monitoring
TCA trichloroacetic acid
TSA total salicylic acid
UV-Vis ultraviolet-visible spectrophotometry
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Abstract: Phytoalexins are metabolites biosynthesized in plants in response to pathogen,
environmental, and chemical stresses that often have potent bioactivities, rendering them promising
for use as therapeutics or scaffolds for pharmaceutical development. Glyceollin I is an isoflavonoid
phytoalexin from soybean that exhibits potent anticancer activities and is not economical to synthesize.
Here, we tested a range of source tissues from soybean, in addition to chemical and biotic elicitors, to
understand how to enhance the bioproduction of glyceollin I. Combining the inorganic chemical silver
nitrate (AgNO3) with the wall glucan elicitor (WGE) from the soybean pathogen Phytophthora sojae
had an additive effect on the elicitation of soybean seeds, resulting in a yield of up to 745.1 μg gt−1

glyceollin I. The additive elicitation suggested that the biotic and chemical elicitors acted largely by
separate mechanisms. WGE caused a major accumulation of phytoalexin gene transcripts, whereas
AgNO3 inhibited and enhanced the degradation of glyceollin I and 6′′-O-malonyldaidzin, respectively.

Keywords: bioproduction; phytoalexin; isoflavonoid; glyceollin; soybean [Glycine max (L.) Merr.]

1. Introduction

Plants, like other organisms, have metabolic pathways that remain silent until activated by stresses.
Phytoalexins are defense metabolites biosynthesized in response to pathogens, but which for unknown
reasons also accumulate in response to specific environmental stresses and inorganic chemicals, such
as heavy metals [1–3]. Much of what is known about phytoalexin elicitation mechanisms comes from
studies of the glyceollins in soybean, camalexins in Arabidopsis, diterpenoids and flavonoids in rice,
stilbenes in grapevine, alkaloids in California poppy, and the 3-deoxyanthocyanidins, terpenoids, and
phytodienoic acids in maize. However, very few studies have attempted to distinguish the elicitation
mechanisms of biotic and chemical elicitors.

Biotic elicitation begins when a microbial derived pathogen-associated molecular pattern
(PAMP) or effector binds to a pattern recognition receptor at the plasma membrane of the plant
cell. Mitogen-activated protein kinase (MAPK) or phospholipase signaling ultimately results in
the expression of transcription factors (TFs) that directly activate the transcription of phytoalexin
biosynthesis genes. MYB-, bHLH-, or WRKY-type TFs directly activate some or all of the phytoalexin
biosynthesis genes in cotton, sorghum, rice, Arabidopsis, and grapevine [4–6]. In soybean, no
phytoalexin TF has been identified, but transcription of glyceollin biosynthesis genes was coordinately
induced in response to the pathogen Phytophthora sojae [7,8].

Heavy metals, such as silver nitrate (AgNO3), have elicited chemically diverse phytoalexins in
many plant species. The molecular target(s) of these heavy metals remain(s) unknown. AgNO3 was
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shown to inhibit developmental processes triggered by exogenous ethylene treatment, and thus has
been considered a potent inhibitor of ethylene perception [9]. Some evidence has suggested that AgNO3

and pathogens elicit phytoalexins primarily by different mechanisms. The P. sojae-resistant soybean
variety Harosoy 63 elicited glyceollins rapidly in response to race 1 P. sojae, but the susceptible variety
Harosoy did not, whereas both varieties responded similarly to AgNO3 [10]. Feeding AgNO3-elicited
soybean cotyledons the radiolabeled intermediate phenylalanine did not result in radiolabeled
glyceollins, but AgNO3 treatment reduced the degradation of radiolabeled glyceollins [11].

Glyceollins are the major phytoalexins of the soybean. They belong to the pterocarpan
subclass of isoflavonoids, which possesses great potential as scaffolds for pharmaceutical
development [12]. Glyceollins are biosynthesized from the isoflavonoid daidzein, which can result
from de novo biosynthesis beginning at phenylalanine, or possibly from the hydrolysis of preformed
isoflavonoid-glycoside conjugates (Figure 1). Glyceollins have broad-spectrum antiproliferative or
antitumor activities against human lung, breast, prostate, ovary, skin, and kidney cancers. Glyceollin
I is the most potent, and directly antagonizes human estrogen receptor α (ERα) and ERβ [13].
Glyceollin I also exhibits a rare ER-independent mode-of-action via a mechanism that is not yet
fully understood [14]. In light of the therapeutic potential of glyceollin I, studies have attempted to
produce large-scale (gram) amounts by chemical synthesis or by the elicitation of soybean [15,16].
However, the yield by chemical synthesis was up to 12%, and required a highly concerted effort of
specialists six months to complete, rendering it uneconomical for commercial production [15]. Here,
we aimed to identify which soybean tissues and treatments provide optimal glyceollin I bioproduction
in vitro. Our study provides novel insight into how biotic and chemical elicitation pathways are
distinct, and how this can be exploited to enhance the bioproduction of glyceollin I.

Figure 1. Glyceollin I biosynthetic pathway. In addition to de novo biosynthesis, the constitutively
accumulating isoflavone conjugate 6′′-O-malonyldaidzin may be hydrolyzed to provide daidzein
intermediates for glyceollin I biosynthesis. CHS, chalcone synthase; CHR, chalcone reductase;
CHI, chalcone isomerase; IFS, isoflavone synthase; I2′H, isoflavone 2′-hydroxylase; G4DT,
glycinol 4-dimethylallyl transferase; G2DT, glycinol 2-dimethylallyl transferase; GLS, glyceollin
synthase; UF7GT (UGT88E3) UDP-glucose:isoflavone-7-O-glucosyltransferase; I6′′OMT (GmMT7)
isoflavone-7-O-glucoside-6′′-O-methyltransferase.
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2. Results and Discussion

2.1. Imbibing Soybean Seeds Are the Most Abundant Source of Glyceollin I

Prior studies have found that glyceollins were readily elicited up to the first-true-leaf stage of
development, when they were essential for defense against P. sojae [10,17,18]. They were also elicited in
transgenic hairy roots and soybean seeds [19–21]. Yet, no single study has compared different soybean
tissues to determine which produces the most glyceollin I.

We compared the organs of seedlings at the first-true-leaf stage, imbibing seeds, and hairy roots.
The samples were treated with the well-characterized wall glucan elicitor (WGE) isolated from the
mycelium of P. sojae [22]. The organs of the seedlings and imbibing seeds were spot-treated on a wound
of equivalent size with the same amount of WGE, and tissue of roughly the same mass encompassing
the wound site was collected for the measurement of glyceollin I (see Methods).

The imbibing seeds produced the highest amount of glyceollin I: 421.7 μg per gram fresh tissue
(gt−1) (Figure 2A). This amount was roughly sixfold greater than that of hairy roots and hypocotyls,
and 16-fold greater than cotyledons and roots. The glyceollin I from the imbibing seeds represented a
major peak at 283 nm absorbance (Figure 2B).

Since glyceollin I is costly to purify from other glyceollins [23], we determined which tissue had
the greatest purity of glyceollin I relative to the other glyceollins. The roots produced 85.9% glyceollin
I (Supplementary Figure S1), but produced the lowest total amount with our elicitation parameters
(Figure 2A). Since imbibing seeds produced the greatest total amounts of glyceollin I and exhibited
the second greatest purity (68.5%), we decided to focus on imbibing seeds to compare the biotic and
chemical elicitation mechanisms of glyceollin I.

Figure 2. (A) Amounts of glyceollin I from soybean organs treated with wall glucan elicitor
(WGE) from Phytophthora sojae. Two-way ANOVA, Tukey post hoc test (p < 0.001); (B) UPLC-PDA
chromatogram at 283 nm of isoflavonoids from imbibing seeds. Isoflavonoid identities were determined
by UPLC-PDA-MSn retention time, fragmentation pattern, and absorbance features by comparison
to standards (commercial or purified) and by comparison to the literature (Supplementary Table S1).
Different letters show significant differences by ANOVA.

2.2. Wall Glucan Elicitors from P. sojae and Pythium Elicit More Glyceollin I Than Rhizopus, Aspergillus,
and Fusarium Microspores at Standard Treatment Concentrations

A wide variety of fungal, nematode, and oomycete pathogens elicit glyceollins. The commonly
studied microspore elicitors are from the Rhizopus and Aspergillus species, whereas WGE is most
commonly from P. sojae [24–26]. To compare the elicitation features of several biotic elicitors at typical
treatment concentrations, we treated imbibing soybean seeds with 7 × 107 CFU mL−1 microspores
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from Aspergillus fumigatus, Rhizopus nigricans, and Fusarium tricinctum, or WGEs from P. sojae and
Pythium at 20 mg mL−1.

WGE from P. sojae induced the highest amounts of glyceollin I (428.3 μg gt−1), followed by
Pythium (199.0 μg gt−1) (Figure 3A). Glyceollin I comprised more than 50% of the total glyceollin
amounts elicited by P. sojae and Pythium, whereas it was less than 50% for the fungal microspore
elicitors (Supplementary Figure S1).

Figure 3. (A) Amounts of glyceollin I from soybean seeds treated with biotic elicitors for 24 h. Two-way
ANOVA, Tukey post hoc test (p < 0.001); (B) Treatment of seeds with chemical elicitors (AgNO3), copper
chloride (CuCl2), benzothiadiazole (BTD), aminoethoxyvinyl glycine (AVG), and salicylic acid (SA) at
1 mM. Different letters show significant differences by ANOVA.

2.3. AgNO3 Elicits More Glyceollin I Than CuCl2, BTD, AVG, and SA at Equivalent Treatment Concentrations

Chemical elicitors, such as heavy metals or inorganic compounds, that stimulate or inhibit
components of the plant immune system can function as phytoalexin elicitors. We chose to compare
under the same conditions as our biotic elicitors the elicitation potential of the heavy metals AgNO3

and CuCl2 and inorganic compounds that affect the immune system. The duration of elicitation for
our experiments was initially set to 24 h, since that is the duration typically reported in previous
studies. Benzothiadiazole (BTD) stimulated the immune system by functioning as a mimic of the
plant hormone salicylic acid (SA) [27]. Aminoethoxyvinyl glycine (AVG) inhibited the biosynthesis of
ethylene [28], and thus could be compared to the putative inhibitor of ethylene perception, AgNO3.

At 1 mM treatment concentration, AgNO3 was the most potent and elicited 48.2 μg gt−1

glyceollin I (Figure 3B). That was eightfold more than AVG. BTD was the second most potent,
eliciting 48.2 μg gt−1, which was 17-fold more than SA. Only AgNO3 preferentially elicited glyceollin
I (Supplementary Figure S1).

2.4. AgNO3 and P. sojae WGE Elicit Glyceollin I with Different Dynamics

Since AgNO3 and WGE from P. sojae were the most potent chemical and biotic elicitors at the
treatment concentrations tested, we chose to investigate in more detail their mechanisms, beginning with
elicitation dynamics. AgNO3 elicited the accumulation of glyceollin I in a biphasic fashion, with peaks at
24 h and 96 h after treatment (Supplementary Figure S2). By contrast, WGE reached a maximum at 24 h
that was sustained. To distinguish effect of each elicitor from that of the wounding, we calculated the
fold change in metabolite levels of each elicitor relative to the water control. WGE caused the greatest
induction over the wounded control at 48 h, whereas AgNO3 was at 72 h (Supplementary Figure S2).

2.5. P. sojae WGE and AgNO3 Elicit the Accumulation of Glyceollin I Mainly by Distinct Mechanisms

Since the elicitation dynamics were different for WGE compared to AgNO3, we anticipated that
each elicitor functioned by a different mechanism. We tested this hypothesis by first identifying the
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optimal concentration of each elicitor required to elicit the maximum accumulation of glyceollin I, and
then combined the elicitors at these maximum concentrations. The rationale was that the combined
treatment would result in a greater accumulation of glyceollin I only if the elicitation mechanisms were
different. To determine the maximum level of glyceollin I that WGE and AgNO3 can respectively elicit,
we conducted dose response analyses. Germinating soybean seeds were treated with up to 10 mM
AgNO3 and 60 mg mL−1 WGE.

At 48 h after treatment, 5 mM AgNO3 elicited a maximum mean concentration of glyceollin I of
202.5 μg gt−1 (Supplementary Figure S3). By contrast, 20 mg mL−1 WGE elicited more than double
this amount, with a mean concentration of 449.8 μg gt−1. The combined treatment elicited a mean
glyceollin I concentration of 635.8 μg gt−1 and a maximum of 745.1 μg gt−1 (Figure 4). This mean
concentration was significantly greater than that observed for the single treatments, and was very close
empirically to the sum of the individual elicitor treatments (640.0 μg gt−1). This strongly suggests that
WGE and AgNO3 function by distinct elicitation mechanisms.

Figure 4. Elicitation with AgNO3 (5 mM) and WGE (20 mg mL−1) separately and in combination.
Two-way ANOVA, Tukey post hoc test, p < 0.001. Different letters show significant differences by ANOVA.

The combined treatment also enhanced the purity of glyceollin I to 89.4% of the total glyceollins
and to 34.6% of the total seed isoflavonoids (Supplementary Figures S1 and S4, respectively).

2.6. P. sojae WGE and not AgNO3 Induces Major Accumulation of Glyceollin Gene Transcripts

Since glyceollin biosynthesis genes were regulated at the level of transcription in response to
P. sojae [7,8,29], we determined whether the elicitors WGE and AgNO3 induced glyceollin biosynthesis
at the mRNA level. We measured mRNA accumulation for genes spanning from general isoflavonoid
to late-stage glyceollin I biosynthesis. The homologous genes IFS1 and IFS2 encode isoflavone synthase
(IFS) enzymes that catalyze the first committed step in isoflavonoid biosynthesis (Figure 1). The enzyme
isoflavone 2′-hydroxylase encoded by I2′H and the glycinol 4-dimethylallyltransferase encoded by G4DT
catalyze the first committed steps for the biosynthesis of all glyceollins and glyceollin I, respectively [7,30].

WGE induced the accumulation of the mRNAs of all four genes compared to the solvent control
at 48 h after elicitation (Figure 5A). By contrast, AgNO3 did not significantly induce any genes at this
time point. Further, the combined treatment did not have elevated levels of mRNAs compared to the
WGE treatment, and even exhibited a reduced expression of IFS1. These results suggest that AgNO3

did not elicit glyceollins by stimulating the accumulation of glyceollin biosynthesis gene mRNAs.
Since the elicitation of phytoalexins is a transient process subject to feedback mechanisms, we

also tested whether AgNO3 elicited the accumulation of biosynthesis gene mRNAs more rapidly than
WGE. To test this, we measured mRNA levels at 8 h after treatment, a time point that preceded the
measurable accumulation of glyceollin I. Again, AgNO3 did not elicit the accumulation of any of the
mRNAs (Figure 5B). Further, the combined treatment exhibited less expressions of IFS2 and G4DT
compared to the WGE treatment, suggesting that the elevated levels of glyceollin I observed at 48 h
were not due to regulation of biosynthesis at the mRNA level.
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Figure 5. (A) Relative gene expression levels 48 h after elicitor treatment with elicitor measured by
qRT-PCR; (B) Relative gene expression levels at 8 h after elicitor treatment. Expressions in each sample
were measured relative to the endogenous reference gene PEPC16. Two-way ANOVA, Tukey post
hoc test, p < 0.01. Two independent experiments with four biological replicates were conducted with
similar results. Different letters show significant differences by ANOVA.

2.7. AgNO3 Inhibits the Degradation of Glyceollin I and Enhances the Specific Hydrolysis of 6′′-O-Malonyldaidzin

Our gene expression measurements demonstrated that AgNO3 did not induce the expression
of glyceollin biosynthesis genes. This suggested that AgNO3 acted via another mechanism to elicit
glyceollin I in the soybean seed. Heavy metal elicitors have been suggested to elicit isoflavonoid
phytoalexins by inhibiting their degradation or by increasing the rates of the hydrolysis of isoflavone
conjugates to provide metabolic intermediates for phytoalexin biosynthesis [11,31]. To investigate
whether AgNO3 inhibited the degradation of glyceollin I, we incubated dissected seeds in water or
5 mM AgNO3 for 2 h, then transferred them to an extract containing partially purified glyceollin I.

The incubation of the dissected seed with 115 umol mL−1 of glyceollin I resulted in the degradation
of 54.9 μmol mL−1 (Figure 6A). The pretreatment of the seed with AgNO3 for 2 h did not cause a
detectable induction of glyceollin I (not shown) and reduced this degradation by 25.7%, rendering
the final amount statistically equivalent to the initial extract. A similar inhibition of degradation was
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observed for the intermediate daidzein (Figure 6B). By contrast, AgNO3 accelerated the hydrolysis
of the isoflavone conjugate 6′′-O-malonyldaidzin (Figure 6C). The levels of daidzin were unchanged
compared to the control (Figure 6D). AgNO3 did not affect the levels of any of the metabolites in the
absence of the seed (not shown), indicating that the changes in metabolite levels were catalyzed by seed
enzymes. During the course of the experiment, no de novo biosynthesis of glyceollin I was detected
from seeds incubated in the absence of the glyceollin I extract (Figure 6A). In summary, these results
show that AgNO3 acts by inhibiting the degradation of glyceollin I and by accelerating the hydrolysis
of 6′′-O-malonyldaidzin, possibly to provide daidzein intermediates for glyceollin I biosynthesis.

Figure 6. Degradation of externally supplied glyceollin I (A); daidzein (B); 6′′-O-malonyldaidzin (C);
and daidzin (D) by soybean seeds. Isoflavonoids were partially purified from an ethanolic extract of
WGE-elicited soybean seeds, and were incubated with imbibed soybean seeds pretreated with AgNO3

or water to test for effects on metabolite degradation. Shown is the amount of metabolite from the
initial partially purified ethanolic extract (Extract), the amount from imbibed seeds in incubated in
water only (Seed), the theoretical amount from empirically adding the values from Extract and Seed
(theoretical), the amount observed from incubating the seed in water for 2 h followed by metabolite
extract for 4 h (actual), or from incubating the seed in 5 mM AgNO3 for 2 h followed by metabolite
extract for 4 h (Extract + seed + AgNO3). Two-way ANOVA, Tukey post hoc test (p < 0.001). The results
represent four biological replicates. Different letters show significant differences by ANOVA.
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2.8. Discussion

Previous attempts were made to biosynthesize and synthesize glyceollin I on a preparative scale.
The most effective approach yielded 12% glyceollin I, but its scale up to produce gram amounts
required ~6 months and a highly concerted team effort of highly experienced chemists [15]. A creative
approach to biosynthesize prenylated isoflavonoids on a preparative scale involved the malting
(as in the brewing industry) and simultaneous elicitation of 4.0 kg of germinating soybeans with the
fungus Rhizopus microsporus [16]. This yielded up to 335 μg gt−1 glyceollin I in nine days. Thus, the
overall yield from 4.0 kg of seeds could be 1.34 g in a fraction of the time needed for synthesis. Here,
we demonstrated on an analytical scale that combining biotic and chemical elicitors resulted in an
additive effect on the accumulation of glyceollin I, with WGE and AgNO3 eliciting almost double that
amount (635.8 μg gt−1) in 48 h (Figure 4). The approach was labor-intensive and could benefit from
mechanization, but if amenable to direct scale up would yield almost double the amount (2.54 g) of
glyceollin I from 4.0 kg of seeds in 2–3 days.

Several lines of evidence suggested that this occurred because the chemical and biotic elicitors
functioned by distinct mechanisms. Firstly, AgNO3 and WGE elicited different patterns of glyceollin
I accumulation over time (Supplementary Figure S2). Second, our gene expression experiments
demonstrated that AgNO3 did not increase the accumulation of essential glyceollin genes, whereas
WGE from P. sojae highly upregulated both the isoflavonoid and glyceollin genes (Figure 5). Finally,
AgNO3 inhibited the degradation of glyceollin I (Figure 6), whereas WGE did not [11]. These results
suggested distinct genetic targets for enhancing biotic and chemical elicitation pathways by genetic
engineering. Transcription factors (TFs) of the MYB, WRKY, and bHLH families directly activated the
transcription of phytoalexin biosynthesis gene promoters, and thus their overexpression could be used
to enhance the biotic elicitation pathway. Yet to our knowledge, TFs that activate specifically the heavy
metal elicitation pathway have not been identified.

AgNO3 was shown to be a potent inhibitor of ethylene perception [9]. Yet, even though we applied
the ethylene biosynthesis inhibitor AVG at four times the concentration found to fully inhibit ethylene
biosynthesis in soybean [28], we observed 8.1-fold less elicitation compared to AgNO3. This suggested
that the mechanism-of-action of AgNO3 on glyceollin I was mostly distinct from the inhibition of
ethylene biosynthesis. AgNO3 and several other heavy metals inhibited the degradation of glyceollins
in soybean cotyledons, suggesting that heavy metal elicitors may target a glyceollin degrading enzyme
or pathway [11]. Our results confirmed this, but we also found that AgNO3 enhanced the degradation
of the major isoflavone conjugate, 6′′-O-malonyldaidzin, and reduced the consumption of daidzein
(Figure 6). This suggested that AgNO3 acted by stimulating the expression or activity of an enzyme that
catalyzed the hydrolysis of 6′′-O-malonyldaidzin to provide daidzein intermediates for the biosynthesis
of glyceollin I, rather than by solely inhibiting glyceollin degradation. Future studies should address
whether AgNO3 directly enhances the activity of a glycosidase that hydrolyzes 6′′-O-malonyldaidzin,
or whether AgNO3 stimulates the upregulation of the corresponding glycosidase gene(s). Our results
suggest that overexpressing a glycosidase with specificity for 6′′-O-malonyldaidzin would enhance
the heavy metal elicitation pathway. Glycosidase activities towards malonyl conjugates of daidzin and
genistin were detected in the ƒseed and root exudates of soybean [32]. The jasmonic acid (JA)-inducible
glycosidase G2 from Medicago truncatula has high specificity for daidzin (i.e., daidzein-7-O-glucoside)
when expressed in yeast [31], but 6′′-O-malonyldaidzin was not tested as a substrate. The significance
of AgNO3 preferentially stimulating the degradation of 6′′-O-malonyldaidzin and not daidzin remains
unclear. Studies may have to address the subcellular localization of these metabolites relative to the
glycosidase(s) capable of hydrolyzing them to understand this mechanism.
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3. Experimental Section

3.1. Chemicals

Stocks of the chemical elicitors AgNO3 (Sargent Welch, Buffalo, NY, USA), CuCl2, and
2,1,3-benzothiadiazole were 5 M in water. Salicylic acid was 5 M in DMSO. Elicitors were purchased
from Sigma. The glyceollin I synthetic standard was from Paul Erhardt (University of Toledo, Bancroft,
MI, USA), daidzein from Cayman Chemical and daidzin, genistin (Ann Arbor, MI, USA), and genistein
were from Indofine (Hillsborough, CA, USA). All UPLC solvents were LC-MS grade from Fisher
(Hampton, FL, USA).

3.2. Plant Growth and Elicitation

Harosoy 63 seeds were sterilized in 70% ethanol 0.2% triton X (v/v) for 5 min, rinsed thrice with
95% ethanol, and imbibed in sterile water overnight. The imbibate was then discarded to remove
growth inhibitors. For the elicitation of seeds, the seed coat was carefully removed to avoid damaging
the embryo. The distal 2–3 mm of the cotyledons (the tips) were excised, and an incision was made
through the axis of the central vein two thirds of the way towards the radical. Elicitor was applied
to the wound, and the embryo was placed upright on its distal end on sterile wetted filter paper in
a petri dish. For the elicitation of seedlings, sterilized seeds were transferred to water-soaked sterile
vermiculite in beakers. The beakers were covered with a sterile cheese that had a circular hole cut into
it to permit the passage of light. The cloth was covered with plastic wrap to ensure aseptic growth. The
seed coats were carefully removed within 1–2 days. Seedlings were grown until the first-true-leaf stage
(~1 week). For elicitation, a knotch ~3 mm in diameter and 1–2 mm deep was cut into the central vein
on the abaxial side of the cotyledon or into the hypocotyl, and roughly 250 mg tissues (the weight of a
seed) were harvested for the measurement of glyceollin I. Hairy root transformation with Agrobacterium
rhizogenes strain K599 was done according to [33]. The roots and hairy roots were elicited by cutting
~250 mg into 1 cm pieces and applying elicitor over the wounds. All seedling growth and elicitation
treatments were done under 24 h cool white T5 fluorescent lights (500 μE m−2 s−1) at 24 ◦C. The
samples were treated with 50 μL of elicitor for 48 h unless otherwise specified. The hairy roots and
roots were treated for 24 h. WGE was purified from race 1 P. sojae according to [22], with the exception
that suction filtration was replaced by centrifugation at all steps.

3.3. Isoflavonoid Analyses

For the extraction of isoflavonoids, elicited seeds were pulverized for 3 min using 5 mm stainless
steel grinding balls in a MM400 mixer mill (Retsch, Newtown, CT, USA) at frequency of 30/s, then
again following the addition of 80% ethanol (1 μL mg−1 fresh tissue). Seedling organs were ground
using a mortar and pestle following freeze-drying, and were extracted similarly to seeds. The samples
were centrifuged at 17,000× g for 3 min, clarified at −20 ◦C overnight, then centrifuged again. The
supernatant was filtered through a 0.2 μm, and 1 μL was analyzed by UPLC-PDA-MSn adapted
from [24]. The quantity of each isoflavonoid was determined by comparison of the area under their
peak at 283 nm absorbance in comparison to a standard curve of authentic standard. To estimate the
amount of glyceollin I relative to all other seed isoflavonoids, unknown compounds and compounds
for which we did not have standards were quantified in comparison a standard curve of daidzin.

3.4. UPLC-PDA-MSn

UPLC-PDA-MSn was conducted using an Accela system (Thermo Scientific, San Jose, CA, USA)
consisting of a 1250 pump, Open AS autosampler, and photodiode array (PDA) detector connected to
a Q-Exactive–Oribitrap MS containing a HESI. Separations were achieved with an Acquity UPLC BEH
shield RP18 column (2.1 mm i.d. × 150 mm, 1.7 μm particle size; Waters, Milford, MA, USA) with
an Acquity UPLC BEH shield RP18 VanGuard precolumn (2.1 mm i.d. × 5 mm, 1.7 μm particle size;
Waters). The solvents, at a flow rate of 300 μL/min, were water acidified with 0.1% (v/v) acetic acid,
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eluent A, and ACN acidified with 0.1% (v/v) acetic acid, eluent B. The temperature of the column oven
was 35 ◦C. The elution profile was as follows: 0−2 min, from 10% to 25% (v/v) B; 2−9 min, from 25% to
50% B; 9−12 min, 50% B; 12−17 min, from 50% to 100% B; 22−24 min, 100% to 10% B; and 24−30 min,
10% B. MS analysis was performed in Full MS/AIF mode in both positive and negative polarities. The
Full MS properties were: Resolution 70,000, AGC target 3e6, Maximum IT 200 ms, and Scan range
120−1200 m/z. AIF properties were: Resolution 70,000, AGC target 3e6, Maximum IT 200 ms, NCE 35,
and Scan range 80−1200 m/z. Nitrogen was used as sheath and auxiliary gas.

3.5. qRT-PCR

For the gene expression measurements, seeds were harvested into liquid nitrogen and lyophilized
for at least 3 days. Tissues were ground to a fine powder using a mixer mill as indicated above.
Total RNA was extracted using the Spectrum Plant Total RNA Kit (Sigma-Aldrich, St. Louis, MO,
USA) following the manufacturer’s protocol with the exception that 700 μL lysis buffer was used
per seed. RNA (500 ng) was treated with DNase I (Amplification grade, Invitrogen, Carlsbad, CA,
USA) to remove contaminating DNA. First-strand cDNA was synthesized using SuperScript II Reverse
Transcriptase (Invitrogen). Parallel reactions were performed in the absence of Superscript II to test
for genomic DNA contamination. Gene expressions from each cDNA sample were normalized to
the endogenous reference PEPC16 [34]. The reactions (5 μL) consisted of 1 μL of first-strand cDNA
(or untreated RNA) diluted 1/4 to 1/10, 250 nM of forward and reverse primers, and 2.5 μL of the iQ
SYBR Green Supermix (BioRad, Hercules, CA, USA). qRT-PCR was performed on cDNA from four
biological replicates or untreated RNA using a 7500 Realtime-PCR System (Applied Biosystems, Foster
City, CA, USA). To verify the specificity of the qRT-PCR reactions, melting curves were determined
subsequent to each reaction, and RT-PCR products for each primer set were fractionated on agarose
gels. For the primer sequences, see Supplementary Table S2.

3.6. Degradation of Isoflavonoids

To obtain an extract that was concentrated in glyceollin I, or 6′′-O-malonyldaidzin and daidzin,
Harosoy 63 seeds (~500 g) were elicited for 48 h with 20 mg mL−1 P. sojae WGE, and the total
isoflavonoids were extracted with 80% ethanol (2 μL mg−1 fresh tissue) using a Waring blender.
Ethanol was removed by rotary evaporation and water by freeze-drying. The powder was reconstituted
in 100 mL ethyl acetate and fractionated on ~20 preparative TLC plates according to [35]. The top
band (Rf = 0.32) contained ~60% of glyceollin I and minor amounts of glyceollin II, III, coumestrol, and
genistein, and was extracted separately from the origin containing 39% and 34% 6′′-O-malonyldaidzin
and daidzin, respectively. The extracts were resuspended in deionized water to an absorbance of
0.5–0.6 to be of physiologically relevant concentrations similar to that typically extracted from soybean
seeds. The extract was sterilized by passage through nylon (0.22 μm). To test whether the seeds
catalyzed the degradation of metabolites, seed coats were removed from surface-sterilized seeds that
were imbibed overnight in water. The seeds were cut in half through the radical to separate the two
cotyledons, and each cotyledon was incised once from the distal tip along the adaxial plane to ~3 mm
from the radical. In 24-well plates in the dark, dissected half-seeds were incubated in 600 μL of sterile
H2O or 5 mM AgNO3 for 2 h. These were then replaced with either extract enriched in glyceollin I, or
6′′-O-malonyldaidzin and daidzin, or water, and incubated for 4 h. The seeds were extracted with 80%
ethanol (1 μL mg−1 fresh tissue) as indicated above. The liquid surrounding the seeds was extracted
three times with an equal volume of ethyl acetate. The pooled extracts were evaporated to dryness
with nitrogen gas and reconstituted with the extract from the corresponding seed. Isoflaonoids were
quantified from the extract by UPLC-PDA-MSn as indicated above.

4. Conclusions

We have identified that combining the biotic elicitor WGE from P. sojae and the chemical elicitor AgNO3

stimulated the accumulation of the anticancer phytoalexin glyceollin I in an additive fashion, because they
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functioned by largely distinct elicitation mechanisms. WGE elicited a massive accumulation of biosynthesis
gene mRNAs, and AgNO3 stimulated the hydrolysis of the isoflavone conjugate 6′′-O-malonyldaidzin.
Thus, our work suggests that overexpressing TFs that activate the transcription of phytoalexin biosynthesis
genes and glycosidases that generate biosynthetic intermediates should be targets to genetically enhance
biotic and chemical elicitation pathways, respectively. The combined elicitation approach represents
an important discovery towards the economical bioproduction of glyceollin I and potentially other
phytoalexins of medicinal or agricultural value.

Supplementary Materials: Supplementary materials are available online.
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Abstract: Oligogalacturonides (OGs) are known for their powerful ability to stimulate the plant
immune system but little is known about their mode of action in pea (Pisum sativum). In the present
study, we investigated the elicitor activity of two fractions of OGs, with polymerization degrees (DPs)
of 2–25, in pea against Aphanomyces euteiches. One fraction was nonacetylated (OGs − Ac) whereas the
second one was 30% acetylated (OGs + Ac). OGs were applied by injecting the upper two rachises of
the plants at three- and/or four-weeks-old. Five-week-old roots were inoculated with 105 zoospores
of A. euteiches. The root infection level was determined at 7, 10 and 14 days after inoculation using the
quantitative real-time polymerase chain reaction (qPCR). Results showed significant root infection
reductions namely 58, 45 and 48% in the plants treated with 80 μg OGs + Ac and 59, 56 and 65%
with 200 μg of OGs − Ac. Gene expression results showed the upregulation of genes involved in
the antifungal defensins, lignans and the phytoalexin pisatin pathways and a priming effect in the basal
defense, SA and ROS gene markers as a response to OGs. The reduction of the efficient dose in OGs + Ac
is suggesting that acetylation is necessary for some specific responses. Our work provides the first
evidence for the potential of OGs in the defense induction in pea against Aphanomyces root rot.

Keywords: pea root rot; Aphanomyces euteiches; oligogalacturonides; real-time qPCR; gene expression;
pea defense pathways; defensins; pisatins; phytoalexins

1. Introduction

Plants need to be able to recognize pathogen attacks in a timely manner in order to activate
their defenses that provide protection against the infection process. The plant cell wall is the site
of initial interaction with microbial pathogens. Pectin is one of the most accessible components
of the cell wall and, therefore, is among the first structures to be altered upon pathogen invasion.
The oligogalacturonides (OGs) are produced upon partial degradation of the pectin homogalacturon
by pathogen pectinases and polygalacturonases [1]. However, OGs have been indicated as
damage-associated molecular patterns (DAMPs) which may trigger plant defenses against pathogens.
OGs endogenous elicitors consist of linear chains of α-(1-4)-linked D-galacturonic acid [2,3] and those
with high biological activity have often a degree of polymerization (DP) between 10 and 15 [4].
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This size is optimal for the formation of Ca2+ mediated inter molecular cross links resulting in
structures called “egg boxes” that are thought to be necessary for OGs activity [5,6]. The short
OGs with a DP of 2–6 have been reported in few cases to exhibit elicitor activity in tomato [7,8];
however, they appear to suppress defense responses in wheat [9]. It has been shown that the
degree of OGs methylation clearly influences plant defense responses [10–12]. In wild strawberry
(Fragaria vesca), partial demethylation of OGs in transgenic fruit enhanced resistance to Botrytis
cinerea [13]. Furthermore, in wheat, Wietholter et al. [14] found a significant difference in the methyl
ester distribution in OGs from cultivars susceptible or resistant to stem rust. Recently, we reported
more than 57% protection in wheat against Blumeria graminis f. sp. tritici using 30% chemically
acetylated or nonacetylated citrus OGs with DPs of 2–25 [15]. We found that only the acetylated
OGs led to an increase in papilla-associated fluorescence and a reduction in the fungal haustoria
formation, suggesting that acetylation is necessary for some specific responses. However, OGs
elicit in several plant species [16–18] a wide range of defense responses, including induction of
polygalacturonase-inhibiting protein (PGIP) [19,20], accumulation of phytoalexins [21], glucanase,
and chitinase [22,23], deposition of callose, production of reactive oxygen species [15], and nitric
oxide [24]. Root rot caused by the oomycete Aphanomyces euteiches is the major destructive soil-borne
fungal disease of pea (Pisum sativum) with up to 80% yield loss per year. It is widespread in North
America, Europe, Japan, Australia and New Zealand [25]. Oospores released from infected roots into
the rhizosphere constitute the primary source of inoculum. A. euteiches invades the root system leading
to a complete arrest of root growth and ultimately plant death. To date, disease control measures are
limited to crop rotation and no resistant pea lines are available. The fact that oospores are able to
remain dormant in the soil for up to 10 years reduces the effectiveness of crop rotation in decreasing
the propagation of this pathogen [26]. Moreover, oomycetes are distantly related to true fungi and their
particular physiology makes them insensitive to most fungicides [27]. Therefore, the development of
alternative control methods against oomycetes is becoming urgent. In the present work, the efficiency
of two distinct biochemical fractions of OGs to protect pea against A. euteiches was studied. These
fractions consisted of OGs with DPs ranging from 2 to 25 (OGs − Ac) and one fraction that was
chemically 30% acetylated (OGs + Ac). The systemic defense mechanisms elicited in pea roots as a
response to rachis injections with OGs are discussed.

2. Results

2.1. Elicitor Effect of OG Compounds

A. euteiches oospores were observed within necrotic tissues between 7 and 14 days after inoculation
(dai). However, at ten dai, high P. sativum-A. euteiches compatibility was observed with the disease
severity index (DSI) 3.5 and 76% of root fragments with more than 50 oospores (Figure 1).

No significant difference was observed between controls injected with water at one and/or two
weeks before inoculation (wbi). At 10 dai, OGs at the dose of 20 μg/plant and all other tested elicitors
did not lead to any significant protection compared to the control injected with water (Figure 2).
The protection level conferred on pea against A. euteiches was significant and increased to 43.5% and
47.8% as a response to the increase in the injected dose of OGs − Ac and OGs + Ac, respectively,
to 40 μg/plant at two wbi (Figure 3a). This protection level was associated with a significant reduction
(50.7% and 60%, respectively) in the percentages of root fragments containing more than 50 oospores
(Figure 3b).

As the classic methods using the DSI and the counting of oospores are time-consuming and
tedious, especially with the large number of root samples, we developed primers and probes to
evaluate the disease severity using qPCR. Figure 4 shows the relation between the A. euteiches specific
gene and the qPCR threshold cycles. The efficiency of the qPCR was 99.58% with high sensitivity to
detecting one copy of the A. euteiches specific gene (Figure 4).
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Figure 1. Pea stem basal part and root necrosis at 10 days after inoculation with 105 zoospores of
Aphanomyces euteiches at 5-weeks-old; (a) Roots of plant injected with a solution of nonacetylated
oligogalacturonides (OGs − Ac) elicitor in the upper two rachises (20 μg/rachis = 40 μg/plant) at two
weeks before inoculation; (b) Controls injected with water; (c) Plant roots colored with lactophenol
cotton blue. A. euteiches oospores indicated with white arrows.

Figure 2. Pea root rot disease severity index at 10 days after inoculation with Aphanomyces euteiches
at 105 zoospores/plant at 5-week-old. The upper plant rachis was injected with elicitors
(20 μg/rachis) at two (white) or one (black) weeks before inoculation. OGs − Ac; nonacetylated
oligogalacturonides, OGs + Ac; acetylated oligogalacturonides, AE; an inoculum of A. euteiches
zoospores (105 zoospores. mL−1) heated at 100 ◦C for 10 min, Chitosan, Iodus, SA; salicylic acid.
Controls were injected with water. The values shown are means with SD (n = 5). Different lower-case
letters indicate significant differences between treatments according to the Tukey test (p ≤ 0.05).
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Figure 3. (A) Pea root rot disease severity index; (B) Percentage of roots showing >50% of oospores, at
10 days after inoculation with Aphanomyces euteiches at 105 zoospores/plant at 5-weeks-old. The upper
two rachises of plants were injected with 20 μg/rachis (=40 μg/plant) of acetylated oligogalacturonides
(OGs + Ac) or nonacetylated OGs (OGs − Ac) two weeks before inoculation. H2O; controls injected
with water, −H2O; controls without water injection. The values shown are means with SD (n = 5).
Different lower-case letters indicate significant differences between treatments according to the Tukey
test (p ≤ 0.05).

Figure 4. Standard curve using known copies (101 to 107) of the appropriate cloned target sequence of
the Aphanomyces euteiches specific gene (GenBank accession No. AF228037.1). For each reaction, the
cycle threshold (Ct), the initial cycle number at which an increase in fluorescence above a baseline can
be detected, is plotted against the log10 (Log Co) of the A. euteiches specific gene copies. Three technical
PCR replicates were performed for each concentration.

The results in Figure 5 show the A. euteiches specific gene copy numbers in 100 ng of total DNA
(AESG100ng) extracted from root samples collected at 7, 10 and 14 dai. Elicitor efficiency was calculated
by comparing the levels of AESG100ng in the inoculated plants after the elicitor pretreatment with
those in the inoculated control plants without elicitor pretreatment. The well-known endogenous
elicitor salicylic acid (SA) was used as a reference. No significant differences in AESG100ng were
observed between all the inoculated control modalities, injected or non-injected with water, at the three
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observation dates. These controls were grouped and used as repetitions for non-treated inoculated
controls. Plants treated with the high doses (200 and 400 μg/plant) of SA showed phytotoxicity
symptoms of brown necrotic lesions on the leaves and the injected rachises were dead. On the other
hand, unstable protection efficiencies (50, 38 and 4%) and (48, 32 and 7%) were recorded in root samples
collected at 7, 10 and 14 dai, respectively, as a response to the injection with SA (40 μg/plant) once at
two wbi or twice (= 80 μg/plant) at two and one wbi (Figure 5). The same phytotoxicity symptoms, but
less severe than those seen with SA, were observed in plants injected with the high dose (400 μg/plant)
of OGs − Ac and OGs + Ac. Unstable protection was observed with the one-date injection modalities
(two wbi) with 40 μg/plant of OGs − Ac (74, 33 and 6%) and OGs + Ac (38, 35 and 7%) at 7, 10 and
14 dai, respectively (Figure 5). However, significant and stable protection efficiencies of 58, 45 and
55% were recorded at 7, 10 and 14 dai, respectively, in the plants treated twice, at two and one wbi,
with 40 μg/plant OGs + Ac at each date (=80 μg/plant) and of 59, 56 and 65% in the plants treated
at only one date (two wbi) with 200 μg/plant OGs − Ac (=2.5 folds more than OGs + Ac) (Figure 5).
The differences between these two treatments were not significant. The root samples of these two
efficient treatments were used for gene expression studies.

Figure 5. Aphanomyces euteiches specific gene copy numbers in 100 ng of the total DNA extracted
from root samples collected at 7, 10 and 14 dai (days after inoculation). Pea plants injected in the
upper two rachises with 20 μL/rachis of salicylic acid (SA), acetylated oligogalacturonides (OGs + Ac)
or nonacetylated OGs (OGs − Ac). The elicitor injections were done once (1×) two weeks before
inoculation (wbi) or twice (2×) two and one wbi. The final elicitor concentrations were 40, 80, 200
or 400 μg/plant. Controls were injected with water. The values shown are means with SD (n = 5).
Different lower-case letters indicate significant differences between treatments according to the Tukey
test (p ≤ 0.05).

2.2. Gene Expression

The expression of Pathogenesis Related protein 1 (PR1), 1,3 β glucanase and phenylalanine
ammonia-lyase (PAL) genes was followed at 3, 6, 12, 24, 48, 96, 168 and 336 hat and using the
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same time course after inoculation (hai) in root samples harvested from plants injected twice at two
and one wbi with 80 μg/plant of OGs + Ac (40 μg/plant/date) or once at two wbi with OGs − Ac
(200 μg/plant). No upregulation of the three tested genes was detected in the controls injected with
water in comparison with the control non-injected and non-inoculated. Neither elicitor treatments nor
inoculation with Aphanomyces showed any expression changes for the PR1 and 1,3 β glucanase genes
over the tested time course. However, significant upregulation (≥2 folds) of the PAL gene was recorded
at 6, 12, 48, 168 and 336 hai with A. euteiches (Figure 6). On the other hand, high and early induction
(3 hat) of PAL was observed in roots pretreated with both OG compounds. This active response of
PAL over the tested time course in non-inoculated plants was higher and more stable with OGs − Ac
(until 360 hat) than with OGs + Ac (until 168 hat) (Figure 6). The highest recorded PAL expression
value was found at 168 hat in the plant roots pretreated with OGs + Ac (12.9-fold) and 31-fold at 24 hat
in the plant roots pretreated with OGs − Ac. At the inoculation time (336 hat), PAL expression in
OGs − Ac samples was upregulated 2.8-fold and this value increased strongly after inoculation to
reach 13.8, 56.7, 8.0, 10.8 and 8.4-fold at 3, 6, 12, 24, and 96 hai, respectively (Figure 6). These values
were significantly higher than those in the inoculated non-treated control which were up-regulated
1.4, 3.6, 2.7, 1.5 and 1.3-fold, respectively. In the case of OGs + Ac, PAL expression was 0.3-fold at the
time of inoculation and upregulated after inoculation to reach 5.7-, 18.2-, 2.9- and 5.9-fold at 3, 6, 24
and 48 hai, respectively (Figure 6). These values were significantly higher than those in the inoculated
non-treated plants which were up-regulated 1.4, 3.6, 1.5 and 2.5-fold, respectively.

 

Figure 6. PAL gene expression ratio at 3, 6, 12, 24, 48, 96, 168 and 336 hours after treatment (hat) with
water, 80 μg/plant of acetylated oligogalacturonides (OGs + Ac) or 200 μg/plant of nonacetylated
OGs (OGs − Ac). The elicitor injections were done two weeks before inoculation (wbi) and two and
one wbi for OGs − Ac and OGs + Ac, respectively. After inoculation with 105 Aphanomyces euteiches
zoospores/plant, PAL gene expression was followed over the same time course (hours after inoculation
(hai)). The values shown are means of five repetitions.   Stars indicate gene induction ≥2-folds and
significant differences between elicitor treatments and inoculated non-treated control according to the
Tukey test (p ≤ 0.05).

The expression changes in twenty-two pea defense genes as a response to OG pretreatments were
followed using RT-PCR in root samples at 0 (just at the time of root inoculation), 7, 10 and 14 dai
with A. euteiches in three modalities: inoculated without OG elicitor pretreatment; inoculated and
pretreated with 80 μg/plant OGs + Ac; and inoculated and pretreated with 200 μg/plant OGs − Ac.
These modalities were compared with the inoculated untreated controls. The results in Figure 7 show
that at the inoculation time (0 dai = 14 dat), except for GST with OGs − Ac pretreatment, no significant
induction of the genes involved in the ROS pathway (SOD, POX, Catalase, NOS, Metallothionein) was
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observed. After inoculation, only the Catalase and NOS genes were significantly upregulated at 10 dai
in plants pretreated with OGs − Ac compared to their levels in the inoculated non-treated control.
In addition, no significant induction was observed for the genes coding for MAPK and PRP (Figure 8).
For the genes coding for pathogenesis-related proteins, PR1, β1,3 glucanase, chitinase, DRR230, DRR276,
DRR206 and DRR49, significant inductions of chitinase expression, at 0 and 10 dai, were recorded in the
plant roots pretreated with OGs − Ac and OGs + Ac, respectively. At 7 dai, DRR276 and DRR49 were
recorded in the plant roots pretreated with OGs − Ac (Figures 7 and 8). The DRR206 and DRR230
genes showed significant upregulations at 0 dai and at 0 and 7 dai respectively, in the plants pretreated
with the two OG compounds (Figure 8). However, no significant activation was observed for PR1 and
β1,3 glucanase genes with either of the two OG elicitors. The PGIP gene, coding for polygalacturinase
inhibitor protein enzyme (marker gene for the basal defense), and LOX, coding for lipoxygenase
enzyme (marker gene of the jasmonic acid pathway), showed no significant upregulation except for
PGIP at 10 dai and only with OGs − Ac.

 

Figure 7. Pea gene expression ratio at 0 (just at the time of root inoculation), 7, 10 and 14 days after
inoculation with 105 Aphanomyces euteiches zoospores/plant. Pea plants were injected with acetylated
oligogalacturonides (OGs + Ac) one and two weeks before inoculation (final concentration = 80 μg/plant)
or with nonacetylated OGs (OGs − Ac) two (wbi) (final concentration = 200 μg/plant). Controls were
injected with water. The values shown are means of 5 repetitions.   Stars indicate gene induction
≥2-folds and significant differences between elicitor treatments and inoculated non-treated control
according to the Tukey test (p ≤ 0.05).
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Figure 8. Pea gene expression ratio at 0 (at the time of root inoculation), 7, 10 and 14 days after
inoculation with 105 Aphanomyces euteiches zoospores/plant. Pea plants were injected with acetylated
oligogalacturonides (OGs + Ac) one and two weeks before inoculation (final concentration = 80 μg/plant)
or with nonacetylated OGs (OGs − Ac) two (wbi) (final concentration = 200 μg/plant). Controls were
injected with water. The values shown are means of 5 repetitions.   Stars indicate gene induction
≥2-folds and significant differences between elicitor treatments and inoculated non-treated control
according to the Tukey test (p ≤ 0.05).

For the genes involved in the phenylpropanoid and phytoalexin pathways (PAL, cinnamate-4-
hydroxylase (C4H), chalcone synthase (CHS), chalcone isomerase (CHI), and isoflavone reductase
(IFR)), and known as SA gene markers, these were all significantly upregulated at the time just before
inoculation (0 dai) in the plants pretreated with OGs − Ac. Only the CHS gene was significantly
upregulated at 14 dai in roots from plants pretreated with OGs − Ac compared to those untreated and
inoculated with A. euteiches. None of these genes showed upregulation at the time of inoculation in the
plants pretreated with OGs + Ac.
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3. Discussion

The oomycete Aphanomyces euteiches causes up to 80% crop loss in pea (P. sativum). To date, disease
control measures are limited to crop rotation and no resistant pea lines or efficient fungicides are
available. The present study aimed to investigate the potential of citrus-derived OGs to stimulate
defense mechanisms in pea roots against A. euteiches. We tested two OGs fractions with DPs ranging
from 2 to 25, nonacetylated (OGs − Ac) and acetylated at 30% (OGs + Ac).

Our results revealed no protection efficiency against A. euteiches root rot as a response to the
commercial elicitors tested, Chitosan® and Iodus®, as well as the heated inoculum of A. euteiches
zoospores. In parallel, SA showed unstable protection efficiencies and phytotoxicity symptoms with
the higher doses tested.

In contrast, plants injected with the OGs showed a significant disease reduction. High and stable
protection efficiencies (>45%) were recorded in plants pretreated with OGs. On the other hand, the
acetylation of OGs reduced the efficient dose more than two times compared to the nonacetylated OGs.
It has been shown that the degree of OGs methylation clearly influences plant defense responses in
wild strawberry against B. cinerea [13], in tomato against Ralstonia solanacearum [11], in wheat against
Puccinia graminis f. sp. tritici [14] and against B. graminis f. sp. tritici [15]. Indeed, the ability of bacterial
or fungal necrotrophs to produce pectin methylesterases (PME) is often related to a successful initiation
of the infective process. Pectin is synthesized in a highly methylesterified form and is subsequently
de-esterified in muro by PME. De-esterification makes pectin more susceptible to the degradation by
pectic enzymes such as endopolygalacturonases and pectate lyases [28]. Wayra and Bari [11] observed
in their immunohistochemical studies constitutive differences between tomato genotypes susceptibility
to R. solanacearum which manifested in methyl-ester distribution of homogalacturonan (HG), arabinan
and galactan side chain composition of rhamnogalacturonan I (RG I) and arabinogalactan-protein
(AGP) in the xylem parenchyma and in vessel cell walls. They suggested that R. solanacearum PME may
act on HGs of the susceptible plant in a non-blockwise deesterification pattern, while in the resistant
genotype the constitutive, more blockwise methyl-ester distribution and the increased AGP content
and higher side chain branching of RG I in vessel cell walls may inhibit easy degradation. However,
it is not yet clear how esterification affects OGs biological activity [29].

Gene expression analysis showed no upregulation of the genes involved in the ROS pathway
as a response to OGs except for the GST gene with OGs − Ac. However, a priming effect in the
expression of the catalase and NOS genes were observed after challenging the OGs-treated plants with
A. eutiches. Most interestingly, it is known that elicitors such as jasmonic acid, salicylic acid, nitric
oxide and superoxides or their precursors do not significantly enhance the resistance induction of pea,
and at high concentrations can negatively affect resistance [30]. The induction of the GST gene could
be explained by its broad spectrum of functions in plants, such as transport and storage of reduced
sulfur, detoxification, and antioxidation, as well as a role as cofactor in enzymatic processes, protein
reduction, and in phytochelatin by complex-binding heavy metals that have thiol affinity [31,32].
The observed priming induction of the PGIP as a response to OGs − Ac indicates the importance of this
gene against A. euteiches. PGIP are plant extracellular leucine-rich repeat proteins that effectively and
specifically bind and inhibit fungal [33] and bacterial [19,20] polygalacturonases and inhibit further
invasion of these pathogens. The down-regulation of PGIP at early time points after inoculation could
be attributed to virulence factors released by the pathogen to suppress the host resistance and facilitate
host colonization [34].

Looking at the genes coding for pathogenesis-related proteins, only DRR276 and DDR49 genes
were upregulated as a response to OGs − Ac. Both the PR10 DRR49, DRR276 pea genes code for
a protein homologous with RNase [35,36]. Transgenic ‘Shepody’ potatoes possessing the pea gene
DRR49 displayed resistance to potato early dying disease (Verticillium dahliae) [37]. However, the utility
of this gene may be related to the close homology of its product to other plant allergens [38].

In parallel, the chitinase, DDR206 and DDR230 genes were significantly overexpressed as a
response to both OGs. The stimulation of chitinase, which codes for an enzyme that digests chitin
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in the fungus cell wall, could be an important mechanism against A. euteiches, which contains
10% of chitin in its wall structure [39]. It has been reported that the pea defense gene DRR206
confers resistance to black leg (Leptosphaeria maculans) disease in transgenic canola (Brassica napus)
by inhibiting fungal germination and decreasing hyphal growth at inoculation sites [40]. Recently,
Seneviratne et al. [41] investigated in planta the biochemical function of the DRR206 and reported that
the metabolite associated with its gene induction is the pinoresinol monoglucoside. The pinoresinol is
a member of a large, structurally diverse, class of lignans, which have a wide range of physiological
and pharmacologically important properties [42,43]. Because of their pronounced biological
(antimicrobial, antifungal, antiviral, antioxidant and anti-feedant) properties, a major role of lignans
in vascular plants is to apparently help confer resistance against various opportunistic pathogens
and predators [41]. The DDR230 gene that codes for proteins with a high cysteine content, called
defensins [44], has been found previously actively expressed in the pea endocarp during the resistance
response to Fusarium solani f. sp. phaseoli [45]. Defensins are antifungal products of some PR
genes and one of the first defensin genes cloned, DRR230, was isolated from pea [44]. When it was
overexpressed in canola, extracts of these plants inhibited the in vitro germination of L. maculans [40].
Pea defensins have also been used in the biological control of blue mold in apple [46]. The mode
of action of pea defensins corresponds to that of similar highly-conserved antimicrobial peptides
present in a broad range of biological organisms [47] and could consist of inducing the membrane
destabilization/permeabilization required for fungal growth, inhibiting protein synthesis, enzyme
activity, and ion channels [48].

The earlier induction of the PAL gene, marker of the phenylpropanoid and phytoalexin pathway,
in pea roots infected with A. euteiches indicates the importance of this pathway in pea defense reactions.
The preventive induction of this pathway has previously been reported as one of the important
strategies to control root legume diseases [49]. Before inoculation with A. euteiches, a high and early
induction (3 hat) of PAL was observed in pea roots as a response to both OGs elicitors, with higher
levels with OGs − Ac. After root inoculation with A. euteiches, the induction of PAL as a response
to both OGs was primed to be significantly higher than its levels in inoculated non-treated plants.
This priming effect was observed during the first 4 dai. In fact, PAL enzyme catalyzes the first step
in the phenylpropanoid pathway toward the biosynthesis of a large variety of products, including
antimicrobial phytoalexin compounds such as pisatins, antioxidant protectants such as flavonoid
compounds, and precursors of lignin [50–52]. Pisatin production is dependent on PAL and a series
of other secondary enzymes, such as TCAH, CHS, CHI, and IFR [49,53]. At the inoculation time,
all of these genes were significantly upregulated as a response to OGs − Ac pretreatment. Previous
investigations reported that multiple genes control the pathogenicity of fungal isolates on pea and
of these, the gene for pisatin demethylase enzyme (PDA) [54], which detoxifies the phytoalexin
pisatin [55], is considered the most important. It has also been reported that all isolates without the
PDA gene were essentially non-pathogenic on peas [30,56] showing the importance of the pisatin
pathway in the pea defense against pathogen attack. Interestingly, both pinoresinol monoglucoside
and pisatin were found co-localized in pea pod endocarp epidermal cells and associated with CHS and
DRR206 gene expression, indicating that both pisatin and pinoresinol monoglucoside function in the
overall phytoalexin responses [41].

In conclusion, acetylated and nonacetylated oligogalacturonides confer protection in pea against
A. euteiches root rot. Acetylation allows a significant reduction of the efficient elicitor dose of OGs,
suggesting that acetylation is necessary for some specific responses. The induction of the antifungal
defensins, lignans and the phytoalexin pisatin pathways and their priming effect in the expression
of the basal defense, SA and ROS gene markers could explain their stable and synergetic protection
efficiency. Taken together, acetylated OGs are interesting elicitors to stimulate defense mechanisms
in pea.
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4. Materials and Methods

4.1. Elicitor Compounds

OGs were produced at the Laboratoire des Polysaccharides Microbiens et Végétaux (Université
Jules Verne, Amiens, France). A mixture of OGs was obtained by thermal degradation of
polygalacturonic acid from citrus fruit following the same methods described previously in
Randoux et al. (2010). OGs with polymerization degrees (DPs) of 2 to 25 were selected by sequences of
purification using acetic acid and isopropanol and then mixed together. This mixture of OGs is hereafter
referred to as the nonacetylated OGs (OGs − Ac). Dried OGs − Ac were acetylated using acetic
anhydride. After addition of H2O, the preparation was dialyzed and the acetylated galacturonides
were freeze-dried. Samples were then dissolved in D2O, 99.96% D; the final concentration was 15 g L−1.
The degree of acetylation was calculated by integration of the signals in the downfield, upfield, and
acetyl regions as described in the literature [57] and OGs with a degree of substitution (DS) of 30%
(OGs + Ac) were used in further experiments. OGs + Ac were characterized by the presence of
acetyl groups linked on either the C2 or C3 of galacturonan residues, as described in [15]. For all the
esterification procedures applied, the DS and the distribution of acetyl groups on the galacturonan
residue were always the same.

4.2. Plant Material and Growth Conditions

Pisum sativum L. commercial cv. Alezan, highly susceptible to pea root rot caused by
Aphanomyces euteiches, was used in the experiments. The seeds were sterilized by immersing them
in 70% ethanol alcohol for 5 min and then in a solution of 1% NaOCl for 15 min with three intervals
of washing in sterilized distilled water. Plants were grown from seeds in 0.52 L pots (9 × 9 × 8 cm)
filled with autoclaved vermiculite in a growth chamber at 20 ± 2 ◦C and under a photoperiod of 16 h
daylight with a light intensity of 150 μmol m−2 s−1 photon flux density supplied by high-output white
fluorescent tubes (Philips Master Cool White 80 W//865, Lamotte Beuvron, France). Plants were
irrigated daily and once a week with 25% Murashige and Skoog nutritive solution (Murashige and
Skoog medium, Sigma-Aldrich, Saint Louis, Mo, USA).

4.3. Inoculum Preparation and Inoculation

A. euteiches was cultured on corn meal agar medium (Sigma-Aldrich, St. Quentin Fallavier, France)
at 18 ◦C in the dark for three days. Then, zoospores of A. euteiches were produced in a mineral salt
solution as described by Carman and Lockwood [58]. At 5 weeks post-germination, 25 mL of water
containing 105 zoospores was added to each pot on top of the vermiculite. Control plants were
irrigated with the same amount of water without zoospores. Three, seven, ten and fourteen days after
inoculation, plant roots were harvested and colored with lactophenol cotton blue stain for microscopic
observations, or conserved at −80 ◦C until DNA extraction to follow the disease progression using
qPCR. P. sativum-A. euteiches compatibility was evaluated at 7, 10 and 14 dai using the DSI ratings from
1 to 5 as follows: 1 = no necrosis of roots and hypocotyls; 2 = slight necrosis of roots and hypocotyls;
3 = necrosis of roots and lower hypocotyls, slight chlorosis of cotyledons, and moderate stunting of
stem; 4 = extensive necrosis of roots, hypocotyls, cotyledons, and severe stunting of stem; 5 = plant
death. In the same samples, the percentage of roots containing more than 50 oospores was determined
in samples of one hundred 1-cm root fragments per condition.

4.4. Protection Assay

All tested elicitors were dissolved in water. OGs − Ac and OGs + Ac elicitor solutions were
prepared at 1 and 5 g L−1. Solutions of SA (Sigma-Aldrich, St. Quentin Fallavier, France), Chitosan®

(Sigma-Aldrich, St. Quentin Fallavier, France), Iodus® (Goëmare, Saint Malo, France) at 1 g L−1

were tested. An inoculum of A. euteiches (AE) zoospores (105 zoospores mL−1), heated at 100 ◦C for
10 min to kill the zoospores, was also tested for its elicitor activity. Plants were injected with each
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elicitor compound or with water for the control plants on the upper one or two proximal rachises
(20 μL/rachis). Different elicitor doses were used: 20, 40, 80, 200 and 400 μg/plant. Depending on the
date of elicitor injection, three timing modalities were carried out: at 3-weeks, at 4-weeks, or twice
at 3- and 4-weeks post-germination. The plants were then inoculated at 5-weeks-old as mentioned
above. Three plant control modalities were used: injected with water and inoculated; non-injected
and inoculated; non-injected and non-inoculated. The roots from controls and treated plants were
harvested at 7, 10 and 14 dai for disease observation and at 3, 6, 12, 24, 48, 96, 168 and 336 hours after
treatment (hat) and at the same hours after inoculation (hai) for gene expression studies.

4.5. DNA and RNA Extraction

For A. euteiches DNA quantification and gene expression experiments, roots were harvested and
stored immediately in liquid nitrogen and subsequently used for DNA and RNA extraction. Total DNA
and RNA were isolated from P. sativum roots with the DNeasy and RNeasy plant mini kits (Qiagen,
Les Ulis, France), respectively, in accordance with the manufacturer’s recommendations. DNA and
RNA concentrations and qualities were evaluated using absorption values at 260 and 280 nm, and
RNA quality was also checked by gel electrophoresis.

4.6. Real-Time PCR

4.6.1. Real-Time Quantitative PCR (qPCR)

To quantify infection levels of A. euteiches, primers and TaqMan minor groove binder probes
(Table 1) were designed, using the Primer Express 3 software (Applied Biosystems, Foster, CA, USA),
to target a 61-bp fragment of the A. euteiches specific gene (GenBank accession No. AF228037.1 [59]).
A TaqMan assay was carried out in 25 μL of a reaction mixture containing the following: 12.5 μL of
universal TaqMan PCR Master Mix (Applied Biosystems, Foster, CA, USA), 0.3 μM of each primer,
0.2 μM of probe, 200 ng of DNA and water up to a volume of 25 μL. The conditions of qPCR
amplification were the following: 10 min at 95 ◦C, followed by 40 cycles of 15 seconds at 95 ◦C and
1 min at 60 ◦C. qPCR analysis of the A. euteiches specific gene was calibrated from 102 to 107 copies by
serial dilution of the appropriate cloned target sequence.

Table 1. Oligonucleotide primer sequences of pea defense genes.

Gene Name
GenBank Forward, Reverse Primers and Probes

(5′–3′) Tm (◦C)
Amplicon
LengthAccession N◦

Aphanomyces euteiches AF228037 TTTTGGAACACCCAAACGTACTG 58 61
AGTCCAAGAGGCATTCGACAA 58
ACGCTGAGCTTGAC 68

Housekeeping genes

GAPDH (Mtgap1) 1 X73150 GTCTTTGCACACAGGAACCCA 59 123
GGCACCACCCTTCAAATGAG 59
CCCATGGGCCAGCAC 70

Defense and cell rescue
Pathogenesis protein 1 (PR1) AJ586324 CCTTCCCCTCATGGCTATCC 59 69

TGTGGTGAGTTTTGAGCATATGAGA 59
AGTACTATCCACATCAACAC 68

Proline-rich protein (PRP) AJ233399 TGGCTTCCTTAACCTTCCTACTGT 58 64
TTGGCAAACCCTTGAGGAAT 58
ACTCCTTCTTGCTCTTAT 68

Mitogen-activated protein kinase (MAPK) X70703 CATTCCGCGAATGTTTTGC 58 59
TTGGCGTTCAGGAGAAGGTT 58
AGGGACTTAAAACCC 70

59

Bo
ok
s

M
DP
I



Molecules 2017, 22, 1017

Table 1. Cont.

Gene Name
GenBank Forward, Reverse Primers and Probes

(5′–3′) Tm (◦C)
Amplicon
LengthAccession N◦

Reactive oxygen species (ROS)

Superoxide dismutase (SOD) AB087845 CCATCATAGGAAGGGCTGTTGT 59 63
CGTGACCACCTTTCCCAAGA 59
CCATGCCGATCCTGAT 70

Peroxidase (POX) AB193816 ATGCAAGAACAGCAAGCCAAA 59 69
GGGTTGCAAGGTCAGATGATG 59
AACAGTCAAATCCC 70

Nitric oxide synthase (NOS) AY672712 GGCGGTGGTCAGGGTCTT 59 63
CCCTTTGGGACACGCTTTT 59
TGGAAAGAATGGATCTATT 68

Glutathione S-transferase (GST) AB087837 GAGAATGCCCTTGGTAAATTTGA 58 70
ACGCAATATCCACCAAACTGAAT 58
CCCCTTCCTTCTTGGTC 69

Catalase (Cat) X60169 CCAAGTGGTCTCACCACAACAAT 59 69
TGACCTCCTCATCCCTGTGAA 59
CCATGAGGGTTTCATG 69

Metallothionein (Metalo) AB176564 TCCGGCGAAGATCCAGTTT 59 69
CCACACTTGCAGCCACCAT 59
TGGTGCTGAAATGAGTG 69

Cell wall proteins & Basal defense

Chitinase (Chit) L37876 CCTTCAAGACCGCTTTATGGTT 58 64
ACGTCGTGGCAGGATGGTT 60
ACGCCTCAGTCACCT 68

Beta-1,3-glucanase (β 1,3-Glu) S51479 TGGAATTGGTTGGGTGAATGT 58 65
TTGCAGAGCCTCCATCTGAA 58
TTGTTTCTGAGAGTGGTTG 68

Polygalacturonase inhibiting protein (PGIP) AB087839 CAGTGCTTTTCGGGAGCAA 59 66
CAAACGACAGCAAGTTCCTTGA 59
AAAGGACACAGATACTTGAT 69

JA signaling pathways

Lipoxygenase (LOX) X17061 TGATCCGCGGTCTTCAAGAG 59 60
CACCGTATTCTGCGGGATCT 59
TTCCTCCGAAAAGC 69

Phenylpropanoid & Phytoalexin pathway

Phenylalanine ammonia lyase (PAL) D10001 GCACTTAGAACTTCACCGCAATG 60
GAAAGTTTCCACCATGCAAAGC 60
CCCTTTGATTGATGTTTC 69

Cinnamate-4-hydroxylase (C4H) U29243 GCCATAACCGCCATCACAAT 59 61
GGGCCAGGAGGGAGTTTGAA 59
AACTCCGCGGCAAA 68

Chalcone isomerase (CHI) U03433 GCTGCAGCATCCTCCATCA 58 56
CACCGCTGGGAACTCATGT 58
CGCAATCCACGTCGAG 67

Chalcone synthase (CHS) D10662 GACATGGTGGTCGTCGAGGTA 58 70
GCCCCCATTCTTTTATAGCTTTC 58
AGACTAGGGAAAGAGGCT 70

Isoflavone reductase (CHR) S72472 CTTTTGGCGTTGTACCATTCG 59 68
TCTTTGGCAGGGTCAATCTCA 59
AACAAATAAAGGGAGATGCAG 70

Disease resistance response (DRR)

DRR230 AJ308155 TTGCAGGAACAACGAGCACTT 60 61
GCACCAGCAGCGAAAATCAT 60
CTCAGTGGGAGGTGCA 69

DRR276 M18249 TGCTGACACTCTTACTCCAAAGGT 58 66
CCGTTTCCTTCAACAATTTCG 58
TTGATGCCATCAAAAGTA 69

Disease resistance response protein (DRR)

DRR49 X13383 GGTGATGCTGCTCCTAGTGAAGA 58 66
CTTGAAAAGACCATCCCCCTTA 58
CAACTCAAGACTGACAAAG 68

DRR206 M18250 GCTGGAGCTGACCCAATTGT 59 68
AAGAAATCTCCAGTACCACCAGTGA 59
CCAAAACTAGAGATATTTCT 69

1 The GAPDH (glyceraldehyde-3-phosphate dehydrogenase) genes were used as an internal reference control for
equivalent amplification in the PCR.
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4.6.2. Real-Time Reverse Transcription PCR (RT-PCR)

The cDNAs were prepared as follows; 1 μg of total RNA was added to 1.5 μg of oligo(dT)15–dNTP
(2.5 mM each) and made up to a final volume of 11.5 μL with sterile distilled water. RNA was
denatured for 5 min at 70 ◦C and placed on ice, and then 5 μL of Moloney murine leukemia virus
(MMLV) 5× reaction buffer, 300 U of MMLV reverse transcriptase, and 80 U of RNase inhibitor were
added. First-strand cDNA was synthesized at 25 ◦C for 15 min, followed by incubation for 50 min
at 42 ◦C and 2 min at 96 ◦C. Then, gene-specific fragments were amplified by real-time PCR using
the defense gene specific primers and probes listed in Table 1, which were designed using the Primer
Express 3 software. The TaqMan assays were carried out as mentioned above. All PCR experiments
were carried out using an ABI PRISM 7300 sequence detection system (Applied Biosystems, Foster, CA,
USA). The Mtgap1 gene was used as an internal reference control for equivalent reverse transcription
to cDNA and equivalent amplification in the PCR. Expression ratio for each cDNA was calculated
relatively to corresponding controls, injected with water, using the 2−ΔΔCt method as described by
Livak et al., 2001 [60].

4.7. Statistical Analyses

Five technical repetitions were used for each experimental condition and four separate
experiments were carried out. For all experiments, significant differences were evaluated using
the Tukey test at p ≤ 0.05.
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Abstract: Stilbenes are defense molecules produced by grapevine in response to stresses including
various elicitors and signal molecules. Together with their prominent role in planta, stilbenes have
been the center of much attention in recent decades due to their pharmaceutical properties. With the
aim of setting up a cost-effective and high purity production of resveratrol derivatives, hairy root
lines were established from Vitis vinifera cv Pinot Noir 40024 to study the organ-specific production
of various stilbenes. Biomass increase and stilbene production by roots were monitored during flask
experiments. Although there was a constitutive production of stilbenes in roots, an induction of
stilbene synthesis by methyl jasmonate (MeJA) after 18 days of growth led to further accumulation of
ε-viniferin, δ-viniferin, resveratrol and piceid. The use of 100 μM MeJA after 18 days of culture in the
presence of methyl-β-cyclodextrins (MCDs) improved production levels, which reached 1034 μg/g
fresh weight (FW) in roots and 165 mg/L in the extracellular medium, corresponding to five-and
570-fold increase in comparison to control. Whereas a low level of stilbene excretion was measured
in controls, addition of MeJA induced excretion of up to 37% of total stilbenes. The use of MCDs
increased the excretion phenomenon even more, reaching up to 98%. Our results demonstrate the
ability of grapevine hairy roots to produce various stilbenes. This production was significantly
improved in response to elicitation by methyl jasmonate and/or MCDs. This supports the interest of
using hairy roots as a potentially valuable system for producing resveratrol derivatives.

Keywords: Vitis vinifera; hairy roots; resveratrol; viniferins; methyl jasmonate; cyclodextrins

1. Introduction

Stilbenes have been the center of much attention over recent decades due to their valuable
biological properties. The most studied stilbene, resveratrol, has been described as an important
plant defense molecule, with antifungal and antibacterial activities [1–4]. Although stilbenes are
found in grapevines at levels considerably lower than flavonoid-type compounds, they possess
outstanding pharmaceutical properties [5] as antioxidants [6] as well as anticancer agents [7,8].
Resveratrol derivatives such as viniferins also show an interesting therapeutic potential, mainly
in cancer treatment [9,10]. The main natural sources of resveratrol available on the market result from
its extraction from Japanese knotweed (Falliopa japonica), which produces large quantities of piceid
(a β-D-resveratrol glucoside), which is then de-glycosylated to obtain resveratrol [11,12]. Consumers’
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preference indeed remains in favor of stilbenes from natural sourcing. Few resveratrol derivatives,
except the dehydrodimer ε-(+)-viniferin, are available and the current production of these derivatives
does not yet meet the pharmaceutical market standards in terms of quantity and purity. Whereas the
biosynthetic pathway of resveratrol has been very well characterized [13], those of many resveratrol
derivatives are unknown. Currently, the sustainable production of resveratrol derivatives remains
difficult to achieve due to their overall low concentrations in plant extracts and problems in purifying
them. Alternative strategies including microorganism or plant cell cultures have been tested as valuable
systems for stilbene sourcing [14]. Genetically engineered microorganisms or plants for the production
of stilbenes would enable a cost-effective supply of these molecules, but the overall low yields and the
still incomplete understanding of the biosynthetic pathways of complex stilbenes make their use of
limited interest [15–17]. Moreover, there is a considerable interest in searching for sources of stilbenes
without recombinant genetic modification. Grapevine cell suspensions, which can produce and excrete
resveratrol into their culture medium, have led to promising results [18,19]. In grapevine cell systems
in either flasks or bioreactors, resveratrol production can reach up to 7 g/L in response to elicitation
treatments with various compounds such as signal molecules (jasmonate or methyl jasmonate) or
chelating agents or drug carriers such as cyclodextrins (CDs) (for a review, see [18,19]).

The use of hairy roots offers the advantage of high genetic and biochemical stabilities of organ
culture systems coupled with growth rates similar to those of cell suspensions [20,21], without the need
for plant growth regulators. In this context, hairy roots of peanut (Arachis hypogaea) and Muscadine
grape (Vitis rotundifolia) have already been developed [22–24]. Both of these plants have previously
been described as naturally producing resveratrol and resveratrol derivatives [25]. Although stilbenes
have been described in various taxonomically unrelated species, the highest molecular diversity
within this chemical group has been found in the Vitis spp. genus [26]. Use of the sequenced cultivar
Vitis vinifera cv Pinot Noir 40024 hairy roots thus appears a good tool for a comprehensive analysis
of the organ-specific biosynthesis of stilbenes. Moreover, Pinot Noir has been reported as naturally
producing high levels of stilbenes in canes [27] and berries [28].

In this study, we describe the establishment of Vitis vinifera cv Pinot Noir PN 40024 hairy root lines
from in vitro plantlets. Various culture conditions were tested and the growth kinetics were defined in
those yielding the highest growth rate. The ability of Vitis vinifera hairy roots to produce and excrete
various stilbenes was monitored during growth kinetics experiments in response to methyl jasmonate
(MeJA) or CD treatment alone or in combination.

2. Results and Discussion

2.1. Establishment of Hairy Root Lines (HRs)

As suggested by some previous results [29], the transformation of Vitis spp. by R. rhizogenes is very
dependent on species, on the bacterial strain used as well as the explants tested. In this study, only the
sequenced grapevine cultivar PN 40024 [30] was tested, as it represents particular interest for research
purpose. Two different bacterial strains were tested to infect various explants from in vitro plantlets.
The phytohormone 2,4-D was used to make plant cells more competent, as previously reported in
Arabidopsis thaliana and Beta vulgaris L. [31,32].

Leaves with petioles and stem explants of plantlets of V. vinifera PN 40024 transformed using
Rhizobium rhizogenes ICPBTR7, led to a rapid loss of viability of the explants and thus yielded no roots
either by immersion or wounding of the explants or by direct pricking of the plantlets. The plantlets
pricked with an infected needle showed no development of roots regardless of the strain used.

Only the Pinot Noir leaves and stem explants transformed with R. rhizogenes ATCC15834 by
immersion in the bacterial suspension or by wounding with an infected scalpel yielded a particularly
large amount of transformed roots. Over the 200 explants tested, several hundreds of roots developed
after two weeks, mostly along the petioles and leaf veins.
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Once isolated on solid B5 medium supplemented with 3% sucrose, these lines showed a slow
growth rate during the first weeks of culture and grew thinner over time until death after two months
(Figure 1a). These roots were probably adventitious roots due to the very well-known rooting ability of
grapevine and as a result of the addition of 2,4-dichlorophenoxyacetic acid in the bacterial suspension
used to infect the explants. A second series of roots appeared on the same Pinot Noir explants four
weeks after infection with R. rhizogenes ATCC 15834 using the two previous methods. Once they were
1–2 cm long, roots were isolated and cultivated on solid B5 medium supplemented with 3% sucrose
(B5-30). These roots showed a completely different phenotype from the first ones, with a diameter
ranging from 1 to 3 mm and a higher branching rate (Figure 1a,b). This phenotype showed some
similarity to that described on Muscadine grape, with thick roots, very short root hairs, and a higher
branching rate (10–15 branches per 5 cm) compared to the 4–5 branches per 5 cm for Muscadine HRs,
as reported in a previous work [24]. In the second series of roots that appeared, 80 different lines were
isolated and cultivated on B5-30 solid medium. The 60 lines displaying the best growth rates were
then transferred to a B5-30 liquid medium (Figure 1c) to be further selected on growth capacity. Nine
lines were thus conserved and their transformation was verified by confirmation of the presence of
transferred rolC gene and the absence of virD2 bacterial virulence gene (Figure S1). As few differences
in terms of phenotype, growth rate and phytochemical profile were observed between these lines (data
not shown), the root line 19A was chosen as representative and used further.

 

Figure 1. Observations of the different phenotypes of roots isolated:(a) roots from the first series
isolated after the second subculture (28 days); (b) roots from the second series isolated after the second
subculture (21 days of culture); and (c) roots from the second series after 40 days growth in 100-mL
shaken flasks with 20 mL culture medium. Bars represent 1 cm.

2.2. Effects of Culture Medium and Sucrose Concentration on HR Growth

The composition of the medium used is known to have an important impact on the growth
capacity and secondary metabolite production of in vitro cultures. The observed slow growth of
the selected lines strongly suggested that the medium composition could be further improved.
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To search for better culture conditions, four commonly used culture media, Gamborg (B5), McCown
(MC), Murashige and Skoog (MS), Schenk and Hildebrandt (SH), and their half-strength dilutions,
were compared. In addition, six different sucrose concentrations ranging from 1% to 6% were
tested (Figure 2).

B5
MS 

SH

McC
own

1/2
 B

5 

1/2
 M

S 

1/2
 SH

1/2
 M

cC
own

0.00

0.02

0.04

0.06

0.08

ab

a

a
ab

b

ab

b

ab

G
ro

w
th

 r
at

e 
μ 

(d
ay

-1
)

0 20 40 60 80
0.00

0.02

0.04

0.06

0.08

Sucrose (g/L)

G
ro

w
th

 r
at

e 
μ 

(d
ay

-1
)a b

Figure 2. Effects of media and sucrose concentration on HR growth rate: (a) effect of various standard
media and 1/2 dilutions, with 3% sucrose on the growth rate of line 16C; and (b) effect of sucrose
concentrations in B5 medium on the growth of line 19A. Average growth rate μ and its standard error
were calculated from weight measurements made over 35 days with renewal of culture media every
three or four days. Each point is composed of three biological replicates. Statistical differences were
tested using ANOVA (α = 5%). Letters above dataset point out statistically different groups.

A preference for 1/2 media seems to occur regardless of the medium tested (Figure 2a). Only the
B5 and MC media enabled growth when non-diluted. Amongst the 1/2 media, it would seem that the
SH medium yielded the best growth rate (μ), reaching μ = 0.063 day−1 (doubling time, Td = 10.9 days),
along with B5. Determination of the growth rate using different sucrose concentrations in the B5
medium (Figure 2b) showed that the range of 1% to 3% sucrose concentrations in the medium seems
to be the most effective, reaching a growth rate of 0.046 day−1 (doubling time Td = 14.9 days) for 2%
sucrose. As well as showing a low growth rate, the roots grown on medium with 5% and 6% sucrose
started browning after three weeks, suggesting significant stress under these conditions. This effect
could be caused by an osmotic stress due to high sugar concentrations [33]. Thus, 1/2 SH medium
with 2% sucrose was used for further experiments.

2.3. Growth and Stilbene Production Kinetics

2.3.1. Biomass Production

The growth kinetics were evaluated using line 19A in the improved growth conditions of 1/2 SH
medium with 2% sucrose (Figure 3).
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Figure 3. Increase in: biomass (fresh weight) (a); and pH (b) during growth kinetics. Each point
represents the mean with standard deviation of three biological replicates.
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The semi-log representation of the growth curve (Figure 3a) of grapevine HRs shows no significant
lag phase, starting directly with an exponential growth phase up to Day 11, followed by a slowing
phase until Day 31 and a stationary phase up to Day 35. The rapid diminution in growth could be due
to the relatively low amounts of sucrose in the culture medium. Figure 3b displays a rapid fall in the
pH during the first days of culture up to 4–7 days. The pH then rises to 5 at day 20 before stabilizing,
in the phases corresponding to both the slower growth and the stationary phases. This suggests that
pH can be used as a rapid, non-destructive tool to monitor growth in grapevine HR cultures.

Growth rate was calculated between Day 0 and Day 11, giving a μ value of 0.11 day−1

(Td = 6.2 days). In comparison, peanut and Muscadine HRs have been reported to have a doubling
time of 10.2 and 10.7 days, respectively, without any addition of growth regulators [23,24].

2.3.2. Constitutive Stilbene Production in Roots

The analysis of stilbenes during the time course experiments shows that a basal production takes
place in roots (Figure 4), where they probably play a role as phytoanticipins as already mentioned in
natural grapevine roots as well as in the perennial parts of the plant [34].
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Figure 4. Stilbene production during growth kinetics: (a) total production of stilbenes (μg of stilbenes
per culture flask); and (b) excreted stilbenes as a proportion of total stilbenes. Each point represents the
mean with standard deviation of three biological replicates.

Here, only the resveratrol glucoside, piceid, resveratrol, and the two dehydrodimers, ε-viniferin
and δ-viniferin, were quantified using external standards. Further use of the term “total stilbenes”
refers to the sum of all these molecules. A close relationship between the growth phase and the
production of secondary metabolites in roots can be observed, especially when the metabolism tends to
switch from primary to secondary at the end of the exponential growth phase. As shown in Figure 4a,
the basal production of stilbenes per flask rises slowly until the end of the exponential phase at Day 21,
before rapidly increasing up to 175 μg at Day 25 and 217 μg after 35 days. It is interesting to note
the same trend in the proportion of excreted stilbenes (Figure 4b). The low proportion of 1%–5%
excreted stilbenes vs. total stilbenes is consistent with those measured in similar systems without
elicitation [23,24].

2.4. Induction of Stilbene Production in HRs in Response to Various Elicitors

2.4.1. Elicitation with Methyl Jasmonate

Stilbene production, and particularly that of resveratrol, is known to be strongly induced by
various environmental stresses, signaling molecules and drug transporters [19,35]. Such compounds
have been used in various plant cell systems to mimic a stress and thus induce the production of
numerous metabolites of interest [14,36,37]. Amongst them, the jasmonic acid ester, methyl jasmonate
(MeJA), has been shown to induce stilbene production mainly in grapevine cell suspensions [38–47].
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Figure 5 shows the response in terms of stilbene production in roots and in the culture medium
following treatment with 100 μM MeJA up to 10 days after induction. Addition of 0.1% EtOH (v/v)
(corresponding to the alcoholic content upon addition of MeJA) to the control cultures shows no
significant effect of the solvent on root or medium stilbene contents. All stilbene production values in
roots were expressed here as micrograms per gram of fresh weight. In order to relate the obtained data
with root dry weight, we determined during replicate experiments the ratio dry root weight over fresh
root weight which was in the order of 16% ± 7%. As a result, stilbene production in μg/g DW can be
obtained by multiplying stilbene production in μg/g fresh weight (FW) by a factor of around 7.
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Figure 5. Amounts of stilbenes produced after 18 days of culture following MeJA elicitation in: HRs
(a,c,e); and in the culture medium (b,d,f). (a,b) EtOH at 0.1% was used as the control; (c,d) 100 μM
MeJA; and (e,f) 200 μM MeJA. Pic: piceid ( ); Res: Resveratrol ( ); ε-vin: ε-viniferin ( ); δ-vin:
δ-viniferin ( ); Total (�) (sum of previous stilbenes). Each point represents the mean with standard
deviation of three biological replicates.

Figure 5a displays a basal stilbene production in roots of around 200 μg/g FW, reaching
up to 390 μg/g FW 10 days after elicitation. The low stilbene concentrations measured in the
extracellular medium, reaching a maximum of 2.3 mg/L at Day 10, are consistent with those previously
described [23,24]. However, application of MeJA at doses of 100 μM and 200 μM has a clear inducing
effect on the stilbene contents of both the roots and the extracellular medium. Unlike described in
peanut hairy roots treated with MeJA, the stilbene concentration in the culture medium did not reach
its maximum after 12–48 h and no fall in concentration was observed during the tested period [22].
One hundred micromoles of MeJA (Figure 5c) gives rise to a quick increase in the stilbene root content
between two and four days after induction, reaching 757 μg/g FW and followed by a steady increase up
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to 1126 μg/g FW after 10 days, corresponding to 2.2- and 2.9-fold increases respectively in comparison
to control.

In the extracellular medium (Figure 5d), 100 μM MeJA causes a similar effect, reaching stilbene
contents of 5 and 10 mg/L after four and 10 days of treatment, corresponding to 12.6- and 4.3-fold
increases, respectively, in comparison to control. Application of 200 μM MeJA shows a comparable
effect on the total stilbene root content up to Day 4, reaching 650 μg/g FW (Figure 5e), although
stabilizing afterwards. The browning of the roots observed upon treatment with 200 μM MeJA
suggests a possible effect of this compound on root viability and biomass, as previously reported in
Brassica hairy root cultures [48]. However, only the treatment with 100 μM MeJA displays statistically
significant differences in biomass in comparison to the control 10 days after elicitation. Quantification
of the corresponding excreted stilbenes again shows a response similar to the use of 100 μM MeJA until
Day 4, reaching 3.5 mg/L. The stilbene concentration then rises to 19 mg/L at Day 10 (Figure 5f), which
corresponds to 8.8- and 8.1-fold increases, respectively, in comparison to control. This observation is
probably due to a release of intracellular stilbenes into the medium. All the data indicate that four days
following MeJA treatment is the best timing, i.e. when induction is at a maximum and to minimize
a possible detrimental effect of MeJA on root viability. For further experiments, stilbene measurements
were thus carried out four days after MeJA induction. Excretion rates of stilbenes are also significantly
affected by MeJA treatments (Figure 6).

While the control excretion rate rises slowly from 1% to 11% of total stilbenes in 10 days,
the cultures with MeJA display excretion rates of 31% and 37% for 100 μM and 200 μM MeJA,
respectively, after 10 days. No piceid was found in the medium of MeJA-treated roots and less than
10% of δ-viniferin was excreted while almost 30% ε-viniferin and 60% of resveratrol produced were
found in the culture medium (Figure S2).
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Figure 6. Proportion of stilbenes in the culture medium over time in control cultures ( ) and cultures
treated with 100 μM ( ) or 200 μM MeJA ( ). Each point represents the mean with standard deviation
of three biological replicates.

2.4.2. Elicitation Experiments with Cyclodextrins and/or Methyl Jasmonate

Cyclodextrins (CDs) and particularly methyl-β-CDs (MCDs) have also been described as strong
inducers of stilbene production in grapevine cell suspensions [49]. They have been reported to display
a synergistic effect when used in combination with MeJA [35,41,50–53]. However, their effect on the
production of stilbenes in grapevine HRs is unknown as yet. The effect of CAVASOL® W-7 MCDs
alone or in combination with MeJA was evaluated on both root growth (Figure 7) and stilbene content
(Figure 8). UPLC chromatograms are displayed in Figure S3.
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Figure 7. Effect of eliciting treatments on the biomass. The tested MCD concentrations were 0, 30, 50
and 70 mM. One hundred micromoles of MeJA and EtOH 0.1% were applied after 18 days of culture
and for four days. Each point represents the mean with standard deviation of three biological replicates.
Each value was compared to its corresponding control using ANOVA test (* p < 0.5, *** p < 0.001).
Biomasses of different controls were not statistically different.

CD concentrations used were chosen according to previous reports showing high stilbene
production levels using grapevine cell suspensions [51,54,55]. Due to the high MCD concentrations
applied, these were prepared directly in the culture medium before autoclaving. The HRs were thus
cultivated with 0, 30, 50 or 70 mM MCD for 18 days before treatment with MeJA. Measurements were
made four days after the application of MeJA. Figure 7 shows a strong effect of MCDs on HR growth
at concentrations of 30, 50 and 70 mM, with almost no growth during the first culture phase of 18 days.
MeJA treatment inhibited the growth of roots without MCDs but had no additional effect when applied
on cultures containing MCDs. Previous results obtained for grapevine cell suspensions treated with
50 mM MCDs described a detrimental effect of the latter alone on cell growth [51]. MeJA treatment
is known to have an even stronger inhibitory effect on the growth of grapevine cell suspension
cultures [18,19,39,42,56]. Similar observations were made on HR cultures of Scutellaria lateriflora [57].
The use of MCDs on HRs has been reported to enhance the production of other phenolic compounds
in S. lateriflora and to induce the production of stilbenes including resveratrol and derivatives such as
prenylated arachidin-1 and arachidin-3 in peanut hairy root cultures [22].

Different elicitors were tested on those cultures, including sodium acetate, H2O2 as well as MeJA,
CD or the combination of both. The best stilbene production in this system was achieved with 100 μM
MeJA in combination with 9 g/L MCD, reaching 249 mg/L stilbenes excreted in the culture medium
with a majority of arachidin-1 and arachidin-3. The use of MCDs on grapevine HR cultures displays
a large induction effect on stilbenes accumulated in roots and excreted into the medium (Figure 8).
After 18 days of culture, a clear increase in all quantified stilbenes in roots treated with MCDs was
observed: control roots showed intracellular concentrations of 175 μg/g FW. In contrast, MCD-treated
roots contained 999, 762 and 580 μg stilbenes/g FW before MeJA treatment for 30, 50 and 70 mM
MCDs, respectively. The concentrations of stilbenes measured in the culture medium were 0.1 mg/L
for the control and 71, 106, and 98 mg/L for the same CD-treated cultures. These concentrations
represent an increase of stilbene production in comparison to control of 5.7, 4.4 and 3.3 folds in the
roots and of 711, 1060 and 980 folds in the culture medium (Figure S4).
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Figure 8. Amounts of stilbenes produced in response to treatments with MCDs in the culture media
over time. Stilbene measured in HRs and in the culture medium, respectively: (a,b) after 18 days of
culture and before applying 100 μM MeJA or EtOH; (c,d) four days after applying EtOH; and (e,f) four
days after applying MeJA at 100 μM. Each point represents the mean with standard deviation of three
biological replicates. Pic: piceid; Res: resveratrol; ε-vin: ε-viniferin; δ-vin: δ-viniferin. Each value was
compared to its corresponding control using ANOVA test (* p < 0.5, ** p < 0.01, *** p < 0.001).

The MeJA treatment was applied after 18 days of culture and its effect was measured four days
afterwards. Addition of 100 μM MeJA induced further accumulation of stilbenes in the roots and the
culture medium (Figure 8), as previously reported in grapevine cell suspensions [18,19]. Control roots
and medium contained 183 μg/g FW and 0.3 mg/L stilbenes, respectively, after four days. A maximum
production of stilbenes in roots was observed for roots treated with 30 mM MCDs and 100 μM MeJA,
reaching up to 1034 μg/g FW total stilbenes after four days, which represents a 5.6-fold increase in
production. In the medium, the highest stilbene concentrations were observed in the cultures treated
with 50 mM MCDs and 100 μM MeJA, which yielded up to 165 mg/L total stilbenes after four days,
corresponding to an increase of 571 folds in excreted stilbenes. The measured rates of excreted stilbenes
show extremely high values of more than 90% of total stilbenes for all three tested MCD concentrations
(Figure 9). δ-viniferin was slightly less excreted, with 80% found in the extracellular medium and
piceid which remains mostly intracellular (Figure S3b).
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Figure 9. Excreted stilbenes as a proportion of total stilbenes in response to MeJA, MCDs and in
combination. Each point represents the mean with standard deviation of three biological replicates.

These data support the fact that, besides their well-known eliciting effects on stilbene production,
MCDs facilitate the outflow of stilbenes by increasing their solubility in the medium [58]. Although
30 mM MCDs leads to the highest stilbene content in roots, a dose of 50 mM is more suitable due
the high quantity of excreted stilbenes obtained. In fact, high yields of excreted stilbenes facilitate
their extraction from the cultures. Production of resveratrol reaching up to 5 g/L has been reported
using MCDs in grapevine cell suspensions [59]. Although the use of HRs presents unique advantages,
this system still needs further optimization in terms of growth conditions to reach similar stilbene
concentrations. For example, the biomass reported here with HRs was 8 g FW/L after 18 days of
culture with MCDs. In comparison, grapevine cell suspensions can reach up to 500 g FW/L [19].
Various approaches could be used to improve growth and thus biomass production before elicitation
to reduce this limitation. A thorough optimization of the culture medium, by identifying limiting
nutrients and potential growth factors, could lead to an improvement of growth. In the same way,
growth conditions can be modified to optimize gas transfers, by shaking or changing the volume of the
cultures. Comparing specific stilbene production in grapevine cell suspensions shows a total stilbene
production of 13.4 mg/g FW [53], whereas it reached 18.1 mg/g FW in grapevine HRs, demonstrating
that this system could represent a promising tool for stilbene production.

3. Materials and Methods

3.1. Plant and Bacterial Materials

Six-week-old in vitro plantlets from Vitis vinifera cv Pinot Noir 40024 were used for the
transformation experiments. They were cultivated in a 16 h/8 h day/night photoperiod on McCown
Woody Plant Medium (Dushefa, Haarlem, The Netherlands). All plant cultures were kept at 23 ◦C.

Two bacterial strains were tested: Rhizobium rhizogenes strain ATCC 15834 and Rhizobium rhizogenes
ICPB TR7. The cultures were initiated in 10 mL Yeast Mannitol Broth YMB medium [60] for 24 h at 28 ◦C
before being pelleted and resuspended in 20 mL in the corresponding plant medium supplemented
with 1 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D). 2,4-D was used to induce a short dedifferentiation
to facilitate transformation [31,32]. The explants tested consisted of entire leaves with petioles
or 1-cm-long sections of the stem. For plant infection, three different methods were compared:
(1) wounding explants with a scalpel previously infected with the bacterial suspension; (2) immersing
wounded explants in the bacterial suspension for 5 min; and (3) directly pricking 24 in vitro plantlets
with an infected needle on 3 spots of the stem.

After infection, explants were transferred onto solid B5 medium [61] and co-cultivated in darkness.
After 48 h, the explants were rinsed in B5 + 600 mg/L cefotaxime and cultured on solid B5 medium 3%
sucrose supplemented with 300 mg/L cefotaxime. When the first roots appeared on the explants, and
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measured 1 cm or more, they were isolated and cultured on B5 medium + 300 mg/L cefotaxime. They
were grown for 3 months on solid B5 medium + 300 mg/L cefotaxime and subcultured every 3 weeks,
then transferred to liquid B5 medium + 300 mg/L cefotaxime. Each line was routinely subcultured
every 40 days and the medium was changed every 10 days. The antibiotic pressure was removed
4 months after isolation, once the absence of Rhizobacteria was confirmed by PCR.

3.2. Confirmation of the Genetic Transformation

The status of genetically transformed roots was verified by PCR, by searching for the rolC
transgene and the absence of bacterial virD2. Primer characteristics are described in Table 1 and
sequences were taken from data available in the literature [62,63]. Specific amplification was achieved
using Firepol® polymerase (Solis Biodyne) with a thermal cycler (Progene, Thechne): 12 min activation
at 95 ◦C, followed by 35 cycles of 30 s at 95 ◦C, 30 s at 56 ◦C and 45 s at 72 ◦C, and a final 2 min
extension time at 72 ◦C. The bacterial strain was used as a double positive control, a wild type
Escherichia coli strain was used as a double negative control and Brassica rapa hairy roots were used as
a transformation-positive control [64].

Table 1. Sequences of primers used for confirmation of the genetic transformation [61,63].

Primer Direction Sequence

rolC
Forward 5′-ATGGCTGAAGACGACCTGTG-3′
Reverse 5′-TAGCCGATTGCAAACTTGCAC-3′

virD2
Forward 5′-ATGCCCGATCGAGCTCAAG-3′
Reverse 5′-GACCCAAACATCTCGGCTG-3′

3.3. Improvement of Growth Conditions

The best medium and sucrose concentrations tested were determined in non-limiting conditions.
Each culture was started in 100-mL flasks, containing 20 mL medium and one primary root tip of
approximately 2 cm. They were cultivated at 110 rpm in darkness for 35 days. Weight measurements
and medium renewal, to avoid excessive medium loss over time, were carried out every 3 or 4 days.
All tests were done in triplicate.

The tested media were MS [65], B5 [61], MC which is used to cultivate Vitis vinifera cv Pinot
Noir in vitro plantlets [66] and SH [67] as well as 1/2 MS, 1/2 B5, 1/2 MC and 1/2 SH containing 3%
sucrose. The different sucrose concentrations tested were 1%, 2%, 3%, 4%, 5% and 6% in B5 medium.

The growth rate μ was determined from the exponential trend line of the mean growth curve,
with biomass equation X = X0 e μ(t−T0). The doubling time Td was calculated using Td = ln(2)

u [68].

3.4. Growth Kinetics

The growth kinetic parameters were calculated from cultures in 100-mL flasks, containing 20 mL
1/2 SH medium with 2% sucrose, inoculated with two primary root tips of approximately 2 cm.
Three flasks were used for each point to determine the fresh weight. Roots and media were stored at
−20 ◦C for stilbene quantification. The growth rate μ was calculated using the slope of the curve given
by mean values of triplicates.

3.5. Stilbene Extraction

Stilbenes were extracted from the medium as described in [69,70]. Liquid–liquid extractions using
10 mL ethyl acetate for 10 mL medium were carried out. Ethyl acetate phases were then collected,
evaporated in a rotavapor (Laborota 4000-Efficient, Heidolph with PC3001 VARIO vacuum pump,
Vacuubrand, Schwabach, Germany) and the extracts were resuspended in 1 mL methanol (MeOH) for
UPLC quantification.
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Stilbene extraction from roots was adapted from [69,70] using roots ground in liquid nitrogen.
One hundred micrograms was weighed and extracted with 1mL 85% MeOH for 2 h in a thermoshaker
at 850 rpm, then centrifuged. The supernatant was collected in a glass tube and the pellet was
resuspended in 1 mL 100% MeOH for 1 h with a thermomixer (Eppendorf) at 850 rpm, and then
centrifuged. The supernatants were pooled, evaporated in a Vacuum Concentrator 5301 (Eppendorf)
and resuspended in 1 mL MeOH for UPLC quantification.

3.6. UPLC Analysis

UPLC analyses were done using an Acquity UPLC (Waters, Guyancourt, France) system, with
a C18 Cortecs® (Waters) column (2.1 × 100 mm, particles: 1.6 μm, pore size: 90 Å), maintained at
30 ◦C. The separation conditions were taken from [68]. Briefly, a gradient at 0.5 mL/min starting
from 90% H2O +0.1% formic acid (A) and 10% acetonitrile +0.1% formic acid(B) to 40% A and 60% B,
followed by 5 min rinsing was used. Stilbene fluorescence was measured with an Aqcuity fluorometer
(Waters) with an excitation wavelength of 330 nm and an emission wavelength at 375 nm. Piceid
(3-O-β-D-resveratrol glucoside), resveratrol (3,5,4′-trihydroxystilbene), δ- and ε-viniferins (resveratrol
dehydrodimers), in both their cis and trans forms, were identified and quantified as described
previously and used as external standards [71,72]. Resveratrol, piceid and ε-viniferin were purchased
from Sigma at the time of the experiments. Supplementary data concerning stilbene identification are
available in [73]. Quantification of piceid and resveratrol was expressed as trans-resveratrol equivalents
and that of δ and ε-viniferins as trans-ε-viniferin equivalents. All extractions were done in subdue
light to limit isomerization of trans stilbenes to the cis forms. The concentrations shown are the sum of
cis and trans forms measured. Total stilbenes represent the sum of these stilbenes.

3.7. Induction Treatments

Methyl jasmonate (MeJA) (Sigma Aldrich, St. Quentin Fallavier, France) was added to the culture
medium (1/2 SH supplemented with 2% sucrose) from an ethanol (EtOH) solution after the exponential
growth phase, corresponding to 18 days of culture. Final concentrations at 100 μM and 200 μM were
chosen, with a maximum concentration of 0.1% EtOH in the medium. Controls were obtained by
addition of EtOH to a final concentration of 0.1%. All experiments were conducted in triplicate.

For the MeJA and CD experiments, CAVASOL® W-7 MCDs (WackerChemie AG, Burghausen,
Germany) were dissolved in the culture medium (1/2 SH supplemented with 2% sucrose) to final
concentrations of 30 mM, 50 mM and 70 mM before autoclaving and MeJA was added after 18 days at
a final concentration of 100 μM.

4. Conclusions

Hairy root systems are particularly attractive as study and bioproduction tools due to their
specific properties such as high genetic and phytochemical stability, good growth rates and their highly
controlled environment.

In the present work, the growth and phenotype of grapevine cv Pinot Noir HRs has been reported.
Moreover, their ability to respond to elicitation treatments that lead to the significant production and
excretion of stilbenes into the culture medium has been demonstrated. The results show that grapevine
hairy root cultures are able to provide high yields of secreted stilbenes, particularly ε-viniferin, when
treated with methyl jasmonate and MCDs. This makes them a good candidate for the production
of highly pure stilbenes. The up-scaling of such systems has already been proven feasible [74] and
achieved by different companies (10,000 L Panax bioreactor) [75].

Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/21/
12/1703/s1.
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MS Murashige and Skoog medium
SH Schenk and Hildebrandt medium
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Abstract: Grapevine stilbenes are a family of polyphenols which derive from trans-resveratrol having
antifungal and antimicrobial properties, thus being considered as phytoalexins. In addition to their
diverse bioactive properties in animal models, they highlight a strong potential in human health
maintenance and promotion. Due to this relevance, highly-specific qualitative and quantitative
methods of analysis are necessary to accurately analyze stilbenes in different matrices derived
from grapevine. Here, we developed a rapid, sensitive, and specific analysis method using
ultra-high-performance liquid chromatography coupled to triple-quadrupole mass spectrometry
(UHPLC-QqQ) in MRM mode to detect and quantify five grapevine stilbenes, trans-resveratrol,
trans-piceid, trans-piceatannol, trans-pterostilbene, and trans-ε-viniferin, whose interest in relation
to human health is continuously growing. The method was optimized to minimize in-source
fragmentation of piceid and to avoid co-elution of cis-piceid and trans-resveratrol, as both are detected
with resveratrol transitions. The applicability of the developed method of stilbene analysis was tested
successfully in different complex matrices including cellular extracts of Vitis vinifera cell cultures,
reaction media of biotransformation assays, and red wine.

Keywords: UHPLC; MRM; resveratrol; piceid; piceatannol; epsilon-viniferin; pterostilbene;
cell culture; bioconversion; wine

1. Introduction

Grapevine (Vitis vinifera L.) stilbenes are a family of polyphenols which derive from
trans-Resveratrol (trans-R: 3,5,4′-trihydroxystilbene), found in different plant organs, including
berries and, consequently, also in wines. Trans-R is synthesized as an end-product of a branch
of the phenylpropanoid pathway; further trans-R may undergo biochemical modifications, such
as hydroxylation, glycosylation, methylation, or oligomerization, giving rise to several bioactive
derivatives (Figure 1). The synthesis and accumulation of stilbenes is considered to be part of the
general defense mechanism as these are considered as the phytoalexins of Vitis species since they
display strong antifungal and antimicrobial activities [1–3]. In fact, trans-R is accumulated in grapevine

Molecules 2017, 22, 418 82 www.mdpi.com/journal/molecules

Bo
ok
s

M
DP
I



Molecules 2017, 22, 418

vegetative tissues and berries, as well as in cell cultures in response to abiotic and biotic stress [1,4–9].
Stilbenes have been demonstrated to have a large number of bioactive properties in relation to
major human diseases such as cancer, atherosclerosis, or neurodegeneration [10]. Many studies have
reported the potential of trans-R in human health as an antioxidant in model systems of cardiovascular
diseases [11], as a cytotoxic agent for several cancer lines [12–15], as an anti-inflammatory, anti-aging,
and antioxidant agent [16,17], having a beneficial role on neurological system [18], as well as health
maintenance and survival in adverse scenarios related with obesity and aging [19,20]. Moreover,
other studies have demonstrated that some trans-R polyhydroxy and polymethoxy derivatives also
exhibit enhanced pharmacological activity and bioavailability [21]. Such potential of trans-R and
other stilbenes have called the attention of numerous companies producing a large variety of dietary
supplements and cosmetics. Stilbenes are presently in natural foods, such as grapes, berries of Vacinum
species, cocoa, and peanuts, and their derived products [22–26]. In this sense, stilbenes, especially
resveratrol, play a key role in wine health-promoting properties (see [27] for a review). Once the
potential health benefits of stilbenes have been demonstrated, it is necessary to have highly specific
qualitative and quantitative methods to accurately analyze stilbenes in different matrices derived
from grapevine.

 

Figure 1. Grapevine stilbenes: t-Resveratrol and derivatives produced by different biochemical reactions.

Stilbenes have been detected by different analytical techniques coupled to chromatographic
separation. In wine and grape samples, several research groups report the separation and detection
of phenolic compounds using HPLC coupled to detection by either UV-VIS and fluorescence [28],
or MS and MS/MS [29–33]. However, the specificity of detection of these techniques is limited
because different compounds, having similar mass or spectroscopic properties may co-elute in a
chromatographic run. The incorporation of triple quadrupole mass spectrometers (HPLC-QqQ) to
analyze phenolic compounds significantly improved the detection and allowed the simultaneous
quantitation of multiple compounds in complex matrices in a reduced time. Jaitz et al. quantified 11
polyphenolic compounds from red wines in less than 13 min [34]. In other plant matrices, HPLC-QqQ
MS was applied to quantify 28 polyphenols in cocoa extracts [35] and, more recently, 20 polyphenols
from carob (Ceratonia siliqua L.) flour by improving the chromatography separation and speed by using
ultra-high-performance liquid chromatography (UHPLC) [36]. UHPLC allows faster separation and
enhanced chromatographic resolution as compared to classical HPLC, due to reduced particle size and
increased column pressure (up 1000 bar). UHPLC coupled to triple quadrupole mass spectrometry
using multiple reaction monitoring (MRM) mode has been proposed as an alternative for fast analysis
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of phenolic compounds in grapes and wine. UHPLC-QqQ in MRM mode has been used to detect and
quantify 152 polyphenols in rose wine, in 30 min [37], which is quite a noticeable improvement for
the analysis of general wine phenolics. The large increase in the number of compounds analyzed is
achieved at expense of longer chromatographic runs and possibly, some loss of specificity. and/or
sensitivity when different co-eluting compounds share transitions or are present at dramatically
different abundances.

Thus, when focusing on particular compound families (i.e., stilbenes), improved methods that
provide effective compound separation and quantitation in different kinds of matrices in short
chromatographic runs are necessary.

Our study aimed at developing an analytical method for efficient separation and accurate
quantification of stilbenes produced by Vitis vinifera, of application to different matrices, such as
red wine and plant material extracts, among others. Five important bioactive stilbenes were chosen for
analysis by UHPLC-QqQ MS operated in MRM detection mode, in order to improve the detection and
quantitation of stilbenes in a short time of analysis.

2. Results

2.1. Optimization of Ion Source Parameters

To carry out this work we utilized an Agilent 6490 QQQ instrument equipped with a JetStream®

ion source. As this instrument uses a fixed 380 V fragmentor voltage this parameter cannot be
optimized. Glycosylated polyphenols, such as piceid, are prone to in-source fragmentation, thus, it was
necessary to optimize some parameters of the ion source to minimize this effect. To that, a standard
solution of piceid was directly infused into the instrument and several parameters were tested to
maximize the signal intensity. The cell acceleration voltage, tested at 2 and 5 V, was set at 2 V for
subsequent analysis. Next, the gas curtain temperature was tested at five values in the range of
250 ◦C to 400 ◦C, with 300 ◦C being selected as a compromise between signal intensity and compound
in-source fragmentation. The gas flow had almost no effect on fragmentation, but a clear improvement
in the signal intensity was observed at 12 L/min. Eventually, we tested several capillary voltages
in a range of 2500–4500 V, getting the best result at 3000 V. As the other stilbene compounds do not
undergo in-source fragmentation, the source parameters optimized for piceid were used throughout in
subsequent analysis.

2.2. Selection of MRM Transitions and Optimization of Chromatographic Separation

Five stilbenes found in Vitis species, namely t-Piceid, t-Piceatannol, t-R, t-ε-Viniferin and
t-Pterostilbene were used in this study. MRM conditions were first optimized in positive detection
mode. Each compound was individually infused and, while operating the MS instrument in product
ion scan mode, four discrete collision energies were applied (0, 10, 20, and 30 eV) in order to detect
fragment ions and automatically select the four most intense ones. Then, the collision energy for each
transition was optimized by applying a 0–40 eV ramp. The transitions selected for each compound,
optimal collision energies and intensities are listed in Table 1. Since the transitions selected for piceid
gave rise to non-specific peaks in the chromatogram, the fragment ions were changed for those of
trans-R, thus producing clean chromatographic traces. Only the product ion m/z 229.1 was kept
as being the most abundant transition for piceid. Due to in-source fragmentation, piceid generates
resveratrol parent ions that are detected through the resveratrol transitions; thus, peak overlapping of
resveratrol and piceid must be avoided.
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To optimize the separation conditions of these five stilbenes in a short chromatographic run, a mix
of standard was injected in a UHPLC-QQQ from Agilent (Santa Clara, CA, USA). Several trials were
conducted with different gradients in the mobile phase, containing water as solvent A and acetonitrile
or acetonitrile:methanol as solvent B. Using several binary gradients starting at 5% acetonitrile resulted
in a poor resolution and late elution of peaks and, in addition, peaks corresponding to cis-Piceid
and trans-R appeared overlapping. To improve the poor separation observed, ternary gradients of
water:acetonitrile:methanol were assayed starting at 35% B for an earlier peak elution. A 10 min
gradient was tested using from 40:60 up to 70:30 acetonitrile:methanol as solvent B, thus achieving a
significant improvement in the chromatographic separation, 70:30 being the proportion that showed
the best separation of all the stilbenes. A key improvement of this chromatographic optimization has
been the cis-Piceid peak neat separation from the trans-R peak, otherwise trans-R quantification would
be overestimated as the sum of the signal of both compounds. As can be seen in Figure 2, the gradient
was finally shortened to 6 min (the total run after equilibration was 8 min) without compromising
resolution. Minor peaks, supposed to be the respective cis-isomers as judged by the co-elution of all
compound-specific transitions, were also detected. As mainly the trans isomers are commercialized
as standards, we exposed the standard mixture to UV light to promote photoisomerization in order
to characterize the peaks corresponding to the cis isomers. Under the optimized chromatographic
conditions, all stilbenes both, as trans and cis isomers were detectable and eluted clearly differentiated
(Figure 2). The only co-eluting compounds were trans-R and cis-piceatannol, but such overlapping is
unambiguously resolved by their specific transitions.

 

Figure 2. Chromatogram of MRM transitions of stilbenes in the standard mix. 1: trans-Piced;
2: trans-piceatannol; 3: cis-Piceid; 4: trans-Resveratrol; 5: cis-Piceatannol; 6: cis-Resveratrol;
7: cis-Viniferin; 8: trans-Viniferin; 9: trans-Pterostilbene; 10: cis-Pterostilbene. (A): Without UV light
exposition; (B) short exposition to UV light; and (C) prolonged exposition to UV light. Arrows indicate
the presence of new compounds originated by the prolonged UV exposition.
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2.3. MRM Quantitation of Stilbenes in a Standard Mixture

After MRM has been successfully optimized to detect target stilbenes produced by V. vinifera,
performance of the method to quantify these compounds was assessed. For quantitative MRM,
the quantifier transition chromatogram of each targeted precursor m/z was used, and the rest of
transitions provided the evidence of the presence or absence of the stilbene in the standard mixture.

The quantifier transitions used for each compound were m/z 391.1→229.1 for piceid,
m/z 229.09→107.1 for resveratrol, m/z 245.08→135.1 for piceatannol, m/z 455.15→107.1 for viniferin,
and m/z 257.12→133.1 for pterostilbene. Detailed data of metabolite fragmentation is provided as
Supplementary Material in file S1. The optimized transition for each specific compound constitute a
robust assay that can be used to quantify the target stilbenes in complex mixtures by MRM analysis.
The estimated concentration of standard stilbene solutions were calculated, results are shown in
Supplementary Material file S1.

In order to explore the linear dynamic range of the instrument’s response and the limits
of detection (LOD) and quantification (LOQ) for each stilbene, serial dilutions of the standard
mixture covering several orders of magnitude were analyzed with the MRM method and results
are summarized in Table 1 and Tables S1–S5 in Supplementary Material, file S2. Linear relationship
between peak area and concentration was calculated for all the stilbenes, considering only the peaks
corresponding to trans isomers. At high concentrations of stilbenoids a loss of linearity was apparent,
holding linearity up to 40 mg/L for piceid and pterostilbene, 50 mg/L for Resveratrol and 160 mg/L for
piceatannol and ε-viniferin. The response of the detector was linear over ca. three orders of magnitude
on average for the set of stilbenes analyzed. To determine LOD and LOQ the signal-to-noise ratio was
used establishing rather conservative cut-off values. The LOD ranged from 0.04 to 0.12 mg/L and the
LOQ from 0.07 to 0.22 mg/L.

2.4. Examples of Applications of the Optimized Method

In order to validate the applicability of the MRM method developed we carried out stilbene
analysis in different experimental scenarios. On the one hand, we applied the method to the analysis
of stilbenes extracted from grapevine cell cultures. V. vinifera cell cultures might produce some of
these five stilbenes incubated either in normal growth medium or under elicitation conditions [38].
To that, several samples of methanolic extracts of elicited cell cultures of V. vinifera were used for
the applications of the method in complex mixtures. Use of external calibration curves with three
levels of standards enable the detection and quantification of all stilbenes assayed with the exception
of pterostilbene, which was absent in this sample. The quantifier transition chromatogram for each
stilbene detected is shown in Figure 3 and the calculated concentrations are in Table 2. As expected,
trans-R was the most abundant stilbene produced by V. vinifera under elicitation, but others including
piceid, piceatannol, and ε-viniferin were also present at significant levels.

Table 2. Quantitation of stilbenes in V. vinifera cell culture extracts upon elicitation.

Compound
Concentration (mg/L) in

Extract #1 Extract #2 Extract #3

Piceid 10.92 14.07 16.35
Resveratrol 46.93 62.24 50.82
Piceatannol 1.44 1.46 1.38
ε-Viniferin 1.48 0.93 0.11

Pteroestilbene n.d. n.d. n.d.
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Figure 3. Quantitation of stilbenes from V. vinifera cell cultures upon elicitation. Transition chromatograms
for each compound are shown. Blank is methanol, 80%.

On the other hand, the method was applied to follow the enzymatic assay of bioconversion of
trans-R through an hydroxylation reaction into a tetrahydroxystilbene [39]. A solution of trans-R
standard and NADPH substrates was incubated in the presence of a protein crude extract from
grapevine cell cultures. Stilbene reaction products after one hour incubation, as well as residual trans-R
substrate, was extracted and analyzed with the developed method. As shown in Figure 4A, trans-R
peak decreased in abundance at the time a new peak at the same retention time as trans-Piceatannol
appeared, thus confirming that grapevine cell extracts have resveratrol hydroxylation activity.

Figure 4. Bioconversion of trans-Resveratrol to trans-Piceatannol. (A) Resveratrol transition chromatogram;
and (B) piceatannol transition chromatogram.
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Eventually, red wine samples were analyzed using the MRM method in order to detect and
quantify the absolute amount of the five targeted stilbenes in this highly complex matrix. To reduce
interferences and increase sensitivity of the assay, stilbenes from both spiked and non-spiked samples
were recovered by solid phase extraction [40]. However, the resulting sample is still highly complex as
evidenced by an HPLC-UV analysis (Figure S2) in conditions described by Martinez-Esteso et al. [5].
As shown in Figure 5, out of the five stilbenes analyzed, piceid, resveratrol and ε-viniferin were present,
but only their respective trans isomers were quantified (Table 3). In addition, their cis isomers as well
as other viniferins were also present and, presumably, in higher amounts as judged by the intensity of
their corresponding transition peaks, but the lack of standards precluded their absolute quantification.

Figure 5. Quantitation of stilbenes in red wine extract and in the same red wine extract spiked with a
standard stilbene mixture. Transition chromatograms for each compound are shown.

Table 3. Quantitation of stilbenes in red wine extract.

t-Piceid (mg/L)
t-Resveratrol

(mg/L)
t-Piceatannol

(mg/L)
ε-Viniferin

(mg/L)
t-Pterostilbene

(mg/L)

wine 0.826 0.281 n.d. 0.014 n.d.
S/N 140.24 60.86 0.93 15.6 1.67

n.d. Not detected; S/N Signal-to-Noise.

Although the quantitation limits of the stilbenes in this method can be above the existing amount
in wines, the protocol used for sample preparation combining solid phase extraction, leading to 33-fold
concentration, and several calibration points of standard spiking allows for the confident analysis of
concentrations in wine well below LOQ, as is the case for ε-viniferin.

3. Discussion

In the context of the occurrence of bioactive stilbenes in natural sources, a liquid
chromatography-based effective methodology to analyze both qualitatively and quantitatively the
content of these compounds in different matrices is necessary. The way towards efficient analytical
methods of polyphenols has been focused in making both a more efficient chromatographic separation
and a more specific detection system. Thus, we have currently arrived to UHPLC, that lead to sharp
peak resolution in short runs, and mass detectors, from which the triple quadrupole (QqQ) operated
in SRM/MRM mode offers the highest specificity, excellent sensitivity and an extreme multiplexing
capacity. Overall benefits involve a significant reduction of the analysis time and, thus, of costs.
Using HPLC-MS/MS stilbenes from elicited grapevine cell cultures were qualitatively analyzed,
detecting up to 20 different compounds in ca. 30 min chromatographic runs [33]. There also currently
exist UHPLC-MRM methods focused on stilbenes [41], however these were specifically designed
to analyze resveratrol and piceid metabolites in urine bearing negatively-charged groups such as
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glucuronides and sulfates derived from phase II reactions. Recent examples of the application of
UHPLC-QqQ to the analysis of polyphenols in specific matrices, as rose wine [37] or several fruits
and beverages [42], have extensively demonstrated these capacities. Trying to exploit these capacities
to extreme has led to develop the simultaneous assay of 152 different polyphenols in non-processed
samples of rose wine [37], but this remarkable achievement was done at the cost of longer time of
analysis, introduction of quantitative uncertainty and loss of specificity for some compounds which
include stilbenes. In particular, the trans and cis configurations of resveratrol, piceid and two viniferin
isomers of unknown configuration included in such analysis eluted between 12 and 18 min. The short
availability of polyphenolic standards and, in particular, most of the cis isomers of stilbenes, precludes
the direct quantification of these configurations. The similarity between cis and trans fragmentation
spectrum allows their easy detection with the major transitions of the trans standards, as seen in
UV-exposed standard mix (Figure 2), but the different relative abundance of fragment ions introduces
uncertainty in their absolute quantitation. By means of an extensive UV exposition we intended
to quantitatively generate the corresponding cis standards but the appearance of new peaks from
almost every compound revealed that such trans/cis photoisomerization is not quantitative as the
reaction may proceed to generate other isomers [43], so we have not performed cis-isomer quantitation.
The same is true for the diversity of viniferins resulting from the coupling of two resveratrol units
producing several dehydrodimers [44] that, in turn, may also have trans and cis configurations.
In-source fragmentation is frequently occurring in glucoside and galactoside derivatives of phenolic
compounds as syringetin [42] or piceid seen here. This phenomenon lead to detect aglycone at the
retention time of the glycosylated form, in addition to the aglycone at its own retention time. Although
we tried to avoid this phenomenon through source parameters optimization, only an improvement
of the piceid signal was achieved, perhaps because a key parameter of the ion source to attain such
goal, i.e., the fragmentor voltage [45], is fixed for this instrument. For MRM detection, co-elution of
analytes is not generally a problem unless these are detected by the same transitions, as is the case for
the glycosylated cis-Piceid and the aglycone trans-Resveratrol due to the in-source fragmentation of
the former, therefore co-elution has to be avoided. Quantitation of trans-Resveratrol, which has been
extensively performed in plant extracts, juices and especially wines during the last two decades for its
relevance as bioactive compound [46], might therefore be deeply affected by this issue. Although these
compounds co-eluted in most of the chromatographic conditions assayed here, we were eventually
able to establish the right conditions for a neat separation, becoming the first UHPLC-MRM method to
solve this problem, thus assigning each transition peak area to a unique stilbene compound. The use
of methanol as solvent in the mobile phase has been reported to increase considerably the response
when the instrument is operating in positive ionization mode (ESI+) [47]. In the most of methods to
determine and quantify polyphenols based on LC-MS or MS/MS [34,37,42,48–50], solvent B consisted
of acetonitrile or methanol, but here we achieved the best chromatographic resolution using a mixture
70:30 acetonitrile:methanol as solvent B.

As mentioned above, resveratrol dimers exist in diverse isomeric forms but only the
ε-trans-viniferin is commercialized as standard. The cis isomer was produced by UV exposition
and, conversely to the rest of cis isomers for the stilbenes included in this study, it eluted earlier than
the trans (Figure 2). This has some implications on the tentative assignment of structural variants of
these compounds in complex samples i.e., wine, when no standards are available. In previous studies
using HPLC coupled to an ion trap mass spectrometer we found several viniferin dimers eluting
between resveratrol and pterostilbene standards [5,32], thus, the gap between ε-trans-viniferin and
pterostilbene in the current method is not worthy to shorten as complex samples may contain these
isomers, as can be seen in Figure 5.

MRM has proven to be a successful technique for detection and quantitation of target metabolites.
The set of transitions selected for each stilbene show a high specificity, and allow both their
determination and quantitation in an efficient manner in the standard mixture. Although we monitored
all of them only the most intense transition was used as the quantifier, and the peak area of it and the
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nominal concentration was used to construct the calibration curves for each compound. The limit of
quantitation (LOQ) and limit of detection (LOD) were based on the S/N of standards and the values,
in the tens of μg/L range, were well below the levels typically described for these compounds, above
the hundreds of μg/L range. Only pterostilbene can be a scarcer compound in biological samples as
its accumulation in grapevine tissues occurs locally and in response to pathogen infection [51], and
even in engineered cell lines its cytotoxicity and fast degradation precludes its high accumulation [38].
The response of the detector was linear over ca. three orders of magnitude, thus covering the levels
found in the majority of matrices. In this way, target stilbenes could be quantitatively analyzed in
different types of samples, including grapevine cell extracts, bioconversion reaction media, and wine.

In conclusion, major achievements of the analytical method developed include a higher analysis
throughput by means of a significant shortage of chromatographic runs and a higher specificity and
accuracy provided by a good separation of compounds detected with the same transitions. Focusing on
the particular family of stilbene compounds provides the analytical advantages over broad compound
coverage methods. Many studies were done in the past twenty years on resveratrol and piceid
content in natural sources, such as fruits, juices, and beverages, including wine, as well as cultures of
grapevine cells. There is a renewed interest in other stilbenes such as piceatannol and pterostilbene,
which show enhanced pharmacological and pharmacodynamical properties with respect to its relative
resveratrol and, oligomers of resveratrol begin to being explored as neuroprotecting compounds [52].
The number of compounds quantifiable with this method may increase as new stilbenes become
available as standards.

4. Materials and Methods

4.1. MRM Method Optimization

4.1.1. Chemicals and Reagents

Trans-Resveratrol, trans-Piceid, and trans-Pterostilbene standards were supplied by Chromadex
(Irvine, CA, USA); trans-ε-Viniferin from Actichem (Mountaban, France) and trans-Piceatannol were
from Cayman Chemical Company (Ann Arbor, MI, USA). Thermo Fisher scientific (Waltham, MA,
USA) supplied formic acid, acetonitrile, water, methanol, and trifluoroacetic acid of LC-MS grade.

4.1.2. Preparation of Standard Solutions

Stock solutions of each individual standard stilbene were prepared in 80% methanol, resveratrol
(500 mg/L), piceid (400 mg/mL), piceatannol (160 mg/mL), ε-viniferin (800 mg/mL), and pterostilbene
(400 mg/mL). These stock solutions were used to prepare a mixture containing the following
concentration of standards: resveratrol (50 mg/L), piceid (40 mg/mL), piceatannol (90 mg/mL),
ε-viniferin (90 mg/mL), and pterostilbene (40 mg/mL). Dilutions of either pure of mixed standards
were carried out in 80% methanol. To generate cis-isomers of the standards, the stilbene mixture was
exposed to UV light using a germicide lamp for 3 h (short exposition) or 24 h (prolonged exposition).

4.1.3. Chromatography and Mass Conditions

LC-MS analysis were performed in an Agilent 1290 Infinity UHPLC coupled to an Agilent
6490 triple quadrupole mass spectrometer through an Agilent Jet Stream® ion source (Agilent,
Santa Clara, CA, USA). Separation of analytes was performed on a Zorbax Extended C18 column
(2.1 microns × 50 mm, 1.8 μm; 1200 bar maximal pressure; Agilent, Santa Clara, CA, USA).
In optimized conditions the mobile phase consisted in solvent A (0.05% trifluoroacetic acid) and
solvent B (acetonitrile:methanol 70:30 with 0.05% trifluoroacetic acid) using the following gradient:
0 min 35% B. 2 min 35% B, 2.3 min 36.4% B, 3 min 37% B, 4 min 40% B, 5 min 65% B, 6 min 65% B at a
constant flow rate of 0.4 mL/min. Unless otherwise stated, injection volume was 1 μL.
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Multiple reaction monitoring (MRM) analysis mode was used to monitor the transitions from
precursor ions to dominant product ions. Several specific transitions were used to determine each
compound, and the most intense transition was used for the quantitation (quantifier transition).
The optimized source parameters were: capilar voltage 3 kV, gas curtain temperature 300 ◦C, gas
flow 12 L/min, cell acceleration voltage 2 V, a nebulizer (40 psi). For each transition, the collision
energy applied was optimized in order to detect the greatest possible intensity. Dwell time 20 ms. Data
acquisition was performed with the software Mass Hunter Workstation Quantitative Analysis version
B06 SP01 (Agilent, Santa Clara, CA, USA).

4.1.4. Calibration Curves and Lower Limit of Quantitation

Method validation was performed by studying the linear dynamic range, precision of the analysis,
and limit of detection (LOD) and quantitation (LOQ) for the standard compounds. The linear dynamic
range was evaluated using serial dilutions of standard stock solutions and plotting the peak area of
the quantifier transition of each stilbene vs. the nominal concentration of each corresponding standard
compound. The upper linear response was determined by fitting the data starting at a moderately
low concentration (from 0.2 to 1.6 mg/L depending on the compound) to a straight line by linear
regression analysis method. High concentration data were removed until R2 ≥ 0.99. The LODs and
LOQs were established for each compound as the concentration of standard providing a signal to noise
ratio ≥5 and ≥10, respectively. For the construction of calibration curves of individual stilbenes, serial
dilutions from the standard mix solution were performed. The volume injected is the same as the one
mentioned above.

4.2. Method Applications

4.2.1. Analysis and Quantitation of Stilbenes Produced by V. vinifera Cell Culture Upon Elicitation

Vitis vinifera cv. Gamay cell cultures were handled and subjected to elicitation as described in [2].
Samples of stilbenes from the extracellular medium and from cells were prepared as described in [5].
One μL aliquot was injected for LC-MS MRM analysis.

4.2.2. Biotransformation Assays

Crude protein extracts were prepared from elicited V. vinifera cv. Gamay cell cultures as described
in [6]. Resveratrol hydroxylation reaction was assayed as described in [39,53]. The reaction mixture
contained 0.2 mM of trans-R delivered in DMSO (Fluka Chemika-Sigma Aldrich, St. Louis, MO, USA),
1 mM ascorbic acid, 1 mM NADPH, and 100 mM potassium phosphate buffer, pH 7.4, and started by
adding 50 μL of protein extract to complete a final volume of 1 mL. The reaction mixture was incubated
for 1 h at 37 ◦C in the dark and terminated by the addition of 0.5 mL ethyl acetate to extract stilbenoids
twice. The solvent was evaporated in a Speed-vac (Eppendorff, Hamburg, Germany) and the solid
residue resuspended in 0.2 mL 80% methanol. One μL of reaction medium extract was injected for
UHPLC-MS MRM analysis under the optimized conditions.

Absolute concentration of stilbenes in real samples of cell extracts and enzymatic reaction
extract was determined using an external calibration curve performed with three levels of standards
in duplicate.

4.2.3. Analysis and Quantitation of Stilbenes in Red Wine

Red wine (80% Cabernet Sauvignon and 20% Alicante Bouschet), used in this study was elaborated
during the 2012 vintage in a local wine cellar and the analyzed sample was taken right after the alcoholic
fermentation and then clarified by centrifugation at 10,000× g for 20 min. Wine samples of 2 mL
were extracted by solid phase according to Kallithraka et al. [40]. After that, extracted stilbenes were
evaporated at 30 ◦C in a Speed-Vac centrifuge (Eppendorff, Hamburg, Germany), resuspended in
60 μL methanol 80% and stored at −20 ◦C until analysis. One μL of sample extract was injected
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for UHPLC-MS MRM analysis under the optimized conditions. To minimize the effects of sample
preparation on analysis, a sample of wine was spiked with the standard mix, four serial dilutions were
prepared by mixing the spiked sample with fresh wine before proceeding to solid phase extraction.
A non-spiked wine aliquot was extracted in parallel. Then, concentration of the standard added
to the wine sample was plotted against the measured peak area of the quantifier transition of the
extracted sample. In this way the percentage of stilbene recovery from wine was obviated and the real
concentration of each stilbene compound is obtained from the intercept of the fitting straight line with
the standard concentration axis (A = Ao + F.C, where A is the peak area of any sample; Ao is the peak
area of the non-spiked sample, F is the response factor and C standard concentration), as shown in
Figure S1.

Supplementary Materials: The supplementary materials are available online.
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Abstract: Linarin (LA), luteolin (LE), chlorogenic acid (CA) and apigenin (AP) are four major
flavonoids with various promising bioactivities found in Compositae (COP) species. A reliable,
reproducible and accurate method for the simultaneous and quantitative determination of these four
major flavonoids by Ultra Performance Liquid Chromatography (UPLC) analysis was developed.
This method should be appropriate for the quality assurance of COP. The UPLC separation was
carried out using an octadecylsilane (ODS) Hypersil (2.1 mm × 250 mm, 1.9 μm) and a mobile phase
composed of acetonitrile and 0.1% formic acid in water at a flow rate 0.44 mL/min and ultraviolet
(UV) detection 254 nm. Gradient elution was employed. The method was precise, with relative
standard deviation below 3.0% and showed excellent linearity (R2 > 0.999). The recoveries for the
four flavonoids in COP were between 95.49%–106.23%. The average contents of LA, LE, CA and AP
in different parts (flower, leave and stem) of COP were between 0.64–1.47 g/100 g, 0.66–0.89 g/100 g,
0.32–0.52 g/100 g and 0.16–0.18 g/100 g, respectively. The method was accurate and reproducible
and it can provide a quantitative basis for quality control of COP.

Keywords: UPLC; linarin; luteolin; chlorogenic; apigenin; Compositae

1. Introduction

There is considerable recent evidence showing that free radicals induce oxidative damage to cause
pathological effects on humans, including DNA damage, aging, and cancer [1,2]. Recently, there has
been a global trend towards the using phenolic compounds extracted from fruits, vegetables, oilseeds,
and herbal plants [3,4].

Dietary foods contain a variety of free radical scavenging antioxidants, such as phenolic compounds
(tocopherols, flavonoids, and phenolic acids) [5]. Plant phenols have free radical scavenging properties
due to their redox potential [6]. Phenolic compounds are commonly found in both edible and inedible
plants, and have been reported to have multiple biological effects, including antioxidant activity.
The antioxidant activity of phenolic compounds is mainly caused by their redox properties, which
play an important role in adsorbing and neutralizing free radicals, by quenching singlet and triplet
oxygen or by forming peroxides. Antioxidants are also of immense interest to health professionals, as
they may help to protect the body against damage caused by reactive oxygen species (ROS) [7].

Dried Compositae (COP) flowers have traditionally been used in Korea for their anti-inflammatory
and antioxidant activity. Plants from the family COP have been reported to have anti-inflammatory,
antimicrobial, and antitumor properties [8–11]. Antioxidants are generally abundant in polyphenolic
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substances. The known major flavones present in COP plants are apigenin, acacetin, luteolin, diosmetin,
eriodictyol, chlorogenic acid, and linarin [12,13]. Therefore, in the current study linarin, luteolin,
chlorogenic acid, and apigenin were selected as the key compounds for extraction.

Method validation of analytical tests is conducted to ensure that the methodology is accurate,
specific, reproducible, and robust over the specified range of analysis. Method validation provides
an assurance of reliability during normal use, sometimes referred to as “the process of providing
documented evidence that the method does what it is intended to do” [14]. Many validation methods
including high-performance liquid chromatography (HPLC) [15], mass spectrometry (MS) [16], and
capillary electrophoresis (CE) [17] have been used in the qualitative or quantitative analysis of
natural extract, drug candidates and processed food. Despite the availability of various analytical
techniques, currently there is an increasing demand for the fast and sensitive analysis of samples which
could reduce costs and achieve high sample throughput. Among them, Ultra Performance Liquid
Chromatography (UPLC) systems allow the use of small particle-packed columns with small diameter.
The particles are designed to be able to resist high pressures, in contrast to conventional HPLC [18].
For this reason, UPLC can give improvements in speed, resolution, rapid and sensitivity of analysis,
time savings, and solvent consumption compared to the previously used HPLC method [19]. Most of
these advantages may be attributed to moving from HPLC to UPLC.

On the basis of the International Conference on Harmonization guidelines [20], an UPLC analytical
method requires validation to confirm its linearity, recovery, and precision. In this study, a UPLC
method for the quantification of flavonoid compounds from different parts of COP plant products was
developed and validated for the first time. We show not only the validation of a reliable, fast, and easy
methodology for quantification of flavonoid compounds, but in addition, the antioxidant capacity of
the extracts was determined by 1,1-Diphenyl-2-picrylhydrazyl (DPPH) free radical-scavenging activity,
and the contents of total polyphenols and total flavonoids were determined for different parts of COP
plant products. Finally, the relationships between polyphenol and flavonoid contents and antioxidant
activity were explored.

2. Results

2.1. Structural Determination of Isolate Compounds

The four flavonoids were separated from a 1 g sample of a primrose small Compositae
(Kugya-sunjong, Table 1, Entry 13) methanol leaves extract by Sephadex LH-20 column
chromatography to obtain chlorogenic acid (CA) (10.3 mg), luteolin (LE) (11.8 mg) apigenin (AP)
(8.2 mg) and linarin (LA) (9.2 mg) (Figure 1). These compounds were identified by comparing their
1H- and 13C-NMR spectra and NMR correlation spectra such as correlation spectroscopy (COSY),
heteronuclear multiple bond correlation (HMBC) and heteronuclear multiple quantum correlation
(HMQC) with previously reported data [21,22].

Table 1. List of Compositae family samples.

Entry
Plant Species

Name Scientific Name

1 Double flower Compositae (Kugya-baekcheon) Chrysanthemum morifolium variants
2 Red Korean Compositae (Kugya-seonnyeo) Chrysanthemum morifolium variants
3 Dark red Compositae (Kugya-jinju) Chrysanthemum morifolium variants
4 Pink Compositae (Kugya-dowon) Chrysanthemum morifolium variants
5 Yellow short Compositae (Kugya-hana) Chrysanthemum morifolium variants
6 Red Compositae (Kugya-myungseong) Chrysanthemum morifolium variants
7 Yellow small Compositae (Kugya-baram) Chrysanthemum morifolium variants
8 White double Compositae (Kugya-cheonsa) Chrysanthemum morifolium variants
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Table 1. Cont.

Entry
Plant Species

Name Scientific Name

9 Dark yellow Compositae (Kugya-gyeongjin) Chrysanthemum morifolium variants
10 White short Compositae (Kugya-somang) Chrysanthemum morifolium variants
11 Yellow Compositae (Kugya-kughang) Chrysanthemum morifolium variants
12 White Compositae (Kugya-sinsun) Chrysanthemum indicum variants
13 Primrose small Compositae (Kugya-sunjong) Chrysanthemum indicum variants
14 Primrose short Compositae (Kugya-gamhea) Chrysanthemum indicum variants
15 Yellow large Compositae (Kugya-gamthae) Chrysanthemum indicum variants
16 White small Compositae (Kugya-sulwha) Chrysanthemum indicum variants
17 Primrose Compositae (Kugya-sunjeong) Chrysanthemum indicum variants
18 Yellow lanugo Compositae (Kugya-gumi) Chrysanthemum zawadskii var. latilobum
19 White lanugo Compositae (Kugya-baekhae) Aster sphathulifolius Maxim
20 Makino Compositae (Kugya-makino) Dendranthema makinoi (Matsum)

Figure 1. Chemical structures of chlorogenic acid, linarin, apigenin and luteolin.

2.2. Optimization of UPLC Conditions

The effectiveness of the UPLC separation was tested using the four flavonoids isolated from Entry
13. The gradient elution profile was optimized to obtain the highest resolution of four flavonoids
and the shortest time of the analysis. Two solvents in a mobile phase 0.1% formic acid (FA) in water
(solvent A) and acetonitrile (ACN) (solvent B), were selected and run according to the programmed
gradient elution.

Under the chromatographic conditions of the current experiment, the addition of 0.1% FA in
water increased the resolution of the peaks. Unfortunately, neither isocratic elution nor gradient
elution resulted in good chromatographic separation of LA and AP. Temperature was then used in
this study. It was found that when the column temperature was maintained at 45 ◦C, it produced
a good chromatographic peak. The wavelength for detection was tested at 254, 280, and 360 nm.
The wavelength for detection was then set at 254 nm, which is where the four flavonoids showed the
maximum absorption, as measured by a diode array detector (DAD). Therefore, the best resolution of
all the peaks was obtained using a gradient of the mobile phase consisting of ACN and 0.1% FA in water
within 14 min. The retention times of CA, LA, AP, and LE were 2.8, 7.7, 8.7, and 10.3 min (Figure 2).
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Figure 2. Ultra Performance Liquid Chromatography (UPLC) chromatogram of Compositae (Entry
13 in Table 1, (A)) and standard mixtures of the isolated compounds (1: chlorogenic acid; 2: linarin;
3: apigenin and 4: luteolin, (B)). mAU: miliabsorbance units.

2.3. Linearity

Serially diluted solutions of the four flavonoids prepared in the range of 1, 10, 25, 50 and
100 μg/mL were injected into the UPLC, and calibration curve equations were calculated. As shown
in Table 2, Linearity (R2) showed a correlation higher than of 0.999, with the linear ranges
also being determined. The detection and quantification limits for CA, LA, AP, and LT at the
signal-to-noise ratio of the four flavonoids were 0.38, 0.13, 0.11, 0.26 μg/mL−1 and 1.15, 0.41, 0.35,
0.79 μg/mL−1, respectively.

Table 2. Statistical analysis for the calibration curves of four flavonoids (n = 3).

Compound Slope Intercept R2 a LOD b LOQ c

Linarin 4600.44 ± 73.86 −9.71 ± 1.89 0.999 0.13 0.41
Luteolin 6829.50 ± 185.08 −107.54 ± 54.17 0.999 0.26 0.79

Chlorogenic acid 3400.03 ± 51.41 −5.01 ± 3.92 0.999 0.38 1.15
Apigenin 5614.93 ± 56.57 16.26 ± 2.01 0.999 0.11 0.35

a R2, correlation coefficient for the 5 data points in the calibration curves (n = 3); b LOD, limit of detection
(μg/mL−1, Signal to noise (S/N) = 3); c LOQ, limit of quantification (μg/mL−1, S/N = 10).

2.4. Precision

Intra-day and inter-day variability was used to validate the precision of the UPLC method.
To assess repeatability, four flavonoid standard solutions were injected three times at concentrations
of 2.5, 10, and 100 μg/mL onto the UPLC system, and relative standard deviation (RSD) values were
calculated for the retention time and peak area.

As shown in Tables 3 and 4, the intra-day and inter-day peak area of the RSD were LA < 1.68%,
LE < 1.87%, CA < 2.23%, and AP < 1.46%. The intra-day and inter-day retention time of the RSDs for
the different compounds were <0.65% for LA, <1.12% for LE, <0.35% for CA, and <0.1% for AP, with
an RSD of less than 3.0%.
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Table 3. Intra-day precision data for the retention time and peak area of four flavonoids.

Concentration
(μg/mL)

Intra-day Precision (n = 3)

Linarin Luteolin Chlorogenic Acid Apigenin

Rt a Area b Rt Area Rt Area Rt Area

100 0.07 1.56 0.20 0.60 0.25 1.70 0.08 0.94
10 0.23 1.47 0.13 2.15 0.24 0.45 0.04 1.53
2.5 0.01 1.68 0.24 1.87 0.38 2.23 0.05 1.46

a Relative standard deviation of retention time (Rt) (% RSD); b Relative standard deviation of peak area (% RSD).

Table 4. Inter-day precision data for the retention times and peak area of four flavonoids.

Concentration
(μg/mL)

Inter-Day Precision (n = 3)

Linarin Luteolin Chlorogenic Acid Apigenin

Rt a Area b Rt Area Rt Area Rt Area

100 0.65 0.29 1.12 0.68 0.35 0.86 0.10 1.77
10 0.61 1.47 0.12 2.21 0.29 1.20 0.03 1.38
2.5 0.06 1.38 0.33 2.34 0.09 2.04 0.08 2.05

a Relative standard deviation of retention time (% RSD); b Relative standard deviation of peak area (% RSD).

2.5. Accuracy (Recovery)

A recovery test was used to determine accuracy. The methanol extract was spiked with four
flavonoids to observe changes in the recovery rate (%). Accuracy was evaluated by measuring the mean
recovery (%) of four flavonoids from the spiked extract solution versus the non-spiked extract sample.
Each sample was analyzed three times, and the recovery rate was calculated by using the calibration
curve obtained from the results of linearity test. The accuracy was determined for the different
compounds, where LA had an accuracy of 99.12% ± 0.90%, LE 95.49% ± 0.23, CA 103.07% ± 0.36%,
and AP 106.23% ± 0.33% (Table 5).

Table 5. Recovery data of four flavonoids.

Compounds
Original

Amount (μg)
Spiked

Amount (μg)
Determined
Amount (μg)

Recovery
(%, Mean ± RSD, n = 3)

Linarin 13.91 9.80 23.49 99.12 ± 0.90
Luteolin 6.29 9.80 15.37 95.49 ± 0.23

Chlorogenic acid 4.19 9.50 14.12 103.07 ± 0.36
Apigenin 3.02 9.70 13.49 106.23 ± 0.33

2.6. Quantification of the Four Compounds, Total Polyphenol Content, Total Flavonoid Content and
Antioxidant Activity

Relatively high contents of LA, LE, and CA was observed from (Table 6): flowers of 10 and 18 COP
(1.37 and 1.38 g/100 g), leaves of 6 and 11 COP (3.52 and 3.51 g/100 g), stems of 6 and 16 COP (1.53 and
1.27 g/100 g) of LA and flowers of 6, 9 and 10 COP (1.49, 1.55 and 1.64 g/100 g), leaves of 8, 11, 13 and
17 COP (1.36, 1.17, 1.31 and 1.39 g/100 g), of LE and flowers of 14 and 20 COP (1.02 and 1.02 g/100 g),
leaves of 17 COP (2.55 g/100 g), of CA, respectively.
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The leaf extracts contained more LA than the other plant parts. The following order of average
LA content was observed: leaf (1.47 g/100 g) > stem (0.65 g/100 g) > flower (0.64 g/100 g). LE content
showed the following order: flower (0.89 g/100 g) > leaf (0.66 g/100 g). LE was not observed in the
stems. The average CA content had the following order: leaf (0.69 g/100 g) > stem (0.52 g/100 g) >
flower (0.32 g/100 g). The average AP content was similar in both the leaves (0.18 g/100 g) and the
flowers (0.16 g/100 g), but AP was not observed in the stem.

The content of the various compounds did not vary according to cultivar/breed. Total polyphenol
content (TPC) and total flavonoid content (TFC) of different plant parts of the 20 COP are shown in
Table 7. The TPC of 20 COP was determined using a linear gallic acid standard curve. The TPC of
the 20 COP ranged from 0.31 to 6.78 g gallic acid equivalents (GAE)/100 g, with lower values being
obtained from the stems, while the higher values were obtained from the flowers and leaves. The TFC
of 20 COP was determined using a linear catechin standard. The TFC of the 20 COP ranged from 0.25
to 10.45 g catechin equivalents (CE)/100 g. The TFC of some leaves was higher than the content of
flowers; however, most leaves had a lower content than the flowers. It has been previously reported
that the TPC and TFC of Chrysanthemum indicum L. flower was 2.80 g/100 g and 1.89 g/100 g [23].

The different plant parts of the 20 COP had different antioxidant activity levels, as shown in Table 7.
The methanol extract of the different plant parts of the 20 COP were initially evaluated for antioxidant
activity at concentration of 1 mg/mL using the DPPH free radical scavenging test system. The plant
extracts were derived from the flower, leaf and stem parts, which inhibited antioxidant activity by
8.17%–92.47%, 15.12%–91.17%, and 9.61%–88.2%. The flower parts of Red COP (Kugya-myungseong,
Entry 6) exhibited the highest antioxidant activity: 92.47%. Antioxidant activity was significantly
correlated with TPC and TFC (R2 = 0.681 and 0.781, respectively; Figure 3). Previous studies have
reported strong relationships for antioxidant activity with TPC and TFC in several fruits, vegetables,
and grain products [12]. The antioxidant activity was shown to be significantly correlated with TPC
and TFC (R2 = 0.681 and 0.781, respectively).

Figure 3. Correlation coefficients of antioxidant activity with total polyphenol (A) and total flavonoid
content (B) in different parts of Compositae.
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3. Discussion

Quality assurance (QA) and quality control (QC) are very important and a suitable analytical
method is needed to enable producers to check raw materials, processed foods and plant extracts.
The developed UPLC method offers advantages over those previously reported using conventional
liquid chromatography by showing a faster chromatographic total run time and better chromatographic
performance. Since a high number of samples are needed for QA/QC analysis, the very fast UPLC
separation combined with an adequate efficiency described in this work allows the application of the
method for routine analysis. The applicability of our method was finally verified by using different
parts of 20 COP. Extract stock solutions (10 μg/mL) were analyzed in order to evaluate peak separation
and method suitability. Figure 2 showed the resulting chromatograms, where separation was highly
satisfactory in all the samples.

The UPLC-DAD method developed in this study was applied, for the first time, to the quantitative
analysis of the flavonoids identified in the different parts of COP methanol extracts. A weighed amount
(10.0 mg) of dried methanol extract of the different parts of COP plant products was dissolved in 1.0 mL
of methanol and filtered through a 0.45 μm filter before analysis. The external standard calibration
curve of four flavonoids was generated by using five data points and injections were performed in
triplicate for each concentration level (injection volume: 10 μL). In addition, the calibration curve
was obtained by plotting the peak area of the compound at each level versus the concentration of
the samples and the amount of the four flavonoids in sample extracts was determined by using
the calibration curves of the compounds. Our analytical method was applied to simultaneous
determination of the four flavonoids in the sample extracts. In Table 6, the flavonoid contents were
expressed as g/100 g (dried material). The contents of LA, LE, CA and AP were in the following
ranges: LA of 0.16–1.37 (flower), 0.10–3.52 (leave), 0.23–1.53 (stem) g/100 g; LE of 0.25–1.64 (flower),
0.23–1.39 (leave) g/100 g; CA of 0.14–1.02 (flower), 0.20–2.55 (leave), 0.13–0.55 (stem) g/100 g; AP of
0.02–0.27 (flower), 0.01–0.46 (leave) g/100 g dried material, respectively.

The limit of detection (LOD) values of LA, LT, CA and AP were 0.13, 0.26, 0.38 and 0.11 μg/mL−1,
respectively, and the limit of quantification (LOQ) values were 0.41 (LA), 0.79 (LT), 1.15 (CA) and
0.35 (AP) μg/mL−1 (Table 2). The LOD and LOQ values obtained for the standard compounds indicate
a suitable sensitivity of the UPLC-DAD method proposed for the analysis of sample extracts. However,
LE and AP contents were under the LOQ value in stem.

Leaves had a generally higher content of the four flavonoids (0.18–1.47 g/100 g) than flowers
(0.16–0.89 g/100 g), whereas, stems had the lower contents of the four flavonoids (0.32–0.65 g/100 g)
and LE and AP were not detected. On the other hand, the COP samples showed considerable
differences in antioxidant activity over a 32.97%–54.20% range. We suggest that antioxidant activity
was changed by the TPC and TFC. Among them, Entry 6 flowers showed strong antioxidant activity of
92.47% (TFC: 10.45 g/100 g; TPC: 5.00 g/100 g), but leaves and stems of Entry 6 showed lower activities
with 36.65 (TFC: 5.26 g/100 g; TPC: 2.64 g/100 g) and 45.65% (TFC: 1.75 g/100 g; TPC: 1.91 g/100 g).
In addition, Entry 17 leaves and stems had strong inhibition of 90.94% (TFC: 10.22 g/100 g; TPC:
6.78 g/100 g) and 88.20% (TFC: 6.45 g/100 g; TPC: 3.21 g/100 g), more than flowers 27.47% (TFC:
2.22 g/100 g; TPC: 1.46 g/100 g). Similarly, Entry 3, 10, 16 and 20 showed relatively high antioxidant
activity; all of these samples also contained above average levels of TFC and TPC. The TFC-rich
samples generally showed very strong activities with high TPC. Antioxidant activity was significantly
correlated with TPC and TFC.

HPLC including the MS method allows the separation of most constituents, but there are several
problems in applying this method to natural extracts: resolution is often incomplete, the analysis
time too long and costly, and chromatographic performance quickly deteriorates [20]. Previously
Zhang et al. reported on a rapid quantitative determination of andrographolide, neoandrographolide,
14-deoxyandrographolide and 14-deoxyl-11,12-didehydroandrographolide in Andrographis paniculata
extract by reverse phase UPLC and gradient elution using ACN-water as mobile phase (0–2 min,
20%–25% ACN (A); 2–5 min, 25%–35% A; 5–7 min, 35% A; 7–10 min, 35%–55% A) at a flow rate of
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0.5 min/mL, detecting wavelength at 220 nm [24]. Li et al. reported the development and validation
of a UPLC method for the simultaneous quantification of five flavonoids (baicalin, wogonoside,
baicalein, wogonin and oroxylin) in Scutellariae Radix [25]. Wang et al. also reported a UPLC
quantification of LE, rutin, quercetin and betulinic acid in an extract of Disporopsis pernyi (Hua)
Diels with more than 30 min of run time and a gradient elution with a mobile phase of ACN and
water containing 0.1% FA in water and with a flow rate of 0.2 mL/min, with detection at 210, 254, and
280 nm [26]. In addition, Miranda et al. were to develop and validate a novel UPLC-DAD method for
simultaneously quantifying chloroquine and primaquine in tablet formulations [27] and UPLC was
completely validated and successfully applied to the pharmacokinetic and bioavailability study after
sublingual vein and oral administration of corilagin to rats by Zheng et al. [19].

Our UPLC method represents an excellent technique for the simultaneous determination of LA,
LE, CA and AP in COP with good sensitivity, accuracy, precision, and linearity. The method gives
a good resolution of the four flavonoids with a short analysis run time (14 min). The UPLC method
can be used as quality control of polyphenolic constituents in COP and can serve as a reference role for
the determination of constituents in natural sources, drug candidate and pharmaceutical preparations.

4. Materials and Methods

4.1. General Experimental Procedures

UPLC was performed using an Accela UPLC system (Accela 1250, Thermo, Boston, MA,
USA). 1H- and 13C-NMR spectra and correlation NMR spectra such as COSY, HMBC, HMQC, and
distortionless enhancement by polarization transfer (DEPT) were obtained from an Avance DPX
400 (or 600) spectrometer (Bruker, Berlin, Germany) for identification of the isolated compounds.
These were obtained at operating frequencies of 400 MHz (1H) and 100 (or 150) MHz (13C) with
CD3OD, (CD3)2SO, (CD3)2CO, or D2O and tetramethylsilane (TMS) was used as an internal standard.
DPPH was obtained from Sigma Chemical Co. (St. Louis, MO, USA). TPC and TFC were determined
using the Folin-Ciocalteu phenol reagent and aluminum chloride colorimetric from Sigma-Aldrich Co.
All solvents used in the analysis were HPLC grade obtained from J.T. Baker (Phillipsburg, NJ, USA).

4.2. Extraction and Isolation

Twenty COP plants (Table 1) were supplied by the “Kugya Farm” (Chuncheon, Korea). There were
11 variants of Chrysanthemum morifolium, six variants of Chrysanthemum indicum, one Aster sphathulifolius
Maxim, one Chrysanthemum zawadskii var. latilobum, and one Dendranthema makinoi. The fresh COP
plants were dried at 45 ◦C in a drying oven and then stored at room temperature. The dried COP
plants were then ground to less than 0.5-mm pieces by using a grinder (JL-500, Joy-life, Seoul, Korea).
Different plant parts of the dried COP (20 g) were extracted twice with methylene chloride (200 mL)
at room temperature, using a shaker for 24 h. Then, the residue was mixed for 24 h with methanol
(200 mL × 2). The filtrate was concentrated until dry under reduced pressure on a rotary evaporator
at 40 ◦C. The CA, LE, AP and LA from leaves of Entry 13 methanol extract were isolated by column
chromatography. Briefly, Entry 13 (1.0 g) was dissolved in methanol and loaded onto a Sephadex
LH-20 column and partitioned to obtain seven fractions. CA and LE were directly obtained from
fraction 1 and fraction 4, respectively. Fraction 5 was subsequently separated by a silica-gel column
eluted by a solvent mixture of methylene chloride and methanol (from 20:0 to 1:1, v/v) to obtain AP.
LA was purified from fraction 7 on a Sephadex LH-20 column eluted with 70% methanol.

4.3. UPLC Analysis

The samples were analyzed on a Thermo UPLC system (Accela 1250, Thermo). UPLC separation
was accomplished on an octadecylsilane (ODS) Hypersil column (2.1 mm × 250 mm, 1.9 μm, Thermo).
The mobile phase, consisting of ACN and 0.1% formic acid in water, was used at a flow rate of
0.44 mL/min. The gradient elution program was: 5%–15% ACN (B) (0–1 min), 15% B (1–4 min),
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15%–25% B (4–5 min), 25%–40% B (5–6 min), 40%–55% B (6–8 min), 55%–100% B (8–9 min), 100%
B (9–11 min), 100%–5% B (11–12 min), and 5% B (12–14 min). The injection volume was 5 μL, and
the detection wavelength was 254 nm. The column temperature was maintained at 45 ◦C using
a temperature controller.

4.4. Method Validation of Quantitative Analysis

Following the specifications of the International Conference on Harmonization guidelines, the
analytical method was validated by determining the linearity, LOD, and LOQ, precision, repeatability,
and accuracy for each analyte.

4.5. Linearity

Linearity was examined using four flavonoid solutions. The four flavonoids were dissolved
in methanol to prepare the standard solutions. Five different concentration of standard solutions
dissolved in methanol were prepared at a range of 1, 10, 25, 50 and 100 μg/mL by the serial dilution
method. The linearity of the calibration curves was determined by plotting the mean peak area (y-axis)
versus concentration (x-axis) for each analyte in this range.

4.6. Limit of Detection and Limit of Quantification

After injecting an aliquot (10 μL) of the serial dilutions of 5 individual standard solutions, the
LODs and LOQs under the selected UPLC method were determined at signal to noise (S/N) ratios of 3
and 10, respectively.

4.7. Precision and Accuracy

Intra- and inter-day variability of the COP extracts were measured to validate the precision.
Intra-day variability was determined by analyzing the samples within 24 h. The solutions were
injected 3 times, and the RSD value was calculated for the concentration of each analyte in the extract,
and was assumed to represent the measure of precision. Each sample was injected three times a day
on three consecutive days to assess inter-day variability. Accuracy was evaluated in a recovery test
by calculating the mean recovery (%) of the four flavonoids from a spiked extract solution versus an
unspiked extract sample.

4.8. DPPH Assay

The stable free radical was used to determine the free radical-scavenging activity of the
extracts [28]. Briefly, a 0.32-mM solution of DPPH in methanol was prepared, and then 180 μL
of this solution was mixed with 30 μL of each sample (crude extract) at concentrations of 1 mg/mL
in methanol. After 15 min incubation in the dark, the decrease in the absorbance of the solution
was measured at 570 nm on a microplate reader (EL800 Universal Microplate reader, Bio-Tek
Instruments, Inc., Winooski, VT, USA). DPPH inhibitory activity was expressed as the percentage
inhibition (%) of DPPH in the above assay system, and was calculated as (1 − B/A) × 100, where A
and B are the activities of DPPH without and with the test material, respectively.

4.9. Determination of Total Polyphenol Content

The TPC content of different parts of COP plants were determined by using the Folin-Ciocalteu
reagent, according to the association of official analytical chemists (AOAC) Folin-Ciocalteu method [29].
An aliquot (25 μL) of samples (1 mg/mL) or standard solution of gallic acid (0.05, 0.1, 0.25, 0.5 and
1 mg/mL) was added to a 1.5 mL test tube, containing 75 μL of Folin-Ciocalteu reagent. After 5 min,
200 μL of 7% Na2CO3 solution was added to the mixture. After 5 min, 700 μL of distilled water was
added, and placed in the dark at room temperature for 60 min. The absorbance of all samples was
measured at 750 nm using an EL 800 Universal Microplate Reader (Bio-Tek Instruments, Inc.). The TPC
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of the COP extracts was expressed as g GAE/100 g dry weight. The reported data are the combined
results of the 3 replications.

4.10. Determination of Total Flavonoid Content

TFC of different parts of COP plants was determined by using the aluminum chloride colorimetric
method [30]. An aliquot (100 μL) of samples (1 mg/mL) or standard solution of catechin (0.05, 0.1,
0.25, 0.5, and 1 mg/mL) was added to an 1.5 mL test tube, containing 400 μL of D2O, with 30 μL of
5% NaNO2 being added to this mixture. After 5 min, 30 μL of 10% AlCl3 solution was added to the
mixture. The mixture was allowed to stand at room temperature for 6 min. 200 μL of 1 M NaOH
was added, and the total volume was made up to 1 mL with D2O. The absorbance of all samples was
measured at 510 nm using an EL 800 Universal Microplate Reader (Bio-Tek Instruments, Inc.). The TFC
of the COP extracts was expressed as g CE/100 g dry weight. The reported data are the combined
results of three replications.

5. Conclusions

Four flavonoids which were isolated from COP, have been reported to exert many pharmacological
activities. A simple, accurate and rapid UPLC coupled to DAD method has been developed to quantify
these four flavonoids in COP. The method was successfully validated. To the best of our knowledge, it
is the first time that a UPLC gradient method has been applied to the simultaneous determination of
four flavonoids in the COP. The developed method offers advantages over those previously reported
using conventional liquid chromatography by showing a faster chromatographic total run time
(14 min) and better chromatographic performance: Separation was performed on a ODS Hypersil
(2.1 mm × 250 mm, 1.9 μm) column by using a mobile phase of ACN and water with 0.1% formic
acid (v/v), at a flow rate 0.44 mL/min. The method was validated in terms of selectivity, linearity,
accuracy, precision and recovery. Good linearity was observed over the investigated concentration
range (1–100 μg/mL), with correlation coefficient values greater than 0.99. The intra- and inter-day
precisions over the concentration range were between 1.46%–2.23% (RSD), and the accuracy was
between 95.49%–106.23%. In addition, LA, LE, CA and AP in different parts of COP were analyzed
between 0.64–1.47 g/100 g, 0.66–0.89 g/100 g, 0.32–0.52 g/100 g and 0.16–0.18 g/100 g, respectively.
Our results suggested that since a high number of samples are needed for quality control analysis, the
very fast UPLC separation combined with an adequate efficiency described in this work allows the
application of the method for routine and QA/QC analysis.
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Abstract: The detoxification of the phytoalexin brassinin to indole-3-carboxaldehyde and S-methyl
dithiocarbamate is catalyzed by brassinin oxidase (BOLm), an inducible fungal enzyme produced by
the plant pathogen Leptosphaeria maculans. Twenty-six substituted quinolines and isoquinolines are
synthesized and evaluated for antifungal activity against L. maculans and inhibition of BOLm. Eleven
compounds that inhibit BOLm activity are reported, of which 3-ethyl-6-phenylquinoline displays
the highest inhibitory effect. In general, substituted 3-phenylquinolines show significantly higher
inhibitory activities than the corresponding 2-phenylquinolines. Overall, these results indicate that
the quinoline scaffold is a good lead to design paldoxins (phytoalexin detoxification inhibitors) that
inhibit the detoxification of brassinin by L. maculans.

Keywords: antifungal; brassinin oxidase; camalexin; crucifer; Leptosphaeria maculans; paldoxin;
phenylquinoline; phytoalexin detoxification

1. Introduction

The conversion of the phytoalexin brassinin (1) to indole-3-carboxaldehyde (2) is catalyzed by
brassinin oxidase (BOLm), the only enzyme currently known to mediate the transformation of a
dithiocarbamate to an aldehyde [1,2]. This transformation is a detoxification process that eliminates
the toxophore S-methyl dithiocarbamate of brassinin to afford non-toxic products (Scheme 1).

 
Scheme 1. Detoxification of brassinin (1) by BOLm (Leptosphaeria maculans) and inhibitors camalexin
(3a), 5-methoxycamalexin (3b), brassilexin (4a) and 6-chlorobrassilexin (4b).

BOLm is an inducible phytoalexin detoxifying enzyme produced by a fungal pathogen of crucifer
crops (Leptosphaeria maculans (Desm.) Ces. et de Not., asexual stage Phoma lingam (Tode ex Fr.) Desm.)
that causes major epidemics worldwide. Brassinin (1) is a cruciferous phytoalexin produced by plants
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of the family Brassicaceae (common name crucifer), which include globally cultivated crops belonging
to the Brassica genus [3]. Brassica crops are of enormous importance worldwide as sources of oil,
food, feed, and fuel. Brassinin (1) is an important phytoalexin because it functions as antimicrobial
plant defense and as biosynthetic precursor of several phytoalexins; depletion of brassinin (1) through
detoxification is a pathogen’s strategy to weaken the defense system of brassicas [3]. In principle,
inhibition of such a detoxification transformation could allow brassinin (1) to build up in plant cells
and stop pathogen growth.

As part of a research program to devise sustainable methods to protect plants against
fungal infections, we are particularly interested in the development of paldoxins, i.e., phytoalexin
detoxification inhibitors [4]. Paldoxins of BOLm [5,6] are being considered as potential crop protectants
having a specific mechanism of action, the inhibition of brassinin detoxification by L. maculans [7].
The attraction of this approach lies in the possibility of exploiting paldoxins as selective fungal enzyme
inhibitors. It is anticipated that such selective inhibitors will display lower toxicity levels to the
encompassing ecosystem and thus are less likely to have a negative environmental impact than
conventional fungicides.

Particularly because BOLm has not been expressed in heterologous systems and only relatively
small quantities can be obtained using classic chromatographic techniques, in depth structural studies
have not been carried out. Consequently, since the tertiary structure of BOLm remains unknown and no
relevant model systems have been reported, the design of inhibitors of BOLm is an ongoing challenge.
Preliminary screening of a library of more than 80 synthetic brassinin analogues and isosteres, designed
by replacement of the dithiocarbamate group of 1 with carbamate, dithiocarbonate, urea, thiourea,
sulfamide, sulfonamide, dithiocarbazate, amide, and ester functionalities, plus replacement of the
indolyl moiety with naphthalenyl and phenyl, did not identify BOLm inhibitors [8]. Unexpectedly,
among several natural products, the phytoalexins camalexin (3a) [1] and brassilexin (4a) [5] were found
to inhibit BOLm. Upon optimization of both lead structures, inhibitors of BOLm more potent than
the parent compounds were obtained, 5-methoxycamalexin (3b) and 6-chlorobrassilexin (4b) became
the best competitive inhibitors of BOLm [7]. However, both 3b and 4b displayed stronger antifungal
activity, a characteristic less desirable in potential paldoxins due to potential toxicity to the plant and
surrounding living organisms. Hence, it is of interest to develop new scaffolds containing different
heterocyclic systems to establish structural correlations among BOLm inhibitors and their antifungal
activities against L. maculans. Herein, the inhibition of BOLm and the antifungal activities of a new
series of compounds having quinoline and isoquinoline skeletons are reported.

2. Results and Discussion

2.1. Design and Synthesis of Potential Inhibitors of BOLm

The most significant inhibitors of BOLm discovered to date are derived from indolyl containing
scaffolds, namely 5-methoxycamalexin (3b) and 6-chlorobrassilexin (4b) [7]. Quinolines are
monoazanaphthalenes that can be formally considered structural hybrids of indolyl and naphthalenyl
skeletons. For this reason, quinolines, and their structural isomers isoquinolines, are heterocyclic
scaffolds of interest to us as potential inhibitors of BOLm. A few quinoline derivatives currently
used as commercial agricultural fungicides include quinoxyfen and tebufloquin, which are known
to affect signal transduction pathways and the respiratory system, respectively [9], and tubulin
polymerization [10,11].
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Considering the above framework, the development of quinolines with a new mechanism of
action that targets specific fungal pathogens and offers selectivity is of great interest for crop protection.
Figure 1 shows the substituted quinolines and isoquinolines designed and synthesized for this purpose.

 

Figure 1. Quinolines 5a–8 and isoquinolines 9a–10b evaluated for inhibition of BOLm.

Syntheses of brassinin (1) [8], camalexin (3a) [12], and isoquinolines 8 [13] and 9a [13] were carried
out as previously reported. Chemical syntheses of new quinolines 6e, 7c–7e, 7g, improved syntheses
of known quinolines 5a–5f, 6a–6d, 6f, 7a, 7b and 7f and syntheses of new isoquinolines 9b, 9c and 10b

were carried out as described below.

2.1.1. Quinolines

Quinolines can be synthesized using a number of classical methods including the Friedländer,
Skraup, Combes, and Doebner–von Miller syntheses from anilines and carbonyl compounds, as well as
metal-catalyzed dehydrogenative cyclization and other “greener” methods [14–17]. In the current work,
quinolines 5a–5f, 6a–6f and 7a–7g were synthesized using the Friedländer method by condensation of
the corresponding 2-aminobenzaldehydes, prepared from substituted 2-nitrobenzaldehydes [18], with
aldehydes or ketones. In short, 2-nitrobenzaldehydes 11a–11g were reduced with iron powder to the
corresponding amines by refluxing in EtOH/HCl for 40 min [19]. Aldehydes 12b–12d and 12f–12h or
ketones 12a, 12e and 12i and KOH (1.2 eq.) were added to the reaction mixture that was kept at RT for
30 min, followed by heating under reflux for 3 h, to afford the corresponding quinolines 5a–5f, 6a–6f

and 7a–7g in reasonable yields (Table 1).
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Table 1. Synthesis of substituted quinolines 5a–5f, 6a–6f and 7a–7g.

 
Starting Material R1 (C#) 12 R2 R3 Product %Yield (Reported Yield)

11a H 12a H Ph 5a a 83 (99)
11b 6-Cl 12a H Ph 5b b 84
11c 5-Cl 12a H Ph 5c b 63
11d 5-Br 12a H Ph 5d b 64
11e 5-OH 12a H Ph 5e b 42
11f 5-OMe 12a H Ph 5f b 60
11a H 12b Ph H 6a a 63 (87)
11b 6-Cl 12b Ph H 6b b 80
11c 5-Cl 12b Ph H 6c b 64
11d 5-Br 12b Ph H 6d b 36
11e 5-OH 12b Ph H 6e c 39
11f 5-OMe 12b Ph H 6f b 53
11g 5-Ph 12c H H 7a b 62
11g 5-Ph 12d Me H 7b b 52
11g 5-Ph 12e H Me 7c c 52
11g 5-Ph 12f Et H 7d c 82
11g 5-Ph 12g i-Pro H 7e c 69
11g 5-Ph 12h Ph H 7f b quantitative
11g 5-Ph 12i H Ph 7g c 62

a Previously synthesized using this method [19]; b Previously synthesized by different methods; c New compounds.

2.1.2. Isoquinolines

The best known classical approaches to isoquinoline scaffolds are the Bischler–Napieralski
synthesis, in which a β-arylethylamide is converted into a 3,4-dihydroisoquinoline derivative,
the Pictet–Spengler reaction that involves an acid-catalyzed intramolecular cyclization, and the
Pomeranz–Fritsch reaction that uses benzylamino acetals [17]. In addition, a large variety of methods
that require less harsh conditions are available. In this work, substituted isoquinolines were synthesized
from their corresponding bromoisoquinolines 14a–14c, which were prepared by a modification of
the Pomeranz–Fritsch reaction [20,21]. Benzaldehydes 13a–13c were treated with aminoacetaldehyde
dimethylacetal (Dean–Stark conditions) followed by cyclization in the presence of H2SO4/P2O5 to yield
isoquinolines 14a–14c. Thiazole substituted isoquinolines 9a–9c were prepared from isoquinolines
14a–14c by treatment with ethyl chloroformate followed by 2-trimethylsilylthiazole and deprotection
using o-chloranil (Scheme 2).
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Scheme 2. Synthesis of isoquinolines 9a–9c.

Syntheses of 1-phenylisoquinolines 10a and 10b were carried out by modifying a reported
procedure [22]; 1-chloroisoquinolines 15a and 15b were treated with iodine followed by PhMgCl
and Fe powder in THF (Scheme 3). Unlike in the reported procedure, none of the reactions proceeded
in the absence of iodine.

Scheme 3. Synthesis of isoquinolines 10a and 10b.

2.2. Antifungal Activity

The phytoalexins brassinin (1) and camalexin (3a) were used as reference compounds to
compare the antifungal activities of synthetic compounds with those of known phytoalexins.
The antifungal activity of 1, 3a, quinolines 5a–8 and isoquinolines 9a–10b against L. maculans
was determined employing the mycelial growth inhibition assay [23] described in Materials and
Methods. The mycelial growth of each plate was measured after incubation for five days and the
results were statistically analyzed (Table 2, results of six independent experiments conducted in
triplicate). In general, quinoline derivatives (0.50 mM) showed weaker antifungal activity than
camalexin (3a), except for 3-phenylquinoline (6a) and 6-methoxy-3-phenylquinoline (6f), whereas
5-chloro-3-phenylquinoline (6b) displayed the lowest growth inhibitory activity. 3-Phenylquinoline
(6a) showed stronger antifungal activity than its structural isomer 6-phenylquinoline (7a), whereas
structural isomers 6-methyl-3-phenylquinoline (6g) and 3-methyl-6-phenylquinoline (7c) caused
similar mycelial growth inhibition. Interestingly 3,6-diphenylquinoline (7g) was not growth inhibitory
and 1-(2-thiazolyl)isoquinoline (9a) was the most inhibitory of all tested compounds.
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Table 2. Antifungal activity a of the phytoalexins brassinin (1), camalexin (3a), quinolines 5a–8, and
isoquinolines 9a–10b against Leptosphaeria maculans.

Compound (#)
Inhibition ± SD (%) a

0.50 mM 0.20 mM 0.10 mM

Brassinin (1) 50 ± 3 i,g 27 ± 0 l 14 ± 3 j

Camalexin (3a) 100 ± 0 c 41 ± 2 i,j 24 ± 3 i

2-Phenylquinoline (5a) 54 ± 2 h 31 ± 4 k,l 16 ± 5 j

5-Chloro-2-phenylquinoline (5b) 39 ± 2 l 18 ± 4 m,n 9 ± 2 k

6-Chloro-2-phenylquinoline (5c) 26 ± 4 m 18 ± 5 m,n 5 ± 2 l

6-Bromo-2-phenylquinoline (5d) 27 ± 4 m 14 ± 4 n,o 0 m

6-Hydroxy-2-phenylquinoline (5e) 68 ± 5 e,f 42 ± 4 h,i,j 32 ± 4 f,g,h

6-Methoxy-2-phenylquinoline (5f) 36 ± 4 l 20 ± 4 m 8 ± 2 k

3-Phenylquinoline (6a) 100 ± 0 c 77 ± 4 d 39 ± 7 f

5-Chloro-3-phenylquinoline (6b) 17 ± 3 n 11 ± 2 o 8 ± 4 k,l

6-Chloro-3-phenylquinoline (6c) 28 ± 3 m 17 ± 3 m,n 5 ± 2 l

6-Bromo-3-phenylquinoline (6d) 45 ± 2 k 34 ± 2 k 25 ± 0 i

6-Hydroxy-3-phenylquinoline (6e) 73 ± 5 e 45 ± 4 h,i 30 ± 4 g,h

6-Methoxy-3-phenylquinoline (6f) 100 ± 0 c 68 ± 5 e 55 ± 5 c

6-Methyl-3-phenylquinoline (6g) 69 ± 3 e,f 61 ± 2 f 47 ± 0 e

6-Phenylquinoline (7a) 64 ± 0 g 55 ± 0 g 30 ± 0 h

2-Methyl-6-phenylquinoline (7b) 68 ± 2 f 62 ± 3 f 48 ± 3 d,e

3-Methyl-6-phenylquinoline (7c) 74 ± 2 e 67 ± 4 e 53 ± 0 c

3-Ethyl-6-phenylquinoline (7d) 67 ± 3 f 61 ± 3 f 48 ± 3 d,e

3-Isopropyl-6-phenylquinoline (7e) 72 ± 3 e 66 ± 3 e 56 ± 3 c

2,6-Diphenylquinoline (7f) 49 ± 4 i,j,k 40 ± 0 j 33 ± 0 f,g

3,6-Diphenylquinoline (7g) 0 o 0 p 0 m

2-(2-Thiazolyl)quinoline (8) 54 ± 3 h 46 ± 4 h 8 ± 3 k,l

1-(2-Thiazolyl)isoquinoline (9a) 100 ± 0 c 100 ± 0 c 52 ± 4 c,d

6-Bromo-1-(2-thiazolyl)isoquinoline (9b) 75 ± 6 d,e 54 ± 3 g 15 ± 4 j

7-Bromo-1-(2-thiazolyl)isoquinoline (9c) 82 ± 5 d 63 ± 3 e,f 25 ± 6 i

1-Phenylisoquinoline (10a) 54 ± 5 h,i 32 ± 4 k 30 ± 3 h

7-Bromo-1-phenylisoquinoline (10b) 47 ± 3 j,k 31 ± 4 k,l 12 ± 2 j

a The percentage of inhibition was calculated using the formula: % inhibition = 100 − [(growth on amended/growth
in control) × 100]; values are averages of six independent experiments conducted in triplicate; b for statistical
analysis, one-way ANOVA tests were performed followed by Tukey’s test with adjusted α set at 0.05; n = 6; different
letters in the same column (c–p) indicate significant differences (p < 0.05).

2.3. Inhibition of Brassinin Oxidase Activity

Cell-free protein extracts of mycelia of L. maculans containing BOLm activity induced by
3-phenylindole were employed (prepared as described in Section 3.4) [1] to test the potential
paldoxin activity of quinolines 5a–8 and isoquinolines 9a–10b. Compounds were evaluated at
concentrations (0.10 and 0.30 mM) close to the concentration of substrate required for half-maximal
activity (KM = 0.15 mM), in the presence of brassinin (1, 0.10 mM) and phenazine methosulfate (PMS)
as the electron acceptor cofactor (BOLm accepts a wide range of cofactors: PMS, small quinones or
flavin mononucleotide, FMN) [1]. To compare the inhibitory activity of all new compounds with those
previously reported [7], camalexin (3a) was used as a standard due to its established BOLm inhibitory
activity (ca. 53% at 0.30 mM) and chemical stability [6]. Results of these assays are presented in Table 3.
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Table 3. Inhibitory effect of camalexin (3a) and quinolines 5a–8 and isoquinolines 9a–10b on
BOLm activity.

Potential Inhibitor (#) a
% Inhibition b

Potential Inhibitor (#) a
% Inhibition b

0.10 mM 0.30 mM 0.10 mM 0.30 mM

 
30 ± 4 c 53 ± 4 d n.i. n.i.

 
5a R = H n.i. n.i. 7a R = H 16 ± 2 d,e 36 ± 2 e,f

5b R = 5-Cl n.i. n.i. 7b R = 2-Me n.i. n.i.
5c R = 6-Cl n.i. n.i. 7c R = 3-Me 19 ± 4 d 33 ± 6 e,f

5d R = 6-Br n.i. n.i. 7d R = 3-Et 30 ± 4 c 64 ± 5 c

5e R = 6-OH 11 ± 3 e 22 ± 1 h 7e R = 3-CH(CH3)2 11 ± 3 e 33 ± 5 e,f

5f R = 6-OMe n.i. n.i. 7f R = 2-Ph 10 ± 2 e 19 ± 1 h

7g R = 3-Ph 12 ± 1 e 25 ± 1 g,h

6a R = H 14 ± 2 d,e 30 ± 4 f,g 9a R = H n.i. n.i.
6b R = 5-Cl n.i. n.i. 9b R = 6-Br n.i. n.i.
6c R = 6-Cl n.i. n.i. 9c R = 7-Br n.i. n.i.
6d R = 6-Br n.i. n.i.
6e R = 6-OH 20 ± 4 d 34 ± 2 e,f

6f R = 6-OMe 19 ± 1 d 40 ± 3 e

6g R = 6-Me 10 ± 3 e 32 ± 3 f

10a R = H n.i. n.i.
10b R = 7-Br n.i. n.i.

a Brassinin (1) was used as substrate (0.10 mM) and PMS (0.10 mM) as cofactor in all experiments. BOLm
activity was measured under standard conditions (described in Section 3.4) in the presence of potential inhibitors
(0.10 and 0.30 mM). The specific activity of BOLm (24 ± 1 nmol/mg/min) was comparable in all assays; b Inhibition
is expressed as a percentage of the BOLm activity (100%) of cell-free protein extracts containing brassinin (1) and
inhibitor; results are means and standard deviations of experiments conducted in triplicate; n.i. = no inhibition. For
statistical analysis, one-way ANOVA tests were performed followed by Tukey’s test; n = 6; different superscript
letters within the same column (c–h) indicate significant differences (p < 0.05).

It is remarkable that of the 26 compounds tested, 11 inhibited BOLm activity, but none
of the halogenated quinolines or isoquinolines affected the activity of BOLm (Table 3). Except
for 2-methyl-6-phenyl-quinoline (7b), all substituted 6-phenylquinolines inhibited BOLm activity.
3-Ethyl-6-phenylquinoline (7d) showed the highest inhibitory effect (ca. 64% at 0.30 mM), somewhat
stronger than that of camalexin (3a), followed by 6-methoxy-3-phenylquinoline (6f) (ca. 40% at 0.30 mM),
whereas 6-hydroxy-3-phenylquinoline (6e), 6-phenylquinoline (7a), 3-methyl-6-phenylquinoline (7c), and
3-isopropyl-6-phenylquinoline (7e) showed comparable inhibitory effects. Substituted 3-phenylquinolines
showed significantly higher inhibitory activities than the corresponding 2-phenylquinolines. The number
of structures evaluated is still insufficient to make general conclusions regarding the structure–activity
correlations of quinolines and isoquinolines, compounds with substituents at C-4, C-7, and C-8 ought
to be considered. Nonetheless, it is apparent and relevant to note that halogenated compounds did not
show inhibitory activity against BOLm, contrary to results previously obtained with camalexin (3a)
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and brassilexin (4a) derivatives in which halogen-substituted compounds (e.g., 4b) were somewhat
more inhibitory of BOLm activity [7].

3. Materials and Methods

3.1. General

Chemicals were purchased from Alfa Aesar, Ward Hill, MA or Sigma-Aldrich Canada Ltd.,
Oakville, ON, Canada; solvents were HPLC grade and used as such. Flash column chromatography
(FCC) was carried out using silica gel grade 60, mesh size 230–400 Å or WP C18 prepscale bulk
packing 275 Å (J.T. Baker, NJ, USA). Organic extracts were dried over Na2SO4 and concentrated using
a rotary evaporator.

NMR spectra were recorded on Bruker 500 Avance spectrometers (Bruker Corporation, Billerica,
MA, USA), for 1H, 500.3 MHz and for 13C, 125.8 MHz; chemical shifts (δ) are reported in parts
per million (ppm) relative to TMS; spectra were calibrated using the solvent peaks; spin coupling
constants (J) are reported to the nearest 0.5 Hz. FTIR data were recorded on a Bio-Rad FTS-40
spectrometer(Bio-Rad Laboratories, Inc., Hercules, CA, USA) and spectra were measured by the
diffuse reflectance method on samples dispersed in KBr. HREI-MS were obtained on a VG 70 SE mass
spectrometer(Waters Technologies Corporation, Milford, MA, USA) employing a solids probe or on a
Jeol AccuToF GCv 4G mass spectrometer (Jeol USA, Peabody, MA, USA) [field desorption (FD)] by
direct insertion.

HPLC analysis was carried out with Agilent high performance liquid chromatographs equipped
with quaternary pump, automatic injector, and photodiode array detector (DAD, wavelength range
190–600 nm), degasser, and a column Eclipse XDB-C18 (Agilent Technologies, Santa Clara, CA, USA)
(5 μm particle size silica, 4.6 mm i.d. × 150 mm), having an in-line filter, using methods: A, mobile
phase 80% H2O—20% CH3CN for 45.0 min, linear gradient, at a flow rate of 0.40 mL/min; B, mobile
phase 50% H2O—50% MeOH to 100% MeOH for 25.0 min, linear gradient, at a flow rate 0.75 mL/min.

3.2. Synthesis

Syntheses of brassinin (1) [8], camalexin (3a) [12], and isoquinolines 8 [13] and 9a [13] were carried
out as previously reported. Satisfactory spectroscopic data identical to those previously reported were
obtained for all known compounds.

3.2.1. Phenylquinolines 5a–7g

General Procedure

Iron powder (0.4 eq.) was added to a solution of o-nitrobenzaldehyde (11a–11g, 1.0 eq.) in EtOH
(2.0 mL) followed by HCl (0.05 eq.) [19]. The reaction mixture was refluxed for 40 min followed
by cooling to room temperature. The corresponding aldehyde or ketone (1.2 eq.) was added to the
reaction mixture followed by KOH (1.2 eq.). The reaction mixture was stirred at RT for 30 min and
refluxed for an additional 3 h. The reaction mixture was filtered, the filtrate was neutralized (HCl),
extracted with EtOAc, and the combined extracts were dried and concentrated to dryness. The residue
was subjected to FCC (EtOAc–hexane, 3:7) to afford substituted quinolines 5a–7g.

2-Phenylquinoline (5a): Compound 5a was prepared from o-nitrobenzaldehyde 11a (151 mg, 1.00 mmol)
according to the above procedure in 83% yield (171 mg, 0.83 mmol), obtained as a white powder, m.p.
78–79 ◦C. Satisfactory spectroscopic data identical to those previously reported [24].

5-Chloro-2-phenylquinoline (5b): Compound 5b was prepared from o-nitrobenzaldehyde 11b (200 mg,
1.07 mmol) according to the above procedure in 84% yield (215 mg, 0.90 mmol), obtained as a white
powder, m.p. 90–91 ◦C. Although referenced in the SciFinder database as previously prepared (accessed
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on 17 April 2017), structure 5b appears to be a new compound, since it was not published in the cited
reference [25].

1H-NMR (500 MHz, CDCl3): δ 8.63 (d, J = 9 Hz, 1H), 8.19 (m, 2H), 8.11 (d, J = 8 Hz, 1H), 7.99 (d, J = 9 Hz,
1H), 7.71–7.59 (m, 2H), 7.56 (m, 2H), 7.50 (dd, J = 7, 7 Hz, 1H). 13C-NMR (125 MHz, CDCl3): δ 158.1,
149.2, 139.2, 133.8, 131.4, 129.9, 129.5, 129.2, 129.1, 127.8, 126.5, 125.5, 119.9. HPLC tR = 24.4 ± 0.2 min
(method B). UV (HPLC, CH3OH-H2O) λmax (nm): 208, 262. FTIR (KBr) νmax cm−1: 3058, 1611, 1593,
1580, 1547, 1486, 1461, 1396, 1316, 1278, 1201, 1025, 960, 814, 775, 692, 671. HRMS-EI m/z (%): calc. for
C15H10NCl: 239.0502, measured 239.0507 (100), 204.08 (33).

6-Chloro-2-phenylquinoline (5c): Compound 5c was prepared from o-nitrobenzaldehyde 11c (200 mg,
1.07 mmol) according to the above procedure in 63% yield (161 mg, 0.670 mmol), obtained as a white
powder, m.p. 109–110 ◦C. Satisfactory spectroscopic data identical to those previously reported [26].

6-Bromo-2-phenylquinoline (5d): Compound 5d was prepared from o-nitrobenzaldehyde 11d (59 mg,
0.25 mmol) according to the above procedure in 64% yield (47 mg, 0.16 mmol), obtained as an off-white
powder, m.p. 123–125 ◦C. Satisfactory spectroscopic data identical to those previously reported [27].

6-Hydroxy-2-phenylquinoline (5e): Compound 5e was prepared from o-nitrobenzaldehyde 11e (200 mg,
1.19 mmol) according to the above procedure in 42% yield (112 mg, 0.51 mmol), obtained as a brown
powder, m.p. 220–223 ◦C. Satisfactory spectroscopic data identical to those previously reported [28].

6-Methoxy-2-phenylquinoline (5f): Compound 5f was prepared from o-nitrobenzaldehyde 11f (150 mg,
0.82 mmol) according to the above procedure in 60% yield (115 mg, 0.49 mmol), obtained as a white
powder, m.p. 135–137 ◦C. Satisfactory spectroscopic data identical to those previously reported [24].

3-Phenylquinoline (6a): Compound 6a was prepared from o-nitrobenzaldehyde 11a (200 mg, 1.32 mmol)
according to the above procedure in 63% yield (172 mg, 0.84 mmol), obtained as a light yellow powder,
m.p. 45–46 ◦C. Satisfactory spectroscopic data identical to those previously reported [19].

5-Chloro-3-phenylquinoline (6b): Compound 6b was prepared from o-nitrobenzaldehyde 11b (200 mg,
1.07 mmol) according to the above procedure in 80% yield (207 mg, 0.87 mmol), obtained as an off-white
powder, m.p. 115–116 ◦C. Compound 6b was previously synthesized using a different procedure but
no spectroscopic data was reported [29].

1H-NMR (500 MHz, CDCl3): δ 9.18 (d, J = 2 Hz, 1H), 8.22 (d, J = 2 Hz, 1H), 8.08 (d, J = 9 Hz, 1H), 7.88
(d, J = 2 Hz, 1H), 7.71 (m, 2H), 7.66 (dd, J = 9, 2 Hz, 1H), 7.55 (m, 2H), 7.47 (dd, J = 7.5, 7.5 Hz, 1H).
13C-NMR (125 MHz, CDCl3): δ 150.8, 148.1, 137.7, 135.0, 131.7, 130.2, 129.5, 129.2, 128.7, 128.6, 127.8,
127.3, 126.4. HPLC tR = 22.9 ± 0.2 min (method B). UV (HPLC, CH3OH-H2O) λmax (nm): 208, 238, 257.
FTIR (KBr) νmax cm−1: 3053, 1487, 1456, 1182, 977, 900, 810, 758, 742, 694. HRMS-EI m/z (%): calc. for
C15H10NCl: 239.0502, measured 239.0507 (100), 204.08 (15).

6-Chloro-3-phenylquinoline (6c): Compound 6c was prepared from o-nitrobenzaldehyde 11c (200 mg,
1.07 mmol) according to the above procedure in 64% yield (163 mg, 0.68 mmol), obtained as a white
powder, m.p. 105–107 ◦C. Satisfactory spectroscopic data identical to those previously reported [30].

6-Bromo-2-phenylquinoline (6d): Compound 6d was prepared from o-nitrobenzaldehyde 11d (200 mg,
0.869 mmol) according to the above procedure in 40% yield (100 mg, 0.35 mmol), obtained as a
light yellow powder, m.p. 116–118 ◦C. Satisfactory spectroscopic data identical to those previously
reported [31].

6-Hydroxy-3-phenylquinoline (6e): Compound 6e was prepared from o-nitrobenzaldehyde 11e (200 mg,
1.19 mmol) according to the above procedure in 39% yield (102 mg, 0.460 mmol), obtained as a light
brown powder, m.p. 223–225 ◦C.

1H-NMR (500 MHz, DMSO-d6): δ 10.09 (s, 1H), 8.99 (d, J = 2 Hz, 1H), 8.41 (s, 1H), 7.89 (d, J = 9 Hz, 1H),
7.84 (d, J = 7.5 Hz, 2H), 7.53 (dd, J = 7.5, 7.5 Hz, 2H), 7.44 (dd, J = 7.5, 7.5 Hz, 1H), 7.31 (dd, J = 2, 9 Hz,
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1H), 7.23 (d, J = 2 Hz, 1H). 13C-NMR (125 MHz, DMSO-d6): δ 155.9, 146.1, 142.2, 137.4, 132.8, 131.1,
130.1, 129.2, 128.0, 127.1, 122.0, 108.7. HPLC tR = 14.0 ± 0.2 min (method B). UV (HPLC, CH3OH-H2O)
λmax (nm): 206, 255, 342. FTIR (KBr) νmax cm−1: 2952, 1620, 1496, 1457, 1376, 1246, 1217, 1166, 950, 898,
763, 701. HRMS-EI m/z (%): calc. for C15H11NO: 221.0841, measured 221.0838 (100).

6-Methoxy-3-phenylquinoline (6f): Compound 6f was prepared from o-nitrobenzaldehyde 11f (178 mg,
0.98 mmol) according to the above procedure in 53% yield (123 mg, 0.52 mmol), obtained as a yellow
powder, m.p. 127–129 ◦C. Satisfactory spectroscopic data identical to those previously reported [32].

6-Phenylquinoline (7a): Compound 7a was prepared from o-nitrobenzaldehyde 11g (20 mg, 0.09 mmol)
according to the above procedure in 62% yield (11 mg, 0.053 mmol), obtained as a light brown powder,
m.p. 105–106 ◦C. Satisfactory spectroscopic data identical to those previously reported [33].

2-Methyl-6-phenylquinoline (7b): Compound 7b was prepared from o-nitrobenzaldehyde 11g (50 mg,
0.25 mmol) according to the above procedure in 52% yield (25 mg, 0.11 mmol), obtained as a yellow
powder, m.p. 89–91 ◦C. Satisfactory spectroscopic data identical to those previously reported [34].

3-Methyl-6-phenylquinoline (7c): Compound 7c was prepared from o-nitrobenzaldehyde 11g (20 mg,
0.090 mmol) and propanal (50 μL) according to the above procedure in 52% yield (10 mg, 0.050 mmol),
obtained as a light yellow oil.

1H-NMR (500 MHz, CDCl3): δ 8.78 (d, J = 1.5 Hz, 1H), 8.14 (d, J = 8.5 Hz, 1H), 7.97 (s, 1H), 7.93 (s, 1H),
7.91 (d, J = 2 Hz, 1H), 7.73–7.71 (m, 2H), 7.51 (dd, J = 7.5, 8.0 Hz, 1H), 7.41 (dd, J = 8.5, 7.5 Hz, 1H), 2.55
(s, 3H). 13C-NMR (125 MHz, CDCl3): δ 152.6, 146.1, 140.7, 139.5, 135.1, 131.1, 129.8, 129.1, 128.5, 128.4,
127.9, 127.7, 125.1, 19.0. HPLC tR = 23.3 ± 0.2 min (method A). UV (HPLC, CH3CN-H2O) λmax (nm):
210, 250. FTIR (KBr) νmax cm−1: 2974, 1600, 1486, 1345, 1174, 900, 835, 759, 697, 570, 479. HRMS-FD
m/z (%): calc. for C16H13N: 219.1048, measured 219.1051 (100).

3-Ethyl-6-phenylquinoline (7d): Compound 7d was prepared from o-nitrobenzaldehyde 11g (60 mg,
0.27 mmol) according to the above procedure in 82% yield (50 mg, 0.21 mmol), obtained as a yellow oil.

1H-NMR (500 MHz, CDCl3): δ 8.80 (s, 1H), 8.15 (d, J = 8.5 Hz, 1H), 7.98 (d, J = 9.5 Hz, 2H), 7.93 (d,
J = 8.5 Hz, 1H), 7.73 (d, J = 7.5 Hz, 2H), 7.51 (dd, J = 7, 7.5 Hz, 2H), 7.41 (dd, J = 7.5, 7 Hz, 1H), 2.88 (q,
J = 8, 7.5, 7.5 Hz, 2H), 1.39 (t, J = 7.5, 7.5 Hz, 3H).13C-NMR (125 MHz, CDCl3): δ 151.9, 146.2, 140.7,
139.6, 137.3, 134.0, 129.6, 129.2, 128.6, 127.9, 127.7, 125.3, 26.5, 15.4. HPLC tR = 27.2 ± 0.2 min (method
A). UV (HPLC, CH3CN-H2O) λmax (nm): 210, 252. FTIR (KBr) νmax cm−1: 2965, 1599, 1487, 1348, 1179,
908, 837, 757, 697, 627, 570. HRMS-FD m/z (%): calc. for C17H15N: 233.1205, measured 233.1205 (100).

3-Isopropyl-6-phenyl-quinoline (7e): Compound 7e was prepared from o-nitrobenzaldehyde 11g (60 mg,
0.27 mmol according to the above procedure in 69% yield (45 mg, 0.18 mmol), obtained as a yellow oil.

1H-NMR (500 MHz, CDCl3): δ 8.85 (s, 1H), 8.17 (d, J = 8.5 Hz, 1H), 7.99 (d, J = 9.5 Hz, 2H), 7.93 (d,
J = 10 Hz, 1H), 7.74–7.72 (m, 1H), 7.51 (dd, J = 7.5, 8 Hz, 2H), 7.41 (dd, J = 7.5, 7.5 Hz, 1H), 3.19–3.13
(m, 1H), 1.41 (s, 3H), 1.40 (s, 3H).13C-NMR (125 MHz, CDCl3): δ 151.3, 146.4, 141.7, 140.7, 139.4, 132.3,
129.6, 129.1, 128.6, 128.5, 127.8, 127.6, 125.4, 32.1, 23.8. HPLC tR = 30.1 ± 0.2 min (method A). UV
(HPLC, CH3CN-H2O) λmax (nm): 210, 252. FTIR (KBr) νmax cm−1: 2960, 1599, 1486, 1351, 1178, 1077,
975, 909, 837, 757, 697, 473. HRMS-FD m/z (%): calc. for C18H17N: 247.1361, measured 247.1372 (100).

3,6-Diphenylquinoline (7f): Compound 7f was prepared from o-nitrobenzaldehyde 11g (40 mg,
0.18 mmol) according to the above procedure in 100% yield (50 mg, 0.18 mmol), obtained as a light
yellow powder, m.p. 131–133 ◦C.

1H-NMR (500 MHz, CDCl3): δ 9.20 (s, 1H), 8.34 (s, 1H), 8.23 (d, J = 9 Hz, 1H), 8.10 (s, 1H), 8.00 (d,
J = 9 Hz, 1H), 7.76–7.74 (m, 4H), 7.57–7.51 (m, 4H), 7.48–7.42 (m, 2H).13C-NMR (125 MHz, CDCl3):
δ 150.0, 146.9, 140.4, 139.9, 138.0, 134.4, 133.6, 129.8, 129.4, 129.3, 129.2, 128.4, 128.3, 128.0, 127.6, 127.5,
125.8. HPLC tR = 30.1 ± 0.2 min (method A). UV (HPLC, CH3CN-H2O) λmax (nm): 210, 280. FTIR
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(KBr) νmax cm−1: 3052, 1487, 1348, 1077, 910, 834, 758, 699, 571, 531, 497, 470. HRMS-FD m/z (%): calc.
for C21H15N: 281.1205, measured 281.1218 (100).

2,6-Diphenylquinoline (7g): Compound 7g was prepared from o-nitrobenzaldehyde 11g (20 mg,
0.090 mmol) according to the above procedure in 62% yield (15 mg, 0.053 mmol), obtained as a
light brown powder, m.p. 198–200 ◦C. Satisfactory spectroscopic data identical to those previously
reported [35].

3.2.2. Synthesis Isoquinolines 9b, 9c and 10b

Isoquinolines 9b and 9c

Aminoacetaldehyde dimethylacetal (3.0 eq.) was added to a solution of bromobenzaldehyde
13b or 13c (1.0 eq.) in toluene (30 mL). Each reaction mixture was refluxed (Dean–Stark apparatus)
at 120 ◦C. After consumption of the starting material, each reaction mixture was concentrated to
dryness, then dissolved in conc. H2SO4 (2 mL) and added to a cold solution of P2O5 in conc. H2SO4

(0.5 mL). Each reaction mixture was heated at 160 ◦C for 30 min, allowed to cool to RT, neutralized
with NaOH (10 M), extracted with EtOAc, and concentrated to dryness. Each residue was subjected to
FCC to afford 6-bromoisoquinoline (14b, 30 mg, 0.14 mmol, 14%) and 7-bromoisoquinoline (14c, 99 mg,
0.47 mmol, 22%) [20,21]. Ethylchloroformate (1.0 eq.) was added to a solution of isoquinoline 14b or
14c (1.0 eq.) in DCM at 0 ◦C and stirred at the same temperature for 30 min, followed by addition
of 2-trimethylsilylthiazole (1.0 eq.). Each reaction mixture was stirred at RT for 3 h, concentrated
to dryness, and each residue was subjected to FCC. Each product was dissolved in benzene (5 mL),
o-chloranil (1.0 eq.) was added, and each reaction mixture was refluxed for 5 h. Each reaction mixture
was diluted with 5% NaOH (10 mL), extracted with DCM, and concentrated to dryness. Each reaction
mixture residue was subjected to FCC to afford the products 9b and 9c.

6-Bromo-1-(2-thiazolyl)isoquinoline (9b): 6-Bromoisoquinoline (14b, 30 mg, 0.14 mmol) was synthesized
starting from 4-bromobenzaldehyde (13c, 200 mg, 1.08 mmol) in 14% yield. Compound 9b was
synthesized starting from 6-bromoisoquinoline (14b, 100 mg, 0.48 mmol) in 15% yield over two steps
(21 mg, 0.07 mmol), obtained as an orange powder, m.p. 103–105 ◦C.

1H-NMR (500 MHz, CDCl3): δ 9.77 (d, J = 9 Hz, 1H), 8.58 (d, J = 5.5 Hz, 1H), 8.06 (m, 2H), 7.79 (dd,
J = 2, 9 Hz, 1H), 7.61 (d, J = 5.5 Hz, 1H), 7.53 (d, J = 3 Hz, 1H). 13C-NMR (125 MHz, CDCl3): δ 170.6,
149.9, 144.4, 143.0, 138.7, 132.3, 130.1, 129.1, 125.7, 124.0, 122.5, 121.2. HPLC tR = 22.4 ± 0.2 min (method
B). UV (HPLC, CH3OH-H2O) λmax (nm): 240, 345. FTIR (KBr) νmax cm−1: 2924, 2852, 1782, 1608, 1546,
1426, 1246, 1183, 947, 880, 810. HRMS-EI m/z (%): calc. for C12H7N2SBr: 291.9493, measured 291.9494
(100), 289.95 (95), 247.88 (53), 211.03 (21), 99.96 (39).

7-Bromo-1-(2-thiazolyl)isoquinoline (9c): 7-Bromoisoquinoline (14c, 99 mg, 0.47 mmol) was synthesized
starting from compound 13b in 22% yield [20]. Compound 9c was synthesized starting from
7-bromoisoquinoline (14c, 100 mg, 0.48 mmol) in 24% yield over two steps (35 mg, 0.12 mmol),
obtained as an off-white powder m.p. 110–112 ◦C.

1H-NMR (500 MHz, CDCl3): δ 10.12 (s, 1H), 8.58 (d, J = 5.5 Hz, 1H), 8.08 (d, J = 3 Hz, 1H), 7.80
(dd, J = 9, 2 Hz, 1H), 7.73 (d, J = 9 Hz, 1H), 7.67 (d, J = 5.5 Hz, 1H), 7.53 (d, J = 3 Hz, 1H). 13C-NMR
(500 MHz, CDCl3): δ 170.3, 148.6, 144.5, 142.3, 136.0, 134.2, 130.5, 128.6, 126.3, 123.1, 122.5, 122.1.
HPLC tR = 21.0 ± 0.2 min (method B). UV (HPLC, CH3OH-H2O) λmax (nm): 240, 302, 350. FTIR (KBr)
νmax cm−1: 3089, 1781, 1573, 1544, 1491, 1425, 1247, 1103, 947, 850, 813, 732. HRMS-EI m/z (%): calc. for
C12H7N2SBr: 291.9493, measured 291.9483 (100), 289.95 (99), 247.94 (34), 211.03 (32), 99.96 (24).

1-Phenylisoquinoline (10a): Iodine (18 mg, 0.073 mmol) was added to a solution of compound 15a (12 mg,
0.073 mmol) in THF (2 mL) and stirred at RT. After 30 min, Fe powder (16 mg, 0.29 mmol) followed by
PhMgCl (2 M in THF, 43 μL, 0.087 mmol) were added and stirred at RT. After 6 h, the reaction mixture
was diluted with ice-cold water (20 mL) and extracted with EtOAc. The combined organic extracts
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were dried and concentrated to dryness to afford 10a in 67% yield (10 mg, 0.050 mmol) as an off-white
powder, m.p. 91–92 ◦C. Satisfactory spectroscopic data identical to those previously reported [36].

7-Bromo-1-phenylisoquinoline (10b): Iodine (18 mg, 0.073 mmol) was added to a solution of compound
15b (40 mg, 0.16 mmol) in THF (2 mL) and stirred at RT for 30 min followed by addition of Fe powder
(16 mg, 0.294 mmol) and PhMgCl (2 M in THF, 43 μL, 0.087 mmol). The reaction mixture was stirred
at RT for 6 h followed by dilution with ice-cold water, extraction with EtOAc, and concentration to
dryness to afford 10b in 47% yield (21 mg, 0.07 mmol) as yellow gum [36].

1H-NMR (500 MHz, CDCl3): δ 8.64 (d, J = 6 Hz, 1H), 8.07 (d, J = 2 Hz, 1H), 7.99 (d, J = 9 Hz, 1H), 7.68
(dd, J = 2, 7.5 Hz, 2H), 7.62 (dd, J = 2, 9 Hz, 1H), 7.58–7.53 (m, 4H). 13C-NMR (500 MHz, CDCl3): δ 161.2,
143.6, 139.3, 138.2, 130.9, 130.1, 129.7, 129.3, 129.1, 128.7, 125.3, 125.1, 119.0. HPLC tR = 23.4 ± 0.2 min
(method B). UV (HPLC, CH3OH-H2O) λmax (nm): 220, 258, 328. FTIR (KBr) νmax cm−1: 3061, 3033,
2923, 1480, 1429, 1261, 1091, 1042, 1008, 903, 800, 728, 697. HRMS-EI m/z (%): calc. for C15H10NBr:
284.9976, measured 284.9969 (10), 237.08 (26), 184.04 (41), 91.05 (100), 82.07 (86).

3.3. Antifungal Activity

The antifungal activity of brassinin (1), camalexin (3a), quinolines 5a–8, and isoquinolines 9a–10b

against L. maculans was evaluated using a mycelial radial growth assay carried out in PDA [23].
Cultures of L. maculans were grown on potato dextrose agar (PDA) plates (10 cm diameter) at 23 ± 1 ◦C
under constant light (fluorescent 32W T8 48" daylight) for seven days. DMSO solutions of each
compound (0.50, 0.20 and 0.10 mM) in PDA (1% DMSO concentration in PDA) were added to each
well (six-well plates, 1.5 mL per well) and inoculated with mycelia (4 mm diameter plugs cut from the
edges of 7-day-old solid cultures, placed upside down on the center of each well). Control cultures
containing 1% DMSO in PDA were prepared similarly. Plates were incubated under constant light and
the diameter of mycelial mat (mm) in each well was measured after five days of incubation. Each assay
was conducted in triplicate and repeated twice. The percentage of growth inhibition was calculated as
reported in Table 2.

3.4. Fungal Cultures, Preparation of Cell-Free Protein Extracts, and BOLm Activity

Liquid cultures of L. maculans (isolate UAHM 9410) were handled as described previously. In brief,
fungal spores were subcultured on V8 agar under continuous light at 23 ± 1 ◦C; after 15 days, fungal
spores were collected aseptically and stored at −20 ◦C. Liquid cultures were initiated by inoculating
minimal media (100 mL) with fungal spores at 107/mL in Erlenmeyer flasks, followed by incubation
on a shaker under constant light at 23 ◦C for 48 h; 3-phenylindole (0.050 mM in DMSO) was added to
each flask to induce BOLm, and cultures were incubated for an additional 24 h. Cultures were gravity
filtered to separate mycelia from culture broth, the mycelia was washed with distilled water, wrung,
and stored at −20 ◦C.

Frozen mycelia (1.2 g) from L. maculans (obtained as reported above) were ground in ice-cold
extraction buffer (5 mL, mortar and pestle) for 5 min at 4 ◦C. The extraction buffer consisted of
diethanolamine (DEA, 25 mM, pH ~8.3), 10% (v/v) glycerol, D,L-dithiothreitol (DTT, 1 mM), and
1/200 (v/v) protease inhibitor cocktail (P-8215, Sigma-Aldrich Canada). The homogenate was
centrifuged at 4 ◦C for 30 min at 50,000 g. The resulting supernatant was dialyzed three times
(twice with 300 mL of dialyzing buffer for 3 h each time and then using 400 mL buffer for 12 h, using
dialyzing cassettes in buffer pH 8.3, diethanolamine, 25 mM, 5% glycerol, v/v, 10% triton X-100 in
deionized water). Dialyzed cell-free protein extracts were used for determination of the specific activity
of BOLm and for testing inhibitory activity of compounds.

Protein concentrations were determined as described by Bradford using the Coomassie Brilliant
Blue method with BSA as a standard (optical density (OD) was measured at 595 nm).
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Determination of BOLm Activity

The reaction mixture contained diethanolamine (20 mM, pH ~8.3), DTT (0.10 mM), 0.1% (v/v)
triton X-100, brassinin (1, 0.10 mM), PMS (0.10 mM), and cell-free protein extract (50.0 μL) in a total
volume of 1.0 mL. The reaction was carried out at 24 ◦C for 20 min. The product was extracted with
EtOAc (4 mL) and the extract was concentrated to dryness; the residue was dissolved in CH3CN
(200 μL) and analyzed by HPLC-DAD. The amount of indole-3-carboxaldehyde (2) in the reaction assay
was determined using a calibration curve built with pure indole-3-carboxaldehyde (λmax 220 nm).

4. Conclusions

Overall, our results indicate that at higher concentration (0.30 mM) 3-ethyl-6-phenylquinoline
(7d) inhibited BOLm activity to a larger extent than camalexin (3a) and displayed lower antifungal
activity against L. maculans, both very desirable characteristics. Furthermore, no direct correlation was
found between BOLm inhibitory activity of quinolines and their antifungal activity against L. maculans.
Nevertheless, considering the antifungal activity against L. maculans, compounds with a diversity
of scaffolds need to be synthesized and assayed before the desirable paldoxin activity of different
scaffolds can be predicted. To this end, availability of the crystal structure of BOLm would be of
great assistance.

The design of new compounds with new mechanisms of action to protect crops against fungi is
expensive and time consuming, providing rather unpredictable outcomes. Nonetheless, the discovery
of novel agrochemicals useful for sustainable crop treatments is crucial. It is expected that in the future,
broad range fungicides will be replaced with selective crop treatments and that paldoxins will be a
rational approach to treat specific fungal diseases such as that caused by L. maculans. Further work to
uncover paldoxins that can replace current fungicides and prevent crop infestations with L. maculans
is necessary.

Supplementary Materials: The following are available online. 1H- and 13C-NMR spectra of all new compounds:
5b, 6b, 6e, 7c, 7d, 7e, 7g, 9b, 9c and 10b.
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Abstract: Naturally occurring coumarins possess antibacterial and antifungal properties. In this
study, these natural and synthetic coumarins were used to evaluate their antifungal activities against
Aspergillus flavus, which produces aflatoxins. In addition to control antifungal activities, antiaflatoxigenic
properties were also determined using a high-performance liquid chromatography in conjunction
with fluorescence detection. In this study, 38 compounds tested and 4-hydroxy-7-methyl-3-phenyl
coumarin showed potent antifungal and antiaflatoxigenic activities against A. flavus. Inhibitory mode of
antiaflatoxigenic action by 4-hydroxy-7-methyl-3-phenyl coumarin was based on the downregulation
of aflD, aflK, aflQ, and aflR in aflatoxin biosynthesis. In the cases of coumarins, antifungal and
aflatoxigenic activities are highly related to the lack of diene moieties in the structures. In structurally
related compounds, 2,3-dihydrobenzofuran exhibited antifungal and antiaflatoxigenic activities against
A. flavus. The inhibitory mode of antiaflatoxigenic action by 2,3-dihydrobenzofuran was based on
the inhibition of the transcription factor (aflS) in the aflatoxin biosynthesis pathway. These potent
inhibitions of 2,3-dihydrobenzofuran and 4-hydroxy-7-methyl-3-phenyl coumarin on the Aspergillus
growth and production of aflatoxins contribute to the development of new controlling agents to mitigate
aflatoxin contamination.

Keywords: 4-hydroxy-7-methyl-3-phenyl coumarin; 2,3-dihydrobenzofuran; aflatoxin production;
Aspergillus flavus; reverse transcription polymerase chain reaction

1. Introduction

Aflatoxins including AFB1, AFB2, AFG1, and AFG2 are mycotoxins produced by Aspergillus flavus
and A. parasiticus, with potent carcinogenic activity, especially on human liver [1]. Aflatoxins can be
accumulated in humans and livestock through diet of aflatoxin-contaminated foods and feed [2,3].
Outbreaks of aflatoxicosis are notably dependent on the crop species and seasonal changes of a given
region [4,5]. Additionally, they are also related to poor agricultural practices [6]. Therefore, alternative
agricultural practices may be needed to develop mitigating aflatoxin contamination in crops.

Chemical control of fungal growth and aflatoxin production has been successfully documented
using propionic acid in unshelled peanuts on the laboratory scale [7]. In the crop field, usage of
fungicides is critical to control fungal growth and mycotoxins with good efficacy [8]. Recently,
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phytopathogens develop resistance to various fungicides [9,10]. With this reason, alternatives for
controlling Aspergillus infection and aflatoxin contamination are highly needed, and natural products
could be considered as candidate compounds.

Coumarins are naturally occurring compounds produced after cyclization of cinnamic acid via
formation of phenylpropanoids through the shikimic acid pathway [11]. Recently, plant-specific
coumarins such as umbelliferone and scopoletin have been produced in E. coli due to their various
applications after enzyme-engineered conversion with or without inexpensive precursors, 4-coumaric
acid and ferulic acid [12]. Coumarins possess antibacterial activity against Ralstonia solanacearum [13],
antimicrobial activity against Staphylococcus aureus [14], and antifungal activities against clinically
important fungal pathogens [15]. Coumarins with antioxidant activities inhibit aflatoxin formation
because aflatoxin formation occurs when fungal species are subject to oxidative stress [16–18].
In addition to this finding, a structure–activity relationship (SAR) study of 24 coumarin derivatives
showed that O-substitutions seem to be essential for antifungal activity against A. flavus and
A. fumigatus [19]. However, the authors did not study the relationship between the structure of
coumarins and the antiaflatoxigenic activity generated by A. flavus. In the shikimic pathway, indole is
generated and its derivative has shown antifungal activity [20].

In our previous studies, we have found that methylenedioxy-containing natural and synthetic
compounds possessed antifungal and antiaflatoxigenic properties against A. flavus [21]. In this study,
1-(2-methylpiperidin-1-yl)-3-phenylprop-2-en-1-one showed potent antifungal and antiaflatoxigenic
activities against A. flavus among the tested 22 compounds, and its mode of inhibitory action on
aflatoxin production was caused by inhibition on the expression of some genes involved in aflatoxin
biosynthesis such as aflD, aflK, aflQ, aflR, and aflS [21]. Other reports have shown that natural
products are good candidates as preservatives to suppress aflatoxin contamination in cereals and
feedstuffs [22–24].

In the present study, 26 coumarins were assessed to determine their antifungal activities
against A. flavus and the inhibitory effects on aflatoxin production. The mode of inhibitory action
on the aflatoxin production was disclosed using real-time PCR. Further studies for antifungal
and antiaflatoxigenic activities were undertaken using structurally closed compounds including
2,3-dihydrobenzofuran, indole, 1-methyl indole, 2-methyl indole, 3-methyl indole, and 2-phenyl indole
to coumarins for understating relationships between the structure of tested compounds and antifungal
and antiaflatoxigenic activities. These antifungal and antiaflatoxigenic substances can be used for
controlling A. flavus and reducing aflatoxin contamination in agricultural fields before harvest given
their ability to decrease aflatoxin production.

2. Results and Discussion

The inhibitory effects of the 32 tested compounds on A. flavus growth and aflatoxin production
were measured and the results are expressed in Table 1. A currently used fungicide thiabendzole
(Figure 1) was used as a positive control and all data were calculated on the basis of the inhibition rate
(%) in comparison to the solvent-treated controls [21]. Among the tested coumarins, five compounds
showed antifungal activities against A. flavus. Among them, 4-hydroxy-7-methoxy-3-phenylcoumarin
(1) and 4-hydroxy-6,7-dimethylcoumarin (2) exhibited about 50% inhibition on the fungal growth at
the concentration of 100 μg/mL. However, this inhibitory effect of (2) disappeared after exposure to
10-fold diluted concentration (Table 1). 6,7-Dimethoxycoumarin (3) also possessed inhibitory effects on
the fungal growth at concentrations of 1000 μg/mL. However, this inhibition was no longer evident
following treatment with a 10-fold lower concentration of the compound. At the concentration of
10 μg/mL, there was no inhibitory effect by Compound 3 (Table 1).
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Figure 1. Molecular structure of thiabendazole used as a positive control in this study.

Table 1. Mycelial growth of Aspergillus flavus treated with various coumarins.

Compounds Treated Concentration (μg/mL) Mycelial Growth (mg)

Thiabendazole (Positive control)
10 1.2 ± 2.1 (1.0%)
5 6.3 ± 10.1 (5.0%)
1 96.3 ± 2.4 (77.0%)

4-Hydroxy-6,7-dimethylcoumarin
1000 0.0 ± 0.00 (0%)
100 22.5 ± 3.7 (18.0%)
10 73.9 ± 17.4 (59.1%)

4-Hydroxy-7-methoxy-3-phenylcoumarin
1000 0.0 ± 0.00 (0%)
100 41.1 ± 27.1 (32.8%)
10 61.9 ± 14.1 (49.5%)

6,7-Dimethoxycoumarin
1000 0.0 ± 0.00 (0%)
100 63.0 ± 44.3 (50.4%)
10 93.7 ± 8.3 (74.9%)

2,3-dihydrobenzofuran 1000 0.0 ± 0.00 (0%)
100 152.3.0 ± 45.1 (124%)

4-(Bromomethyl)-6,7-dimethoxycoumarin
1000 0.0 ± 0.00 (0%)
100 46.4 ± 3.7 (37.1%)
10 120.9 ± 18.5 (96.7%)

Mycelial growth for the negative control was 124.0 ± 23.0 mg obtained from three experiments.

4-(Bromomethyl)-6,7-dimethoxycoumarin (4) and 2,3-dihydrobenzofuran (5) showed potent
antifungal activities at concentrations of 1000 μg/mL. At the concentration of 100 μg/mL, Compound
4 reduced 63% of fungal growth and Compound 5 completely lost its inhibitory effect. The inhibitory
effect of 4 on the A. flavus growth was not found at the concentration of 10 μg/mL (Table 1).

The inhibition of aflatoxin production by coumarins was remarkable (Table 2). At a concentration
of 10 μg/mL, 1 and 2 showed almost complete inhibition of aflatoxin production. This inhibition was
no longer evident following treatment with a 10-fold lower concentration of the compound (Table 2).
Compound 1 exhibited potent inhibitory effects on AFB1 and AFB2 production until treatment with
the compound at a concentration of 1 μg/mL. This compound significantly enhanced production of
AFG1 after the treatment of 100 μg/mL (Table 2). Compound 2 exhibited potent inhibitory effects on
AFB1 and AFB2 production until treatment with the compound at a concentration of 10 μg/mL. At a
concentration of 1 μg/mL, the antiaflatoxigenic activity of 5 was observed to be 40% inhibition of AFB1

production (Table 2).
The fungicidal and bactericidal activities of coumarin and coumaric acid have been tested against

A. flavus and o-coumaric acid inhibited aflatoxin production, but no correlation with fungal growth was
found [25]. In that report, the authors found the complete inhibition of coumarin on fungal growth against
A. flavus at the level of 10 mmol/L, equivalent to about 1460 μg/mL [25]. This is similar to our result,
where most coumarins possessed potent antifungal activities at a concentration of 1000 μg/mL (Table 1).

Coumarins showed similar inhibitory patterns on aflatoxin production, enhancing the production
of AFG1 (Table 2). It is likely that coumarins inhibit the production of AFB1, AFB2, and AFG2, but
promote that of AFG1. Various coumarins generally use similar target enzymes involved in the
aflatoxin biosynthesis pathway to inhibit aflatoxin production; however, the pathway for production
of AFG1 escapes inhibition.
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Table 2. Inhibitory effects of coumarins on aflatoxin production in Aspergillus flavus.

Compounds
Treated Conc.

(μg/mL)

Aflatoxin Production (ng/mL)

Aflatoxin B1 Aflatoxin B2 Aflatoxin G1 Aflatoxin G2

Control - 1928.9 ± 403.4 a 37.2 ± 6.3 a 184.3 ± 66.5 a 29.5 ± 5.3 a

Thiabendazole
5 ND *,b ND b 64.4 ± 2.6 b ND b

1 − − 239.2 ± 65.7 a −

3-Acetyl-6-bromocoumarin 10 ND b ND b 92.6 ± 25.7 b ND b

1 − − − −
4-Hydroxy-6,7-

dimethyl-coumarin
10 ND b ND b ND b ND b

1 − ND b − ND b

4-Hydroxy-7-methoxy-
3-phenyl-coumarin

100 ND b ND b ND b ND b

10 158.8 ± 25.6 c ND b 192.6 ± 32.4 a ND b

1 1025.4 ± 329.9 d 19.3 ± 3.4 c 137.8 ± 39.0 a 5.3 ± 1.0 c

Dihydrocoumarin
1000 ND b ND b ND b ND b

10 1397.5 ± 675.9 a 28.8 ± 7.8 b 99.6 ± 62.0 b ND b

1 2517.9 ± 199.8 a 49.7 ± 36.5 a 164.6 ± 120.8 a 5.1 ± 1.7 c

2,3-Dihydrobenzofuran
1000 ND b ND b ND b ND b

100 ND b ND b ND b ND b

1 1140.0 ± 342.1 c 21.8 ± 5.1 c 123.3 ± 33.7 c 5.8 ± 2.6 c

4-(Bromomethyl)-6,7-
dimehtoxycoumarin

1000 ND b ND b ND b ND b

100 ND b ND b ND b ND b

10 − − − ND b

* ND: Not detectable; −: means more than 150% aflatoxin production in comparison to that of the control. Statistical
analysis performed and different letters in the same column indicate significantly different from the control group
(p < 0.05).

Other report using three natural furanocoumarins such as xanthotoxin, bergapten, and psoralen
exhibited potent antiaflatoxigenic activities at the 5 mM concentration, but not for antifungal activities
due to only 20% inhibition on fungal growth [26]. Holmes et al. [27] reviewed diverse biomolecules
for their inhibitory effects on aflatoxin biosynthesis. Coumarins containing bergapten, p-coumaric
acid, psoralene, and xanthotoxin possessed strong antiaflatoxigenic activities with IC50 values below
0.1 mM. Among the known biomolecules, α-ionone (IC50 value, 0.4 μM) was the strongest compound
to suppress aflatoxin production [28].

In a recent report, authors demonstrated that AFG2 production in A. flavus was enhanced
after exposure to piperonal, a methylenedioxy-containing compound [24]. In the same report,
methyleugenol, a monoterpene, suppressed AFB1 and AFB2 generation, while AFG1 production
increased in A. flavus. Taken together, chemicals can change the AFB biosynthesis pathway. In contrast,
Compound 5 exhibited potent antifungal and antiaflatoxigenic activity in comparison to the positive
control, thiabendazole. At concentrations of 1 μg/mL, thiabendazole showed more than 80% inhibition,
and Compound 5 showed about 40% inhibition of AFB1 production. These findings are notable, as
Compound 5 is a natural product that has potential for use as a major compound in the synthesis of
new antiaflatoxigenic compounds.

RT-PCR results showed that Compound 1 downregulated aflR, aflD, aflK, and aflQ, thereby
inhibiting the expression of several genes involved directly in the biosynthesis of aflatoxins (Figure 2).
However, Compound 5 suppressed the expression of aflS only, which plays an important role in the
transcription of genes involved in the biosynthesis of aflatoxins (Figure 3). The gene aflD expresses
reductase mediating norsolorinic acid (NOR) to averantin (AVN), while aflK expresses versicolorin
B (VERB) synthase to form VERB from versiconal (VAL). aflQ is responsible for oxidoreductase
expression, which mediates the formation of aflatoxins.
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Figure 2. RT-PCR results of aflatoxin biosynthesis using six genes (aflD, aflK, aflQ, aflR, aflS, and
yap) regulated by 4-hydroxy-7-methyl-3-phenyl coumarin (1). 1: control; 2: 1000 μg/mL of 1; 3:
100 μg/mL of 1; 4: 10 μg/mL of 1). Different letters indicate statistically significant differences between
experimental groups analyzed by a Student’s t-test (p < 0.05).

Figure 3. RT-PCR results of aflatoxin biosynthesis using six genes (aflD, aflK, aflQ, aflR, aflS, and
yap) regulated by 2,3-dihydrobenzofuran (5). 1: control; 2: 1000 μg/mL of 5; 3: 100 μg/mL of 5; 4:
10 μg/mL of 5). Different letters indicate statistically significant differences between experimental
groups analyzed by a Student’s t-test (p < 0.05).

The expression of aflO and aflQ is positively correlated to the production of AFB1 in A. flavus [29].
This finding is similar to the results of 1, which suppressed aflQ expression. Recent reports support
that the expression pattern of aflS gene is related to aflatoxin B1 in A. flavus [30,31]. However, the
expression of aflS varied with aflatoxin-producing ability [32]. Therefore, this finding is related to the
non-changeable expression pattern on aflS by (1), even it possessed inhibitory effects on expression of
some genes involved in aflatoxin biosynthesis.

Conclusively, Compounds 1 and 5 among 32 tested compounds exhibited their potent inhibitory
effects on A. flavus growth and aflatoxin production. The inhibitory effect of Compounds 1 and 5

on fungal growth was observed at a concentration of 100 μg/mL. Compound 1 decreased aflatoxin
production at the concentration of 100 μg/mL via downregulation of aflD, aflK, and aflQ genes, while
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Compound 5 downregulated only the expression of the aflS gene. The potent inhibition of Compound
1 was related to downregulation of aflK gene responsible for VERB synthase expression to form
versicolorin B, a key intermediate in aflatoxin biosynthesis. Taken together, Compound 1 can be
developed as an antifungal and antiaflatoxigenic agent to control A. flavus and aflatoxin contamination
in crop plants and stored products.

3. Materials and Methods

3.1. Chemicals

The following compounds (26 compounds) were all purchased from Sigma-Aldrich Co.
(St. Louise, MO, USA). Tested coumarins were 8-acetyl-7-hydroxycoumarin, 3-acetyl-6-bromocoumarin,
6-bromo-3-cyano-4-methyl-coumarin, 4-(bromomethyl)-6,7-dimethoxycoumarin, 3-cyano-7-hydroxy-4-
methylcoumarin, 3-cyano-4,6-dimethyl-coumarin, coumarin, 4,6-dichloro-3-formylcoumarin, 6,7-dimethoxy-
4-methylcoumarin, 5,7-dimethoxycoumarin, 7-ethoxy-4-methylcoumarin, 7-ethoxycoumarin, 4-hydroxy-6,7-
dimethyl-coumarin, 7-methoxy-4-methylcoumarin, 6-methoxy-4-methylcoumarin, 7-methoxycoumarin,
7-hydroxy-6-methoxycoumarin, 4-hydroxy-7-methoxy-3-phenyl-coumarin, 6-methoxycoumarin, 5,6,7-
trimethoxycoumarin, 6,7-dimethoxycoumarin, 6-methoxy-[7,8-(1-methoxy)methylenedioxy]coumarin,
6,7-(1-methoxy)methylenedioxy coumarin, 6,7,8-trimethoxycoumarin, 7-hydroxycoumarin, and
dihydrocoumarin. In addition to these coumarin derivatives, some benzene-fused compounds were
also tested for the evaluation of fungal and antiaflatoxigenic activities. 2,3-Dihydrobenzofuran, indole,
1-methyl indole, 2-methyl indole, 3-methyl indole, and 2-phenyl indole were also purchased from
Sigma-Aldrich Co. (Figure 1).

3.2. Microorganisms and Preparation of the Spore Solution

Aspergillus flavus ATCC 22546 was purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and was grown on malt extract agar (MEA: Difco Laboratories, Sparks, MD, USA).
This isolate during the development generated aflatoxin B1 and B2, but not for G1 and G2 [23]. It was
grown on MEA medium at 30 ◦C for 5 days until fungal spores were formed. After spore formation,
they were collected from slants by shaking under 0.05% (v/v) Tween 80 and finally stored at −70 ◦C in
a 20% glycerol solution (v/v).

3.3. Aflatoxin Analysis Using an HPLC-FLD

Fungal spore suspension adjusted to 106 population was inoculated to the liquid culture media
consisting of potato dextrose broth (25 mL) (PDB, Difco Laboratories). All tested compounds were
spiked to the corresponding liquid media with a serial basis, and the culture was incubated at 25 ◦C
for 5 days under shaking conditions. All experiments were triplicates for each concentration of the
tested compound.

Following liquid medium cultivation for 5 days, the fungal growth was measured using filter
paper to weigh the mycelial and sclerotial residues with overnight dryness in a dry oven. Separately,
the mycelia from each treatment were subjected to the extraction procedure using an ultrasonic cleaner,
and analyses of aflatoxin B (AFB) and G (AFG) was undertaken using an HPLC-FLD [20]. The average
of the three replicates were calculated with standard deviation, and the data were compared with a
control using one-way ANOVA at a p < 0.05 significance level [33].

3.4. Real-Time qPCR (RT-qPCR) after Isolation of Total RNA

RT-qPCR was employed to understand the mode of the inhibitory effect on fungal growth and
aflatoxin production. Fungal mycelia in liquid media were carefully collected and total RNA was
extracted using the QIAzol Lysis reagent supplied by QIAGEN Inc. (Dusseldorf, Germany) after
grinding to a fine powder under an appropriate amount of liquid nitrogen. Total RNAs extracted
from the treated fungi were quantified by a μDrop™ Plate (Thermo Fisher Scientific Inc., Waltham,
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MA, USA), and the extracted RNAs were qualitatively checked using 1% agarose gel with ethidium
bromide. Complementary DNA (cDNA) for extracted RNAs (2 μg) was synthesized using Maxima
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA).

RT-qPCR was undertaken by a Rotor-Gene SYBR Green PCR Kit (QIAGEN Inc.) with an proper
amount of cDNA (100 ng). Primers for genes such as yap, aflR, aflS, aflK, aflD, aflQ, and 18S rRNA were
synthesized by Genotech (Daejeon, Korea), and they were used to understand the relationship between
aflatoxin biosynthesis and the active compound [20]. Forty cycles of thermal cycling parameters were
performed for amplification as follows: denaturation at 95 ◦C for 30 s, annealing at 60 ◦C for 20 s,
and elongation at 72 ◦C for 30 s, followed by an additional step at 95 ◦C for 5 min. RT-qPCR was
done triplicates for each treatment. Significant differences in gene expression were calculated using
double delta Ct methods [34]. Data were standardized with 18S rRNA, and gene expressions between
the treatment and controls were compared using Prism 6 software (GraphPad, San Diego, CA, USA).
Statistically significant differences between experimental groups were analyzed by a Student’s t-test
(p < 0.05).
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Abstract: The antibacterial activity of pterostilbene in combination with gentamicin against six
strains of Gram-positive and Gram-negative bacteria were investigated. The minimum inhibitory
concentration and minimum bactericidal concentration of pterostilbene were determined using
microdilution technique whereas the synergistic antibacterial activities of pterostilbene in combination
with gentamicin were assessed using checkerboard assay and time-kill kinetic study. Results of the
present study showed that the combination effects of pterostilbene with gentamicin were synergistic
(FIC index < 0.5) against three susceptible bacteria strains: Staphylococcus aureus ATCC 25923,
Escherichia coli O157 and Pseudomonas aeruginosa 15442. However, the time-kill study showed that
the interaction was indifference which did not significantly differ from the gentamicin treatment.
Furthermore, time-kill study showed that the growth of the tested bacteria was completely attenuated
with 2 to 8 h treatment with 0.5 × MIC of pterostilbene and gentamicin. The identified combinations
could be of effective therapeutic value against bacterial infections. These findings have potential
implications in delaying the development of bacterial resistance as the antibacterial effect was
achieved with the lower concentrations of antibacterial agents.

Keywords: pterostilbene; synergistic; time kill assay; antibiotic; bactericidal

1. Introduction

Antibacterial therapy has been a keystone of modern medicine practice for the treatment of
several pathological diseases [1,2]. Unfortunately, bacteria have developed genetic modifications and
mobilized molecular defense mechanisms that are able to protect them against antibiotics [1]. Due to
the emergence of multidrug-resistant pathogens, it is now standard clinical practice to use two or more
antibacterial drugs with different mechanisms of action in an attempt to expand the antimicrobial
spectrum, to prevent the emergence of resistant organisms, to minimize side effects, and to obtain
synergistic antimicrobial activity [3,4].

Natural products and their derivatives have been recognized for many years as a significant
source of new leads in the development of new pharmaceutical agents [5]. Phytoalexins are low
molecular weight antimicrobial compounds that are produced by plants as part of the plant defense
system against a wide range of pathogens and herbivores. Over the past few decades, research and
commercial interest in stilbene phytoalexins have escalated. Many of them have been subjected to
intense investigations in the light of their potential biological activities and possible pharmacological
applications [6,7].

trans-3,5-Dimethoxy-4-hydroxystilbene (pterostilbene) is a phytoalexin compound found
primarily in Pterocarpus marsupium heartwood [8,9] and several foods and drinks, including

Molecules 2017, 22, 463 135 www.mdpi.com/journal/molecules

Bo
ok
s

M
DP
I



Molecules 2017, 22, 463

blueberries and grapevines [10,11]. Pterostilbene, a structural analog of resveratrol, has shown higher
bioavailability than resveratrol due to the presence of the methoxy groups, making it advantageous as
a therapeutic agent. The useful effects of pterostilbene are well documented and multiple studies have
suggested that pterostilbene may have numerous preventive and therapeutic properties in a vast range
of human diseases, including cardiovascular diseases, diabetes and cancer, which are attributed to its
pharmacological effects such as antioxidant [12], anti-inflammatory, and anticarcinogenic properties
leading to improved normal cell function and inhibition of malignant cells [13,14]. Like resveratrol,
pterostilbene was also shown to possess antifungal activity against various grapevine pathogens [15].
More recent studies reported that pterostilbene was 5 to 10 times more effective than resveratrol
in inhibiting the germination of conidia of Botrytis cinerea and sporangia of Plasmopara viticola [16].
However, to the best of our knowledge, evaluation of the susceptibilities of several clinical bacterial
isolates of different species to pterostilbene has not been reported previously. As a result, this study was
undertaken to study the antibacterial potency of pterostilbene and its combination with the standard
antibiotic gentamicin against a variety of Gram-positive and Gram-negative bacteria.

2. Results

2.1. Minimum Inhibitory Concentration (MIC) Values of Pterostilbene and Gentamicin against
Gram-Positive Bacteria

The antibacterial property of pterostilbene was quantitatively assessed against both Gram-positive
and Gram-negative bacteria by determining their minimum inhibitory concentration (MIC) values.
In Table 1, it is shown that the MIC value of pterostilbene was 0.025 mg/mL, whereas gentamicin was
effective in the range of 1.56–6.25 μg/mL against Gram-positive bacteria.

Table 1. Determination of MIC values of pterostilbene and gentamicin against Gram-positive bacteria.

Concentrations
(mg/mL)

Staphylococcus aureus ATCC 25923 Bacillus cereus ATCC 11778

Pterostilbene Gentamicin Pterostilbene Gentamicin

0.20000 − − + −
0.10000 − − + −
0.05000 − − + −
0.02500 − − + −
0.01250 + − + −
0.00625 + − + −
0.00313 + − + +
0.00156 + − + +
0.00078 + + + +

+: presence of bacterial growth; −: absence of bacterial growth; Positive control comprises bacterial suspension and
Mueller-Hinton broth; Negative control comprises Mueller-Hinton broth only.

Pterostilbene was effective in inhibiting the growth of all tested Gram-negative bacteria, except
Acinetobacter baumannii ATCC 19606, with MIC values in the 0.5–0.025 mg/mL range (Table 2).
Out of the two tested Gram-positive bacteria, pterostilbene was the only capable of inhibiting
Staphylococcus aureus ATCC 25923 at MIC value 0.025 mg/mL. On the other hand, the antibiotic
gentamicin used as a standard antibiotic drug was more potent than the tested pterostilbene
compound with the MIC values of 1.56 μg/mL, 6.25 μg/mL, 3.13 μg/mL, 6.25 μg/mL against
Staphylococcus aureus ATCC 25923, Bacillus cereus ATCC, Escherichia coli O157 and Pseudomonas aeruginosa
ATCC 15442, respectively (Tables 1 and 2). The most susceptible strains towards pterostilbene
were Staphylococcus aureus ATCC 25923 and Escherichia coli O157 (0.200 mg/mL), followed by
Pseudomonas aeruginosa ATCC 15442 (MIC = 0.025 mg/mL).
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Table 2. Determination of MIC values of pterostilbene and gentamicin against Gram-negative bacteria.

Concentrations
(mg/mL)

Escherichia coli
ATCC 35150

Pseudomonas aeruginosa
ATCC 15442

Acinetobacter baumannii
ATCC 19606

Pterostilbene Gentamicin Pterostilbene Gentamicin Pterostilbene Gentamicin

0.20000 − − − − + +
0.10000 − − − − + +
0.05000 − − − − + +
0.02500 + − − − + +
0.01250 + − + − + +
0.00625 + − + − + +
0.00313 + − + + + +
0.00156 + + + + + +
0.00078 + + + + + +

+: presence of bacterial growth; −: absence of bacterial growth; Positive control comprised bacterial suspension and
Mueller-Hinton broth; Negative control comprised Mueller-Hinton broth only.

2.2. The Minimum Bactericidal Concentration (MBC) Pterostilbene against Gram-Positive and
Gram-Negative Bacteria

The minimum bactericidal concentration (MBC) assay results are summarized in Table 3; an
antimicrobial agent is considered bactericidal if the MBC value is not more than fourfold higher than
the MIC value [17]. The MBC value is the least concentration which has a colony count of less than
10 on the agar plate. From Table 3, the MBC value of pterostilbene was similar to its MIC value
against Staphylococcus aureus ATCC 25923, which was 0.200 mg/mL, indicating bactericidal activity.
However, the MBC value of pterostilbene showed a bacteriostatic mode of action towards the other
two susceptible bacteria strains, with MBC values more than fourfold higher than their respective
MIC values.

Table 3. Determination of MBC values of pterostilbene against Gram-positive and
Gram-negative bacteria.

MIC (mg/mL)
Gram-Positive Bacteria Gram-Negative Bacteria

Staphylococcus aureus ATCC 25923 Escherichia coli O157 P. aeruginosa ATCC 15442

0.20000 − + +
0.10000 − ND +
0.05000 − ND +
0.02500 − ND +
0.00125 ND ND ND

+: growth of bacteria on agar plate; −: no growth of bacteria on agar plate; ND: not done because the microtiter
well at the tested concentration showed the presence of bacteria growth as shown in Tables 1 and 2.

2.3. FICI Values and Interaction Effects of Pterostilbene and Gentamicin Combinations against Gram-Positive
and Gram-Negative Bacteria

The outcome for the antibiotic combination studies between pterostilbene and standard
antibiotic gentamicin, determined by calculation of FIC index values, are presented in Table 4. The
combination of pterostilbene and gentamicin displayed FIC values of 0.125, 0.3185 and 0.25 against
Staphylococcus aureus ATCC 25923, Escherichia coli O157 and Pseudomonas aeruginosa ATCC 15442,
respectively, which indicated a synergistic interaction. It was noted that pterostilbene markedly
reduced the MIC value of gentamicin by sixteen fold against Staphylococcus aureus ATCC 25923,
followed by eightfold and fourfold, respectively, against Pseudomonas aeruginosa ATCC 15442 and
Escherichia coli O157. Our results indicate that the interaction of pterostilbene potentiated the activity
of gentamicin. In the present study, only interactions with synergistic effects were selected for time-kill
analysis as it would provide descriptive (qualitative) information on the pharmacodynamics of
antimicrobial agents [18].
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Table 4. Determination of FICI values and interaction effects of pterostilbene and gentamicin
combinations against Gram-positive and Gram-negative bacteria.

Species
Antibacterial

Agents

MIC (mg/mL) FIC

Alone Combination FIC Individual FIC Index

Staphylococcus aureus
ATCC 25923

Pterostilbene 0.025 0.00157 0.0625
0.125 (S)Gentamicin 0.00157 0.0000981 0.0625

Escherichia coli O157
Pterostilbene 0.2 0.0125 0.0625

0.3185 (S)Gentamicin 0.00313 0.0008 0.256

Pseudomonas aeruginosa
ATCC 15442

Pterostilbene 0.2 0.025 0.125
0.25 (S)Gentamicin 0.00625 0.00078 0.125

2.4. Time Kill Kinetic of Pterostilbene and Gentamicin Combinations against Gram-Positive and
Gram-Negative Bacteria

Time-kill establishes the optimum time of exposure of pterostilbene against bacteria. The
time-kill kinetic profiles of pterostilbene at 1 × MIC (Figure 1) displayed bactericidal activity towards
Staphylococcus aureus ATCC 25923, showing a 3 log10 reduction in viable cell count relatively to the
initial inoculum at 1 × MIC value after 5.5 h exposure. As expected from the determined MBC value,
the time-kill analysis for pterostilbene against Staphylococcus aureus ATCC 25923 was consistent with
the bactericidal characteristic. Kinetically, 1 × MIC of pterostilbene alone showed a slower rate of
killing (5.5 h) compared to gentamicin alone as well as combination treatment (1.25 h).
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(c)

Figure 1. Time-kill growth curves of combination of pterostilbene with gentamicin, pterostilbene
alone, and gentamicin alone against (a) Staphylococcus aureus ATCC 25923; (b) Pseudomonas aeruginosa
ATCC 15442 and (c) Escherichia coli O157. The data is presented as a mean of 3 replicates.

On the other hand, combination treatment at 1
2 × MIC of both drugs had a similar killing rate

compared to the most active agent gentamicin throughout the 24 h. However, the combination
treatment showed indifference interaction with less than 2 log10 decrease in bacterial counts within a
specific time period throughout 24 h between the combination and the most active agent. Figure 1b
showed that pterostilbene at its MIC value did not demonstrate a reduction in bacterial count
over time towards Pseudomonas aeruginosa ATCC 15442 relative to the initial inoculum. However,
incubating the bacteria for 4 h resulted in an increase of the viable cell count ranging between 5.6 and
8.9 log10 CFU/mL. The time-kill assay curve in Figure 1b also indicates that the combination treatment
showed an indifferent interaction between pterostilbene and gentamicin against Pseudomonas aeruginosa
ATCC 15442. This is justified by the not more than 2 log10 increase in bacterial counts within a specific
time period over 24 h between the combination and the most active agent. However, the combinations
demonstrated more rapid killing after 3.8 h than gentamicin alone and the bacterial growth was
completely attenuated after 4 h, whereas for gentamicin alone at the MIC complete bactericidal activity
was exhibited after only 6 h. Our results suggest that pterostilbene combined with antibiotics might be
microbiologically beneficial and synergistic. Our findings have potential implications in delaying the
development of bacterial resistance as the antibacterial effect was achieved with lower concentrations
of both drugs (antibiotics and stilbenes). In Figure 1c, the time-kill kinetics also showed a decrease
in the number of surviving Escherichia coli O157 over the first 4 h, but the increase in bacterial counts
from 2.59 and 3.72 log10 CFU/mL after 6 h indicated that after the initial bacteriostatic effect, regrowth
of the organism could occur. Combination treatment failed to show a synergistic effect as indicated in
time-kill curves showing an indifferent interaction through 24 h.

2.5. Scanning Electron Microscope (SEM) Analysis

To investigate the interaction between pterostilbene and the bacterial cells, we decided to perform
SEM analysis of bacterial cultures exposed to pterostilbene compound, in order to obtain additional
evidence of the different effect observed in previous tests. As shown in Figure 2a,c, untreated S. aureus
and E. coli exist as colonies of round-shaped and rod-shaped microbes, respectively, in the control
culture. They have both smooth and intact cell walls. Morphological observation using SEM analysis
of the S. aureus treated at 1 × MIC with pterostilbene showed that the quantity of S. aureus has greatly
decreased and the bacteria became more irregular and unhomogenous in shape. A lot of blebs also
appeared on the bacterial surface.
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(a) (b)

(c) (d)

(e) (f)

Figure 2. (a–f): Scanning electron microscope images of Staphylococcus aureus ATCC 25923 treated with
pterostilbene at 1 × MIC (a) and control (b); Escherichia coli O157 treated with pterostilbene at 1 × MIC
(c) and control (d) and Pseudomonas aeruginosa ATCC 15442 treated with pterostilbene at 1 × MIC
(e) and control (f).
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On the other hand, most of E. coli treated with pterostilbene at 1 × MIC maintained their rod
shape but blebbing was notably visible on their surface. As for the Pseudomonas aeruginosa ATCC 15442,
the mophologies of most of the survival cells remained unchanged, with rod-shapes and smooth
surfaces (Figure 2e).

3. Discussion

Gram-positive and Gram-negative bacteria can cause serious infectious diseases in mammals,
and the emergence of antimicrobial resistance has led to the evaluation of other agents with potential
antimicrobial activity. For instance, gentamicin is an effective aminoglycoside when used against
most bacterial infections, but its small therapeutic window, potential side effects and emergence
of resistant strains limit its application [19]. Stilbenes are a new antimicrobial agent belonging to
the polyphenol class which is primarily active against Gram-positive and negative pathogens [20].
Organic chemists have found trans-stilbenes, including resveratrol and pterostilbene (Figure 3), to be
an intriguing structural class of compounds that may be considered ‘privileged structures’ because
of their diverse array of biological and potential therapeutic properties [21,22]. As indicated by a
huge number of published studies, resveratrol and its derivatives have yielded excellent potency and
bactericidal activity. On the basis of the many promising reports on the activity of resveratrol and
substituted stilbenes, the design of and synthesis of chemically novel analogs of these compounds was
undertaken. Recent studies revealed that E-phenoxystyrenes and E-phenylthiostyrenes together
with several substituted E-stilbenoid analogs were found to exhibit promising activity against
Gram-positive bacteria [21]. An antimicrobial phenolic stilbene, (E)-3-hydroxy-5-methoxystilbene was
recently isolated and shown to possess inhibitory activity against Gram positive bacteria, including
isolates of methicillin-resistant Staphylococcus aureus (MRSA), Mycobacterium bovis BCG, and a virulent
Bacillus anthracis (Sterne strain), among others. [23]. Pterostilbene is a resveratrol analogue with
enhanced fungitoxic activity with respect to its precursor [24]. It was previously reported that the
presence of a methoxy group in position 5′ together with a methoxy group in position 3′ confer high
antimicrobial activity [20].

  
(a) (b) (c)

Figure 3. Chemical structures of (a) stilbene; (b) pterostilbene and (c) resveratrol.

Preliminary study showed that pterostilbene possessed antibacterial activity against the reference
strains of Staphylococcus aureus ATCC 25923, Escherichia coli O157 and Pseudomonas aeruginosa
ATCC 15442. In comparison with gentamicin used as broad spectrum therapy against Gram-positive
and Gram-negative infections, pterostilbene still showed 16 times lower antimicrobial activity against
Staphylococcus aureus ATCC 25923 and Escherichia coli O157 and four times less inhibitory potency
against Pseudomonas aeruginosa ATCC 15442. The same phenomenon was seen in the anti-MRSA effect
of pterostilbene whereby both MRSA ATCC and clinical strains are less susceptible to pterostilbene
compared to standard antibiotics [25]. On the other hand, the killing kinetics of Pseudomonas aeruginosa
ATCC 15442 demonstrated bacteriostatic activity with less than 3 log10 CFU/mL reductions in colony
count at 24 h compared with the starting inoculum. Consistent with the previous study, pterostilbene
has been reported to exert bacteriostatic activity against MRSA strains with MBC values exceeding
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their MIC values [25]. In general terms, most of the phytochemicals or secondary metabolites from the
plants are capable of inhibiting or slowing the growth of bacteria rather than killing the pathogen [23].
However, our study has showed that pterostilbene exert bactericidal effect on both Staphylococcus aureus
ATCC 25923 and Escherichia coli O157. These results concur with the conclusions of bactericidal activity
for pterostilbene from time-kill analysis, typically achieving 3 log10 CFU/mL kill over a period of 24 h.

The fundamental morphological differences in the cell wall and membrane organization of Gram
negative and Gram positive organisms modulate their susceptibilities to phytoalexins in plants. Hence,
Gram positive bacteria are often nevertheless susceptible to plant products. More importantly, studies
also suggested that the combined effects of the mixture of natural compounds found in plants might
be necessary to produce a synergistic antibacterial activity against Gram negative organisms [19].
However, pterostilbene was generally found active against Gram-negative bacteria with activity
comparable with that against Gram-positive bacteria. Of course, several successful plant pathogens are
nevertheless able to circumvent the toxic effects of these plant metabolites which can be observed from
our study in both Bacillus cereus ATCC 11778 and Acinetobacter baumannii ATCC 19606, demonstrating
no susceptibility to the pterostilbene compound. Combine antibiotic therapy may produce synergistic
effects in the treatment of bacterial infection [26] as supported by previous study that phytochemical
has the ability to delay the emergence of antimicrobial resistance [19]. Previous in vitro studies have
reported synergistic combinations of various stilbene compounds, such as ε-viniferin and johorenol
A against MRSA, both ATCC and clinical strains [3,4]. Synergistic antibacterial activity of two
stilbene analogues (3,4,5-trihydroxystilbene and 3,5-dihydroxy-4-isopropylstilbene) purified from
a Bacillus sp. N strain associated with entomopathogenic nematode Rhabditis (Oscheius) in combination
with ciprofloxacin was also reported [20]. However, there was no literature concerning the role of
pterostilbene in the antibacterial activity particularly the combination therapy.

In our experiments, the in vitro interactive effects of the antibiotics were determined by the
broth microdilution checkerboard method as previously described. All combination treatment
groups demonstrated synergism were subjected to retesting by time-kill kinetics studies. However,
these results somewhat differed from the time-kill kinetics reports in which indifference bactericidal
activity of pterostilbene against Staphylococcus aureus ATCC 25923 was observed. Comparison of
the time-kill plots for the three organisms studied showed that the killing rate was the greatest for
Staphylococcus aureus ATCC 25923, then Escherichia coli O157 and then with no bactericidal activity for
Pseudomonas aeruginosa ATCC 15442. Likewise, gentamicin consistently showed bactericidal activity
against Staphylococcus aureus ATCC 25923, then Escherichia coli O157 and Pseudomonas aeruginosa
ATCC 1544. Considering the wide range of combination outcomes produced and the different killing
rate from each compound, it is most likely that the antibacterial activity of pterostilbene and gentamicin
is not attributable to one specific mechanism, but to several targets in the cell.

Damage to the structural integrity of the cells and considerable morphological alteration were
confirmed by SEM analysis. The marked irregular shape of Staphylococcus aureus ATCC 25923 exposed
to pterostilbene may have been the result of the extensive loss of cell contents, the exit of molecules and
ions and cell lysis [22]. This was also supported by our results from the time kill assays demonstrating
bactericidal action of pterostilbene against Staphylococcus aureus. It might be specific to the cocci bacteria,
as no significant changes in cell shape were observed in Escherichia coli O157 which has remained its
rod-shaped. In addition, the cell membrane surface in both treated Staphylococcus aureus ATCC 25923
and Escherichia coli O157 were rougher than that of the control, with pores and blebs appearing
on the membrane surfaces. This considerable alteration in cell morphology was not observed in
Pseudomonas aeruginosa ATCC 15442 treated with pterostilbene. This may be explained by the regrowth
of the bacterial colonies after 4 h treatment as observed in time-kill analysis.
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4. Materials and Methods

4.1. Preparation of Pterostilbene Compound

Purchased pterostilbene was in an amber bottle and each bottle contained 10 mg extracted
pterostilbene (molecular weight: 256.3 g/mole). Pterostilbene (10 mg) was dissolved in 10% dimethyl
sulfoxide (DMSO, 1 mL) to achieve the concentration of 10 mg/mL. The 10% DMSO solvent was
prepared by adding 100% DMSO stock solution (0.1 mL) in distilled water (0.9 mL). The stock solution
was kept in −4 ◦C till used.

4.2. Preparation of Bacterial Inoculum

The bacteria strains used in this study were cultured and maintained in Mueller Hinton agar
(MHA) and incubated at 37 ◦C for 18 h. Isolated colonies were inoculated onto slant agar in a bijou
bottle for storage at 37 ◦C for 24 h. The bacteria suspension was adjusted to a turbidity corresponding to
a spectrophotometric absorbance at 0.08 at wavelength 650 nm, which is equivalent to 0.5 McFarland’s
standard or a bacteria inoculum size of approximately 106 CFU/mL.

4.3. Determination of Minimal Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

For the initial determination of the antibacterial activity of pterostilbene and gentamicin,
a susceptibility screening study was conducted. The MIC values of pterostilbene and gentamicin
against five bacterial strains were determined using the twofold serial microdilution method based
on [27]. The tested pterostilbene and gentamicin were pippetted in a 96-well plate containing the
sterile Mueller-Hinton broth enriched with 2% NaCl before the bacterial suspension at final inoculum
of 106 CFU/mL was added. The range of final concentration of pterostilbene and gentamicin was
0.00078 mg/mL–0.2 mg/mL. A positive control comprised bacteria inoculum in Mueller-Hinton broth
whereas the tested compounds in Mueller-Hinton broth were used as negative control to ensure
medium sterility. The 96-well plate was then incubated at 37 ◦C for 24 h. MIC was the lowest
concentration of compound and antibiotic showing no turbidity after 24 h, where the turbidity was
interpreted as visible growth of bacteria. For consistency, each test was carried out in triplicate in a
final volume of 0.1 mL per test well.

The MBC value was later determined by subculturing the well which showed no apparent
bacterial growth on a sterile Mueller Hinton agar in an absence of antibacterial agent. The plate was
incubated for 18 to 24 h. Bacterial growth on agar was observed and the concentration which has a
colony count of less than 10 was considered as the MBC value. The MBC value was defined as the
least concentration of antimicrobial agent that can kill >99% of the microorganism population where
there is no visible growth on nutrient agar [28].

4.4. Determination of Fractional Inhibitory Concentration (FIC)

The combined antibiotic of pterostilbene with gentamicin against five strains of bacteria was
evaluated from the FICI values for each combination using microdilution checkerboard technique [29].
The concentration of pterostilbene and gentamicin were prepared in five concentrations, namely
1/16 × MIC, 1/8 × MIC, 1/4 × MIC, 1/2 × MIC and 1 × MIC. Along the x-axis across the checkerboard
plate, 50 μL of each pterostilbene was added into each well in the following sequence: 1/16 × MIC,
1/8 × MIC, 1/4 × MIC, 1/2 × MIC and 1 × MIC. As for the y-axis, 50 μL of vancomycin was added
into each well in the same sequence as the tested pterostilbene. Inoculum size of approximately
106 CFU/mL was then added into all the wells. The well containing MHB and bacterial suspension
served as positive control whereas well comprised only MHB and the tested antimicrobial agents served
as negative control. The concentration of individual compound in the combination of pterostilbene
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and gentamicin which prevented visible bacterial growth was recorded as the MIC of the individual
compound in the respective combination. The FICI value was then calculated as follows [29]:

FICindex (∑ FIC) = FICA + FICB = A/MIC A + B/MIC B

where A = MIC of drug A in combination; B = MIC of drug B in combination; MICA = MIC of drug
A alone; MICB = MIC of drug B alone Synergistic effect is defined as FICI of ≤0.5; partial synergism
as 0.5 > FICI < 1; additivity as FICI = 1; indifference as 1 > FICI < 4; and antagonism as FICI of more
than 4.

4.5. Time-Kill Study

Time-kill assays were performed by the broth macro-dilution method [29]. The rate of bacterial
killing over time was performed only on the antibiotic combinations found to be synergistic
by the microdilution checkerboard method. The time-kill kinetic study of the pterostilbene in
combination with gentamicin against five strains of bacteria was performed in the microtiter
96-well plates. In each well, the combined agent was added to 0.04 mL Mueller-Hinton broth
and 0.05 mL Inoculum suspension with approximately 106 CFU/mL of exponentially growing
cells were subsequently added. The growth control wells comprised only bacteria and 0.05 mL
Mueller-Hinton broth. The wells were then incubated at 37 ◦C and viable counts were performed
at 0, 2, 4, 6, 8, and 24 h after addition of antibacterial agents. At each hour, 0.01 mL of the
sample was removed from the wells to be diluted twofold with normal saline (0.9% NaCl). The
sample was then spread on Mueller-Hinton agar plates using cotton swab rod and incubated
for 24 h at 37 ◦C. Colony count of bacteria of between 30 and 300 CFU/mL for each plate was
determined to obtain time-mortality curves by plotting the log10 CFU/mL on the x-axis and time
(h) on the y-axis. Synergistic interaction was defined as log10 decrease in CFU/mL between the
combination and the most active agent at 24 h. Additive or indifference was defined as log10 CFU/mL
reduction in colony count at 24 h by the combination compared with the most active single agent.
Antagonism was described as log10 increase in CFU/mL after 24 h between the combination and
the most active agent [30]. The time-kill curves were recorded as a decrease in CFU/m within
a specific time period. Bactericidal and bacteriostatic were, respectively, defined as ≥3 log10 or
<3 log10 reduction in colony count at 24 h compared with the starting inoculum [31].

4.6. Scanning Electron Microscopic (SEM) Analysis

In order to investigate the effect of pterostilbene on morphological changes of bacteria, treated and
control cells were examined by scanning electron microscope (SEM) after 24 h treatment. The bacteria
cells treated with 10% dimethyl sulfoxide (DMSO) were used as control. The cells were collected by
centrifugation and washed with distilled water. The cells were fixed with 2% glutaraldehyde in 0.1 M
phosphate buffer solution (PBS) and pH 7.4 for 15 min subsequently; the cells were washed three times
and fixed with 1% osmium tetroxide in distilled water for 5 min at room temperature. The samples
were dehydrated with a series of graded ethanol (70%, 90% and absolute ethanol), respectively for
5 min each, then coated with 42 nm thickness gold and examined on a Philips XL30 ESEM instrument
(FEI Company, Hillsboro, OR, USA) at 28–30 kV [32].

5. Conclusions

The interaction between pterostilbene and gentamicin was bacteriostatic and enhancement of
bactericidal activity of gentamicin against Staphylococcus aureus ATCC 25923, Escherichia coli O157
and Pseudomonas aeruginosa ATCC shown that these combinations have great potential worthy of
further study and possible development as an alternative treatment in combating bacterial infections
in the future.
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Abstract: Indole phytoalexins from crucifers have been shown to exhibit significant anti-cancer,
chemopreventive, and antiproliferative activity. Phytoalexins are natural low molecular antimicrobial
compounds that are synthesized and accumulated in plants after their exposure to pathogenic
microorganisms. Most interestingly, crucifers appear to be the only plant family producing
sulfur-containing indole phytoalexins. The mechanisms underlying its anti-cancer properties
are unknown. Isolation from cruciferous plants does not provide sufficient quantities of
indole phytoalexins and, for biological screening, they are usually obtainable through synthesis.
Understanding the molecular mechanism of the action of these substances and their structure-activity
relationships is quite important in the development of new analogs with a more favorable profile of
biological activities. In this review, we present the key features of indole phytoalexins, mainly their
antiproliferative ativities.

Keywords: indole phytoalexins; crucifers; brassinin; antiproliferative; cancer

1. Introduction

Substances of plant origin have a significant position among the drugs used for cancer treatment.
Information about the healing effects of extracts from various plants can be found in Chinese, Indian,
as well as ancient literature [1]. The tradition in their use and claimed successes in anti-tumor therapy
are an inspiration for a more detailed study. Modern methods in biochemistry and pharmacology
allow their chemical identification and exact testing.

The discovery of the anti-cancer effects of foods rich in vegetables from the Cruciferae (Brassicaceace)
family led to an increased interest in the natural substances contained therein [2]. Their frequent
consumption, along with other kinds of vegetables and fruits, can significantly reduce the risk of
cancer and prolong a patient’s life [3]. Although cruciferous vegetables contain many compounds
with anti-cancer properties, they are unique because of the high content of sulfur-containing
phytochemicals, the glucosinolates [4]. After metabolic degradation, glucosinolates are converted to a
variety of products, from which the isothiocyanates play probably the most important role in cancer
chemoprevention [5]. During the last 20 years, multiple mechanisms of their anti-cancer action have
been recognized, including modulation of carcinogen metabolism [6–8], induction of apoptosis and cell
cycle arrest, inhibition of neovascularization [9,10], inhibition of cancer cell migration [11,12], as well as
the blocking of signaling pathways associated with malignant transformation or cell survival [13–15].

Furthermore, a special group of substances in cruciferous plants are the indole phytoalexins.
Indole phytoalexins have been reviewed with regard to their isolation, occurrence, synthesis,
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biosynthesis, biotransformation, and role in plant defenses [16–21]. These substances show a wide
range of biological effects, including antiproliferative [22–24], antifungal [25], antiprotozoal [26],
chemopreventive [27], and anti-cancer effects [28]. While a variety of possible molecular mechanisms
have been proposed to explain this activity, none has been directly validated in vivo.

2. Occurrence, Structure, and Biological Activity of Indole Phytoalexins

Phytoalexins are antimicrobial secondary metabolites with a low molecular weight produced
de novo by plants after exposure to biological (bacteria, fungi, viruses), physical (UV radiation,
heat shock, injury), or chemical (heavy metals) stress [20,29]. They include a number of different
types of substances that are species-specific, such as terpenoids, alkaloids, flavonoids, and the like.
The name of phytoalexins comes from their function of defending the plant organism, as it is derived
from the Greek words phyton–plant, alexos–defend. They are not located in the tissues of healthy
plants. The synthesis of phytoalexins is triggered by specific substances, so-called elicitors, in plants.
These substances initiate the defense response of a plant after it is attacked by a pathogen. Phytoalexins
appear in an infected plant several hours or days after such an attack [30–32]. These substances are
produced by plants in small amounts, and isolation of them from plants is difficult. The introduction
of the chemical synthesis and their analogs provided the appropriate quantities necessary for an
evaluation of their environmental function and biological activity [21].

Phytoalexins were first described by Müller and Börger in 1940 as antifungal substances produced
by Solanum tuberosum after being attacked by the fungus Phytophora infestans [33]. The first phytoalexin
to be isolated and chemically characterized was (+)-pisatin. Pisatin was obtained from Pisum sativum
(pea) in a small concentration after the plant was infected by the Ascochyta pisi pathogen [34].

The structure of phytoalexins depends on the type of plant that synthesizes them and partially
on the elicitor inducing their synthesis. Isoflavones prevail in plants of the Fabaceae family,
sesquiterpenoids in the Solanaceae family, diterpenes in the Poaceae family, and for plants of the
Brassicaceae family it is a characteristic that it is the only family that produces indole phytoalexins
containing sulphurous phytoalexins [16,35].

At present, 44 different species of indole phytoalexins are known. Some of them are produced
by more than one plant species and may be elicited by a number of pathogens or abiotic factors [21].
What is interesting concerning the indole phytoalexins’ structure is the unique connection of the
indole nucleus with the side chain or a heterocycle containing nitrogen and sulfur atoms [36].
The side chain is most often in the –CH2– group in position 3 of the indole nucleus. A heterocycle
may be joined by condensation (cyclobrassinin), by a single bond (camalexin) or through a spiroatom
(spirobrassinin) (Figure 1). Methyl-1-methoxy-indole-3-carboxylate has a carbonyl group (–C=O) at
position 3 of the indole nucleus, discovered as the first of two phytoalexins of cruciferous plants
that do not contain sulfur. It was isolated from wasabi, and it is assumed that its presence in
this plant results in the crusting resistance caused by the fungus Phoma lingam. Brasicanal A, B,
and C belong to the indole phytoalexins having an aldehyde group (–CH=O) at position 3 of the
indole nucleus [18,37]. The bifunctional structural characteristic of natural brassinin, i.e., the position
of both the indole nuclei and the dithiocarbamoyl aminomethyl moiety, is similar to that of the
chemopreventive agents, such as indole-3-carbinol and benzyl isothiocyanate [38]. As was mentioned
above, isothiocyanates and indoles derived from the hydrolysis of glucosinolates, such as sulforaphane
and indole-3-carbinol, have been implicated in a variety of anticarcinogenic mechanisms [4].
With the presence of both components, a positive biological effect can be achieved. An aliphatic analog
of brassinin, (±)-4-methylsulfinyl-1-(S-methyldithiocarbamyl)-butane (Sulforamate), has structural
similarities to sulforaphane [38].
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Figure 1. Molecular structures of the representative indole phytoalexins and their derivatives.

The biosynthetic pathway of indole phytoalexins begins with the conversion of tryptophan to
indolyl-3-acetohydroxamic acid and then opens into a number of metabolic pathways, including
indolyl glucosinolates, brassinins, and camalexin [39]. Brassinin is a biosynthetic precursor of several
other phytoalexins [35].

Brassinin, cyclobrassinin, and 1-methoxybrassinin (Figure 1) are indole phytoalexins first
isolated from Chinese cabbage which had been infected by the Pseudomonas cichorii bacterium [36].
Cyclobrassinin is a natural product of oxidative brassinin cyclization [27], while 1-methoxybrassinin
is 1-methoxyindol alkaloid with a methoxy group bound to the indole nitrogen atom. Other typical
representatives of 1-methoxyindol phytoalexins are 1-methoxybrassitin, also isolated from Chinese
cabbage; 1-methoxybrasenin A and 1-methoxybrasenin B of cabbage; (R)-(+)-1-methoxyspirobrassinin
isolated from kohlrabi; (2R,3R)-(−)-1-methoxyspirobrassinol methyl ether isolated from the Japanese
radish; and sinalbin B from white mustard [17,18]. Later, arvelexin, located in Thlaspi arvense
(field pennycress), was described [40]. Isalexin, brassicanate, and rutalexin were isolated from
Brassica napus, ssp. rapifera (rutabaga) after abiotic elicitation through UV light or after being infected
by the pathogenic fungus Rhizoctonia solani [25]. Erucalexin was obtained from Erucastrum gallicum
(common dogmustard). The presence of caulilexin, caulilexin B, and caulilexin C was discovered in
cauliflower [41]. Thellungiella salsuginea (saltwater cress) produces wasalexin A and B. In addition
to wasalexins, this plant also produces the phytoalexins 1-methoxybrassenin B and rapalexin A [42].
Brussels sprouts were shown to produce a unique thiolcarbamate, brussalexin A. It is the first naturally
occurring thiolcarbamate in which the sulfur atom is attached to the 3-methylindolyl moiety [43].
The phytoalexins 4-methoxycyclobrassinin and dehydrocyclobrassinin were isolated for the first time
from canola roots infected with the biotroph Plasmodiophora brassicae (clubroot disease) [44].

(S)-(−)-Spirobrassinin (Figure 1) was isolated in 1987 from Japanese radish [45]. Spirobrassinin
resembles other anticarcinogenic substances in its structure, such as pentacyclic oxindole alkaloids
found in Uncaria tomentosa (cat’s claw) from the Andean region and Peru, a plant used in folk medicine
as an anti-cancer and anti-inflammatory substance as well as a contraceptive [46]. These alkaloids have
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an antiproliferative effect on HL-60 and U-937 leukemic cell lines, without inhibiting the growth of
progenitor cells, with the highest activity observed for Uncarina F (IC50 = 21.7–29 μmol/L) [47].

Camalexin (Figure 1) has a remarkable position among the indole phytoalexins in that it
is produced by the Arabidopsis thaliana plant (Arabidopsis willow) after being infected by the
Alternaria brassicicola fungus and Pseudomonas syringae bacterium. The presence of this substance
has also been demonstrated in the plants Capsella bursa-pastoris (shepherd’s pocket) and Camelina sativa
(gold-of-pleasure). The genetic data show that camalexin is synthesized from tryptophan. The reaction
is catalyzed by two kinds of P450cytochrome (CYP79B2 and CYP71B15) [48]. Biosynthesis is localized
at the site of pathogen infection and takes place in the endoplasmic reticulum [49]. This phytoalexin
has a cytostatic effect on the Trypanosoma cruzi pathogenic flagellate [26].

What is remarkable in indole phytoalexins is the presence of a dithiocarbamate group (NH-CS-SR)
(Figure 1), which is part of some organic fungicides [50]. Dithiocarbamates are distinguished through
strong antioxidant and antitumor effects. It has been confirmed that the dithiocarbamate side chain
is very crucial for the anti-cancer activity [51]. Reactive metabolites of certain dithiocarbamates
(proline-dithiocarbamate, diethyldithiocarbamate) induce the expression of p21KIP1/CIP1 in the p53
dependent pathway, leading to the cessation of the cell cycle in a G1/S HepG2 cell line. Furthermore,
they affect the phosphorylation of cyclin E, the cyclin of dependent kinase inhibition 2, and cyclin E
degradation in these cells during apoptosis. They also cause a decrease of Bcl-2 anti-apoptotic proteins
and an increase in the level of p53 protein. 4(3H)-Quinazolinone dithiocarbamate exhibited anti-cancer
activity against human myelogenous leukaemia cells [52,53].

Duan et al., [54] reported the synthesis of a series of novel 1,2,3-triazole-dithiocarbamate hybrids
and evaluated them for anti-cancer activity against several human tumor cell lines (MGC-803, MCF-7,
PC-3, EC-109). Another study reported novel dithiocarbamte derivatives where benzimidazole
replaced brassinin in the indole moiety. Their chemotherapeutic activity was evaluated. This docking
study revealed that benzimidazoledithiocarbamate derivatives are more selective for anti-cancer
activity than antimicrobial activity [55]. Some dithiocarbamates act by modulating the responses of
heat shock proteins (HSP—they synthesize in the cell as a response to the influence of any stress)
or by inhibiting the activity of the NF-κB transcription factor [19]. In the case of tumor cells, the
activation of NF-κB plays a role in the protection against apoptosis induced by e.g., the action of
TNF-α, ionizing radiation, or other inducements. The activated signaling pathway of NF-κB inhibits
the apoptotic potential of chemotherapeutic agents and thereby contributes to the resistance of cancer
cells to these agents. Therefore, it follows that the substance inhibiting the signaling pathway may
be used to overcome the drug resistance of tumor cells [56]. NF-κB also regulates the expression of a
large number of genes that play an important role in the non-adaptive (innate) immune response [57].
In connection to this fact, the anti-inflammatory effects of arvelexin, which inhibits the activation of
NF-κB in macrophages with a subsequent decrease of the expression of pro-inflammatory inducible
enzymes (iNOS, COX-2) and cytokines (TNF-a, IL-6 and IL-1b), were demonstrated [58].

3. The Antiproliferative Effect of Naturally Occurring Indole Phytoalexins

The ability of indole phytoalexins to inhibit the growth of cells was tested in vitro in a number
of cancer cell lines. The mechanism of the antiproliferative effect of these substances is still unclear.
Available data indicate that the antiproliferative activity of indole phytoalexins is more a result
of modulating the activity of transcription factors regulating the cell cycle, cell differentiation,
and apoptosis than a direct interaction with DNA [19,59]. The possible anti-cancer effects of
representative indole phytoalexins and their derivatives are summarized in Table 1.

The antiproliferative effect of brassinin, spirobrassinin, and cyclobrassinin was tested in a (B16)
mouse melanoma and (L1210) leukemia cancer cell line. Brassinin showed the highest inhibitory
effect in that, at a 100 μmol/L concentration, it reduced the cell growth by 35% and at 10 μmol/L
concentration by 15% (L1210) and 9% (B16), respectively, after 24 h of incubation. Spirobrassinin
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was less effective; a reduction of the number of cells occurred only at a concentration of 100 μmol/L
(about 13%). Cyclobrassinin did not show antiproliferative activity [59].

Significant chemopreventive activity was also recorded in these substances in a DMBA model
(7,12-dimethylbenzathracene) of induced mammary gland carcinogenesis in mice. Brassinin inhibited
the formation of pre-neoplastic lesions of the mammary gland by 73%, cyclobrassinin by 90.9%,
and spirobrassinin by 76% at 10 μmol/L concentration. The mechanism of the chemopreventive effect
is unknown, but probably the induction of phase II detoxification enzymes occurs. Regarding the
inhibition of tumor growth, these substances may have a chemopreventive effect in the initiation and
promotional phases of carcinogenesis (Table 1) [27,38,60].

Cyclobrassinin, brassilexin, and their synthetic analogs (homocyclobrassinin and 5-methoxybrassilexin)
caused growth inhibition of the KB cell line (epidermoid carcinoma), while the highest efficiency
was observed in brassilexin (IC50 8 μg/mL). Brassilexin had the same values of IC50 for human KB
carcinoma and normal monkey kidney cells, which indicates a lack of selectivity for cancer cells [61].

Brassinin and its derivatives are inhibitors of indoleamine 2,3-dioxygenase (IDO), which is a
new target in cancer immunotherapy. IDO is an extrahepatic enzyme that catalyzes the initial and
rate-limiting step in the degradation of tryptophan along the kynurenine pathway that leads to the
biosynthesis of nicotinamide adenine dinucleotide (NAD+) [62–64]. The degradation of tryptophan
reduces the immune response to tumor cells. Therefore, blocking IDO could lead to greater efficiency
in tumor immunotherapy [65]. The role of the inhibition of IDO in the antitumor mechanism of
the bioavailable analog of brassinin (5-bromobrassinin (Figure 1)) was confirmed in vivo, where this
compound suppressed growth of B16-F10 melanoma xenografts in C57BL/6 mice but not in athymic
NCr-nu/nu and IDO knock-out mice (Table 1) [28].

Gaspari et al. [66] undertook a structure-activity relationship study of brassinin with the goal of
obtaining a more potent IDO inhibitor. They divided the brassinin structure into four components: the
indole core, the alkane linker, the dithiocarbamate moiety, and the S-alkyl piece (Figure 1). The study
showed that replacement of the indole moiety with other aromatic rings retained the activity, whereas
an increase in the length of alkyl chain increased the potency of compounds, but upon replacement
of the dithiocarbamate side chain with any other group, the compounds exhibited very little or no
activity at all.

Brassinin has been reported to induce G1 phase arrest through the increase of p21 and p27
by inhibition of the phosphatidylinositol 3-kinase signaling pathway in colorectal cancer cells [67].
The latest data suggests possible brassinin interference with the PI3K/Akt/mTOR/S6K1 signaling
pathway [68]. Regulation of the mTOR (mammalian target of rapamycine) protein kinase plays
an important role in the cellular metabolism of proliferation and angiogenesis. It is an attractive
therapeutic target because it is a key point at which a number of signaling pathways converge.
The activation of the PI3K/Akt/mTOR/S6K1 signaling pathway is closely linked with the development
of prostate cancer, its metastasis, and angiogenesis [69]. The ability of brassinin to inhibit this cascade is
pre-tagging it as a potential candidate for the treatment and prevention of prostate cancer [68]. Brassinin
can inhibit the constitutive and inducible STAT3 (Signal transducer and activator of transcription 3)
signaling pathway, thereby attenuating tumor growth (Table 1) [70]. STAT are proteins that regulate
gene expression by affecting transcription. They are part of the signal transduction pathway of
many growth factors and cytokines and are activated by phosphorylation of tyrosine and serine
residues by upstream kinases [71]. Constitutive activation of STAT3 has been reported in many
types of malignancies, such as myeloma, head and neck cancer, breast cancer, prostate cancer, and
non-small cell lung cancers (NSCLC) [72–77]. There is evidence showing that inhibition of STAT3
leads to cessation of tumor cell growth and apoptosis. Brassinin suppressed STAT3 activation through
the modulation of two groups of signaling proteins known to inactivate STAT proteins, the protein
inhibitors of activated STAT (PIAS) and the suppressors of cytokine signaling (SOCS). In addition,
brassinin enhanced the antitumor effects of paclitaxel, a chemotherapeutic drug used extensively to
treat NSCLC (non-small cell lung cancer) patients [70].
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Kim et al. [78] analyzed the potential synergistic anti-tumor effects of brassinin combined with
capsaicin on prostate cancer PC-3 cells (Table 1). Capsaicin, an alkaloid derived from the chilli pepper,
has been shown to promote cell death in a variety of tumor cells [79]. After treatment with brassinin
and capsaicin at various concentrations, the synergistic cytotoxic effect of PC-3 cells was observed [78].

In our studies, we examined the antiproliferation effects of 1-methoxybrassinin [24] and
homobrassinin (Table 1), (Figure 1) [80]. We found the redistribution of the cell contents into the
G2/M phase after just 24 hours of incubation with homobrassinin. The accumulation of cells in the
G2/M phase could indicate a possible interaction of this substance with tubulins, which are involved
in the construction of the spindle apparatus. This theory is supported by the results of the study by
Smith et al. [81], in which they reported that the degradation products of glucosinolates, substances
biogenetically related to indole phytoalexins, caused the condensation of α-tubulin and subsequent
blocking of the mitotic phase in colorectal cancer cells (Caco-2). The results of cell cycle analysis led us to
monitor the expression of selected genes involving the formation of microtubules. We found changes in
the expression of tubulin subunits after exposure to homobrassinin in the form of a reduced expression
of β5-tubulin and increased expression of α-tubulin. The ability of the studied substances to induce the
apoptosis of Caco-2 cells was associated with changes in the balance between pro- and anti-apoptotic
representatives of proteins of the Bcl-2 family and caspase-3 activation [80]. 1-methoxybrassinin
showed significant antiproliferative effects on the Jurkat (human acute T lymphoblastic leukemia)
cell line (IC50 10 μmol/L). Cell cycle analysis showed a reduction in the number of cells in the S and
G2/M phase of the cell cycle with an increased fraction of sub-G0/G1 DNA, which is considered
a marker of apoptosis. After 72 h of the incubation of Jurkat cells with 1-methoxybrassinin, the
amount of this fraction increased to more than 90% [22]. The increase in ROS levels, reduction in the
mitochondrial membrane potential levels, and decrease of GSH in the Caco-2 cells after treatment with
1-methoxybrassinin probably also contribute to the triggering of the apoptotic cascade. The potential of
this substance to cause GSH depletion in tumor cells could be used to increase their sensitivity
to chemotherapeutic drugs [24]. The significant potentiation of vincristine cytotoxicity to U-87
MG (human glioblastoma astrocytoma) cells by brassinin, spirobrassinin, 1-methoxyspirobrassinin,
and 1-methoxyspirobrassinol, as well as drug-like characters of these compounds, suggest the
possibility of their future role in combination chemotherapy [82].

While several reports showed the antiproliferative effect of cruciferous phytoalexins, a study by
Mezencev et al. revealed a contradictory effect. While spirobrassinin and 1-methoxyspirobrassinol
methyl ether reduced the growth of MCF-7 (breast cancer cell line, estrogen receptor positive) and
Caco-2, brassinin, 1-methoxyspirobrassinol, and 1-methoxyspirobrassinin in contrast stimulated the
proliferation of these cells. All tested substances inhibited the growth of the MDA-MB-231 (breast
cancer cell line). It can therefore be assumed that MCF-7 growth stimulation may be caused by the
partial estrogen-receptor agonism of these indole phytoalexins and their metabolites [82].

Camalexin has demonstrated antiproliferative activity on SKBr3 (human breast carcinoma cell
line) with the increased expression of topoisomerase IIα. The inhibition of tumor cell growth induced
by camalexin (IC50 2.7 μmol/L) was even more evident when compared to conventional cytostatic
agents, such as melphalan (IC50 13.0 μmol/L) and cisplatin (IC50 7.4 μmol/L) [83]. The mechanism of
the cytotoxic effect of camalexin on Jurkat cells can be compared to the action of the ATO drug (arsenic
trioxide) used for the therapy of relapse and resistant acute promyelocytic leukemia [84,85]. Data from
recent years suggest that camalexin causes the accumulation of reactive forms of oxygen in tumor cells,
resulting in the formation of oxidative stress, the activation of caspases, and induction of apoptosis.
This effect was shown in the metastatic prostate cancer cell line and leukemia cell line. Inhibition
of the growth of prostate cancer cells may be associated with a change of expression and activity of
the cathepsin lysosomal enzyme in these cells due to camalexin influence. This hypothesis was also
confirmed by an experiment with pepstatin A, an inhibitor of cathepsins activity, which blocked the
cytotoxic effect of camalexin. Cathepsins are secreted into the cytosol during the initiation of apoptosis.
Various incentives—such as oxidative stress, TNF-α, and p53—can increase lysosomal membrane
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permeabilization, thus triggering the translocation of these enzymes into the cytosol. Affecting the
activity of lysosomal proteases, such as cathepsin, represents a great potential—particularly in the
treatment of metastatic prostate cancer [86]. The advantage of camalexin, as well as its derivatives
is its minimal cytotoxic effect on non-tumor cells (Table 1) [23,85]. Furthermore, in our study we
have found structure-activity relationship. The fusion of benzene with thiazole ring of camalexin
significantly enhances its cytotoxicity. On the other hand, further modulation of chemical structure
(e.g., methylation of benzocamalexin) resulted in decreased antiproliferative activity and neither
addition of methoxy-, fluoro-, nor cyano-group increased it (Figure 2) [85].
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Figure 2. Chemical structure of camalexin and its synthetic analogs.

4. Antiproliferative Effect of Synthetic Derivatives of Indole Phytoalexins

Indole phytoalexins represent a natural template for the synthesis of several substituted
derivatives in order to find more favorable antiproliferative and chemopreventive effects of
these substances.

Glyoxylic analogs of natural phytoalexins, such as brassinin, brassitin, and some 1-methoxyindole
phytoalexins, were synthesized. When comparing the antiproliferative activity of these derivatives
to natural phytoalexins, it was shown that the most effective was an analog of glyoxylic
1-methoxybrassenin B (IC50 3.3–66.1 μmol/L), which reduced the growth of cells in the most acute
lymphoblastic leukemia line (CCRF-CEM) from a number of tested cancer cell lines (Jurkat, HeLa,
MCF-7, MDA-MB231, A-549, CCRF-CEM) [87]. There are also several other studies on the anti-tumor
effects of substances containing the indolyl glyoxylic group. Glyoxylic derivatives have been found as
intermediates in the synthesis of anti-tumor indolocarbazole alkaloids. The indolyl glyoxylic group is
part of the natural marine product, hyrtiosin B (isolated from the sea sponge Hyrtios erecta), which has
shown in vitro antiproliferative activity against the KB cell line [88]. Synthetic indolyl glyoxylic amides
have been identified as anti-tumor substances destabilizing the microtubules of cells, with indibulin
as the most active derivative. This derivative was characterized as demonstrating in vitro activity
against tumor SKOV3 (ovarian cancer), U87 (glioblastoma), and ASPC-1 (pancreas adenocarcinoma)
cell lines [89].

Various synthetic 2-amino derivatives of spiroindoline phytoalexins have shown remarkable
anti-tumor features. Through the introduction of a substituted phenylamino group into position 2 of
the indole ring of 1-methoxyspirobrassinol methyl ether derivatives with a better anti-tumor effect than

153

Bo
ok
s

M
DP
I



Molecules 2016, 21, 1626

natural phytoalexins themselves were obtained. Some even achieved a better antiproliferative effect on
cancer cell lines, such as cisplatin, etoposide, and doxorubicin [90]. Similarly, the 2-amino derivative of
1-methoxyspirobrassinol, trans-1-Boc-2-deoxy-2-(1-piperidinyl) spirobrassinol created an anti-tumor
effect against small cell lung carcinoma, renal, ovarian, prostate carcinoma, and colorectal carcinoma
and induced glutathione depletion in MCF-7 breast cancer cells [91]. The findings of these studies
are useful for the suggestion of more amino analogs. By substituting the bis (2-chloroethyl) amino
alkyl group into the above-mentioned amino derivatives of 1-methoxyspirobrassinol, the following
compounds arose: cis- and trans-1-methoxy-2-deoxy-2 [N,N-bis(2-chloroethyl)amino] spirobrassinol.
It follows that these synthetic analogs acquired the feature of alkylating substances to destabilize
dsDNA and the capability of inducing the depletion of glutathione in tumor cells. Both compounds
demonstrated in vitro antiproliferative activity against tumor cells of the ovarian adenocarcinoma and
leukemia cell lines. Compared to the antitumor alkylating agent melphalan, the cis-amino derivative
had a more notable antiproliferative effect on the ovarian adenocarcinoma cell line. Jurkat-M tumor
cells (melphalan-resistant) showed less resistance against this amino compound [92].

In order to improve the anti-cancer activity of the natural phytoalexin cyclobrassinin, its
new analogs with NR1R2 group instead of SCH3 were synthesized and evaluated. Several new
analogs demonstrated higher antiproliferative potency than natural phytoalexin on at least one
evaluated cancer cell line (Jurkat, MCF-7, MDA-MB-23, HeLa, CCRF-CEM, and A-549). The substance
N-[1-(tert-Butoxycarbonyl)indol-3-yl]methyl-N′-phenylthiourea, which was found to be the most
potent among all tested compounds on the MCF-7 cells, displays a potency very close to that of
doxorubicin on these cells. Replacement of the 2-methylthio moiety of cyclobrassinin with an Ar-NH
group resulted in a considerable increase in potency relative to the parental compound [93].

As part of the continuous development of the synthesis of potential antitumor derivatives of
indole phytoalexins, the nucleoside analogs of 1-methoxybrassenin B, 1-(α-D-ribofuranosyl) brassenin
B, and 1-(β-D-ribofuranosyl) brassenin B were suggested as well. The testing of the antiproliferative
activity of these analogs on the Jurkat, CEM, CEM-VCR, MCF-7, and HeLa cancer cell lines revealed the
significant activity of natural 1-methoxybrasenin B. The antiproliferative effect of individual nucleoside
analogs were likely to decline with the loss of lipophilic features [94]. In general, indole nucleosides
represent a rare type of natural products with interesting biological properties. Among them, the
nucleoside rebeccamycin antibiotic and its analogs were identified as antineoplastic drugs. Through
the glycosylation of natural indololcarbazole and its subsequent modifications, a potential anti-cancer
drug J-107088 (edotecarin) was created showing an effect on MKN-45 cell (gastric cancer) implanted in
mice. This substance belongs to the group of topoisomerase inhibitors [95–97].

Based on knowledge of the biological activity of indole phytoalexins, their isomers were obtained
and tested as prospective anti-cancer substances. Regioisomer (isobrassinin (Figure 1)) showed the
interesting antiproliferative effects of brassinin in cervical carcinoma, breast carcinoma, and epidermoid
carcinoma cell lines. It inhibited from 70.7% to 89% of cell growth at a concentration of 30 μmol/L [98].

Enantiomeric forms of a 1-methoxyspirobrassinin and 2R,3R-(−)-1-methoxyspirobrassinol methyl
ether were obtained through the spirocyclization method. The enantiomers of these indole phytoalexins
were compared within the Jurkat, MCF-7, and HeLa tumor cell growth inhibition. The results of the
study showed that a significant difference in antiproliferative activity among enantiomers occurred
only with 1-methoxyspirobrassinol methyl ether, and only on the Jurkat cells. The concentration
of 100 μmol/L of the 2R,3R-(−) form reduced the growth of these cells to 36.9% compared to the
control, while the 2S,3S-(+) enantiomer at the same concentration slightly affected cell survival (79.8%).
Other isomers showed a slight antiproliferative effect on all tested cell lines [99].
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Table 1. Summarizing possible anti-cancer properties of representative indole phytoalexins and
their derivatives.

Indole Phytoalexin Possible Anti-Cancer Properties Reference

Brassinin

Reduces the cell growth of mouse melanoma (B16) and leukemic cancer
cell line (L1210)

[59]

Exhibits cancer chemopreventive activity: inhibits the formation of
preneoplastic mammary lesions in culture

[27]
Induces phase II enzymes that metabolically inactivate chemical
carcinogens

Enhances the effectiveness of tumor immunotherapy by blocking
indoleamine 2,3-dioxygenase (IDO), the enzyme that drives immune
escape in cancer

[65]

Induces G1 phase arrest through increase of p21 and p27 by inhibition of
the PI3K signaling pathway in human colon cancer cells (HT-29)

[67]

Induces apoptosis in human prostate cancer cells (PC-3) through the
suppression of PI3K/Akt/mTOR/S6K1 signaling cascades

[69]

Inhibits STAT3 signaling through modulation of PIAS-3 and SOCS-3,
thereby reducing tumor cell growthEnhances the antitumor effects of
paclitaxel in human lung cancer xenograft in nude mice

[70]

In combination with capsaicin, enhances apoptotic and anti-metastatic
effects in human prostate cancer cells (PC-3)

[78]

Potentiates vincristine cytotoxicity to U-87 MG (human glioblastoma
astrocytoma)

[82]

Isobrassinin
Antiproliferative effect on cervical carcinoma (HeLa), breast carcinoma
(MCF-7), and epidermoid carcinoma (A431) cell lines

[98]

5-Bromobrassinin Suppresses growth of B16-F10 melanoma xenografts in C57BL/6 mice
by inhibiting IDO enzyme

[28]

Homobrassinin

Induces mitotic phase arrest via inhibition of microtubule formation
(dysregulation of α-tubulin, α1-tubulin, and β5-tubulin expression) in
colorectal cancer cells (Caco-2)

[80]
Induction of apoptosis in Caco-2 is associated with the loss of
mitochondrial membrane potential, caspase-3 activation as well as
intracellular
reactive oxygen species (ROS) production.

1-Methoxybrassinin

Exhibits antiproliferative effects on the human acute T lymphoblastic
leukemia cell line (Jurkat) IC50 10 μmol/L

[22]

Induces apoptosis in Caco-2 cells, which is associated with the:

- upregulation of pro-apoptotic genes expression (Bax)
- downregulation of anti-apoptotic genes expression (Bcl-2)
- activation of caspase-3,-7
- cleaveage of Poly (ADP-ribose) polymerase (PARP)
- decrease intracellular GSH content

[24]

Cyclobrassinin

Exhibits antiproliferative effects on the epidermoid carcinoma cell line
(KB) IC50 8 μg/mL

[61]

Exhibits cancer chemopreventive activity: inhibits the formation of
preneoplastic mammary lesions in culture

[27]
Induces phase II enzymes that metabolically inactivate chemical
carcinogens

Spirobrassinin

Reduces the cell growth of mouse melanoma (B16) and the leukemic
cancer cell line (L1210)

[59]

Exhibits cancer chemopreventive activity: inhibits the formation of
preneoplastic mammary lesions in culture

[27]
Induces phase II enzymes that metabolically inactivate chemical
carcinogens

Potentiates vincristine cytotoxicity to U-87 MG (human glioblastoma
astrocytoma)

[82]
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5. Conclusions

Research in the development and synthesis of new derivatives of indole phytoalexins which
may have more favorable antiproliferative and chemopreventive properties than natural substances
themselves is continuing. In the future, further experiments aimed at the elucidation of the mechanism
of these noteworthy phytochemicals are necessary not only under in vitro but also in vivo conditions.
The results of these studies have shown that these substances, due to their simple structure and
antiproliferative activity, are potentially effective in developing new anti-tumor drugs that originate
from nature.
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Abstract: A new resveratrol dimer (1) called labruscol, has been purified by centrifugal partition
chromatography of a crude ethyl acetate stilbene extract obtained from elicited grapevine cell
suspensions of Vitis labrusca L. cultured in a 14-liter stirred bioreactor. One dimensional (1D)
and two dimensional (2D) nuclear magnetic resonance (NMR) analyses including 1H, 13C,
heteronuclear single-quantum correlation (HSQC), heteronuclear multiple bond correlation (HMBC),
and correlation spectroscopy (COSY) as well as high-resolution electrospray ionisation mass
spectrometry (HR-ESI-MS) were used to characterize this compound and to unambiguously identify
it as a new stilbene dimer, though its relative stereochemistry remained unsolved. Labruscol was
recovered as a pure compound (>93%) in sufficient amounts (41 mg) to allow assessment of its
biological activity (cell viability, cell invasion and apoptotic activity) on two different cell lines,
including one human skin melanoma cancer cell line HT-144 and a healthy human dermal fibroblast
(HDF) line. This compound induced almost 100% of cell viability inhibition in the cancer line at a
dose of 100 μM within 72 h of treatment. However, at all tested concentrations and treatment times,
resveratrol displayed an inhibition of the cancer line viability higher than that of labruscol in the
presence of fetal bovine serum. Both compounds also showed differential activities on healthy and
cancer cell lines. Finally, labruscol at a concentration of 1.2 μM was shown to reduce cell invasion
by 40%, although no similar activity was observed with resveratrol. The cytotoxic activity of this
newly-identified dimer is discussed.

Keywords: resveratrol; labruscol; melanoma; fibroblasts; cytotoxic activity; bioreactor; Vitis labrusca L.

Molecules 2017, 22, 1940 162 www.mdpi.com/journal/molecules

Bo
ok
s

M
DP
I



Molecules 2017, 22, 1940

1. Introduction

Stilbenoids, which are naturally-occurring secondary metabolites widely represented in the
plant kingdom, can be divided into monomeric and oligomeric compounds [1]. The most studied
stilbene monomer is resveratrol and its biological activity as a phytoalexin in plants or its preventing
action against human diseases has already led to a considerable number of works. Though the
biological properties of resveratrol are well known, those of the oligomeric resveratrol derivatives
are less documented. Most of our knowledge on the activity of stilbene oligomers mainly concerns
dimeric structures such as ε-viniferin, pallidol and δ-viniferin. Among dimers, ε-viniferin is the most
studied and there are works reporting ε-viniferin to act as an antioxidant [2], anti-inflammatory [3],
anticancer [4–9], as well as a cardioprotective agent [10]. Limitations in studying the biological
properties of resveratrol dimers essentially reside in the difficulty to recover these compounds in large
amounts by using conventional plant extraction procedures or chemical synthesis. We have previously
described the bioproduction of various phytostilbenes in stirred bioreactors from grapevine cell
suspensions [9]. Cultivating grapevine cells in bioreactors in the presence of various defense-inducing
compounds, the so-called elicitors [11–15], has indeed been shown to constitute a useful technique for
the production of tens to hundreds milligrams of dimeric stilbenes with high purity [9].

Here we report on the characterization of a new stilbene dimer called labruscol (1) produced by
grapevine cell suspensions of Vitis labrusca L. var. Concord as well as the determination of its biological
activity (inhibition of cancer cell viability, effect on tumor cell invasion and apoptosis) on the human
skin melanoma cancer cell line HT-144, considered to be an aggressive cancer line. Its properties were
compared to those of a resveratrol bioproduced from the same cell suspensions.

2. Results and Discussion

2.1. CPC Purification and Chemical Characterization of Labruscol (1)

The crude ethyl acetate extract (1.5 g) obtained from the elicited grapevine cell suspensions of
V. labrusca cultured in a 14-L stirred bioreactor was fractionated by centrifugal partition chromatography
(CPC) in a single run of 160 min using a normal phase gradient elution method, including a biphasic
solvent system composed of n-heptane, ethyl acetate, methanol and water in the ascending mode
(see Section 3.3). CPC is a solid support-free separation technique involving the differential partition
of solutes between at least two immiscible liquid phases according to their distribution coefficient [16].
The CPC column used here, with a total capacity of 303 mL and 231 partition cells, offers the possibility
to collect fractions in sufficient amounts (all > 20 mg) to allow their chemical characterization and
determine their biological activity.

All fractions eluted with the organic mobile phase over the gradient contained various stilbene
derivatives that together represented 73% of the crude extract injected mass. Besides, the most
hydrophilic compounds of the extract, mainly including residual cyclodextrins (used for stilbene
elicitation) and culture medium nutrients, were well-retained inside the column (i.e., in the aqueous
stationary phase) over the whole CPC experiment. Metabolite identification was performed in
the collected fractions by using a 13C-nuclear magnetic resonance (NMR)-based dereplication
procedure [17,18], revealing trans-resveratrol, δ-viniferin, pallidol, ε-viniferin, leachianol F,
and leachianol G as the major phytostilbenes bioproduced under the used elicitation conditions [9].
A new resveratrol dimer was also detected in fractions eluted from 115 to 127 min with a purity
greater than 93% (41 mg in total). It was not possible to identify its structure during a search in
the database, suggesting that the structure of this compound was original. Structure elucidation of
this resveratrol dimer, called labruscol (1) (Figure 1), was unambiguously achieved by 1D and 2D
NMR analyses including 1H, 13C, heteronuclear single-quantum correlation (HSQC), heteronuclear
multiple bond correlation (HMBC), and correlation spectroscopy (COSY). The molecular formula of
C28H24O7 was confirmed by high-resolution electrospray ionisation mass spectrometry (HR-ESI-MS)
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analysis, revealing the molecular ions [M – H]− at m/z 471 and [2M − H]− at m/z 943 in the negative
ionization mode.

OH

O

OH

OH

OH
OH

OH  
Carbon n° 13C (ppm) 1H (ppm) 

JHH Coupling 
Constants 

HMBC Correlations NOESY Correlations 

1 157.9 - - - - 
2 115.9 6.90 9 Hz (d) C1, C4, C6 H9, H8, H3 
3 127.0 7.34 9 Hz (d) C1, C11, C5 H2 
4 130.2 - - - - 
5 127.0 7.34 9 Hz (d) C1, C11, C3 H6 
6 115.9 6.90 9 Hz (d) C1, C4, C2 H9, H8, H5 
8 85.0 5.00 7.4 Hz (d) C1, C19, C25, C20, C24, C9 H24, H20, H2, H6, H26, H30 
9 77.6 4.81 7.4 Hz (d) C8, C26, C30, C19 H24, H20, H2, H6, H26, H30 
11 127.7 6.94 17 Hz trans (d) C13, C3, C5, C12 H14 
12 126.4 6.81 17 Hz trans (d) C14, C18, C11, C4, C13 H18, H14 
13 139.7 - - - - 
14 104.4 6.45 2.0 Hz (d) C15, C12, C18, C16 H11, H12, H16 
15 158.2 - - - - 
16 101.4 6.17 2.0 Hz (t) C14, C18, C15, C17 H14, H18 
17 158.2 - - - - 
18 104.4 6.45 2.0 Hz (d) C14, C12, C17, C16 H12, H16 
19 140.5 - - - - 
20 105.8 6.13 2.0 Hz (d) C21, C24, C22, C8 H9, H8, H22 
21 157.8 - - - - 
22 101.5 6.08 2 Hz (t) C20, C24, C21, C23 H20, H24 
23 157.8 - - - - 
24 105.8 6.13 2.0 Hz (d) C23, C20, C22, C8 H9, H8, H22 
25 131.1 - - - - 
26 128.3 7.05 9 Hz (d) C27, C28, C9 H9, H8, H27 
27 114.3 6.68 9 Hz (d) C28, C25, C26 H26 
28 156.6 - - - - 
29 114.3 6.68 9 Hz (d) C28, C25, C30 H30 
30 128.3 7.05 9 Hz (d) C29, C28, C9 H9, H8, H29 

HMBC: heteronuclear multiple bond correlation; NOESY: nuclear Overhauser effect spectroscopy. 
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Figure 1. Chemical structure and nuclear magnetic resonance (NMR) data for labruscol (1).

In order to determine the relative stereochemistry of the two stereogenic centers on C8 and C9,
a rotating frame Overhauser effect spectroscopy (ROESY) experiment (Figure 1 and Table) together
with a conformational optimization of the two putatively relative stereochemistries using a molecular
mechanics (MM3*) force field was carried out. Unfortunately, the dihedral angle H8-H9 measured on
the two minimized structures corresponding to the 8R9R (or 8S9S) or 8R9S (or 8S9R) is about 170◦

in the two cases, which is consistent with the coupling constant J8H-9H = 7.4 Hz, but this does not

164

Bo
ok
s

M
DP
I



Molecules 2017, 22, 1940

make it possible to conclude on the relative stereochemistry of the dimer (1). The interatomic distances
were also measured for the two stereoisomers in order to connect them with the nuclear Overhauser
effect (NOE) correlations. Once again, the distance differences were not significant and did not allow
for making a decision between the two relative configurations. Further studies involving circular
dichroism would thus be required to solve the question concerning the absolute configurations of the
two stereogenic centers on C8 and C9.

2.2. Biological Activity of Resveratrol and Labruscol

The inhibitory effects of the bioproduced resveratrol and labruscol (1) at various concentrations
(0–200 μM) on the cell viability of the HT-144 melanoma cell line, considered to be an
aggressive cancer cell line, for 24, 48 and 72 h were evaluated using an MTT (3-(4,5-dimethyl
thiazol-2yl)-2,5-diphenyltetrazolium bromide) assay (Sigma-Aldrich, Saint-Quentin, France) [19]
in the presence of fetal bovine serum (FBS). The data are presented in Figure 2A,B. At all tested
concentrations and times, resveratrol displayed an inhibition of cancer line viability higher than the
dimer, labruscol. Nonetheless, both compounds exerted almost 100% cell viability inhibition at the
doses of 100 and 200 μM within 72 h of treatment. In the presence of FBS, the inhibiting concentration
(IC50) of resveratrol was around 25 μM and that of labruscol around 50 μM, i.e., twice that of resveratrol
after 48 h of treatment (Figure 2A,B). Thus, resveratrol displays a higher inhibition of cancer cell
viability than its dimers in the presence of FBS, confirming previous results [9].

Figure 2B shows that labruscol induced a higher inhibition of the cell viability of healthy
human dermal fibroblasts as compared to resveratrol at all tested concentrations and treatment times.
However, this inhibition was markedly lower than the one displayed by this compound on melanoma
cells. The two compounds thus showed differential activities on healthy and cancer cell lines and
this can lead to interesting applications in cancer therapy [20–22]. Without FBS, the determination of
the IC50 for resveratrol and labruscol led to very different results. With an IC50 = 10 μM, labruscol
was considerably more effective on cancer cell viability than resveratrol (IC50 = 90 μM) (Figure 2C).
These data thus confirm that the cytotoxic activity of resveratrol dimers such as ε-viniferin or labruscol
is decreased in the presence of FBS, probably due to their interaction with serum proteins [9].

Figure 2. Cont.
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Figure 2. Effects of resveratrol and labruscol on cell viability and cell invasion in HT-144 and HDF
cells. (A) HT-144 cells were treated with resveratrol and labruscol (0, 25, 50, 100 and 200 μM)
in the presence of fetal bovine serum (FBS) for 24, 48 and 72 h before being subjected to an MTT
(3-(4,5-dimethyl thiazol-2yl)-2,5-diphenyltetrazolium bromide) assay for cell viability determination.
The values represented the means ± standard deviation (SD) of at least three independent experiments;
(B) Human dermal fibroblast cells were treated with resveratrol and labruscol (0, 25, 50, 100 and
200 μM) for 24, 48 and 72 h before being subjected to an MTT assay for cell viability determination.
The values represented the means ± SD of at least three independent experiments; (C) Determination
of the inhibiting concentration (IC5 values of resveratrol and labruscol. HT-144 cells were treated
in a medium without FBS with resveratrol (0, 1.5, 10, 15, 30, 60 and 120 μM) and labruscol (0, 1.5,
2, 2.5, 5, 8 μM) for 24 h before being subjected to an MTT assay for IC5 determination. The values
represented the means ± SD of at least three independent experiments. Straight lines correspond to the
IC5; (D) Determination of cell invasion abilities. Cell invasion was measured using a Boyden chamber
for 24 h with a matrigel® coating (25 μg/mL). HT-144 cells were treated in an FBS-free medium with
vehicle (ethanol), resveratrol (2 μM) or labruscol (1.2 μM) for 24 h. The invasion abilities of HT-144
cells were quantified by counting the number of cells that invaded the underside of the transwell,
as described in the Material and Methods section. The invasive activity of cancer cells was expressed
as the mean number of cells that crossed the matrigel. The values represented the means ± SD of at
least three independent experiments. * p < 0.05, compared with the vehicle group.

The effects of resveratrol and labruscol on tumor progression, including tumor migration and cell
invasion, were tested in vitro on the HT-144 melanoma cell line. To this end we have identified the
working concentrations of both resveratrol and labruscol in an FBS-free medium, at which cell viability
inhibition does not exceed 5% (IC5) (Figure 2C and Table). The MTT assay revealed that the IC5 of
resveratrol and labruscol were 2 and 1.2 μM, respectively. Concentrations of 1.2 and 2 μM were thus
used to test the effect of both compounds on tumor progression. The migration assay was carried out
by in vitro wound closure for 0, 12 and 24 h. Results showed that neither resveratrol nor labruscol had
effects on tumor cell migration (data not presented). Interestingly, only labruscol was shown to induce
a significant inhibition of 40% of cell invasion after 24 h of treatment, while resveratrol had no effect
on cell invasion at the same concentration (Figure 2D). Although there are previous works reporting
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on the capacity of resveratrol to inhibit cell migration and invasion in other cell lines, this was only
observed at concentrations higher than those used in this study (between 5 and 50 μM) [23–26].

The data presented here clearly show that resveratrol and the newly identified resveratrol dimer,
labruscol, have interesting antiproliferative activities. Indeed, both compounds exert a marked
inhibition of the cell viability of melanoma cells compared to healthy cells, although resveratrol
displays a reduced impact on the cell viability of normal cells.

This tumor specificity has also been reported in the case of other phytostilbenes [6]. α-viniferin
and trans-miyabenol C, two trimers of resveratrol, for example, were shown to exert a higher inhibiting
activity on human colorectal carcinoma cells than on healthy colorectal lines [27]. The same activity
was described for gnetin H, a resveratrol trimer in lung and breast carcinoma compared to healthy
lines [28]. Due to the difficulty of obtaining resveratrol oligomers in sufficient amounts as pure
compounds, there are only a few reports of other resveratrol dimers having similar inhibitory effects
on the cell viability of cancer cells. These previously published results mainly concerned the effects
of pallidol on human colorectal carcinoma cell lines (HCT1116, HT-29 and Caco-2) [27] and those
of ε-viniferin on murine leukemia cell lines (P-388) [7], human oral squamous carcinoma cell lines
(HL-60) [6], lymphoid and myeloid cell lines (U266, RPMI-8226, U937, K562, Jurkat) [8]. Pallidol and
ε-viniferin were both reported to have inhibitory activities on the cell growth of two melanoma skin
cancer cell lines, HT-144 and SKMEL-28 [9]. ε-viniferin also displays antiproliferative effects in human
hepatocyte derived Hep G2 cells [4].

Labruscol and resveratrol (50 μM) were also shown to induce apoptosis in the HT-144 cancer cell
line reaching 15% of apoptotic cells for both compounds within 72 h treatment (Figure 3).

Figure 3. Apoptosis induction by resveratrol and labruscol in human skin melanoma cancer cells.
Cells were treated during 48 h or 72 h with 50 μM resveratrol or labruscol. Apoptosis was assessed
by staining (control cells or cells treated with resveratrol or labruscol) with 1 μg/mL Hoechst
33342. Co: control cells; RSV: resveratrol-treated cells; Labruscol: labruscol-treated cells. The values
represented the means ± SD of at least 3 independent experiments. *** p < 0.05, compared with the
control group.

This suggests that apoptosis induction in cancer cells could be a possible mechanism for the
antiproliferative effects of labruscol, as reported in previous studies for resveratrol and related
metabolites [29]. On the other hand, a transient senescence activity has already been described
for resveratrol in human metastatic colon cancer cells [30]. As the chemical structure of labruscol is
analogous to that of resveratrol (presence of a trans-resveratrol moiety), one can assume that labruscol
can also inhibit tumor cell growth via a senescence induction pathway [30]. Further works are thus
needed to characterize the mechanisms implied in the cytototoxic activities of labruscol reported in the
present study.
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In sum, the results obtained here with the aggressive cancer cell line HT-144 reveal the
antiproliferative activity of a newly characterized resveratrol dimer, labruscol. Moreover, at the
very low concentration of 1.2 μM (IC5), this compound has shown a 40% inhibition of cancer cell
invasion, a property not displayed by resveratrol. It thus seems that labruscol possesses complementary
properties of resveratrol in particular regarding cell invasion. One can thus suggest that labruscol
could be used in combination with resveratrol to improve its antiproliferative capacities. Other studies
have indeed already shown a greater efficiency of mixtures of stilbenes compared to resveratrol
alone [4,31,32]. As stilbene derivatives generally do not display high cytotoxic activity, the biological
effects of labruscol could thus be assessed in the context of multi-drug resistance, where this compound
alone or in combination can actively participate to cell resensitisation by therapeutic agents, helping in
the reduction of their doses and their toxicities [29].

3. Materials and Methods

3.1. Chemicals, Reagents and Materials

Methanol (MeOH), ethyl acetate (EtOAc), and n-heptane (Hept) were purchased from Carlo
ErbaReactifs SDS (Val de Reuil, France). Deuterated methanol (methanol-d4) was purchased from
Sigma-Aldrich (Saint-Quentin, France). Deionized water was used to prepare all aqueous solutions.

3.2. Cultures in Bioreactor and Elicitation of Stilbene Production

Cell suspensions of Vitis labrusca L. var. Concord were cultured in a 14 L tank of a stirred bioreactor
Bioflo 3000 (New Brunswick Scientific, Edison, New York, NY, USA) containing 10 L (final volume)
of B5 medium [33]. The agitation (two marine turbines) was set to 50 rpm and the aeration rate
maintained at 0.025 vvm. All other conditions were as previously described [9]. Stilbene production
was induced by the use of two elicitors. The first elicitor was a β-cyclodextrin Kleptose® (Roquette,
Lestrem, France). The second elicitor was methyljasmonate. These two elicitors were added to the cell
cultures as previously reported [9].

3.3. Extraction of Total Stilbenes from the Culture Medium and CPC Purification of Labruscol

The whole culture medium (10 L) was filtered under reduced pressure and stored at −20 ◦C
until use. A crude stilbene extract (3.1 g) was obtained from 5 L of the filtered culture medium by
performing three successive extractions with ethyl acetate (3 × 2 L) in a separatory funnel followed by
solvent elimination under vacuum at 40 ◦C.

Centrifugal partition chromatography (CPC) was carried out on a lab-scale FCPE300® column of
303 mL capacity (Rousselet Robatel Kromaton, Annonay, France) containing seven circular partition
disks, engraved with a total of 231 oval partition twin-cells (~1 mL per twin-cell) and connected to a
KNAUER Preparative 1800 V7115 pump (Berlin, Germany). The system was coupled to a UVD 170S
detector set at 210, 254, 280, and 366 nm (Dionex, Sunnivale, CA, USA). Fractions were collected by a
Pharmacia Superfrac collector (Uppsala, Sweden).

Labruscol was purified by using a gradient elution method as described previously [9]. Fractions
were collected every minute, spotted on Merck thin layer chromatography (TLC) plates coated with
silica gel 60 F254 and developed with chloroform/ethyl acetate/formic acid (6:4:1, v/v/v). After UV
detection at 254 nm, the plates were sprayed with vanillin–sulfuric acid and heated to 100 ◦C for 5 min.
Labruscol was detected as a pink stain with a retention factor of 0.67 in these TLC conditions.

3.4. Structural Elucidation of Labruscol

NMR analyses were performed in methanol-d4 at 298 K on a Bruker Avance AVIII-600 spectrometer
(Karlsruhe, Germany) equipped with a cryoprobe optimized for 1H detection and with cooled 1H, 13C
and 2H coils and preamplifiers. 1D and 2D NMR spectra (1H, 13C, HSQC, HMBC, NOESY and COSY)
were recorded using standard Bruker pulse programs (Bruker, Karlsruhe, Germany). An aliquot of
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labruscol was also solubilized in MeOH and directly infused in a quadrupole time-of-flight hybrid
mass spectrometer (QTOF micro®, Waters, Manchester, UK) equipped with an electrospray source.
The mass range of the instrument was set at m/z 100–1200 and scan duration was set at 2 s in the
negative ion mode. The capillary voltage was 3000 V, the cone voltage was 35 V, and the temperature
was 80 ◦C.

Conformational analysis to find the lowest energy conformers for the two possible relative
stereochemistry RR or RS using the force field MM3* in octanol were done with Maestro module of the
Schrödinger Suite, version 10.5.014 (Shrödinger Software, San Diego, CA, USA). No constraints were
applied. Conformational search using mixed torsional/low-mode sampling was used. The number of
separate conformers generated was 1000, with a maximum of 100 unique structures to be saved for
each rotatable bond. A 21 kJ/mol energy cutoff was used to remove the higher energy conformers.
A conformer was considered redundant and subsequently eliminated if its maximum atom deviation
from an already-identified conformer was less than 0.5 Å. All conformers were subjected to further
minimization using the Powell–Reeves conjugate gradient (PRCG) method for a maximum of
2500 steps, by using a convergence threshold of 0.05.

3.5. Biological Tests

3.5.1. Cell Cultures

The HT-144 cell line used in this study derived from human melanoma and was obtained from
the American Tissue Culture Collection (ATCC). Cells were grown in a McCoy’s 5a modified medium
supplemented with 10% (v/v) FBS and 1% (v/v) antibiotic (penicillin, streptomycin) at 37 ◦C in a
humidified atmosphere of 5% CO2. Human dermal fibroblasts (HDF) were isolated from skin biopsies
of healthy subjects. Their culture conditions were as described previously [9].

3.5.2. Experimental Treatments

The two cell types were seeded during 24 h before to be treated in triplicate wells with resveratrol
and labruscol at different concentrations and treatment times. Compounds were dissolved in ethanol
at a 5 × 10−2 M final concentration and stored at −20 ◦C. Compounds were diluted in culture media,
with or without FBS, to the desired final concentration. All control and treated cells received a maximal
volume of 0.1% (v/v) of ethanol.

3.5.3. Cell Viability Assay

Cell viability was examined by MTT [3-(4,5-dimethyl thiazol-2yl)-2,5-diphenyltetrazolium
bromide] assay (Sigma-Aldrich, Saint-Quentin, France) [19] as previously described [9]. The IC5 for
the bioproduced stilbenes, resveratrol and labruscol, was defined as the concentration producing 5%
decrease in cell growth.

3.5.4. In Vitro Wound Closure

HT-144 cells (2 × 105 cells/well) were plated in six-well plates for 24 h, wounded by scratching
with a pipette tip, incubated in McCoy’s 5a modified medium without FBS, and treated or not with
resveratrol and labruscol at the same concentration, which did not exceed their IC5, 1.2 μM for 0,
12 and 24 h. The cells were photographed, in three same fields by well, at 0, 12 and 24 h using a
phase-contrast microscope (100×).

3.5.5. In Vitro Invasion Assays

The invasive potential of tumor cells was examined using modified Boyden chambers (6.5 mm
diameter and 8 μM pore) (Greiner Bio-One, Les Ulis, France) according to the manufacturer’s
instructions. Briefly, HT-144 cells were suspended in a serum free McCoy’s 5a modified medium
and 100 μL of the cell suspension (2 × 104 cells) were seeded onto the upper compartment of the
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Transwell coated with 25 μg of Matrigel (Corning Life Sciences, Corning, NY, USA). Cells were
treated, or not, 1 h after being seeded with resveratrol and labruscol at 1.2 μM respectively for 24 h.
In the lower compartment, 800 μL of the McCoy’s 5a modified medium containing 10% FBS were
added 2 h after treatment and used as chemoattractant. After 24 h, cells were fixed with methanol,
being the non-invading cells remaining on the upper side of the filter, scrapped off. Invading cells on
the lower side of the filter were stained with Hoechst 33342 (Sigma-Aldrich, Saint-Quentin, France).
Invading cells were observed with a fluorescence microscope and counted in five fields at 100×
magnification. The invasive activity of cancer cells was expressed as the mean number of cells that
crossed the Matrigel.

3.5.6. Apoptosis Identification

Apoptosis was identified by staining the nuclear chromatin of trypsinized cells (controls and
resveratrol or labruscol-treated cells) with 1 μg/mL Hoechst 33342 (Sigma Aldrich, Saint Quentin,
France) for 15 min at 37 ◦C. The percentage of apoptotic cells was determined by the analysis of
300 cells from randomly fields for each treatment.

3.6. Statistical Analysis

The data were expressed as the mean ± standard deviation (SD) of three independent experiments.
Each experiment was performed in triplicate. The significance of differences was established with the
Student’s t-test.

Acknowledgments: This work is a part of the VSOP (Vitis Stilben Oligomers bioProduced) program which was
supported by the Champagne-Ardenne and Bourgogne Regional Councils. The authors thank Vincenzo de Luca
(Brock University, St Catharines, ON, Canada) for providing the Concord callus line.

Author Contributions: L.N. and J.H. designed the experiments; J.H., N.B., D.H., J.-M.N. and J.-H.R. designed
labruscol purification and identification experiments; E.C. designed bio-production experiments; M.T., D.D., L.M.
and C.C. designed the study; L.N., J.H. and P.J. analyzed the data; P.J., L.N., J-H.R. and J.H. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rivière, C.; Pawlus, A.D.; Mérillon, J.-M. Natural stilbenoids: Distribution in the plant kingdom and
chemotaxonomic interest in Vitaceae. Nat. Prod. Rep. 2012, 29, 1317–1333. [CrossRef] [PubMed]

2. Privat, C.; Telo, J.P.; Bernades-Genisson, V.; Vieira, A.; Souchard, J.-P.; Nepveu, F. Antioxidant properties of
trans-ε-viniferin as compared to stilbene derivatives in aqueous and non aqueous media. J. Agric. Food Chem.
2002, 50, 1213–1217. [CrossRef] [PubMed]

3. Nassra, M.; Krisa, S.; Papastamoulis, Y.; Kapche, G.D.; Bisson, J.; André, C.; Konsman, J.-P.; Schmitter, J.-M.;
Mérillon, J.-M.; Waffo-Téguo, P. Inhibitory activity of plant stilbenoids against nitric oxide production by
lipopolysaccharide-activated microglia. Planta Med. 2013, 79, 966–970. [CrossRef] [PubMed]

4. Billard, C.; Izard, J.-C.; Roman, V.; Kern, C.; Mathiot, C.; Mentz, F.; Kolb, J.-P. Comparative antiproliferative
and apoptotic effects of resveratrol, ε -viniferin and vine-shots derived polyphenols (vineatrols) on chronic B
lymphatic leukemia cells and normal human lymphocytes. Leuk. Lymphoma 2002, 43, 1991–2002. [CrossRef]
[PubMed]

5. Colin, D.; Gimazane, A.; Lizard, G.; Izard, J.-C.; Solary, E.; Latruffe, N.; Delmas, D. Effects of resveratrol
analogs on cell cycle progression, cell cycle associated proteins and 5-fluoro-uracil sensitivity in human
derived colon cancer cells. Int. J. Cancer 2009, 124, 2780–2788. [CrossRef] [PubMed]

6. Chowdhury, S.A.; Kishino, K.; Satoh, R.; Hashimoto, K.; Kikuchi, H.; Nishikawa, H.; Shirataki, Y.;
Sakagami, H. Tumor-specificity and apoptosis-inducing activity of stilbenes and flavonoids. Anticancer Res.
2005, 25, 2055–2063. [PubMed]

7. Muhtadi, H.E.H.; Juliawaty, L.D.; Syah, Y.M.; Achmad, S.A.; Latip, J.; Ghisalberti, E.L. Cytotoxic resveratrol
oligomers from the tree bark of Dipterocarpus hasseltii. Fitoterapia 2006, 77, 550–555. [CrossRef] [PubMed]

170

Bo
ok
s

M
DP
I



Molecules 2017, 22, 1940

8. Barjot, C.; Tournaire, M.; Castagnino, C.; Vigor, C.; Vercauteren, J.; Rossi, J.-F. Evaluation of antitumor effects
of two vine stalk oligomers of resveratrol on a panel of lymphoid and myeloid cell lines: Comparison with
resveratrol. Life Sci. 2007, 81, 1565–1574. [CrossRef] [PubMed]

9. Nivelle, L.; Hubert, J.; Courot, E.; Jeandet, P.; Aziz, A.; Nuzillard, J.-M.; Renault, J.-H.; Clément, C.; Martiny, L.;
Delmas, D.; Tarpin, M. Anti-cancer activity of resveratrol and derivatives produced by grapevine cell
suspensions in a 14 L stirred bioreactor. Molecules 2017, 22, 474. [CrossRef] [PubMed]

10. Zghonda, N.; Yoshida, S.; Araki, M.; Kusunoki, M.; Mliki, A.; Ghorbel, A.; Miyazaki, H. Greater effectiveness
of ε-viniferin in red wine than its monomer resveratrol for inhibiting vascular smooth muscle cell
proliferation and migration. Biosci. Biotechnol. Biochem. 2011, 75, 1259–1267. [CrossRef] [PubMed]

11. Morales, M.; Bru, R.; García-Carmona, F.; Ros Barceló, A.; Pedreño, M.A. Effect of dimethyl-β-cyclodextrins
on resveratrol metabolism in Gamay grapevine cell cultures before and after inoculation with shape
Xylophilus ampelinus. Plant Cell Tissue Org. Cult. 1998, 53, 179–187. [CrossRef]

12. Bru, R.; Sellés, S.; Casado-Vela, J.; Belchí-Navarro, S.; Pedreño, M.A. Modified cyclodextrins are chemically
defined glucan inducers of defense responses in grapevine cell cultures. J. Agric. Food Chem. 2006, 54, 65–71.
[CrossRef] [PubMed]

13. Donnez, E.; Jeandet, P.; Clément, C.; Courot, E. Bioproduction of resveratrol and stilbene derivatives by plant
cells and microorganisms. Trends Biotechnol. 2009, 27, 706–713. [CrossRef] [PubMed]

14. Jeandet, P.; Clément, C.; Courot, E. Resveratrol production at large scale using plant cell suspensions.
Eng. Life Sci. 2014, 14, 622–632. [CrossRef]

15. Jeandet, P.; Clément, C.; Tisserant, L.-P.; Crouzet, J.; Courot, E. Use of grapevine cell cultures for the
production of phytostilbenes of cosmetic interest. C. R. Chim. 2016, 19, 1062–1070. [CrossRef]

16. Friesen, J.-B.; McAlpine, J.-B.; Chen, S.-N.; Pauli, G.-F. Countercurrent separation of natural products:
An update. J. Nat. Prod. 2015, 78, 1765–1796. [CrossRef] [PubMed]

17. Hubert, J.; Nuzillard, J.-M.; Purson, S.; Hamzaoui, M.; Borie, N.; Reynaud, R.; Renault, J.-H. Identification
of natural metabolites in mixture: A pattern recognition strategy based on 13C-NMR. Anal. Chem. 2014, 86,
2955–2962. [CrossRef] [PubMed]

18. Tisserant, L.-P.; Hubert, J.; Lequart, M.; Borie, N.; Maurin, N.; Pilard, S.; Jeandet, P.; Aziz, A.; Renault, J.-H.;
Nuzillard, J.-M.; et al. 13C-NMR and LC-MS profiling of stilbenes from elicited grapevine hairy root cultures.
J. Nat. Prod. 2016, 79, 2846–2855. [CrossRef] [PubMed]

19. Morgan, D.M. Tetrazolium (MTT) assay for cellular viability and activity. Methods Mol. Biol. 1998, 79, 179–183.
[PubMed]

20. Aziz, M.H.; Nihal, M.; Fu, V.X.; Jarrard, D.F.; Ahmad, N. Resveratrol-caused apoptosis of human prostate
carcinoma LNCaP cells is mediated via modulation of phosphatidylinositol 3′-kinase/Akt pathway and
Bcl-2 family proteins. Mol. Cancer Ther. 2006, 5, 1335–1341. [CrossRef] [PubMed]

21. Colin, D.; Limagne, E.; Jeanningros, S.; Jacquel, A.; Lizard, G.; Athias, A.; Gambert, P.; Hichami, A.;
Latruffe, N.; Solary, E.; et al. Endocytosis of resveratrol via lipid rafts and activation of downstream signaling
pathways in cancer cells. Cancer Prev. Res. 2011, 4, 1095–1106. [CrossRef] [PubMed]

22. Yeh, C.-B.; Hsieh, M.-J.; Lin, C.-W.; Chiou, H.-L.; Lin, P.-Y.; Chen, T.-Y.; Yang, S.-F. The antimetastatic effects
of resveratrol on hepatocellular carcinoma through the downregulation of a metastasis-associated protease
by SP-1 modulation. PLoS ONE 2013, 8, e56661. [CrossRef] [PubMed]

23. Tang, F.-Y.; Su, Y.-C.; Chen, N.-C.; Hsieh, H.-S.; Chen, K.-S. Resveratrol inhibits migration and invasion of
human breast-cancer cells. Mol. Nutr. Food Res. 2008, 52, 683–691. [CrossRef] [PubMed]

24. Weng, C.-J.; Wu, C.-F.; Huang, H.-W.; Wu, C.-H.; Ho, C.-T.; Yen, G.-C. Evaluation of anti-invasion effect of
resveratrol and related methoxy analogues on human hepatocarcinoma cells. J. Agric. Food Chem. 2010, 58,
2886–2894. [CrossRef] [PubMed]

25. Wang, H.; Zhang, H.; Tang, L.; Chen, H.; Wu, C.; Zhao, M.; Yang, Y.; Chen, X.; Liu, G. Resveratrol inhibits
TGF-β1-induced epithelial-to-mesenchymal transition and suppresses lung cancer invasion and metastasis.
Toxicology 2013, 303, 139–146. [CrossRef] [PubMed]

26. Ji, Q.; Liu, X.; Fu, X.; Zhang, L.; Sui, H.; Zhou, L.; Sun, J.; Cai, J.; Qin, J.; Ren, J.; et al. Resveratrol Inhibits
Invasion and Metastasis of Colorectal Cancer Cells via MALAT1 Mediated Wnt/β-Catenin Signal Pathway.
PLoS ONE 2013, 8, e78700. [CrossRef] [PubMed]

171

Bo
ok
s

M
DP
I



Molecules 2017, 22, 1940

27. González-Sarrías, A.; Gromek, S.; Niesen, D.; Seeram, N.P.; Henry, G.E. Resveratrol oligomers isolated
from Carex species inhibit growth of human colon tumorigenic cells mediated by cell cycle arrest. J. Agric.
Food Chem. 2011, 59, 8632–8638. [CrossRef] [PubMed]

28. Gao, Y.; He, C.; Ran, R.; Zhang, D.; Li, D.; Xiao, P.-G.; Altman, E. The resveratrol oligomers, cis- and
trans-gnetin H, from Paeonia suffruticosa seeds inhibit the growth of several human cancer cell lines.
J. Ethnopharmacol. 2015, 169, 24–33. [CrossRef] [PubMed]

29. Aires, V.; Limagne, E.; Cotte, A.K.; Latruffe, N.; Ghiringhelli, F.; Delmas, D. Resveratrol metabolites inhibit
human metastatic colon cancer cells progression and synergize with chemotherapeutic drugs to induce cell
death. Mol. Nutr. Food Res. 2013, 57, 1170–1181. [CrossRef] [PubMed]

30. Colin, D.; Limagne, E.; Ragot, K.; Lizard, G.; Ghiringhelli, F.; Solary, E.; Chauffert, B.; Latruffe, N.; Delmas, D.
Resveratrol transiently induces cell death and senescence in colon cancer cells. Cell Death Dis. 2014, 5, e1533.
[CrossRef] [PubMed]

31. Colin, D.; Lancon, A.; Delmas, D.; Lizard, G.; Abrossinow, J.; Kahn, E.; Jannin, B.; Latruffe, N.
Antiproliferative activities of resveratrol and related compounds in human hepatocyte derived HepG2
cells are associated with biochemical cell disturbance revealed by fluorescence analyses. Biochimie 2008, 90,
1674–1684. [CrossRef] [PubMed]

32. Giovannelli, L.; Innocenti, M.; Santamaria, A.R.; Bigagli, E.; Pasqua, G.; Mulinacci, N. Antitumoural activity
of viniferin-enriched extracts from Vitis vinifera L. cell cultures. Nat. Prod. Res. 2014, 28, 2006–2016. [CrossRef]
[PubMed]

33. Gamborg, O.L.; Miller, R.A.; Ojima, K. Nutrient requirements of suspension cultures of soybean root cells.
Exp. Cell Res. 1968, 50, 151–158. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

172

Bo
ok
s

M
DP
I



molecules

Article

Resveratrol-Induced Changes in MicroRNA
Expression in Primary Human Fibroblasts Harboring
Carnitine-Palmitoyl Transferase-2 Gene Mutation,
Leading to Fatty Acid Oxidation Deficiency

Virginie Aires 1,2, Dominique Delmas 1,2, Fatima Djouadi 3, Jean Bastin 3,

Mustapha Cherkaoui-Malki 1 and Norbert Latruffe 1,*

1 Laboratory BioPeroxIL, University of Bourgogne-Franche Comté, 6 Blvd Gabriel, 21000 Dijon, France;
virginie.aires02@u-bourgogne.fr (V.A.); ddelmas@u-bourgogne.fr (D.D.); malki@u-bourgogne.fr (M.C.-M.)

2 INSERM UMR 866, Blvd Jeanne d’Arc, 21490 Dijon, France
3 INSERM U1124, Université Paris-Descartes, Rue des Saints-Pères, 75000 Paris, France;

Fatima.djouadi@inserm.fr (F.D.); jean.bastin@inserm.fr (J.B.)
* Correspondence: latruffe@u-bourgogne.fr; Tel.: +33-380-396-237

Received: 13 November 2017; Accepted: 16 December 2017; Published: 22 December 2017

Abstract: Carnitine palmitoyltransferase-2 (CPT2) is a mitochondrial enzyme involved in long-chain
fatty acid entry into mitochondria for their β-oxidation and energy production. Two phenotypes
are associated with the extremely reduced CPT2 activity in genetically deficient patients: neonatal
lethality or, in milder forms, myopathy. Resveratrol (RSV) is a phytophenol produced by grape
plant in response to biotic or abiotic stresses that displays anti-oxidant properties, in particular
through AP-1, NFκB, STAT-3, and COX pathways. Some beneficiary effects of RSV are due to
its modulation of microRNA (miRNA) expression. RSV can enhance residual CPT2 activities in
human fibroblasts derived from CPT2-deficient patients and restores normal fatty acid oxidation
rates likely through stimulation of mitochondrial biogenesis. Here, we report changes in miRNA
expression linked to CPT2-deficiency, and we identify miRNAs whose expression changed following
RSV treatment of control or CPT2-deficient fibroblasts isolated from patients. Our findings suggest
that RSV consumption might exert beneficiary effects in patients with CPT2-deficiency.

Keywords: resveratrol; miRNA level; CPT2-deficient cells

1. Introduction

Resveratrol (RSV, trans-3,5,4′-trihydroxystilbene) is a phytoalexin produced by numerous plants
in response to abiotic or biotic stress [1–3]. This polyphenol compound admittedly protects humans
against various diseases (cardiovascular and inflammation-associated pathologies, infection, cancer,
neurodegenerescence, aging, etc.) through the modulation of several signaling pathways, including
those mediated by transcription factors AP-1 [4], NFκB, and STAT-3 [5] or the COX enzyme [6]. RSV has
been shown to improve residual β-oxidation in primary human fibroblasts from CTP2-deficient patients
by restoring normal fatty acid oxidation rates [7].

MicroRNAs are short, non-coding regulatory microRNAs present in plants, animals, and viruses.
To date, more than 1500 miRNAs have been identified in humans. MiRNA primarily controls mRNA
translation and stability. Due to their ability to regulate several hundred transcripts directly or
indirectly through targeting components of key regulatory pathways, miRNAs behave as master
regulators that impact all aspects of cell homeostasis and functions. Many miRNAs are considered
either as tumor suppressor or onco-miRs, depending on the cellular context [8].
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There is now a substantial amount of literature on miRNAs, including a few studies that have addressed
the differential effects of polyphenols on miRNA expression [8–13]. In 2010, we demonstrated the regulatory
effect of RSV on the expression of miRNAs involved in macrophage-associated inflammatory response [8]
as well as on the expression of components of the TGFβ regulatory pathway in colon cancer cell lines [14].
Interestingly, in 2013, Milenkovic et al. [10] established that the expression of more than 100 miRNAs is
modulated by polyphenols. These authors reported that various different polyphenols have both common
and specific miRNA targets. Indeed, in mouse livers, over 137 miRNAs are modulated by phytophenols of
the stilbenoids family (including resveratrol). While stilbenoids modulated the expression of 87 of these
137 miRNAs, 24 other miRNAs were targets of flavonoids, 6 of phenolic acids, and 20 of curcuminoids.
This analysis further confirms that the different classes of polyphenols not only share common properties
(as anti-oxidant for instance) but also have their own specific effects due to their unique chemical structure
and reactivity and their differential effects on gene expression, especially miRNAs.

Presently, more than a hundred papers have confirmed that the effect of RSV in the prevention
or treatment of various diseases, including prostate cancer [15], melanoma [16], breast cancer [17],
lung tumors [18], white adipogenesis [19], liver steatosis [20], inflammation [21,22], neurodegenerative
disorders [23], and osteoporosis [24], were mediated by miRNAs.

In the present study, we report the RSV-induced modulation of energy metabolism miRNA in
human cells harboring mitochondrial fatty acid ß-oxidation-deficiency as a result of carnitine-palmitoyl
transferase 2 (CPT2) gene mutations. CPT2 is a mitochondrial inner membrane enzyme playing
an essential role in the transfer of fatty acids from the cytosol to the mitochondrial matrix.
In 2011, Bastin et al. [7] showed that RSV is able to enhance residual CPT2 activity in human
fibroblasts derived from patients harboring the muscular form of CTP2 deficiency and can restore
near-normal fatty acids oxidation rates, opening potential clinical perspectives to successfully treat the
CPT2-deficiency-associated myopathy. This stimulation was also observed with other analogues of
the stilbene family [25]. In this study, we compared miRNA expression in control and CPT2-deficient
primary human fibroblasts and analyzed RSV’s impact on miRNA expression in both cell lines.

2. Results and Discussion

2.1. Changes in miRNA Expression Associated with Mitochondrial CPT2-Deficiency in Primary
Human Fibroblasts

Table 1 shows that CPT2-deficiency was associated with significant changes in the levels of
51 miRNA in patient fibroblasts. More specifically, CPT2-deficient fibroblasts showed 13 upregulated
miRNAs (with an 11-fold increase for miR-301 in particular) and 38 downregulated miRNAs, including
3 miRNAs from the miR-let-7 family. The multiplicity of miRNA target transcripts suggests that the
fibroblast transcriptome might be widely affected by CPT2-deficiency.

Table 1. MiRNAs whose expression changed in human CPT2-deficient primary fibroblasts as compared
with control primary human fibroblasts, as deduced from microRNA microarray analysis. Geometric mean
of intensities <100 were considered as background and discarded. Changes were considered significant for
p < 0.05.

miRNAs Fold Change Increasing Parametric p Value

miRNAs upregulated in CPT2-deficient fibroblasts:

483 3.1 1.6 × 10−6

301 11.43 4.1 × 10−6

449b 1.99 2.79 × 10−6

206 3.38 9.39 × 10−6

550-1 2.83 0.000171
539 2.04 0.0002213
661 2.79 0.0004408
371 2.65 0.0005968
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Table 1. Cont.

miRNAs Fold Change Increasing Parametric p Value

miRNAs upregulated in CPT2-deficient fibroblasts:

10b 2.75 0.0011091
9 4.4 0.0014253

550-2 2.1 0.0016581
651 2.87 0.0019172

196a-2 2.09 0.0019172

miRNAs downregulated in CPT2-deficient fibroblasts:

let-7d 0.16 <1 × 10−7

211 0.14 4 × −10−7

let-7a3 0.22 1.2 × 10−6

198 0.14 2.8 × 10−6

141 0.28 4.6 × 10−6

136 0.31 5.1 × 10−6

203 0.24 5.7 × 10−6

127 0.23 7.7 × 10−6

181c 0.26 1.85 × 10−5

496 0.3 2.5 × 10−5

126-5p 0.14 3.64 × 10−5

144 0.097 3.8 × 10−5

let-7g 0.48 4.14 × 10−5

181a2 0.44 4.42 × 10−5

618 0.48 4.47 × 10−5

41 0.15 4.5 × 10−5

299-5p 0.14 4.73 × 10−5

1 0.41 4.88 × −10−5

145 0.32 4.94 × 10−5

25 0.26 6.37 × 10−5

123 0.31 6.67 × 10−5

200b 0.27 8.33 × 10−5

325 0.44 8.51 × 10−5

593 0.42 9.19 × 10−5

24-5p/189 0.14 0.0001524
125b2 0.1 0.0002071

123 0.25 0.0002196
154-5p 0.3 0.0002281

184 0.43 0.0002499
199b 0.47 0.0005099

22 0.25 0.0006033
363-3p 0.37 0.0006076

338 0.24 0.0007282
146a 0.42 0.0008154
212 0.28 0.0008813

196a-1 0.34 0.0008916
500 0.29 0.0013401
563 0.47 0.0016458

2.2. RSV-Induced Changes in miRNA Expression in Control and CPT2-Deficient Primary Human Fibroblasts

Table 2 shows changes in miRNA expression induced by RSV treatment in both control and
CPT2-deficient fibroblasts. Twelve miRNAs were upregulated and 24 miRNAs downregulated in
control fibroblasts, versus 8 miRNAs upregulated and 16 miRNAs downregulated in CPT2-deficient
fibroblasts. Of note, miR-566 and miR-23a,b were downregulated in both control and patient fibroblasts
following RSV treatment, suggesting that these changes might result from RSV specific action on
factors controlling transcription and/or maturation of these two miRNAs, irrespective of cell genotype
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or of energy metabolism deficiency. On the other hand, miR-550-1,2 was upregulated and miR-let7-a3
was downregulated in both untreated CPT2-deficient fibroblasts (Table 1) and RSV-treated control
fibroblasts (Table 2). If one considers that RSV exerts beneficial effects on the cell, this suggests
that the changes in expression of these two miRNAs might be advantageous in both cases. Finally,
the expression of other miRNAs changed in both untreated and RSV-treated CPT2-deficient fibroblast.
Thus, miR-181a2,d, miR-let7d, and miR-146a were downregulated in both untreated and RSV-treated
CPT2-deficient fibroblast (Tables 1 and 2). This suggests that the upregulation of these three miRNAs
might provide CPT2-deficient fibroblasts with an increased ability to survive with reduced catabolism
of long chain fatty acids.
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2.3. Mirna Whose Expression Changed in CPT2-Deficient Primary Fibroblasts, Regardless of RSV Treatment,
Target Pathways Involved in Fatty Acid Oxidation

We have shown in previous studies that treatment by resveratrol similar to that used in the
present study induced a dose-dependent increase in fatty acid oxidation in CPT2-deficient patients [25].
Furthermore, this dose of resveratrol was shown to correct not only CPT2 deficiency, but also other
fatty acid oxidation and respiratory chain deficiencies [7,26,27]. In all these experiments, the human
fibroblasts did not exhibit growth changes or increased mortality. It was thus essential to use the
same treatment conditions in order to investigate the changes in microRNA expression in response
to resveratrol. We also showed previously that treating mouse RAW264.7 macrophages with a 10
to 100 μM range of resveratrol concentrations decreased JunB expression as well as AP-1 activity in
a dose-dependent manner (Supplementary figure 3 in the manuscript of Tili et al. [4]). Thus, we believe
that treatment by 75 μM resveratrol, despite representing a high concentration, should not have caused
any bias in our microarrays analyses.

The marked beneficial effects of treatment on fatty acid oxidation in the patient fibroblasts could
suggest that resveratrol directly regulates CPT2 expression. However, the precise signaling pathway(s)
by which RSV targets fatty acid oxidation in the context of CPT2-deficiency is still a matter of debate.
Several polyphenols, including RSV have been shown to increase the activity and gene expression of
SIRT1 accompanied by the increase in CPT1 mRNA encoding the rate-limiting enzyme of mitochondrial
fatty acid oxidation [28]. SIRT1-dependent de-acetylation of PGC-1α leads to the transcriptional
co-activation of nuclear and mitochondrial genes encoding for proteins promoting mitochondrial
biogenesis, oxidative phosphorylation and energy production. On the other hand, SIRT3 mediates
direct activation of proteins implicated in oxidative phosphorylation, tricarboxylic acid (TCA) cycle and
fatty-acid oxidation, in addition to an indirect activation of PGC-1α and AMP-activated protein kinase
(AMPK). SIRT1 is required for the activation of AMPK, which enhances energy-production through
glucose transport, fatty acid oxidation, or mitochondrial biogenesis [29,30]. The action of resveratrol to
correct CPT2-deficiency might therefore involve SIRT1, however, definite evidence based on silencing
SIRT1 expression in patient fibroblasts is lacking. Altogether, there is a general consensus in the
literature supporting RSV effects being mediated through an AMPK/SIRT1/PGC-1α pathway [31].
It has also been suggested that RSV effects might also occur through the estrogen receptor (ER),
which RSV can bind and activate [23]. We therefore examined whether the 3′-untranslated regions
of genes implicated in the two above pathways contain consensus target sites for those miRNAs
whose expression changed either in untreated CPT2-deficient fibroblasts as compared with control
fibroblasts (Table 1) or in CPT2-deficient fibroblasts treated with RSV as compared with DMSO-treated
CPT2-deficient fibroblasts (Table 2).

The general mechanism associated with microRNA action involves the reduced expression of
their target genes. Using the Targetscan software (www.targetscan.com), we found consensus target
sequences for miRNAs that were upregulated, as well as for miRNAs that were downregulated, in
untreated CPT2-deficient fibroblasts (Table 3). In particular, miR-483, the miRNA that increased with
the lowest P value in Table 1, targeted seven genes of the above pathways. It was followed by miR-449b,
miR-371 (with often multiple target sequences in the same transcripts), and miR-9 (6 genes targeted) and
then by miR-539 and miR-301 (5 and 4 genes targeted, respectively). In contrast, except for miR-181a2,c
(seven genes targeted), the miRNAs downregulated in untreated CPT2-deficient fibroblasts did not
target more than 4 genes (miR-211 and miR-126a-5) (Table 3), and, except miR-211, were not among the
miRNAs that changed with the lowest P value in Table 1. Although it would be almost impossible to
measure the relative effects of these miRNAs on the expression of each of these putative target genes,
the above observation suggests that the effects of upregulated miRNAs as a whole might be greater
than those of downregulated miRNAs, leading to reduced levels of expression of their respective target
gene and, as a consequence, reduced fatty acid oxidation.

178

Bo
ok
s

M
DP
I



Molecules 2018, 23, 7

Table 3. Putative targets transcripts of miRNAs of Tables 1 and 2.

Genes Proteins MiRNAs *

Putative target transcripts of miRNAs upregulated in CPT2-deficient fibroblasts:

SIRT1 SIRT1 2 × 449b/539/9/651/
STK11 LKB1 483/

PRKAA1 AMPK subunit 301/449b/539/371/9/651/
PRKAA2 AMPK subunit 483/301/2 × 449b/206/4 × 371/3 × 10b/3 × 651/
PRKAB1 AMPK subunit 483/301/9/

PPARGC1A PGC-1 α 2 × 301/539/196a-2/
ALDH7A1 PDE 2 × 483/449b/2 × 371 2 × 10b/651/

ESR1 ER 483/3 × 301/2 × 206/ 371/2 × 9/196a-2/
ESRRA ERR α 449b/
NRF1 NRF1 483/449b/2 × 539/3 × 371/9/

NFE2L2 NRF2 651/
TFAM TFAM 483/206/539/2 × 371/10b/9/651/

Putative target transcripts of miRNAs downregulated in CPT2-deficient fibroblasts:

SIRT1 SIRT1 211/141/136/181a2,c/496/126-5p/
STK11 LKB1 -

PRKAA1 AMPK subunit 496/126-5p/144/
PRKAA2 AMPK subunit let-7a3,d,g/2 × 141/203/3 × 181a2,c/4 × 126-5p/144/9/
PRKAB1 AMPK subunit 2 × 141/2 × 203/181a2,c/

PPARGC1A PGC-1 α let-7a3,d,g/211/141/136/203/496/3 × 126-5p/144/
ALDH7A1 PDE 141/2 × 136/203/

ESR1 ER 211/136/203/181a2,c/496/
ESRRA ERR α -
NRF1 NRF1 2 × 211/181a2,c/

NFE2L2 NRF2 181a2,c/496/
TFAM TFAM 211/4 × 141/2 × 136/2 × 203/181a2,c/496/4 × 126-5p/4 × 144/

Putative target transcripts of miRNAs upregulated after RSV treatment of CPT2-deficient fibroblasts:

SIRT1 SIRT1 199a1-5p/
STK11 LKB1 199a1-5p/

PRKAA1 AMPK subunit -
PRKAA2 AMPK subunit 219/2 × 299/193a/199a1-5p/2 × 337/
PRKAB1 AMPK subunit 193a/

PPARGC1A PGC-1 α 219/193a/2 × 199a1-5p/
ALDH7A1 PDE 199a1-5p/2 × 337/

ESR1 ER 219/299/2 × 193a/337/
ESRRA ERR α -
NRF1 NRF1 199a1-5p/

NFE2L2 NRF2 337/
TFAM TFAM 299-5p/2 × 193a/199a1-5p/2 × 337/

Putative target transcripts of miRNAs downregulated after RSV treatment of CPT2-deficient fibroblasts:

SIRT1 SIRT1 181d/23a/
STK11 LKB1 20b/17-5p/

PRKAA1 AMPK subunit 2 × 101-1/2/16-1/21/26a/
PRKAA2 AMPK subunit 3 × 181d/21/20b/let-7c,d/17-5/2 × 146a/376b/26a/23a/
PRKAB1 AMPK subunit 181d/146a/

PPARGC1A PGC-1α 101-1/2/let-7d/376b/26a/2 × 23a/
ALDH7A1 PDE 16-1/2 × 20b/2 × 17-5p/146a/

ESR1 ER 181d/21/3 × 20b/3 × 17-5p/146a/2 × 26a/2 × 103-1/23a/
ESRRA ERRα 16-1/103-1/423/
NRF1 NRF1 181d/2 × 21/

NFE2L2 NRF2 181d/103-1/
TFAM TFAM 181d/3 × 20b/3 × 17-5p/2 × 376b/26a/23a/

* MiRNAs are given in the same order as in Tables 1 and 2. The sign “x“ indicates the number of putative target
sequence for a given miRNA. Target transcripts were identified using the Targetscan software (www.targetscan.com).
Numbers in front of miRNAs indicate that more than one consensus target site for this miRNA is present in the
3′-untranslated region of the transcript. For instance, SIRT1 3-untranslated region contains two consensus target
sequences for miR-449b.

Consensus target sites in the 3’-untranslated regions of the same genes for miRNAs that were
upregulated or downregulated following RSV treatment of CPT2-deficient fibroblasts (Table 2) show
a similar distribution. While seven of the above genes are potential targets of miR-199a1-5p and 5
are potential targets of miR-337 (both upregulated following RSV treatment). Table 3 also shows
that seven genes of the above pathways are also putative targets of miR-181d, and five of them are
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also targets of miR-20b, miR-17-5p, miR-26a, and miR-23a (all of these miRNAs being downregulated
following RSV treatment). Given that the 3′-untranslated regions of several of these genes contains
more than one consensus target site for miR-20b, miR-17-5p, or other miRNAs, it is likely that RSV may
change the expression of genes that encode factors implicated in these two pathways, and therefore
fatty acid oxidation, through both miRNA-dependent and miRNA-independent mechanisms. Finally,
as miRNAs that changed following RSV treatment of control fibroblasts are fairly different from
those that changed following RSV treatment of CPT2-deficient fibroblasts (Table 2), it is possible that
RSV effects on miRNA expression might depend on other factors—factors most likely implicated in
modulating the activity of fatty acid oxidation in mitochondria.

In conclusion, this paper is the first to report changes in microRNA expression associated with
CPT2-deficiency in human fibroblasts and sheds some new light on potential beneficial effects of RSV
through modifying miRNA expression. In particular, it appears likely that changes in miRNA levels in
CPT2-deficient cells might, at least in part, be involved in abnormal fatty acid oxidation. The emerging
role of microRNAs in lipid metabolism has been emphasized in recent reviews [32] reporting that
miRNAs are critical regulators of lipid synthesis, fatty acid ß-oxidation, and lipoprotein metabolism.
Changes in the expression of crucial miRNAs can impact gene regulatory network, driving to metabolic
syndrome and its related pathologies. This review introduced epigenetic and transcriptional regulation
of miRNA expression, especially miR-378 (controlling FABP7, IGFBP3, PDCD4, and PPAR-α mRNA
expression) and miR-21 (controlling CRAT, MED13, ERRγ, GABP1, and IGF1α mRNA expression).
In this paper, we found that miR-378 was downregulated by RSV in control fibroblasts and that miR-21
was downregulated by RSV in CPT2-deficient fibroblasts. In addition, miR-21 could putatively target
NRF1 mRNAs, which encode a transcription factor implicated in respiratory control (Table 3).

Further studies will be required to assess the impact of these changes in miRNA expression on
RSV-induced stimulation of mitochondrial fatty acid oxidation in CPT2-deficient cells and to identify
factors that mediate these RSV effects.

3. Materials and Methods

3.1. Primary Human Fibroblasts and Cell Treatments

CPT2-deficient and control human skin fibroblasts used in this study have been described
previously [5]. Point mutations and genotypes of the cells are the following: nucleotides changes,
c.338C > T and c.371G > A, and consequently amino acid changes, S113L and R124Q. For cell treatment,
a medium of Ham’s F10 media containing glutamine, 12% fetal bovine serum, 100 U/mL penicillin,
and 0.1 mg/mL streptomycin was removed and replaced with fresh medium containing either the
vehicle, DMSO 0.1%, or 75 μM resveratrol (RSV). Cells were subsequently cultivated for 72 h before
RNA extraction.

3.2. RNA Extraction, Purification, and Micro RNAs Screening and Analysis

RNAs extracted with TRIzol (Invitrogen) were subsequently subjected to DNase digestion
(Turbo-DNase-Ambion), as previously described [2]. MiRNA microarrays were analyzed as previously
described [2]. Four independent repeats (i.e., cell cultures) were used for each group.

3.3. RNA Labeling and Micro-Arrays

Five micrograms of total RNA were labeled by reverse transcription at 37 ◦C for 90 min
using a biotin-labeled rand-octomer oligo primer. An RT reaction mix was further denatured in
0.5 N NaOH/1 mM EDTA at 65 ◦C for 15 min and neutralized by 1 M Tris HCl pH 7.6. Biotin
signal was detected with an Alexa 647-Streptavidin conjugate. Chips were hybridized on Tecan
HS 4800 hybridization station. Chips were pre-hybridized at 25 ◦C for 30 min in the buffer:
6× SSPE/30% formamide/1× Denhardt’s solution. Chips were further hybridized with a labeled
target in 6× SSPE/30% formamide at 25 ◦C for 18 h. Hybridization and post-hybridization washing
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was conducted in 0.75× TNT (Tris, sodium, Tween 20) at 37 ◦C for 40 min. The chips were stained
by streptavidin–alexa647 (1:500) dilution in TNT for 30 min. Post-staining washing was conducted in
1× TNT FOR 40 min.

4. Conclusions

Taking account that RSV enhances residual CPT2 activities in human fibroblasts derived from
CPT2-deficient patients and restores normal fatty acid oxidation rates, we now report changes in
miRNA expression linked to CPT2-deficiency, and we identify miRNAs whose expression changed
following RSV treatment of control or CPT2-deficient fibroblasts isolated from patients. Our findings
suggest that RSV consumption might exert beneficiary effects in patients with CPT2-deficiency through
miRNAs expression modulation.
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Abstract: Resveratrol is a polyphenolic natural compound produced by a variety of crops.
Currently, resveratrol is considered a multi-target anti-cancer agent with pleiotropic activity,
including the ability to prevent the proliferation of malignant cells by inhibiting angiogenesis
and curtailing invasive and metastatic factors in many cancer models. However, the molecular
mechanisms mediating resveratrol-specific effects on lymphoma cells remain unknown. To begin
tackling this question, we treated the Burkitt’s lymphoma cell line Ramos with resveratrol and
assessed cell survival and gene expression. Our results suggest that resveratrol shows a significant
anti-proliferative and pro-apoptotic activity on Ramos cells, inducing the DNA damage response,
DNA repairing, and modulating the expression of several genes that regulate the apoptotic process
and their proliferative activity.

Keywords: resveratrol; cell viability; Ramos cells; DNA damage; DNA repair

1. Introduction

Resveratrol (3,5,4′-trihydroxystilbebe or RSV) is a polyphenolic natural product generated by a
wide variety of crops, including grapes, peanuts, plums and berries, and some derived products such
as red wine and fruit juice [1–3].

Accumulating evidence shows that RSV consumption may have many beneficial properties
to human health, acting as an antioxidant, anti-aging, immunomodulator, anti-inflammatory and
cardioprotective agent, reducing the risk of coronary artery disease. It has also been postulated to be a
mimetic factor for the effects of caloric restriction on metabolism, including the enhancement of insulin
sensitivity [4–7].

In addition, RSV has prompted a great interest in the biomedical industry mainly due to its
anti-carcinogenic activity, whereby it can prevent the proliferation of cancer cells, inhibit angiogenesis
and reduce invasive and metastatic factors [8–10]. Furthermore, some studies have shown that RSV
inhibits tumor initiation, promotion, and progression [11].

The antiproliferative and proapoptotic activity of RSV has been reported in different human cancer
cell lines that include colon, prostate, and breast cancer as well as leukemia [12–15]. Although there is
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abundant data regarding the chemopreventive role of RSV in many cancers, relatively little information
exists on the antiproliferative activity of RSV in human lymphoma cells [16–18].

Although RSV is a promising multi-target anticancer agent with pleiotropic activities, its specific
mechanisms of action remain unclear [19]. In general, RSV targets a great number of intracellular
molecules implicated in apoptosis induction. For example, RSV induces cell death by altering proteins
of the Bcl-2 family. Specifically, it is able to upregulate the expression of pro-apoptotic proteins such as
Bak, Bax, NOXA and PUMA, while lowering the expression of anti-apoptotic members such as Bcl-2,
Mcl-1 and Bcl-XL [20–22]. Moreover, RSV increases cellular apoptosis by modulating the extrinsic
pathway that relies on binding of ligands such as FASL or TRAIL [6,23,24], whereas it also activates
the intrinsic apoptotic pathway by inducing the mitochondrial release of cytochrome C, the generation
of ROS, and the modulation of the p53 pathway [20,25–27].

Interestingly, RSV binds and activates the serine protein kinase ataxia telangiectasia mutated
(ATM), inducing autophosphorylation and substrate phosphorylation [28]. ATM activates signaling
checkpoints upon genotoxic stress, especially DNA double strand breaks. Indeed, the loss of
ATM activity has been observed in various tumor types. RSV is able to induce extensive DNA
damage and more specifically DNA double strand breaks in human colon carcinoma cells [29,30].
Also, RSV works on blocking topoisomerase (TOPO) activity. Indeed, RSV induced a delay in
S-phase progression with the concomitant phosphorylation of the histone H2AX (H2A histone family,
member X) [29,31]. Specifically, in B-cell lymphocytes, DNA double-strand breaks (DSBs) are generated
in all developing lymphocytes, a process that is essential for normal lymphocyte development [32].
DSB activates an ATM-dependent signaling pathway that leads to phosphorylation and inactivation
of the transcriptional coactivator CRTC2 [33]. CRTC2, in turn, regulates many target genes, some of
which are involved in processes that modulate GC B-cell proliferation, self-renewal and also inhibit
plasma cell differentiation [34].

In the case of lymphomas, Jazirehi et al., reported that RSV downregulates two anti-apoptotic
proteins, Bcl-XL and Mcl-1, whereas it upregulates the pro-apoptotic proteins Bax and Apaf-1 in
the Burkitt’s lymphoma cell line Ramos [35]. RSV also promotes cell growth inhibition in NALM-6
cells [36] and blunts PI-3K signaling and glucose metabolism in germinal center-like LY1 and LY18
human diffuse large B-cell lymphomas (DLBCLs) [17]. However, the molecular mechanisms of action
of RSV in lymphoma cells remain largely unknown.

In this study, we analyzed the effect of RSV on cell viability in the Burkitt’s lymphoma cell
line Ramos. We demonstrate that RSV has anti-proliferative and pro-apoptotic effects on these cells.
We show that RSV induces the DNA damage response; activation of DNA repair; and modulates the
expression of genes with key roles regulating the apoptotic process and the proliferative activity in
this model cell line.

2. Results

2.1. RSV Induces Decrease in Cell Viability in Ramos Cells

Even though many beneficial properties of RSV have been reported, including anti-proliferative
and pro-apoptotic activity in different human cancer cell lines, its effects in human lymphoma cells are
poorly described.

To determine whether RSV has an antiproliferative effect on Ramos cells, we incubated this cell
line with different concentrations of RSV for 24 h and 48 h, and determined viability using the MTT
assay. Cell viability decreased in a concentration-dependent manner in response to RSV, by 25% with
50 μM RSV up to 60% using 150 μM RSV at 24 h, and by 30% with 20 μM RSV up to 60% using
150 μM RSV at 48 h (Figure 1A). Similar results were obtained independently using the Trypan Blue
exclusion assay to determine cell survival, showing a maximum antiproliferative activity with 150 μM
RSV at 24 h and 48 h of treatment (Figure 1B). These data demonstrate that RSV effectively reduces
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cell proliferation and viability in Ramos cells. For subsequent experiments we chose concentrations
between 50 μM and 100 μM, which decrease cell viability by 50% after 24 h of treatment.

Figure 1. Effect of Resveratrol on cell viability in Ramos cells. Ramos cells were treated with resveratrol
(RSV) at the indicated concentrations. (A) Cell viability was evaluated by MTT assay during 24 h and
48 h of treatment with resveratrol; (B) Cell viability was evaluated with the Trypan Blue exclusion
assay during 24 h and 48 h of treatment with resveratrol. Data are presented as mean ± SD, for three
independent experiments. * p < 0.05, ** p < 0.01, compared to control cells.

2.2. RSV Induce Apoptotic Cell Death in Ramos Cells

RSV exhibits many different mechanisms of action and apoptosis-related targets in various
models. To determine whether RSV induces the apoptotic process in Ramos cells, we performed an
immunoblotting assay against some important apoptotic markers, specifically, active-caspase 3 and
fragmented PARP proteins after different RSV treatment. Antibodies against tubulin were used as
loading control. Indeed, RSV triggered a significant increase in active-caspase 3 and cleaved-PARP
using 70 μM and 100 μM for 24 h (Figure 2A,B). Treating Ramos cells with 70 μM RSV for different time
periods also revealed a significant increase in active-caspase 3 and cleaved-PARP over 3h treatment
(Figure 2C,D).

Interestingly, it has been reported that RSV is able to upregulate the expression of several
pro-apoptotic mediators [21,22] therefore we treated Ramos cells with 70 μM RSV for 1 h and 3 h,
and determined the mRNA levels for NOXA (Phorbol-12-myristate-13-acetate-induced protein 1), Fas
(Tumor necrosis factor receptor superfamily member 6), and PUMA (p53 up-regulated modulator
of apoptosis) by means of RT-qPCR. Our results shown that RSV induce a significant increase in the
mRNA levels of NOXA and PUMA, but has no effect on the expression of Fas (Figure 2E). These results
indicate that RSV can activate caspase 3 inducing the fragmentation of its downstream target, and
upregulate the expression of a subset of genes know to be linked to apoptotic events.

2.3. RSV Induces DNA Damage and DNA Repair in Ramos Cells

Many reports suggest that RSV can induce extensive DNA damage, specifically DNA double
strand breaks (DSB), in some tumor cells lines [29,30]. To determine whether RSV is able to induce
DNA damage in Ramos cells, we treated cells with different concentrations of RSV for 24 h and tested
the phosphorylation levels of ATM (ataxia-telangiectasia mutated kinase) and BRCA1 (breast cancer
type 1 susceptibility protein), two proteins associated with the activation of the DNA damage response.
Our results show that treatment with RSV over 50 μM induces a significant increase in p-ATM and
p-BRCA1 (Figure 3A,B). Also, treating Ramos cells with 70 μM RSV for different time periods revealed
a significant increase in ATM and BRCA1 phosphorylation over 3 h treatment (Figure 3C,D). We also
treated Ramos cells with two different concentrations of RSV (50 μM and 100 μM) to detect the presence
of γ-H2AX. Our results show that treatment with RSV induces a significant increase in γ-H2AX using
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both concentrations (Figure 3E,F). These data suggest that the induction of DNA damage might be one
of the molecular mechanisms involved in the loss of cell viability caused by RSV in Ramos cells.

Figure 2. Effect of Resveratrol on apoptosis markers. (A) Western blot analysis of proteins from cells
treated with different concentrations of resveratrol (RSV) for 24 h using anti-active caspase 3 and
anti-cleaved PARP (poly ADP-ribose polymerase) antibodies. Antibodies against total tubulin were used
as loading control. (B) Quantification of the proteins shown in panel A is represented as a column plot
with error bars. (C) Western blot analysis of proteins from cells with 70 μM RSV for different time periods
using anti-active caspase3 and anti-cleaved PARP antibodies. Antibodies against total tubulin were used
as loading control. (D) Quantification of the proteins shown in panel C is represented as a column plot
with error bars. (E) The mRNA levels of apoptotic-related genes were measured by quantitative reverse
transcriptase polymerase chain reaction (NOXA; Phorbol-12-myristate-13-acetate-induced protein 1,
FAS; Tumor necrosis factor receptor superfamily member 6 and PUMA; p53 up-regulated modulator
of apoptosis). Cells were treated with 70 μM RSV for 1 h or 3 h. Results are representative of three
independent experiments, * p < 0.05 compared to control cells.
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Figure 3. Effect of Resveratrol on the activation of the DNA damage response. (A) Western blot
analysis of proteins from cells treated with different concentrations of resveratrol (RSV) for 24 h
using anti-p-ATM (ataxia-telangiectasia mutated kinase) and anti-p-BRCA1 (breast cancer type 1
susceptibility protein) antibodies. Antibodies against total tubulin were used as loading control.
(B) Quantification of the proteins shown in panel A is represented as a column plot with error bars.
(C) Western blot analysis of proteins from cells treated with 70 μM RSV for different time periods
using anti-p-ATM and anti-p-BRCA1 antibodies. Antibodies against total tubulin were used as loading
control. (D) Quantification of the proteins shown in panel C is represented as a column plot with
error bars. (E) Western blot analysis of proteins from cells treated with 50 μM or 100 μM RSV for
24 h using anti-γ-H2AX antibodies. Antibodies against total tubulin were used as loading control.
(F) Quantification of the proteins shown in panel E is represented as a column plot with error bars.
Results are representative of three independent experiments, * p < 0.05 compared to control cells.

Non-homologous end-joining (NHEJ) and homology-directed repair (HDR) are the main
pathways in all organisms for repairing DBS [37,38]. To determine whether RSV is able to induce
the repair mechanisms in Ramos cells, we treated cells with different concentrations of RSV for 24 h
and tested the protein levels of Rad50, Mre11 and p-p95/NBS1, proteins that represent the primary
DSB sensor. Our results show that treatment with RSV induces a significant increase in all these
proteins, suggesting that RSV induces their expression (Figure 3A,B). We also treated cells with
different concentrations of RSV for 24 h and tested the protein levels of DNA-PKcs and KU80, essential
proteins in the initiation of NHEJ repair pathway. Our results show that treatment with RSV induces
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a significant increase in both proteins, suggesting that RSV induces the activation of this pathway
(Figure 4).

Figure 4. Effect of Resveratrol on the activation of double-strand break repair pathways. (A) Western
blot analysis of proteins from cells treated with different concentrations of RSV for 24 h using anti-Rad50,
anti-Mre11 and anti-p-p95/NBS1 antibodies. Antibodies against total tubulin were used as loading
control. (B) Quantification of the proteins shown in panel A is represented as a column plot with error
bars. (C) Western blot analysis of proteins from cells treated with different concentrations of RSV for
24 h using anti-DNA-PKcs and anti-KU80 antibodies. Antibodies against total tubulin were used as
loading control. (D) Quantification of the proteins shown in panel C is represented as a column plot
with error bars. Results are representative of three independent experiments, * p < 0.05 compared to
control cells.

2.4. RSV Regulates Gene Expression Related to Proliferation and B Cell Differentiation

DNA double-strand breaks (DSB) are generated in all developing lymphocytes, and it is an
essential event for normal lymphocyte development [32]. This process is led by the inactivation
of the transcriptional coactivator CRTC2 [33,34], which controls many direct target genes, some of
them involved in processes that regulate GC B-cell proliferation, self-renewal, and inhibit plasma
cell differentiation.

To determine whether RSV regulates B cell differentiation by reducing the expression of genes
involved in B-cell proliferation, we measured three transcripts that are widely studied as reporters of
this process: TCL-1 (T-cell leukemia/lymphoma protein 1A), Bach2 and Myc. We treated cells with
50 μM or 100 μM RSV for 24 h and then analyzed mRNA expression using RT-qPCR. We observed a
significant decrease in the mRNA levels of TCL-1, Myc and Bach2 (Figure 5). Analogous results were
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obtained with Etoposide (Eto), a positive control for DNA damage that is capable of downregulating
CRTC2-target genes [33].

Figure 5. Effect of Resveratrol on the expression of proliferative genes essential in lymphomagenesis.
The mRNA levels of proliferative were measured by quantitative reverse transcriptase polymerase
chain reaction. Cells were treated with 100 μM resveratrol (RSV) for 1 h or 3 h. The graph represents the
relative expression of TCL-1 (T-cell leukemia/lymphoma protein 1A), Bach2 and Myc genes. Results are
representative of three independent experiments, * p < 0.05.

3. Discussion

Resveratrol is a multi-target anti-cancer agent with pleiotropic activity. In this study, we assessed
the effects of RSV on cell death in the Burkitt’s lymphoma cell line Ramos. We show that, as in other
model cell lines, RSV has anti-proliferative and pro-apoptotic activities in these cells. Furthermore, our
results demonstrate that RSV induces the DNA damage response, DNA repairing and modulates the
expression of genes with key roles in the apoptotic process and the proliferative activity of Ramos cells.

Resveratrol is a polyphenolic natural product generated by a wide variety of plants. It has
prompted great interest in the biomedical community mainly due to its anti-carcinogenic properties.
Resveratrol prevents the proliferation of cancer cells by inducing inhibition of tumor initiation,
promotion, and progression [10,11]. Although there is accumulating evidence on the chemopreventive
role of RSV in many cancers, further data in relation to human lymphoma cells is still lacking [12–16,39].

Here we show that RSV reduces proliferation and cell viability in Ramos cells (Figure 1),
concomitant with the induction of caspase-3 and PARP fragmentation (Figure 2), which are normally
associate with apoptotic cell death. These results are consistent with previous studies demonstrating
that RSV promotes cell growth inhibition in NALM-6 cells [36]; induces cytotoxicity in human Burkitt’s
lymphoma, Raji, and Daudi cell lines [40]; and also induces cell-cycle arrest in germinal center-like LY1
and LY18 human diffuse large B-cell lymphomas (DLBCLs) [15,17]. Also, in mantle cell lymphomas
(MCL), specifically in jeko-1 cell line, resveratrol induces apoptosis modulating several key molecules
involve in cell cycle and apoptosis [41].

RSV exhibits different mechanisms of action implicated in cell cycle control and apoptosis
induction. For example, it interacts directly with the human GLUT1 hexose transporter thus inhibiting
the transport of hexoses [42]. In addition, RSV treatment results in decreased glycolytic flux, with a
parallel reduction in the expression of several mRNAs encoding rate-limiting glycolytic enzymes [39].
Also, RSV induces cell death by altering the expression Bcl-2 family proteins [20], upregulating the
expression of Bax, Bak, PUMA, and NOXA, whereas decreasing the anti-apoptotic members Bcl-2,
Mcl-1, and Bcl-XL [21,22]. We observed similar results in Ramos cells, where RSV upregulated the
expression of genes associated with apoptotic events (PUMA and NOXA). We also analyzed the
expression of Fas receptor, where, in contrast to previous studies in ALCL cell lines, where RSV
increased cellular apoptosis by enhancing Fas/CD95 expression in a dose-dependent manner [23,24],
we did not find major changes in the expression of Fas receptors in Ramos cells.
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Another relevant molecular pathway induced by RSV is DNA damage. Our results show a robust
activation of the DNA damage response, with increased phosphorylation of the damage sensor ATM
(Figure 3A,B), increased p-BRCA1 (Figure 3C,D), and the concomitant phosphorylation of γ-H2AX
(Figure 3E,F). ATM activates cell cycle checkpoint signaling upon genotoxic stress, especially DNA
double strand breaks. Interestingly, loss of ATM activity is a hallmark of various tumor types and RSV
can bind to ATM increasing autophosphorylation and substrate phosphorylation [28,43]. BRCA1 is
an essential tumor suppressor involved in DSB repair, preserving genome stability. Ours results
are consistent with published evidence suggesting that RSV induces extensive DNA damage, more
specifically, DNA double strand breaks in human colon carcinoma cells [29,30]. Interestingly, a
well-documented anticancer mechanism of RSV is through the inhibition of topoisomerase (TOPO)
activity. Indeed, RSV induced a delay in S-phase progression with the concomitant phosphorylation
of histone H2AX [29,31], which is fully consistent with our results. A principal effect of the DNA
damage response (DDR) is to maintain genomic stability inducing DNA repair. NHEJ and HDR
seem to be the major pathways trigged by DDR in eukaryotic cells. The MRN complex formed by
MRE11/RAD50/NBS1 proteins is essential for DNA end resection during HDR repair [38]; our results
show a clear increased in the levels of these proteins induced by RSV (Figure 4A,B). At the same time,
our results show a clear increased in the levels of DNA-PKcs and KU80 induced by RSV, proteins
involved in the initiation of NHEJ pathway [44]. These results demonstrate that DDR induced by RSV
in able to promote both NHEJ and HDR repair pathway to maintain genome stability. Importantly, to
use different drugs that generate DSBs is extremely beneficial in cancer chemotherapy, increasing the
impact of RSV as a complementary therapy.

DNA double-strand breaks are essential for the normal development and differentiation of
lymphocytes [32], which is also apparent in Ramos cells as a critical step to induce plasma cell
differentiation [33,34]. It has been demonstrated that DNA damage regulates signaling pathways that
lower the expression of many genes associated with proliferation and survival. For example, TCL-1 [45],
Bach2 [46], and Myc [47] are all downregulated during differentiation in these cells. Our results show
decreased mRNA levels for TCL-1, Myc, and Bach2, comparable with the effect of Etoposide, a TOPO2
inhibitor that induce DSBs in Ramos cells [33].

In summary, the results presented here suggest that RSV is a natural molecule with a significant
anti-proliferative and apoptotic activity on Ramos cells, inducing the DNA damage response and
modulating the expression of several genes that regulate the apoptotic process and the proliferative
activity in this model lymphoma cell line.

4. Materials and Methods

4.1. Cell Culture

Ramos cells, a B lymphocyte cell line from Burkitt’s Lymphoma (ATCC CRL-1596), was
grown in RPMI-1640 (Hyclone, Logan, UT, USA) containing 10% fetal bovine serum (FBS, Hyclone,
Logan, UT, USA), 50 U/mL penicillin, 50 mg/mL streptomycin, and 2 mM L-glutamine, 1mM Sodium
Pyruvate, and essential amino acids (from Hyclone, Logan, UT, USA), at 37 ◦C in humidified 5%
CO2 atmosphere.

4.2. Cell Viability Assays

Ramos cells were seeded in 96-well plates and treated with different concentrations of resveratrol
(Sigma Chemical, St. Louis, MO, USA), we used DMSO as vehicle. After 24 h incubation, mitochondrial
activity was measured by the modified 3-[4,5-dimethylthiazol 2-yl]-2,5 diphenyltetrazolium bromide
(MTT) assay [48]. Cells were incubated for 4 h at 37 ◦C with MTT (10 μL of 5 mg/mL MTT solution
per well, Sigma-Aldrich, St. Louis, MO, USA). The reaction was stopped with the addition of cell lysis
buffer (50% dimethylformamide and 20% SDS, pH 7.4). ΔA values at 550–650 nm were determined
using an automatic microtiter plate reader (Metertech Σ960) and the results were expressed as a
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percentage of control. Cell viability was also assayed by Trypan Blue exclusion and the results were
expressed as a percentage of control. The RSV concentrations used in this work are in accordance with
previous reports [42].

4.3. Western Blot Analysis

Cells were cultured and treated with resveratrol for different time periods and different
concentrations. Next, cells were lysed in RIPA buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM
EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 100 mg/mL PMSF, 2 mg/mL aprotinin, 2 mM
leupeptin, and 1 mg/mL pepstatin) and protein concentration was determined using the Bradford
assay. Protein extracts were resolved by SDS–PAGE (60 mg per lane) on a 10% polyacrylamide gel
and transferred into immobilon membranes (Millipore, Bedford, MA, USA). After blocking with 5%
skimmed milk, membranes were incubated with 1:1000 dilutions of primary antibodies. We used
antibodies against p-ATM, p-BRCA1 and γ-H2AX (Cell Signaling Technology, Inc., Danvers, MA, USA)
as markers of DNA damage response; active-caspase 3 and cleaved PARP (Cell Signaling Technology,
Inc., Danvers, MA, USA) to determine apoptosis marker; and finally, Rad50, Mre11, p-p95/NBS1,
DNA-PKcs, and KU80 (Cell Signaling Technology, Inc, Danvers, MA, USA) as markers of DNA repair;
Tubulin (Calbiochem, Darmstadt, Germany) was used as loading control.

4.4. Quantitative Real-Time Reverse Transcriptase-Polymerase Chain Reaction (RT-qPCR)

Total RNA was isolated from cells using Trizol reagent (Life Technologies, Waltham, MA, USA)
following the manufacturer’s instructions. Total RNA was subjected to RT-PCR. 1–5 μg of total RNA
was used to synthetize first-strand cDNAs with the iScript kit (BIO-RAD, CA, USA). Quantitative
RT-PCR (RT-qPCR) analysis was performed as described previously [49]. Expression was normalized
to a 36B4 mRNA control sequence. Oligonucleotide primers for real-time RT-PCR are: TCL-1
FW 5′-CGATACCGATCCTCAGACTCCAGTT-3′, RV 5′-AAAGGAGACAGGTGCTGCCAAG-3′, Myc
FW 5′-AGCGACTCTGAGGAGGAACAAGAAGAT-3′, RV 5′-TTGGCAGCAGGATAGTCCTTCCG-3′,
Bach2 FW 5′-CTTGCCTGAGGAGGTCACAGC-3′, RV 5′-AGCATCCTTCCGGCACACAAA-3′, 36B4
FW 5′-TGGCAGCATCTACAACCCTGAAGT-3′, RV 5′-TGGGTAGCCAATCTGAAGACAGACA-3′.

4.5. Statistical Analysis

Data are presented as mean ± SE of the values from the number of experiments performed in
triplicate as indicated in the corresponding figures. Data were analyzed for statistically significant
differences (p < 0.05) using the Student’s t-test.
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