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New Approaches on Japanese Knotweed (Fallopia japonica) Bioactive Compounds and Their
Potential of Pharmacological and Beekeeping Activities: Challenges and Future Directions
Reprinted from: Plants 2021, 10, 2621, https://doi.org/10.3390/plants10122621 . . . . . . . . . . 82

Marie-Anne Dusz, François-Marie Martin, Fanny Dommanget, Anne Petit,

Caroline Dechaume-Moncharmont and André Evette

Review of Existing Knowledge and Practices of Tarping for the Control of Invasive Knotweeds
Reprinted from: Plants 2021, 10, 2152, https://doi.org/10.3390/plants10102152 . . . . . . . . . . 104

Fabian Alperth, Lena Melinz, Johannes-Paul Fladerer and Franz Bucar

UHPLC Analysis of Reynoutria japonica Houtt. Rhizome Preparations Regarding Stilbene and
Anthranoid Composition and Their Antimycobacterial Activity Evaluation
Reprinted from: Plants 2021, 10, 1809, https://doi.org/10.3390/plants10091809 . . . . . . . . . . 123

Artur Likhanov, Marian Oliinyk, Nataliia Pashkevych, Andrii Churilov and Mykola Kozyr

The Role of Flavonoids in Invasion Strategy of Solidago canadensis L.
Reprinted from: Plants 2021, 10, 1748, https://doi.org/10.3390/plants10081748 . . . . . . . . . . 137

v



Maryam Shahrtash and Shawn P. Brown

A Path Forward: Promoting Microbial-Based Methods in the Control of Invasive Plant Species
Reprinted from: Plants 2021, 10, 943, https://doi.org/10.3390/plants10050943 . . . . . . . . . . . 156

vi



About the Editors

Danijela Poljuha

Danijela Poljuha graduated with a degree in molecular biology in the Faculty of Science,

University of Zagreb, Croatia, where she also holds a PhD degree in natural sciences in the field

of biology. She has worked as a researcher in the Faculty of Science, University of Zagreb, The
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Preface

The Reprint of this topical collection, entitled “The Use and Management of Invasive Plants”,

emerges from a growing recognition that invasive plant species, often regarded solely as ecological

threats, may also represent untapped resources of scientific, environmental, and economic value.

Traditionally, invasive plants have been approached primarily from the perspective of control and

eradication. However, contemporary research increasingly supports a more integrated view—one

that seeks not only to mitigate their negative impacts but also to investigate their potential

applications in fields such as phytopharmacy, bioenergy, and sustainable agriculture.

Danijela Poljuha and Barbara Sladonja

Collection Editors
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Editorial

The Use and Management of Invasive Plants

Danijela Poljuha *,† and Barbara Sladonja †

Department of Agriculture and Nutrition, Institute of Agriculture and Tourism, Karla Huguesa 8,
52440 Poreč, Croatia; barbara@iptpo.hr
* Correspondence: danijela@iptpo.hr
† These authors contributed equally to this work.

Invasive plant species pose significant challenges to biodiversity, ecosystem stability,
and economic sustainability, such as disrupting native flora, altering soil chemistry, and
creating ecological imbalances. However, recent research highlights the potential of these
species as resources. Their secondary metabolites, allelopathic properties, and adaptability
offer avenues for novel applications, particularly in phytopharmacy, energy production,
and agriculture. This topical collection presents key advancements in both the control and
utilization of invasive plant species, exploring their chemical properties, ecological impact,
potential applications, and alternative management strategies.

Several studies in this collection investigate the bioactive compounds of invasive plants
and their potential medicinal applications. One study focused on Solidago canadensis L., an
invasive species in Europe, to investigate its total phenolics, flavonoids, non-flavonoids,
and species-specific phenolic compounds. The findings indicated that phenolic acids and
flavonoid-rich extracts from the invasive S. canadensis exhibit strong antioxidant properties,
suggesting their potential in addressing oxidative-stress-related diseases [1]. In addition to
the phytochemical properties of invasive alien plant species, their potential as antimicrobial
agents is also being explored. Species such as Ailanthus altissima, Ambrosia artemisiifolia,
Conyza canadensis, Dittrichia viscosa, Erigeron annuus, and Xanthium strumarium have shown
significant antimicrobial activity. In one study, among all tested plant extracts, some effec-
tively inhibited bacterial and fungal growth while exhibiting lower cytotoxicity compared
to a positive control, with the exception of X. strumarium [2]. These findings suggest that
invasive plants may be valuable sources of natural antimicrobials and pharmaceuticals.
Further analysis of their phytochemicals also revealed potential cytotoxic effects against
human cancer cells. Acacia melanoxylon, another invasive species, was studied to determine
its chemical properties and cytotoxicity. The research identified five major compounds in
A. melanoxylon extracts, including lupeol derivatives, which showed potential cytotoxic
activity against colorectal cancer cells [3]. Another study showed that extracts of the highly
invasive Reynoutria japonica rhizome exhibit promising activity against multidrug-resistant
bacteria, such as Mycobacterium smegmatis. This plant is also an important source of stilbenes
and anthranoids. The investigation concentrated on extraction methods, revealing that
simple, food-grade solvent extractions can efficiently concentrate bioactive compounds,
making them more viable for pharmacological use. The study highlighted Reynoutria
japonica’s potential as an antimicrobial agent, suggesting alternative management strategies
that incorporate its bioactive properties rather than focusing solely on eradication [4].

Understanding the biochemical strategies that enhance the invasiveness of plant
species is crucial for effective management. Research in this area investigates how
flavonoids and other secondary metabolites contribute to the competitive advantages

Plants 2025, 14, 1031 https://doi.org/10.3390/plants14071031
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of invasive plants. These compounds interact with soil nutrients and microbial communi-
ties, influencing root development and plant–microbe interactions. Some invasive species,
such as S. canadensis, form nitrogen-containing complexes that regulate plant growth, even
when released at very low concentrations, potentially altering local ecosystems and promot-
ing further invasion [5]. Managing invasive species often involves costly eradication efforts
with limited success. This collection presents alternative management strategies, including
biomass utilization and microbial-based control. The highly toxic species Jacobaea vulgaris
has been studied to determine the energetic potential of its biomass through biomethaniza-
tion, demonstrating that ensiling can significantly reduce its toxic alkaloid content, making
this invasive species safer for potential use in bioenergy production. Biomethanization
experiments revealed that the biomasses of some invasive plants, though limited in terms
of energy potential, could still provide sustainable alternatives for waste management and
renewable energy [6].

The review articles in this collection provide a broader context for managing invasive
plants, integrating biological control, chemical utilization, and novel eradication techniques.
Senecio madagascariensis is an exotic invasive species that poses a major threat to natural
and modified ecosystems around the world. The review presented in [7] synthesizes the
currently available information on the biology, distribution, and management options
of S. madagascariensis’s, as well as on its ecological impact. It also discusses integrated
management strategies, including biological control and competitive planting, as part of
a systematic approach. Another review on Fallopia japonica provides an overview of its
high therapeutic potential, highlighting its antioxidant, antimicrobial, anti-inflammatory,
and anticancer effects. Among the key biological compounds found in this species are
resveratrol, emodin, and polydatin. The review also explores its potential for honey pro-
duction, offering an innovative perspective on its economic value [8]. Other studies explore
microbial-based control methods, emphasizing the role of plant–microbe interactions in sup-
pressing invasive growth while supporting native plant species. One review highlights the
increased research into microbial-mediated phytochemical production in invasive plants,
microbial consortia that reduce the competitiveness of invasive plants, microbial-mediated
increases in the herbicidal tolerance of native plants, and the increased susceptibility of
invasive plants to plant pathogens [9]. Despite numerous novel control and eradication
methods, classic mechanical methods can still be valuable, especially if key factors for
their successful implementation are identified. Managing invasive exotic plant species is a
complex challenge, particularly for Asian knotweeds (Reynoutria spp.). Tarping is a com-
mon but poorly documented method of managing this species, and the review presented
in [10] emphasizes the importance of site-specific conditions and long-term monitoring for
its successful implementation. Moreover, based on the review’s bibliography and survey
work, practical recommendations are proposed.

This topical collection demonstrates the complex nature of invasive plant research,
emphasizing the importance of viewing these species not only as ecological threats but
also as potential resources. The work reported in this collection of papers will contribute
to a growing body of evidence that invasive plants can be managed in ways that promote
sustainability, whether through pharmaceutical applications, bioenergy production, or
alternative control strategies. Future research should continue to explore these dual per-
spectives, ensuring that ecological balance is maintained while maximizing the potential
benefits of invasive species.

Author Contributions: All authors contributed to the design, writing, and editing of this Editorial
article. All authors have read and agreed to the published version of the manuscript.
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Phenolic Profile and Antioxidant Capacity of Invasive Solidago
canadensis L.: Potential Applications in Phytopharmacy

Mirela Uzelac Božac 1,†, Danijela Poljuha 1,*,†, Slavica Dudaš 2, Josipa Bilić 3, Ivana Šola 4,

Maja Mikulič-Petkovšek 5 and Barbara Sladonja 1

1 Department of Agriculture and Nutrition, Institute of Agriculture and Tourism, Karla Huguesa 8, 52440 Poreč,
Croatia; mirela@iptpo.hr (M.U.B.); barbara@iptpo.hr (B.S.)

2 Agricultural Department, Polytechnic of Rijeka, Karla Huguesa 6, 52440 Poreč, Croatia; sdudas@veleri.hr
3 METRIS Research Centre, Istrian University of Applied Sciences, Zagrebačka 30, 52100 Pula, Croatia;
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4 Department of Biology, Faculty of Science, University of Zagreb, 10000 Zagreb, Croatia;
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Slovenia; maja.mikulic-petkovsek@bf.uni-lj.si
* Correspondence: danijela@iptpo.hr; Tel.: +385-52-408-336
† These authors contributed equally to this work.

Abstract: Canadian goldenrod (Solidago canadensis L.), an invasive plant in Europe, is
known for its allelopathic activity and is rich in bioactive compounds like flavonoids
and phenolic acids, with significant pharmacological potential. This study presents the
LC-MS phenolic profiles of leaf and flower extracts from S. canadensis, an invasive alien
plant in the Istria region (Croatia). Total phenolics (TP) (45.78–110.68 mg GAE/g DW)
and non-flavonoids (TNF) (28.38–72.20 mg GAE/g DW) were found to be more abundant
in ethanolic than in methanolic extracts. The antioxidant capacity (AC), as measured by
ABTS, DPPH, and FRAP assays, was higher in flower extracts compared to leaf extracts. A
non-targeted metabolomics approach was used, and 41 phenolic compounds in leaves and
36 in flowers were identified, with hydroxycinnamic acids and flavonols being the most
abundant. 5-caffeoylquinic acid was quantitatively predominant in the leaf extracts, while
quercetin-3-rutinoside dominated the flower extracts. Five leaf-specific compounds were
identified (dicaffeoylquinic acid 2, 4-p-coumaroylquinic acid 1, p-hydroxybenzoic acid,
quercetin-3-rhamnoside, and quercetin acetylhexoside 1), suggesting targeted extraction
for different pharmacological applications. This study highlights the therapeutic potential
of S. canadensis and underscores the need for further research on the bioavailability, efficacy,
and safety of its compounds, potentially transforming this ecological threat into a valuable
resource for drug development.

Keywords: Canadian goldenrod; flower; invasive plants; leaf; plant extracts

1. Introduction

Plants have a long history of use in folk herbal medicine as food sources and remedies
for treating various diseases. Their bioactive compounds, such as alkaloids, terpenoids,
coumarins, nitrogen-containing and organosulfur compounds, and phenolics, are currently
being researched to discover and develop new pharmaceuticals [1]. Phenolics, in particular,
are significant due to their role as effective antioxidants and antibacterials [2]. They are
synthesized through the shikimate and phenylpropanoid pathways, which convert pri-
mary metabolites like phenylalanine into biologically active phenolics such as quercetin,

Plants 2025, 14, 44 https://doi.org/10.3390/plants14010044
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rutin, and chlorogenic acid. The shikimate pathway transforms simple carbohydrates
into aromatic amino acids like phenylalanine and produces precursors like chorismate,
which leads to phenolic acids such as caffeic acid, chlorogenic acid, and ferulic acid. The
phenylpropanoid pathway converts phenylalanine into p-coumaric acid, a key intermediate
for synthesizing flavonoids and polyphenols like quercetin, rutin, and epigallocatechin [3].
These compounds are known for their strong antioxidant, anti-inflammatory and antimi-
crobial activities [2]. Additionally, plant phenolics exhibit significant antitumor activity,
inhibiting cancer initiation, progression, and metastasis in both in vitro and in vivo studies.
Phenolics exert their effects by modulating cellular pathways such as growth factor-receptor
interactions and signaling cascades (e.g., kinases and transcription factors), leading to cell
cycle arrest, apoptosis, and reduced cell survival [4].

Phenolics in invasive alien plants are especially intriguing because some studies
suggest they produce higher quantities of these compounds than native species [5] or
the same species in their native ranges [6]. One theory is that the novel biochemistry of
invasive plants in new habitats represents their response to new environments and climate
conditions [7,8].

Canadian goldenrod, Solidago canadensis L., a perennial herb native to North Amer-
ica, was introduced in Europe in the early 17th century as an ornamental plant [9]. The
species is a member of the Solidago genus (Compositae, Asterales), commonly referred to
as “goldenrods” [10]. It quickly naturalized, spreading along abandoned fields and river-
banks. Nowadays, S. canadensis is widespread across Europe and is listed on the EPPO
list of invasive alien plants [11]. Its invasive nature is enhanced by the fast vegetative
propagation through long rhizomes, high growth rate, and allelopathy, which leads to the
transformation of soil properties and plant communities [7,12,13]. S. canadensis exhibits
strong allelopathic effects by releasing allelochemicals that inhibit the growth, germination,
and development of neighboring plants, thereby reducing biodiversity and outcompeting
native species. These allelochemicals are released through root exudates, plant residue
decomposition, and leachates, which alter soil microbial communities and can degrade
arbuscular mycorrhizal fungi, vital for nutrient and water uptake in native plants [6]. The
phytotoxicity of S. canadensis is linked to oxidative stress and damage to cell membranes,
leading to electrolyte leakage, reduced chlorophyll content, and impaired photosynthesis.
Some of the key phenolic allelochemicals in this species that contribute to its allelopathic
impact are chlorogenic acid, rutin (quercetin-3-O-rutinoside), kaempferol-3-O-D-glucoside,
and quercitrine [6]. Phenolic allelochemicals interfere with several enzymes and the ma-
jor physiological processes, such as phytohormone activity, mineral uptake, plant water
balance and stomatal function, photosynthesis, respiration, organic synthesis of certain
compounds, and flow of carbon, contributing to the phytotoxicity [14,15]. These phenolic
compounds enhance species invasiveness but may offer potential as natural herbicides.
The beneficial aspects of S. canadensis have been recognized for centuries. The herbal
material of this invasive species has been used in European phytotherapy for a long time to
treat urinary and genital diseases [16]. This species is well-known in traditional medicine
due to its complex composition of specialized metabolites, such as polyphenolics, which
contribute to its antioxidant, antimicrobial, and anti-inflammatory activities [16–20].

In our recent comprehensive review of S. canadensis phytochemicals [21], we high-
lighted the existing knowledge gaps, and the present study builds on this by providing
the site-specific comparison of phenolic profiles between leaf and flower extracts of this
species, further advancing our understanding of its potential for phytopharmaceutical
applications. In this paper, we selected S. canadensis, commonly found in anthropogenically
disturbed areas and along abandoned riverbanks in Istria, Croatia, for the first site-specific
phytochemical screening to explore its potential for phytopharmaceutical applications.
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This choice was based on the understanding that phytochemical profiles are influenced
by ecological and climatic conditions [22]. This study aimed to identify the main phenolic
compounds and the antioxidant capacity of leaf and flower extracts of S. canadensis from
Istria. For the first time, we provide a novel comparison of the phytochemical profile and
antioxidant activity of individual parts of the plant—leaf and flower—offering a detailed
insight into the significant differences between them. This analysis not only establishes a
foundation for understanding the local biological activity of S. canadensis but also sets the
stage for proposing a site-specific model of its exploitation as a provider of new ecosystem
services. Alongside future ecological and biological analyses, we expect such a model to
trigger similar approaches in broader geographical contexts.

For this purpose, we (1) spectrophotometrically measured the content of different
groups of bioactive compounds (total phenolics, flavonoids, and non-flavonoids) and their
antioxidant capacity using three standard assays (DPPH, ABTS, and FRAP); (2) identified
and quantified the main phenolic compounds using the LC-DAD-MS method; and (3) statis-
tically determined the influence of different factors, such as plant part (leaf and flower) and
solvent (70% ethanol and 80% methanol), on measured variables using two-way ANOVA
and Tukey’s test (p ≤ 0.05 and 0.01).

2. Results and Discussion

2.1. Phenolic Content and Antioxidant Capacity

The type of solvent had a significant effect on total phenolic (TP) and total non-
flavonoids (TNF) content in tested extracts, with values being higher for ethanol (EtOH)
than for methanol (MeOH) (Figure 1, Table S1). The plant part significantly affected
TNF content, which was higher in leaf than in flower extracts, but only when the EtOH
was used as a solvent. Neither the plant part nor the solvent significantly influenced
the total phenolic (TP), total flavonoid (TF), or total non-flavonoid (TNF) content. The
highest TP values were found in the ethanolic extracts of leaves and flowers, measuring
110.68 and 110.77 mg of gallic acid equivalent (GAE)/g of dry weight (DW), respectively.
The TNF values were higher in the ethanolic extract for both leaves and flowers, with
72.20 mg of GAE/g DW (in leaves) and 64.70 mg of GAE/g DW (in flowers), compared
to the methanolic extracts, which contained 29.68 and 28.38 mg of GAE/g DW in leaves
and flowers extracts, respectively. This could be attributed to the solvent’s efficiency in
solubilizing specific non-flavonoid compounds. Previous studies reported that the choice
of solvent depends on the extraction method and the type of phenolic compounds desired,
with methanol being optimal for maceration and microwave extraction of hydrolyzable
tannins and polyphenols, while ethanol is best for infusion and the extraction of condensed
tannins across most methods [23].

The TF values were similar across solvents and plant parts, ranging from 29.27 to
34.14 mg of catechin equivalent (CE)/g DW.

The TP and TF contents of S. canadensis leaf extract obtained in our study were higher
than in the findings of Du et al. [24], who analyzed samples collected in China, where
this species is also invasive. Furthermore, flower extracts exhibited significantly higher
TP and TF content compared to the values reported by Shelepova et al. [25]. Their study
determined TP and TF contents of 105.36 ± 1.45 mg GAE/100 g and 58.23 ± 0.17 mg
quercetin equivalent (QE)/100 g, respectively, in 96% EtOH and 80% MeOH extracts. The
higher levels of detected flavonoids can be attributed to variations in climatic conditions
and vegetative phase [26,27]. In clay soils, plant fixation of NH4

+ increases with increasing
pH [28]. In soils with a high pH, the roots of S. canadensis secrete more compounds from
the flavonoid group compared to other phenolic groups. This aligns with the fact that our

6
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samples were collected along riverbanks in Istria with alkaline swamp-clay soil on a sunny
day in August.

Figure 1. The content of total phenolics (TP), total non-flavonoids (TNF), and total flavonoids (TF),
and antioxidant capacity measured by ABTS, DPPH, and FRAP assays in S. canadensis leaf and
flower extracts in 70% ethanol and 80% methanol. Different letters (a–b) in the same section indicate
significant differences between the measured values (two-way ANOVA, Tukey’s test, p ≤ 0.01). All
values are also shown in Table S1.

The antioxidant capacity (AC) of S. canadensis flower extracts, measured across all
three assays, was higher than that of the leaf extracts, indicating that the plant part had a
more significant effect on the AC than the solvent used. AC of S. canadensis was also tested
by other authors, who proved the antioxidant capacity of aerial parts [17,19,20,29–31] and
root [20,32] extracts of this species. However, comparing the obtained values is challenging
due to the differences in the extraction methods, solvents used, and the tests themselves.
Deng et al. [19], for example, showed that the AC and contents of TP, TF, and total tannins
depended on the ripeness stage, tissue type, and extraction method. Furthermore, a
comprehensive evaluation of antioxidant potential requires multiple in vitro assays due
to the diverse mechanisms by which antioxidants operate. Direct comparisons between
methods are thus challenging [33].

In all the extracts, highly significant (p ≤ 0.01) total (0.9 < r < 1.0) and very strong
positive (0.7 < r < 0.9) correlations, according to the Roemer-Orphal scale, were observed
between AC values determined by ABTS, DPPH, and FRAP assays, as well as between TP
and TNF values (Figure 2). There were no other significant correlations (Table S2).
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Figure 2. Pearson’s correlation coefficients of total phenolics (TP) and non-flavonoids (TNF) contents
and antioxidant capacities in extracts in both solvents, determined by ABTS, DPPH, and FRAP assays.
Only significant correlations (p ≤ 0.01; Table S2) are shown. The outer ring represents the variables
(TP, TNF, DPPH, ABTS, and FRAP), while the connecting bands show the strength of correlations
between the variables: thicker bands represent stronger correlations.

2.2. Identification and Quantification of Phenolic Compounds

We identified 41 phenolic compounds in leaf and 36 in flower extracts, belonging to
the groups of phenolic acids (hydroxycinnamic and hydroxybenzoic acid derivatives) and
flavonoids (flavonols) (Table 1, Figure 3). In leaf extracts, flavonols dominated, account-
ing for 55% of the total detected phenolics in ethanolic and 60% in methanolic extracts
(Figure 3A). Similarly, the flower extracts had the highest share of flavonols (76% in EtOH
and 67% in MeOH) (Figure 3B).

Table 1. Phenolic compounds (mg/g of dry weight (DW)) of S. canadensis leaf and flower extracts in
70% ethanol and 80% methanol extracts identified by LC-MS. Values represent the mean ± SD of
three replicates. The total phenolic contents of the main phenolic groups are given in bold. Different
letters (a–d) in the same row indicate significant differences (ANOVA, Tukey’s honest significant
difference, p-value ≤ 0.01; * p-value ≤ 0.01); n.d.—not detected.

Phenolic Compounds Solidago canadensis Leaf Solidago canadensis Flower

70% EtOH 80% MeOH 70% EtOH 80% MeOH

3-caffeoylquinic acid 1 1.393 ± 0.092 a 1.270 ± 0.124 a 0.433 ± 0.161 b 0.617 ± 0.071 b

4-caffeoylquinic acid 1 0.542 ± 0.098 a 0.653 ± 0.123 a 0.383 ± 0.096 a 0.477 ± 0.121 a

5-caffeoylquinic acid 1 17.748 ±1.558 a 20.423 ± 0.737 a 9.837 ± 0.685 c 13.600 ± 0.667 b

5-caffeoylquinic acid 2 0.920 ± 0.053 a 0.797 ± 0.078 a 0.732 ±0.200 ab 0.413 ± 0.088 b

Caffeic acid 0.008 ± 0.000 c 0.007 ± 0.000 c 0.172 ± 0.047 a 0.097 ± 0.021 b

Caffeic acid hexoside 1 0.652 ± 0.013 a 0.293 ± 0.017 b 0.766 ± 0.128 a 0.532 ± 0.088 ab

Caffeic acid hexoside 2 0.006 ± 0.001 a 0.006 ± 0.001 a 0.008 ± 0.001 a 0.009 ± 0.002 a

Dicaffeoylquinic acid 1 0.349 ± 0.023 c 0.225 ± 0.014 c 0.930 ± 0.337 ab 1.538 ± 0.244 a

Dicaffeoylquinic acid 2 2.412 ± 0.058 b 2.868 ± 0.018 a n.d. n.d.
Dicaffeoylquinic acid 3 0.149 ± 0.014 a 0.130 ± 0.013 a 0.237 ± 0.117 a 0.275 ± 0.015 a
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Table 1. Cont.

Phenolic Compounds Solidago canadensis Leaf Solidago canadensis Flower

70% EtOH 80% MeOH 70% EtOH 80% MeOH

Dicaffeoylquinic acid 4 0.344 ± 0.042 c 0.463 ± 0.024 c 0.965 ± 0.124 b 1.247 ± 0.088 a

p-coumaric acid 0.486 ± 0.007 a 0.169 ± 0.006 b 0.124 ± 0.040 bc 0.069 ± 0.011 c

p-coumaric acid hexoside 1 0.261± 0.026 a 0.114 ± 0.013 b 0.069 ± 0.011 c 0.048 ± 0.008 c

p-coumaric acid hexoside 2 0.173 ± 0.010 a 0.188 ± 0.012 a 0.001 ± 0.000 b 0.001 ± 0.000 b

3-p-coumaroylquinic acid 1.694 ± 0.554 a 0.468 ± 0.080 b 0.752 ± 0.071 b 0.119 ± 0.024 b

4-p-coumaroylquinic acid 1 0.293 ± 0.018 a 0.088 ± 0014 b n.d. n.d.
5-p-coumaroylquinic acid 1 0.556 ± 0.036 a 0.572 ± 0.046 a 0.264 ± 0.062 b 0.200 ± 0.051 b

5-p-coumaroylquinic acid 2 0.290 ± 0.033 a 0.381 ± 0.012 a 0.273 ±0.138 a 0.234 ± 0.039 a

3-feruloylquinic acid 0.081 ± 0.014 ab 0.092 ± 0.019 a 0.034 ± 0.009 c 0.043 ± 0.011 bc

5-feruloylquinic acid 1 1.013 ± 0.095 ab 1.225 ± 0.060 a 0.805 ± 0.056 bc 0.750 ± 0.130 c

Ferulic acid 0.002 ± 0.000 b 0.002 ± 0.001 b 0.191 ± 0.045 a 0.145 ± 0.037 a

Hydroxycinnamic acid
derivatives

27.749 ± 1.081 a 28.594 ± 3.694 a 17.272 ± 1.480 b 20.498 ± 0.944 b

p-hydroxybenzoic acid 0.591 ± 0.023 a 0.213 ± 0.027 b n.d. n.d.
Syringic acid 0.713 ± 0.021 b 0.417 ± 0.009 c 0.901 ± 0.002 a 0.224 ± 0.033 d

Protocatechuic acid 0.023 ± 0.002 b 0.021 ± 0.002 b 0.526 ± 0.024 a 0.535 ± 0.008 a

Hydroxybenzoic acid
derivatives

1.328 ± 0.020 a 0.645 ± 0.020 c 1.427 ± 0.023 b 0.759 ± 0.023 d

Quercetin pentoside 1 0.045 ± 0.005 a 0.036 ± 0.003 a 0.041 ± 0.014 a 0.037 ± 0.001 a

Quercetin pentoside 2 0.324 ± 0.021 a 0.210 ± 0.013 b 0.056 ± 0.020 c 0.092 ± 0.015 c

Quercetin-3-rutinoside 14.465 ± 0.265 bc 11.317 ± 0.559 c 30.702 ± 4.158 a 19.653 ± 2.434 b

Quercetin-3-galactoside 0.816 ± 0.106 a 0.454 ± 0.072 b 0.734 ± 0.160 ab 0.699 ± 0.056 ab

Quercetin-3-glucoside 0.710 ± 0.018 c 0.684 ± 0.058 c 4.881 ± 0.442 a 4.020 ± 0.223 b

Quercetin-3-rhamnoside 0.127 ± 0.005 b 0.157 ± 0.016 a n.d. n.d.
Quercetin acetylhexoside 1 3.210 ± 0.258 b 3.957 ± 0.017 a n.d. n.d.
Quercetin pentosylhexoside 0.578 ± 0.090 b 0.252 ± 0.069 b 1.064 ± 0.171 a 1.242 ± 0.162 a

Isorhamnetin hexoside 0.827 ± 0.000 a 1.226 ± 0.677 a 0.382 ± 0.144 b 0.159 ± 0.018 b

Isorhamnetin
pentosylhexoside 0.395 ± 0.044 b 0.438 ± 0.046 b 0.537 ± 0.137 b 1.210 ± 0.062 a

Isorhamnetin-3-rutinoside 3.765 ± 0.327 b 3.781 ± 0.502 b 6.034 ± 0.452 a 6.548 ± 0.393 a

Isorhamnetin acetylhexoside 1.489 ± 0.151 b 1.590 ± 0.128 b 2.436 ± 0.332 a 2.123 ± 0256 a

Kaempferol
rhamnosylhexoside 1 2.275 ± 0.058 a 2.100 ± 0.058 a 1.514 ± 0.137 b 1.248 ± 0.069 c

Kaempferol-3-galactoside 0.749 ± 0.089 a 0.601 ± 0.051 ab 0.450 ± 0.157 b 0.408 ± 0.016 b

Kaempferol-3-rutinoside 7.921 ± 0.340 a 6.792 ± 0.465 a 5.411 ± 0.555 b 4.189 ± 0.254 c

Kaempferol-3-glucoside 2.120 ± 0.203 a 1.430 ± 0.207 b 0.937 ± 0.354 bc 0.391 ± 0.044 c

Kaempferol acetylhexoside 1 4.595 ± 0.306 a 4.277 ± 0.450 a 1.851 ± 0.102 b 1.982 ± 0.154 b

Flavonols 43.580 ± 1.392 b 38.686 ± 1.699 b 57.028 ± 4.649 a 44.000 ± 3.774 b

TOTAL 73.063 ± 1.553 ab* 67.924 ± 3.701 ab* 75.723 ± 5.836 a* 65.257 ± 4.702 b*

Leaf extracts exhibited the highest compound diversity within the hydroxycinnamic
acids (HCA) group (21 compounds), followed by flavonols (17 compounds) (Table 1,
Figure 3A). The flower extracts showed a similar distribution of phenolic groups; HCA
was represented by 19 compounds, followed by flavonols, represented by 15 compounds
(Table 1, Figure 3B).
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(A) (B) 

Figure 3. The main phenolic groups obtained by the LC-DAD-MS method in the leaf (A) and flower
(B) extracts. The ratio of the circles’ sizes corresponds to the total concentration of individual phenolic
groups (mg/g of dry weight (DW)), and the numbers in parentheses indicate the numbers of identified
individual compounds within each phenolic group. The circle border indicates statistically significant
differences between concentrations of individual phenolic groups in the plant part (two-way ANOVA,
Tukey’s test, p ≤ 0.01).

These findings are consistent with the results reported in our recent study on S.
canadensis phytochemicals, which provides a more detailed comparison of the phytochem-
ical composition of this species and highlights hydroxycinnamic and hydroxybenzoic
acids, as well as flavonoids, as the primary polyphenolic constituents [21]. As noted
in several studies, hydroxycinnamic acids, particularly chlorogenic acid, are the most
prevalent phenolic acids, with flavonols, including quercetin and kaempferol, being the
dominant flavonoids found in various plant parts [6,31]. These compounds were also
noted in the flowers and leaves of S. canadensis, with significant differences in the glycoside
composition—rutin being the most abundant in flowers and hyperoside in leaves [34]. Our
study similarly identifies a rich diversity of hydroxycinnamic acids in both leaves and flow-
ers, supporting the conclusions of Woźniak et al. [31], who reported a high concentration
of chlorogenic acid derivatives in aerial parts. Notably, we also observe that S. canadensis
contains a broad spectrum of flavonoids, with flavonols being the predominant group,
consistent with previous reports [6,17]. Additionally, our data on the comparison of differ-
ent plant parts complements the findings by Woźniak et al. [31], where the underground
parts were enriched with hydroxycinnamic acid conjugates, highlighting distinct biochem-
ical profiles between the aerial and underground components of S. canadensis. These
observations further underline the potential for S. canadensis to be explored for its diverse
bioactive compounds in both ecological and pharmacological contexts. Five compounds
were leaf-specific (dicaffeoylquinic acid 2, 4-p-coumaroylquinic acid 1, p-hydroxybenzoic
acid, quercetin-3-rhamnoside, and quercetin acetylhexoside 1), while we found no flower-
specific compounds. Our results differ from the results of Zekič et al. [35], who detected
dicaffeoylquinic acid in the S. canadensis inflorescence from Slovenia.

Various factors significantly affected the content of different phenolic groups (p ≤ 0.01),
whereas for total phenolics, the significance was observed at the p ≤ 0.05 level. The plant
part had a significant impact on the HCA content, while both the solvent and plant part
affected the total hydroxybenzoic acids (HBA) content. HCAs might be more concentrated
in certain plant parts due to the specific biosynthetic pathways or storage mechanisms
in those parts. The higher concentration of HCAs in leaves compared to flowers can be
explained by several factors; leaves are often more exposed to herbivores, pathogens, and
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environmental stress (like UV radiation) than flowers. HCAs, which have antioxidant,
antimicrobial, and UV-absorbing properties, play a crucial role in protecting leaves from
these threats. Plants may, therefore, synthesize and accumulate more HCAs in leaves as
a protective measure [36]. Leaves are the primary site of photosynthesis, a process that
generates reactive oxygen species (ROS) as byproducts. With their antioxidant properties,
HCAs help neutralize ROS, protecting the leaf tissues from oxidative damage. The high
metabolic activity in leaves may necessitate higher levels of HCAs [37]. The biosynthesis
of HCAs occurs through the phenylpropanoid pathway, which is active in many plant
parts but is particularly prominent in leaves due to their role in photosynthesis and de-
fense. This pathway is closely linked to the production of lignin, flavonoids, and other
phenolics, which are often more concentrated in leaves [38,39]. Both the plant part and the
solvent significantly influenced the flavonol content (two-way ANOVA and Tukey’s test
at p-value ≤ 0.01). One of the reasons is assumed to be their structure. Namely, flavonols
(a type of flavonoid) are more structurally complex than HCAs and HBAs. They contain
multiple hydroxyl groups attached to a polycyclic ring system, making them more reactive
to changes in extraction conditions, such as the solvent used and the plant part. They
often bind to sugars, proteins, or other cell wall components, forming complex molecules
such as glycosides. The ability of a solvent to break these bonds can vary significantly,
affecting how much flavonol is extracted from different plant parts [36,40]. In our case,
the influence of the solvent on the flavonoid content was significant only in the flower
extracts, with deviations shown for individual compounds. HCAs and HBAs tend to be
less bound to complex matrices and are more likely to exist in free forms or as esters that are
easier to extract. As a result, solvent choice may not have as significant an impact on their
extraction [41]. Flavonols are often unevenly distributed among different plant parts. For
instance, leaves tend to have higher concentrations due to their role in protecting the plant
from UV radiation and oxidative stress. This variation in distribution among plant parts
means the part chosen for extraction can significantly impact the flavonol content [42,43].
HCAs and HBAs are more evenly distributed across various plant tissues, being involved
in general plant metabolism and cell wall structure. Therefore, the specific plant part used
for extraction might not result in such pronounced differences in HCA or HBA content
compared to flavonols [39]. Flavonols are part of the flavonoid biosynthesis pathway,
which can be more sensitive to environmental factors such as light exposure, stress, and
plant part-specific metabolic activity. This means that the location within the plant and the
extraction conditions can have a more significant impact on flavonol levels [44,45]. HCAs
and HBAs, on the other hand, are produced through the shikimate pathway, which tends to
be more stable across different plant parts and less influenced by environmental conditions,
leading to relatively consistent levels across plant parts and solvents [39,46].

In the leaf extracts, 5-caffeoylquinic acid 1 was the major compound in both ethanolic
and methanolic extracts (17.75 mg/g DW and 20.42 mg/g DW, respectively) (Table 1).
The 5-O-caffeoylquinic acid (5-CQA) (Figure 4), also known as chlorogenic acid, is one
of the major chlorogenic acids present in many fruits, vegetables, and herbs [47]. This
compound exhibits antioxidant activity against oxidative stress-mediated liver injury,
as well as anti-inflammatory and antimicrobial capacity [47,48]. These properties make
5-CQA potentially useful as a preservative in the food, pharmaceutical, and cosmetic
industries. Marksa et al. [18] discovered that chlorogenic acid was the critical component
responsible for the antioxidant properties in the leaves and inflorescences of the sibling
species S. gigantea. In contrast, in S. canadensis, the primary antioxidant component was
3,5-dicaffeoylquinic acid. Their study revealed that di-caffeoylquinic acids have a stronger
radical scavenging effect than mono-caffeoylquinic acids. Similar major compounds, in-
cluding chlorogenic acid, quercitrin, and rutin, were identified in 70% ethanolic extracts
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of the leaves and inflorescences of S. canadensis [49]. Chlorogenic acid, quercetin, and
kaempferol rutinosides were identified as the main compounds in both aerial and under-
ground parts in 70% methanol S. canadensis and S. gigantea extracts [31]. Furthermore,
Shelepova et al. [25] identified phenolic acids such as chlorogenic, caffeic, and ferulic acids
as the main components in the S. canadensis flower extracts.

Figure 4. The structural molecules of four main compounds found in leaf and flower extracts in
S. canadensis (MolView. Available online: https://molview.org/, accessed on 11 August 2024).

Quercetin-3-rutinoside, also known as rutin (Figure 4), was the primary flavonoid
identified in flower S. canadensis extracts, with concentrations of 30.70 mg/g DW in 70%
ethanol and 19.65 mg/g DW in 80% methanol (Table 1). These findings align with those of
Zekič et al. [35], who reported a rutin content of 27.62 ± 0.45 mg/g DW in 70% methanol
extracts of inflorescences. Furthermore, Shelepova et al. [17] identified rutin as a major
compound in aerial parts of S. canadensis extracted with methanol, ethanol, and acetone
(200.45–211.20 mg/g). The solubility of flavonoids and organic acids in alcoholic extracts is
primarily influenced by solvent polarity. Apati et al. [50] demonstrated that 70% ethanol
yielded the highest concentration of this compound at 572.5 mg/L. Quercetin-3-rutinoside
showed significant antibacterial activity and can be used as a natural antibiotic to treat
different infectious diseases [51]. Quercetin glycosides, such as rutin, can interact with
ammonium while entering the rhizosphere through plant exudates. As a result, new
compounds, such as the phenol-ammonia complex, are formed. At low concentrations
(20 μg/mL), these substances promote the development of lateral and adventitious roots in
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plants, and in concentrations higher than 100 μg/mL, inhibit them [52]. The goldenrods
are also known for the rapid uptake of NO3–N and phosphorus, which can halt the
development of co-occurring plants [53].

Furthermore, the flower extract was rich in flavonoid isorhamnetin-3-rutinoside,
known as narcissin (Figure 4). It is naturally synthesized in plants via the phenylpropanoid
pathway, and its production is triggered by environmental stressors such as UV radia-
tion [54]. Studies have shown that isorhamnetin exhibits a wide range of pharmacological
effects on cardiovascular diseases [55] and various types of tumors [56]. Additionally, it
holds the potential to prevent neurodegenerative diseases such as Alzheimer’s disease [57].
This compound has garnered significant attention recently due to its widespread availabil-
ity, affordability, high effectiveness, low toxicity, and minimal side effects [58].

Kaempferol-3-rutinoside, also known as nicotiflorin (Figure 4), was identified in both
leaf and flower extracts. The measured concentrations were 7.92 mg/g DW in ethanolic
and 6.79 mg/g DW in methanolic leaf extracts, while in flower extracts, the values were
5.41 mg/g DW for ethanolic and 4.19 mg/g DW for methanolic extracts. Kaempferol is a low
molecular weight flavonoid that plants use to stimulate and regulate their growth as well
as for defense purposes [59]. The bioassay results demonstrated that flavonoid nicotiflorin
has a neuroprotective effect [60], protective effects on reducing memory dysfunction [61],
and antioxidant activities [62]. It is often referred to as a compound with multifaceted
therapeutic potential, known for its anti-inflammatory properties, hepatoprotective effects,
anti-cancer activity, wound healing capabilities, and cardioprotective benefits [63].

Furthermore, leaf (0.816 ± 0.106 and 0.454 ± 0.072 mg/g DW) and flower (0.734 ± 0.160
and 0.699 ± 0.056 mg/g DW) samples in both solvents contained quercetin-3-galactoside,
known as hyperoside. This compound is recognized by the European Pharmacopoeia
as a standard used for calculating flavonoid content in Solidaginis herba. Similarly, in
the research of Avertseva et al. [34], this compound was predominant in leaves in 50%
ethanol (8.39 ± 0.60 mg/g). The difference in content can be explained by the difficulty
of extracting this compound due to its chemical complexity, interactions with other plant
matrix components, solubility challenges, and sensitivity to environmental conditions [64].

During the preparation of leaf and flower samples, foam formation was observed,
suggesting the potential presence of saponin compounds. The extraction of saponins can
be challenging due to their high polarity and molecular weight [65]. Given the established
abundance of saponins in S. canadensis extracts [31,66] and their recognized role in plant
defense against herbivory and pathogens [67], further investigation into the isolation and
characterization of these compounds from this species is needed.

Given the pharmaceutical industry’s ongoing search for novel phytochemicals,
S. canadensis emerges as a promising candidate. The plant’s substantial antioxidant capacity
provides a strong foundation for developing high-value phytopharmaceutical products.
Moreover, its widespread distribution across Europe presents a considerable resource
for exploitation [68]. Phenolic compounds and essential oils are recognized for their
antioxidant, antimicrobial, and antifungal properties, making them key constituents in
developing phytotherapeutic drugs for chronic disease management [69,70]. The leaf ex-
tracts of S. canadensis were declared to have promising potential in the green synthesis of
gold nanoparticles used in medicine [71]. Mariychuk et al. [71] showed that the extract
of S. canadensis with its specialized metabolites can act both as a reducing agent and as a
stabilizing agent for noble metal nanoparticles.

Most studies on S. canadensis focus on the phytochemical content or biological activity
of its underground and aerial parts. Our study provides a novel comparison of leaves and
flowers (separated from the inflorescence) in terms of phenolic content and antioxidant
activity, representing the first targeted analysis of this kind. Our study reveals significant
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differences in phytochemical profiles between flowers and leaves, providing new insights
into the species’ biological activity.

We present the site-specific phenolic profile of this invasive species in the context of
the particular potential use of this species. By assessing the antioxidant capacity of extracts
from different plant parts and evaluating various extraction solvents, our findings establish
a basis for future research into its potential applications locally and beyond.

3. Materials and Methods

3.1. Plant Material

The leaves and inflorescences of S. canadensis were collected during the vegetation year
2021, from June to September, in the Istria region (Croatia). The 15 samples were gathered
from three distinct locations (5 per each location), spanning latitudes from N 45.4073056 to
N 44.8461944. The plant material underwent air-drying in the dark at room temperature
after harvest. Before the grinding and extraction process, we separated the individual
flowers from the larger clusters, known as inflorescences. To ensure clarity, we used the
term “flower” extracts throughout this paper.

3.2. Extraction Procedure

The dry plant material of each sample (250 g) was pooled to create a representative
sample for the study area. The material was minced using the Grindomix GM 200 knife
mill, programmed at 10,000×/30 s (Retsch, Haan, Germany).

To spectrophotometrically determine phenolic content, extracts were prepared in
quadruplicate in three repetitions following a standardized protocol of Bilić et al. [72].
Within the tubes, 0.06 g of plant material was dissolved in 2 mL of solvent (70% EtOH
and 80% MeOH). These prepared solutions were sonicated for 30 min in an ultrasonic
bath (40 kHz, 300 W ultrasound power, 400 W heater power, Holon, Israel), followed by
centrifugation at 12,000 rpm/10 min (Jouan MR23i, Jouan S.A., Saint-Herblain, France)
and filtration through 0.20 μm polytetrafluoroethylene filters (Macherey-Nagel, Düren,
Germany) before being stored at +4 ◦C until analysis.

3.3. HPLC-DAD-MS Analysis of Phenolic Compounds in Leaf and Flower Extracts

The extraction of phenolic compounds for identification via HPLC-DAD-MS was
performed following the protocol of Mikulič-Petkovšek et al. [73]. The 0.2 g of dried
plant tissue was extracted with 6 mL of 70% EtOH and 80% MeOH containing 3% (v/v)
formic acid in a cooled ultrasonic bath for 60 min. Extracts were centrifuged for 10 min
at 10,000× g and filtered through 20 μm polytetrafluoroethylene (PTFE) filters (Macherey-
Nagel, Düren, Germany). All extracts were subjected to LC-DAD-MS analysis to identify
and quantify specific phenolic compounds. Analyte separation was performed using
HPLC (Dionex UltiMate 3000, Thermo Fisher Scientific, San Jose, CA, USA) with a DAD
detector, maintaining a column temperature (Gemini C18, Phenomenex, Torrance, CA,
USA) at 25 ◦C. Compounds were detected at wavelengths of 280 and 350 nm. Two mobile
phases were used for the separation of phenolic compounds: mobile phase A consisted
of double-distilled water/acetonitrile/formic acid (96.9/3/0.1, v/v/v), and mobile phase
B was double-distilled water/acetonitrile/formic acid (3/96.9/0.1, v/v/v). The elution
followed a linear gradient: from 5% to 20% B over the first 15 min, from 20% to 30% B in
the next 5 min, then an isocratic mixture for 5 min, followed by a gradient from 30% to 90%
B in 5 min, and an isocratic mixture for 15 min before reverting to initial conditions, as per
the method described by Mikulic-Petkovsek et al. [74].

The sample injection volume was 20 μL, with a mobile phase flow rate of 0.6 mL/min.
Individual metabolites were identified using mass spectrometry (LTQ XL Linear Ion Trap
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Mass Spectrometer, Thermo Fisher Scientific, San Jose, CA, USA) with electrospray ion-
ization (ESI) in a negative scanning mode, following modified parameters from the study
of Mikulic-Petkovsek et al. [73]. The scanning range was from m/z 110 to 1700—a data-
dependent full scan. Phenolic compounds were confirmed based on fragmentation prod-
ucts, retention times of corresponding standards, and the spectral comparison of indi-
vidual peaks with those of the standards. The share of each phenolic compound was
determined by analyzing the peak areas of the samples against the corresponding stan-
dard curves and was expressed in mg/g DW. The following external standards were
used: caffeic acid, apigenin-7-glucoside, ferulic acid, quercetin-3-O-rhamnoside, neochloro-
genic (3-caffeoylquinic) acid, naringenin, ellagic acid, gallic acid, chlorogenic acid, and
rutin (quercetin-3-O-rutinoside); (-)epicatechin, quercetin-3-O-galactoside, quercetin-3-O-
glucoside, p-coumaric acid, procyanidin B1, and kaempferol-O-glucoside; quercetin-3-O-
xyloside and quercetin-3-O-arabinopyranoside; and isorhamnetin-3-O-glucoside.

3.4. Total Phenolic, Flavonoid, and Non-Flavonoid Content and Antioxidant Capacity

Total phenolics (TP) were determined using the method of Singleton and Rossi [75],
while total non-flavonoids (TNF) were measured using the method described by Ough and
Amerine [76]. Both methods rely on the reduction in the Folin–Ciocalteu (FC) reagent in
the presence of phenolics, resulting in the formation of molybdenum-tungsten blue, which
is then measured spectrophotometrically at 765 nm. In the TP assay, 0.1 mL of extract was
mixed with 1.5 mL of distilled water and 0.1 mL of the Folin–Ciocalteu (FC) reagent. The
reaction was allowed to proceed for 5 min at room temperature. Following this, 1.5 mL of
20% sodium carbonate solution was added to the mixture, and the reaction was allowed
to develop for 30 min at room temperature. The formation of the molybdenum-tungsten
blue complex was measured spectrophotometrically at 765 nm. In the TNF assay, a 0.1 mL
sample of the extract was mixed with 1.5 mL of distilled water and 0.1 mL of the FC
reagent. The reaction was allowed to develop for 5 min at room temperature. Following
this, 1.5 mL of 20% sodium carbonate solution was added and incubated for 30 min at room
temperature. The resulting blue complex was quantified spectrophotometrically at 765 nm.
The results were calculated according to the calibration curve for gallic acid (y = 0.004x,
R2 = 0.991 for 70% ethanol extracts and y = 0.009x, R2 = 0.996 for 80% methanol extracts,
where y is the absorbance at 765 nm and x is the concentration of gallic acid mg/L) and
expressed as mg of gallic acid equivalents (GAE) per g of dry weight (DW).

Total flavonoid (TF) content was measured following the protocol described by Mar-
tins et al. [77]. In the TF assay, to a 1 mL sample of the extract, 1 mL of 2% aluminum
chloride (AlCl3) in ethanol was added. After 15 min of incubation at room temperature,
the absorbance of the reaction mixture was measured spectrophotometrically at 430 nm.
The results were calculated according to the calibration curve for catechin (y = 0.0024x,
R2 = 0.993 for 70% ethanol extracts and y = 0.0022x, R2 = 0.994 for 80% methanol extracts,
where y is the absorbance at 765 nm and x is the concentration of gallic acid mg/L) and
expressed as mg of (+)-catechin equivalents (CE) per g of dry weight (DW).

The antioxidant capacity (AC) of the extracts was determined spectrophotometrically
using standard DPPH, ABTS, and FRAP assays following the methods described in the
study of Poljuha et al. [78]. The DPPH assay was performed by mixing 0.1 mL of the extract
with 3.9 mL of DPPH radical solution (0.1 mM in methanol). After 30 min of incubation in
the dark at room temperature, the absorbance of the mixture was measured at 517 nm. The
results of DPPH analysis were calculated against a Trolox calibration curve (y = 44.991x, R2

= 0.972 for 70% ethanol extracts; y = 47.786x, R2 = 0.992 for 80% methanol extracts) and
expressed as mg of Trolox equivalents (TE) per g of dry weight (mg TE/g DW). The FRAP
assay was carried out by mixing 0.1 mL of extract with 3 mL of FRAP reagent (containing
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10 mM 2,4,6-tripyridyl-s-triazine in 40 mM HCl, 20 mM FeCl3, and 300 mM acetate buffer,
pH 3.6). The mixture was incubated for 30 min at room temperature, and the absorbance
was measured at 593 nm. FRAP values were calculated using a Trolox calibration curve
(y = 1.638x, R2 = 0.993 for 70% ethanol extracts; y = 1.586, R2 = 0.991 for 80% methanol
extracts) and as mg of Trolox equivalents (TE) per g of dry weight (mg TE/g DW). For the
ABTS assay, the ABTS radical cation was generated by reacting ABTS solution (7 mM) with
potassium persulfate (2.45 mM) and incubating the mixture in the dark for 12 h at room
temperature. The radical cation was then diluted with ethanol to obtain an absorbance of
0.70 ± 0.02 at 734 nm. A 100 μL aliquot of the extract was mixed with 3.9 mL of the ABTS
solution, and after 6 min, the absorbance was measured at 734 nm. ABTS values were
calculated using a Trolox calibration curve (y = 46.137x, R2 = 0.981 for 70% ethanol extracts;
y = 41.432, R2 = 0.968 for 80% methanol extracts) and as mg of Trolox equivalents (TE) per
g of dry weight (mg TE/g DW).

All measurements were performed in triplicate using a NanoPhotometer P300 spec-
trophotometer (Implen GmbH, München, Germany) adjusted to a 2 mL cuvette volume.

3.5. Statistical Analysis

Two-way analysis of variance (ANOVA) with post hoc Tukey’s test was conducted
to determine the significance of the factors and to assess the significance of differences
between the extracts (p ≤ 0.05 and 0.01). Pearson’s correlation coefficients were calculated
to assess the interaction between bio-compounds and antioxidant capacity. Data were
statistically analyzed using the software Statgraphics Plus 4.0 (Manugistics, Inc., Rockville,
MD, USA) and IBM SPSS 23 (Chicago, IL, USA). Visualization (Figures 1–3) was generated
using Flourish Studio 1.0.0.3 (Canva, Sidney, Australia) and Sketch version 101 (Eindhoven,
The Netherlands).

4. Conclusions

This study presents a comprehensive site-specific analysis of the phenolic profile
and antioxidant capacity of Solidago canadensis leaf and flower extracts. The results re-
veal that leaf extracts exhibit higher diversity in hydroxycinnamic acids (21 compounds)
and flavonols (17 compounds), while flower extracts demonstrate a similar distribution,
with 19 hydroxycinnamic acids and 15 flavonols identified. Key compounds include
5-caffeoylquinic acid, quercetin-3-rutinoside, kaempferol-3-rutinoside, and isorhamnetin-3-
rutinoside, with notable organ-specific variations in concentration. Ethanolic extracts were
more efficient than methanolic extracts in extracting total phenolics (TP) and non-flavonoids
(TNF), demonstrating higher yields across both plant parts. Antioxidant capacity, assessed
through ABTS, DPPH, and FRAP assays, was higher in flowers than leaves, suggesting
significant plant part-specific antioxidant potential. Strong positive correlations were ob-
served between TP, TNF, and antioxidant capacities, further validating the contribution of
these compounds to the biological activity of S. canadensis.

The findings underscore the potential of S. canadensis as a valuable source of bioactive
phenolics, particularly for phytopharmaceutical applications. Moreover, the differentiation
in phenolic composition between plant parts offers insights into optimizing extraction for
specific bioactive compounds. These results open opportunities for further research into
using invasive species as a source of antioxidants and therapeutic agents, offering a balance
between ecological management and potential pharmaceutical applications.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/plants14010044/s1, Table S1: The concentrations of total phenolics
(TP), total non-flavonoids (TNF), total flavonoids (TF), and antioxidant capacity (obtained by DPPH,
ABTS, and FRAP assays) in Solidago canadensis L. leaf and flower extracts in two solvents; Table S2:

16



Plants 2025, 14, 44

Pearson’s correlation coefficients (two-tailed) between total phenolic (TP), total non-flavonoids
(TNF), and total flavonoids (TF) contents and antioxidant capacity (obtained by DPPH, ABTS, and
FRAP assays).
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Abstract: The highly toxic species common ragwort (Jacobaea vulgaris Gaertn.) prefers to migrate
into protected dry grassland biotopes and limits the use of the resulting biomass as animal feed.
There is an urgent need for a safe alternative use of the contaminated biomass apart from landfill
disposal. We investigated the optional utilization of biomethanization of fresh and ensiled com-
mon ragwort biomasses and evaluated their energetic potentials by estimation models based on
biochemical characteristics and by standardized batch experiments. The fresh and ensiled substrates
yielded 174 LN·kg−1 oDM methane and 185 LN·kg−1 oDM, respectively. Ensiling reduced the toxic
pyrrolizidine alkaloid content by 76.6%; a subsequent wet fermentation for an additional reduction is
recommended. In comparison with other biomasses from landscape cultivation, ragwort biomass
can be ensiled readily but has a limited energy potential if harvested at its peak flowering stage.
Considering these properties and limitations, the energetic utilization is a promising option for a
sustainable handling of Senecio-contaminated biomasses in landscape conservation practice and
represents a safe alternative for reducing pyrrolizidine alkaloid entry into the agri-food sector.

Keywords: pyrrolizidine alkaloids; Jacobaea vulgaris; Senecio jacobaea; fermentation characteristics; PA
degradation; energetic conversion; wet co-digestion; biogas yield

1. Introduction

Although an autochthonous species in Europe [1], the increased spread of common
ragwort (Jacobaea vulgaris Gaertn., syn. Senecio jacobaea L., Asteraceae) into the landscapes
of northern Germany since the 1990s has invasive features [2]. The probable causes of
this phenomena, namely climate change [3]; the increased spread of diasporas due to
human activities [4]; and the establishment of diaspora banks [5], especially on fallow
land [6], cannot be eliminated in the short term. Common ragwort (syn. tansy ragwort) is
ubiquitous in ruderal habitats and on road verges [7], where it acts as a pollen supplier [8],
provides host for many invertebrates [9], and fulfills landscape aesthetic functions via its
flowering aspect. Despite these ecosystem functions, the species is also well known for its
toxic 1,2-Dehydro-pyrrolizidine alkaloids (PAs), including their corresponding N-oxides
(PANOs) [10–12]. PAs are widely known and well-studied liver toxins [13–15] that include a
proven genotoxic potential [16] and are carcinogenic to mammals including humans [17,18].
The intrinsic deterrence effect of these secondary plant constituents against herbivores is
problematic when the common ragwort migrates into farmland areas intended for livestock
feeding [19,20]. Furthermore, beyond the apparent toxicologically relevant feed issue, high
population densities of ragwort are today regarded as critical, since this represents an
entry path for PAs into the food chain via co-harvesting of PA weeds together with food,
medicinal herbs, or via nectar and pollen into bee-related foodstuffs [21–24].
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Common ragwort prefers to migrate into extensively used grasslands with low ni-
trogen fertilization [25]. This constellation applies to the majority of nature conservation
grasslands; therefore, these preservation areas suffer in particular from common ragwort
mass infestations [26]. To prevent this noxious weed from outcompeting forage species and
rare plants in such habitats, regulation measures are necessary [20] or even obligate [27].
Although effective [28,29], the use of herbicides is in general not an option for preservation
areas; instead, twofold mowing is the recommended standard alternative measure [30].
According to Siegrist-Maag et al. [31] mowing should take place when half of the plants
start anthesis. During this phenological stage, J. vulgaris has already accumulated a consid-
erable aboveground biomass, including its toxic PAs/PANOs. In ragwort-dominant stands,
up to 100 dt ha−1 may occur. Hence, removing the ragwort-infested biomass is necessary
to avoid sward degradation and to enhance the biodiversity of the infested grasslands.
However, the traditional use of conservation growths, such as forage for livestock, is often
not possible due to its PA contamination [32–34]. Therefore, there is an urgent need for a
sustainable and safe use of the contaminated biomass apart from disposing of it as landfill.
In addition, as was recently demonstrated, careless landfill disposal may cause subsequent
environmental contamination and distribution via leaching into surface waters [35].

As was recently shown, composting represents a disposal alternative, bearing the
potential to safely degrade the PAs/PANOs [36,37]. However, this is a rather expensive
alternative for larger quantities of biomass. Professional composting plants are rare in rural
areas, and high standards for the quality and continuity of the feedstock are required [38].
These needs are rarely met by the naturally discontinuously accumulating amounts of
conservation growths. In contrast to composting plants, biogas plants exist in Europe in
high spatial density [39], and the produced “green” energy has a secure market acceptance.
Hence, the utilization of ragwort biomass for biogas production seems to be a possible
alternative. Concerning energy recovery, according to van Meerbeek et al. [40], biometha-
nization is the preferred option for summer growth of herbaceous plants. However, the
exploitation of this bioenergy potential cannot always be realized right away using the
fresh biomass. In order to process large quantities of short-term-available biomass, these
landscape conservation growths are frequently ensiled before use [41]. Although there
have been some ensiling experiments involving ragwort infested grassland biomass, those
studies were mainly aimed at determining the rate of alkaloid degradation [32,42,43]. The
results of these degradation studies did not show a consistent pattern or generally valid
endpoints, and a large number of possible factors are discussed [32,33]. Thus far, the
question of whether a low-loss conservation of common ragwort as a biogas substrate is
possible has not yet been addressed. In addition, there are no studies on the economic
efficiency of the methane yields or on the question of whether the fresh-cut substrate or the
ensiled substrate is more favorable for biomethanization. Furthermore, it is very likely that
the ontogenetic development stage of ragwort may influence the biogas yield, as is known
from other herbaceous plants [44]. Hence, relevant for a practical implementation, the
question of the most favorable cutting time is of great importance, not only for regulating
ragwort, but also for biomethanization.

Therefore, the purpose of this study is to examine the potential use/safe disposal of
common ragwort-dominated biomass for methane production in different states/conditions.

In particular, we focus on the following key points:

(I) What are the substrate characteristics of a biomass from common ragwort at the
recommended stage of cutting?

(II) Can substrates dominated by common ragwort readily be ensiled without the addition
of a carbohydrate-rich biomass?

(III) To what extent does ensiling contribute to the reduction of pyrrolizidine alkaloids?
(IV) Which specific methane yield can be attained by the common wet fermentation technique?
(V) Which stage of ragwort development is best for controlling spreading of the plant, yet

maintains the best option for efficient biomethanization?
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These questions were addressed on the basis of two separate plant material collections.
The first ragwort biomass material was used to investigate the fermentation process of lab-
scale ensiling and biomethanization. The second collection was a time-series, conducted to
study the influence of the phenological developmental stage of ragwort on its biochemical
composition, which was necessary to estimate the stage-dependent bioenergy potential.

2. Results

2.1. Characterization of the PA Pattern

The pattern and relative abundance of individual PAs of the J. vulgaris plant material
were analyzed by GC-MS. Not surprisingly, all relevant PAs were 1,2-Dehydro-PAs of the
senecionine-type (1,2-unsaturated, retroncine-, cyclic diester-, 12-membered ring-type) [11].
Figure 1 shows that the local chemotype of J. vulgaris was strongly dominated by the
occurrence of erucifoline (79.5%), while the remaining 20.5% was distributed over five
minor PAs ranging from 2.4 to 8.3%.

Figure 1. Total ion chromatogram (TIC) of a GC-MS analysis for identification and determination of
the relative abundance (RA) of the PA-bouquet of J. vulgaris plant material utilized in this study.

2.2. Further Biochemical Properties of the Ragwort’s Biomass
2.2.1. Collection I—Fermentation

The mean crude ash (CA) content of the feedstock collected for fermentation purposes
was relatively low (51.09 g kg−1 DM, sd = 0.52). The average development stage of early
flowering was reflected by a high crude fiber (CF) content of 284.03 (sd = 10.77) g kg−1

of dry matter (DM). The sum of the cell wall components (neutral detergent fiber, NDF)
was 457.93 (sd = 18.83) g kg−1 DM, of which the acid detergent fiber (ADF) accounted for
366.98 (sd = 14.10) g kg−1 DM. The average amount of 404.75 (sd = 19.78) g kg−1 DM of the
organic matter was enzyme-insoluble (EISOM). Further biochemical properties relevant to
ensiling success are listed in Table 1.

The crude protein (CP) fraction is responsible for the bulk of the buffering substances
that counteract the decrease in the pH value during ensiling. Therefore, the moderate CP
content of 10.87% DM did not indicate a large substrate-inherent resistance to lactic acid-
initiated acidification. At the beginning of flowering, the substrate showed sufficient water-
soluble carbohydrates (WSCH, 10.2% DM), which are the food sources of the lactobacilli.
The WSCH:CP-ratio combines both characteristics into a single parameter that indicates
moderate ensilability; i.e., sufficient sugar supply for the lactobacilli is countered by a
notable buffering capacity in the substrate. Nevertheless, the pH value of 4.5 showed
that under the laboratory conditions and at a high substrate moisture of 77.8% FM, the
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desired vigorous microbial conversion was readily achieved. The relatively high proportion
of acetic acid, as well as the occurrence of ethanol and butyric acid, indicate a rather
heterogeneous and non-homofermentative lactic acid fermentation. The ammonia content
of 0.34 g kg−1 FM corresponds to a mean NH3-N content of 11.29 (sd = 7.62)%, both
parameters indicates significant protein decomposition during ensiling.

Table 1. Ensiling characteristics of biomass from landscape conservation growths dominated by
common ragwort (J. vulgaris).

Status of Ragwort Biomass Feedstock Characteristics Means (sd)

Chopped starting material before ensiling

Parameters of Ensilability n = 3
Dry matter content at start (DMC, g kg−1) 224.3 (3.79)

Crude protein (CP, g kg−1 DM) 108.7 (0.41)
Water-soluble carbohydrates (WSCH, g kg−1 DM) 102.3 (11.72)

WSCH:CP-ratio 0.94 (0.12)

Substrate after 92 days of lab-scale ensiling

Fermentation patterns
Dry matter content after ensiling (DMC, g kg−1) 222.5 (0.12)

pH-value 4.50 (0.00)
Lactic acid (g kg−1 DM) 34.40 (4.48)
Acetic acid (g kg−1 DM) 8.65 (0.83)

Ethanol (g kg−1 DM) 1.60 (0.01)
Butyric acid (g kg−1 DM) <0.50

Ammonia (g kg−1 FM) 0.34 (0.01)

2.2.2. Collection II—Growth Stages

Collection II includes biomass stocks from common ragwort at the typical growth
stages that match the cutting time schemes of J. vulgaris-infested grasslands. The ontoge-
netic development stages, sampling dates, matching grassland use options, and two metric
traits characterizing the average plant development at the sampling dates are given in
Table 2. The growth stage significantly influenced the average plant height and the dry
matter content. The biochemical characteristics of these four stages are presented in Table 3.
The ontogenetic stage affected all biochemical characteristics significantly. The direction
of characteristic increase or decrease aligned with increasing plant development and was
always consistent during the sampling period from BBCH 44 to BBCH 66.

Table 2. Ontogenetic characterization of the developmental stages of J. vulgaris at different cuttings
during the season.

Stage of Development
(BBCH) 1

Vegetative Parts
Reached ca. 40%

of Final Size
(44)

First Flowers
Visible, Largely

Still Closed
(55)

Inflorescence
Fully Emerged

(59)

Flowering
Nearly Finished

(66) Effect of Stage 3

Sampling Date 1 June 2021 8 June 2021 16 June 2021 5 July 2021

Corresponding grassland use cut for silage cut for hay late cut for hay conservation cut
Averaged plant height (cm) 2 33.70 (3.91) 56.80 (0.43) 84.33 (4.41) 99.33 (3.26) p < 0.001 ***
Dry matter content (g kg−1) 2 116.79 (3.70) 156.98 (0.88) 192.57 (7.34) 267.26 (6.88) p < 0.001 ***

1 General BBCH-scale according to Meier (2001); 2 sample mean with standard deviation in brackets; 3 results of
the one-way-ANOVA; *** significant at p-values less than 0.001.

While the fiber-related characteristics (CF, NDF, ADF, HC) increased with plant growth,
a decrease in the energy-related CP, CL, and WSCH parameters was observed. In accor-
dance, the crude ash decreased as a result of C-dilution via the increase in the plant
biomass. It is noteworthy that within the flowering period, there was a notable increase in
the proportion of cellolytically insoluble substance (EISOM).
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Table 3. Constituent characteristics of common ragwort (J. vulgaris) biomass depending on its
averaged phenological stage. The means are presented with their standard deviations in brackets.

Stage of Development (BBCH) 1 BBCH 44 BBCH 55 BBCH 59 BBCH 66 Effect of Stage 2

Crude ash (CA, g kg−1 DM) 100.73 (2.37) 76.13 (0.90) 55.60 (3.22) 45.30 (1.34) p < 0.001 ***
Crude protein (CP, g kg−1 DM) 155.92 (4.32) 118.92 (6.20) 93.04 (3.17) 79.95 (4.48) p < 0.001 ***

Crude fiber (CF, g kg−1 DM) 161.28 (7.02) 220.28 (10.11) 293.31 (14.93) 340.30 (7.78) p < 0.001 ***
Crude lipid (CL, g kg−1 DM) 23.93 (1.35) 22.58 (2.15) 18.35 (1.02) 18.02 (0.53) p = 0.002 **

Neutral detergent fiber (aNDFOM, g kg−1 DM) 284.39 (8.79) 388.12 (16.04) 479.97 (22.89) 537.45 (12.12) p < 0.001 ***
Acid detergent fiber (ADFOM, g kg−1 DM) 224.26 (6.11) 299.65 (12.96) 378.60 (14.20) 428.86 (7.08) p < 0.001 ***

Hemicellulose (HC, g kg−1 DM) 60.13 (6.26) 88.46 (4.15) 101.37 (8.69) 108.59 (5.06) p < 0.001 ***
Water-soluble carbohydrates (WSCH, g kg−1 DM) 106.15 (3.34) 93.00 (8.15) 77.58 (1.71) 42.15 (4.71) p < 0.001 ***

Enzyme-insoluble organic matter (EISOM, g kg−1 DM) 131.94 (8.63) 262.70 (14.22) 386.38 (32.71) 534.36 (14.54) p < 0.001 ***

1 General BBCH-scale according to Meier (2001); 2 results of the F-test (one-way-ANOVA) or Kruskal–Wallis
test—depending on data distribution; ** significant at p-values less than 0.01; *** significant at p-values less
than 0.001.

2.3. PA Degradation during Ensiling Process
2.3.1. Results of the Ensiling Experiment

A significant degradation of the sum of the total PA content (sum of PA/PANOs) after
92 days of lab-scale ensiling was detected (Figure 2). The extent of PA degradation was a
remarkable 76.6% on average for the three laboratory silages. Beginning with a mean of
7962 mg in the starting material, an average of 1860 mg was still found per kg of dry matter
in the silage after fermentation.

Figure 2. Extent of degradation of the total amount of PAs/PANOs after 92 days of ensiling. Different
letters indicate significant differences in PA/PANO content (Dunn-Test, p < 0.001). Error bars
represent the standard deviations of the means.

2.3.2. Extent of PA-Degradation in the Context of Similar Studies

To evaluate this result, we compared our data to similar experiments where the PA
degradation of a biomass containing species of the genus Senecio during ensiling were stud-
ied. The studies of Berendonk and Hünting [45], Candrian et al. [46], Gottschalk et al. [32],
and Klevenhusen et al. [47] fulfilled the similarity requirements (see chapter 4.6 for details)
and were used for the layout in Figure 3. The data used for this ordination are additionally
listed in Appendix A Table A1.
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Figure 3. Extent of PA/PANO-degradation during ensiling of our study and comparable studies
with PA-containing Senecio species. Results are ordinated according to the dry matter content of their
silage substrates and the percentage of the S. vulgaris resp. Senecio biomass in the ensiled feedstock.
The main types of the pyrrolizidine alkaloids are color coded (see legend for details).

With the exception of the PA-type senkirkine-dominated substrates, a gradient of
decreasing degradation rates with decreasing moisture contents is apparent (Figure 3).
Furthermore, there seems to be a trend towards an increase in the degradation rate with an
increasing proportion of Senecio in the feedstock.

2.4. Methane Yields
2.4.1. Results of the Batch Wet Co-Fermentation Test

The specific methane yields (SMY) of the fresh and ensiled biomasses from J. vulgaris
were 173.6 LN·kg−1 oDM and 185.1 LN·kg−1 oDM, respectively. They were not significantly
different (p > 0.05), despite a tendency of slightly higher SMY-values combined with
lower SMY-variations of the ensiled feedstock (Figure 4). The distance between the mean
values (top of the bars) and estimates of the methane potential based on the biochemical
composition of the substrates (dots) is considerable for both ragwort substrates. In order to
show a comparison to the most common gramineous-accompanying vegetation associated
with J. vulgaris, the results of Meserszmit [48] have been integrated in Figure 4. These
are Arrhenatherum elatius and Festuca rubra, the dominant grasses of the Arrhenatheretum
elatioris grassland association, which is especially prone to common ragwort invasion. The
feedstock of the companion grasses match that of the Senecio substrates, not only in terms
of the plant sociological context, but also in terms of the time of harvest (July). In addition,
the authors followed the same guidelines for the experimental determination of specific
methane yields (VDI 4630).
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Figure 4. Specific methane yields of fresh and ensiled biomasses from J. vulgaris. Presented are the
means and the corresponding standard deviations as error bars. Dots mark the amount of specific
methane yield potential according to Weißbach (2008). For comparison, the yield of the prevalent
companion grasses according to Meserszmit et al. (2019) is additionally shown.

The analysis of daily methane production rates provides insight into how methane
yields are generated. Figure 5 compares the daily methane formation rates of the two different
ragwort feedstock conditions, fresh (J. vulgaris fresh) and ensiled (J. vulgaris ensiled), through-
out the whole experimental period of 30 days. Both variants reached the peak of daily
methane formation, approx. 5 LN·kg−1 oDM, at the same time, that is after 11 days. The
dynamics of CH4-formation up to this point, however, are quite different: the fresh material
started with a progressive formation rate, while the silage required a significantly extended
start-up time. Conversely, methane production did not collapse quite as strong in the silage
feedstock with an increasing lack of fermentable substance in the downstream phase.

Figure 5. Daily methane production (expressed as norm liters per kg volatile matter) throughout
the batch trial period of 30 days. Red triangles present the mean methane yield of the respective
measurement event. Dots indicate the single results of the three batch vessels that served as replicates.
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When looking at Figure 6, it becomes obvious that the methane yields of the initial
phase were mainly due to high gas quantities at still low methane concentrations. With
overall comparable carbon dioxide concentrations between the two feedstock conditions,
the methane concentrations of the fresh substrate seem to be superior to those of the silage.
From the fifth to the tenth day after starting the batch test, a stagnation of the two measured
gas concentrations in the silage treatment was observed, which suggests a stronger presence
of other non-measured gases (such as O2, NH3, NOx, H2S, i.a.).

Figure 6. Volume percentages of the two main biogas components methane (CH4) and carbon dioxide
(CO2) during the course of the batch wet fermentation period. Dots indicate the measurement results
of the individual batch vessels in triplicate. Trendlines were constructed using local regression
approaches (loess).

2.4.2. Potential Methane Yields at Different Growth Stages

The potential methane yields (PMY) of Collection II (see Table 2) are shown in Figure 7.
There was a significant effect of the developmental stage on PMY (p = 0.015 *). It is
obvious that the potential of the substrate for methane production decreases with increasing
phenological development. The difference between the cut for silage harvest and the late
landscape conservation cut was considerable (106 LN·kg−1 oDM, corresponding to 31%).
Even the lowest PMY at the late developmental stage of BBCH 66 was higher than the
measured specific methane yield in the batch test.

Figure 7. Potential specific methane yields (expressed as norm liters per kg volatile substrate) of
common ragwort feedstock harvested at different developmental stages. Different letters inside the
bars indicate statistically significant differences between the four stages ranging from BBCH 44 to
BBCH 66. Error bars represent standard deviations of the mean.

28



Plants 2022, 11, 813

3. Discussion

3.1. Characteristics of Common Ragwort Biomass as Feedstock for Ensiling and Biomethanization

Apart from the discussion about the inhibiting effect of plants containing toxins in
the biomethanization process [49], the ingredients of the substrate determine its utilization
efficiency [50]. The knowledge of the composition of the lignocellulosic feedstock can help
in choosing appropriate technical measures to achieve better hydrolysis which, in turn,
would result in higher biogas yield and conversion efficiency [51]. Lignification of the
substrate plant inhibits hydrolytic fermentation by hampering the microbes from attacking
the cell wall carbohydrates. Therefore, many authors base their assessment of the biogas
potential of unknown plant substrates on the lignin content as a key characteristic [52,53].
Nevertheless, choosing lignin content as the determining characteristic for biogas yield
prediction is error-prone, as not only the amount of lignin, but also the incrustation of
the polymeric lignin (crystallization), is relevant for microbial degradability [52,54]. In
addition, the incorporation of the lignin into the plant tissue matrix and the binding via
phenolic acids are of relevance [55]. Therefore, we decided to use enzyme insolubility
(EISOM) as a key feature for estimating biogas potential, instead of lignin, as suggested by
Weißbach [56].

The determined EISOM contents of J. vulgaris varied more (ranging from 132 to
534 g kg−1 DM) than those observed for the grass-dominated grassland biomass under
comparable environmental conditions (range: 180–488 g kg−1 DM [57]). The enzyme-
insoluble organic matter of the ragwort feedstock correlated with the phenological stage
of development. Hence, the usefulness of J. vulgaris as a feedstock for bioenergy via the
methanization pathway is strongly dependent on the average development stage of rag-
wort at the time of harvest. To our knowledge, there is no information on the enzyme
insolubility of the organic matter (EISOM) of the species J. vulgaris. Only Frost et al. [58]
and Purcell et al. [59] have provided information on the cell wall components of J. vulgaris
depending on the developmental stage. According to Frost et al. [58], NDF-content in-
creased from 37.6% DM at the rosette stage to 49.2% DM at flowering. Purcell et al. [59] did
not specify developmental stages, but approximations can be drawn from the collection
times given. Accordingly, plant material collected in early spring (in Ireland) had a cell wall
content (NDF) of only 19.4% DM, whereas, at the end of August, the NDF content increased
to 44.4% DM. The corresponding ADF contents in this study were 15.5% DM for the early
collection and 34.8% DM for the late summer collection. ADF includes the fractions of lignin
and cellulose and thus represents the recalcitrant part of a biomass for the microbiome
involved in methanogenesis. The ADF contents in our study varied between 22.4 and
44.8% DM, representing a higher level. Those deviations could be explained by the fact that
the spring sampling of the Irish survey took place very early in the season. Alternatively,
the late summer sampling was probably the regrowth of an already pre-harvested area.
Both conditions would lead to a biomass that is dominated by leaves and depleted in stems,
which in turn would lead to lower levels of structural substances, such as NDF and ADF.
In this light, these data are quite consistent with our results, confirming the overriding
influence of the ontogenetic developmental stage on ragwort biomass composition, even
across different environments.

It is known from other herbaceous plants that their CP content responds more strongly
to the N supply of the growing site [60]. Nevertheless, in the case of J. vulgaris, similar crude
protein contents have been found across North America and Europe at comparable devel-
opmental stages. Debessai [61] reported a CP level of 13.1% DM in a not ontogenetically
classified J. vulgaris collection, which was apparently collected at early flowering stages in
Oregon (U.S.). Frost et al. [58] recorded higher CP contents (15.5% DM) in the rosette stage
at sites in Idaho (U.S.), which corresponds well with the 15.4% CP that Purcell et al. [59]
found in Ireland, also at an early developmental stage. The CP contents in our study fit
very well with those of Frost et al. [58] and indicate a decrease in potentially buffering
substances with the increasing maturity of the plants.
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Surprisingly, we observed the highest contents of water-soluble carbohydrates in the
stage of vegetative development in Collection II. This is in contrast to Purcell et al. [59], who
reported quite low WSCH contents in the spring-harvested ragwort (52 g per kg DM) and
a considerably high level of 144 g per kg DM in the late summer collection. Both factors,
different morphology (leaf/stem ratio and growth duration), and weather influences (solar
radiation before collection) are possible explanations for these deviations. In any case, the
WSCH content proves to be the most uncertain parameter for estimating the ensilability
of ragwort biomasses. DM contents below 25–30% lead to the formation and release of
silage effluent (McDonald et al. [62]). The DM content of the freshly harvested ragwort
reached this threshold only at the end of flowering. Therefore, all earlier harvests need
to be wilted before ensiling to avoid environmental threats, like the PA-leach-out risk, as
well as additional energy losses associated with silage effluent run offs. In our study, the
jars used for fermentation did not allow such effluent losses. Hence, under these ideal
lab conditions, only gaseous ensiling losses of 0.23% DM were observed. Thus, in our
experiments, the substrate characteristics of the fresh substrate differed only slightly from
those of the silage, leading to comparable potential methane yields (shown as dots in
Figure 4). Under practical conditions, however, this might be quite different.

3.2. Degradation of Pyrrolizidine Alkaloids and Their N-Oxides

The idea of using the process of ensiling as a means of detoxification of biomasses
containing PAs was first conceived by forage scientists. Debessai [61] reported a reduction
in PA content from an original 2454 to 584 μg kg−1 (−76%) after a 30-day experimental
storage of ragwort-contaminated feedstock with the addition of urea preparations. In
this study, grinding of the plant material was beneficial in reducing final PA contents
as well. However, the alkaline environment achieved by urea ammonization, does not
correspond to a lactic acid fermentation ensilaging process, which leads to an acidic en-
vironment. Therefore, we only compared our results with studies that also investigated
lactic acid fermentation-based ensiling with regard to its effects on PA degradation. In
their studies involving Senecio alpinus, Candrian et al. [46] found a decline in PA degra-
dation from 92 to 54% with a decrease in the proportion of Senecio biomass in the silage
substrate ranging from 100 to 3.5%, respectively. In the discussion of this finding, it was
disregarded that the replacement of Senecio by a drier grass component was accompanied
by an increase in the dry matter content while factor grading took place. Since the dry
matter content significantly influences the overall microbial activity in silage fermentation
processes [63], it may be that the observed decrease in PA degradation was also an effect of
the overall reduction in microbial conversion activity too. Our results of the percentage
PA degradation fit well with those of other studies if they are placed in an orientation
framework (Figure 3) that takes both aspects, namely the ragwort percentage and the
substrate moisture, into account. A number of authors who have experimentally studied
the fermentative detoxification of PA-containing substrates, emphasize the importance of
the specific PA type in the discussion of their results [32,43,47]. With the exception of the
apparently recalcitrant otonecine-type PA senkirkine (a major PA in Senecio vernalis [47]), no
striking differences in the degradation behavior of the general dominating senecionine-type
PAs, such as erucifoline, senecionine, or seneciphylline, can be identified under compa-
rable experimental conditions. This is not surprising since all these PAs share a similar
basic chemical senecionine-type structure (1,2-unsaturated, retroncine-, cyclic diester-,
12-membered ring-type). In contrast to most other studies, our detection method was
based on the detection of the core base structure of PAs and comprised all 1,2-unsaturated
retronecine and heliotridine-type ester PAs [64]. This means that it would also cover for
unknown toxic PA-metabolites that could be formed during the degradation process but
still bear the general toxic principle of 1,2-unsaturated ester PAs.
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Klevenhusen et al. [47] observed that the addition of homofermentative lactic acid
bacteria did not increase the PA degradation rate but that the addition of molasses did.
The addition of homofermentative lactic acid-producing inoculants results in a faster
pH-drop, which strongly limits further microbial conversions, thereby shortening the
fermentation-intensive phase of ensiling. Presumably, ensiling conditions that promote
heterofermentative processes at the beginning, and allow lactic acid formation to stabilize
the ensiled material by lowering the pH value a little later, are more conducive to PA
degradation. Further ensiling experiments would also be desirable in this area, e.g., with
staggered buffering of otherwise identical PA-containing and PA-type classified substrates.

3.3. Specific Methane Yields of Ragwort Biomasses

In a previous study, we were able to show that the combined process of ensiling/
biomethanization leads to a significant and reliable reduction of PAs/PANOs by 91–99%
of the starting material [37]. These findings are only useful for practical implementation
if the S. vulgaris biomass can be converted into green bioenergy with economic success.
This, in turn, requires solid knowledge of the substrate-specific methane formation po-
tential, as well as of the behavior in the biogas process [52]. We found specific methane
yields of only 173.6 LN·kg−1 oDM (fresh) and 185.1 LN·kg−1 oDM (silage) in the stan-
dard batch digestion test. These were significantly lower yields than can be achieved
by herbaceous cultivated crops, such as catch crops (250–350 LN·kg−1 oDM) [50]. Even
grass-dominated and extensively used grassland growths have higher specific methane
yields of 197–221 LN·kg−1 oDM [48]. Consequently, the usability of ragwort-dominated
growths harvested in the flowering stage has to be considered critical, even if the prime
costs of the biomass production were not credited to the biogas generation. There was a
greater discrepancy between the potential energy yield and the yield measured in the batch
tests (Figure 4) than the usually reckoned 15%. This is an indication that the microbiome in
the test did not work as expected and thus seems to confirm that PAs could disrupt the
complex and sensitive microbiological conversion processes of the methanogenesis [49].
However, Chmit et al. [37] could identify neither a pronounced lag phase nor a correlation
between PA levels and methane formation. Therefore, other ingredients, such as inhibitors
or even an insufficiently adapted microbiome of the inoculum, must be responsible for
the reduced methanogenesis. The inoculum we used originated from a biogas plant based
on renewable raw materials. In order to prove or exclude the aspect of inhibition, the
adaptability of the microorganisms would have to be examined in continuous tests over a
longer period of time. In this way, the microorganisms could adapt to the substrate, and
the accumulation of inhibitory substances could also be better detected.

The development of the gas formation in the course of the batch test can provide
information about the process dynamics. As shown in Figure 5, the methane formation
kinetics of fresh material and ensiled material differed somewhat, despite a comparable
basic pattern. The higher acidity of the silages, in combination with a lack of buffering
substances, was probably responsible for the delayed increase in the gas formation rate in
the first week [65]. In contrast, the degression in the gas formation after the consumption
of the microbially more-easily-accessible carbohydrate sources was not as strong in the
silage variants after almost two weeks, most likely due to a certain pre-digestion of the
cell wall components by the enzymatic activity of the silage microflora [66]. This is also
indicated through the somewhat lower EISOM values of the silages compared to the fresh
substrates. The non-ensiled biomasses tended to have higher methane contents in the
biogas, although, according to Herrmann et al. [67], the ethanol and butyric acid formed
during ensiling should lead to higher methane contents in the ensiled substrates. However,
both fermentation products could only be detected in limited quantities.
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The strong dependence of the potential methane yield on the developmental stage
of the plants from Collection II is not surprising and is also reported for a number of
other plant species [44,68,69]. While the energy yield per ha in the case of cultivated
bioenergy crops plays a decisive role in the determination of the time of harvest [69], the
compatibility of landscape conservation objectives with biomass usability has priority in
the case of conservation growths. When ragwort-dominated areas are cut at the time of full
flowering in order to suppress the noxious weed, the resulting biomass can hardly be used
for methane production in an economically viable way. The challenge for the bioenergetic
use of J. vulgaris is to schedule the time of harvest in such a way that the regulating effect for
the containment of this invasive species is compatible with the requirements on substrate
quality for efficient methane production. If this succeeds, an invasive burden can be
turned into a bioenergetic opportunity. Already, at the recommended cutting time of early
flowering [31] and with a growth height of about 57 cm, only marginal methane yields are
achieved. Therefore, we recommend harvesting such growths somewhat earlier to ensure
sustainable energy production with simultaneous detoxification at a development stage
not earlier than BBCH 48, but not later than BBCH 56. Cuts taken too early do not provide
enough biomass to justify the harvesting costs, are more difficult to ensile, and, according
to Berendonk et al. [42], also possess lower PA degradation rates during ensiling.

3.4. Synthesis

We have investigated the usefulness and behavior of ragwort-dominated biomasses
for the fermentation processes of ensiling and biomethanization based on a collection of a
larger amount of uniform plant material (referred to as Collection I). This corresponded
in its phenological development to the sensitive stage of full flowering, recommended by
weed researchers, when cutting most severely affects the vitality of the invasive species. In
addition, we have investigated the expected behavior of the ragwort feedstock at different
development stages on the basis of a second time/development-based collection of plant
material (referred to as Collection II). Evaluation of ensilability was done by means of
biochemical characteristics and, in the case of biomethanization, with the help of a validated
model approach based on enzymatic degradability. In the preceding sections of this
discussion, the results of both collections and aspects were discussed in order to comply
with the complex character of the matter. The final conclusions for the practical significance
in landscape management and biomass utilization will be summarized in Section 5.

Further research on the topic would be desirable. In particular, the measurement of
methane yields in a continuous-flow-digester, instead of the batch tests, would generate
additional useful information.

4. Materials and Methods

4.1. Chemicals and Reagents

All chemicals used were purchased from Roth (Karlsruhe, Germany) and Sigma-
Aldrich (Seelze, Germany) and were of HPLC-grade purity or redistilled before use.
Lithium aluminum hydride solution (1 M) in THF and pyridine, both in AcroSeal quality,
were acquired from ACROS Organics (Geel, Belgium). Strong cation-exchange solid-
phase extraction cartridges (SCX-SPE) were obtained from Phenomenex (Aschaffenburg,
Germany). Isotopically labeled internal standard (IST) 7-O-9-O-dibutyroyl-[9,9-2H2]-
retronecine was synthesized in our laboratory [64].

4.2. Plant Material

The plant material was harvested in two collections of already investigated J. vulgaris
populations near Rostock (northeastern Germany). Collection I (fermentation collection)
was collected on 5 July 2019 at the main developmental stage of BBCH 57 (beginning of the
flowering period), according to Meier [70]. The fresh biomass was brought to the laboratory
immediately and chopped with a commercial garden shredder. The shredded biomass was
divided into three subsets, which then served as replicates. From each of these stocks about
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500 g of fresh mass was drawn to determine the dry matter content and the biochemical
analysis of the starting material. Subsets were taken from the bulk of the remaining plant
material, both for biomethanization as fresh substrate (approx. 1500 g FM per sample,
stored at −22 ◦C until the start of the batch trial) and as silage material (approx. 3000 g FM
per sample, directly ensiled thereafter).

Collection II (stage collection) was carried out during the 2021 growing season with
the aim of collecting common ragwort at its typical physiological development stages that,
in practice, correspond to the usual cutting times of J. vulgaris - infested grasslands. On the
following dates, 1 June (silage cutting), 8 June (early hay cutting), 16 June (late hay cutting),
and 5 July (landscape conservation cutting), approximately 2000 g of ragwort plants were
collected, and their growth height, as well as their development stages, were determined.
Subsequently, the plant material was dried at 55 ◦C to a constant weight and ground to
1 mm sieve width using a hammer mill (Brabender, Duisburg, Germany).

4.3. Silage Preparation

The chopped J. vulgaris biomass was ensiled in three replicates in 3 L lab-scale silos
(jars). The jars were cleaned and sterilized (180 ◦C, 8 h) before the substrates were filled in
by hand. Fill weights of 1552–1563 g FM were realized, corresponding to a mean storage
density of 0.52 g cm−3 FM. The filled jars were closed air-tight with a rubber-lined lid that
was fixed by clips and stored for 92 days at 16 ◦C in a dark room. This was designed to
allow gas to be released under pressure but prevented ambient air from flowing in. The jars
were weighed after 30 days and again after the end of the ensiling period to determine the
ensiling loss gravimetrically. After 92 days, the ensiled substrates were sealed air-tight in
plastic bags and stored at −22 ◦C before analyzing their biochemical composition, including
fermentation profiles.

4.4. Biochemical Analysis
4.4.1. Substrate Characteristics

DM content of the ragwort biomass was determined by oven drying at 55 ◦C to
a constant weight, immediately after collection and additionally from the feedstock be-
fore and after ensiling. We analyzed the water-soluble carbohydrates (WSCH) and the
enzyme-insoluble organic matter (EISOM) by near-infrared reflectance spectroscopy (NIRS,
Bruker® MPA, Bruker, Ettlingen, Germany) with the enzymatic method, according to
de Boever et al. [71], as the reference for EISOM. The dry combustion technique (Elementar®

Analyzer Vario Max CNS, Elementar, Sprendlingen, Germany) has been used to determine
crude protein contents (CP, N × 6.25). Neutral detergent fiber (NDF), acid detergent fiber
(ADF), and crude fiber (CF) were determined by wet chemical analyses using a Fibretherm®,
(Gerhardt, Königswinter, Germany). Hemicellulose contents have been estimated through
the difference between NDF and ADF concentrations. Crude ash (CA) content was deter-
mined after incineration at 550 ◦C for 5 h in a muffle furnace. Volatile solids (VS) were
calculated by the difference between total solids (TS) and the amount of CA.

4.4.2. Silage Fermentation Characteristics

The fermentation characteristics of the lab silages were determined according to the
VDLUFA guidelines [72]. After thawing the frozen silage samples at room temperature,
silage extracts were prepared from 50 g silage and 200 mL deionized water. The pH values
of these extracts were measured potentiometrically by a calibrated pH analyzer (WTW
pH3210, Xylem Analytics, Weilheim, Germany). Acetic and butyric acids were quantita-
tively detected by gas chromatography (6890 Series GC-FID, Agilent Scientific Instruments,
Santa Clara, CA, USA).
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4.4.3. Quantification of the Total PA/PANO Content

Plant material was homogenized (dried, mixed, and milled). Each sample of 300 mg
was soaked in a 15 mL polypropylene conical centrifuge tube using 11 mL H2SO4 0.05 M
and 40 μL of internal standard solution (2 μg/mL in methanol) and was added to each
tube. The tubes were thoroughly mixed and extracted over night using a continuous tube
rotator (Multi Bio RS-24, Biosan, Riga, Latvia) with the following settings: orbital: 21/01,
reciprocal: 15/01, vibrio: 5/1, duration: 14 h. Sample preparation for analysis of the
total PA content of the products was determined by using a modification of the method
of Cramer et al. [64] and Letsyo et al. [73]. During the course of sample preparation all
1,2-unsaturated retronecine- and heliotridine-type ester PAs/PANOs were converted into
the corresponding core structures, i.e., retronecine and/or heliotridine. After derivatization,
these analytes were analyzed by HPLC-ESI-MS/MS, generating a single signal that could
be quantified by the use of the added isotopically labeled IST, allowing calculation of the
total sum of the PA/PANO content of the sample (Cramer et al., 2013). Data analysis and
integration was achieved with Analyst 1.6.2 Software (Applied Biosystems MDS Sciex,
Darmstadt, Germany).

4.4.4. Sample Preparation for GC-MS Analysis

Plant material of fresh J. vulgaris plant material was frozen (−20 ◦C), lyophilized,
powdered, and homogenized with a coffee grinder. The homogenized powders were stored
at room temperature in the dark until sample preparation and analysis. The powdered
plant material was extracted with 0.05 M sulphuric acid (3 × 2.0 mL) after adding an
appropriate volume of heliotrine as an internal standard solution (0.1 mg from MeOH
stock 10 mg/mL stored at −20 ◦C). The extraction process was repeated three times and
centrifuged (>3500× g for 5 min). The acid-aqueous supernatants were combined and
reduced with zinc dust (~100 mg) for 3 h with continuous stirring at pH~2 to convert
existing PANOs to the corresponding tertiary PAs. After 3 h, the mixture was adjusted
to alkaline (pH~10) with ammonia solution (25%) and then eluted from 3 to 6 g Isolute®

column (1 mL aqueous solution/g Isolute) with 25 mL dichloromethane. The organic
phase, after the Isolute clean-up process, was dried at room temperature and reconstituted
in exactly 1.0 mL of methanol for GC-MS analysis.

4.4.5. GC-EI-MS PA Pattern Analysis of Raw Plant Materials

An Agilent Technologies 6890 N (Agilent Technologies Deutschland GmbH, Böblin-
gen, Germany) gas chromatograph was coupled to an Agilent Technologies 5975B mass
spectrometer. Separation of the analytes was performed on a ZB-1MS capillary column
(30 m × 0.25 mm; ft 0.25 μm; Phenomenex, Aschaffenburg, Germany). The following
temperature program was used: 100 ◦C (3 min)–6 ◦C/min–310 ◦C (3 min). The following
MS settings were applied: ionization voltage of 70 eV, ion source temperature of 230 ◦C,
and interface temperature of 290 ◦C. A set of co-injected hydrocarbons (evenly numbered
C14–C32) was used to calculate the retention indices by linear extrapolation, as described by
Frölich et al. [74]. The PA compounds were identified by retention indices and an in-house
mass spectra library of authentic reference compounds. PA patterns of the individual plant
samples were compared using the Agilent ChemStation software (Version D.03.00.611). The
respective ratio (relative abundance, RA) of each PA was calculated based on its TIC-area
signal in relation to the sum of all TIC-area signals of all PAs of the sample.

4.5. Biogas Yield Determination
4.5.1. Potential Methane Yield Estimation

The potential for methane formation was calculated according to Weißbach [56] using the
following estimation equations based on two main biochemical parameters of the substrates:

VS = 1000 − (CA) − 0.62 (EULOS) − 0.000221 (EULOS)2 (1)
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The substrate’s amount of fermentable organic substances (VS g kg−1 DM) was esti-
mated using Equation (1). The substrate-specific biogas (BGY) and methane (CH4Y) yield
potentials of the ragwort biomass as feedstock substrates were derived from vs. according
to Equations (2) and (3), accordingly.

BGY = 0.80 (VS) (2)

CH4Y = 0.42 (VS) (3)

where BGY and CH4Y are given in norm liter per kg (NI kg DM−1) and are corrected for
volatile fatty acids (VFA) [75].

4.5.2. Batch Wet Co-Fermentation Test

A batch test according to VDI 4630 [76] was carried out to determine the biogas and
methane potentials. For this purpose, digesters of 1 L batch were used, which were placed
in a water bath at 38 ◦C. Each sample was tested in triplicate. The ratio of organic matter of
the sample to organic matter of inoculum was <0.5 and was used to calculate the initial
weight. After the addition of the substrate inoculums mixture, the digesters were closed
and flushed with N2 atmosphere. The produced biogas from each replicate was stored in
a gas bag. The methane and carbon dioxide contents of the biogas was analyzed every
three days with a biogas analyzer (bm 2000, Ansyco®, Karlsruhe, Germany). The volume
of biogas was measured via gas meter (Ritter Apparatebau GmbH, Bochum, Germany).
The biogas and methane potentials were corrected as standard norm liters (273.15 k and
1013.25 mbar) and reported for each kilogram fresh matter or organic matter. The test was
ended until the daily amount of biogas produced corresponded to 1% of the total amount
of gas (here, after 30 days).

4.6. Data Analysis

Biochemical characteristics are presented as means and corresponding standard devia-
tions of the mean (sd) in brackets. The test characteristics affected by the factors “substrate
condition” (Collection I) and “development stage” (Collection II) were first tested for nor-
mal distribution using the Shapiro–Wilk test. For a given normal distribution, one-way
analysis of variance (ANOVA) followed by an F-test was applied. When the trait values
were not normally distributed and neither log nor sqrt transformations achieved a normal
distribution, the Kruskal–Wallis test was preferred. In the case of significant factor effects
(p < 0.05), post-hoc mean comparisons among the factor levels were calculated. After an
ANOVA, the HSD Test was used for this purpose. After the non-parametric alternative
Kruskal–Wallis test, the Dunn test was applied. The α-level was set to 0.05. All statistical
analyses were performed by scripts using the R environment version 3.6.3. [77].

Criteria for the comparative analysis to place our own results on PA degradation by
ensiling into the context of current knowledge (Figure 3) were as follows: (1) laboratory
ensiling conditions similar to our study, (2) information on the proportions of PA-containing
species in the substrate, (3) identification of the dominant biochemical PA type, (4) an
ensiling period of 90–105 days, and (5) precise information on the dry matter content of the
ensiled material.

5. Conclusions

The substrate of the biomass from common ragwort is characterized by a strong
dependence of the utilization-determining composition in relation to the ontogenetic devel-
opment stage. In the course of the phenological development of common ragwort until the
end of flowering, younger side shoots and flower sets are obviously not able to compensate
for the progressive lignification of the structural substances. At the recommended stage
of cutting, the proportions of structural substances have reached such an extent that their
biochemical conversion in wet fermentation processes is limited.
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Moderate levels of crude protein and sufficiently high levels of water-soluble carbohy-
drates for lactic fermentation allow for ensiling of common ragwort-dominated feedstock
without the addition of WSCH-rich substrates, even in the stage of full flowering. However,
the level of ensiling technology has to be advanced, especially in terms of rapid silo filling,
careful feedstock compaction, and prompt covering in order to ensure early onset of anaero-
bic conditions. The low dry matter content of a freshly harvested ragwort biomass is always
below the threshold value of 28% dry matter. Hence, direct ensiling is not recommended.
The harvested plant material must be wilted before chopping to avoid effluent runoffs from
the feedstock.

For the senecionine-type PAs, ensiling proved to be a suitable method of PA degra-
dation. The prerequisite for this is a rather low dry matter content. Hence, excessive
high wilting degrees need to be avoided. As a result, the target corridor for significant PA
reduction via ensiling is quite narrow (28–32% DM). Since ensiling alone cannot guarantee
PA degradation to a level that reliably eliminates contamination risks, subsequent biometh-
anization is an advisable option. After biogas processing, the PA-containing feedstock is
decontaminated to such an extent that the digestate can be applied as organic fertilizer
to grain crops without further risks to the agri-food chain. This concerns not only the PA
contamination risk, but also the risk of ragwort seed dispersal with the digestate, which is
a very efficient method for preventing germination.

Specific methane yields of only 173.6 LN·kg−1 oDM (fresh) and 185.1 LN·kg−1 oDM
(silage), as they occur at the time of full flowering (at this point, the recommended cutting
scheme), are in the lower scale level of landscape conservation growth and thus in the
border area of economic usability. Ragwort substrate utilization can be lucrative for a
biogas plant operator under the condition of short transport distances from the feedstock to
the plant and exemption from the prime costs of the biomass production. By factoring in the
safe treatment and degradation of PA-contaminated biomasses of an otherwise critical plant
material, this usage option is definitely advisable. Our recommendation for a utilization-
friendly application and control of common ragwort mass infestations areas is linked
to the average growth heights of J. vulgaris from about 45 to 55 cm, largely irrespective
of its state of flowering. However, if the proportion of ragwort does not dominate the
stand, it is possible to cut at full flowering, if the accompanying gramineous vegetation can
compensate for the poorer microbial degradability of the fermentable content.
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Appendix A

Table A1. Summary of PA/PANO-degradation studies on PA-containing Jacobaea/Senecio species.
The tabulated data matches the data shown in Figure 3 of the manuscript.

Authors/Study
Plant

under Study

Main Types of
Pyrrolizidine

Alkaloids

Percentage of
Senecio in the

Feedstock

Initial PA-Level
before Ensiling

Feedstock Dry
Matter Content

Extent of
PA-Degradation

(% FM) (mg/kg DM) (% FM) (% DM)

Müller et al.
(2022, this study)

Jacobaea vulgaris
Gaertn. erucifolinelab silo A 100 7714.6 22.9 80.3

lab silo B 100 7741.6 22 73.5
lab silo C 100 8429.1 21.4 76.2

Berendonk &
Hünting (2011)

Jacobaea vulgaris
Gaertn.

senecionine

100 487.5 36.4 0
75 365.7 38.6 46.8
50 243.8 39.8 34.5
25 121.9 40.5 38.4
10 48.8 39.9 9.4
5 24.4 43.8 33.6

Candrian et al.
(1984)

Senecio alpinus L. seneciphylline

100 4066.7 19.1 95.5
41 1637.4 26.2 90.9
23 918.6 29.1 91.4
7 280.6 30.9 80.4

3.5 140 32.8 54.3

Gottschalk et al.
(2015) Senecio vulgaris L. mixed type 4.5 59 25 91.8

Klevenhusen et al.
(2019)

Senecio vulgaris L. senkirkine 10 565 22.1 35
10 635 22.9 40.9
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Abstract: Invasive plants’ phytochemicals are important for their invasiveness, enabling them to
spread in new environments. However, these chemicals could offer many pharmaceutical compounds
or active ingredients for herbal preparations. This study provides the first LC–MS phytochemical
screening of six invasive alien plant species (IAPS) in the Istria region (Croatia): Ailanthus altissima,
Ambrosia artemisiifolia, Conyza canadensis, Dittrichia viscosa, Erigeron annuus, and Xanthium strumarium.
The study aims to identify and quantify the phenolic content of their leaf extracts and assess their
antimicrobial and cytotoxic potential. A total of 32 species-specific compounds were recorded.
Neochlorogenic, chlorogenic, and 5-p-coumaroylquinic acids, quercetin-3-glucoside, and kaempferol
hexoside were detected in all the tested IAPS. Hydroxycinnamic acid derivatives were the main
components in all the tested IAPS, except in E. annuus, where flavanones dominated with a share of
70%. X. strumarium extract had the best activity against the tested bacteria, with an average MIC value
of 0.11 mg/mL, while A. altissima and X. strumarium extracts had the best activity against the tested
fungi, with an average MIC value of 0.21 mg/mL in both cases. All the plant extracts studied, except X.
strumarium, were less cytotoxic than the positive control. The results provided additional information
on the phytochemical properties of IAPS and their potential for use as antimicrobial agents.

Keywords: antimicrobial; cytotoxicity; ecosystem services; invasive plant species; phenolics;
phytopharmaceuticals

1. Introduction

Although invasive alien plant species (IAPS) impacts are unpredictable, they all have
mechanisms that contribute to their invasiveness. They often include direct competition,
indirect competition mediated by herbivores or changes in the soil community, and inter-
ference competition via allelopathy [1]. Successful alien species often owe their capability
to repel native enemies to novel biochemistry [2]. Previous comparative metabolomics
studies on invasive species showed that successful invasive alien plants have more total
and more unique metabolites than native ones [3]. Phytochemical uniqueness appeared to
be very important in the invasion ability of alien plants [4–6]. Therefore, phytochemicals
from alien invasive species may be a leading cause of environmentally harmful effects.

Plants 2022, 11, 596. https://doi.org/10.3390/plants11050596 https://www.mdpi.com/journal/plants41
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On the other side, some invasive species have compounds potentially useful to humans
and could provide valuable ecosystem services [7]. Many plant species possess antifungal
and antibacterial activity [8–10]. Antimicrobial agents produced by plants’ specialised
metabolism serve as their natural protective mechanism, increasing their competitiveness.

Thus, plant extracts or plant specialised metabolites that are not toxic and are specific
in their action are considered possible candidates for pharmaceuticals. They could also
be active ingredients of natural preparations, such as pesticides and herbicides in organic
crop production. Meela et al. [10] argued that fungal infections might control plant distri-
bution, and the success of invasive plant species may be due to their antifungal activity,
which they found in seven invasive species. This may help fend off fungal pathogens or
disturb established symbiotic relationships in their new habitat. Eloff et al. [11] showed
that an easy solvent–solvent fractionation process of acetone leaf extracts of the invasive
Melianthus comosus Vahl led to a product with much higher activity than commercial fungi-
cides. The activity of this product in field trials was also much better than that of the
commercial product. They also stated that toxic antifungal extracts might be useful in the
floricultural industry.

Up to date, there have been very little literature data on the phytochemical potential
of IAPS or their exploration in Croatia [9,12–14]. For our study, we selected six IAPS, all
included in the list of the most relevant invasive plant species of Croatia [15] and widely
present in the Istria region (the peninsula in west Croatia). Previous phytochemical studies
revealed the presence of different bioactive compounds in those species: Ailanthus altissima
(Mill.) Swingle [16], Ambrosia artemisiifolia L. [17], Conyza canadensis (L.) Cronquist [18],
Dittrichia viscosa (L.) Greuter [19], Xanthium strumarium L. [20], and Erigeron annuus (L.)
Pers. [21]. The extracts of selected plant species are used in traditional medicine in China
and India, and their antimicrobial properties have been reported [22–27]. Our previous
research [9] showed that A. altissima from Croatia could be a valuable resource for antimi-
crobial activity since its leaf extracts were as effective against Escherichia coli and Candida
albicans as standard antibiotics.

Phenolic compounds in plants are generally one of the most significant bioactive
groups, playing an essential role in their development and defence against infection and
injury [28]. Higher concentrations of phenolic compounds in invasive plants may provide
a competitive advantage over native species [6]. Still, the role and function of high phenolic
diversity remain to be elucidated.

The phytochemical characterisation presented in this study is one step forward in this
task. This knowledge is also crucial to define the possible application areas for the rational
use of these species.

In our study, we identified and quantified phenolics in leaves of six IAPS from the
territory of Istria (Croatia) for the first time (except for A. altissima) and tested the an-
tibacterial, antifungal, and cytotoxic activities of their extracts as a basis for new possible
ecosystem services.

2. Results and Discussion

2.1. Extraction Yield and Phenolic Concentration

The extraction technique’s efficacy is manifested in the yield of an extract with main-
tained functional properties. We prepared two types of extracts from six selected IAPS. We
used methanol as an extractant to prepare phenolic extracts and acetone for the bioassays
(cytotoxicity and antimicrobial testing) due to its lower toxicity to fungi [29] and based on
the comparison of different extractants [30,31]. We obtained the highest phenolic concentra-
tion from D. viscosa (68 mg/g), E. annuus (46 mg/g), and A. altissima (42 mg/g), followed by
X. strumarium (29 mg/g), A. artemisiifolia (15 mg/g), and C. canadensis (13 mg/g) (Table 1).

When we used acetone as an extractant, we obtained the highest yield from A. artemisi-
ifolia (101 mg/g), followed by E. annuus (66 mg/g), D. viscosa (63 mg/g), X. strumarium
(57 mg/g), C. canadensis (47 mg/g), and finally A. altissima with the lowest extraction yield
of 42 mg/g (Tables 2 and 3).
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2.2. LC–DAD–MS Identification and Quantification of Phenolic Compounds

The highest number of individual compounds was identified in A. artemisiifolia (30), fol-
lowed by E. annuus (26), X. strumarium (22), D. viscosa (22), A. altissima (21), and C. canadensis
(18) (Supplementary Table S1). The identified compounds belong to the groups of hydrox-
ycinnamic and hydroxybenzoic acid derivatives, flavones, flavanols, flavonols, flavanones,
ellagitannins, and gallotannins (Supplementary Table S1). As expected, the highest number
of individual compounds were identified in the groups of flavonols and hydroxycinnamic
acid derivatives because it is known that flavonols such as quercetin and kaempferol [32], as
well as acids such as caffeic, p-coumaric, and ferulic, predominate in Asteraceae [33] and A.
altissima [9,34]. The compounds recorded in each species were neochlorogenic, chlorogenic,
and 5-p-coumaroylquinic acids, quercetin-3-glucoside, and kaempferol hexoside. This is in
accordance with other studies. Neochlorogenic acid has been recognised as the main antiox-
idant component of one of the most invasive plant species, Polygonum cuspidatum Siebold &
Zucc. [35]. Chlorogenic acid is one of the major phenolic components in Lonicera maackii
(Rupr.) Maxim., an invasive shrub in North America [36]. In [37], the invasive species
Tithonia diversifolia (Hemsl.) A.Gray also contained a significant amount of chlorogenic
acids. Very recently, 5-p-coumaroylquinic acid was recorded in phytotoxic Lolium multiflo-
rum Lam. [38], and quercetin glycosides were redundantly present in allelopathic Trigonella
foenum graecum L. [39]. Further studies are needed to determine whether these compounds
may have an effect on the invasive ability of invasive species. The proposed activities of
these compounds range from antimicrobial activity, drought, or heat resistance to allelopa-
thy or others. As shown in Supplementary Table S1, we also detected 32 compounds that
were present in only one of the tested species, according to the following representation: 9 in
A. altissima (4-p-coumaroylquinic acid, ellagic acid pentoside, apigenin hexoside, quercetin
galloyl hexosides 1 and 2, quercetin acetyl hexoside, kaempferol acetyl hexoside 2, vescala-
gin isomer, and digalloyl-HHDP-hexoside isomer), 7 in A. artemisiifolia (caftaric acids 1
and 2, caffeic acid, caffeic acid derivative 2, isorhamnetin-acetyl-hexoside, isorhamnetin-3-
rutinoside, and gallic acid), 6 in E. annuus (ellagic acid rhamnoside, quercetin-3-rhamnoside,
kaempferol-3-rutinoside, kaempferol-glucuronyl-hexoside, myricetin-3-glucuronide, and
naringenin hexoside 2), 5 in X. strumarium (apigenin, procyanidin dimer, epicatechin, lar-
icitrin, and syringetin), 4 in D. viscosa (dicaffeoylquinic acids 4 and 5, ellagic hexoside 2,
and myricetin hexoside), and 1 in C. canadensis (ellagic acid). The fact that 9 out of 21
identified compounds in A. altissima were present in this species only was expected since
only this species belongs to the small family Simaroubaceae, while others are from the
ubiquitously present Asteraceae family. While 5-p-coumaroylquinic acid was present in all
the tested species except E. annuus, and 3-p-coumaroylquinic in all except X. strumarium,
4-p-coumaroylquinic acid was detected in A. altissima only, so we assume that the biosynthe-
sis of this isomer of chlorogenic acid is more constrained. As well, 5-p-coumaroylquinic acid
has been detected in another invasive species, for example, in Ageratina adenophora (Spreng.)
R.M.King & H.Rob. [40]. All three p-coumaroylquinic acid isomers were recorded in A.
altissima only (Supplementary Table S1). The combination of three isomers can be found in
the leaves of Vaccinium uliginosum L. (Ericaceae) as well [41]. In A. altissima only, we also
recorded digalloyl-HHDP (6,6′-dicarbonyl-2,2′,3,3′,4,4′-hexahydroxybiphenyl)-hexoside
and vescalagin. These compounds are present in wild Fragaria vesca L. fruits [42] and
Alchemilla vulgaris L. and Alchemilla mollis (Buser) Rothm. [43].

Only A. altissima and A. artemisiifolia contained gallotannins, namely, digalloyl-HHDP-
hexoside isomer and gallic acid, respectively (Table 1). Gallic acid occurs widely in plants
and has antioxidant activities. Plants contain many antioxidant compounds, especially
in leaves, because photosynthesis generates free radicals that have to be neutralised. Gal-
lic acid has previously been identified in the invasive shrub Rhododendron ponticum [44].
Moreover, it was recorded that it had a dose-dependent inhibitory effect on the seed ger-
mination and seedling growth of cucumber (Cucumis sativus L.) [45]. Furthermore, it has
been detected as one of the compounds responsible for the allelopathy of Polygonella myrio-
phylla [46]. However, some data show that this acid alone is not sufficient for the successful
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invasion of Phragmites australis [47]. Therefore, it might be that gallic acid contributes to
plant allelopathy in combination with other compounds. Hydroxycinnamic and hydroxy-
benzoic acid derivatives were quantitatively the main components of the phenolic fraction
in all the tested plant extracts, except E. annuus, where flavanones dominated with a share
of 70% (Table 1, Supplementary Figure S1). The abundant representation of flavanones
in E. annuus has already been documented [48]. Hydroxycinnamic acid derivatives were
significantly more present in D. viscosa and X. strumarium than in other species (Table 1).

As shown in Table 1, the highest concentration of total identified phenolic compounds
was recorded in the extracts of D. viscosa (67.78 ± 0.57 mg/g DW). Moreover, among the
identified compounds, 93% belonged to the groups of hydroxycinnamic and hydroxyben-
zoic acid derivatives. The predominant ones were caffeic acid and quercetin derivatives,
similar to the Tunisian ecotype [49]. At the same time, A. artemisiifolia and C. canadensis ex-
tracts contained significantly lower concentrations (15.00 ± 0.42 and 13.00 ± 2.90 mg/g DW,
respectively) of total identified phenolic compounds. C. canadensis had the lowest concentra-
tion of total identified phenolic compounds (Table 1, Supplementary Table S1). According
to Queiroz et al. [50], this species contains acetylenes, which could be responsible for
its allelopathic activity. The highest concentration of a single group of compounds we
recorded in E. annuus—naringenin hexosides, at a concentration of 32.07 ± 3.01 mg/g
DW (Table 1). Moreover, it is only in this species that we have recorded these compounds.
Naringenin-6,8-di-C-hexoside has already been detected in the wild plants Lathyrus aureus
(Steven) D.Brandza and Lathyrus pratensis L., which have been recognised as new sources
of biologically active compounds [51].

Regarding the flavonoids, all the tested species contained quercetin and kaempferol
derivatives. A. altissima, A. artemisiifolia, D. viscosa, and X. strumarium had more quercetin
derivatives, while in C. canadensis and E. annuus, kaempferol derivatives dominated.
Isorhamnetin derivatives were detected in A. artemisiifolia and D. viscosa, and myricetin
derivatives in D. viscosa and E. annuus. The two species that contained all the four flavonol
derivatives were D. viscosa and E. annuus. Flavanols were detected in X. strumarium only,
and ellagitannin vescalagin in A. altissima only. The flavanones naringenin-hexosides were
present in C. canadensis and E. annuus, the flavones apigenin and apigenin-hexoside in X.
strumarium and A. altissima, respectively. The gallotannins digalloyl-hexahydroxydiphenoyl
(HHDP)-hexoside isomer and gallic acid were present in A. altissima and A. artemisiifo-
lia, respectively. Digalloyl-HHDP-glucoside has already been identified in flowers of
pomegranate (Punica granatum L.) [52].

As shown in Table 1, we recorded the highest concentration of a particular phenolic
group in E. annuus for flavanones (32.07 ± 3.01 mg/g DW, in particular, naringenin hexosides
1 and 2) and in D. viscosa for hydroxybenzoic acid derivatives (31.63 ± 0.53 mg/g DW, ellagic
acid hexosides 1 and 2) and hydroxycinnamic acid derivatives (31.08 ± 0.11 mg/g DW, nine
different types) (Supplementary Table S1). At the same time, these two species also had
the highest concentration of all the identified compounds. Among the hydroxybenzoic
acid derivatives, in all the species, the predominant were caffeic acid derivatives with
even 31.02 ± 0.01 mg/g DW in D. viscosa (Table 1). This species also contained the highest
concentration of hydroxybenzoic acid derivatives, in particular, ellagic acid hexosides at a
concentration of 31.63 ± 0.53 mg/g DW.

Statistical comparison of the phenolic groups’ concentrations between the species
revealed the following: D. viscosa and X. strumarium were dominant over the other species
in hydroxycinnamic acid derivative concentration, D. viscosa had a higher concentration
of hydroxybenzoic acid derivatives than other species, and E. annuus was predominant in
flavanone concentration (Table 1). A. altissima had significantly higher flavones and tannin
concentrations than the other species.

In all the species, hydroxycinnamic and hydroxybenzoic acid derivatives dominated,
with the share in total identified phenolic compounds between 62% (A. altissima) and 93%
(D. viscosa). The only exception was E. annuus, where the predominant compounds were
flavanones with a share of 70% (Table 1, Supplementary Figure S1). Caftaric acid was
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recorded only in A. artemisiifolia. This type of acid can otherwise be found in the leaf
and flower of Lapsana communis L. subsp. communis (Asteraceae), a plant used in folk
medicine as a poultice against chapped nipples or hands [53]. The isomer of catechin,
epicatechin, was detected in X. strumarium. It has already been shown previously that
catechin contributes to the invasiveness of Centaurea stoebe Tausch [54] and Rhododendron
ponticum L. [44]. Laricitrin, which we also recorded only in X. strumarium, was recently
detected in the invasive alien species Rhododendron ponticum [44], which suggests the
implication of this compound in the plants’ invasion process.

2.3. Antimicrobial Activity and Bioautography

The ethyl acetate/methanol/water (40:5.4:5) (EMW) eluent system defines separated com-
ponents in almost all plant species’ crude extracts; however, it moves most of the components
up close to the solvent front, making it difficult to notice good separation. Most of the com-
pounds in the extracts were of intermediate polarity or nonpolar (Supplementary Figure S2a).
The bioautography assay showed that at least one compound from each plant extract was
active against the tested bacteria with a relatively clear zone on TLC bioautograms, indicating
growth inhibition (Supplementary Figure S2b–d), except those from A. artemisiifolia and C.
canadensis against Pseudomonas aeruginosa (Supplementary Figure S2d). This suggests a
higher resistance of P. aeruginosa to A. artemisiifolia and C. canadensis bioactive compounds.

The antimicrobial activity of plant extracts was classified based on the MIC values as
follows: outstanding (0.02 mg/mL and below), excellent (0.021–0.04 mg/mL), very good
(0.041–0.08 mg/mL), good (0.08–0.16 mg/mL), average activity (0.161–0.32 mg/mL), and
weak (>0.32 mg/mL) [55].

The extract of X. strumarium had good activity against three of the four tested bacteria,
with an average MIC value of 0.11 mg/mL, which is a promising antibacterial activity.
The extracts of D. viscosa and A. altissima had an average activity with an average MIC
value of 0.21 and 0.22, respectively (Table 2). D. viscosa had the highest concentration of
total identified compounds (67.78 ± 0.57 mg/g DW), and especially hydroxycinnamic
and hydroxybenzoic acid derivatives (31.08 ± 0.11 mg/g DW and 31.63 ± 0.53 mg/g DW,
respectively) (Table 1). Since this species also showed the lowest MIC value against E. coli
(Table 2), we hypothesise that activity against this bacteria strain might have been mediated
via the identified hydroxycinnamic and hydroxybenzoic acid derivatives. The highest
activity of all plant extracts was obtained against Enterococcus faecalis, with each observed
MIC value below 0.1 mg/mL. The lowest activity was obtained against Staphylococcus
aureus and P. aeruginosa, with average MIC values of 0.69 and 0.64 mg/mL, respectively
(Table 2). Many of these activities are below values considered interesting for developing
new antibiotics (MIC <1 mg/mL) [56]. Still, they could be very useful when used in the
organic production of plant products if they are not edible because a higher concentration
can be applied.

In addition to the MIC values, we also determined the total antibacterial activity (TAA)
value, which takes into account the mass extracted from each species to compare plant
extracts. TAA value (obtained by dividing yield by the MIC and expressed in ml/g) shows
the largest volume to which the biologically active compounds present in 1 g of extract
can be diluted and still inhibit the growth of the test organism [56]. X. strumarium and
A. artemisiifolia extracts had the highest average TAA of 775 and 624 mL/g, respectively
(Table 2). The values varied between 248 and 1425 mL/g with X. strumarium and between
160 and 1683 mL/g with A. artemisiifolia extract against different bacteria. This is an
important parameter to compare the efficacy of different plants. Thus, 1 g of X. strumarium
extract can be diluted to 1425 mL, and 1 g of A. artemisiifolia extract to even 1683 mL, and
will still inhibit the growth of E. faecalis. In this particular case, the extract of A. artemisiifolia
with the highest TAA of 1683 mL/g was the most effective against E. faecalis.

The cytotoxicity was determined using an in vitro assay against Vero monkey kidney
cells. The LC50 and the selectivity index (SI) values were calculated (Table 2). The LC50
values ranged from 0.002 to 0.13 mg/ ml. Extracts of A. altissima and C. canadensis had the
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highest LC50 (lowest toxicity) of 0.17 mg/mL, both, while the extract of X. strumarium was
the most toxic (0.001 mg/mL) to the cells. In classifying the in vitro cytotoxicity of plant
extracts, values below 20 μg/mL are considered highly cytotoxic [57]. However, caution
must be taken in making conclusions based on in vitro cytotoxic data only, because in vitro
toxicity data may not always agree with in vivo toxicity test owing to a number of factors,
such as gut interactions, solubility, bioavailability, and other pharmacokinetic/dynamic
parameters. Therefore, further toxicity testing in in vivo systems will be useful. The selec-
tivity index (SI) is a ratio that measures the window between cytotoxicity and antimicrobial
(antibacterial) activity by dividing the given LC50 by the MIC value. The higher the SI ratio,
the theoretically more effective and safe an extract would be during in vivo treatment for a
given bacterial (fungal) infection, and the more likely it is that the activity is not due to a
general metabolic toxin. Extracts of A. altissima, C. canadensis, E. annuus, and D. viscosa had
SI values higher than 1 (Table 2) against E. faecalis.

The extracts of A. altissima and X. strumarium had the highest average activity against
two of the three tested fungi, with an average MIC value of 0.21 mg/mL (Table 3). A. al-
tissima showed the greatest variety of compounds (most specific ones) and also the least
MIC value toward A. fumigatus. Hence, we hypothesise that some or a combination of some
compounds could be responsible for higher toxicity of A. altissima extract to A. fumigatus.
The highest activity of all plant extracts was obtained against C. albicans, with an average
MIC value of 0.20 mg/mL. A. fumigatus was the most resistant fungus against the plant
extracts with an average MIC value of 0.69 mg/mL. In comparison with amphotericin B,
used as a positive control, with an average MIC value of 8 × 10−3 mg/mL, tested extracts
were much less active.

The X. strumarium and A. artemisiifolia extracts had the highest average TAA of 284
and 296 mL/g, respectively (Table 3). The highest value for X. strumarium extract was
365 mL/g, which means that the yield from 1 g of X. strumarium extract can be diluted to
365 mL and will still inhibit the growth of C. neoformans. A. artemisiifolia had the highest
TAA value (646 mL/g) against C. albicans.

None of the tested extracts had an SI ratio greater than 1, implying that the antifungal
activity of the plant extract is probably due to a general metabolic toxic effect (Table 3).
It should be noted, however, that in vitro toxicity results may not always predict the
toxicity behaviour of extracts when tested in in vivo systems due to pharmacokinetic and
pharmacodynamic interactions within the body [58].

3. Materials and Methods

3.1. Plant Material

The leaves of six invasive species widespread in Croatia were used in this study:
Ailanthus altissima (Mill.) Swingle (Simaroubaceae), Ambrosia artemisiifolia L. (Asteraceae),
Conyza canadensis (L.) Cronquist (Asteraceae), Dittrichia viscosa (L.) Greuter (Asteraceae),
Erigeron annuus (L.) Pers. (Asteraceae), and Xanthium strumarium L. (Asteraceae). The
official blacklist of the invasive species of Croatia, according to the law on the introduc-
tion, prevention, and spread of invasive alien species and management [59], has not been
delivered yet. However, Nikolić et al. [14] published a list of 70 most relevant invasive
plant species of Croatia, which contains all the species involved in this research. More-
over, all of them, except D. viscosa, are included in the Global Register of Introduced and
Invasive Species [60].

The plants were collected in the Istria region (Figure 1). Their identities were estab-
lished by Istrian Botanic Society botanists and confirmed by comparison with the literature.
For each species, plant material from different locations (latitude from 44◦46′03′′ N to
45◦19′36′′ N, longitude from 13◦35′48” E to 14◦08′47” E) was collected in the optimal
maturity stage for determination, from June to August 2018. Approximately 250 g of
plant material from every location was collected and pooled. For phenolic profiling, plant
material was freeze-dried and stored in the dark at room temperature until analysis. For
antimicrobial assays, plants were air-dried in the shade and stored at room temperature.
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Figure 1. Location (geographic coordinates) in the Istria region where the six invasive alien plant
species were collected. The location of the Istria Region in Croatia is given in the bottom right.

3.2. Extraction Procedures

The extraction of phenolic compounds for LC–MS identification and quantification
was performed following the slightly modified procedure of Mikulic-Petkovsek et al. [61].
A hundred milligram of dried plant tissue was extracted with 6 mL of 70% methanol
containing 3% (v/v) formic acid in a cooled ultrasonic bath for 60 min. Extracts were
centrifuged for 10 min at 10,000× g and filtered through 20 μm polytetrafluoroethylene
(PTFE) filters (Macherey-Nagel, Düren, Germany). Identification of individual pheno-
lic compounds was qualitatively achieved using the method of external standards and
quantitatively comparing peak area on chromatograms of samples with those of diluted
standard solutions. The external standards used in this study were caffeic acid, apigenin-7-
glucoside, ferulic acid, quercetin-3-O-rhamnoside, neochlorogenic (3-caffeoylquinic) acid,
naringenin, ellagic acid, gallic acid, chlorogenic acid, and rutin (quercetin-3-O-rutinoside)
from Sigma-Aldrich (St. Louis, MI, USA) Chemie; (-)epicatechin, quercetin-3-O-galactoside,
quercetin-3-O-glucoside, p-coumaric acid, procyanidin B1, and kaempferol-O-glucoside
from Fluka Chemie; quercetin-3-O-xyloside and quercetin-3-O-arabinopyranoside from
Apin Chemicals (Abingdon, UK); and isorhamnetin-3-O-glucoside from Extrasynthese
(Genay, France).

Acetone was used as an extractant in bioassays (cytotoxicity and antimicrobial activ-
ities). The choice of extractant was based on its efficacy in the quantity and diversity of
compounds extracted, safety, low toxicity, and ease of removal [62]. The mixture of finely
ground dry leaf samples (2 g) and acetone (20 mL) was sonicated for 20 min, vigorously
shaken, and then centrifuged for 10 min at 4000× g (Hettich Centrifuge, Rotofix 32 A,
Labotec, Johannesburg, South Africa). The supernatant was filtered through a filter paper
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(Whatman No. 1) and concentrated by drying under a stream of cold air in preweighed
glass vials. The yield was obtained by dividing the mass extracted by the initial mass. A
stock solution (10 mg/mL) in acetone was prepared and used in the assays.

3.3. Determination of Individual Phenolic Compounds Using LC–DAD–MS Analysis

Phenolic compounds were analysed on an HPLC system (Thermo Finnigan Surveyor,
Thermo Scientific, San Jose, CA, USA) equipped with a DAD detector set (280, 350, and
530 nm) following the procedure of Mikulic-Petkovsek et al. [61]. A Gemini C18 (Phe-
nomenex, Torrance, CA, USA) column (150 × 4.6 mm i.d., 3 μm) was used at 25 ◦C. The
samples were eluted with aqueous 0.1% formic acid and 3% acetonitrile in double-distilled
water (A) and 0.1% formic acid/3% double-distilled water in acetonitrile (B) according to
linear gradients reported by Wang et al. [63]. The Excalibur software was used for spectral
data analyses (Thermo Fisher Scientific, Waltham, MA, USA). All phenolic compounds
were identified using a mass spectrometer Thermo Finnigan LCQ Deca XP Mass (Thermo
Fisher Scientific, Waltham, MA, USA) with an electrospray interface (ESI) operating in neg-
ative and positive ion modes, performing analyses under the same conditions as reported
by Mikulic-Petkovsek et al. [64]. Identification of the phenolic compounds was established
based on their retention times and their PDA spectra in comparison with standard pheno-
lics and based on fragmentation patterns in different MSn modes compared with literature
data. Contents of phenolics were expressed in mg/g dry weight (DW) of plant material.
All analyses were performed in triplicate.

3.4. Antimicrobial Testing
3.4.1. Bioautography

Chemical constituents of the extracts were analysed by thin-layer chromatography
(TLC) using aluminium-backed TLC plates (silica gel 60 F254, Merck, Kenilworth, NJ, USA).
The TLC plates were developed under saturated conditions with ethyl acetate/methanol/
water (40:5.4:5) (EMW) (polar/neutral) eluent systems developed in the laboratory of the
Department of Paraclinical Sciences, University of Pretoria, which efficiently separate
components of plant extracts [31]. To detect the separated compounds, vanillin–sulphuric
acid (0.1 g vanillin (Sigma®, Pretoria, South Africa): 28 mL methanol: 1 mL sulphuric acid)
was sprayed on the chromatograms and heated at 110 ◦C for optimal colour development.

A bioautographic method used by Kotze and Eloff [31] was used to determine the
antibacterial activity of separated compounds. TLC plates (10 cm × 10 cm) were loaded
with 10 μL of a 10 mg/mL solution of each of the extracts. The prepared plates were
developed in an EMW mobile system. The chromatograms were dried at room temperature
under a stream of air to remove the remaining solvent. The TLC plates were sprayed with a
concentrated suspension of actively growing cells of four bacterial strains before incubating
at 38 ◦C in a chamber at 100% relative humidity. Plates were sprayed with a 2 mg/mL
solution of p-iodonitrotetrazolium violet (Sigma). Clear zones indicated inhibition of
growth on the chromatogram after incubating for 1 h.

3.4.2. Antibacterial and Antifungal Activity

The minimal inhibitory concentrations (MICs) of extracts on the selected microbes
were determined using the serial microdilution method in 96-well microplates previously
developed by Eloff [62]. Antibacterial activity of plant extracts was tested against two
Gram-positive (Staphylococcus aureus ATCC 29213 and Enterococcus faecalis ATCC 29212)
and two Gram-negative (Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC
27853) bacterial strains. Bacteria strains were purchased from Anatech Instruments (PTY)
LTD, Pretoria, South Africa. Frozen stocks of the bacteria were grown on Mueller Hinton
agar (Sigma) and kept in the fridge. Prior to the assay, bacteria were grown in Mueller
Hinton broth (Sigma) overnight and adjusted to a McFarland 1 standard. One hundred
microlitres of each extract (10 mg/mL) dissolved in acetone was added to the first well
of a round-bottomed sterile 96-well plate containing 100 μL of sterile distilled water and
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serially diluted (1:1). Then 100 μL of bacteria was added to the wells and incubated for
18–24 h. The bacteria were exposed to final extract concentrations of 2.5, 1.25, 0.63, 0.32,
0.16, 0.08, 0.04, and 0.02 mg/mL. Gentamicin and acetone served as positive and negative
controls, respectively. Afterwards, 40 μL of p-iodonitrotetrazolium violet (INT; Sigma®)
dissolved in hot sterile water was added to the wells with further incubation for 1–2 h. The
MIC was determined visually as the lowest concentration inhibiting bacteria growth.

As regards antifungal activity, a slightly modified serial dilution method by Ma-
soko et al. [65] was used to determine the MIC of extracts against fungi (Candida albicans
ATCC 10231, Cryptococcus neoformans ATCC 32045, and Aspergillus fumigatus ATCC 204305).
Fungi cultures were purchased from Anatech Instruments (PTY) LTD, Pretoria, South
Africa. Fungi were maintained on Sabouraud agar (Sigma) prior to growth in Sabouraud
broth (Sigma) overnight. The assay was performed as described above, except that ampho-
tericin B served as a positive control, while INT (40 μL) was added to the wells prior to
incubation for 24 h.

3.5. Cytotoxicity

Cytotoxicity (LC50) assessment was performed using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay on Vero African green monkey kidney cells,
according to Mosmann [66], with minor modifications [67]. Cells were kept in a minimal
essential medium (Highveld Biological (PTY) LTD, Johannesburg, South Africa) supple-
mented with 5% foetal calf serum (Adcock Ingram, South Africa) and 0.1% gentamicin
(Virbac, Johannesburg, South Africa) in a 5% CO2 incubator. Cells were prepared from not
more than 80% monolayers and seeded at a density of 1 × 104 cells/ well of sterile 96-well
microtiter cell culture plates and incubated at 37 ◦C and 5% CO2 in a humidified environ-
ment for 24 h. Following this, cells were exposed to extracts at varying concentrations in
quadruplicate and incubated for 48 h. Doxorubicin (Pfizer Laboratories, Johannesburg,
South Africa) served as a positive control, while untreated cells served as a negative control.
Afterwards, the medium in each well was aspirated, and the wells were washed with PBS
(Whitehead Scientific, Johannesburg, South Africa), and a fresh complete medium was
added to each well. Then, 30 μL of 0.5% MTT (Sigma, Pretoria, South Africa) was added to
the wells, and the plates were incubated at 37 ◦C for 4 h. Media in the wells were discarded,
and DMSO was added to each well to solubilise the formazan crystals. The absorbance
was measured using a BioTek Synergy microplate reader (Thermo Fisher Scientific, USA)
at 570 nm, and LC50 values of the extracts were calculated. The selectivity index (SI) value
for each sample was obtained by dividing the LC50 value by the respective MIC value
(SI = LC50/MIC).

3.6. Statistical Analyses

The data were analysed in the Statgraphics Plus 4.0 program (Manugistics Inc.,
Rockville, MD, USA) using one-way analysis of variance (ANOVA) and LSD multiple
range test (p ≤ 0.05).

4. Conclusions

The results of this study add valuable information to the existing knowledge on inva-
sive plant species and might contribute to the use of these underutilised and undesirable
species for the development of commercial natural products. All the extracts proved to be
a rich source of phenolics, with very good to average antimicrobial activity against four
bacterial strains and three fungi. The observed activity against fungi indicates that extracts
of these plants could be useful to combat fungal infections of plants. In the cases where the
selectivity index was too low, it could still be used on nonedible plants, such as flowers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants11050596/s1: Figure S1: Heat map presenting the representations of phenolic groups
in different invasive plants; Figure S2: Chromatogram of the acetone extracts of the plant species
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leaves developed in ethyl acetate/methanol/water (EMW) solvent system sprayed with vanillin–
sulphuric acid and TLC bioautograms; Table S1: Spectrum, mass-to-charge ratio (m/z) values of
the molecular masses, and main fragments (MS2—second-generation product ion, MS3—third-
generation product ion) in negative ion mode ((M-H)−) identified with ESI–MS and the distribution
of individual compounds in different invasive plants.
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Abstract: Whilst exotic invasive species are a major threat to natural and modified ecosystems around
the world, management programs to reduce their impacts often fail due to a lack of information about
their biology and how best to control them in various situations. This paper reviews the currently
available information on the biology, distribution, and management options for the invasive weed
Senecio madagascariensis Poir. (fireweed). In addition, we developed a model to predict the climatic
suitability of this weed around the world based on the current climate. Senecio madagascariensis
originates from southern Africa but it has been introduced to several other countries including
Australia. Climatic suitability suggests that there are large areas around the world suitable for
the weed’s growth where it is currently not present. The weed poses a major threat to livestock
industries in these countries through its ability to reduce pasture production and poison animals.
A range of control techniques have been used to try and manage S. madagascariensis. This paper
highlights how a better understanding of the biology of S. madagascariensis can help determine the
most effective treatments to impose and to further develop integrated management strategies. Besides
using traditional approaches, the use of competitive pastures and more tolerant livestock (such as
sheep and goats) are some of the other options recommended as part of an integrated approach.
On-going research to identify host-specific biological control agents is also considered a priority.

Keywords: CLIMEX; ecology; herbicides; impact; integrated control; pasture management

1. Introduction

Senecio madagascariensis Poir. (fireweed), a native herbaceous plant from southern
Africa [1] has been introduced to several countries including Australia, the United States
of America (USA; Hawaii), Japan, Brazil, Argentina, Venezuela, Columbia, Uruguay, and
Kenya [2]. Senecio madagascariensis plants contain pyrrolizidine alkaloids (PAs) and when
eaten by some domestic livestock (particularly cattle and horses) it can lead to liver tox-
icity [3]. Senecio madagascariensis has an ability to spread into different habitats quickly
through high seed production and multiple dispersal mechanisms, particularly wind. In
some cases, effective S. madagascariensis management can be achieved using herbicides, but
maintaining a healthy and competitive pasture and implementing multi-species grazing
practices are also recommended for long-term control [4]. Nevertheless, the development
of integrated management strategies that incorporate a range of options will be the most
effective approach to reduce the impact of S. madagascariensis [5]. The aim of this paper is to
evaluate the currently available information on the biology, distribution, and management
of the invasive S. madagascariensis and to identify knowledge gaps that could be the catalyst
for further research on this problematic weed.
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2. Biology and Ecology of S. madagascariensis
2.1. Taxonomy

Botanical name S. madagascariensis Poir. Senecio madagascariensis was first described
by JLM Poiret in Madagascar in 1817 [6]. It belongs to the Tracheophytes, in the class
Magnoliopsida, order Asterales, and family Asteraceae with synonyms of Senecio bakeri S.
Elliot, Senecio incognitus Cabrera, and Senecio ruderalis Hary [7]. In South Africa, it is called
S. ruderalis Harv. or S. junodianus O.Hoffm, whereas cytological studies in Australia have
confirmed it as S. madagascariensis [8]. Its name is derived from Latin, senex meaning ‘old
man’ referring to its pappus appearing like a white beard and madagascariensis meaning
‘from Madagascar’ [9].

The taxonomic position of Australian S. madagascariensis is undetermined. Initially, it
was assumed to be part of the native (Australia) Senecio pinnatifolius; S. pinnatifolium (coastal
groundsel) group which was made up of four clearly recognised sub-species in Australia
viz. S. pinnatifolius sub spp., alpinus, S. dissectifolius, S. lanceolatus, and S. maritimus [10]. This
is consistent with results from genetic analysis undertaken on northern QLD populations
in Australia, which showed a close relationship with the S. madagascariensis complex
from South Africa and only a moderate similarity to S. madagascariensis coming from
Madagascar [11]. Furthermore, the species can vary in chromosome number with the
coastal groundsels having a diploid chromosome number of 40 while S. madagascariensis
has 2n = 20 for Australian [12] and Argentinian populations [13,14].

2.2. Common Name

Senecio madagascariensis is known by various common names including fireweed
(Australia), Madagascar ragwort (Australia), and South African ragwort (Australia). Due
to its ability to spread like a wildfire, the common name ‘fireweed’ is most used. Another
possible reason for this name might be its bright yellow flowers appearing like a wildfire
across the landscape. Other common names include, in Argentina “golden button” and
“yellow flower of Mar del Plata” [15].

2.3. Species Description

Senecio madagascariensis is an erect, herbaceous, short-lived perennial plant ca. 10
to 50 cm tall (occasionally up to 70 cm). It forms a single stem or occasionally multiple
stems which arise from a central crown at its base [15]. Its stems are multi branched,
especially towards the top of the plant. Leaves are typically lanceolate with tips that are
acute with denticulate margins [16] and sessile or sub-sessile [15]. Individual plants possess
a branched tap root which grows 10 to 20 cm deep, with numerous fibrous roots [16].

Senecio madagascariensis possess heterogamous, radiate daisy-like flower heads that are
canary yellow in colour, having a total ca. 120 small tubular disk florets and petal-like ray
florets [9]. Florets are enclosed in involucral bracts (21) which are greenish in colour with
brown or blackish tips [15]. A single plant can produce up to 200 flower heads (capitula)
and ca. 30,000 seeds per year [17]. Fruit is small, ca. 1.5 to 2.2 mm long and up to 0.5 mm
wide. Each fruit contains a single seed and a short hair-like structure, the pappus [18].

In Australia, S. madagascariensis can be confused with the coastal groundsels
(S. pinnatifolius) as they both produce showy radiate inflorescences and grow to a sim-
ilar height [19]. Moreover, both types are predominantly insect-pollinated and form
fruit that are wind-dispersed [19]. The main distinguishing characters that separate
S. madagascariensis from the costal groundsels are the number of involucre bracts at the
base of the capitulum and the morphology of the seed [19]. Senecio madagascariensis has
20 to 21 involucre bracts/phyllaries (Sindel, 1989) while the coastal groundsels have ca.
13 cup-shaped involucre bracts but rarely 20 (each 3.0 to 7.5 mm long) with an apex that is
weakly to strongly pigmented brown, black, or purple [20].
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3. Economic Impacts of S. madagascariensis

The major economic impacts of S. madagascariensis are associated with a decrease
in pasture productivity due to competition and poisoning of livestock [9]. Due to the
production of toxins in S. madagascariensis, the livestock productivity losses in Australia
have been estimated at $2 million annually [21].

According to the results of a national survey of landholders undertaken in Armidale
and Dorrigo, NSW in 1985, almost 50% of respondents said that they spent more than
50 h every year controlling S. madagascariensis on their property, while about 40% said
they spent ≥ $1000 on control actions [4]. In Hawaii, S. madagascariensis is distributed
over 162,000 hectares of pasture [22], and US$11 million is spent annually trying to control
it [23].

4. Geographic Distribution

4.1. Southern Africa—Native

Senecio madagascariensis is native to the southern parts of Africa, where it is present
from coastal regions up to high altitude areas (i.e., 1500 m above sea level). It is considered
native to Madagascar and the Mascarene Islands, to coastal Mozambique and KwaZulu-
Natal and the Eastern and Western Cape Provinces of South Africa and Eswatini. In
Madagascar, S. madagascariensis occurs in small remote populations at lower elevations in
the southeast and in the semi-arid southwest of the island [11]. Besides its native range in
Africa, S. madagascariensis has also been recorded as an introduced species in the highlands
of Kenya [24].

4.2. Australia—Introduced

Senecio madagascariensis was thought to have reached Australia in the ships trading
between Europe and Australia that had passed through the Cape of South Africa [8].
In 1918, S. madagascariensis was first identified close to Raymond Terrace in the Hunter
Region, of central NSW. By the late 1960s, it was found almost 650 km further south
along the shoreline in the Bega Valley, of south-costal NSW, possibly arriving there as a
fodder contaminant from the north-coast of NSW. Senecio madagascariensis had become a
pasture threat by about 1983, despite being a very dry year with little fodder having been
produced [25]. Large populations of S. madagascariensis continued to establish and spread
rapidly in the mid-1980s throughout the pastures of coastal NSW as well as into Southeast
Queensland (SEQ) [26]. According to Sindel [27] isolated plants were also encountered
inland, especially at Dubbo on the Central Western Plains of NSW, inside the limits of the
Western Plains Zoo.

Moreover, in southern Queensland, S. madagascariensis has spread northward from
Brisbane, with isolated infestations occurring near Caboolture, Cooroy, Belli Park, Maleny,
Yandina, Pelican Waters, and as far north as Malanda. There is also an herbarium record
from near Longreach, although the specimen appears to have been collected near the
roadside and it is not clear if it was an isolated plant or if an infestation was present. A
prediction in view of climate change and land utilization, suggests that S. madagascariensis
could become a serious problem as far north as Rockhampton [28].

In 2007, the weed was reported close to Rockhampton and on the Atherton Table-
lands in far north Queensland (QLD), in accordance with the expectations of Sindel and
Michael [24]. In SEQ, the most widespread incursions of S. madagascariensis have been
identified in Logan City, Gold Coast City, and Scenic Rim Regional Council areas. Although
locally abundant, it is generally less common in Brisbane City, Redland City, Ipswich City,
and Moreton Bay Regional Council jurisdictions [29].

4.3. Hawaii—Introduced

Senecio madagascariensis was first discovered in the archipelago of Hawaii in the 1980s
where it had established in pastures near Waimea and Kona on the Big Island [22]. Since
then, it has spread to pastureland in the north eastern and western sides of the island and
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increased towards the southern areas [21]. The naturalised S. madagascariensis populations
are found from sea level up to 1600 m in Maui [21] and Kaua’I [30].

Senecio madagascariensis plants in Hawaii, according to molecular investigation, are
like those from South Africa more so than those from Madagascar or Eswatini [21]. These
populations are thought to have arrived in Hawaii as contaminants of Axonopus fissifolius
(Raddi) Kuhlm (carpet grass) seed lots sent from Australia. A detailed comparative study
was undertaken on the alkaloid content of S. madagascariensis plant material collected
from a single location in Australia (northern NSW) and multiple locations in Hawaii [3].
In total, 13 pyrrolizidine alkaloids (PAs) were identified and included: senecivernine,
senecionine, integerrimine, senkirkine, mucronatinine, retrorsine, usaramine, otosenine,
acetylsenkirkine, desacetyldoronine, florosenine, and doronine. Interestingly, while there
was large variation in total PA content amongst individual plants within locations (217 to
1990 μg g−1 on a dry weight basis); overall, the plant material collected from the Hawaiian
Islands was found to be identical in pyrrolizidine alkaloids (Pas) content to the Australian
collection. It was suggested that this was further evidence that S. madagascariensis in Hawaii
may have originated from Australia [3].

4.4. Japan—Introduced

In 1976 S. madagascariensis was first identified in Naruto City in the Eastern Shikoku
region of Japan. Gradually, it has spread widely in southern parts of the country. At present,
S. madagascariensis covers a large portion of the southwestern part of Japan. Moreover, it
has been observed on the Pacific coast and on the seacoast of Seto Island. According to
these previous studies, S. madagascariensis has been confined to the warmer southwesten
regions [2], including Tokyo where there is 1000 to 1700 mm of precipitation annually [8].
The pathway of its arrival into Japan is unknown.

4.5. South America—Introduced

Several countries in South America have recorded the presence of S. madagascariensis;
Argentina, Brazil, Columbia, and Uruguay. In Argentina and Brazil, the first specimens of
S. madagascariensis were collected in 1940 and 1995, respectively [31]. In Argentina it was
found around cities and on roadsides in Buenos Aires province in the 1940s, but over about
a 30-year period it spread into nearby provinces and is now widely distributed in northern
and central Argentina [32]. In Brazil, it spread quickly throughout the Pampas region and is
now widely distributed in southeastern Brazil [31,32]. In the 1980s, S. madagascariensis was
recorded from Colombia for the first time [33]. It has invaded the cool moist Colombian
highlands near Bogota [9]. In Uruguay, S. madagascariensis has been regarded as a serious
threat to producers since its detection in late 1990s in grazing pastures near the western
cities of La Concordia and Dolores in the region of Soriano and near the southwestern
region of Colonia [34]. By 2010, farmers from the open eastern rangelands of Uruguay
bordering Brazil were recording significant increases of seneciosis (intense acute or chronic
necrosis of liver) in their grazing livestock [35,36].

5. Potential Spread and Future Distribution of S. madagascariensis

To assess the climatic suitability of S. madagascariensis around the world, a process-
based model CLIMEX (version 3) has been used [37]. The CLIMEX model compares the
response of a species to long term averages of climate for different locations. A series of
growth and stress indices are inferred based on climates of known occurrences of a species.
The annual growth index, GI, describes species response to temperature and soil moisture
while stress indices (cold, wet, hot, dry, cold-wet, cold-dry, hot-wet, and hot-dry) exclude it
from unfavourable locations. By combining these growth and stress indices, an Ecoclimatic
Index (EI), ranging from 1–100 is calculated, which provide an overall measure of the
suitability of a given location.

We used the ‘Compare Locations’ model in CLIMEX which was parametrised by
using distribution data of S. madagascariensis from its native range in South Africa and
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Madagascar, and its introduced range, such as Japan. Growth and stress parameters of
S. madagascariensis were fitted using the methodology described in [37–39]. A modified
CLIMEX temperate template was used as a starting point. The model fitting strategy
started with fitting of stresses based on known occurrences in native range in Southern
Africa (South Africa, Swaziland, Mozambique, Madagascar; n = 242) and introduced range
in east Africa (Kenya; n = 13) and Southeast Asia (Japan; n = 66). The stress parameters
were fitted iteratively by changing the values until a best fit is achieved. To exclude the
S. madagascariensis suitability in tropical regions of the world, a hot-wet stress (HDS) was
used. Similarly, the cold stress (THCS) value was increased to constrain weed’s suitability
from very cold regions of the world (Table 1).

Table 1. CLIMEX parameter values used for modelling the potential distribution of S. madagascariensis.

Parameter Group Parameter Value Units

Temperature index

DV0 = limiting low temperature 5 ◦C

DV1 = lower optimum temperature 18 ◦C

DV2 = upper optimum temperature 24 ◦C

DV3 = limiting high temperature 35 ◦C

Moisture index

SM0 = limiting low soil moisture 0.1 mm

SM1 = lower optimum soil moisture 0.2 mm

SM2 = upper optimum soil moisture 1 mm

SM3 = limiting high soil moisture 1.5 mm

Cold stress

TTCS = temperature threshold 2.5 ◦C

THCS = stress accumulation −0.0001 week−1

DTCS = degree-day threshold 0 day ◦C

DHCS = degree-day stress rate 0 week−1

Heat stress
TTHS = temperature threshold 35 ◦C

THHS = stress accumulation rate 0.001 week−1

Dry stress
SMDS = wet stress threshold 0.1

week−1HDS = stress accumulation rate −0.0001

Wet stress
SMWS = wet stress threshold 2

week−1HWS = stress accumulation rate 0.001

Hot-wet stress PHW = stress accumulation rate 0.001 week−1

The growth functions (temperature and moisture indices) of the model were fitted
based on S. madagascariensis distribution in native range and introduced range, as well as
reported experimental data [9]. To validate the model, the climatic suitability projection
was matched with known occurrences of S. madagascariensis in Australia (n = 9283) and
South America (n = 122). All occurrences in Australia and South America fall within
projection, providing confidence that this model is reasonable representation of climatic
suitability of S. madagascariensis.

The CLIMEX model, run under the current climate scenario, satisfies the present
geographic range of S. madagascariensis around the world (Figure 1). All occurrences of
S. madagascariensis matched well within the projection created by this model. For South
America, the model suggests that most of the southern parts of Brazil, the whole of Uruguay
and northeastern Argentina is highly suitable for S. madagascariensis (Figure 1). Most parts of
Andes Mountain range in Bolivia, Peru, Ecuador, and Columbia are also suitable. In North
America, southeastern States (Florida, Louisiana, Texas, Alabama, Georgia, Mississippi)
and whole of east coast of USA, southern Mexico, and most of the Caribbean Islands are
projected to be highly suitable for S. madagascariensis. One other highly suitable region,
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presently outside the range of S. madagascariensis, was in southeast Asia with southern and
southwest parts of mainland China, southern Japan, and northern Vietnam being suitable
with EI values of between 21 to 40 (Figure 1). Most of eastern and southern Africa, as well
as northern most parts of African continent were predicted to carry a similar climate to that
of the native range of the weed. According to the potential distribution model, most parts
of western Europe including, Portugal, Spain, Italy Belgium, Hungary, France, Germany
and the United Kingdom are all highly suitable with EI values of 30 to 60 (Figure 1). The
model has predicted that southeastern Australia is climatically highly suitable for fireweed
compared to northern Australia. This was further confirmed by concentration of most of
the species’ occurrences within this region. Inland QLD and NSW and northern parts of the
Northern Territory (NT) and inland Western Australia (WA) have EI values in the range of 1
to 20. Furthermore, many parts of Victoria and Tasmania are suitable for S. madagascariensis
to grow. Although S. madagascariensis has so far not been reported from New Zealand, our
model predicts that most parts of both North and South Islands are climatically suitable for
S. madagascariensis. However, CLIMEX projections are very coarse and do not include the
regional microclimate variations, biotic factors (competition, natural enemies, allelopathy,
etc.) and land use practices that can also affect a locations suitability for invasion.

Figure 1. Current distribution (native—green dots; introduced—blue dots) and the climatic suitability
for fireweed under the current climate modelled using CLIMEX.

Sindel and Michael [24] using BIOCLIM, suggested the potential range of
S. madagascariensis in QLD was from the southern border, along the southern coast and
north to about Gympie. However, Csurhes and Navie [29] using CLIMEX, suggested the
potential range could go further, north into coastal central Queensland and into higher
elevation areas including the Atherton Tableland in northern Queensland.

5.1. Preferred Habitat

Senecio madagascariensis can develop a different growth habit, with different leaf
shapes on different soil types and in different habitats [11]. Senecio madagascariensis is an
opportunistic weed and it can adapt and spread into new areas rapidly [8]. The preferred
habitat of S. madagascariensis in the invaded range includes roadsides, livestock feeding
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areas, and areas around dams and other wet areas [18]. It can also be found in improved
grasslands, in meadows and along riverbanks [40]. Senecio madagascariensis prefers well-
drained, non-compact, high fertility soil, but it can grow on a wide range of soils including
sands and limed soil [8,9].

5.2. Climatic Requirements

Senecio madagascariensis prefers a humid, maritime, and sub-tropical climate. It is found
at similar latitudes on the eastern coast of the three continents of the southern hemisphere
with an annual rainfall of between 500 to 1000 mm [9]. An annual mean temperature of
12.4 to 20.1 ◦C favours the establishment of S. madagascariensis in most locations where it
has invaded [9]. However, young seedlings are sensitive to frost while older plants show
tolerance [21], but frost can reduce their vigour [24]. This may lead to its absence in areas
with a high frost rate [21]. Senecio madagascariensis can grow at altitudes of up to 2800 m
above sea level in the tropical environments of Kenya and Columbia suggesting that the
warmer altitudinal temperatures in these countries may allow it to grow at higher altitudes
than would normally be seen in more temperate countries [24].

Based on an empirical modelling approach, Le Roux et al. determined the most climat-
ically suitable areas for S. madagascariensis in Hawaii [41]. They concluded that they were
low elevation and arid areas on the windward sides of all islands, with minimum and max-
imum annual temperatures between 12 to 18 ◦C and 21.2 to 26.5 ◦C respectively, elevations
between sea level and 1000 m, solar radiation levels between 350 to 400 calories m−2 day−1,
and annual precipitation between 178 to 376 mm year−1. This is consistent with other stud-
ies, although the estimation for precipitation is substantially lower. A potential limitation
of this study is that the model developed is only based on climate data taken from positive
locations on the five major islands of Hawaii. In addition, the LeRoux’s projection (41) did
not completely exclude the higher elevation and humid areas as possible invasion sites, as
they were predicted to be reasonably suitable.

5.3. Growth and Development

Senecio madagascariensis is a short-lived perennial, however it often grows as an annual.
Most plants finish their life cycle at the end of their first year [9]. However, a few plants
will remain, continue to grow, and reproduce vigorously throughout their second year and
therefore under these circumstances it is regarded to be a perennial. It can exhibit high
plasticity with the ability to change its life cycle depending upon local conditions [9].

5.4. Reproduction and Seed Dynamics

Senecio madagascariensis reproduces primarily by seeds (i.e., achenes), although veg-
etative reproduction has been observed under certain conditions [8,42]. When its stems
are trampled and contact moist soil, roots and shoots can sprout from the stem’s nodes,
resulting in new, self-supporting plants [42].

Flowering can take place throughout the year in some countries [23] however, in
Australia, it is typically from late autumn (May) through to mid-summer (January). If
conditions are favourable, some plants flower until late summer (February). Generally,
plants flower 42 to 70 days after seedling emergence. Flowers are pollinated by insects such
as European honeybees and hover flies [9]. Generally, the plants undergo senescence and
die after flowering as this is an important part of the life cycle.

Shed seed can germinate as soon as it is dispersed [16]. Although, seed can germinate
throughout the year, in Australia the highest peak in germination occurs from March to
June [15]. Seeds germinate within a temperature range of 15 to 27 ◦C at the soil surface [18],
and maximum germination occurs between 20 to 25 ◦C and germination ceases at 35 ◦C
or above [9]. Germination is also highest in the presence of light compared to dark condi-
tions [12]. Under normal conditions, S. madagascariensis seed dormancy is negligible and
high temperatures induce seed dormancy [43]. Despite having relatively high germinability,
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viable seedbanks are thought to persist for between 3 to 5 years [18] and potentially up to
10 years under certain conditions [9].

5.5. Seed Dispersal

Human aided dispersal has been responsible for the introduction of S. madagascariensis
into at least eight countries outside of its native range. Once in a new environment, the seeds
can be dispersed from local populations through multiple mechanisms including wind, by
attaching to animals and vehicles, or in contaminated agricultural produce [29]. Wind has
been attributed to the rapid spread and expansion of S. madagascariensis in parts of several
countries, including Australia, Argentina, Brazil, and the USA (i.e., Hawaii) [32,40,44]. It
was hypothesised that the spread of S. madagascariensis by wind might have been enhanced
through the rapid evolution of superior dispersal traits at the invasion front (i.e., range
edge populations) [40], as has been reported for S. inaequidens in Europe [45]. However,
after comparing key features of the propagules of S. madagascariensis plants (i.e., pappus
size, achene size, and the ratio of pappus size to achene size) growing on the edge and
from within the established range, no differences in dispersal potential were found, which
is advantageous from a management perspective. Bartle et al. [40] recorded a similar
response for South American populations. However, they did find that wind dispersal of
S. madagascariensis was strongly affected by adaptation to prevailing geographic conditions.
In low altitude areas of Argentina, plants had adapted to produce smaller seeds that could
be dispersed further by wind. In higher altitude areas, larger seeds were produced, which
suggested that seedling establishment was favoured over long-distance dispersal [44].
In-addition to wind dispersal, it can be dispersed by hay, grain, clothing, vehicles, livestock,
birds, and other animals [9]. However, it is unknown whether S. madagascariensis seeds can
go through the digestive tract of cattle, sheep, or birds and then germinate [9].

5.6. Toxicity

Among the 1200-worldwide species of Senecio, ca. 25 species (including S. brasiliensis,
S. heterotrichius, S. cisplatinus, S. selloi, and S. oxyphyllus) are toxic to certain livestock, such
as horses (Equus caballus L.) and cattle (Bos taurus L., Bos indicus Brahman) [3]. According to
various studies, some Senecio species can be toxic to humans. For example, if milk products
containing PAs from S. madagascariensis are consumed [46].

Due to the presence of pyrrolizidine alkaloids (PAs) in the leaves, S. madagascariensis
is highly toxic to certain domesticated animals; that is, it can cause hepatopathy, decrease
the development of young animals, and in some cases cause mortality when ingested [2].
According to Sheppard et al. the PAs from S. madagascariensis could cause chronic liver
damage and fatality of horses [47]. Weeks or months after feeding on the plant has ended,
the symptoms and death of animals can still occur. Although moving stock to areas free
from S. madagascariensis can prevent further progress of the disease, ill health, and poor
growth may continue [9].

In countries such as Brazil, Columbia, and Uruguay, where S. madagascariensis is
spreading into new areas, there is growing concern that it is contributing to an increase in
PA poisoning [33,35,48].

6. Management of S. madagascariensis

Several management techniques are used to control S. madagascariensis. These include
cultural, physical, chemical, and biological methods, or a combination of these methods.

6.1. Legislation

In Australia, S. madagascariensis is a declared weed under the relevant legislation of all
states and territories. However, the level of declaration and associated requirements varies
greatly depending on the perceived level of risk. Senecio madagascariensis was added to the
Hawaiian State Noxious Weed List by their Department of Agriculture in 1992 [30]. In Japan
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S. madagascariensis has been declared an Invasive Alien Species under the Invasive Alien
Species Act (which restricts importation, moving, or growing of species within Japan) [2].

6.2. Physical Control

Senecio madagascariensis seeds are mostly wind dispersed and therefore the physical
hand pulling of plants must be completed before the seed is formed if it is to be effective.
The pulled plants should then be burnt or deep buried to prevent plants re-growing and
producing further seeds. This technique is only practical for isolated plants or small patches
and not for large infestations, as it is time consuming and labour intensive [4,18,42].

In relatively flat and accessible areas, mowing and cutting style equipment (e.g.,
slashers, mulchers) can be used to weaken S. madagascariensis plants and help prevent
them from reaching reproductive maturity [42]. To be effective, this technique needs to be
repeated as few S. madagascariensis plants will be killed from a single operation [4,42]. It
will also be most effective on smaller plants and if applied when the pasture is growing,
enabling maximum competition to be imposed to restrict S. madagascariensis regrowth [18].

In the central coast region of NSW (Australia), slashing and mulching of paspalum
(Paspalum dilatatum Poir.) and kikuyu (Pennisetum clandestinum Hochst. ex Chiov.) pastures
infested with S. madagascariensis from mid-September onwards is an effective strategy for
its management [16]. However, mulched S. madagascariensis can wilt and become more
attractive to stock feeding on it and contains a greater concentration of PAs. Thus, after
slashing or mulching, S. madagascariensis infested paddocks should not be grazed for at
least 2 weeks [9]. Slashing can also have other downsides such as facilitating further spread
of S. madagascariensis if plants are reproductive, and it may only delay flowering until later
in the season and promote regrowth of plants in the following season [18].

6.3. Chemical Control

In terms of chemicals, 2,4-D formulations [16,22], dicamba, glyphosate, MCPA, tebuthi-
uron, triclopyr [22], bromoxynil, fluroxypyr/aminopyralid, metsulfuron-methyl, and tri-
clopyr/picloram/aminopyralid [18,28] are some herbicides that have been found to be
effective on one or more growth stages of S. madagascariensis. However, which chemicals
and rates that can be legally applied, may vary between countries and even between
jurisdictions within countries.

The selective herbicide bromoxynil can be very effective on young plants, but mature
plants are more tolerant. Being a contact herbicide, only those parts of a plant that come
directly in contact with the herbicide are killed and the plant will often regrow from
unaffected parts. Significant seedling recruitment after spraying is also often observed.
It has been reported [28,49] that bromoxynil at 3 L ha−1 was unsuccessful at controlling
mature S. madagascariensis, with substantial regrowth recorded five months after spraying.

Glyphosate, a nonselective systemic herbicide proved equally as effective as bro-
moxynil in trials undertaken in Argentina [50]. However, as with bromoxynil, re-infestation
will occur afterwards. Additionally, as glyphosate is nonselective it should only be applied
where non-target damage can be tolerated or using target specific equipment such as
wipe-on applicators [22].

In Australia, 2,4-D amine (3.2 kg ha−l) and 2,4-D sodium salt (2 to 4 kg ha−l) have
been reported to give positive results after spraying, without harming the neighbouring
pasture species, such as blue couch (Digitaria didactyla Wild), cogon grass (Imperata cylin-
drica (L.) Beauv), and white clover (Trifolium repens L.) [49]. Similarly, Ref. [22] suggested
that in Hawaiian pastures where forage legumes are mixed with grasses, the amine salt
formulation of 2,4-D would be preferable because of its mild effect on legumes. In contrast,
metsulfuron-methyl at 40 to 80 g ha−1 provided effective control of S. madagascariensis in an
Australian study, but it was severely damaging to any legumes (such as T. repens) present
within the treated pasture [49].

Whilst the efficacy of several herbicides on plant mortality is known, there is minimal
information on their effect on seeds located on plants at the time of their application. This
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is important, as landholders often spray mature plants, and it would be advantageous if
the herbicides used not only killed the plants but also kill any seeds located on them at
that time. It has been suggested that herbicides do not generally kill S. madagascariensis
seeds if applied after flowering [18], but some success has been reported using certain
herbicides on C. odorata (L.) R.M.King & H.Rob. (Siam weed) another Asteraceae species.
According to one study metsulfuron-methyl was effective on immature and intermediate
seed maturity stages but not mature seeds [51], whilst fluroxypyr was highly effective
at causing mortality of immature and intermediate seeds and rendered a proportion of
mature seeds non-viable after the plants were sprayed.

Even using the most effective herbicide, a single application will not suppress
S. madagascariensis permanently [22] and follow up control will be necessary. Consequently,
management strategies that rely solely on herbicide applications can become expensive
if large areas must be controlled. Chemical control of S. madagascariensis in the Hawai-
ian archipelago, if undertaken, would cost USD $11 million year−1 [11], making it an
uneconomical proposition [21].

6.4. Biological Control—Competitive Pastures

In an effective S. madagascariensis management program, maintaining a vigorous, com-
petitive pasture through the autumn and winter months is an important step in providing
best management practice [9]. The summer-growing and high fodder yielding perennial
pasture species such as setaria (Setaria sphacelata Schum.), kikuyu (Pennisetum clandestinum
Hochst. ex Chiov.), paspalum (Paspalum dilatatum Poir.), and Rhodes grass (Chloris gayana
Kunth.) are also likely to be suppressive throughout the winter months. These predom-
inantly summer-growing pasture species can be grown through the late summer and
autumn months, to provide good groundcover, which then helps to prevent S. madagas-
cariensis seedling establishment in the autumn and winter months [52]. However, according
to a study undertaken in South Africa, Eragrostis curvula Schrad., Cynodon dactylon (L.) Pers.,
Dactylis glomerata L., Festuca arundinacea Schreb., Pennisetum clandestinum Hochst. ex Chiov.,
and Themeda triandra Forssk. grasses were all unable to suppress S. madagascarinsis due to
its highly competitive ability [53].

6.5. Biological Control—Insects and Pathogens

Although a biocontrol program to control S. madagascariensis first commenced in Aus-
tralia in 1987, only two insects were tested, and neither were released. Aecidium sp. is a
rust fungus that was imported into quarantine in Australia for detailed studies. This rust
was like a naturally occurring Australian isolate of the orange rust Puccinia lagenophorae
Cooke [54] that is found on the family Asteraceae. The South African rust was less damag-
ing than the Australian isolates of P. lagenophorae. These results imply that their introduction
would be doubtful to Australia due to its low virulence, which would be expected to trans-
late to poor control of S. madagascariensis [54].

In 2013, Secusio extensa (Erebidae: Arctiinae) was introduced to control S. madagas-
cariensis in Hawaii. However, since release, this agent has undergone population outbreaks
on a related alternative host, Cape ivy (Delairea odorata, Asteraceae: Senecioneae) which is
another noxious weed in Hawaii. Given that this herbivore significantly preferred Cape
ivy over S. madagascariensis for its oviposition and larval feeding, it has not proven to be an
effective biological control agent in Hawaii [55]. Generalist herbivores (e.g., grasshoppers,
weevils, thrips, aphids, scale insects, whiteflies, and vermin) that feed upon S. madagas-
cariensis in Hawaii have been also shown to have an insignificant effect on the plant [11].

In the KwaZulu Natal Province of South Africa, 12 natural enemies have been re-
cently identified in initial surveys feeding on five populations of S. madagascariensis. They
comprise of three stem borers, four flower feeders, two sap suckers, and three plant
pathogens [17]. Recently, four potential agents were prioritised for host-range assessments
and these studies are currently in progress. The agents being tested are the capitulum-
feeding Homoeosoma stenotea Hampson (Lepidoptera: Pyralidae), the stem-boring Gaste-
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roclisus tricostalis (Thunberg) (Coleoptera: Curculionidae), and Metamesia elegans (Wals-
ingham) (Lepidoptera: Tortricidae) and the root-feeding Longitarsus basutoensis Bechyné
(Coleoptera: Chrysomelidae: Alticinae) [56].

6.6. Livestock Grazing

Using cattle as a control strategy for S. madagascariensis tends to be unsuccessful, as
the reduced competition and improved light conditions that occur once the pasture is
grazed down allows new seedlings to grow faster. Cattle also tend to avoid it in heavily
grazed paddocks as it is more easily distinguished amongst the grass pasture [9]. In
contrast, grazing with sheep or goats is considered an effective method to control S.
madagascariensis. According to Watson et al. sheep and goats are about 20 times more
tolerant to S. madagascariensis poisoning than horses and cattle [16]. Sheep might ingest and
suppress Senecio spp. toxin due to their ability to undergo hepatic detoxification. This is
related to their ruminal flora populations that can reduce the probability of poisoning [57].

In southern Brazil, high densities of S. brasiliensis and S. madagascariensis were con-
trolled by using 16 sheep (3.0 stock units ha−1) in a 5.5 ha experimental area [57]. A total of
28,629 plants of S. brasiliensis (10,122) and S. madagascariensis (18,507) were almost elimi-
nated within a 2-year period. Before and after the experimental period, liver biopsies of
sheep and cattle were examined but did not reveal any sign of seneciosis [57].

The effectiveness of using herbivores such as sheep and goats will depend a lot on
the number of propagules available for recruitment to occur. In a Hawaiian study that
investigated the effects of feral goats and sheep on S. madagascariensis in a natural environ-
ment (dry forest), Questad et al. found that in areas where there were high numbers of
propagules, S. madagascariensis plants were smaller due to grazing, but there was largescale
seedling recruitment [58]. In contrast, if there were few propagules at the start, recruitment
and overall biomass of S. madagascariensis was greatly reduced.

Using livestock mediated herbivory, as part of a control strategy for S. madagascariensis
is most applicable for modified environments such as pastures. In natural environments,
careful consideration would need to be given as there is a higher risk of non-target damage
occurring, but in some situations, it may still be applicable [58].

6.7. Integrated Management

Integrated weed management (IWM) is the use of a combination of methods, including
cultural, physical, biological, and chemical approaches [59]. For S. madagascariensis, some
trials to determine the effects of individual treatments have been undertaken, but testing of
combinations of treatments is lacking. Despite this, Sindel and Coleman suggest that an
effective IWM approach for S. madagascariensis control should include the use of perennial
competitive pasture species, hand weeding (for isolated plants or small patches), the
maintenance of good farm sanitation practices and the use of herbicides to control the
weed [18]. Furthermore, for long-term control of this weed, reduced grazing within a
competitive pasture may need to be used by landholders [18]. The integration of livestock
that are more tolerant (e.g., sheep and goats) of S. madagascariensis should also be considered
given the success obtained in reducing its density in some situations [57].

In Hawaii, Thorne et al. recommended that for the successful control of S. madagas-
cariensis, federal, state, county, and private land managers need to develop IWM plans [42].
They further suggested that these plans be part of any management program for all land
units, and that the key objectives should include preventive measures where the weed is
not present, control measures where the weed is already established, and protocols for
taking prompt action when S. madagascariensis first appears in an area.

To achieve this, an adaptive management approach was developed based on six key
steps: establishing goals, setting management priorities, identifying appropriate methods,
developing, and implementing an integrated weed management plan—monitoring results,
modifying priorities, and improving the management plan. In terms of control options, they
highlighted that they should, (a) not contribute to the spread of the weed, (b) be applied at
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the most effective time (i.e., point in the life cycle when it is most vulnerable), (c) minimise
the risk to human health and potential damage to the general environment (e.g., non-target
species), and (d) be cost effective. Key benefits and limitations associated with various
options (i.e., pulling, mowing, cutting, cultural controls, livestock grazing, biological
control agents, herbicides, burning) are also outlined to help landowners/managers to
make informed decisions [42]. A working model is now proposed for the improved
management of S. madagascariensis (Figure 2), however further refinement of the model
is necessary.

 

Figure 2. Conceptual decision diagram for proposing approaches to the integrated man-agement of
fireweed incorporating managerial, chemical, and manual control.

7. Conclusions and Future Directions

Since S. madagascariensis contains PAs, that cause liver damage, certain domesticated
animals (cattle and horses) can be poisoned after consuming this plant. It has been found
to be a fast growing annual/short lived perennial plant that reaches reproductive maturity
quickly and produces large quantities of viable seed for future recruitment events. The
predicted distribution suggests that many regions across the world have a climate suitable
for the growth of S. madagascariensis. This indicates that the weed is likely to expand
its range in future, if not controlled. Although there are many management techniques
available including legislation, cultural, physical, chemical, and biological (insects and
suppressive plants), individually they have little effect on S. madagascariensis management.
An IWM program incorporating a combination of techniques will generally be much more
effective. However, for those landholders who do not have S. madagascariensis or are in the
early stages of invasion, early detection is even more important to prevent its establishment
in the field.
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To build on the currently available information, further research is needed to improve
management options for this problematic weed. In terms of ecology, seed dynamics
appears to be a key factor influencing the spread and persistence of S. madagascariensis.
Further research into the environmental conditions affecting germination, viability, and
persistence would be advantageous, particularly if changing climate scenarios are included.
From a control perspective, a range of herbicides are currently available to kill small to
large S. madagascariensis plants. However, their effect on the germination and viability of
seeds located on plants at the time of spraying has not been fully evaluated and warrants
investigation. This is important as plants are often reproductive at the time of spraying
and if a herbicide can not only kill the plant but also the seeds, subsequent seedling
recruitment will be reduced. Control efforts will also benefit from the release of effective
biological control agents that adversely affect key life stages of S. madagascariensis. Limited
success has been achieved to date, but current efforts should continue in the search for host
specific options. In the interim, improved pasture management and testing of suppressive
pasture plants should be explored further as part of longer-term strategies to manage well
established infestations. How these pastures are grazed, particularly in terms of the type of
animals, is an area that could also be the focus of additional research. Animals such as sheep
and goats are more tolerant of S. madagascariensis than cattle and utilising them in traditional
cattle grazing operations could be beneficial. Finally, larger integrated management trials
should be undertaken over different seasons and at several locations to encompass a range
of pasture types, climatic conditions, and soil types. In doing so, detailed cost/benefit
analysis data could be collected to enable landholders to make informed decisions about
the most appropriate options for their situation.
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Abstract: Invasive species are currently a world menace to the environment, although the study of
their chemistry may provide a means for their future beneficial use. From a study of Portuguese
Acacia melanoxylon R. Br. five known compounds were isolated: lupeol, 3β-Z-coumaroyl lupeol,
3β-E-coumaroyl lupeol (dioslupecin A), kolavic acid 15-methyl ester and vomifoliol (blumenol A).
Their structures were elucidated by 1D and 2D NMR spectroscopy and mass spectrometry, and
as a result some corrections are made to their previous 13C NMR assignments. Cytotoxicity of
3β-E-coumaroyl lupeol (dioslupecin A) and kolavic acid 15-methyl ester was evaluated against
HCT116 human colorectal cancer cells although biological activity was not evident.

Keywords: invasive species; Acacia melanoxylon; terpenoids; HCT116 human colorectal cancer
cells; cytotoxicity

1. Introduction

Plant invasive species are one of the great threats to biodiversity since they establish
and supersede native species, leading occasionally to the extinction of the latter, by
disrupting the biotic and abiotic balance of the invaded ecosystem. Apart from this
ecological impact, they also have a socio-economic impact by influencing human health,
infrastructures and local economies [1,2]. These species have long been a concern in
the Portuguese territory [3–5] and elsewhere, which resulted in the publication of legal
regulations to prevent and manage the introduction and spread of invasive alien plants,
both at the national [6] and European level [7,8]. The management of this problem in
Europe costs millions of euros [9] and, since eradication is rarely achieved, actions end
up frequently with periodic growth control and containment of these species [10]. The
use of invasive species as a source of chemicals or pharmaceuticals allows a rational use
of resources that can mitigate the cost of their control, turning a useless and abundant
natural good into an added value resource [11]. Most likely, the prevalence of invasive
species over endemic ones relies on the bioactivity of the metabolites they produce as
invaders, that are surely responsible for their ease of expansion and dominance of the
new habitat [11,12].

Bearing this in mind, we began our studies on the chemistry of invasive Acacia
species. Acacia species, mainly from Australia, settled in the Mediterranean area and
conquered significant lands. In Portugal they are distributed throughout the country,
preferentially on acid substrates. Originally, they were introduced as a source for wood,
as an erosion preventer, for reforestation purposes and for ornamental reasons and
the perfume industry, among others [13,14]. Abiotic and biotic factors favored their
establishment and with time some of their uses deteriorated and economic value lowered,
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leading to an increase in their abundance and to an invasion condition [14–16]. The
management and control of Acacia invasions includes various steps, from risk assessment
to containment, eradication and ecosystem restoration actions [13,15,17]. Some of the
containment and control actions include mechanical removal (ring-barking, hand-pulling
or cutting) followed by chemical control (with glyphosate), or biological control [18].

A. melanoxylon R. Br. (Australian blackwood) is a 15 m tree with evergreen leaves
and pale-yellow flowers arranged in a globular head of 10–12 mm diameter. Flowering
occurs in Portugal from February to June, and its fruits are brownish red pods. The seeds,
encircled by an orange funicle, remain viable in the ground for more than 50 years, are
dispersed by birds, wind, water, or rodents, and germinate after a space opening and/or
fire occurrence. This species also propagates vegetatively, forming vigorous sprouts from
the stump and roots [19].

Previous studies on the chemistry of A. melanoxylon include the isolation of hypero-
side (quercetin-3-D-galactoside) from the flowers [20], dihydroflavonoids [21], hydroxyfla-
vans [22], leucoanthocyanidins [23–25], a pyrogallol A-ring proanthocyanidin dimer [26],
[4-O-4]-linked biflavanoids [27] from the heartwood, and acamelin (a furanoquinone) and
a benzoquinone from undisclosed parts [28]. Studies from Portuguese invasive species
include the identification of Δ7 phytosterols, phytosteryl glucosides and long-chain n-
alkyl caffeates by GC-EIMS from the dichloromethane extracts of wood and bark [29,30],
as well as the antimicrobial activity of aqueous, ethanolic and methanolic leaf extracts,
that showed no interesting results [31]. Other references to bioactivity of extracts of this
species can be found in the recent review by Correia et al. on the biomass valorization of
Acacia species [32].

Following our interest in the chemistry of invasive species, in this study we report
on the isolation of five compounds: lupeol 1 [33], 3β-Z-coumaroyl lupeol 2 [34,35], 3β-
E-coumaroyl lupeol (dioslupecin A) 3 [36,37], kolavic acid 15-methyl ester 4 [38–40]
and vomifoliol (blumenol A) 5 [41–43] from a Portuguese invasive A. melanoxylon and
demonstrate the utility of investigating its phytoconstituents, and as corollary of invasive
species in general.

For compound 3, previous biological activity studies regard the cytotoxicity studies
on KB, COLO-205, HEPA-3B, and HELA cell lines and showed no activity [37].

For compound 4, biological activity studies have been performed, namely inhibitory
(Trypanosoma brucei) [38], and antimicrobial (Escherichia coli, Proteus sp., Streptococcus au-
reus and Candida albicans) [39] activities, as well as cytotoxicity (AGP01, HCT116, MCF07,
NIHOVCAR, SKAMELL4 and SF295 cell lines) and anti-inflammatory activities [40]. Al-
though antimicrobial activities and cytotoxicity were not observed, compound 4 showed
high lipoxygenase inhibition activity when compared to standard quercertin and inhib-
ited the production of IL-6 [40]. It also exhibited an inhibitory activity on the growth of
Trypanosoma brucei with respect to the clinically used antitrypanosomal agents suramin
and melarsoprol and showed a strong and selective inhibitory activity on the GAPDH
enzyme of T. brucei [38].

For compound 5, previous anticancer studies showed no significant activity (HIF-1
and NF-κB activities in reporter assays, and in cytotoxicity against A549, MDA-MB-231,
MCF-7, KB, KB-VIN, HT29, A498, PC3 and PACA2 cell lines) [43–45]. Antimicrobial
(Micrococcus tetragenus, Escherichia coli, Staphylococcus albus, Bacillus cereus, Staphylococcus
aureus, Micrococcus luteus, Bacillus subtilis, Pseudomonas aeruginosa, methicillin-resistant
Staphylococcus aureus, Vibrio parahemolyticus and Candida albicans), DPPH free radical
scavenging, acetylcholinesterase inhibitory and brine shrimp larvicidal activities also
showed no results [42,46].

2. Results and Discussion

2.1. Compound Identification

From the dichloromethane extract (17.63 g) of A. melanoxylon R. Br. (1250 g) collected
at Peninha, Sintra, Portugal, lupeol 1 [33] (purified, <0.1 mg), 3β-Z-coumaroyl lupeol
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2 [34,35] (purified, 15.6 mg), 3β-E-coumaroyl lupeol (dioslupecin A) 3 [36,37] (purified,
39.0 mg), and kolavic acid 15-methyl ester 4 [38–40] (purified 111.1 mg) were isolated
(Figure 1). The study of the alkaloid content of this species led instead to the isolation of
vomifoliol (blumenol A) 5 [41–43] (unpurified, 5.4 mg). Alkaloids were detected by TLC
but their isolation was not achieved due to the low content in this species (this may be
related to the time of harvest, since the accumulation of alkaloids is known to be seasonal,
or due to other biotic or abiotic factors).

Figure 1. Lupeol 1, 3β-Z-coumaroyl lupeol 2, 3β-E-coumaroyl lupeol (dioslupecin A) 3, kolavic
acid 15-methyl ester 4 and vomifoliol (blumenol A) 5 isolated from A. melanoxylon.

The use of 1D and 2D NMR allowed the structure determination of all five com-
pounds, further confirmed by mass spectrometry and comparison with literature data
(Figure 1).

Compound 1 was identified by its characteristic H-3 (δ 3.19 ppm, dd, J = 5.0 Hz,
J = 11.2 Hz), aliphatic methyl groups (δ 0.76 ppm, 0.79 ppm, 0.83 ppm, 0.94 ppm, 0.97 ppm
and 1.03 ppm), CH2-29 (δ 4.56 ppm, sl and δ 4.56 ppm, sl) and Me-30 (δ 1.68 ppm)
resonances (Figure S1), all in agreement with literature values [33]. Comparison of the
NMR spectra of 2 (Figures S2–S8) and 3 (Figures S9–S14) with that of 1 (Figure S1) allowed
the recognition of a lupeol base skeleton substituted at C-3 with a coumaroyl unit—the
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structures of 3β-Z-coumaroyl lupeol 2 [34,35] and 3β-E-coumaroyl lupeol (dioslupecin A)
3 [36,37] were proposed, based on the J value couplings of the substituent’s double bond
(12.7 Hz and 15.9 Hz, respectively). Further confirmation came from comparison of the
1H and 13C resonance values with those of the literature [34–37].

For compound 3 corrections are made for the literature [36,37] resonances of the
aliphatic methyl groups, based on HMBC and NOESY correlations (Table 1): HMBC be-
tween δ 0.89 and δ 0.92 with δ 81.2 (C-3) clearly indicates the presence of Me-23 and Me-24,
distinguished by NOESY with H-3 (for δ 0.89); HMBC of δ 0.88 with δ 50.3 (C-9) and δ 37.1
(C-10) assigns Me-25; HMBC of δ 1.03 with δ 34.2 (C-7), δ 40.8 (C-8), δ 42.8 (C-14) and δ 50.3
(C-9) assigns Me-26; HMBC of δ 0.95 with δ 27.4 (C-15) and δ 42.8 (C-14) assigns Me-27;
finally, HMBC of δ 0.79 with δ 35.5 (C-16), δ 43.0 (C-17) and δ 48.2 (C-18) assigns Me-28.

Table 1. 1H and 13C resonances of the aliphatic methyl groups of 3β-E-coumaroyl lupeol 3 (CDCl3,
400 and 100 MHz).

1H (δ ppm) 13C (δ ppm) *

Me-23 0.89 28.0
Me-24 0.92 16.6
Me-25 0.88 16.2
Me-26 1.03 15.9
Me-27 0.95 14.5
Me-28 0.79 18.0

* assigned by HSQC.

On purification and analysis, isomerization of the double bond was observed as
described previously for coumaroyl esters [47]: the final 1H NMR spectrum of the sample
of 2 is composed of a 2.0:1.0 mixture of E and Z isomers (Figure S15), also present in the
chromatogram of the GC-FID analysis (1.6:1.0, different ratios accountable by different
isomerization times, Figure S16). Even the E isomer, compound 3, obtained in pure form,
seems to equilibrate in CDCl3 to a 4.4:1.0 mixture of E and Z forms (Figure S17).

For compound 4, a detailed analysis of the NMR data led to the proposed structure,
confirmed by the [M − H2O + H]+ and [M − H]− ions present at m/z 331.3 u and m/z 347.2
u in the positive and negative ESI-MS spectra, respectively (Figures S18–S25). Analysis
of the spectra and comparison of the NMR resonances with those of the literature [38–
40] allowed us to make some corrections to previously assigned 13C NMR values that
should be interchanged: (a) C-2 and C-7: interchanged based on HMBC with H-3 and
Me-17, respectively; (b) C-6 and C-11: interchanged based on COSY of H-12 with H-11
(C-11, assigned by HSQC); (c) Me-19 and Me-20: interchanged based on HMBC with
C-11; (d) C-5 and C-9: interchanged based on HMBC correlations of Me-19 and Me-20,
respectively; and (e) C-15 and C-18: interchanged based on HMBC of the OMe group
(confirmed by HMBC of H-14). Table 2 lists the full 13C NMR assignment and the 1H NMR
outstanding resonances (full 1H NMR assignment can be found in the literature [38–40]).

Table 2. 13C assignment and the 1H outstanding resonances of kolavic acid 15-methyl ester 4

(CDCl3, 125 and 500 MHz). s singlet, d duplet, t triplet.

1H 13C 1H 13C

1 16.8 11 36.2
2 24.4 12 34.4
3 6.80 t 3.8 142.2 13 161.5
4 137.5 14 5.68 d 1.0 114.9
5 36.3 15 167.3
6 36.8 16 2.18 d 1.2 19.2
7 28.6 17 0.77 d 6.9 15.9
8 37.8 18 172.7
9 40.3 19 1.24 s 33.4

10 45.4 20 0.78 s 18.0
COOMe 3.69 s 50.8
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Finally, for compound 5, the proposed structure based on NMR analysis was con-
firmed by the [M − H2O + H]+, [M + H]+, [M + Na]+ and [M − H]− ions present at m/z
207.1 u, m/z 225.1 u, m/z 247.1 u, and m/z 223.0 u in the positive and negative ESI-MS
spectra, respectively (Figures S26–S32). Comparison of the 1H and 13C NMR resonances
with those of the literature [41–43] confirm the structure, and allows us to correct the 13C
NMR δ values of the Δ7 double bond that must be interchanged: C-7 δ 129.0 ppm and C-8
δ 135.7 ppm (ascertained by HSQC).

2.2. Cytotoxicity Evaluation

Cytotoxicity studies were performed for kolavic acid 15-methyl ester 4 and a sample
of 3β-E-coumaroyl lupeol (dioslupecin A) 3. The fact that compounds 2 and 3 equilibrate
when in solution prevented us from testing both compounds separately. Since lupeol 1

and vomifoliol (blumenol A) 5 were isolated in small amounts their biological testing was
also not performed.

To determine cellular toxicity, preliminary assays were performed with compounds 3

and 4 incubated in HCT116 cells for 72 h. Compound 3 showed to decrease cell viability to
64% only at the highest concentration tested (243 μM). However, at the same concentration,
compound 4 decreased cell viability to 3%.

Therefore, only the IC50 of compound 4 was determined by the MTS metabolism
assay, in order to evaluate its potential cytotoxic activity. In fact, compound 4 showed to
have a relatively low cytotoxicity against the HCT116 colon cancer cell line, with an IC50
value of 176.3 μM (95% CI = 163.8 to 189.8 μM, Figure 2). This might suggest its use as
an anti-inflammatory agent [40]. Nonetheless, additional studies using other cell lines
are required to discard completely the cytotoxic effect of this compound. 5-Fluorouracil
(5-FU), a cytotoxic agent in colon cancer treatment, was used as a positive control (IC50
value of 2.763 μM; 95% CI = 2.539 to 3.007 μM, Figure 3).

Figure 2. Dose-response curve in HCT116 cells upon incubation with compound 4 for 72 h. These
results are representative of at least three independent experiments.

Figure 3. Dose-response curve in HCT116 cells upon incubation with 5-FU for 72 h. These results
are representative of at least three independent experiments.
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3. Materials and Methods

3.1. General Experimental Procedures

Silica gel 60 for chromatography (Merck 7734 or Merck 109385) was used for column
chromatography (gravity and flash, respectively) and TLC was performed on Silica
gel 60 Merck 5744 (0.5 mm) or 5554 TLC plates employing 254 nm and/or 366 nm
UV-lamp for visualization. Molybdophosphoric acid or Munier Dragendorff reagent
were used for additional spot development [48]. NMR spectra were recorded on a 400
MHz (100 MHz for 13C) Brucker Avance III 400 or 500 MHz (125 MHz for 13C) Bruker
AVANCE Neo 500 spectrometer (Fällanden, Switzerland) at 25 ◦C using standard pulse
programs. Residual solvent signals were used for calibration (1H: δ(CHCl3) = 7.26 ppm,
13C: δ(CDCl3) = 77.00 ppm). GC-FID was performed on GC Agilent 6890 operated at the
following conditions: carrier gas Helium, split ratio 1:30; Column: ZB1HTinferno, L: 15
m, ϕ: 0.25 mm, df: 0.10 μm, injector temperature 280 ◦C; detector temperature 280 ◦C;
temperature program 100 ◦C, hold for 0 min, increase 10 ◦C/min to 320 ◦C, hold for 20
min.

ESI-MS spectra were performed on a Thermo orbitrap Qexactive focus apparatus
with direct inlet by a Thermo vanquish apparatus.

3.2. Plant Collection and Preparation

Branches and leaves of A. melanoxylon R. Br. were collected at Peninha, Sintra, Portugal
(38◦46′10′′ N 9◦27′33′′ W), on 15 December 2019 and a voucher specimen (LISI032915,
Patrícia Máximo and Ana Lourenço, s.n., collected on 1 March 2020) was deposited at
Herbário João de Carvalho e Vasconcellos (LISI), School of Agriculture (ISA), University of
Lisbon. After air drying at room temperature in the dark, and milling, 1850 g were obtained.

3.3. Extraction and Isolation
3.3.1. Dichloromethane Extract

An amount of 1250 g of A. melanoxylon R. Br. was defatted with n-hexane and extracted
with 2.5 L of dichloromethane (DCM), at room temperature for 5 h 30 min. After this time
the plant material was separated and re-extracted with another 2.5 L of dichloromethane,
at room temperature, for 18 h. The gathered filtrates were evaporated to yield 17.63 g of
extract.

The extract was chromatographed on gravity column (diameter 15.0 cm, height
25 cm) with mixtures of n-hexane/ethyl acetate, ethyl acetate, two mixtures of ethyl
acetate/methanol and methanol to yield 7 fractions (DCM1 (8/2), DCM2 (7/3), DCM3
(6/4), DCM4 (1/1), DCM5 (EtOAc), DCM6 (10% and 20% of MeOH), DCM7 (MeOH)).

The fraction DCM1 (4.13 g) was purified by flash chromatography with a mixture of n-
hexane/ethyl acetate 9/1 to yield six fractions, two of them further purified: DCM1E and
DCM1F. The fraction DCM1E (638.0 mg) was purified by flash column chromatography
with mixtures of n-hexane/ethyl acetate 85/15 to yield the fraction DCM1E1 (586.0 mg).
This fraction was further purified by flash column chromatography with mixtures of
n-hexane/ethyl acetate 85/15, 8/2, and ethyl acetate to yield 4 fractions. One of them,
DCM1E1B (385.0 mg), was purified twice by thin layer chromatography using mixtures
of n-hexane/ethyl acetate 8/2 and 85/15 to yield fraction DCM1E1Bp1p, compound 1

(15.1 mg). Another, DCM1E1C (30.0 mg) was purified by thin layer chromatography
using a mixture of n-hexane/ethyl acetate 8/2 to yield DCM1E1Cp1, compound 2 (23.1
mg). Another, DCM1E1D (64.0 mg) gave a mixture of compounds 2 and 3. The fraction
DCM1F (574.0 mg) was purified by flash column chromatography with a mixture of
n-hexane/ethyl acetate 85/15 to yield fraction DCM1F2 (393.0 mg) that, after purification
by thin layer chromatography using a mixture of n-hexane/ethyl acetate 8/2, yielded
fraction DCM1F2p, compound 3 (57.0 mg).

The fraction DCM2 (2.91 g) was purified by flash column chromatography with
mixtures of n-hexane/ethyl acetate 8/2 and 7/3 to yield three fractions; one of them,
DCM2B (1.00 g), was further purified by flash column chromatography using mixtures of
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n-hexane/ethyl acetate 8/2 and 7/3, and ethyl acetate to yield six fractions; one of them,
DCM2B5 yielded compound 4 (168.8 mg).

Final purification of the compounds for biological testing was achieved by flash
chromatography for 4 (white solid, 111.1 mg, n-hexane/ethyl acetate 8/2) or thin layer
chromatography for 1 (white solid, <1 mg, n-hexane/ethyl acetate 8/2), 2 (white solid,
3.5 mg, n-hexane/ethyl acetate 8/2), 3 (white solid, 27.8 mg, n-hexane/ethyl acetate 7/3),
and for the mixture of 2 and 3 (white solids, 12.1 and 11.2 mg, respectively, n-hexane/ethyl
acetate 8/2). On performing spectroscopic analysis isomerization of 2 and 3 was observed
for some of the samples.

3.3.2. Vomifoliol 5 Extraction

Acidic extraction of the plant was performed for the isolation of alkaloids. However,
a co-extraction compound, vomifoliol (blumenol A) 5, was isolated instead. An amount
of 500 g of A. melanoxylon R. Br. was extracted with 1.55 l of HCl 0.5 M, at room temper-
ature, for 40 min. After centrifugation the supernatant was concentrated and basified
with NH4OH 1M. This solution was applied in an isolute®HM-N (Biotage, Uppsala,
Sweden) column and after elution with dichloromethane and evaporation, the extract
Amx (80.4 mg) was obtained.

This extract was purified by thin layer chromatography using a mixture of dichloromethane/
methanol/NH4OH 95/5/1 to yield 3 fractions. Of these, Amx-2 (11.8 mg) was purified
by thin layer chromatography using a mixture of dichloromethane/methanol/NH4OH
95/5/1 to yield fraction Amx-2.2B, compound 5 (5.4 mg).

3.4. Compound Characterization

Compound 1 (unpurified)—1H NMR spectrum, see Supplementary Materials, Figure S1.
Compound 2 (unpurified)—NMR spectra, see Supplementary Materials Figures S2–S8.
Compound 3 (unpurified)—NMR spectra, see Supplementary Materials Figures S9–S14.
Mixture 1.0:2.0 of compounds 2 and 3—1H NMR spectrum, see Supplementary Materials
Figure S15. Mixture 1.0:1.6 of compounds 2 and 3—GC-FID chromatogram, see Supple-
mentary Materials Figure S16. Mixture 1.0:4.4 of compounds 2 and 3—1H NMR spectrum,
see Supplementary Materials Figure S17. Compound 4—NMR spectra and ESI-MS spec-
tra, see Supplementary Materials Figures S18–S25. Compound 5 (unpurified)—NMR
spectra and ESI-MS spectra, see Supplementary Materials Figures S26–S32.

3.5. Cell Culture and Treatments

HCT116 human colon carcinoma cells, commonly used in drug screens, were grown
in McCoy’s 5A modified medium supplemented with 10% heat-inactivated fetal bovine
serum (FBS) and 1% antibiotic/antimycotic solution (Gibco, Life Technologies, Paisley,
UK). Cells were cultured at 37 ◦C under a humidified atmosphere of 5% CO2.

For cell viability experiments, HCT116 cells were seeded in 96-well plates, at a
concentration of 5 × 103 cells/well and allowed to adhere for 24 h. Then, cells were
exposed to the test compound, compound 4, previously prepared in sterile DMSO. In
order to plot a dose–response curve, cells were exposed to this compound in a range of
concentrations between 0.04 μM and 4000 μM for 72 h. 5-Fluorouracil (5-FU), a cytotoxic
agent used in colon cancer treatment, was used as a positive control and DMSO was used
as vehicle control. Data are representative of three independent experiments.

3.6. Viability Assays

Cell viability of cells treated with compound 4 was evaluated using the CellTiter
96 AQueous Non-Radioactive Cell Proliferation Assay (Promega, Madison, WI, USA) ac-
cording to the manufacturer’s instructions. This colorimetric assay is based in the capacity
of metabolic active cells to convert 3-(4,5-dimethylthiazo-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) to formazan, a dye that is soluble in
cell culture media. Formazan is quantified by measuring the absorbance at 490 nm and

77



Plants 2021, 10, 2698

correlates with the amount of living cells in culture. Absorbance was measured using
the GloMax-Multi+ microplate multimode reader (Promega, Madison, WI, USA) and the
best-fit IC50 value, from at least three independent experiments, was calculated using the
log (inhibitor) versus response (variable slope) function from GraphPad Prism software
(version 8.0.2; San Diego, CA, USA).

4. Conclusions

In this study, five already known compounds were isolated and as a result some
corrections are made to their previous 13C NMR assignments. Cytotoxicity against
HCT116 cells was evaluated for two of them, although no positive results were obtained.

As for the utility of the study of the chemistry of invasive species, here illustrated
by two extracts of A. melanoxylon, we can propose that they can be used as a source of
bioactive metabolites. Based on the literature and our own experimental results, lupeol
derivatives 2 and 3 show no anticancer activity. Previous reports on vomifoliol (blumenol
A) 5 for diverse bioactivities also showed no results. Nonetheless, kolavic acid 15-methyl
ester 4, the most abundant metabolite, is not cytotoxic and has previously been recognized
as a bioactive naturally occurring trypanocide that may contribute to anti-inflammatory
effects. A. melanoxylon can thus be considered a source for this metabolite.

We further add that it would be interesting to perform a detailed phytochemical
study of bark samples of this species in general—ring-barking is presently one of the
control measures for this species. Although Freire et al. [29,30] showed the presence of Δ7

phytosterols and phytosteryl glucosides in the dichloromethane extracts of the bark by
GC-EIMS, some of them with interesting reported bioactivities, many compounds may
have escaped this screening; furthermore, although the antimicrobial bioactivity of the
more polar ethanolic and aqueous extracts of the bark of this species is not noteworthy [49],
again a detailed phytochemical approach could provide pure metabolites for which many
more activities could be considered.

To conclude, although more studies are needed, this paper demonstrates that study-
ing the chemistry of invasive species might provide a utility for this natural and abundant
good that is currently underexplored.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10122698/s1. Figure S1—1H NMR spectrum of Lupeol 1 (unpurified) (CDCl3, 400 MHz);
Figure S2—1H NMR spectrum of 3β-Z-coumaroyl lupeol 2 (unpurified) (CDCl3, 400 MHz); Figure S3—13C
NMR spectrum of 3β-Z-coumaroyl lupeol 2 (unpurified) (CDCl3, 100 MHz); Figure S4—DEPT135 spec-
trum of 3β-Z-coumaroyl lupeol 2 (unpurified) (CDCl3); Figure S5—HSQC spectrum of 3β-Z-
coumaroyl lupeol 2 (unpurified) (CDCl3); Figure S6—HMBC spectrum of 3β-Z-coumaroyl lu-
peol 2 (unpurified) (CDCl3); Figure S7—COSY spectrum of 3β-Z-coumaroyl lupeol 2 (unpurified)
(CDCl3); Figure S8—NOESY spectrum of 3β-Z-coumaroyl lupeol 2 (unpurified) (CDCl3); Figure S9—
1H NMR spectrum of 3β-E-coumaroyl lupeol (dioslupecin A) 3 (unpurified) (CDCl3, 400 MHz);
Figure S10—13C NMR spectrum of 3β-E-coumaroyl lupeol (dioslupecin A) 3 (unpurified) (CDCl3, 100
MHz); Figure S11—DEPT135 spectrum of 3β-E-coumaroyl lupeol (dioslupecin A) 3 (unpurified) (CDCl3);
Figure S12—HSQC spectrum of 3β-E-coumaroyl lupeol (dioslupecin A) 3 (unpurified) (CDCl3); Fig-
ure S13—HMBC spectrum of 3β-E-coumaroyl lupeol (dioslupecin A) 3 (unpurified) (CDCl3); Figure
S14—NOESY spectrum of 3β-E-coumaroyl lupeol (dioslupecin A) 3 (unpurified) (CDCl3); Figure
S15—1H NMR spectrum of the mixture of 3β-Z-coumaroyl lupeol 2 and 3β-E-coumaroyl lupeol 3

(1.0:2.0) (CDCl3, 500 MHz); Figure S16—GC-FID chromatogram of the mixture of 3β-Z-coumaroyl
lupeol 2 and 3β-E-coumaroyl lupeol 3 (1.0:1.6); Figure S17—1H NMR spectrum of the mixture of
3β-Z-coumaroyl lupeol 2 and 3β-E-coumaroyl lupeol 3 (1.0:4.4) (CDCl3, 500 MHz); Figure S18—
1H NMR spectrum of kolavic acid 15-methyl ester 4 (CDCl3, 500 MHz); Figure S19—13C NMR
spectrum of kolavic acid 15-methyl ester 4 (CDCl3, 125 MHz); Figure S20—DEPT135 spectrum of
kolavic acid 15-methyl ester 4 (CDCl3); Figure S21—HSQC spectrum of kolavic acid 15-methyl
ester 4 (CDCl3); Figure S22—HMBC spectrum of kolavic acid 15-methyl ester 4 (CDCl3); Figure
S23—COSY spectrum of kolavic acid 15-methyl ester 4 (CDCl3); Figure S24—NOESY spectrum
of kolavic acid 15-methyl ester 4 (CDCl3); Figure S25—ESI-MS spectra of kolavic acid 15-methyl
ester 4; Figure S26—1H NMR spectrum of vomifoliol (blumenol A) 5 (unpurified) (CDCl3, 500
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MHz); Figure S27—13C NMR spectrum of vomifoliol (blumenol A) 5 (unpurified) (CDCl3, 125
MHz); Figure S28—DEPT135 spectrum of vomifoliol (blumenol A) 5 (unpurified) (CDCl3); Figure
S29—HSQC spectrum of vomifoliol (blumenol A) 5 (unpurified) (CDCl3); Figure S30—HMBC spec-
trum of vomifoliol (blumenol A) 5 (unpurified) (CDCl3); Figure S31—COSY spectrum of vomifoliol
(blumenol A) 5 (unpurified) (CDCl3); Figure S32—ESI-MS spectra of vomifoliol (blumenol A) 5

(unpurified).
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2 Faculty of Geography, Babeş-Bolyai University, 400084 Cluj-Napoca, Romania
3 Faculty of Geodesy, Technical University of Civil Engineering Bucharest, 020396 Bucharest, Romania;

mircea.nap@usamvcluj.ro
4 Faculty of Horticulture, University of Animal Sciences and Veterinary Medicine Cluj-Napoca,

400372 Cluj-Napoca, Romania
5 Faculty of Veterinary Medicine, University of Animal Sciences and Veterinary Medicine Cluj-Napoca,

400372 Cluj-Napoca, Romania; florin.beteg@usamvcluj.ro
6 Department of Agricultural Sciences, University of Naples “Federico II”, Via Università, Portici,

100-80055 Naples, Italy; emilio.caprio@unina.it
* Correspondence: stefan.dezsi@ubbcluj.ro (Ş.D.); obobis@usamvcluj.ro (O.B.)

Abstract: Known especially for its negative ecological impact, Fallopia japonica (Japanese knotweed)
is now considered one of the most invasive species. Nevertheless, its chemical composition has
shown, beyond doubt, some high biological active compounds that can be a source of valuable
pharmacological potential for the enhancement of human health. In this direction, resveratrol,
emodin or polydatin, to name a few, have been extensively studied to demonstrate the beneficial
effects on animals and humans. Thus, by taking into consideration the recent advances in the
study of Japanese knotweed and its phytochemical constituents, the aim of this article is to provide
an overview on the high therapeutic potential, underlining its antioxidant, antimicrobial, anti-
inflammatory and anticancer effects, among the most important ones. Moreover, we describe some
future directions for reducing the negative impact of Fallopia japonica by using the plant for its
beekeeping properties in providing a distinct honey type that incorporates most of its bioactive
compounds, with the same health-promoting properties.

Keywords: Fallopia japonica; Japanese knotweed; antimicrobial activity; antioxidant effect; bioactive
compounds; honey; invasive species; phytopharmaceuticals

1. Introduction

Plants have always played an important role in human life because of their nutri-
tional and health benefits and are therefore considered to be nutraceuticals [1–4]. Their
use as alternative medicine continues to remain popular, despite the progress of the
pharmaceutical industry. Moreover, in light of the impact that food can have on human
health [5], consumers have become more sensitive towards balance-supporting food that
can improve and enhance health [6,7].

In this light, Japanese knotweed, known also as: Fallopia japonica, Reynoutria japonica
(R. japonica), Polygonum cuspidatum (P.cuspidatum), according to Flora Europaea [8], is
well known to be used as part of alternative medicine, especially to prevent or to treat
various disorders [9].
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Native to Asia (China, Japan, Taiwan, North and South Korea) and North America,
Japanese knotweed is an herbaceous perennial plant [10], from the Polygonaceae family [11].
It is found in sunny places, on the banks of rivers, or in pastures due to the presence of
nitrogen from agricultural practices [12].

First introduced in Europe for ornamental purposes during the 19th century [13–15],
Japanese knotweed has become one of the most invasive European alien species [16]
because of its ability to expand in different types of habitats [17,18].

Possessing long-branches, thickened rhizomes and large ovate or elliptical blade
leaves [10,19], this fast-growing invasive plant is distinguished by some specificities such
as strong regeneration capacity [18], ample environmental resistance to various habitat
conditions [20], high hybridization potential [21] and clonal and sexual reproduction [22].
Thus, it is tremendously difficult and costly to remove from invaded areas or to control
their spread, as numerous studies have proven [23–29]. Moreover, it exhibits a menacing
character towards native flora and ecosystems [30] because of the inhibition mechanism;
its chemical composition manifests on local vegetation [31–33]. In this regard, alien plants
in general, and the Japanese knotweed in particular, significantly affect the economy and
ecosystem of the areas that they aggressively take over [15,34], and are therefore seen as a
growing threat to global sustainability [35].

While Japanese knotweed can have a significant negative impact on its surrounding
environment, including the endangerment and extinction of local species [33,36], effecting
crop production [37], human health [38–40], forest regeneration [35,40] and urban and
rural land management [41], this invasive plant also has several positive aspects. Reports
in the literature show that Japanese knotweed can have a positive influence in terms of
its use as food and fodder [39,42], medicine [10,43–45], fuel [46] and bioenergy [47,48], as
well as an ecological indicator [49], insecticidal and fungicidal product [50–52], organic
fertilizer [12] or carbon adsorbent [53]. These latest positive uses of F. japonica can act
both as a preventive method for its invasiveness, as well as a pathfinder for further and
innovative utilization of this troublesome plant species in the current circular economy.

It is well known that plants possess important sources of biologically active com-
pounds that act as natural antioxidants, possessing nutritional, functional, as well as
important health benefits [54]. It is also the case for Japanese knotweed and largely its
rhizomes, whose phytochemical composition has indicated the presence of important
amounts of anthraquinones (emodin, citreorosein, fallacinol, physcion, etc.), flavonoids
(rutin, apigenin, quercetin, quercitrin, isoquercitrin, hyperoside, reynoutrin and kaempferol),
and most important, stilbenes (resveratrol and polydatin), coumarins, lignans, essential
oils along with other compounds [55–59].

Among these compounds, the most studied, because of their pharmacological values,
are resveratrol, polydatin, emodin and physcion [60,61]. According to clinical trials,
the four most studied bioactive compounds have revealed positive pharmacological
effects, including antioxidant [61–63], antimicrobial [64–66], anti-inflammatory [67–69],
neuroprotective [70–72] or anticancer activities [73–76], among others.

As current knowledge about the medicinal characteristics of Japanese knotweed
are still incomplete, the aim of this review is to provide a deeper understanding of the
pharmacological effects that the bioactive compounds of this plant possess and to draw
attention to its possible use as an alternative medicine for specific diseases.

Furthermore, based on the therapeutic potential of the bioactive compounds found in
different parts of Japanese knotweed, future directions can be taken into consideration, to
both reduce its negative impact and offer new perspectives on the sustainable landscape
management of knotweeds [77]. Thus, by creating new medical and economic value
products, we can encourage the re-examination of the use of herbicides as the main
eradication method for this invasive plant [78].

From this perspective, our last chapter will focus on the potential of Japanese
knotweed flowers as a nectar source for bees and the valuable health-enhancing properties
of the honey it can produce.
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Consequently, to carry out this review, the authors researched literature using
Japanese knotweed, F. japonica, R. japonica or P. cuspidatum as the main keywords, fo-
cusing especially on the papers that underlined its chemical composition and its potential
use as a pharmaceutical, as well as the activities of its bioactive compounds. The de-
nomination used by different authors was kept in our manuscript, due to the fact that
we investigated the same plant, according to different botanical specialists. In an ef-
fort to obtain thorough information, the most accessed databases were Web of Science,
ScienceDirect and Google Scholar, where resveratrol, emodin and polydatin have been
carefully covered, as to achieve a comprehensive understanding of the holistic therapeutic
effects that this invasive plant and its compounds can exert on an individual’s health,
highlighting in vitro and in vivo studies and results that demonstrate its antioxidant,
anti-inflammatory, neuroprotective and anticancer properties. Moreover, in order to
undertake a comprehensive research, the selection was unlimited and included articles
up until the submission of the study.

2. Phyto-Chemical Constituents and Identification Methods

As stated before, Japanese knotweed (Figure 1) has been studied for its chemical
composition and properties.

 
Figure 1. Japanese knotweed plant (Maris Marius Gabriel, beekeeper—personal collection).

Principal classes of compounds, considered as bioactive compounds, are flavonoids,
stilbenes, anthraquinones, coumarins and lignans, found in roots, stems, leaves and
flowers [10,57,58,79,80]. It is important to note that environmental factors, including
climate or harvesting time, play a key role in the plant’s chemical composition [81].
Moreover, as a balance, Japanese knotweed can have a great impact in modifying the
physico-chemical parameters of the soils they invade [82], so that it is able to adapt
to any kind of soil and even enrich it with a lot of nutrients [83]. As a consequence,
it is challenging to compare the differences between the phyto-chemical constituents,
depending on the region from where the samples were collected.

In this regard, Table 1 presents the most representative studies made on the chemical
composition of Japanese knotweed, emphasizing the part of the plant analysed, the
phyto-chemical constituents found, the identification method, and some results.
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Nawrot-Hadzik et al. (2018) revealed that the chemical composition of the roots of
different species of Fallopia (F. japonica, F. bohemica and F. sachalinensis) contained a higher
amount of piceid and resveratrol [57]. Comparing two Fallopia species, Lachowicz and
Oszmianski (2019) reported that the leaves were a source of polymeric procyanidins,
flavones, flavonols, phenolic acids, oleanolic and ursolic acids, while the roots contain
flavan-3-ols and stilbenes, resveratrol being the most dominant [58]. Glavnik and Vovk
(2020) extracted the anthraquinones from Japanese knotweed rhizomes using numerous
extraction solvents and obtaining identical qualitative densitometric profiles in almost
all the solvents with the exception of the sample test solution in dichloromethane, who
allowed the extraction of physcion, emodin, and its equivalents (emodin-8-O-hexoside,
emodin-O-acetyl-hexoside and emodin-O-malonyl-hexoside) [59]. Other compounds
such as carotenoids were observed by Metličar et al. (2019) [80] when exploring the
green and senescing leaves of two types of knotweeds, respectively, Japanese knotweed
and Bohemian knotweed. Even if both plants indicated close pigment profiles, the total
carotenoid content in green leaves exceeded the content revealed in senescing leaves for
the two species, being comparable to one of the richest sources of carotenoids, specifically
spinach [89,90]. Chen et al. (2013) have compared several Japanese knotweed samples
from different parts of Canada and China, showing that the higher amount of resveratrol
was found in the roots, compared to the stems and leaves. Moreover, it is suggested that
the level of polydatin is similar in the samples from Prince Edward Island compared
to those from China, while the level content of resveratrol turned up higher for the
samples from China in contrast to those from Canada. In the case of emodin, Canadian
samples contain a lower level than the Chinese samples, whereas physcion had higher
levels in the Canadian samples compared to the Chinese ones [81]. However, Chu et al.
(2005) founded in his study a higher amount of emodin, while physcion was found
in the lowest quantity [84]. On the other hand, Vrchotová et al. (2007) evaluated the
stilbene and catechin content of the spring sprouts and knotweed rhizomes of Reynoutria
species, finding that the most predominant stilbene derivative in sprouts was piceid. By
contrast, in the rhizome composition there was little resveratrol, while in the sprouts,
the amount of resveratrol was much the same in all analysed knotweed samples [85]. Yi
et al. (2020) managed to analyse five samples of the Japanese knotweed procured from
different parts of China, reporting that from the seven compounds found, the greater
proportion was represented by piceid [86]. It should be pointed out that according to the
Chinese Pharmacopoeia, emodin and polydatin are considered to be standard indicators
regarding the quality of dried material, thus a content of 1.0% emodin and 1.5% polydatin
is required [19].

Studies made by Bensa et al. (2020) found that, concerning the degree of polymer-
ization, leaves of the Japanese knotweed and other two knotweed species have similar
chemical profiles of proanthocyanins [87]. This data is in accordance with the profiles of
Japanese knotweed rhizomes examined by Glavnik et al. (2019) [91]. However, regarding
the profile of gallates, leaves possess lower variety than rhizomes [87].

In his study, Alperth et al. (2021) detailed the presence of thirty-four substances, of
which the greatest proportion was represented by anthranoids, while four new substances,
namely demethylatedv torachrysonehexoside, sulfonyl torachryson, emodin methyl ether
acetyl hexoside and malonylemodin, were declared new derivatives of the abovemen-
tioned compounds [88]. The aforementioned results are in agreement with the fact that
the major chemical constituents found in the analysed parts of F. japonica, are a valuable
source of polyphenolic compounds that exhibit a large spectrum of therapeutic properties
and biological activities, which will be detailed as follows. As seen, the frequently used
method for the identification of the biological constituents of this invasive alien species
was chromatographic fingerprinting. This method is frequently employed for confirming
the quality of plants used as alternative medical compounds or food supplements [87,92].
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3. Biological Activities

In traditional medicine, F. japonica has been used for many years in Japan, China,
Korea, and Taiwan. Recently, it became the spotlight of numerous studies, since its chem-
ical composition has revealed promising therapeutic effects. Alcoholic, hydroalcoholic
and water extracts from roots, rhizomes, and aerial parts (stems, leaves and flowers)
have antibacterial activity [64,66,93–95], antioxidant effects [44,58,66,96–105], anticancer,
antiproliferative and apoptotic properties [106–108], anti-inflammatory and antiviral
activity [11,69,109–112] and many other bioactive properties.

The rich sources of biologically active substances found in F. japonica are essential for
its specific therapeutic properties. Its applicability using in vitro and in vivo models has
been largely investigated and is pointed out in the following section.

3.1. Antibacterial Activity

Recently, interest in antimicrobial substances originating from plants has extended
to researchers investigating how different plants and their morphological extracts are
associated with therapeutic activity and how they can be used as natural preservatives
or ingredients for medicinal use. In this sense, P. cuspidatum exhibits significant antibac-
terial activities, mainly because of its bioactive compounds, especially stilbenes and
anthraquinones. The most commonly used methods in analysing antimicrobial activity
are disk diffusion, well diffusion and broth or agar dilution, together with the minimum
inhibitory concentration (MIC) and minimum bactericidal value (MBC) [94]. Studies
regarding antibacterial activity and bactericidal effects against different classes of mi-
croorganisms (Gram-positive and Gram-negative bacteria), including oral pathogens of
P. cuspidatum extracts, were reported for several decades [93], without investigating the
compounds, or classes of compounds responsible for this activity. Foodborne pathogens
are represented by a large variety of microorganisms that lead to food spoilage and
foodborne illnesses.

Lately, there has been an increase in interest, both from consumers and food produc-
ers, for safe food that is produced without using synthetic preservatives. Natural products
with antimicrobial properties have been identified with plants as their main sources [64].
An excellent candidate for extracts with high antibacterial activity and, thus, important
for food preservation is P. cuspidatum. A study by Shan et al. (2008), demonstrated that
the major classes of constituents in the roots of P. cuspidatum are stilbenes and hydrox-
yanthraquinones [64]. The extract was tested on five foodborne pathogenic or faecal indi-
cator bacteria, namely, Bacillus cereus (B. cereus), Listeria monocytogenes (L. monocytogenes),
Staphylococcus aureus (S. aureus), Escherichia coli (E. coli) ATCC25922, and Salmonella ana-
tum (S. anatum). Results were reported using MIC, MBC, and observation of the bacterial
morphology under scanning electron microscope of the incubated cells. Antibacterial
results of the extract were verified using pure standards of the main compounds found
in the root extract of P. cuspidatum, indicating high antibacterial activity for all of them.
Except for E. coli, all other bacteria used in the study presented a high diameter of inhibi-
tion zone (DIZ) as average value compared to pure standards (6.4–20.2 mm compared
to 15.2–35.4 mm). However, MIC and MBC were much better when compared to pure
standards for Gram positive bacteria (B. cereus, L. monocytogenes), due to the synergism
between compounds (156.3 μg/mL for L. monocitogenes compared to 312.5–625 μg/mL for
pure standards and 312.5 μg/mL for B. cereus compared to 625 μg/mL for pure standards,
excepting resveratrol with the same concentration as the extract). Another in vitro study
demonstrated the potent inhibitory effect of P. cuspidatum and specifically of emodin
against Gram-negative Haemophilus parasuis [113]. Therefore, the results indicated a MIC
concentration of 32 g/mL and a MBC value of 64 g/mL for emodin.

Magacz et al. (2021) [95] proved the antibacterial effects of three Reynoutria species
against Streptococcus mutans (S. mutans) and the positive impact on the prevention of
caries formation. Due to the fact that extracts of the rhizomes of Reynoutria species are a
rich source of polyphenols, they can balance the lactoperoxidase cycle, acting as activat-
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ing/inhibiting agents for the antibacterial activity of the enzyme. The results showed that
R. japonica extract exhibited the strongest inhibitory effect against the analysed microor-
ganism using the acetone extracts (MIC 0.15 mg/mL), while for the bactericidal activity
R. Japonica revealed a strong activity for the ethyl acetate fraction and acetone (MBC 0.60
mg/mL). Moreover, the authors observed that the content of polyphenols is a key factor
for the presence of its antimicrobial activity, as the water fraction in the case of R. japonica
revealed a very week inhibition against S. mutans (MIC 1.20 mg/mL) compared to the
other studied fractions. On the same page, Nawrot-Hadzik et al. (2019a) [63] observed
the dependence between the polyphenols and the antiseptic activity when testing the
bacterial viability of the same three Reynoutria species (R. Japonica, R. sachalinensis and
R. bohemica) against Gram positive bacteria (Streptococcus mutans, Streptococcus salivarius,
Streptococcus sanguinis, and Streptococcus pyogenes). Compared to the other three species,
R. japonica extract had the highest antibacterial activity against S. mutans (mean MIC
1000 μg/mL and MBC 2000 μg/mL), mainly because of the abundance of stilbene, agly-
cones and anthraquinone aglycone, respectively. The latest mentioned studies and their
results indicate that R. japonica can be considered a useful antimicrobial agent for the
profilaxy of dental pathogens.

3.2. Antioxidant Activity

The positive therapeutic effects of the major compounds found in F. Japonica, namely
polyphenols, are associated with its antioxidant capacity and therefore can be related
to the modulation of a range of receptors and metabolic pathways. [105]. Therefore, as
inhibitors of free radicals, they may cause oxidative reactions in the human body and
thus produce various disorders, especially cancer [96].

When evaluating antioxidant activity, several methods are used specific for different
matrices. These in vitro methods have certain advantages, but on the other hand, they
also exhibit several disadvantages and limitations when used on plants, foods, or different
extracts. The most used methods are: 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulphonate)
scavenging activity, (ABTS+) 1,1-diphenyl-2-picrylhydrazyl (DPPH·) radical scavenging
activity, Fe3+−Fe2+ transformation assay, ferric reducing antioxidant power (FRAP) assay,
cupric ions (Cu2+) reducing power assay (Cuprac), Folin–Ciocalteu reducing capacity
(FCR assay), peroxyl radical (ROO·), superoxide radical anion (O2·-), hydrogen peroxide
(H2O2) scavenging assay, hydroxyl radical (OH·) scavenging assay, singlet oxygen (1O2)
quenching assay, nitric oxide radical (NO·), oxygen radical absorbance capacity assay
(ORAC), to mention the most important.

Considerable studies regarding the antioxidant activity of F. Japonica have been
carried out worldwide. For instance, Lachowicz and Oszmiańsk (2019) [58] compared
the antioxidative activity between F. japonica and F. sachalinensis plants and their mor-
phological parts (leaves, stalks, and roots), noting that the average values in F. japonica
were higher than in F. sachalinensis. As for the morphological parts, the lowest level of
antioxidative activity was found in the stalks of both Fallopia sp. samples, measuring an
average of 31.79 for the ABTS assay and 14.11 mmol Trolox/100 g DW for the ORAC assay,
respectively. Still, both the leaves of F. japonica and the roots of F. sachalinensis showed the
highest antioxidative activity (81.12/71.22-ABTS assay, compared to 30.42/30.85—ORAC
assay- mmol Trolox/100 g DW). This suggests that the antioxidative capacity of plants can
be attributed to the polyphenolic content of its compounds. Another study showed strong
antioxidant activity for 32 compounds from P. cupidatum samples collected in China [114],
specifically 92.7% inhibition at a concentration of 64 μg·mL−1.

Studies have proven the high correlation between the phenolic content and the
antioxidant capacity in P. cupidatum species. For instance, Lazurca et al. (2012) analysed
the phenolic content and antioxidative activity of P. cuspidatum buds from Romania in
different solvents. The analysis revealed that the total phenolic content (TPC) ranged
from 1048 ± 13 mg GAE/100 g to 1426 ± 15 mg GAE/100 g fresh buds. The results
are in agreement with the antioxidant capacity, which varied from 89.034 to 182.483 μM
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trolox/g fresh weight buds, using an extraction index of 96.3. This demonstrates a positive
correlation between the antioxidant activities and the total polyphenol content, but not
necessarily strong enough (r = 0.5274, p < 0.01) [98].

On the other hand, Ardelean et al. (2016) [44] observed by measuring the root
extracts of this plant that the phenolic content was 146.34 ± 5.36, expressed as milligrams
of gallic acid equivalents (GAE)/g extract. This result exhibited a notable correlation with
its antioxidant effect, namely 92%, by using a concentration of 1 mg/mL in ethanol 50%.
Other studies have also explored the phenolic and antioxidant activity of P. cupidatum,
showing higher results, while Chen et al. (2010) identified for the ethanolic extract from P.
cuspidatum roots a phenolic content of 276.78 ± 39.31 mg/mL and 231.73 ± 5.04 mg/mL
expressed as gallic acid equivalents [102], Hsu et al. (2007) remarked that the phenolic
and flavonoid total contents in P. cuspidatum have much higher inhibitory activity against
the DPPH radical (641.1 ± 42.6 mg/g and 62.3 ± 6 mg/g). This latest study proved
also an important antioxidative effect (the half maximal inhibitory concentration—IC50
value of P. cuspidatum extracts represents 110 μg/mL in free radical scavenging assays,
3.2 μg/mL in superoxide radical scavenging assays, and 8 μg/mL in lipid peroxidation
assays, respectively) [100].

Among all polyphenols, the one most frequently associated with the antioxidative
effect are stilbenes [115], mostly resveratrol [99,103].

Still, there are recent studies which demonstrate that stilbenes may not be the only
contributing factors to the antioxidative activity of Japanese knotweed, and that different
compounds may also play an important role. In this regard, Lee et al. (2011) has pointed
out no correlation between the antioxidative property and resveratrol or emodin [116], as
the smallest extracts of R. japonica showed the higher antioxidant activity.

In addition, Pan et al. (2007) revealed that resveratrol extract from P. cuspidatum
roots had a lower antioxidant activity than ethanol extract [101]. Additionally, recent
contributions confirmed the presence of polydatin and epicatechin in higher proportion
than trans-resveratrol [117,118] showing at the same time a stronger antioxidant activity
than the previously mentioned compound (higher IC50; 7.08 g/mL or 31.02 M) [97].

Moreover, an investigation by Lachowicz et al. (2019) indicated that the greater
radical scavenging capacity of the compounds found in two Reynoutria sp. extracts
(R. japonica and R. sachalinensis) was given by catechins, procyanidin, trans-piceid and
trans-resveratrolside (procyanidins derivatives) [58]. The same direction is confirmed
by Nawrot-Hadzik et al. (2019a) who suggested that procyanidins can also be taken
into consideration when speaking about the antioxidant potential of the the Japanese
knotweed [63].

These data suggest that Japanese knotweed is a rich source of natural antioxidants
that can be used in human diet as an ingredient in different foods or drugs in order to pro-
tect and prevent chronic diseases (cardiovascular diseases, cancer, diabetes, obesity, etc.).

3.3. Anticancer, Antiproliferative and Apoptotic Activity

The continuous research on cancer prevention and treatment has led to some notable
studies that have revealed the chemopreventive role of the Polygonum genus, notably
P. cuspidatum. As cancer is the result of some biochemical processes that produce oxidative
damage and possible death to the cells, the phenolic and metabolite compounds found
in the roots of this alien species plant have been screened in order to demonstrate their
antiproliferative and apoptotic activities. The study carried out by Xie et al. (2014) [108]
revealed that one of the active constituents of P. cuspidatum, namely resveratrol, had
remarkable inhibition effects on three human hepatoma cell lines (HepG2, SMMC–7721
and BEL-7402), using concentrations ranging from 2.5 to 40 μM in a time-dependent
manner. Among the tested cell lines, SMMC-7721 was the most sensitive to the resveratrol
action. Moreover, the study also confirmed that resveratrol could prevent the apoptosis
of caspase 3 and caspase 9, the main cells involved in this process. The antitumor
effects of this compound were also proven in vivo, as doses of 10 and 30 mg/kg of
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resveratrol could significantly reduce tumour growth (41.7 ± 12.45% and 60.9 ± 9.9%,
respectively). The extracts of the same plant, and once again resveratrol as the main
compound, proved its efficiency in inhibiting the human oral cancer cells in a study
carried out by Wang et al. (2019). Thus, the cisplatin-resistant cancer cells originated from
a human tongue cancer cell line CAL 27 and were exposed to 150 μg/mL P. cuspidatum
extract for different hours. The results have shown that for 48 h, the half maximal
inhibitory concentration of the plant extract in the tested cancer cells was 110.34 ±
8.21 μg/mL [118]. Other antiproliferative effects of P. cuspidatum roots against human
hepatocellular carcinoma cells of HepG2 and SMMC-7721 were investigated by Jiao et al.
(2018) who observed that besides the cell apoptosis effects, polydatin could inhibit cell
proliferation, invasion, and migration [106]. Furthermore, other research confirmed the
chemopreventive properties of the juglone analogue 2-ethoxystypandrone isolated from
the P. cuspidatum roots [107]. This compound is considered to be an inhibitor of the
signal transducer and activator of transcription 3 (STAT3), an important constituent of
hepatocellular carcinoma. Therefore, the study made by Li et al. (2019) demonstrated
that 2-Ethoxystypandrone was able to block the STAT3 activation (7.75 ± 0.18 μM, using
50% concentration) to induce the death of hepatocellular carcinoma and to inhibit the
proliferation of cancer cells (IC50 = 2.70 ± 0.28 μM) [107].

These dates are consistent with the idea that the extracts of the Japanese knotweed
have shown promising healing effects on various types of cancer by inhibiting the growth
and progression of cancer gene cells in different stages and in a time/dose-dependent manner.

3.4. Anti-Inflammatory and Antiviral Activity

Some bioactive compounds from the extracts of Japanese knotweed exhibit anti-
inflammatory and antiviral activities. The anti-inflammatory and protective activities
of P. cuspidatum on Dry Eye Disease (DED) was investigated by Park et al. (2018) with
both in vitro and in vivo analysis. It was revealed that the active substances from the
examined plant are represented by caftaric acid, rutin, quercitrin, resveratrol and poly-
datin, the latest being the crucial one. In vivo, these compounds had increased the tear
volumes of the groups treated (using 100 and 250 mg/kg extract) to 5.95 ± 0.71 and
6.49 ± 0.89 mm (p < 0.05), respectively, in contrast to the exorbital lacrimal gland-excised
group (4.33 ± 1.28 mm, p < 0.0001), whereas in vitro it had positive effects on inhibiting
the hyperosmolar stress-induced inflammation by reducing the expression of COX-2,Bax,
nuclear translocation of NF-B through the stimulation of PARP, NF-B and caspase 3 [11].

Furthermore, Yu et al. (2020) gave evidence that resveratrol, emodin-1-O-d-glucoside,
and emodin-8-O-d-glucoside play crucial roles in the anti-inflammatory properties of
P. cuspidatum [69]. In addition, the study revealed that different concentrations of resvera-
trol can have a significant contribution in modulating the inflammatory process, namely
at a concentration of 100 M resveratrol mitigates the TNF- level with the inhibition rate
of 51.55%, while half of the same concentration diminished the pro-inflammatory cy-
tokines production levels of IL-6 and MCP-1 cells by 63.86% and 69.88% [69]. Besides,
Hodgin et al. (2021) revealed that resveratrol extract from P. cuspidatum had a major con-
tribution in attenuating the symptoms of the Gulf War Illness, associated in general with
an inflammatory process. Results showed that by taking a dose of both 200 mg/day or
600 mg/day, the symptoms associated with this illness were diminished. On the contrary,
the other bioactive compounds analysed from another plant (luteolin and fisetin) showed
no significant effects [111].

As for the antiviral effects, several studies confirmed that the bioactive compounds
extracted from the Japanese knotweed rhizomes possess high curative properties against
viral microorganisms. For example, Liu et al. (2013) [109] underlined the positive effect
that the roots and rhizomes of P. cuspidatum has on treating the Coxsackievirus B4 (CVB4)
infection. Specifically, emodin was explored through in vivo and in vitro assays, suggest-
ing that it can lessen both the replication of Hep-2 and CVB4 cells. Emodin together with
ethyl acetate subfraction F3 from P. cuspidatum were also indicated to slow down the
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Epstein–Barr virus (EBV) lytic cycle in a dose-dependent manner (5.94 μg/mL and 4.83
μg/mL, respectively, at a half maximal effective concentration [110].

Zhang et al. (2015) examined the cytotoxicity of both resveratrol and polydatin
on Enterovirus 71 (EV71) infected cells, suggesting that while resveratrol has inhibition
activity against the production of inflammatory cytokines of EV71 (IC50 of 21.36 μg/mL
at a concentration of ≤40 μg/mL), polydatin revealed a lower antiviral activity (IC50 of
979.66 μg/mL, at a concentration of 300 μg/mL) [119].

The report made by Nawrot-Hadzik et al. (2021) showed significant effects of the
butanol fractions from R. japonica and R. sachalinensis (especially vanicosides) on the
inhibition of SARS-CoV-2 Mpro cells (7.877 g/mL, 4.031 g/mL, respectively at IC50).
However, these constituents may act in synergy with other compounds such as poly-
merized procyanidins that can also exhibit a strong inhibitory activity on the antiviral
pathway, as suggested by previous authors [112].

3.5. Other Bioactive Properties

In addition to the aforementioned biological activities, Japanese knotweed possesses
some other notable therapeutic activities. For instance, its cardioprotective effects were
mentioned in studies focusing on hyperlipidaemia [120], ventricular remodelling [121],
ischemia-reperfusion injury [122], myocardial infarction [123], where different compounds
of P. cuspidatum (resveratrol and polydatin) were proven to improve the functions and
mechanisms of some enzymes responsible for the good functioning of the heart. Moreover,
promising results with regard to the neuroprotective effects of this plant were reported
in animal models. Resveratrol exhibited positive effects on ameliorating anxiety [124]
and alleviating depression activity by decreasing the malonaldehyde marker for oxida-
tive stress, using 15 mg/kg/day extract [125]. Importantly, it has also been implicated
in inhibiting the progression of Alzheimer Disease through the multiplication of neu-
rons [126]. In addition, Liu et al. (2016) found out that resveratrol can reduce depression
symptoms such as sucrose preference, lipid peroxidation, superoxide dismutase, im-
mobility time and locomotor activity [127]. The same results have been confirmed by
Wang et al. (2016) [114] and Moore et al. (2018) [128]. Polydatin [72], emodin-8-O-β-d-
glucoside [70] and 2-methoxy-6-acetyl-7-methyljuglone [129], have also shown impressive
results in improving the biological parameters for cognitive deficits or neuromuscular
coordination.

The anti-diabetic activity of F. Japonica was demonstrated by its ability to scavenger
the methylglyoxal reactions, responsible for the apparition of this chronic disease [130].
Several studies in this direction suggested its protective effects regarding diabetes by
ensuring better glycaemic control [117,131–134]. Moreover, the extract of P. cuspidatum
was described to be beneficial for gastrointestinal disorders, notably ulcers [135], as well
as in respiratory dysfunctionalities [136] or obesity [121,137,138].

Subsequently, the positive effects on reproductive system disorders were outlined
for some compounds found in the roots of Japanese knotweed. In particular, convincing
evidence indicates that this invasive alien plant may be an ideal remedy for hormone
replacement [139] through the enhancement of the oestrogen-sensitive cells.

All the described bioactive properties of P. cuspidatum confirm, once again, that this
plant can be a valuable nutraceutical source for human health.

However, besides the positive activities of the biological active compounds of F. japonica,
we cannot ignore the possible toxicity that may occur. In this regard, resveratrol has
been revealed to exert undesirable effects depending on the dosage intake, the most
common being abdominal discomfort, diarrhoea and nausea [140–143], while emodin
inhibited human sperm functions [144]. Therefore, it is important to underline that further
investigations and clinical trials are required in order to establish quantitative assessment
of the standardized dose that can be used in order to maintain the health contribution of
this compound and to avoid side-effects.
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4. Future Directions

4.1. Fallopia japonica Flowers: Important Nectar Source

It is worth mentioning that F. japonica is one of the invasive plants that are considered
to produce pollination services [145]. Even if the male flowers are very rare for pollen
production, its female flowers are a great source of nectar rich fructose and glucose and,
therefore, are intensively visited by pollination-insects, respectively bees [18,146–148].

To better appreciate its importance for beekeeping, but also to determine the massive
unwanted invasion, different modern techniques may be used to detect the presence
of Japanese knotweed. The newest and, at the same time, the most efficient of these
methods, both in terms of actual working time in the field and of the surfaces covered
in a certain time interval, is the technique that uses U.A.V. (Unmanned Aerial Vehicle)
technology, which, depending on the chosen device model and the sensors mounted on it,
can cover areas between 10 ha and 100 ha in less than two hours of flight [149]. During
a photogrammetric operation, all data will be recorded in a series of three-dimensional
coordinates, in a graphical form. From the existing varieties of this type of technology,
drones that successfully combine all the good elements from each major category, in a
single device, seem to be at present, the one best choice, for almost any kind of large
surface work: this being about Fixed Wing Vertical Take-Off and Landing U.A.V. Some
of the most relevant software for capturing or processing photogrammetric data are
DroneDeploy, Agisoft Photoscan, and Pix4D. Referring to the correct choice of sensors
to be used in this field, multispectral cameras are by far the most useful accessories.
With their help, different types of vegetation can be identified and differentiated (either
cultivated or wild), and it is also possible to study and establish their condition [149].
This method may be used successfully for the mentioned purposes.

It is known that the beekeeping value of F. japonica originates in the Far East, but
as the plant became naturalized in Europe and America, this property was studied in
the respective areas also. The study of Ferrazzi and Marletto (1990) is one of the few
published investigating the beekeeping potential of the plant [146]. Conducted in the
Piedmont region of Italy between 1988 and 1989, the study describes the feeding behaviour
of the bees during the flowering period from July to October. The tiny greenish-white
flowers, placed in axillary spikes, produce a high amount of nectar from non-differentiated
nectar tissue located at the base of the stamens. The flower has eight stamens, presented
regularly shaped anthers, in which however no pollen was ever observed. One of the
few studies on nectar of P. cuspidatum was made in Poland in 2001 [150], where in three
consecutive years (1998–2000), different parameters were measured, during the blooming
period which was determined between 01.09 and 23.09. This period is also in accordance
with different observations made by beekeepers in Romania. As stated by the previous
study, P. cuspidatum (F. japonica) has a good potential for honey production, as the nectar
of Polygonum flowers owns a concentration of sugars ranging from 30 to 56%, and a
potential for honey production of 200–355 kg/ha, with a daily gain of honey production
of 10–15 kg [150]. Still, the nutritional quality of the invasive F. Japonica nectar, compared
with other invasive plant species, is unknown.

Foregoing descriptions of the plant demonstrate a very good source of secondary
metabolites from different chemical classes, from root to the flowers. Nectary glands also
contain high amounts of bioactive compounds from the class of polyphenols, which are
transferred to honey when the bees are collecting the nectar.

On account of this, the management control and eradication of F. japonica has to
be made using sustainable methods that will keep creating a healthy environment and
protection for biodiversity [151]. Thereby, the effects that some methods may have on
insect communities found in invaded locations need to be consciously evaluated [152].

4.2. Knotweed Honey

As known, honey is the only sweet natural product, made by the bees from flower
nectar or from sweet secretions of plants or found on the plants, brought to the hive and

93



Plants 2021, 10, 2621

left for ripening and maturation [153]. Depending on the nectar source, honey is classified
as monofloral, multifloral or honeydew honey. Its aspect, taste, and chemical composition,
depends also on the same parameters. Another important factor for honey colour is the
harvest period. For instance, honey collected in spring and early summer is light in colour,
whereas in mid-summer, the colour of honey transforms to dark yellow, orange or even
brown. The darker the honey colour is, the higher its nutritional value, represented by
vitamins, minerals and secondary metabolites coming from the plants which provide the
sugar source. Japanese knotweed plants belong to the Polygonaceae family, from which
dark coloured honeys are produced (e.g., buckwheat honey). Japanese knotweed honey
makes no exception. It was known and consumed in Japan for many years, from where
the plant is native, but its invasiveness in countless regions of the world made this honey
known, analysed, and appreciated. Knotweed honey is dark in colour (Figure 2), very
aromatic, with a particular flavour, and it is finely and uniformly crystallized during
storage [146]. In addition, it has an extremely high content of minerals, but also possesses
antioxidant and antibacterial properties [154].

 
 

Figure 2. Colour of Japanese knotweed honey (Maris Marius Gabriel, beekeeper—personal collection).

It is also known as “bamboo honey” due to the fact that the knotweed plant looks
similar to a bamboo stick. Describing the chemical composition of Italian knotweed,
Ferrazzi and Marletto (1990) stated that it has reduced humidity (17.9%) and medium
electrical conductivity value, although it is very dark in colour (0.432 mS/cm), acidic
pH (3.8) and has low acidity (free acidity 13 meq/kg, lactone acidity 1.25 meq/kg) and a
small value of ash content (0.09%) [146].

A recent study [149] found similar characteristics for knotweed honey from western
Romania. Due to the fact that this type of honey is harvested very late (generally October),
there are few beekeepers in Romania producing it. Three samples were harvested in
different locations from western Romania and analysed for their chemical composition,
showing an average water content (15.6–20.0%) and electrical conductivity characteristic
to multifloral honey (0.541–0.697 mS/cm), high diastazic index (11.52–18.74 DN) and
low HMF content (0.29–9.93 mg/kg). Fructose and glucose are the main sugars found
in knotweed honey, having similar values (38.9–39.8% fructose and 29.3–35.2% glucose).
Therefore, the crystallization process installs very quickly from the time of harvesting.
Other sugars identified were sucrose, turanose, maltose, trehalose and erlose (values
from 0.13 to 3.18%). An important characteristic for this type of honey is total lipid and
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total nitrogen contents. High values (for honey) were quantified, ranging from 0.12 to
0.52% (total lipids) and 0.47–1.05% (total nitrogen). Further studies are necessary for the
identification of amino acids and fatty acids, important compounds of this type of honey.

High amounts of minerals (K, Ca, Na and Mg) were also quantified in knotweed
honey (6196.8 mg/kg for K). This amount is extremely high compared to other floral
honeys, including buckwheat and manuka honey [155–158]. The polyphenolic content
of honey came from the plants that ensure the nectar and pollen as raw materials for
the bees. As stated before, Japanese knotweed is an important source of secondary
metabolites from the classes of polyphenols, specifically stilbenes and anthraquinones.
Total phenolic content of knotweed honey ranged between 100 and 195 mgGAE/100
g honey and 20–55 mgQE/100 g content of flavone/flavonols [154]. These values were
higher compared to other dark coloured honeys, including buckwheat honey [159–162].

4.3. Comparison with Other Honey Types from the Same Plant Family

F. japonica (R. japonica, P. cuspidatum) belongs to the Polygonaceae family. According
to Sanchez et al. (2009) [163] and Burke et al. (2010) [164], the phylogenetic tree for
the Fallopia, Reynoutria and Polygonum is: Polygonaceae, Polygonaceae, Polygonum, Fallopia
and Reynoutria. Searching for studies describing the chemical composition of Japanese
knotweed honey, we could not find extensive literature, although this type of honey has
been produced and consumed for many years, first in Japan, where the plant is native
and later, all over the world where it has spread and maintained its common use. The few
studies were compared to other dark coloured honeys, including buckwheat (from the
same plant family) or manuka honey.

Manuka honey is known for its medicinal value more than for its taste, which is not
appreciated by many consumers. It has a dark colour when fluid and freshly harvested,
and its colour intensity decreases when crystallization occurs [155,165]. The smell is
described as “pungent” most of the time and is not consumed for its aroma. Although,
the health properties of dark honeys are by far superior to light colour honeys. From
the chemical composition of honey, different classes of compounds found in very small
amounts, determine their bioactive properties. The synergism between phenolics, organic
acids, enzymes or peptides seems to be responsible for these properties. In the case
of manuka honey, its bioactive properties are related to Unique Manuka Factor (UMF),
representing the content of methylglyoxal and phenolic content. According to differ-
ent studies [155,166–169], manuka honey contains high amounts of caffeic, p-coumaric,
syringic acids, quercetin, luteolin, pinocembrin, isorhamnetin, kaempferol, chrysin, galan-
gin, pinobanksin, methyl syringate, leptosin, glyoxal, and methyl glyoxal. The synergism
between these classes of compounds present high antioxidant and antibacterial activ-
ity [170].

Buckwheat honey is produced in North America, but also in Europe, China and
Russia. The main producers in Europe are Poland, Ukraine, the Netherlands, Germany
and Moldova. This honey is characterised by a dark purple colour, almost black, with
a malty aroma and strong animal odour [171]. Many scientific studies have shown the
high antioxidant and antibacterial properties of this honey [172], especially its efficacy in
respiratory tract infection. The study by Pasini et al. (2013) [171] highlighted the presence
of p-hydroxybenzoic, p-coumaric, ferulic, syringic and caffeic acid, also abscisic acid, and
quercetin, apigenin, pinobanksin, kaempferol, isorhamnetin, chrysin, pinocembrin and
galangin in buckwheat honey. For this reason, the bioactive properties of this honey type
are extremely high.

Furthermore, a study by Dzugan et al. (2020) [173], demonstrated that Polish buck-
wheat honey possesses the strongest antibacterial and antioxidant properties, because
it is registered as the darkest Polish honey and, according to other scientific studies, the
darker the honey, the higher the bioactive properties. Earlier in 2018, Deng et al. [157]
comparatively evaluated the cellular antioxidant activity of buckwheat and manuka
honey samples, using a cell-based model of HepG2 cells. The cellular antioxidant activity
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can determine the antioxidant activity more accurately than chemical-based methods,
due to the fact that it takes into consideration the bioavailability, distribution of bioac-
tive compounds in the interested biologic system and the cellular uptake. The EC50
value of buckwheat honey was lower than of manuka honey, indicating a potent cellular
antioxidant activity for buckwheat honey.

Unpublished studies by Bobis et al. (2018) [174], presented at the Symposium
Apimedica and Apiquality (Sibiu, Romania), highlighted the bioactive properties of
knotweed honey (F. japonica), identified using HPLC, p-OH-hydroxybenzoic acid, syringic
acid, p-coumaric acid, ferulic and t-cinnamic acid in honey samples from Romania.
Additionally, a high percentage of inhibition of the DPPH radical was determined (61.69–
71.75%), higher than registered for honeydew honey. Regarding the antibacterial activity,
Japanese knotweed honey from Romania inhibits the growth of S. aureus, and is effective
also on Staphyloccocus pseudointermedius, Bacillus cereus and Salmonella enteritidis.

Further studies of Japanese knotweed honey samples produced in different locations
are needed to determine its chemical composition, biological properties and its best
valorization.

5. Conclusions

Japanese knotweed, an all invasive plant species, represents a challenge because of
its ecological and economic impact. Nevertheless, its chemical composition (from roots to
leaves) has revealed the presence of unique active compounds that are reputable for their
extensive variety of physicochemical features and biological activities. The aim of this
review was to provide a comprehensive overview on the high therapeutic potential of
Japanese knotweed by emphasizing its main compounds and their biological activities.
Specifically, in vivo and in vitro studies on the chemical composition of F. japonica were
covered, identifying resveratrol, emodin and polydatin as the main compounds that can
exert therapeutic effects (antibacterial, antioxidant, anti-inflammatory and anticancer
effects, among the most important ones). In addition, some future directions were
proposed in order to valorise this troublesome plant for its nutraceutical and functional
characteristics. Therefore, using F. japonica by exploiting its pharmacological properties
through sustainable approaches such as beekeeping can lead to new and innovative
opportunities, from which local communities and biodiversity can take advantage and,
consequently, may reduce its negative impact. However, it should be noted that the
management, control and eradication of F. japonica has to take into consideration the
possible effects that the use of some insecticidal methods can have on the pollinators
found in the invaded locations. Still, further research is needed to support the promising
potential of this invasive plant as a honey source and to assess its health-supporting
properties.
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85. Vrchotová, N.; Bozena, S.; Tříska, J. The Stilbene and Catechin Content of the Spring Sprouts of Reynoutria Species. Acta
Chromatogr. 2007, 19, 21.

86. Yi, T.; Zhang, H.; Cai, Z. Analysis of Rhizoma Polygoni cuspidati by HPLC and HPLC-ESI/MS. Phytochem. Anal. 2007, 18, 387–392.
[CrossRef]

99



Plants 2021, 10, 2621

87. Bensa, M.; Glavnik, V.; Vovk, A.I. Leaves of Invasive Plants—Japanese, Bohemian and Giant Knotweed—The Promising New
Source of Flavan-3-ols and Proanthocyanidins. Plants 2020, 9, 118. [CrossRef]

88. Alperth, F.; Melinz, L.; Fladerer, J.-P.; Bucar, F. UHPLC Analysis of Reynoutria japonica Houtt. Rhizome Preparations Regarding
Stilbene and Anthranoid Composition and Their Antimycobacterial Activity Evaluation. Plants 2021, 10, 1809. [CrossRef]

89. Bunea, A.; Andjelkovic, M.; Socaciu, C.; Bobis, O.; Neacsu, M.; Verhé, R.; Van Camp, J. Total and individual carotenoids and
phenolic acids content in fresh, refrigerated and processed spinach (Spinacia oleracea L.). Food Chem. 2008, 108, 649–656. [CrossRef]

90. Chandra-Hioe, M.V.; Rahman, H.H.; Arcot, J. Lutein and β-Carotene in Selected Asian Leafy Vegetables. J. Food Chem. Nanotechnol.
2017, 3, 93–97. [CrossRef]

91. Glavnik, V.; Vovk, I. High performance thin-layer chromatography–mass spectrometry methods on diol stationary phase for the
analyses of flavan-3-ols and proanthocyanidins in invasive Japanese knotweed. J. Chromatogr. A 2019, 1598, 196–208. [CrossRef]
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Abstract: Managing invasive exotic plant species is a complex challenge, especially for Asian
knotweeds (Reynoutria spp.). Tarping is a regularly cited but poorly documented control method,
which consists of covering the ground with a tarp (agricultural tarp, geotextile, geomembrane, etc.)
to create a physical barrier to hinder plant growth and deprive the plants of light in order to deplete
their rhizomatous reserves. To improve our knowledge of tarping in order to identify the key factors
of its success or failure, we reviewed the relevant grey and scientific literature and conducted an
international survey among managers to collect feedback on tarping experiments. In the literature,
as well as in the field, practices are quite heterogeneous, and the method’s effectiveness is highly
contrasted. A better consideration of knotweed biology may improve the efficacy of the method.
Based on the bibliography and survey work, we propose practical recommendations including
covering the entire stand, extending the tarping up to 2.5 m beyond its edges for a period of at least
six years, and ensuring regular monitoring. Even though tarping does not seem to be a one-size-
fits-all solution to eradicate knotweed, it could still be a useful control method once knotweed has
become a critical management issue.

Keywords: ground covering; Reynoutria; Fallopia; Polygonum; knotweed management; geotextile;
invasive alien plants

1. Introduction

The number of invasive alien plant species (IAS) is increasing worldwide mainly as
a result of human activities [1]. These species are causing various detrimental impacts on
biodiversity, ecosystem services, and human health and activities [2], to such an extent
that the Invasive Species Specialist Group (ISSG) of the UICN and the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) consider them
one of the main threats to biodiversity at the global level [3,4]. As a consequence, invasive
species have become a global concern. Managing invasives and the damage they cause
is extremely costly: the annual mean cost at the global scale has been estimated at
US$26 billion over the past few decades, and may have reached US$162.7 billion in 2017
according to one study [5]; total IAS-related costs are estimated to be at least €12.5 billion
per year in the European Union [6], and €38 million in France alone [7]. Therefore, many
countries have adopted policies and strategies to deal with biological invasions. The
Convention on Biological Diversity took invasive species into account at the international
level in 2011 (Aichi Biodiversity Target 9) and the European Union adopted a regulation
(EU No 1143/2014) on the prevention and management of the introduction and spread of
IASs in 2014.
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In the field, IAS control is a complex challenge for land managers (such as transport
infrastructure or natural area managers, hereafter referred to as managers). They have to
design local-scale strategies with often limited financial and human resources [8,9] and
without being certain of the best control options to implement [10,11]. While IAS manage-
ment literature is extensive, there is still a “knowing-doing gap” (sensu Matzek et al. [12],
i.e., a gap between research and practice), as scientific research rarely meets the manager’s
needs [13,14]. The complexity of invasion processes and the diversity of species involved
also make it difficult to develop effective generalized control methods [15]. For many species,
managers often face an absence of consensus [10] and even sometimes contradictory man-
agement recommendations [16]. They may also face division in the scientific community
concerning IAS impacts and the usefulness of costly management programs [17]. In addi-
tion, climate change will likely challenge effective IAS management practices [9]. In such
a context of uncertainty [18], management choices rely heavily on local managers’ own
perception of the IAS, their personal experiences, and advice from fellow managers, more
than on the most recent scientific knowledge [19]. Japanese knotweed s.l figures among
the world’s 100 worst invasive alien species [20] and, as such, is a good example of the
challenges faced by scientists and managers. The species complex is composed of the
Japanese knotweed (Reynoutria japonica Houtt.; syn. Fallopia japonica (Houtt.) Ronse Decr.
or Polygonum cuspidatum Siebold & Zucc.), the Giant knotweed (Reynoutria sachalinensis
(F. Schmidt) Nakai; syn. Fallopia sachalinensis (F. Schmidt) Ronse Decr. or Polygonum
sachalinense F. Schmidt), and the hybrid of the two: the Bohemian knotweed (Reynoutria ×
bohemica Chrtek & Chrtková; syn. Fallopia × bohemica (Chrtek & Chrtková) J. P. Bailey or
Polygonum × bohemicum (Chrtek & Chrtková) P. F. Zika et al. Jacobson) [21]. Japanese and
Giant knotweeds originated from Eastern Asia and were introduced into Europe in the
19th century, mainly as ornamental plants. These invasive perennial geophytes [22] are
now widely naturalized in Europe, North America, Australia, New Zealand, Chile, and
South Africa [23], where they form large monocultures, called “stands” or “patches”, in
a wide variety of habitats. Riverbanks, roads, and railways, as well as wastelands and
manmade habitats are particularly concerned since the plants spread primarily through
the dispersal of vegetative propagules (e.g., fragments of stem or rhizome) and this is
facilitated by earth-moving activities and floods.

Though still under discussion [24,25], the numerous negative impacts of knotweeds [26–
29] and their locally high rate of spread are forcing managers to take action. A growing body of
literature proposes many different control methods including cutting, mowing, pulling, digging,
tarping, burning, grazing, planting, salting, and using herbicides or biological control [30–33].
While recommendations for all of these techniques may be found in various management
practice guides, their effectiveness has rarely been scientifically assessed in readily available,
long-term, robust, controlled experiments [34]. Furthermore, to date, no manual, mechanical, or
chemical method has been recognized as fully effective against knotweeds, or fully compatible
with sustainable management goals [10,31,34,35]. Worse still, some control techniques could
even increase the mean lateral spread of knotweed stands [36,37] or favor the dispersal of
knotweed propagules [23,38]. While considerable effort and huge amounts of money are
being invested, the lack of information and even consensus on the best knotweed control
methods does not allow managers to confidently predict the success of their management
campaigns [10].

One technique that is regularly cited in the literature, despite little rigorous documen-
tation, is “tarping”. A mechanical method, tarping consists of opposing a physical barrier
to plant growth over a period of time (Figure 1). This method is designed to deprive
the knotweed of light, thus preventing photosynthesis, until complete depletion of the
reserves stored in their belowground organs. The rhizomatous system of knotweeds,
which may account for two-thirds of the plant’s total biomass, allows them to store and
share considerable amounts of resources among shoots to maximize the growth of the
whole stand and guarantee its resilience in case of disturbances [26,39,40]. The knotweeds’
rhizomatous systems can extend 3 m down into the soil. They can expand laterally from
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aboveground stems over several meters, with most typically less than 2.5 m and rarely up
to 4 m [41].

 

Figure 1. Installation of a synthetic geotextile as part of a tarping operation to control Asian
knotweed. © INRAE.

Tarping is also frequently used in production agriculture and by home gardeners
as a soil solarization technique. During solarization, the soil covered with a plastic tarp
is heated by solar radiation and reaches a temperature high enough to kill weeds and
other plant pests [42]. The effects of solarization on weeds is species dependent, as
time and temperature requirements for thermal death may vary considerably among
weed species [43]. The method’s effectiveness is determined by soil moisture, climate,
aspect, and weather but also by the different materials used to cover the soil [44]. Various
materials, from the simplest to the most sophisticated, are used for knotweed tarping,
including geotextiles (permeable fabrics), agricultural tarps, and geomembranes (i.e.,
waterproof fabrics), either synthetic or biodegradable. More recently, tarps specifically
designed to prevent invasive plant growth have also been developed [45].

As with other control methods, robust evidence is lacking to assess the effectiveness
of tarping to control knotweed populations. The few documented studies suggest mixed
results [46]. To help fill this knowledge gap and favor well-informed management, the
practice of tarping needs to be thoroughly investigated. We therefore propose an overview
of tarping practices in order to identify some likely factors for the success or failure of
the method: (i) we reviewed the scientific and technical literature related to knotweed
tarping, and (ii) we conducted an international survey addressed to managers in French-
and English-speaking countries where invasive knotweeds are present.

2. Materials and Methods

2.1. Bibliographic Review

As we were interested in both grey and scientific literature, in spring 2020, we
searched for references on Google Scholar and the standard Google search engine with
the following keywords in French: ‘bâchage’ or ‘géotextile’ or ‘solarisation’ or ‘gestion’
AND ‘renouée’ or ‘Fallopia’ or ‘Reynoutria’ or ‘Polygonum’; and in English: ‘tarping’ or
‘covering’ or ‘sheeting’ or ‘geotextile’ or ‘solarization’ or ‘management’ AND ‘Japanese
knotweed’ or ‘Fallopia’ or ‘Reynoutria’ or ‘Polygonum’. We screened each French or
English document for relevance. As our focus was on pure in situ tarping, we deliberately
chose to exclude ex situ tarping operations (i.e., when knotweed rhizomes are extracted
and then tarped on another site) and operations where the soil is crushed with a stone
crusher prior to tarping, a technique developed in France (cf. [47]). We read each selected
document attentively in order to summarize the available relevant information on the
method. Particular attention was paid to the objectives pursued, the environments of use,
the protocols followed, and the efficacy described by the authors in order to identify the
key factors influencing tarping success or failure.

2.2. Survey of Knotweed Control through Tarping

To complete the existing published knowledge on knotweed tarping techniques,
we collected feedback on unpublished field trials via an online questionnaire. The ques-
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tionnaire, in both French and English (Supplementary File S1), was available online
from May to July 2020 and was sent to various manager mailing lists in French- and
English-speaking countries where invasive Asian knotweeds are present. We targeted
managers who already had experience with the tarping method. The survey was divided
into nine sections: general information regarding the tarping project, site description,
site preparation before tarping, tarping installation, monitoring operations, tarp removal,
post-control observations, cost, and the manager’s perception. Presumed key technical
points were addressed through specific questions. As such, our questionnaire mostly
contained check-all-that-apply questions, rating scale questions, and some open-ended
response questions. Most questions included an “other” option in order to collect un-
expected answers. Since processing the free responses would have taken a significant
amount of time and, as there are few documented tarping experiments, we decided to
focus on a descriptive analysis of the data.

3. Results

3.1. Results of the Bibliographic Review

We found 63 relevant documents referring to tarping as a control method for invasive
knotweeds (Supplementary File S2). The oldest was published in 2004. However, we
only found three references that quantitatively assessed the effectiveness of tarping in
comparison to other control methods [31,48,49]. Most of the collected documents were
Best Management Practice Guides, technical reports, and conference proceedings. We
also found numerous references to tarping operations in local newspapers and internet
reports, but we did not include them in an exhaustive list as they often lacked rigor. Our
review confirmed both stakeholders’ and managers’ interest in the method, despite the
lack of scientific evaluation of its effectiveness, and many of the documents attempt to
provide a methodology and guidance for the proper use of tarping (see Table 1).

3.1.1. Management Objectives and Environmental Context of Tarping Application

The literature review showed that tarping has been used on knotweeds to achieve
different objectives. The most common objective is to create a physical barrier to plant
growth and to prevent photosynthesis [50–55]. Regrowth (i.e., regenerating shoots) is
blocked by the fabric, thus depleting the carbohydrate reserves stored in the rhizomes.
A solarization effect is also frequently sought according to the literature. In this case,
the fabric acts as a medium designed to expose knotweeds to high temperatures [55]
that could “cook the root system” [50,52]. More rarely, tarping has been used to deprive
the plant of water by covering it with an impermeable membrane, i.e., a geomembrane
(Mireille Boyer, pers. comm.). These objectives, depending on the authors, can be pursued
separately or in a complementary approach. In any case, the overall goal is to weaken the
rhizomes as much as possible [32,50,53,55–57].

Typically, tarping is only recommended in specific environments or contexts, and
for small knotweed stands, but recommendations vary according to country and author.
The method is particularly recommended when the use of herbicides is prohibited [58]
and is sometimes only considered in that case [32]. This is particularly noticeable in the
USA. For example, we found about 10 cases of tarping in the State of Washington [56,59–
61] that started in the 2000s after herbicide bans. However, these tarping operations
stopped and were replaced by chemical treatments as early as 2010 after a change in the
law reauthorized the use of herbicides [61]. In the Cedar River municipal watershed,
tarping seems to be currently used only as a complement in case of regrowth on areas
already treated with herbicides at least three times [61]. Tarping in the UK is a special
case. Knotweed is very prevalent throughout the country and can detrimentally affect
the price of real estate [41]. Tarping is mainly used in areas where building construction
is planned in order to protect structures and hard surfaces: infested areas are sealed
horizontally with a tarp before construction or a tarp is laid under the foundations to
prevent the knotweed from entering the building [62]. Regarding the use of tarping on
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riverbanks, there appears to be no consensus among authors. For some, tarping is not
suitable for steep or flood-prone sites [63]. Floods can accelerate the degradation of the
tarp [48,64], tear off whole tarps or pieces, and disperse them downstream [45]. For others,
the tarping method can be applied on a riverbank if suitable fixations are used [51] and
if fabrics do not contain leachable chemicals that could pollute watercourses [62]. The
method does seem interesting as it prevents stem or rhizome fragments from spreading
downstream [53]. According to SPIGEST [55], tarping should be preferred in hard-to-
reach and/or sloping areas, where it is difficult to intervene frequently with machinery or
to graze animals. However, Guerin and Hedont [53] advise against its use on sites with
an aesthetic vocation, where soil life is rich (because of the risks of soil sterilization) or
where the site contains too many obstacles. There is a consensus that tarps should be used
only on small knotweed stands, although the definition of a small stand varies among
authors: “from 50 stems or less” [57] to less than 500 m2 [55]. The complexity of tarp
installation [53] and the cost of the fabrics [46] do not advocate for the use of this method
on large surfaces. According to Soll [57], tarping use should focus on small populations
in open, accessible terrain.

3.1.2. Methodological State of the Art
Preparatory Work

The first step in setting up a tarping operation, recommended by all authors, is to
clear the area and prepare the ground prior to installing the fabric. This step usually
consists of mowing down the knotweed stems. It can be completed with manual or
mechanical excavation of the rhizomes [65–67], as digging up the rhizome crowns may
speed up the control process [68]. Before installing the tarp, it is recommended to clean
up the area as much as possible by removing all debris, stones, and shrubby vegetation to
prevent the tarp from tearing or ripping [51,53]. Authors also frequently advise flattening
the area to facilitate tarp installation [65,69]. A layer of mulch can also be spread over the
area to prevent the cut stems from puncturing the tarp [58]. These operations must be
carried out with great care to avoid spreading knotweed fragments [70].

Recommendations regarding the appropriate timing of these preparations vary
among authors, but the reasons for these choices are not always stated. Anderson [50]
and Godmaire and Houbart [52] advocate for an intervention in late spring, as does
Cygan [58], who states that at this time of year, the root system is weakened because “the
plant has exhausted stored carbohydrates”. Others recommend action at the beginning of
the year or in spring [32,55,57,71]; according to Branquart et al. [51], intervening during
this period limits the volume of waste to be treated after mowing. Interestingly, even
though preparation operations are usually carried out just before the tarp is laid, some
may mow or excavate the knotweed stand for several years before laying the tarp in order
to weaken the plant as much as possible [53,72].

Tarp Installation

The next step is to cover the infested area with one or several strips of tarps. Various
types of covering fabric have been used in the literature from cardboard (in an unsuccess-
ful experiment [57]) to the most sophisticated geomembrane [65]. However, geotextiles
(typical in landscaping) and agricultural tarps are the most frequently recommended.
Sometimes a combination of materials is used: agricultural tarps plus geotextiles to pre-
vent holes [72] or thick cardboard plus heavy black plastic tarps [69]. The choice of the
tarp is quite important since the strength and longevity of the fabric is a key factor for
success [32]. According to Miller et al. [73], a black tarp is more effective than a clear
one because it blocks the sunlight. Two [55] or three layers of tarp [72] are sometimes
superimposed to improve resistance and efficiency. The Public Service of Wallonia [51]
specifies that it is preferable to use non-woven fabrics with a density above 240 g/m2.
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Due to knotweed growth dynamics and their capacity for lateral expansion, the tarp
must be laid beyond the visible limits of the stand and carefully fixed to the ground. Rec-
ommendations regarding the necessary distance beyond the stand edge vary greatly from
1 m [55] to 10 m [69] while some recommendations are quite vague: a “few meters” [52]
or “further out” [50]. Once laid, the tarp is fixed to the ground by various means. The tarp
can simply be weighed down with heavy materials (rocks, logs, etc.) to prevent the wind
from blowing it away and to prevent it from being lifted by the knotweed growth that
almost always occurs in the first few years. Staples can also be used, either alone or as
a complement to weighing the tarp down, but they may create weak points in the tarp
through which the knotweed can sprout [58]. Tarp edges are sometimes buried vertically
into a trench up to 1.5 m in depth [52] in order to hold the tarp in place and to create a
vertical rhizome barrier. When several tarps are used, it is necessary to solidly bind them
together (with glue, tape, staples, and/or heat sealing) to prevent sunlight from pene-
trating and to provide sufficient overlap (60 cm [58]; 30 cm [51]) so that knotweed shoots
cannot grow through. The fabric is sometimes covered with soil or mulch for aesthetic
reasons, but this also protects the fabric from UV rays [58] and helps hold the tarp to the
ground. Finally, some guidelines recommend planting trees or shrubs of local species at
the same time to create competition for the knotweed [74]. However, deliberately piercing
the fabric for plantations creates weak points and is sometimes discouraged [51].

3.1.3. Post-Tarping Follow-ups
Monitoring

Frequent monitoring of the treated area is usually advised to ensure that the fabric or
fixations are in a good state of repair, to remove any knotweed regrowth as the plant will
likely continue to grow if it has any access to sunlight or air [50,65], and to stomp down
re-growth under the tarp [55,71]. Consequently, monitoring recommendations range from
twice a year [51] to as often as every two to four weeks during the growing season [54,71].

Tarping Duration and Fabric Removal

The literature usually advises removing the tarp after a certain period of time. However,
the recommended duration varies greatly from only one growing season [32] to as much
as 10 years [53]; the recommended duration seems to be increasing with time (Figure 2).
A Norwegian study showed that rhizomes can survive for more than three years under
tarps [49] and the current tendency is towards a longer tarping duration. The duration
should also be adapted to the characteristics of the area or of the knotweed stand. For
example, managers from King County recommend a longer duration if the soil is wet or
the population large and well-established [71]. To ensure that the tarp is removed at the
right time, it may be useful to open a test window in the tarp for at least one season to
ensure that the knotweed has been eradicated before removing the fabric [53]. Although
most authors advise removing the tarps [32,57], especially if they are made of synthetic or
plastic materials [75], others do not, particularly when the tarp has been covered with soil or
mulch [51].

3.1.4. Tarping Effectiveness

The effectiveness of the method is assessed differently depending on the authors.
Some consider tarping to be a very effective alternative to herbicides [58], particularly
suitable for the control of woody or clonal herbaceous plants [53]. In other (older) publi-
cations, there were no reports of successful long-term control with tarping alone [32,57].
Several operations in the USA were considered successful after five or six years of tarping
but only on very small patches; on larger patches, despite eight years of continuous
tarping, eradication was unsuccessful [56,61]. The scientific studies we reviewed reported
mixed results, making it impossible to conclude on tarping effectiveness. While Jones
et al. [31] considered geomembrane tarping to be the least effective technique for con-
trolling knotweed (in comparison with herbicides and integrated physiochemical control
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treatments), Gerber et al. [48] showed that tarping reduced knotweed biomass but advised
against using the technique in flooded environments. Kaczmarek-Derda et al. [49] showed
that knotweed rhizomatous systems can survive more than three years and that longer
tarping results in a substantial reduction of new shoots. Other than direct eradication, the
method can also be used as a control technique [72], which, with regular maintenance,
may lead to eradication in the long run [51,63], or at least be a first step in depleting the
knotweed’s rhizomatous reserves before reinforcing competition by restoring native plant
communities [55]. Finally, some consider that the success mostly depends on the rigor
with which the method is applied and that the tarping method “is only as good as the
way in which the [tarp] has been laid” [62].
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Figure 2. Changes in the recommended tarping duration according to the documents’ publica-
tion year.

The disadvantages and limitations of the technique have also been discussed, for
example, the tarp may have potential non-targeted impacts; the habitat value of tarp on
the landscape; the bare soil resulting after the tarp’s removal could become a seedbed
for other IAS [32,73,76], and the plastic waste from non-biodegradable tarps is difficult
to manage [72]; and some authors suggest that the rhizomes may become dormant for
several years, rendering the control effort useless [51,52,62,69,77].

3.2. Questionnaire Results

We received 81 responses to our questionnaire (Supplementary File S3), 69 of which
came from France, while the rest were from the USA (4), Canada (3), Belgium (2), Germany
(1), the Netherlands (1), and Slovenia (1).

The respondents worked mainly for local authorities (34%) and watershed manage-
ment organizations (32%). Most respondents felt that they had a good level of knowledge
of knotweeds, with a mean score of 6.42 on a scale from 0 (novice) to 10 (expert). The
identified tarping operations were launched between 2003 and 2020 (Figure 3). Three
quarters of the operations started more than three years ago.

3.2.1. Management Objectives and Environmental Context of Tarping Application

The reported tarping is mainly being used for the sake of comparison with other
methods (53%), and most operations are experimental trials. Only 15% of the respondents
had had a previously successful experience with tarping. Bibliographical research (38%)
and technical or regulatory constraints (42%) also explained the choice of tarping as
a control method. Through this method, the managers’ main goal was to eradicate
knotweed (69%), to limit knotweed dispersal on the site (54%) and/or to other areas
(40%—several answers were possible).

111



Plants 2021, 10, 2152

0

2

4

6

8

10

12

14
N

um
be

r o
f t

ar
pi

ng
 o

pe
ra

tio
ns

Years

Figure 3. Number of tarping operations identified from the questionnaire according to the starting
date of the operation, for a total of 81 tarping operations.

Tarping was mostly used on riverbanks (47%) and on roadsides (37%). Overall,
tarped sites were typically easy to access, sunny, sparsely wooded, and rarely flooded
(although 21% were flooded regularly). Operations were apparently set up regardless of
slope steepness and focused mainly on small- to medium-sized knotweed stands (Figure
4): half of the tarping trials were carried out on stands < 90 m2 and 75% on stands < 230
m2 (still, the largest tarped stand covered almost 5000 m2).
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Figure 4. Size of the tarped knotweed stands based on respondents’ answers, for a total of 81
tarping operations.

3.2.2. Methodological State-of-the Art
Preparatory Work

In 84% of the cases, managers performed some kind of preparation on the site prior
to tarping. Most respondents (56%) applied more than one of the following preparatory
measures: mowing (60%), manually or mechanically extracting rhizomes (29%), flattening
the area with an excavator (19%), and removing stones (19%). Respondents considered
preparation an important step, with an average mark of 7.6 on a scale from 0 (useless)
to 10 (essential). Preparation work almost always took place just before the tarp was
laid, regardless of the season, since the preparation date was chosen mainly because of
organizational constraints (70%). Still, the knotweed biological cycle was also frequently
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taken into account, as 41% of the respondents favored action before or at the beginning
of knotweed emergence in order to limit the amount of waste to treat, 16% wanted to
intervene when the rhizomes were the weakest, and 12% intervened before flowering to
prevent the formation of seeds.

Tarp Installation

Geotextile was the preferred material for tarping operations (43%). Agricultural
and other geomembranes were also used (30% and 22%, respectively). Only 10% of the
listed operations were carried out with biodegradable geotextiles. In 78% of the cases, the
knotweed stands were entirely covered. When the stands were not entirely covered, it
was mainly due to technical constraints, though some managers did so on purpose to test
the method on a small plot before considering a larger project. Interestingly, 71% of the
managers decided to extend the tarped area beyond the initial stand’s edges to cover a
buffer zone of at least one meter.

Around three quarters of the projects required the use of several strips of fabric.
Various techniques were used to bind the strips together, but staples were most frequently
used (50%). On average, the staples were placed every 67 cm (min 6 cm; max 2 m) on
strips overlapping by 47 cm on average (min 1 cm; max 1.5 m). Adhesive tape, weighing
the fabric down with heavy objects, heat sealing, and glue were also sometimes used,
either alone or in conjunction with staples. The tarps were anchored to the ground with
staples (52% of the cases, typically a concrete reinforcing bar was pinned down every 71
cm on average) and/or by burying the edges of the sheet in a trench (54%). Fixation was
sometimes enhanced by covering the fabric with various materials like gravel or topsoil
(37% of the cases, with an average covering layer of 20 cm) or by ballasting with heavy
objects (31%). When trenches were dug to fix the edges of the tarp to the ground, they
were on average 35 cm deep (with a minimum of 10 cm and a maximum of 1.2 m). The
average depth was higher (58 cm with a minimum of 10 cm and a maximum of 2 m) when
the objective was also to create a vertical rhizome barrier.

Covered areas usually had few obstacles and 64% of the tarps were installed without
any unintentional damage. The few holes identified were mainly due to rocks, rubble,
rebar, and branches (45%) present in the ground. Installation was considered moderately
difficult, but 80% of the respondents said it was a crucial step in the process. Interestingly,
30% of the respondents carried out planting within the tarped area, either by seeding or
by planting cuttings and/or transplants. These managers aimed to create competition
between the planted vegetation and the knotweed (67%), to improve the aesthetic aspect
of the site (50%) and/or to avoid erosion (38%).

3.2.3. Post Tarping Follow-up
Monitoring

After the tarping was installed, the sites were almost always monitored at least once
a year (98%), while many managers monitored 3 times a year or more (52%). Monitoring
was generally more frequent during the vegetation period in the first few years after
installation. While some limited this monitoring to simple visual inspections, most
respondents uprooted the knotweed regrowth (66%) and repaired the fabric or fixations
(38%).

Tarping Duration and Tarp Removal

More than two-thirds (69%) of the respondents planned the tarping duration at the
beginning of their project. This planned duration ranged from one to 20 years, with most
projects planned to last three years or more (69% of the cases). This duration was based on
bibliographical research (35%), peer recommendation (32%), and/or personal experience
(21%). For those who did not plan a tarping duration, it was either because they intended
to leave the tarp in place or because they wanted to determine the duration according
to the results obtained over time. Of all respondents, only 27% had removed their tarps;
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another 23% expressed their intention to do so when the planned duration had been
reached, 33% intended to leave the tarp in place, and finally another 5% said they would
leave it because it was too degraded to be removed. Whatever the option planned at the
end of the tarping operation, it is mainly synthetic tarps that are used: by 91% of those
who had removed their tarps, by 87% of those who expressed their intention to do so, and
by 72% of those who intended to leave the tarp in place.

For the operations where the tarps had already been removed (n = 22), in 13 cases,
removal was carried out after three years or more, but in seven cases, the managers
removed the fabric after only one or two years. Following removal, additional manage-
ment was performed in 15 cases, usually to restore vegetation cover or to mow down the
remaining knotweed shoots.

3.2.4. Tarping Effectiveness

Regrowth of knotweed stems was observed in 78% of the cases, mostly during the
first six months after tarp installation (71%). The regrowth appeared mainly within
the covered area (54%) and/or in the immediate vicinity (within 2 m of the covered
area, 46%). Fragile points in the tarp seem to have been exploited by the knotweed,
particularly near obstacles, at holes or where the strips overlapped. The tarping system
(the tarps themselves or their anchoring system) deteriorated in 43% of the operations.
This degradation was observed shortly after the installation in more than 50% of the cases.
Furthermore, 9% of the tarping trials were utterly abandoned.

Of the 22 respondents who proceeded to the removal of the tarp, six said they had
successfully eradicated knotweed from the area. Seven managers noted that there were
no knotweed plants at the time of the removal, while 10 observed some regrowth under
the previously tarped area, and 11 in the immediate vicinity of the previously tarped area.

The 22 respondents who had removed their tarps were able to provide an assessment
of the method’s effectiveness on a scale of 0 (ineffective) to 10 (very effective), first at
the time of the removal and second, at the time of the managers’ final observation. This
final observation was mostly (54%) made within the months or the year following the
tarp’s removal. The mean score at the removal was 5.7 (±3.87 standard deviation) and 5.6
(±3.74 standard deviation) at the final observation. Effectiveness ratings at the two dates
differed little, though the effectiveness assessment at removal was typically confirmed at
final observation. For example, seven respondents deemed the method effective (score
of 9 or 10) at the time of removal and nine deemed it effective at their final observation.
Conversely, three managers considered the method to be totally ineffective (score of 0 or
1) at the time of removal and five managers gave the lowest score at the time of their final
observation.

The respondents considered that tarping was slightly more time-consuming than
other knotweed control methods. There was no consensus regarding the cost of tarping,
but, on average, they felt that the cost was comparable to other methods. The average
cost of tarping in our survey was 34 €/m2 though it varied greatly, from 1 €/m2 to
167 €/m2. However, cost estimation methods differed among managers (monitoring and
maintenance were not always included, some added the purchase or hire of equipment
needed for installation, others used volunteer labor, etc.), thus partly explaining these
differences. However, costs also seem to depend on the type of fabric used. The average
cost of an operation with an agricultural tarp (n = 14) was the lowest at 26 €/m2, compared
to 30 €/m2 for an operation with geotextile (n = 19) and 60 €/m2 with a geomembrane
(n = 9). Finally, 52% of the respondents intended to do new tarping trials at other sites.

3.3. Consistency of the Results of the Bibliography and the Questionnaire
3.3.1. Management Objectives and Environmental Context of Tarping Application

The number of responses to our questionnaire and the amount of grey literature
found on the subject of tarping shows that the technique is frequently used both in France
and abroad, despite a lack of scientific data. Through the results of the questionnaire,
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we observed an increase in the number of tarping operations over the last few years,
suggesting that the method is becoming increasingly popular. The development of more
advanced geotextiles specifically dedicated to the control of invasive rhizomatous plants
could partially explain this trend. However, these results may also reflect the difficulty
of obtaining reliable information about older experiments (e.g., absence of publications,
unavailable data).

The method is frequently chosen for comparison with other methods. This confirms
that in the ‘war’ against knotweeds, managers are still struggling to find an effective
way to eradicate them. While many authors reckon that eradicating knotweed at the
large scale is impossible [10,19,78], 69% of the respondents were still interested in locally
eradicating knotweed with tarping. Furthermore, eradication is not necessarily the
managers’ only goal [79].

Contrary to what is recommended in the literature, managers seem to favor tarping
in fairly accessible environments over a wide gradient of slope steepness. Tarping is
particularly used on roadsides and riverbanks, even though its use along rivers is con-
troversial in the literature. Theory and practice do agree, however, on the size of the
knotweed stands to be controlled. Tarping is mainly practiced on small- to medium-sized
stands (75% of the experiments reported through the questionnaire were carried out on
stands smaller than 230 m2), although we found no detailed justifications for this choice.
It is unclear, however, whether managers assume tarping’s effectiveness decreases with
increasing knotweed stand size or, as stated by Guerin and Hedon [53] and Lavoie [46],
whether the complexity and/or cost of the method prevent it from being applied on larger
surfaces.

3.3.2. On Assessing Tarping Effectiveness

It emerges from the review and the questionnaire that properly assessing tarp-
ing’s effectiveness is challenging as tarping is implemented in various management and
environmental contexts, and the technical characteristics of tarping operations can be
extremely diverse (in terms of fabric used, fixing devices, overlap, area covered, etc.),
making comparisons precarious at best.

In the literature, the effectiveness of the method is assessed differently depending on
the authors and the few scientific studies available reported mixed results.

In our questionnaire, tarping effectiveness was measured through two criteria: the
presence of knotweed regrowth after tarping, and an evaluation of the method carried out
by the managers themselves. In the first case, the managers were asked whether regrowth
had been observed during the tarping period and if so, where (within the tarped area,
in its immediate vicinity, and/or in the surrounding area). Seventy-eight percent of the
respondents reported regrowth within and/or around the tarped area during the first
year after installation. However, it would be premature to deduce the ineffectiveness
of the method merely from this information. The data collected did not account for the
quantity of regrowth or its trend over time. We know that the rhizomes do not die even
with three years of tarping [49], so it is unsurprising that regrowth will persist during the
first years. This regrowth does not necessarily invalidate the long-term effectiveness of
the tarping operation: regular monitoring, uprooting knotweed regrowth, and repairing
the tarp if necessary can still lead to eradication of the knotweed stand. In the second
case, the answer rate for the evaluations of the method was low because only managers
whose operation had ended and whose tarps had been removed were asked to answer
this question. This choice was partly based on literature recommendations and on the
idea that the effectiveness of a control operation cannot be properly evaluated when the
said operation is still ongoing. However, it turned out that most managers (73%) had
not yet removed their tarps or even do not intend to remove them, making their tarping
operations, in our sense, endless. Consequently, only 22 respondents gave an evaluation
of the method, and their evaluations were, as expected, highly contrasted. If the mean
score at the removal was 5.7/10 (+/− 3.87 standard deviation), six managers out of 22
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reported the eradication of targeted knotweed stands. Although infrequent, such results
indicate that tarping can, in some instances, be objectively “effective”. Research efforts
should next focus on increasing the number of evaluated operations and elucidating
which implementations (i.e., set-ups) or contexts explain the success or failure of tarping
operations. Effectiveness assessments should also be based on more quantitative criteria
(e.g., density of stem regrowth per square meter) than a simple evaluation by the managers
themselves, which remains very subjective and could be influenced by the effort made,
the cost of the method, and the manager’s perception and knowledge of knotweed’s
biology [19]. Ideally, rhizomes should also be sampled prior to the removal of the tarp in
order to assess their vitality and regenerative capacity.

Prolonged knotweed rhizome dormancy is frequently mentioned as a limiting factor
to tarping’s effectiveness [31,48,51,52,62,69,77,80–83], yet we were unable to find any
scientific basis for that statement. Prolonged dormancy (also known as “vegetative
dormancy”) is a stage in which mature plants remain belowground during one or more
growing seasons instead of emerging to grow and acquire resources [84]. This strategy
can be a response to a stressful above-ground environment caused by drought, herbivory,
etc., [85,86] and/or a consequence of a lack of stored resources [87,88]. Despite the
fact that it is a relatively common phenomenon, prolonged dormancy has never been
reported in scientific studies on knotweeds. The reference to knotweed rhizome dormancy
seems to have originated in “The Knotweed Code of Practice”, published in 2006 by
the Environment Agency [62]. In this publication, which itself refers to “unconfirmed
observations”, it is stated that the repeated use of herbicides could induce a rhizome
dormancy lasting for up to 20 years. Tarping was therefore not originally linked to
such observations. Still, by preventing photosynthesis and depriving the plant of water
(if an impermeable geomembrane is used), tarping could certainly create the stressful
conditions required to induce prolonged dormancy. However, to date, none of the 81
respondents to our questionnaire have reported such a phenomenon and, although it
cannot be totally excluded, prolonged dormancy cannot be considered as a limiting factor
for tarping’s effectiveness on knotweed.

4. Recommendations

The results from our review and questionnaire revealed a great heterogeneity among
knotweed tarping practices (e.g., in terms of context, duration, covered area, chosen mate-
rials), sometimes reflecting insufficient knowledge of knotweed’s biology and ecology
(in particular, on clonal integration and on the expansion capacities of rhizomes). Such
variability explains, to a large extent, the difficulty to find comparable operations and
the mixed results reported in the literature. Nonetheless, the synthesis presented in this
article enable us to propose some practical recommendations to managers.

4.1. Cover the Entire Stand

In a number of operations, not all of the knotweed stand was covered. Yet, since
knotweeds share resources through clonal integration [26,89], the uncovered part of the
plant may compensate for the lack of photosynthesis within the tarped part, as was shown
for partial mowing [37]. Therefore, we feel that it is particularly important to implement
a tarping operation only when covering the entire stand is feasible, except perhaps in the
case (mentioned by a few respondents) where the aim is not to eradicate the knotweed
population but to prevent its growth in a specific area (e.g., when the stand impedes
visibility or access).

4.2. Extend up to 2.5 m

Although doubts remain on the horizontal distance over which knotweed rhizomes
can grow, we know that the rhizomatous system can extend several meters beyond the
edge of the visible stand [30,41]. Yet, 55% of the respondents only covered the ground 1 m
beyond the edge of the stands. According to the latest study by Fennell et al. [41], covering
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at least 2.5 m, and preferably up to 4 m, beyond the edge of the stand is recommended.
Similarly, while rhizomes are found mostly in the first 50 cm of the soil, they can reach
a depth 3 m depending on the type of soil, the site characteristics, and the presence of
obstacles to circumvent [41]. A quarter of the respondents tried to create an anti-rhizome
barrier by burying the edge of the tarp in a trench, but the average depth of this trench was
only 58 cm (with trench depth ranging from 10 cm to 2 m). Given the depth sometimes
reached by knotweed rhizomes, it may be necessary to install tarps deeper in the soil to
achieve a more efficient vertical barrier effect, especially if the distance covered beyond
the stand is small.

4.3. Maintain the Tarping for at Least Six Years

The recommended tarping duration has steadily increased over time, reflecting a
lack of hindsight and empirical development of the method. While it is now quite certain
that a short tarping duration cannot kill knotweed rhizomes [49], the most appropriate
tarping duration is not yet known. Experiments carried out in the USA over a period
of five to eight years have given mixed results [56,61]. The required duration could also
depend on the context, the initial vigor of the patch, and its age (in relation to the amount
of biomass it has stored underground) [45]. Based on current knowledge, we believe
that it is essential to maintain the tarping over at least six years. However, such a long
duration is not necessarily adapted to all managers’ objectives and means (financial and
human).

4.4. Use a Durable Synthetic Tarp

The choice of the fabric should also reflect rhizome lifespan and the duration of
the tarping project. We feel it is essential to choose a tarp for its durability, whether
it is an agricultural tarp, a geomembrane, or a geotextile. In this respect, we question
the relevance of using biodegradable tarps. Their lifespan does not seem sufficient for
a successful tarping operation. Therefore, despite the potential environmental impact
of synthetic tarps, this choice seems to be the most relevant to truly impede knotweed
populations.

4.5. Ensure Long-Term Management

Though tarping appears to be a passive technique [46], it is not. Regular monitoring
must be carried out to find and repair possible degradations, regrowth must be crushed
down under the tarp to prevent it from lifting and piercing the fabric, and sprouts that
may have grown through the fabric or in its immediate vicinity must be uprooted. Since
most observed deteriorations of the tarps occurred in the year following their installation,
regular monitoring makes it possible to detect and fix most problems in due time.

Tarping also requires costly work to remove the tarp at the end of the operation. We
found an important discrepancy between theory and practice regarding tarp removal.
While guidelines advise removing tarps after a certain period of time, 42% of respondents
left the tarp in place at the end of the treatment, or intend to do so. In practice, tarp removal
can be difficult because of tarp deterioration (too much fragmentation), the presence of
planted vegetation, layers of soil, or simply because of the cost of the operation.

In the literature, it is strongly recommended to revegetate the site after tarp re-
moval [50,51,58,65] since tarping is a non-selective method that makes bare soil prone
to invasion by other IAS. Although competition and allelopathy can limit knotweed
development [90,91], we recommend revegetation only after tarp removal (unless the
aim is to control rather than eradicate the knotweed) as the holes made in the tarp for
plantations enable the regrowth of knotweed stems and may limit the effectiveness of the
tarping. Though revegetation of the site is obligatory at some point, tarping can be the
first step in a more global restoration strategy, implying a long-term investment.
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5. Conclusions

Through a review and the feedback collected via a questionnaire, we have shown that
the available literature on tarping is mainly grey and that there is a great heterogeneity
of practices in the field. This reflects the empirical development of the method and
demonstrates the need to improve knowledge on tarping as a method of control for Asian
knotweed populations.

For the first time, our article synthesized the scattered and often incomplete infor-
mation available from the literature and compared it with field practices. This important
work of descriptive analysis, by making the first state of the art of the tarping, was an
essential prerequisite to improving the method.

Although some tarping operations have been shown to successfully eradicate Asian
knotweed in small stands, the bibliography and the results of the survey were insufficient
to demonstrate the effectiveness of tarping. More data and further analyses, as well as
research and experimentation on the functioning (in particular, the life span) of rhizomes,
would be useful. The question of the long-term environmental impact of tarping also
deserves further consideration: while it is sometimes presented as an alternative to herbi-
cides, the tarping method, especially with synthetic tarps, is not without consequences
for the environment.

However, our article highlighted some important aspects to consider to obtain
favorable results and proposed practical recommendations for managers to improve
the method. Even though tarping does not seem to be a one-size-fits-all solution to
eradicate knotweed, it is still a useful control method once knotweed has become a critical
management issue.
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Abstract: Reynoutria japonica Houtt. is a critical invasive alien plant in Europe and North America
with a drastic impact on native flora. However, R. japonica has medicinal potential, especially as a
source of stilbenes. In order to explore the potential of simple extractions of R. japonica, we conducted
qualitative and quantitative analyses of fresh R. japonica rhizome infusion, decoction, and macerates
with ethanol by UHPLC-DAD-ESI-MSn and UHPLC-DAD, with a focus on major constituent
groups of stilbenes and anthranoids. Since R. japonica rhizome extracts showed antimicrobial
potential in the past, we also evaluated the antimycobacterial effect of raw R. japonica extracts for
the first time against Mycobacterium smegmatis. Of thirty-four characterized substances, six were
stilbenes and twelve anthranoids. The main constituents, four trans-stilbenes and eight anthranoids,
were quantified in a validated UHPLC-DAD method. The 38% ethanol macerate showed high
stilbene (155.078 mg/100 g fluid extract) and low anthranoid content (5.420 mg/100 g fluid extract),
while decoction showed the highest anthranoids. Antimycobacterial testing gave good results for
all macerates (MIC 256 μg/mL) and trans-resveratrol (64 μg/mL). Extraction and enrichment of
stilbenes from fresh plant material by simple extraction methods with food-grade solvents might
encourage consideration of wild harvest of rhizomes over classic means of eradication of R. japonica.

Keywords: Reynoutria japonica; anthranoids; stilbenes; UHPLC-MS; UHPLC-DAD; MIC; antimicrobial;
antimycobacterial; Mycobacterium smegmatis

1. Introduction

Reynoutria japonica Houtt. (Syn. Fallopia japonica (Houtt.) Ronse Decr., Polygonum
cuspidatum Siebold and Zucc.) is an herbal perennial plant in the family of Polygonaceae [1].
The plant is native to eastern Asian regions of China, Japan, and Korea, but was introduced
to the west as a garden plant in the 19th century [2]. It grows to heights of up to three
metres in various conditions, and possesses thickened rhizomes, which may extend 4.5 m
deep and up to 20 m away from parent plants [3,4]. Rhizomes regenerate easily even from
small fragments, and therefore asexual dispersal forms the main way of reproduction in
Europe and North America, often following natural disturbances or disposal of rhizome
contaminated soil. Due to R. japonica being a fast-growing competitor early in the season,
capturing space and resources, it is an invasive alien plant which can significantly diminish
native flora [3,4]. However, in its native regions of China, R. japonica is also grown and
harvested for long-lasting medicinal use in traditional Chinese medicine (TCM) [5]. Dried
rhizome is called “Hu Zhang” in Chinese and listed in the Pharmacopeia of the People’s
Republic of China, as well as the European Pharmacopeia [6,7]. Indications in TCM comprise
jaundice, hepatitis, amenorrhoea and cough, among others [6]. In Korean folk medicine, R.
japonica rhizome is used to support dental hygiene. Antibacterial effects against Streptococcus
mutans and Streptococcus sanguinis are reported and considered to prevent dental plaque
formation and therefore tooth decay, as well as accelerate wound healing on gums [8]. Major
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secondary metabolites in the constituent profile of R. japonica rhizomes are stilbenes, such as
polydatin and resveratrol, and anthranoids, such as emodin. Emodin and polydatin serve
as quality indicators according to the Chinese Pharmacopoeia, with respective minimum
contents of 0.6% and 0.15% [5]. According to the European Pharmacopoeia, emodin content
of 1.0% and polydatin content of 1.5% are mandatory for quantitative quality assurance of
dried plant material [7]. Furthermore, naphthalene derivates such as torachrysone, gallates,
catechins and proanthocyanidins are reported [9,10].

R. japonica rhizome is a major source of resveratrol for the dietary supplement indus-
try [11]. Resveratrol is used for its antioxidative properties. It can support the therapy
of liver ailments following oxidative stress or improve skin condition in combination
with oligomeric proanthocyanidins [12,13]. Other stilbenes found in R. japonica rhizomes,
polydatin and piceatannol also show high antioxidative potential and cytotoxic effects
against various cancer cells [14,15]. Resveratrol also exhibits antimicrobial effects against
various bacteria, including Mycobacterium smegmatis, Helicobacter pylori, Vibrio cholerae,
Neisseria gonorrhoeae, Campylobacter coli and Arcobacter cryaerophilus [16]. For piceatannol,
effects against Staphylococcus aureus and Pseudomonas aeruginosa are reported [17]. The
anthranoid emodin is a known stimulant laxative used in treatment of constipation. It
also shows anticancer, antibacterial, diuretic and vasorelaxant effects [18]. However, in
order to estimate the biological activities of glycosidic plant constituents, the impact of gut
microbiota has to be taken into account. The interindividual differences in gut microbiota
composition, which is also influenced by individual physiological or pathophysiologi-
cal conditions, can lead to differences in absorption rates of glycosides as well as their
metabolization [19]. In this study, we asked the question of whether traditional prepara-
tions like infusion, decoction, and maceration with different ethanol concentrations are
suitable methods for extracting the main constituent groups of stilbenes and anthranoids
in favorable composition from fresh R. japonica rhizome material. We hypothesise that
different extraction methods, especially variations in ethanol concentration of macerates,
have major influences on yield and composition of extracts and on their antimycobacterial
activities. Extracts were evaluated in detail by UHPLC-DAD-ESI-MSn for qualitative, and
UHPLC-DAD for quantitative analysis, in validated methods. Since R. japonica rhizome
extracts and its major constituents showed antimicrobial potential in the past, including
good results for pure resveratrol against M. smegmatis achieved in our own working
group [20], we also evaluated the antimycobacterial effect of raw R. japonica extracts for
the first time, by investigating their minimum inhibitory concentration (MIC) against
Mycobacterium smegmatis mc2 155.

2. Results

2.1. Drug Extract Ratio (DER)

Drug extract ratios were determined for all investigated R. japonica rhizome extracts
after freeze-drying. Subsequently used abbreviations are as follows: RI for infusion, RD
for decoction, and RM for macerates of different ethanol concentrations. Results for DERs
are given in Table 1.

Table 1. Drug extract ratios for investigated Reynoutria japonica rhizome extracts.

Extract 1 DER Yield [%]

RI 25.75:1 3.88%
RD 8.24:1 12.13%

RM96 8.29:1 12.07%
RM70 9.49:1 10.54%
RM38 9.69:1 10.32%

1 RI = infusion, RD = decoction, RM = macerates prepared with 96, 70, 38% (v/v) ethanol.

Within macerates, yields rose with higher alcohol content of extraction solvent
(p < 0.01). The extract yield of 12.13% for RD was comparable to the highest macerate
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yield in RM96 (12.07%) (p > 0.05). RM70 and RM38 were similar in extraction efficiency
(p > 0.05), and both yielded over 10%, while RI gave, by far, the lowest yield of all
investigated extraction methods at 3.88% (p < 0.01).

2.2. Qualitative Analysis via UHPLC-DAD-ESI-MSn

Interpretation of DAD-UV and MSn data in negative ionization mode led to the
characterization of thirty-four substances in R. japonica rhizome extracts by comparison
with literature data and available reference compounds. UV spectra of cis-resveratrol and
cis-polydatin obtained by photoisomerization of reference substances aided identification.
With the exception of substance 3 (procyanidin dimer Type B), which only seemed to
be present in RD, traces of all substances could be found in every extract, confirmed
by spectral data and matching retention times (RT). Results are given in Table 2, with
threshold for listed fragment ions in MSn set as ≥10% relative intensity.

Table 2. Qualitative analysis of Reynoutria japonica rhizome extracts.

Substance
RT

[min]
Molecular Ion

[m/z]
MSn [m/z], Relative Intensity (%)

Molecular
Weight [g/mol]

Tentative
Identification

1 5.15 577 [M-H]−
MS2[577]: 425 (100), 470 (35), 289 (15)
MS3[425]: 407 (100), 273 (10)
MS4[407]: 285 (100), 281 (70), 398 (53), 297 (50)

578 Procyanidin dimer
Type B [9,10]

2 5.35 335 [M+HCOO]−
289 [M-H]−

MS2[289]: 245 (100), 205 (38), 179 (15)
MS3[245]: 203 (100), 227 (30), 187 (25), 161 (20)
MS4[203]: 175 (100), 188 (65), 161(35), 157 (20)

290 Catechin [9,10,21]

3 6.15 577 [M-H]−
MS2[577]: 425 (100), 470 (35), 289 (15)
MS3[425]: 407 (100), 273 (10)
MS4[407]: 285 (100), 281 (70), 398 (53), 297 (50)

578 Procyanidin dimer
Type B [9,10]

4 6.81 577 [M-H]−
MS2[577]: 425 (100), 470 (35), 289 (15)
MS3[425]: 407 (100), 273 (10)
MS4[407]: 285 (100), 281 (70), 398 (53), 297 (50)

578 Procyanidin dimer
Type B [9,10]

5 7.46 577 [M-H]−
MS2[577]: 425 (100), 470 (35), 289 (15)
MS3[425]: 407 (100), 273 (10)
MS4[407]: 285 (100), 281 (70), 398 (53), 297 (50)

578 Procyanidin dimer
Type B [9,10]

6 7.72 335 [M+HCOO]−
289 [M-H]−

MS2[289]: 245 (100), 205 (38), 179 (15)
MS3[245]: 203 (100), 227 (30), 187 (25), 161 (20)
MS4[203]: 175 (100), 188 (65), 161(35), 157 (20)

290 Epicatechin [9,10,21]

7 7.97 383 [M-H]−
MS2[383]: 303 (100), 285 (13)
MS3[303] 285 (100)
MS4[285]: 241 (100), 175 (50), 243 (20), 199 (18), 257 (15),
217 (15)

384 Undefined

8 8.77 186 [M-H]− MS2[186]: 125 (100)
MS3[125]: 97 (100), 125 (35), 57 (18)

187 Undefined

9 9.88 865 [M-H]−
MS2[865]: 695 (100), 577 (68), 739 (65), 575 (35), 425 (25),
847 (22), 287 (20)
MS3[695]: 543 (100), 451 (38), 677 (35), 405 (32), 243 (30),
525 (28), 289 (17)

866 Procyanidin trimer
Type B [10]

10 9.90 405 [M-H]−
MS2[405]: 243 (100)
MS3[243]: 225 (100), 201 (50), 199 (35), 175 (30)
MS4[225]: 157 (100), 197 (60), 181 (45), 225 (30)

406
trans-Piceatannol-

hexoside
[9,10,21]

11 10.13 435 [M+HCOO]−
MS2[435]: 289 (100), 227 (13)
MS3[289]: 227 (100)
MS4[227]: 185 (100), 183 (50), 157 (40), 159 (40)

390 Resveratroloside
[10,21]

12 10.40 729 [M-H]− MS2[729]: 559 (100), 407 (95), 577 (93), 441 (75), 603 (70),
451 (55), 711 (30), 289 (28)

730 Procyanidin dimer
monogallate [10]

13 11.86 435 [M+HCOO]−
MS2[435]: 289 (100)
MS3: 227 (100)
MS4[227]: 185 (100), 183 (50), 157 (40), 159 (40)

390 trans-Polydatin 1

14 12.08 441 [M-H]−
MS2[441]: 289 (100), 169 (22), 331 (18)
MS3[289]: 245 (100), 205 (38), 179 (18)
MS4[245]: 203 (100), 127 (25), 187 (22), 161 (20), 217 (10)

442 Catechin/Epicatechin
monogallate [9]
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Table 2. Cont.

Substance
RT

[min]
Molecular Ion

[m/z]
MSn [m/z], Relative Intensity (%)

Molecular
Weight [g/mol]

Tentative
Identification

15 14.86 435 [M+HCOO]−
MS2[435]: 289 (100)
MS3: 227 (100)
MS4[227]: 185 (100), 183 (50), 157 (40), 159 (40)

390 cis-Polydatin 2

16 15.12 393 [M-H]−
505 [M-H]−

MS2[393]: 231 (100)
MS2[505]: 289 (100), 215 (38)

394 (1)
506 (2)

Demethylated
torachrysone-

hexoside [9,10] (1),
Undefined (2)

17 15.43 445 [M-H]− MS2[445]: 283 (100)
MS3[283]: 240 (100), 265 (70), 268 (35)

446 Emodin methyl ether
hexoside [22]

18 15.58 227 [M-H]− MS2[227]: 185 (100), 183 (58), 157 (50), 159 (47) 228 trans-Resveratrol 1

19 15.97 431 [M-H]−
MS2[431]: 269 (100), 311 (10)
MS3[269]: 225 (100), 241 (18)
MS4[225]: 181 (100), 210 (80), 225 (65), 197 (25)

432
Emodin-1-O-β-

glucopyranoside
[9,10]

20 16.25 511 [M-H]− MS2[511]: 269 (100), 431 (43)
MS3[296]: 225 (100), 241 (25), 269 (15)

512
Emodin-O-(sulfonyl)-

hexoside
[9,10]

21 16.87 299 [M-H]−
MS2[299]: 256 (100), 284(25)
MS3[256]: 227 (100), 228 (70), 226 (65), 239 (26), 211 (20),
256 (20)

300 Undefined
anthranoid

22 16.9 273 [M+HCOO]− MS2[273]: 227(100)
MS3[227]: 185 (100), 183 (55), 157 (40), 159 (40)

228 cis-Resveratrol 2

23 17.49 431 [M-H]−
MS2[431]: 269 (100), 311 (10)
MS3[269]: 225 (100), 241 (18)
MS4[225]: 181 (100), 210 (83), 225 (63), 197 (25)

432 Emodin-hexoside
[9,10]

24 18.20 517 [M-H]−
1035 [2M-H]−

MS2[517]: 473 (100)
MS3[473]: 269 (100), 311 (10),
MS4[269]: 225 (100), 241 (18)

518
Emodin-8-O-

(6′-O-malonyl)-
hexoside [9,10]

25 18.46 325 [M-H]−
MS2[325]: 245 (100)
MS3[245]: 230 (100)
MS4[245]: 215 (100)

326 Sulfonyl-
torachryson [9]

26 18.7 285 [M-H]− MS2[285]: 241 (100), 257 (45), 285 (30), 211 (10)
MS3[241]: 211 (100), 195 (52), 212 (35), 224 (35)

286 Hydroxyemodin [23]

27 18.87 779 [M-H]− MS2[779]: 633 (100), 615 (12), 487 (10)
MS3[633]: 487 (100), 453 (25), 469 (20)

780 Hydropiperoside [10]

28 19.57 533 [M+HCOO]−
MS2[533]: 487 (100), 283 (92), 486 (20)
MS3[487]: 283 (100), 427 (35), 455 (33), 409 (25), 469 (15)
MS3[283]: 240 (100), 268 (40)

488
Emodin methyl ether
acetylhexoside [22]

29 19.80 355 [M-H]− MS2[355]:311 (100)
MS3[311]: 267 (100), 268 (65), 283 (35), 311 (15)

356 Malonylemodin [9]

30 20.94 283 [M-H]−
MS2[283]: 240 (100), 268 (30)
MS3[240]: 212 (100), 240 (33), 196 (10), 184 (10)
MS4[212]: 184 (100)

284 Emodin methyl
Ether [22]

31 22.38 311 [M-H]−
MS2[311]: 267 (100), 268 (50), 283 (60), 311 (43)
MS3[267]: 224 (100), 225 (33), 240 (30), 223 (12)
MS4[224]: 196 (100), 195 (15)

312 Acetylemodin [9]

32 22.79 269 [M−H]−
MS2[269]: 225 (100), 241 (24), 269 (15)
MS3[225]: 281 (100), 210 (73), 225 (63), 197 (30)
MS4[281]: 181 (100), 153 (10)

270 Emodin 1

33 23.81 509 [M-H]− MS2[509]: 254 (100), 491(10)
MS3[254]: 226 (100), 254 (23), 225 (15)

510 Emodin-bianthron
[10]

34 24.51 353 [M-H]− MS2[353]: 123 (100), 335 (15), 309 (12),
MS3[123]: 123 (100), 95 (65)

354 Undefined
anthranoid

1 identified by comparison with reference compound; 2 identified after UV-isomerization of reference compound.
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Of thirty-four characterized substances, six stilbenes, twelve anthranoids, six proantho-
cyanidins, epicatechin, catechin, one catechin/epicatechin gallate derivative, two torachrysones,
and hydropiperoside were tentatively identified or confirmed by reference substances. Two
compounds could be attributed to the class of anthranoids without further identification,
another two substances remained undefined. Structural examples, which represent the two
main constituent groups of stilbenes and anthranoids, are given in Figure 1.

 
(11) Resveratroloside 

 

 
(13) trans-Polydatin 

 
(18) trans-Resveratrol  

 
(19) Emodin-1-O- -glycopyranoside 

 

 
(32) Emodin 

Figure 1. Molecular structures of several identified compounds in Reynoutria japonica rhizome extracts belonging to major
constituent groups of stilbenes (11, 13, 18) and anthranoids (19, 32).

Concerning substances which could not be directly confirmed with available ref-
erence substances and where previously reported findings in literature merely showed
derivatives, some additional explanations are needed and presented hereafter. For 16,
−162 amu (m/z 393 to 231) in MS2 was indicative of a loss of one hexose unit, leaving
demethylated torachrysone. In 25, the loss of 80 amu in MS2 could be attributed to -SO3
from a sulfonyl moiety to give torachrysone (m/z 325 to 245). Substance 17 showed −162
amu (m/z 445 to 283) in MS2 and 28 a loss of 204 amu in MS3 (m/z 487 to 283), which
could be attributed to hexose and acetylhexose respectively, both resulting in an aglycone
equivalent to emodin methyl ether 30. In all three substances, this was followed by a
loss of 15 amu indicative of -CH3 stemming from a methoxy group (m/z 283 to 268),
and consequently showing deprotonated fragment ions of emodin 32. MS2 of substance
29 showed loss of CO2 at −44 amu (m/z 355 to 311) to give a fragment equivalent to
acetylemodin 31, followed again by deprotonated fragment ions of emodin.

2.3. Quantitative Analysis of Stilbenes and Anthranoids via UHPLC-DAD

Quantification was performed for main trans-stilbenes and anthranoids in different
extracts by UHPLC-DAD. Arithmetic means of triplicate measurements of peak areas
(AUC) in UHPLC-DAD chromatograms (λ = 318 nm for stilbenes and 424 nm for anthra-
noids) were used for calculation. Relative standard deviations (RSD%) for AUCs were
<0.60% for stilbenes and < 1.66% for anthranoids, with few exceptions (2 in RM96, RSD
= 4.25%; 6 in RM96, RSD = 2.42%; 6 in RD, RSD = 5.63%). Quantities in freeze-dried
extracts, native fluid extracts, and extraction from plant material were calculated from
results for sample concentration 2 mg/mL freeze-dried extract in UHPLC analysis, us-
ing exact masses of plant material, solvents, and freeze-dried extracts (Supplementary
Materials, Table S1). Correction factors (Tables S2 and S3) were applied according to
differences in molecular weight of analytes and reference substances. Purity of references
was considered and determined to be 99.76% for trans-resveratrol and 97.91% for emodin.
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Results for stilbenes are given as mg/g dry extract after freeze-drying (Table 3), mg/100
g extract solution after filtration (Table 4), and mg/g plant material used for extraction
(Table 5), in the same order, results for anthranoids are presented in Tables 6–8. Glycoside
and aglycone contents represent proportions of total amounts.

Table 3. Quantitative analysis of stilbenes in Reynoutria japonica rhizome extracts calculated as mg/g freeze-dried extract.

Extract 10 11 13 18 Total Glycosides Aglycones

RI 2.669 29.975 47.883 - 1 80.527 80.527 -
RD 3.618 40.132 67.427 0.236 111.413 111.177 0.236

RM96 4.968 53.561 87.993 2.952 149.474 146.521 2.952
RM70 4.014 42.334 71.068 4.684 122.100 117.416 4.684
RM38 2.024 25.473 29.192 19.926 76.615 56.689 19.926

1 = not quantifiable.

Table 4. Quantitative analysis of stilbenes in Reynoutria japonica rhizome extracts calculated as mg/100 g fluid extract.

Extract 10 11 13 18 Total Glycosides Aglycones

RI 0.205 2.302 3.678 - 1 6.185 6.185 -
RD 0.865 9.590 16.112 0.057 26.623 26.567 0.057

RM96 11.676 125.880 206.802 6.938 351.296 344.358 6.938
RM70 8.293 87.464 146.829 9.678 252.264 242.587 9.678
RM38 4.096 51.561 59.087 40.333 155.078 114.745 40.333

1 = not quantifiable.

Table 5. Quantitative analysis of stilbenes in Reynoutria japonica rhizome extracts calculated as mg/g plant material.

Extract 10 11 13 18 Total Glycosides Aglycones

RI 0.104 1.164 1.860 - 1 3.128 3.128 -
RD 0.439 4.868 8.179 0.029 13.515 13.487 0.029

RM96 0.600 6.464 10.619 0.356 18.039 17.683 0.356
RM70 0.423 4.460 7.488 0.494 12.865 12.371 0.494
RM38 0.209 2.629 3.013 2.057 7.907 5.851 2.057

1 = not quantifiable.

Table 6. Quantitative analysis of anthranoids in Reynoutria japonica rhizome extracts calculated as mg/g freeze-dried extract.

Extract 19 23 24 26 28 30 32 34 Total Glycosides Aglycones

RI 2.459 24.433 3.540 0.996 2.919 0.000 1.087 - 1 35.433 33.350 2.084
RD 4.002 35.318 3.663 2.461 2.923 0.221 1.717 - 50.307 45.907 4.400

RM96 - 1.218 - - - 3.104 35.422 1.920 41.664 1.218 40.446
RM70 - - - - - 2.184 17.170 0.791 20.145 - 20.145
RM38 - - - - - 1.172 1.505 - 2.678 - 2.678

1 = not quantifiable.

Table 7. Quantitative analysis of anthranoids in Reynoutria japonica rhizome extracts calculated as mg/100 g fluid extract.

Extract 19 23 24 26 28 30 32 34 Total Glycosides Aglycones

RI 0.189 1.877 0.272 0.077 0.224 - 1 0.083 - 2.721 2.561 0.160
RD 0.956 8.440 0.875 0.588 0.698 0.053 0.410 - 12.021 10.970 1.051

RM96 - 2.863 - - - 7.294 83.250 4.512 97.919 2.863 95.056
RM70 - - - - - 4.511 35.475 1.634 41.620 - 41.620
RM38 - - - - - 2.373 3.047 - 5.420 - 5.420

1 = not quantifiable.
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Table 8. Quantitative analysis of anthranoids in Reynoutria japonica rhizome extracts calculated as mg/g plant material.

Extract 19 23 24 26 28 30 32 34 Total Glycosides Aglycones

RI 0.095 0.949 0.137 0.039 0.113 - 1 0.042 - 1.376 1.295 0.081
RD 0.485 4.284 0.444 0.299 0.355 0.027 0.208 - 6.103 5.569 0.534

RM96 - 0.147 - - - 0.375 4.275 0.232 5.028 0.147 4.881
RM70 - - - - - 0.230 1.809 0.083 2.123 - 2.123
RM38 - - - - - 0.121 0.155 - 0.276 - 0.276

1 = not quantifiable.

Results for mg/100 g fluid extract (Tables 4 and 7) showed main stilbenes to be 11

and 13 in all extracts. A comparably high amount of 18 could be found in RM38. The
main anthranoid was 32 in all macerates, whereas 23 was dominant in RD and RI. Total
stilbene and anthranoid extraction followed the trend RM96 > RM70 > RM38 > RD > RI
(p < 0.01 for total stilbene and p < 0.037 for total anthranoid amount), as did stilbene
glycoside (p < 0.01) and anthranoid aglycone (p < 0.01) extraction (Figure 2). An opposite
trend was true for stilbene aglycones in macerates (p < 0.01), with highest extraction in
RM38, while water extractions still gave the lowest results (p < 0.01), with no quantifiable
stilbene aglycones in RI. Highest amounts of anthranoid glycosides were extracted in RD
(p < 0.01), none could be quantified in RM70 and RM38.

 
Figure 2. Stilbene and anthranoid glycoside and aglycone content given as mg/100 g fluid extract.

When analysing relative composition of extracts regarding stilbenes and anthranoids,
as illustrated in Figure 3, without considering absolute yield, it showed that RM38 had
lowest anthranoid content at 3.38% (p < 0.01) and a remarkably high fraction of aglycones
within stilbenes (25.13%) (p < 0.01). RD and RI showed highest anthranoid (31.11 and
30.56%) and total glycoside content (97.13% and 98.20%) in similar relative compositions
(Figure 3) (p < 0.01 compared to other extraction methods).
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Figure 3. Relative distribution of stilbene and anthranoid glycoside and aglycone content in fluid
extracts.

Validation of Quantitative UHPLC-DAD Method

Linearity of measurements was confirmed for the quantitative UHPLC method used
in this study. For reference substance, resveratrol in a working range of 2–300 μg/mL
and emodin of 2–500 μg/mL separate correlation coefficients showed (R2) = 1. Intra-day
and inter-day precision were investigated for sample RM96. Results are shown in Table 9.
Accuracies were found to be 72.44%, 94.99%, and 94.58% for emodin (3, 200, 400 μg/mL)
and 82.85%, 93.64%, and 93.83% for resveratrol (3, 100, 200 μg/mL). For emodin, recovery
rates at 3, 200, and 400 μg/mL spike concentrations were determined to be 92.54%, 98.76%,
and 98.92%, respectively. For resveratrol at 3, 100, and 200 μg/mL, recovery rates were
109.62%, 96.65%, and 96.81%.

Table 9. Intra-day and inter-day precision RSD (%) for several quantified stilbenes (10–18) and
anthranoids (30–34).

Substance Intra-Day Precision RSD [%] Inter-Day Precision RSD [%]

10 0.3612 0.9405
11 0.3318 0.8861
13 0.4201 1.0069
18 0.6999 1.1285
30 3.8111 2.6544
32 0.7511 1.5208
34 6.2563 7.7805

2.4. Antimycobacterial Testing of Freeze-Dried Extracts and Reference Substances

MIC testing of freeze-dried extracts showed antimycobacterial effects against M.
smegmatis for macerates and reference substance resveratrol in the tested concentration
ranges (extracts 512–1 μg/mL, reference substances 128–0.25 μg/mL). Infusion and
decoction, as well as polydatin and emodin, had no relevant antibacterial effect. Results
are summarized in Table 10.

130



Plants 2021, 10, 1809

Table 10. Minimum inhibitory concentrations of freeze-dried extracts on Mycobacterium smegmatis
mc2 155 growth (n = 4).

Sample MIC [μg/mL]

RI >512
RD >512

RM96 256
RM70 256
RM38 256

trans-Resveratrol 64
trans-Polydatin >128

Emodin >128

3. Discussion

In this study, we analysed different extraction methods of fresh R. japonica rhizome,
which are easily reproducible without specialized instrumental equipment and using
food-grade solvents, to compare yields and composition, particularly focusing on main
secondary metabolite groups of anthranoids and stilbenes. UHPLC-DAD-ESI-MSn lead
to the characterization of thirty-four substances, of which six were stilbenes, and twelve
anthranoids. Substances 16, 25, 28, and 29 (Table 2) can be regarded as new derivatives of
previously reported compounds. The main constituents, four trans-stilbenes and eight an-
thranoids, were quantified by means of UHPLC-DAD. Furthermore, we investigated the
antimycobacterial potential of extracts and reference compounds against Mycobacterium
smegmatis in micro-dilution minimum inhibitory concentration (MIC) assays.

Macerates prepared with 38%, 70%, and 96% (v/v) ethanol (RM38, RM70, RM96)
showed yields of 10.32, 10.54, and 12.07% (Table 1), giving the highest ethanol concentra-
tion in solvents a slight advantage in yield; however, these did not mark drastic changes
in extraction efficiency. Infusion (RI) yields were low at 3.88%, which is to be expected
from a short extraction time of 10 min and makes this preparation least suitable for
further consideration of usability. Decoction (RD) yielded 12.13% and needs merely 30
min of extraction time compared to three weeks for macerates. However, when extract
composition is considered, RD showed the highest anthranoid extraction of all extracts
at 31% of quantified substances (Figure 3), which could be considered an undesirable
trait of R. japonica extracts. Although the European Pharmacopoeia demands minimum
contents for polydatin (stilbene) and emodin (anthranoid) in dried R. japonica rhizome [7],
higher stilbene content and low anthranoid content in extracts seems more desirable to
emphasize the antioxidative and antibacterial effects of stilbenes [14–17], while minimiz-
ing the laxative effects of emodin and derivatives [18]. In accordance with the reported
results for lyophilized and pulverized R. japonica rhizome samples [24], the extraction of
anthranoids from fresh and cut R. japonica rhizome is rising with ethanol concentration.
However, a reported decline in extraction efficiency over 80% ethanol concentration was
not found to be occurring in fresh rhizome macerates. From this point of view, RM38
seems most promising, with high stilbene and a remarkably low anthranoid content of
3.38% of quantified substances (5.420 mg/100 g fluid extract, Figure 3, Table 7). Absolute
stilbene content amounted to 155.078 mg/100 g fluid extract (Table 4) and could easily
be improved through scale-up processes like large batch processing and concentration
of constituents by evaporation of solvent. A stilbene extraction from fresh R. japonica
rhizome with liquified dimethyl ether was reported to yield 0.342 mg/g resveratrol and
2.57 mg/g polydatin, calculated per gram of dry rhizome [25]. Extraction of resveratrol
from dried and pulverized R. japonica rhizome with deep eutectic solvents (DES) yielded
up to 9.00 mg/g dry rhizome [26]. In comparison with both methods, we found RM38 to
also yield good quantities of 2.057 mg/g resveratrol and 3.013 mg/g polydatin. Maceration
with 38% (v/v) ethanol can, similarly to DES, be employed without the need to dry and
grind plant material, but requires neither specialized equipment, nor complex or critical
organic solvents.
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The highest relative glycoside content among quantified substances was found
in hot water extracts RD and RI (97.13% and 98.20%, Figure 3), which could be due
to denaturation of glycosidases by hot water, and therefore prohibition of enzymatic
hydrolysis. In macerates, high water content encourages hydrolysis and RM38 showed
the lowest glycoside content accordingly (71.49%), entirely made up of stilbene glycosides,
with no quantifiable anthranoid glycosides. Interestingly, RM70, and not RM96, showed
the highest relative glycoside content among macerates. This could be explained by
improved glycoside extraction at 30% (v/v) water content in solvent, while high ethanol
of 70% (v/v) suffices to stabilize glycosides in solution over longer extraction times.

Antimycobacterial testing against M. smegmatis showed good results for all freeze-
dried macerates at 256 μg/mL, with no visible effects of different extract compositions
regarding stilbenes and anthranoids (Table 10). Water extracts RD and RI, however,
showed no significant antibacterial effect (>512 μg/mL), which could be attributed to
high glycoside content, and therefore less uptake by bacteria due to higher polarity of
compounds. Reference compounds trans-resveratrol and trans-polydatin support this
assumption for stilbenes, with promising results for the aglycone trans-resveratrol (64
μg/mL), while glycoside the trans-polydatin showed no relevant effect (>128 μg/mL).
Anthranoid emodin also showed no inhibitory effect (>128 μg/mL).

As R. japonica is highly invasive outside its native regions of Eastern Asia and an
aggressive competitor in foreign ecosystems, new perspectives on medicinal use in the
West show benefits that might encourage consideration of wild harvest over classic
means of eradication, which mostly involve heavy use of herbicides [27]. Extraction
and enrichment of stilbenes from fresh plant material can be accomplished by simple
extraction methods with food-grade solvents which are also suitable for scale-up, most
significantly by maceration with 38% (v/v) ethanol. Stilbene aglycones of natural origin
and their derivatives promise to be interesting targets for further antimycobacterial
evaluation.

4. Materials and Methods

4.1. Plant Material

Rhizomes of R. japonica were harvested in September of 2020 in Graz, Austria (47◦04′39.38′′ N,
15◦27′08.90′′ E), and stored at +4 ◦C. A voucher was deposited at the herbarium of the
Department of Pharmacognosy, Institute of Pharmaceutical Sciences, University of Graz
(specimen voucher: Alperth 010). The plant material was processed the day after col-
lection by washing with cold water and cutting into approximately 2 mm thick slices
shortly before extraction. Only pieces with complete cross-sections were used to facilitate
comparability between different extraction methods.

4.2. Solvents and Reference Substances

Reference substances for qualitative and quantitative analysis were trans-resveratrol
(99% purity, Sigma-Aldrich, St. Louis, MO, USA), emodin (90% purity, Sigma-Aldrich),
and polydatin CRS (trans-polydatin, 99.1% purity, EDQM—Council of Europe, Stras-
bourg, France). For extract preparation, deionized water and ethanol (AustrAlco, Spillern,
Austria) were used. Samples of reference substances were prepared in p.a. grade methanol
(VWR, Radnor, PA, USA). HPLC mobile phases were made up of ultrapure water (Barn-
stead Easypure RF, Barnstead) and HPLC-grade acetonitrile (VWR).

4.3. Photoisomerization of Reference Stilbenes by UV-Exposure

Separate reference solutions of trans-resveratrol and trans-polydatin were prepared
as 1 mg/mL in methanol and treated with UV light (λ = 365 nm) in clear glass vials for
18.5 h to trigger cis/trans-isomerization for further reference data.
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4.4. Extract Preparation

Separate samples of fresh plant material were extracted by infusion, decoction, and
maceration before filtration with suction and freeze-drying using a VirTis Sentry freeze-
dryer (SP Scientific, Warminster, PA, USA). For infusion, 100 g of boiling, deionized water
were added to 2 g of cut rhizome in a beaker and covered for an extraction time of 10 min.
For decoction, 100 g of cold, deionized water and 2 g of plant material were brought to a
boil and then extracted for 30 min under reflux. Macerates were prepared with 20 g of
rhizome and 100 g of 38%, 70% and 96% (v/v) partly denatured ethanol respectively, with
an extraction time of three weeks in the dark.

4.5. UHPLC-DAD-ESI-MSn for Qualitative Analysis

A Dionex UltiMate 3000 RS Ultra-high performance liquid chromatography (UHPLC)
system (Thermo Fisher Scientific, Waltham, MA, USA) comprising pump, autosampler,
column compartment and diode array detector (DAD) was used for qualitative analysis
of extracts. A Kinetex C18 100 mm × 2.1 mm, 2.6μm column (Phenomenex, Torrance,
CA, USA) offered the stationary phase, while the mobile phase consisted of water + 0.1%
formic acid (A) and acetonitrile + 0.1% formic acid (B). Runs started at 3% B, increasing to
15% B at 12 min, 42% B at 20 min and 70% B at 23 min, then plateaued until 25 min before
dropping back to 3% B at 25.2 min, which was held until 30 min total runtime. Column
temperature was kept at 40 ◦C with flow rate being 0.350 mL/min. DAD recorded spectra
in a wavelength range of 190 to 700 nm. For mass spectrometric (MS) detection, the system
was coupled to an LTQ XL linear ion-trap mass spectrometer with electrospray ionization
(ESI) ion source (Thermo Scientific). Conditions were set to source heater temperature
300 ◦C, sheath gas flow 40 arb (arbitrary units), auxiliary gas flow 10 arb, source voltage
3.5 kV (ESI neg), and recorded mass range of m/z 50 to 2000 amu.

4.6. UHPLC-DAD for Quantitative Analysis

Quantitative analysis was conducted on a separate Dionex UltiMate 3000 RS UHPLC
system (Thermo Fisher Scientific), comprising the same modules as for qualitative analysis
without coupling to MS. All chromatographic parameters were identical, with extracted
quantification wavelengths from DAD-UV detection being 318 nm for stilbenes and 424
nm for anthranoids. Freeze-dried extracts were redissolved in concentrations of 2 mg/mL,
with water as solvent for dry extracts from infusion and decoction, and 50% (v/v) ethanol
for macerates. Reference substances were used in 1 mg/mL methanolic stock solutions
and subsequent serial dilutions (1:10, 1:100, 1:1000). Injection volumes were 1 and 5 μL for
samples and 1 to 5 μL for references according to desired concentration. All measurements
were performed in triplicate and quantified substances calculated for their AUC arithmetic
means.

4.7. Validation of UHPLC-DAD Method
4.7.1. Linearity

To establish linearity of measurements in a working range of 2–300 μg/mL for
reference substance, resveratrol concentrations 2, 5, 10, 30, 100, 300 μg/mL were evaluated.
For emodin in a working range of 2–500 μg/mL, concentrations 2, 5, 10, 30, 100, 300,
500 μg/mL were used.

4.7.2. Precision

Intra-day and inter-day precision were determined for sample RM96 at a sample
concentration of 2 mg/mL in 50% (v/v) ethanol and injection volume of 1 μL. For intra-
day precision, the sample solution was injected six consecutive times in one day and
relative standard deviation (RSD) in peak areas (area under the curve, AUC) calculated
for four stilbenes and three anthranoids. For inter-day precision, the same sample was
injected 3 times each on two consecutive days.
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4.7.3. Accuracy

For determination of accuracy, serial dilutions of emodin and resveratrol reference
stock solutions were measured in different injection volumes to give target concentrations
of 3, 200, and 400 μg/mL for emodin and 3, 100, and 200 μg/mL for resveratrol.

4.7.4. Recovery Rate

Recovery rates for emodin and resveratrol were measured by spiking samples of
RM38 at a concentration of 2 mg/mL with reference concentrations also used for deter-
mination of accuracy (3, 200, and 400 μg/mL for emodin and 3, 100, and 200 μg/mL for
resveratrol).

4.8. Antimycobacterial Assay

All freeze-dried extracts and reference compounds were tested in a well-established
serial micro-dilution minimum inhibitory concentration (MIC) assay against the bacterial
strain Mycobacterium smegmatis mc2 155 (ATCC 700084) [28]. Starting concentrations for
dilution were 512 mg/L for extracts and 128 mg/L for reference compounds. In short,
samples were dissolved in dimethyl sulfoxide (Roth, Karlsruhe, Germany) before serial
dilution with Mueller Hinton Broth medium (Oxoid, Basingstoke, Hampshire, UK) in 96-
well plates and incubation for 72 h at 37 ◦C with a 5 × 105 cfu/mL bacterial inoculum (n =
4). Isoniazid (Sigma, St. Louis, MO, USA) served as control antibiotic. Growth and sterile
control were included per plate. Evaluation was performed via Methylthiazolyldiphenyl-
tetrazoliumbromide (MTT) (Sigma) colorimetric detection, after additional incubation of 30
min.

4.9. Statistical Analysis

All statistical analyses were performed in IBM SPSS Statistics 26. To test correlations,
Spearman Correlation test was employed as correlations might not be linear and extraction
methods are transformed to ordinal variables. For mean comparisons, an ANOVA with a
Bonferroni-Holm corrected t-test as a post hoc test was used. The α-level was set to 0.05.

5. Conclusions

Reynoutria japonica, as one of the most critical invasive species in Europe and North
America, requires constant attention in management. To shed light on benefits beyond
eradication can promote the use of invasive species. As hypothesized, differences in
simple extraction methods are apparent. Remarkably, a simple macerate with 38% (v/v)
ethanol gives good yields of stilbenes while showing low anthranoid content and could
therefore be a target for large-scale processing of R. japonica rhizomes. However, concern-
ing their antimycobacterial potential, all ethanolic macerates showed similar results, both
aqueous preparations were less active.

Optimal harvest times for high stilbene content need to be investigated in future
research. Also, antimycobacterial stilbene aglycones, their isolation, derivatization, and
testing, proved to be promising for future investigation.
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Abstract: This study provides data on the problem of potential complexation of phenolic com-
pounds synthesized by the plants Solidago canadensis L. and Solidago gigantea Ait. with ammonium
forms of nitrogen, partly immobilized in the soil. A comparative analysis of secondary metabolites
of the studied plants was performed by HPLC. The leaves of invasively active Solidago canadensis
contain nine times more rutin than the plants of Solidago gigantea. Adding to the leaf extracts
(v/v1/20) aqueous ammonia solution to pH 8.0 on the chromatograms decreases the intensity or
completely causes peaks of flavonoids to disappear; instead, there are peaks of new polar substances
(tR 1.5 and 2.0 min). The selective effect of the phenol-ammonium complex on various plant species
was revealed. At a concentration of 20 μg/mL, these substances stimulated the formation of lateral
roots in soybean seedlings and chrysanthemum cuttings. The suppression of root growth in radish
seedlings occurred at a concentration of flavonoids in the extract of 25 μg/mL. In addition, a positive
chemotaxis of the Pseudomonas putida (PGPR) was detected in the nitrogen-containing complex
based on rutin (5 μg/mL). The identified feature allows PGPR colonization of the root system of
Solidago canadensis with corresponding changes in the structure of the microbial community. The
ability of the obtained nitrogen-containing polar complexes to regulate the growth processes of
plants at extremely low concentration points to promising research in this direction.

Keywords: allelopathy; ammonia complexes; chemotaxis; flavonoids; growth regulator; PGPR; soil

1. Introduction

The natural biogeographical process of migration of vascular plant species presup-
poses the presence of at least three conditions: The recipient habitat, the spreading species
and the vector of transfer. At the same time, anthropogenic migrations of vascular plants
differ, among others, in that they are caused by a significant transformation of one, two
or all three components as a result of unintentional or purposeful human activity. Cur-
rently, the process of plant migration is accelerating, becoming global. The process of
phytoinvasion is the fast distribution of alien plant species, accustomed to changing
conditions, in new areas, sometimes intensively increasing the number [1]. In this regard,
the study of physiological and biochemical mechanisms of the adaptation strategy of
invasive plant species is extremely relevant in order to find out the signs and features of
adaptations in the conditions of natural and anthropogenically altered environments that
ensure the viability of populations [2]. Thus, the species Solidago canadensis L. (kenophyte
of North American origin, epecophyte with the European-North American range, meso-
phyte, sciogeliophyte) and S. gigantea Ait. (kenophyte of North American origin with the
European-American range, mesophyte, sciogeliophyte) deserve special attention [3–6].
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S. canadensis is now actively spreading in the Forest and Forest-Steppe Zones of
Ukraine. The species is a transformer of meadow vegetation and forest-fringe communi-
ties. It transforms plant communities, creating unbearable conditions of competition [4,7].
It quickly occupies the areas of disturbed phytocenoses through the vegetative propa-
gation by long rhizomes and due to high growth rate, which in combination with the
transformation of habitat leads to significant changes in the structure of local vegetation
and has negative consequences for phytobiota and zoobiota [1,8,9]. Thus, this species is
able to form monodominant communities, maintain its own populations for a long time,
lead to collapse in the recovery process, i.e., significantly extend the recovery period of
indigenous plant communities of meadow vegetation [10–12].

The reasons for the intensive expansion of this species, despite the close attention of
scientists around the world, remain controversial [13–16]. Two provisions are the most
discussed. One of those is based on the high allelopathic potency of plants [8,17,18]. The
chemical composition of S. canadensis, in particular the compounds with allelopathic activ-
ity, is well studied [19–22]. The existing metabolic analysis has revealed 122 metabolites,
including flavonoids, phenylpropanoids and terpenoids. The synthesis of substances is
shown to significantly depend on the cytotype and ploidy of plants [23]. The invasiveness
of polyploids is exceptional [24,25], and is primarily due to the increased production of
biologically active metabolites [26]. The cytotype and ploidy are often overlooked in plant
collection, which may explain the difference in quantitative levels of individual flavonoids
and other metabolites in plant material [27]. In addition, plants are characterized by the
daily dynamics of the content of phenolic compounds in the vegetative organs [28].

The complex action of metabolites when released into the soil can be accompanied
by a significant change in the rhizosphere. The ability of secondary metabolites of S.
canadensis to inhibit the growth of not only allelochemical-sensitive test cultures, but also
highly stress-resistant weeds [29,30] has been experimentally confirmed. However, the
complexity of this approach is that the study of allelopathic action of plant metabolites is
mainly performed in artificial conditions, where to accurately reproduce the processes
that occur in real natural conditions is extremely difficult. This is confirmed by reports
that acid rainfall can significantly enhance the allelopathic effects of invasive species,
in particular S. canadensis, on seed germination and growth of aboriginal species [31].
According to our observations, S. canadensis displaces other plant species selectively
and with varying intensity. This may be due to the competitive relationship between
plants for limited resources. In this regard, the ability of invasive species to compete
fiercely for mineral nutrition, mainly nitrogen, is also widely discussed. It is indicated that
invasive species actively assimilate ammonium forms of nitrogen. However, the problem
is that soil colloids carry positive and negative electrical charges, with the latter being
predominant in most soils [32]. This makes it possible to fix NH4

+ cations by soil colloids
in an exchangeable form and to protect them from leaching. The size of the soil particles
can also influence the fixation of ammonium nitrogen. However, there is evidence that
clay particles and silt are equally good at retaining NH4

+ [32]. The preferential uptake
of NH4+ over NO3

- despite the need for additional costs of ATP for pumping protons
through PM occurs in plants under conditions of limited energy metabolism [33], for
example, at low temperatures [34].

At the same time, aboriginal species usually do not show clear selectivity for the
assimilation of certain forms of nitrogen. In addition, it has been shown that many
invasive plant species are able to significantly slow down the activity of soil enzymes
associated with the C, N and P metabolism [35,36]. This reduces the availability of
nutrients in the soil. Such restrictions and imbalances in mineral nutrition may contribute
to the rapid spread of invasive species, which are able to use forms of nutrients that are
less accessible to other plant species. For example, in clay soils, which are preferred by
S. canadensis, fixation of NH4

+ increases with increasing pH and base saturation [32]. In
soils with a high pH, the content of flavonoids secreted by the roots of Solidago canadensis
prevails over the pool of common phenols. At the same time, in acidic soils, these plants
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predominantly release phenols and less flavonoids [37]. Flavonoids can form complexes
with biogenic metal ions and other cations. Of practical interest are organic complexes,
which in the presence of appropriate natural conditions, can be formed in plant tissues
in the process of mineral nutrition. The barrier functions of secondary metabolites of
plants are also important in terms of their potential ability to bind to metal ions when they
enter plant tissues in subtoxic concentrations. In addition, ammonium forms of nitrogen
are able to form organic complexes with flavonoids. The new complexes have different
physico-chemical properties and, accordingly, other molecular targets in physiological
processes. Hence, the life strategy of S. canadensis plants, in addition to the ability to secrete
active metabolites and affect the mineral nutrition of other plant species, also includes the
ability to impact the activity of soil enzymes produced by microorganisms [38–40].

Thus, the purpose of our studies was to conduct a comparative phytochemical
analysis of plants S. canadensis and S. gigantea, to determine the most active secondary
metabolites that are able to interact with ammonium groups and determine the specifics
of their impact on plant growth and microorganism activity in the rhizosphere.

2. Results

2.1. Comparative Analysis of the Secondary Metabolites in Leaves of Solidago Canadensis and
Solidago Gigantea

More than 80 components, terpenoids, oxycinnamic and oxybenzoic acids, and
14 flavonoids (Figure 1) were identified by high-performance liquid chromatography
(HPLC) in methanolic extracts of leaves and roots of S. canadensis and S. gigantea, collected
in the park “Theofania” (Kyiv, Ukraine). In this work, we also relied on known studies of
the biochemical composition of plants of the genus Solidago [41,42].

Figure 1. Chromatogram of methanolic extracts of Solidago canadensis L. leaves in the flowering
phase: B—benzoic and oxybenzoic acids, OC—derivatives of oxycinnamic acids, F—flavonoids,
T—terpenoids, TS—triterpenoid saponins, X—chlorophylls and their derivatives, Y—carotenoids
and their derivatives.

UV spectra and retention times of the main peaks on the chromatogram in the
presence of standards allowed identification of some flavonoids (Figure 2). Their main
aglycones were kaempferol and quercetin. The largest share of the total pool of flavonoid
glycosides in the leaves of the studied plants belonged to quercetin-3-O-beta-rutinoside
(rutin).
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Figure 2. UV spectra of the main flavonoids of Solidago canadensis L.

The composition of the secondary metabolites of S. gigantea leaves has a very similar
biochemical profile to S. canadensis (Figure 3). A very diverse composition of terpenoids
and triterpenoid saponins was found in the leaves of S. gigantea plants in the flowering
phase. Those compounds play an important role in the protective reactions of plants,
regulation of water regime and interspecific relationships.

Figure 3. Chromatogram of methanolic extracts of Solidago gigantea Ait. leaves in the flowering
phase: B—benzoic and oxybenzoic acids, OC—derivatives of oxycinnamic acids, Cu—coumarins,
Cat—catechins, F—flavonoids, T—terpenoids, TS—triterpenoid saponins, X—chlorophylls and
their derivatives, Y—carotenoids and their derivatives, ?— not identified.

However, it is interesting that the two studied species have an almost identical
composition of flavonoids, although their number is less in S. gigantea (Table 1). The
content of rutin was 9 times, and isoquercitrin was 5.3 times lower in the leaves of
S. gigantea than in those of S. canadensis according to the height of the peaks on the
chromatograms (Figures 1 and 3). However, leaves of S. gigantea showed a high content
of presumably kaempferol-3-O-beta-rhamnoside (afselin). Also particularly noteworthy
is the relatively high peak (tR 2.5 min) of a rather polar compound.
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Table 1. Comparative evaluation of the composition of the main group of flavonoids in the leaves of S. canadensis and
S. gigantea.

Flavonoid
S. canadensis S. gigantea Absorption

Peak, nm
Ref.Retention Time, min mAU Retention Time, min mAU

Rutin
(quercetin-3-O-beta-rutinoside) 17.762 1587 17.674 176 256, 355 [43]

Astragalin
(kaempferol-3-O-beta-glucoside) 18.792 331 18.714 106 266, 350 [43]

Nicotiflorin
(kaempferol-3-O-beta-rutinoside) 19.432 762 19.354 402 266, 347 [44]

Isoquercitrin
(quercetin glycosid) 19.725 562 19.621 107 255, 355 [42]

Afzelin
(kaempferol-3-O-beta-rhamnoside) 20.525 142 20.407 249 266, 347 -

Quercetin glycoside 1 21.152 850 21.048 70.8 256, 356 -
Kaemperfol glycoside 24.192 323 - - 265, 347 -
Quercetin glycoside 2 24.592 142 - - 254, 355 -

2.2. Modeling of Formation Processes of Organic Complexes of Flavonoids with
Ammonium Nitrogen

Flavonoids are potentially capable of interacting with the ammonium forms of
nitrogen. We simulated this process to study the ecophysiological properties of the
generated phenol-ammonia complexes.

Equal volumes of aqueous ammonia solution (10%) were sequentially added to
100 mL of an aqueous extract of S. canadensis and S. gigantea leaves. When 10 μL of 10%
aqueous NH4OH solution was added to the extracts, they acquired an intense dark brown
color (Figure S1). The darkest solutions were at pH 8.0–8.2. Given that the aqueous
solution of NH4OH is a weak base, in water it dissociates into NH4

+ and OH– ions. Under
the conditions of binding of the ammonium group with 3-O-glycosides of flavonols, the
balance of ions in the solution shifts towards the increase in OH–, but not as rapidly as in
the case of dissolution of ammonia in water. At the time of maximum complexation, the
leaf extract exhibits buffering properties, maintaining alkalinity at pH 8.75. As the titrant
volume increases further, the equilibrium gradually shifts toward decreasing pH (Figure
4).

Figure 4. Lognormal model describing the dynamics of changes in the concentration of H+ ions
in the aqueous extract of Solidago canadensis L. leaves; x0—the value corresponds to the volume of
the titrant (NH4OH under appropriate conditions) at which the pH is stabilized, a—the calculated
coefficient of the lognormal model corresponding to the pH value in a balanced system.
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The electrochemical content of the significant coefficients is related to the presence
of metabolites in the extract, capable of complexation with NH4

+ and a corresponding
increase in the concentration of OH– ions in the solution. The assumption that the NH4

+

groups interact with flavonoids and organic acids with the formation of new complexes
under the conditions of adding 10% aqueous solution of ammonia to the plant extract
was confirmed by the results of chromatographic profiling.

On the chromatogram, the peaks corresponding to flavonoids completely disap-
peared or significantly decreased. Instead, two new peaks appeared at the beginning of
the chromatogram with a fairly intense signal (Figure 5).

Figure 5. Chromatogram of aqueous extracts of Solidago canadensis L. leaves before (marked in red)
and after (marked in blue) application of 10% NH4OH solution; F—flavonoids, B—benzoic and
oxybenzoic acids.

This indicates that the formation of new, rather polar compounds in the plant extract
occurs mainly from mono- and diglycosides of flavonoids. An intense absorption peak
with a retention time of 1.5 min was also found at the beginning of the chromatogram
at a wavelength of 250 and 300 nm, and the next one is noted a little later (2.0 min) at
a wavelength of 400 and 350 nm. Significant differences in the nature of light energy
absorption by substances were detected in the flavonoids detected on chromatograms.
For UV spectra, a hypsochromic shift for astragalin from 350 to 335 nm and a batachromic
shift from 355 to 373 nm for isoquercitrin were established.

It was experimentally confirmed that under the presence of ammonium cations in
plant tissues, the glucosides of kaempferol and quercetin are able to form polar nitrogen-
containing complexes. Secondary metabolites of invasive species S. gigantea and S. canaden-
sis are potentially able to regulate rooting processes. The leaf extracts of the studied species
also include substances that can inhibit the development of the root system and growth
processes in general. Potentially such compounds may include triterpenoid saponins,
which are rich in leaves of the studied plants of the genus Solidago.

Principal component analysis confirmed that the biochemical composition of leaf
extract is significantly altered by adding NH4OH. The axis of the first principal component
(PC1) reflects the maximum data variance, which was mostly determined by flavonoids,
mainly quercetin glycosides (indicated by diamonds and highlighted by an oval on the
right along the PC1 axis) (Figure 6).
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Figure 6. The result of the analysis of the chromatographic profiles of aqueous extracts of Solidago
canadensis L. leaves by the method of analysis of principal components; numerical values correspond
to the retention time of individual components in chromatography.

The largest contribution to the total variance was made by rutin (tR = 17.792) and
quercetin glycoside (tR = 21.152). The contribution of kaempferol glycosides (tR = 18.792,
24.192, and 20.525) to the variance was less significant. However, it should be noted that
the kaempferol glycoside (presumably nicotiflorin) showed the greatest variance on the
PC2 axis. This flavonoid, together with oxycinnamic acid (tR = 22.525), was found in the
largest residual amount in the extract after treatment with ammonium. From the point
of view of biological activity, three phenolic compounds (indicated by blue circles and
highlighted by an oval on the left along the main axis, tR = 18.062, 20.076 and 22.049) are
of particular interest. These were detected in the extract (S. can.-N) only after adding the
corresponding volume NH4OH.

The proximity of individual substances on the coordinates of the axes of the principal
components to the original composition of the extract (S. can.) indicates that they are
contained in a relatively large amount and are easily transformed biochemically.

Comparative analysis of the biochemical composition of leaf extracts of two Solidago
species and the results of PCA analysis made it possible to consider rutin as the most
likely active substance. It was assumed that rutin in the root exudates of S. canadensis is
able to react with ammonium cations of the soil and then, in the form of polar complexes,
actively interact with native plant species and soil microorganisms.

When passing the extracts through the Al2O3 column, most flavonoids were retained
or irreversibly bound to the sorbent (Figures S1–S2 ). The total content of kaempferol
glycosides in leaf extracts was 2.0 times lower than quercetin. The ratio of the signal of the
chromatograph detector at the peaks before and after adsorption decreased on average by
2.1–3.2 times (Table S1). It was found that Al2O3 has the highest adsorption capacity in
relation to rutin and presumably afzelin. Their content in the extracts decreased more
than 3 times. It was assumed that rutin in the root exudates of S. canadensis is able to react
with ammonium cations of the soil and then, in the form of polar complexes, actively
interact with native plant species and soil microorganisms.
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2.3. Experimental Determination of Biological Activity of Flavonoids in Complex with
Ammonium

The study of the effect of phenol-ammonium complexes revealed significant differ-
ences in their effect on the growth processes of different plant species. The polar complex
obtained by adding an aqueous solution of ammonia to the extract inhibited the growth
of roots of radish seedlings. The degree of growth inhibition (allelopathic effect) was
strictly inversely correlated with the concentration of flavonoids (rs = −1.0, significance
level α = 0.05). The most active effect on root growth was observed at a concentration of
flavonoids in the leaf extract of 50–100 μg/mL (Figure 7).

Figure 7. Inhibition of root growth of radish seedlings by phenol-ammonium complex depending
on the content of flavonoids in the leaf extract of Solidago canadensis L.; the data were compared
using Tukey’s test (HSD) by one-way ANOVA: *—significant differences to the control at the level p
< 0.01.

The leveling of the inhibitory effect depending on the concentration of active sub-
stances is fairly accurately approximated by an exponential function (y = 0.7166 + 42.9168e−0.256,
R2 = 0.980). The significance of differences with the control (p < 0.01) was confirmed in the
variants with the concentration of flavonoids in the initial extract exceeding 25 μg/mL.

The opposite effect was found when growing soybean seeds and processing chrysan-
themum shoots. A moderate stimulating effect on root growth was determined for the
aqueous extract of Solidago gigantea, which increased significantly under the formation of
phenol-ammonia complexes (Figure 8a). The difference with the control was significant
only in the extracts with the addition of 10% ammonia solution (p < 0.01). In the extract
of the leaves of this plant species with a reduced content of flavonoids, the stimulating
effect was leveled and inhibition of growth processes was observed. A similar but more
pronounced effect was found with the use of S. canadensis extracts (Figure 8b). Under
conditions of partial extraction of flavonoids with aluminum oxide, the effect of the
aqueous extract of leaves on the growth of soybean roots was significantly reduced (p <
0.01) compared to the original extract and its modification with ammonia solution.
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Figure 8. Influence of water extracts of Solidago giganrea (a) and Solidago canadensis (b) leaves on the
growth of roots of Glycine max seedlings (n = 30): S.g., S.c.—initial extracts; S.g.+NH4, S.c.+NH4—
extracts with added ammonia; (S.g.-Fl)+NH4, (S.c.-Fl)+NH4—extracts with added ammonia after
adsorption in Al2O3 column; the data were compared using Tukey’s test (HSD) by one-way ANOVA:
*—significant differences to the control at the level p < 0.05; **—at the level p < 0.01.

An aqueous solution of the phenol-ammonia complex showed high efficiency when
used as a root growth stimulator in grafting chrysanthemums. For three weeks of cultiva-
tion, the cuttings formed a fairly developed root system (Figure 9a).

 

Figure 9. Stimulating effect of phenol-ammonia complexes on the growth and development of
chrysanthemums: cuttings of the variety ‘Opal’: a—treatment with rutin-ammonia complex, b—
‘Kornevin’preparation (control); leaves of chrysanthemum variety ‘Valeria’after a single treatment:
c—rutin-ammonia complex, d—‘Kornevin’ (IBA), e—phytocomplex (extract of Solidago canadensis
L. leaves with aqueous ammonia solution), f—water; g—plants of the variety ‘Queen of Autumn’
grown as container crops, after a single treatment with phytocomplex and ‘Kornevin’ (IBA).

The planting material of studied varieties obtained by using the phenol-ammonia
complex was significantly larger in terms of morphometric parameters. The plants had
longer shoots and a more developed root system (Figure 9g). Notably, cuttings treated
with a phenol-ammonium complex obtained on the basis of rutin had an increase in the
linear dimensions and leaf area (Figure 9c). The obtained water-soluble complexes, even
at a single application, can have a positive effect not only on the development of the
root system, but also directly or indirectly stimulate the development of aboveground
vegetative mass. Their prolonged stimulating effect indicates sufficient stability in the
plant body and the ability to be transported by transport systems in the meristematic
tissues. At the same time, the stimulating effect of flavonoid-ammonium complexes was
different for different varieties of chrysanthemums. However, during the formation of
the final habitus, characteristic of the varieties, the difference in growth rate under the
action of stimulants was leveled.

Thus, the assumption that flavonoids play a key role in stimulating growth processes
was experimentally confirmed. The active formation of lateral roots in seedlings also
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deserves special attention. This fact indicates the high activity of pericycle cells. They
are probably stimulated by the quite polar phenol-ammonia complexes, which with the
flow of water through the apoplast, quite quickly get into the tissues that respond to the
initiation of the formation of lateral roots. Stimulation of root system development is an
important element of plant survival strategy in conditions of fierce competition for spatial
resources and nutrients, as well as in conditions of moisture deficit. For adventitious
species with a wide amplitude of adaptive reactions, the active formation of root systems
is one of the main features that ensures the successful naturalization of plants in new
conditions.

2.4. Positive Chemotaxis of Rhizobial Bacteria to the Rutin-Ammonium Complex

Similar results were obtained when testing the newly formed complex of rutin with
an aqueous solution of ammonia (Rutin—NH4

+) on soybean seeds. The stimulation of
root growth was observed at a concentration of 20 μg/mL. Increasing the concentration to
100 μg/mL inhibited seed germination and seedling formation (Figure 10). An essential
feature of the action of the studied complex is its ability to stimulate the formation of lateral
and adventive roots (Figure 10b,e). This specificity of root formation is characteristic of S.
canadensis (Figure 10f). The actively forming lateral and adventive roots are located in the
surface layer of the soil, which is the most populated by microorganisms. A significant
surface area of young roots contributes to the active release of various metabolites into
the soil, including phenolic substances.

 

Figure 10. Effects of rutin-ammonia complex on seedlings and bacteria: a—control; b—stimulation
of seed germination of test culture (Glycine max (L.) Merr.) with a solution of rutin-ammonium
complex (20 μg/mL); c—positive chemotaxis of rhizobial bacteria Pseudomonas putida (PGPR) strain
PPEP2-SEGM-0220 for 48 h; Pseudomonas sp.—bacteria that did not show chemotaxis; Raphanus
sativus var radicula Pers. sprouts: d—control; e—after treatment (5 μg/mL); f—root of Solidago
canadensis; b, e, f—arrows show active formation of lateral roots; scale bar: a, b—3 cm; d, e —1 cm.

Rhizobial bacteria Pseudomonas putida strain PPEP2-SEGM-0220, which we isolated
from soybean seed skin and identified by 16S RNA, have growth-stimulating activity
in relation to other representatives of legumes. In the presence of the Rutin–NH4+ com-
plex (5 μg/mL) in the nutrient medium, rhizobial bacteria showed positive chemotaxis
(Figure 10c). In addition, the presence of this compound contributed to the active growth
of the colony. At the same time, other bacteria of the genus Pseudomonas did not show
explicit chemotaxis.
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3. Discussion

In the plant body, phenolic compounds affect the hormonal regulation of morpho-
genesis [45,46] and perform a wide range of regulatory and protective functions [47–50].
Considering the invasive strategy of plant species, the biotransformation and complexa-
tion of secondary metabolites is especially interesting in the rhizosphere under conditions
of their entry into the soil. It is known that under conditions of limited nitrogen nutrition
in plant tissues, the content of total phenols and flavonoids increases [51]. Since the vast
majority of phenylpropanoids and flavonoids are capable of complexation with cations,
phenolic compounds can be transformed when they enter the soil. Thus, quercetin agly-
cones and glycosides actively interact with ammonium groups to form highly polar
water-soluble compounds. Additionally, phenol-ammonia complexes are easily soluble
in water and become available to the roots. This is important because the availability of
nitrogen limits the nutrition of the vast majority of plants [52,53]. As we have shown, the
newly created nitrogen-containing complexes can stimulate the growth of lateral roots
and increase the total effective area of the root system. Flavonoids are actively secreted
by the root system of Solidago canadensis. They are extremely reactive towards ammonia
complexes. Polar compounds formed as a result of a chemical reaction are biologically
active. Their regulating effect on growth processes is observed even at concentrations
comparable to those of phytohormones.

However, an increase in the concentration of phenol-ammonia complexes by 3–5 times
has a noticeable effect of suppressing the growth of test cultures, which can also be con-
sidered as an allelopathic effect. A similar effect was confirmed for kaempferol-3-O-β-D-
glucoside isolated from the roots of Solidago canadensis. An increase in its concentration
from 15 μg/mL and higher enhanced the suppression of shoot growth of Echinochloa
colona (L.) Link. [54].

It is believed that different plant species differ in their ability to absorb various forms
of nitrogen [55]. Invasive species are quite competitive for macro- and micronutrient
nutrition in the soil, which in turn leads to the suppression of local flora [56]. Compared to
aboriginal species, many invasive plants have the ability to effectively absorb nitrogen [57].
Thus, Flaveria bidentis (L.) Kuntze, a species invasive for northern China, significantly
increases bioproductivity in response to increasing nitrogen content. In addition, the
invasive species, compared to local species Amaranthus retroflexus L. and Eclipta prostrata
(L.)L., showed a significant advantage over ammonium forms of nitrogen, while local
species did not show a clear preference for certain forms of nitrogen [55].

According to the “novel weapons hypothesis”, the root exudates of migratory species
can severely suppress aboriginal plants, due to their maladaptation or lack of available
nutrients. In this case, it is convincing to view the advantages of new competitive features
as an alternative to the compromise of “growing or defending”, which underlies the
theory of evolution of increased competitiveness [58].

We believe the strategy of S. canadensis to be in the development of spatial and other
vital resources as a set of features, which is due to the ability of plants to extensively
produce secondary metabolites, which are actively deposited in the rhizosphere. Since
the intensity of their synthesis directly depends on the ploidy of plants, it is expected that
the greatest transformation of the environment will be due to the increase in populations
of polyploid cytotypes. It is also important that Solidago canadensis plants under the
conditions of introduction significantly enhance the synthesis of secondary metabolites
with high allelopathic potential, which confirms their direct relationship with plant
invasiveness [59].

An important condition for the successful invasion of alien invasive species is the
formation of their positive feedback with soil microorganisms [60,61]. Recent studies have
shown that content of quercetin is high in root exudates of invasive plants Triadica sebifera
(L.) Small. The substance, as a part of exudates, is key in signaling for the interaction of
plants with mycorrhizal fungi and soil microorganisms in general [62].
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Mostly through the root secretions, Solidago canadensis plants affect the enzymatic
activity of microorganisms, which in stable conditions usually provide the availability
of nutrients for other plant species. The potential ability of phenolic compounds to
interact with ammonium cations immobilized on the surface of soil particles and the
formation of highly polar compounds, creates specific conditions for nitrogen nutrition of
plants. This feature of the plant Solidago canadensis gives it an extraordinary advantage
over other species. In addition, new polar complexes diffuse rapidly in soil solutions,
are bioavailable, and at high concentrations (above 25 μg/mL) significantly inhibit the
growth of root systems of competing plants.

Based on the experimental data we have obtained, three zones can presumably form
around the root system of the Solidago canadensis: I—zone of high allelopathic activity (the
content of flavonoids is above 100 μg/mL), II—zone of medium activity (50–100 μg/mL)
and III—zone of low activity (25–50 μg/mL). In the zone I, the germination of seeds and
the development of seedlings can be suppressed, in the zone II—inhibition of the growth
of many plant species, in the zone III—inhibition of the growth of susceptible plant species.
The spatial position and size of the designated zones are probably largely determined by
the composition of the soil, the amount of moisture, the content of ammonium forms of
nitrogen, and the intensity of biologically active substances released by plants (Figure 11).

Figure 11. General scheme of the process of formation of water-soluble compounds in the case of
interaction of flavonoids of Solidago canadensis L. with ammonia complexes that enter through the
roots into plant tissues or are formed directly in the soil due to the active release of flavonoids by
the root system.

Experimental confirmation that phenol-ammonia complexes cause positive chemo-
taxis in some species of rhizobial bacteria confirms that the plants are able to selectively
change the composition of microorganisms of the rhizosphere and rhizoplan.

In the study of the influence of a complex of microorganisms on the nutrition of
Solidago canadensis plants, it was shown that plants are positively affected by the higher
species diversity of bacteria. It is also interesting to note that inoculation of the soil of
model plants Solidago canadensis with microorganisms isolated in the zone of invasive
distribution of this species in southern China caused a significant increase in plant biopro-
ductivity, which enhances their competitive dominance. The complex of microorganisms
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from the pastures of Inner Mongolia, where this species has not yet spread, did not cause
such an effect.

At the same time, a synergistic effect of a mixed complex of microorganisms on the
formation of aboveground mass of plants was determined, which was much better in
the presence of sufficient nutrients and moisture [63]. Moisture is a necessary condition
for the complexation and transport of nutrients in the soil. Absorbed through the roots,
phenol-ammonia complexes move acropetally along the transport system of xylem, as
well as laterally through the parenchyma of xylem and bark. Low concentrations of these
compounds initiate the formation of lateral roots from the pericycle. It is important to
note that the compounds thus obtained are unstable, and in the process of deep oxidation
can be converted into other nitrogen-containing organic substances that actively interact
with phosphate ions and also form extremely active substances, the chemical structure of
which has yet to be determined.

4. Materials and Methods

4.1. Collection and Phytochemical Studies of Plant Material
4.1.1. Source Plant Material

Plant material (ramets) of Solidago gigantea and Solidago canadensis was collected
during the flowering phase in August-September 2018–2020. All ramets for analysis were
obtained within the ruderal habitats of sand deposits in the vicinity of park “Theofania”
in Kyiv, Ukraine (I 2.242 Ruderal biotopes of sand deposits, EUNIS I1.5 Bare tilled, fallow
or recently abandoned arable land). Habitat types are listed according to the biotope
classification for the Forest and Forest-Steppe Zones of Ukraine [64]. In the studied
habitats, plant communities dominated by Solidago gigantea and Solidago canadensis form
the association Rudbeckio laciniatae-Solidaginetum canadensis (Tüxen et Raabe ex Anioł-
Kwiatkowska 1974). Geographic coordinates of collection site: 50◦20′21.0′ ′ N 30◦30′03.1′ ′
E and 50◦20′16.0′ ′ N 30◦30′47.2′ ′ E.

Leaf extraction was performed with methanol in the ratio of dry mass (DM) to alcohol:
v/v—1/10. The aqueous extract was obtained from the leaves of Solidago canadensis and
Solidago gigantea with double-distilled water (v/v—1/20). A portion of dry leaves was
filled with hot water (T = +80 ◦C) and kept for 2 h in a water bath. The extract was filtered
and stored at T = +4 ◦C.

4.1.2. Methods of High-Performance Liquid Chromatography

The leaves after drying were thoroughly ground and extracted with methanol at
ratio of 100 mg of dry weight per 1 mL, respectively, for a day, in a room protected from
light, at room temperature. The material in this state until chromatographic separation
was stored in a freezer at −15 . . . 20 ◦C, and immediately before analysis was filtered
through a syringe filter 0.2 . . . 0.5 μm. Samples were separated using reversed-phase high
performance liquid chromatography (HPLC) on an Agilent 1100 system, according to
the 2-eluent scheme (eluent I = 0.05 M aqueous solution of orthophosphoric acid; eluent
II = acetonitrile) on a column of Thermo Scientific Hypersil ™ BDS C18. Sample volume
5 μL, column temperature 20 ◦C and after 45 min 40 ◦C, flow rate 0.3 mL/min and after
30 min −0.6 mL/min; analysis time up to 80 min, elution profile—isocratically 1% eluent
II in eluent I for 2 min, then a linear gradient from 1% to 99% II in I for 30 min, and finally,
isocrat 99% II in I for 20 min and more. Detection at wavelengths of 206, 254, 300, 350 and
450 nm to determine most organic compounds (including terpenoids), most substances of
aromatic nature, phenylpropanoids (oxycinnamic acids and lignans), flavonoids (flavones
and flavonols), carotenoids and chlorophylls, respectively. Table 2 shows the values that
were used to assign signals to the chromatograph.
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Table 2. Symbols of peaks on the chromatogram.

Compounds Symbols

Derivatives of phenols, benzoic and oxybenzoic acids B
Catechins Cat

Coumarins Cu
Derivatives of oxycinnamic acids OC

Flavonoids F
Sterines S

Terpenoids T
Triterpenoid saponins TS

Chlorophylls and their derivatives X
Carotenoids and their derivatives Y

Absorption spectra in the ultraviolet and visible ranges were recorded for all sub-
stances in order to establish the nature of the secondary metabolites and to assign the
chromatographic peaks to certain groups of substances. Standards of chlorogenic acid
and rutin were used to verify retention time ranges, spectra, and approximate estimates.
The β-sitosterol standard was used as a lipophilic component with low molar extinction.

4.2. Preparation of Phenol-Ammonium Complexes from Plant Extracts and Flavonoids
4.2.1. Obtaining Complexes Based on Aqueous Extracts of Leaves with a Solution
of Ammonia

To obtain phenol-ammonia complexes of secondary metabolites, 10 μL of an aqueous
solution of ammonia (10%) was gradually added to 100 mL of aqueous extracts of leaves
of Solidago canadensis and Solidago gigantea (v/v—1/20) to a pH of 8.0. During the addition
of NH4OH, the extracts acquired an intense dark brown color. The darkest solutions were
at pH 8.0–8.2. The dependence of pH value on the volume of NH4OH is quite accurately
described (R2 = 0.9922) by the modified Gaussian Equation (1):

y = ae[−0.5( |x−x0 |
b )c ] (1)

The coefficients of the regression equation are presented in Table 3.

Table 3. Coefficients of the modified Gaussian function describing the process of complex formation.

Coefficient and Its Value Standard Error t p

a 8.7497 0.0138 635.8646 <0.0001

b 390.5112 6.4907 60.1646 <0.0001

c 3.9553 0.1341 29.4951 <0.0001

x0 369.2351 6.0684 60.8459 <0.0001

R2 0.9922 -

In outlining the chemical processes, the value of x0 corresponds to the maximum
volume of titrant (NH4OH under appropriate conditions), at the introduction of which
the pH is stabilized. The coefficient a corresponds to the pH value, which is balanced in
the system before and after titration. The coefficient c determines the steepness of the
function (pH value) under the conditions of addition to the extract of NH4

+ and OH–

ions. A decrease in c value in the equation may indicate the presence in the extract of
a significant amount of organic acids and phenols capable of reacting with the forma-
tion of salts, nitrogen-containing organic compounds and water. At the same time, the
buffering properties of the extract will decrease. The coefficient b in the equation has the
opposite meaning. Its increase may indicate a relatively low pool of organic acids in the
aqueous extract, but a much higher content of phenolic compounds, in particular flavonol
glycosides, which are able to form complexes with the ammonium group.
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4.2.2. Obtaining Polar Complexes Based on Rutin with an Aqueous Solution of Ammonia

A total of 10 mg of rutin (Merck, Darmstadt, Germany) was vortexed in 300 μL
of double-distilled water for 60 s in a test tube. Then 100 μL of 10% aqueous ammonia
solution was added and stirred again for 30–40 s until complete dissolution of the contents
of the tube. The resulting solution was dark brown. The volume of the solution was
adjusted with double-distilled water to 1 mL and stored at +4 ◦C. The resulting stock
solution contained 10 mg/mL of polar substances.

4.2.3. Adsorption of Secondary Metabolites from Leaf Extracts of Solidago Canadensis and
Solidago Gigantea on Al2O3 and Determination of Flavonoid Content

To determine the most active (against the test cultures) substances contained in the
leaves of the test plants, 200 mg of Al2O3 powder (Merck, Darmstadt, Germany) for
chromatography was added to 2 mL tubes (n = 4) to 1 mL of extract. The contents of
the tube were vortexed thoroughly for 1 min and allowed to stand for 5 min at room
temperature. The procedure was repeated 3 times. Next, these tubes were centrifuged
for 5 min at 6000 rpm. The supernatant was carefully collected without the sorbent,
transferred to new tubes and used for testing.

The quantitative content of flavonoids in leaf extracts before and after adsorption
on Al2O3 was determined by spectrophotometry (Optizen Pop, Mecasys, Daejeon, South
Korea) at λ = 419 nm. 200 μL of 0.1 M solution of aluminum chloride (AlCl3) and 300 μL
of 1 M sodium acetate (CH3COONa) were added to 300 μL of extract. The calibration
graph was based on quercetin (Sigma-Aldrich, Darmstadt, Germany). The phytochemical
experiments were repeated 4 times.

4.3. Bioassay
4.3.1. Germination of Seeds of Test Crops and Conditions for Processing and
Growing Plants

Seeds of Raphanus sativus var radicula Pers of the variety ‘Rozovo-krasniy s belim
konchikom’ (bred in 1940 by the All-Russian Research Institute of Vegetable Breeding
and Seed Production with the participation of the Biryuchekutskaya Vegetable Breeding
Experimental Station) and soybeans (Glycine max (L.) Merr.) of the variety ‘OAC Strive’
(Canada) were used to determine the biological activity of Solidago canadensis and Solidago
gigantea leaf extracts. A total of 30 and 20 seeds of test cultures, respectively, were
germinated in Petri dishes on wet filter paper in a thermostat at 25 ◦C (n = 4). The effect
of extracts based on ammonium complexes on growth processes of radish and soybean
was assessed on length of seedlings roots on day 5.

To study the effect of phenol-ammonia complexes of Solidago canadensis leaf extract
on the processes of rhizogenesis, three varieties of chrysanthemums (Chrysanthemum
x koreanum Makai) ‘Opal’, ‘Valeria’ and ‘Queen of Autumn’ from the collection of the
Institute of Evolutionary Ecology of the NAS of Ukraine were used. The lower ends
of freshly cut chrysanthemum shoots (n = 30) with 4–5 nodes were immersed for 6 h
in water, to which was added the resulting complex (v/v–1/20). The control batch of
shoots (n = 30) was immersed in water for 5 h 40 min. Then the control shoots were
soaked for 20 min in a solution of ‘Kornevin’, which was prepared fresh, according to
the manufacturer’s recommendations. The active substance in this preparation is indolyl
butyric acid (IBA), a well-known phytohormone of the auxin class. An amount of 1
L of prepared solution for rooting of shoots contains 5 mg of IBA. After soaking, the
experimental and control batches of shoots were transferred into containers with perlite
for 21 days for rooting. Next, the cuttings were transplanted into containers with a soil
mixture based on chernozem-peat-perlite (v/v/v–1/1/1) and grown for 1 month.

4.3.2. Study of Chemotaxis of Pseudomonas Sp. Bacteria

To study the chemotaxis of bacteria in relation to the complex obtained by the inter-
action of rutin with an aqueous solution of ammonia, we used the previously isolated
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strain Pseudomonas putida PPEP2-SEGM-0220 (GenBank: MW255059.1), which by a num-
ber of indicators belongs to the group PGPR (plant growth promoting rhizobacteria);
Pseudomonas sp. isolate, which did not show the ability to stimulate plant growth and
development, served as a control. A shallow narrow groove was made in King B Medium
on Petri dishes to introduce phenol-ammonia complex at a concentration of 5 μg/mL.
Bacterial cultures were applied in a dash across the groove. Petri dishes were kept in
a thermostat for 28 ◦C for 2 days. The nature of growth and the distance of bacterial
colonies to the complex introduced into the groove were determined.

4.4. Methods of Digital and Statistical Data Processing

Photodocumentation and digital image processing were performed in a specialized
program Image-Pro Premier 9.0 (Media Cybernetics, Rockville, MD, USA). The signifi-
cance of the differences between the values (p < 0.05) was determined by the analysis of
variance (ANOVA) method in the XLSTAT (Addinsoft Inc., New York, NY, USA, 2010).
The data were compared using Tukey’s test. The principal components analysis (PCA)
was performed in the XLSTAT program. SigmaPlot 12.0 (Systat Software Inc., San Jose,
CA, USA, 2011) was used for regression analysis.

5. Conclusions

The analysis of flavonoids in extracts of the invasive species Solidago canadensis
revealed a significant increase in the content of rutin (quercetin-3-O-beta-rutinoside)
in its composition compared to Solidago gigantea. When entering the rhizosphere with
exudates, flavonoids (mainly quercetin glycosides) can interact with ammonium cation,
either free or immobilized on negatively charged surfaces of soil particles. As a result,
new polar compounds are formed. If there is enough water in the soil, they are able
to actively diffuse. The effect of the phenol-ammonia complex on plants of different
families (Asteraceae Bercht. & J. Presl, Fabaceae Lindl., Brassicaceae Burnett) differs not only
in the strength of the effect, but also in the influence (stimulation or suppression). At
low concentrations (20 μg/mL), these substances stimulate the formation of lateral and
adventitious roots in soy-bean and chrysanthemum plants, and in concentrations more
than 100 μg/mL) inhibit them. Radish sprouts are more susceptible to aqueous extracts
of Solidago canadensis leaves. The suppression of the growth of their roots is significant at
a concentration of flavonoids in the extract of 25 μg/mL. One of the possible explanations
for the selective action of the phenol-ammonia complex may be the similarity or difference
of metabolic pathways associated with growth-regulation mechanisms in the studied
plants. However, to prove this assumption, it is necessary to carry out special studies on
a larger number of species from these families.

Rutin, after interacting with ammonium in the form of a new complex, easily dis-
solves in water and causes positive chemotaxis in symbiotic bacteria of the PGPR group
(plant growth promoting rhizobacteria), which stimulate the formation of the root system
and enter into competitive relationships with phytopathogenic microorganisms. The
formation of a developed system of lateral and adventitious roots contributes to the use of
the most nutrient-rich surface layers of the soil inhabited by microorganisms. Enhanced
synthesis and release of flavonoids, therefore, is an important element of the strategy for
the development and biotransformation of a new habitat.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10081748/s1, Figure S1: Color of aqueous extracts of leaves S. gigantea and S. canaden-
sis, with water (H2O) and 10% NH4OH solution; dilution of extracts—v/v–1/1; Figure S2: Chro-
matogram of aqueous extracts of S. canadensis leaves before adsorption on Al2O3; Figure S3:
Chromatogram of aqueous extracts of S. canadensis leaves after adsorption on Al2O3; Table S1:
Adsorption capacity of Al2O3 for flavonoids from aqueous extract S. canadensis.
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Abstract: In this review, we discuss the unrealized potential of incorporating plant–microbe and
microbe–microbe interactions into invasive plant management strategies. While the development of
this as a viable strategy is in its infancy, we argue that incorporation of microbial components into
management plans should be a priority and has great potential for diversifying sustainable control
options. We advocate for increased research into microbial-mediated phytochemical production,
microbial controls to reduce the competitiveness of invasive plants, microbial-mediated increases of
herbicidal tolerance of native plants, and to facilitate increased pathogenicity of plant pathogens of
invasive plants.
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1. Introduction

Plants serve as habitats for microbes and microbial communities, which can colonize
every plant tissue type [1–3]. These includes endophytes, which colonizes inter- and
intracellular spaces within leaves, stems, and roots but are asymptomatic on the host [4],
as well as epiphytes which colonize external surfaces of plant tissues. These microbes
have varied direct and indirect interactions with plants that range from antagonistic
(negative), mutualistic (positive) and everything in between [5]. In plant–microbe mu-
tualisms, plants often release compounds that attract and feed the associated microbes,
which may in turn secrete compounds that improve plant health and growth, thereby
enhancing nutrient acquisition or making plants more resistant to environmental stressors.
Prominent examples of mutualistic plant-microbe interactions are the symbioses between
plants and nitrogen fixing bacteria and/or mycorrhizal fungi, that help plants grow in
soils with low nutrient quality [6]. Conversely, antagonistic microorganisms negatively
affect plant growth and/or health, which may be due to direct pathogenicity or a reduc-
tion in nutrient uptake rates. However, while we are beginning to better understand
plant–microbiome interaction mechanisms [7], there is much about these interactions
that remains unresolved [8]. With increased study of these interactions, experimental
frameworks are beginning to emerge to investigate how microbiome manipulations can
be best done to achieve management goals.

To aid in the control of invasive plants, there has been increased interest in the devel-
opment and utilization of microbial biocides as targeted direct biocontrol agents [9,10].
Several fungal biocides have shown promise in helping to control invasive plants, in-
cluding Fusarium oxysporum, Fusarium ploriferatum, and Trichoderma koningiopsis which
can partially control the invasive Euphorbia heterophylla (Mexican Fire Plant) [11], and
Albifimbria verrucaria (formally Myrothecium verrucaria (Stachybotryaceae) [12]), which
has been demonstrated to have biocidal action on numerous invasive plants including
Kudzu [10], Lygodium microphyllum (old world climb fern) [13] as well as Salvinia molesta
(floating fern) [14]. Additionally, the fungal genera Colletotrichum, Phoma, and Sclerotinia,
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as well as bacteria within in the genera Xanthomonas and Pseudomonas have also been
demonstrated to have broad biocidal qualities [15]. However, complex multi-partite
microbe–microbe interactions within plants can act in unforeseen ways to limit or modu-
late targeted goals. Plant-microbiome manipulative investigations are underexplored but
have been suggested as a novel tool for invasive plant management [16]. Here, we argue
that microbiome manipulations can be a powerful tool for helping to control invasive
plants, but this emerging application has hitherto been underutilized and poorly studied.

Given the potential importance of microbial based invasive plant management, we ex-
amine existing research on the interactions between invasive plants and their microbiome
and posit the impacts of manipulations of these microbial communities to favor invasive
plant suppression and control. Together, these studies reflect the need for additional
investigations and a broader scope of research into the applications of invasive plant–
microbiome and microbe–microbe interactions as a microbial-based management tool.
Microbial-informed invasive plant control strategies could include the introduction of
plant pathogenic microbes or microbial inhibition of beneficial plant-associated microbes;
together, these will act to reduce invasive plant fitness and ecological impacts. Application
of synthetic and/or naturally isolated microbial communities or consortia composed of
multiple species with different modes of action and various microbe–microbe interactions
could be an alternative and complimentary approach in invasive plant management [17].

While biocontrol is still and will likely remain an integral part of invasive plant
management, studies into microbiome manipulations to suppress invasive plants are
needed to improve efficacy of biocontrol agents as well as provide control opportunities
where biocontrol or herbicidal applications are prohibited or otherwise problematic.

Classical biocontrol applications can carry risks; one of the major challenges with
a classic biocontrol approach is the adaptation and spread of resistant plant genotypes,
which will provide diminishing returns over time [18]. Another drawback is often
the lack of biocontrol host specificity [19]. Many plant pathogens used for biocontrol
can infect alternative hosts leading to unintended mortality of non-invasive and/or
non-target plants. A potentially fruitful frontier in plant management could be the
development of microbial consortia that negatively impacts invasive plant fitness through
either decreasing their tolerance to biotic or abiotic environmental stress or by improving
native plant competitiveness in invaded areas. Microbial consortia are likely to be more
effective than individual microbial species introductions as communities tend to be
more robust to environmental fluctuations. Also, the probability of plants developing
systemic immune responses to consortia is lower than that of individual taxa. In microbial
consortia, each member within the consortia interacts and impacts either directly or
indirectly with the plant host and/or with one another which ultimately creates an
interactive network that impacts host plant fitness and health [20]. We illustrate how
these interactive networks may influence invasive plants to achieve control goals (Figure
1). Consortia can be governed by the presence of keystone species (hubs), the major
determinants of the microbiome network structure [21], or it may involve tripartite or
multipartite interactions [22,23]. Investigations into appropriate network structure for
each target invasive plant are needed to develop individual control strategies.

This complex interactive relationship can occur via metabolite or hormone exchange,
or through signal transduction pathways [24,25]. Microbial consortia can exhibit complex
functionality and their robustness to environmental fluctuations needs to be extensively
examined before applications are developed for environmental use. There is an ex-
panding body of literature showing that plant secondary metabolites can alter plant
microbiomes and result in differential microbial community assembly [26,27]. Plants
release a large proportion of their photosynthates through the soil rhizosphere [28,29]
which activates nutrient mobilizing symbionts and/or beneficial plant growth-promoting
(PGP) bacteria [30,31]. Plant secondary metabolites impact microbiome structure by
acting as signaling molecules, nutrients sources, or as direct toxins [27,32]. Some stud-
ies have demonstrated that invasive plants can produce more secondary metabolites
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than native plants [33,34]. These secondary metabolites facilitate nutrient cycling [35]
which may allow invasive plants to outcompete native species. For example, benzoxazi-
noid indole-derived compounds can function as allelochemicals or protectants against
pathogens [36] and act as chemoattractant for (PGP) bacteria in the rhizosphere [37] in
invasive plants. Additionally, plant growth promoting rhizobia have been demonstrated
to increase scavenged nutrient translocation into legumes, with phosphate additions
driving increase nodulation production to facilitate plant growth [38,39]. This, in addi-
tion to rhizobia-mediated reduction of ethylene stress associated with degradation of
the ethylene precursor molecule 1-aminocyclopropane-1-carboxylic acid (ACC) by ACC
deaminase (ACCd) can lead to plant stress reduction [40,41], which facilitates increased
resistance to phytopathogens via indirect and direct actions [42]. Together, the utility of
considering the integration of plant–microbe and microbe–microbe interactions to alle-
viate pathogenicity of native plants in the face of biocidal control of proximate invasive
plants becomes clear.

 

Figure 1. Diagrammatic representation of potential microbial interactions with invasive plants.
Direct (solid lines) and indirect (dashed lines) impacts (positive [+] dignified with arrows and
negative [−] signified with capped lines) on invasive plant fitness are indicated.

Here, we discuss several scenarios that have been envisaged whereby modification of
invasive plant or native plant microbiomes can be considered as a promising sustainable
approach in invasive plant control and recovery by native plants. We encourage the re-
search community to incorporate multipartite microbial interactions into the development
of the next generation of invasive plant management strategies. These include improv-
ing beneficial native plant phytochemical production, reducing the competitiveness of
invasive plants, increasing herbicidal tolerance of native plants, and facilitating increased
pathogenicity within invasive plants.

2. Research Directions

2.1. Improving Beneficial Native Plant Phytochemical Production

One of the most promising directions of microbial-mediated invasive plant manage-
ment is perhaps the least well studied. Factors allowing for the success and establishment
of invasive species in non-native ranges have been investigated for a long time [43].
According to the novel weapons hypothesis, allelopathic chemicals released by invasive
species more effectively inhibit plants from outside of that species’ native community than
do those of its native range [44]. One major reason is the more ‘successful’ exotic plants
have diverse plant secondary metabolites which may protect against biotic and abiotic
stress [45]. These allelopathic effects can accelerate plant invasions [46,47]. Conversely,
if the allelopathic potential of native species could be maximized in similar ways, it
may provide additional protection against exotic invasions. The allelopathic interactions
between native and invasive plants are poorly studied but some studies suggest that
allelochemical production by native plants can reduce invasive plants growth [48]. For
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instance, Pinus ponderosa was reported to allelopathically suppress the growth of Centaurea
stoebe, a noxious weed in the western USA [49]. Further, the presence of pine litter alters
soil chemical dynamics, thereby altering the composition soil microbes which can, in turn,
further suppress Centaurea [50].

More detailed elucidation of plant–plant–microbe interaction mechanisms is needed
to fully integrate these interactions into management and restoration strategies, but these
interactions are promising in theory. It was reported that the European invasive plant,
Alliaria petiolate can limit native plants’ mycorrhizal fungal richness and colonization
rates through releasing secondary metabolites, which in turn negatively impacts native
plant health and fitness [51,52]. To provide native plants with a competitive advantage,
emphasis needs to be directed toward identifying, selecting and harnessing microbial
communities that can improve and/or maximize the native plants’ secondary metabolites
or allelochemicals production. This could take the shape of exogenous application of
selected microbial consortia or as seed coatings used in restoration planting. Unraveling
the mechanisms through which microbes control the production of secondary metabolites
like allelochemicals and vice versa will help us to pursue the development of management
strategies that imitate the structure and function of native plant ecosystems while reducing
chemical inputs on the environment. We view this as an important but understudied
potential management tool and one that desperately needs additional research to harness
this potential.

2.2. Reducing Competitiveness in Invasive Plants

Previous studies have found that exotic and/or invasive plants tend to interact
differently or more favorably with microbes outside of their native range [53] and can
physically alter microbial network structure in invaded ranges [54]. This suggests that
soil microbes could be a key component to invasive plant establishment and continued
fitness in invaded areas. Many studies reveal that invasive plant microbiomes play a large
role in their ability to survive in adverse environmental conditions through mitigation
or alleviation of environmental stressors [55]. Understanding the role soil- and plant-
associated microbes play in the invasion process will help find strategies to reduce plant
fitness in invaded ecosystems. Invasive plants have a competitive advantage over native
species [56] and usually have higher net primary productivity (NPP) and greater nitrogen
scavenging ability than native plants [57,58]. The rapid radiation of invasive plants can be
partially accounted for by co-introduction of pathogens or shifts in abiotic conditions in
introduced ranges [46,59], increased abundance and activity of symbiotic microbes [60,61],
and higher mineralization rates of nitrogen [62,63], which can be directly influenced by
plant endophytes [64]. Soil communities can also be altered following the introduction of
invasive species [54], which can account for the higher nitrification rates, a phenomenon
that shifts competitive outcomes in favor of invaders and against natives [60]. Invasive
plant-mediated shifts in soil properties can further exacerbate microbial community
alterations, which can further favor establishment [65].

Manipulating microbial communities within and among invasive plants through the
introduction of new microbial populations or providing favorable conditions for shifting
established population ratios is a largely uninvestigated option to reduce the competi-
tiveness of invasive plants. This can lead to shifting competitive probabilities in favor of
native species, allowing favorable interspecific competition outcomes for native plants.
However, it should be noted that utilization of such microbial inoculates, even if favorable
outcomes can be achieved, is not without controversy [66], but we need to balance the
net benefit with potential ecosystem harm when making these decisions. One avenue
towards microbial-mediated invasive plant management is utilizing microbial consortia
that can indirectly suppresses invasive plant growth, but development and validation
of consortia prior to environmental testing can be difficult [67]. Suppression of invasive
plants can occur through inhibition of microbes that mostly benefit the invasive plant,
which increases invasive plant fitness. Inhibiting these beneficial microbes will result
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in net reduction in invasive plant fitness as nutrient acquisition (among other potential
mechanisms) capability will be reduced. Evidence for the efficacy of such an approach
comes from the counter example of utilizing endophytes and other microbes to increase
plant productivity by means of pathogen alleviation [68], whereby endophytes can reduce
pathogenicity, thereby benefiting the plant. This other side of the coin is an obvious
extension, but one that has been relatively unexplored. Another potential approach is to
alter the native plant community near invasive plants to facilitate subsequent cascading
effects on soil microbial communities [69]. For instance, planting cover crops in infested
areas could affect the quantity and quality of root exudates to the soil, which may in
turn affect soil biogeochemical processes and nutrient pools and change the microbial
community in invaded areas that favor native plants, although, unfortunately, this type
of next-order manipulation is not a major area of active research [70].

2.3. Increasing Herbicide Tolerance in Native Plants

If native or otherwise desirable plants in close proximity to invasive plants can be
made more resistant to common herbicides, or less responsive to herbicidal drift, then
direct herbicidal application to control invasive plants will produce less ancillary damage.
If plant antioxidant content and reactive oxygen species (ROS) scavenging capability
could be increased in native plants, they might better tolerate many herbicidal actions.
Herbicides can trigger ROS generation in microbes [71] and these ROSs can increase
plant cellular damage [72]. It has been shown that certain microbes can function as bio-
remediators and convert organic pollutants and xenobiotics into nontoxic products and
utilize them a source of carbon, phosphorus, sulfur or nitrogen [73]. Several reports have
implicated the significant roles of microbes in degrading the active ingredients of some
herbicides [74]. For example, Atrazine can be metabolized by some rhizospheric bacteria
including Arthrobacter sp. [75], Pseudomonas aeruginosa, and Clavibacter michiganense [76].
Some Pseudomonas strains can metabolize atrazine into cyanuric acid which is then hy-
drolytically changed to ammonia and carbon dioxide [76]. Manipulating native plant
microbiomes in favor of these herbicidal degraders may provide a level of protection to
the native plant, but this protective ability is likely to be context-dependent based on the
herbicidal mode of action and half-life in soil. Here, we present an incomplete list of taxa
that have documented herbicide degradation capabilities. While this is only intended to
provide a snapshot of how some microbes can degrade or otherwise transform herbicides,
this can serve as a list of potential microbial targets that may have utilization potential for
protection against herbicidal action and should be investigated further (Table 1).

Table 1. List of bacterial (top) and fungal (bottom) taxa that have demonstrated herbicidal biodegradation or mineralization
capabilities. Presented are species/strain names, herbicides and mode of actions of degradation.

Species/Strain Herbicide Mode of Action Citation

Bacteria
Pseudomonas sp. ADP. Atrazine Mineralization [77]

Burkholderia (Pseudomonas) cepacia DBO1(pRO101) 2,4-Dichlorophenoxyacetic acid Biodegradation [78]
Comamonas sp. SWP-3 Swep Hydrolysis [79]

Alicycliphilus sp. PH-34 Swep Hydrolysis [79]
Sphingomonas wittichii DC-6 Chlorocetanilide Mineralization [80]

Pseudomonas syringae Triazole Biotransformation [81]
Xanthomonas citri Triazole Biotransformation [81]

Enterobacter cloacae K7 Glyphosate Biodegradation [82]
Arthrobacter sp. GLP-1 Glyphosate Biodegradation [82]

Fungi
Trichoderma viride Pirimicarb Biodegradation [83]

Trichoderma harzianum Pirimicarb Biodegradation [83]
Nocardioides sp. MFC-A Mefenacet Hydrolysis [84]

Rhodococcus rhodochrous MFC-B Mefenacet Hydrolysis [84]
Stenotrophomonas sp. Mefenacet Hydrolysis [84]
Polyporus tricholoma Paraquat Enzymatic Degradation [85]

Cilindrobasidium leave Paraquat Enzymatic Degradation [85]
Deconica citrospora Paraquat Enzymatic Degradation [85]
Aspergillus terrus Triazole Biotransformation [81]

Penicillium chrysogenum Triazole Biotransformation [81]
Mortierella sp. strain Gr4 Isoproturon Hydrolysis [86]
Phoma cf. eupyrena Gr61 Isoproturon Hydrolysis [86]

Alternaria sp. strain Gr174 Isoproturon Hydrolysis [86]
Plectosphaerella cucumerina AR1 Nicosulfuron Hydrolysis [87]

Phanerochaete chyrosporium Atrazine Biotransformation [88]
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An additional mechanism to confer tolerance to herbicides in native plants could
be priming tolerance through microbial-based induction of ROS scavengers within na-
tive plants [89,90] or induction of jasmonic acid, oxylipins and salicylic acid production,
leading to induction of tolerance responses to herbicide oxidative stress [90]. Another
ecologically sound approach to boost native plant tolerance to oxidative stress from
herbicides is inoculation with plant growth promoting microbes (PGPM) and certain
mycorrhizal fungi. PGPMs can enhance plant growth and resistance to stressors through
a wide variety of mechanisms including regulating plant hormones and other phytochem-
icals, improving nutrition acquisition, siderophore production, enhancing the antioxidant
system and activation of induced systemic resistance (ISR) [91]. Most commercially avail-
able biofertilizers contain single species inoculants that promote plant growth; however,
consortia inoculation might provide higher growth promotion and stronger disease re-
sistance due to cumulative synergistic effects of consortia inoculation over individual
inoculations [70].

As discussed earlier, some herbicides cause oxidative damage in plants. For example,
glyphosate inhibits the shikimic acid pathway and consequently the production of ROS
in tissues [92]. Another mechanism to protect native plants is through the upregulation
of phenylpropanoid pathways and boosting the antioxidant system through exogenous
treatment of native plants with phytohormones or microbial partners that causes upreg-
ulation within the plant [93]. More research into microbial-mediated upregulation of
protective pathways needs to be conducted.

2.4. Facilitating Increased Pathogenicity in Invasive Plants

Numerous studies indicate that plant-microbe interactions can improve plant tol-
erance to biotic stress and/or alleviate pathogenicity effects via multiple mechanisms
including secretion of antimicrobial compounds [42,94–96], hyperparasitism [97], and
competition for resources such as nutrients or space [98]. However, most research on
direct interactions between microbes and pathogens focuses on pathogen mitigation
and symptom alleviation [8,99]. Investigations into microbial-mediated pathogen facil-
itation and increased pathogenicity have not been extensively studied but may have
enormous potential to suppress invasive plants [16]. Some plant-associated microbes
produce metabolites that can promote pathogen development and facilitate disease [100].
Further, pathogens might exploit specific plant microbes to enhance their pathogenicity
or plant susceptibility, and this connection might be driven by production of a plethora of
secondary metabolites or hormones by endophytes [99] which may directly or indirectly
(via inhibition of a mycoparasite, for instance) facilitate pathogenicity. By developing
a framework whereby microbiome manipulations can increase a pathogen’s efficacy,
invasive plants can be dramatically suppressed via naturally occurring environmental
pathogens. Facilitation occurs when one microorganism enhances the development or
growth of another. This facilitation may also be due to ecological interactions including
competitive exclusion or niche partitioning [101]. By investigating and understanding the
dynamics of the invasive plant micro- and mycobiomes, we can develop strategies for
modification and manipulation of these communities [16] to favor successful colonization
and growth of taxa that facilitate pathogen virulence, or taxa that negatively impact
invasive PGPMs, thus resulting in suppression in invasive plants and a reduction in
plant fitness. This is an emerging field of study, but one that we feel will be of increasing
importance with a growing emphasis on sustainable and non-chemical controls of inva-
sive plants [15]. Targeting invasive plant microbiomes is a novel method of integrated
management of invasive plants that deserves to be explored. Identifying, understanding,
and the utilization of microorganisms or microbial products to reduce invasive plant
fitness are becoming more central parts of sustainable agriculture. To better understand
the potential for microbial-mediated facilitation of pathogenicity of invasive plants, and
to stimulate the research community into action, it is useful to briefly examine some
mechanisms in induction of signaling cascades in plants by microbes.
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Plant responses to colonization by microbes can be broadly categorized into one of
two main categories SAR (systemic acquired resistance), triggered by plant pathogens,
and ISR (induced systemic resistance), triggered by root-colonizing mutualistic microbes
(Figure 2) [102,103]. Although both pathways share many common signaling compo-
nents, their elicitors and regulators are distinct. The conserved microbe-specific elicitors,
referred to as microbe- or pathogen-associated molecular patterns (MAMPs or PAMPs),
are perceived by the plants’ innate immune systems pattern recognition receptors (PRRs).
Examples of elicitors include flagellin (Flg), elongation factor Tu (EF-Tu), peptidoglycan
(PGN), lipopolysaccharides (LPS), Ax21 (activator of XA21-mediated immunity in rice),
fungal chitin, and β-glucans from oomycetes, among others, can be recognized by plant
surface localized PRRs [104]. MAMP elicitors, upon perception, can trigger a SAR sig-
naling cascade which is characterized by increased levels of the hormone salicylic acid
(SA) which, activates the expression of a large set of pathogenesis-related (PR) genes
through the induction of the redox-regulated protein NON-EXPRESSOR OF PR GENES1
(NPR1) leading to the activation of the defense responses [105,106]. The mechanisms
underpinning NPR1 action have been well documented [107] and it plays a major role
in direct pathogenicity and defense in plants. In SAR, MAMPs elicitors activate ISR
signaling pathway which is mediated by an SA-independent pathway where Jasmonic
Acid (JA) and ethylene (ET) play major roles, and typically functions without PR gene
activation [105,106]. Some studies have suggested that NPR1 may also be required for the
ISR triggered by certain rhizospheric microbes [106,108]. Some studies also suggest that
ISR is required for SA accumulation in plants [109–111]. ISR eliciting rhizospheric mi-
crobes activate plant defense responses which are often effective against a broad spectrum
of plant pathogens [112] which could be an avenue to increase native plants fitness. How-
ever, there are cases in which harmless or even beneficial microbes can assist pathogen
establishment [113], which demonstrates the importance of additional research into these
interactions before microbial-mediated disease facilitation and/or protection can be fully
developed.

 

Figure 2. Schematic representation of the common signal-transduction pathways leading to
pathogen-induced systemic acquired resistance (SAR) and rhizosphere-mediated induced sys-
temic resistance (ISR) inspired by [114] for Arabidopsis thaliana but applicable to plants in gen-
eral. Crosstalk between the two pathways occurs through the activation of NONEXPRESSOR OF
PATHOGENESIS-RELATED GENES1 (NPR1). Non-pathogenic plant-associated microbes, usually
from the rhizosphere, can trigger the SAR pathway as well as ISR. In the rhizosphere-mediated
ISR pathway, components from the jasmonic acid (JA) and ethylene (ET) responses act in sequence
to activate a systemic resistance response (orange arrows). Pathogenic agents could activate the
pathogen-induced SAR, through the activation of NPR1 (blue arrows), leading to the expression of
PATHOGENESIS-RELATED genes (PRs) (black arrow). NPR1 also mediates crosstalk between the
SA signaling pathway.
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2.5. Concerns and Potential Problems with Microbial Deployment

To establish a successful microbial-mediated control program, there are many poten-
tial concerns that must be taken into account. Introduction of microbes into nature, even if
these microbes are already occurring in a particular environment, can carry risk. There is
always a risk of non-target associations with applied microbes, which may be problematic
particularly for pathogenic applications [115]; extensive host-specificity testing proce-
dures are needed to predict the potential non-target effects. Additionally, development
and implementation of microbial applications must be approached from a risk assessment
framework [116]. Some have argued that the risk associated with potential unforeseen
consequences of microbial inoculants is unacceptable [66] as well as being confronted by
too many potential ethical and legal issues [117]. This wariness is understandable, and
is largely justified by highlighting the complexity of these systems [118,119] which may
occlude potential problems until too late. However, one could argue that the economic
and ecological cost of doing nothing [120–122] is far greater than a calculated risk, as
long as controlled in planta validations and detailed cost–benefit analyses have been
conducted [123]. Extensive work is must be done to study pathogenicity, adaptability,
colonization, reproduction, dispersal, and survival efficiency of any potential microbial
agents used for biocontrol [124], but this is a desperately needed area of additional
research in the future.

3. Research Gaps, Future Directions, and Conclusions

Several studies have explored the role of particular microbes for biocontrol or plant
protection services. However, there have only been limited investigations into field-
scale investigations and utilization of a consortia approach to either control invasive
plants, or benefit native plants to shift competitive outcomes when threatened with
invasive plants [79,125–128]. Here, we advocate for additional research to advance
sustainability and an integrated microbiological approach to help suppress invasive
plant fitness as a potential additional tool for land managers. We identify three main,
but not complete, research priorities that need to be investigated to move this field out
of its infancy: (1) the development of integrated predictive models to understand the
multipartite effects of pathogen–endophyte interactions associated with invasive plants;
(2) the definition and elucidation of core pathogen–endophyte combinations on invasive
plants to develop targets for additional investigations; (3) the elucidation of how microbial
consortia mechanistically interact with hosts, environments, and management strategies
in order to develop targeted application plans.

Invasive plant species are one of the challenges facing the world, leading to great
economic losses. Inclusion of microbial-based management options for invasive plant
management should be investigated with the goal of ultimately reducing invasive plant
fitness. Combinations of individual microbes with complementary or synergistic traits
may increase the competitive ability of native plants and/or susceptibility of invasive
plants which may ultimately reduce invasive plant fitness in the invaded range. Not
only does the effectiveness of individual microbes need to be examined for invasive plant
control, but so does the interrelation, strength, and directionality of interactions between
taxa. These strategies should be incorporated in invasive plant management programs.
Here, we implore the invasive plant management research community to incorporate
microbial dynamics into explorations of control strategies. The control potential of such
methods is promising, but additional investigations are needed to move these strategies
into active development.
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