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The Years of anxious searching in the dark, with their intense
longing, their alterations of confidence and exhaustion and
the final emergence into the light — only those who have
experienced it can understand it.

Albert Einstein

Mety metai nerimastingy paiesky tamsoje, kupini didelio ilgesio,
svyruojancio pasitikéjimo savimi ir issekimo, ir galiausiai —
issiverzimas j Sviesq. Tik tie, kurie tai patyré, gali tai suprasti.

Albertas Einsteinas



ABTS
ANOVA
DPPH
EO(s)
GC
GC-MS
HCA
HPLC
HPLC-MS

LOD
LOQ
LRI
PCA
PDA
QTOF
TEAC
UPLC
UTI

LIST OF ABBREVIATIONS

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
One-way analysis of variance
2,2-diphenyl-1-picrylhydrazyl

Essential oil(s)

Gas chromatography

Gas chromatography-mass spectrometry
Hierarchical cluster analysis

High-performance liquid chromatography
High-performance liquid chromatography-mass
spectrometry

Limit of detection

Limit of quantification

Linear retention indices

Principal component analysis

photodiode array detector

quadrupole time of flight

Trolox equivalent antioxidant capacity

Ultra high-performance liquid chromatography
Urinary tract infection



INTRODUCTION

Analytical sciences are applied to investigate the phytochemical
substances that accumulate in plants organs and are just the reason why plants
can have one or another effect on various functions of the human body [1].
Through extensive ethnopharmacological investigations, the use of plant-
origin materials has been substantiated by science-based evidenced research,
revealing the great potential for phytotherapeutic applications. However,
even with these advances, pursuing human well-being challenges new
uncertainties to be solved [2—4]. Today medicinal plants and their materials
are applied in approximately 70-95% of the world's developed countries.
Interest in a healthy lifestyle, healthy diet, and functional, natural, and
therapeutic products is constantly growing in developed countries [5-7].
Increasing attention is being paid to medicinal herbal preparations or herbal
mixtures, which are expected to become an alternative to many synthetic
drugs [8]. Such a vision of the future encourages scientists to look for new
plants whose accumulated bioactive compounds are characterized by healing
properties that positively affect human vital functions.

Therefore, just like a few decades ago, research on the biologically active
components of medicinal plants remains relevant today due to the empirical
therapeutic efficiency and inexhaustible resources. Even though over 35,000
plants are already used for medicinal purposes in the world, biologically
active substances of plant origin are being turned to again in search of new
treatment tools and treatment algorithms in medical practice to apply
extended therapy and avoid the shortcomings and limitations inherent in
chemical medicinal preparations and to reduce the number of unnecessary
interventions [9]. Policymakers, healthcare professionals, and the general
public are dealing with challenges related to the safety, efficacy, quality,
availability, preservation, and regulation of the usage of medicinal plants in
various regions of the world [10].

Preparations of medicinal plants can easily be incorporated into pre-
venting chronic and degenerative diseases and improving global health [11].
The quality of herbal preparations affects their effectiveness and safety. The
quality indicators of plant raw materials vary due to the influence of internal
and external factors. Reliable control of the quality of the medicinal raw
material, the production process, and other factors determining the final
product’s quality is an essential step in safety assurance [10].

Accumulated scientific knowledge elucidates existing scientific uncer-
tainties. It encourages more detailed qualitative and quantitative studies of
plant raw materials, evaluation of the plant's chemical composition, and a
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more targeted search for new sources of herbal therapeutic preparations with
desired functional properties.

Various scientific groups have studied the plants of the genus Solidago L.
(Asteraceae Bercht. & J.Presl.), commonly known as goldenrods, for several
decades worldwide. By analyzing their chemical composition, they are trying
to expand the possibilities of using plant raw materials in medicine [12—-14].

Goldenrods have a status of traditional use in various European countries
[15]. In traditional medicine, goldenrods are used for their antimicrobial,
diuretic, wound healing, and anti-inflammatory properties. Phenolic com-
pounds derived from goldenrods can be used to treat and prevent various
systemic disorders of the body in oncology, urology, and infectious diseases
[14, 16-19]. A multitude of the abovementioned effects are determined by
the rich and diverse phytochemical complex that consists of phenolic
compounds, namely anthocyanidins, flavonoids, and phenolic acids, most of
which consist of chlorogenic acid, quercetin, quercitrin, rutin, hyperoside [14,
16, 17]. They exhibit antioxidant effects. Therefore, goldenrod is classified
in the scientific literature as one of the rich sources of compounds with anti-
oxidant activity [14, 16]. The terpenic profile includes triterpenic compounds
of oleanane type, diterpenoid lactones, and essential oil compounds. Essential
oil terpenes, including Germacrene D, bornyl acetate, and D-limonene, have
also been detected in the essential oil of Canadian goldenrod leaves [20].
Modern chromatographic methods are used to assess qualitatively and quanti-
tatively the chemical composition of plants belonging to the Solidago genus —
high-performance liquid chromatography (HPLC), gas chromatography (GC),
high-performance liquid chromatography-mass spectrometry (HPLC-MS),
gas chromatography-mass spectrometry (GC-MS) [14, 21, 22]. An analytical
process is created to evaluate a substance’s defined characteristics against
predetermined acceptance standards for that feature [23].

The genus Solidago includes up to 330 species and intraspecific taxons
[24]. Distinct species are used as medicinal plants in various parts of the
world. Solidago virgaurea is native to Eurasia’s region, while S. canadensis
and S. gigantea originated from North America. The latter species are consi-
dered invasive plants in Lithuania and the rest of Europe [8, 13, 14, 24]. The
increase in the population of invasive plants is a critical problem for local
vegetation, as it occupies additional growth areas, changes the soil structure,
and, therefore, impoverishes and alters native vegetation. Invasive plant
research helps to develop tools to control their population dynamics: more
detailed studies, such as chemical composition analysis, provide an opportu-
nity to assess the adaptation possibilities of these plants in their non-native
environment, comprehensive studies of the chemical composition of hybrid
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plants allow us to understand how the genetic expression of plant characte-
ristics changes as they adapt to local natural conditions [12, 13, 25, 26]. The
eradication programs can be easily turned into the rational collection of plant
raw materials as a source for valuable phytochemical compounds.

The scientific research on goldenrods growing in Lithuania and other
regions remains limited, necessitating a comprehensive assessment of their
chemical composition. It is essential to determine the interspecies dynamics
of the chemical components of Solidago plants, their distribution in quantita-
tive and qualitative terms, as well as the distribution between the morpho-
logical parts of the plant itself.

Due to the reasons mentioned above, the scientific community’s interest
in Lithuania and the world in various types of goldenrods is increasing. More
and more detailed studies are being conducted to evaluate the antioxidant
activity of both complex and individual compounds in the plants of the
Solidago genus. To carry out such studies, post-column methods are required,
which would allow a precise analysis of both the qualitative and quantitative
composition of the plant [16, 17, 21, 27-29]. By applying chemometrics
bioactivity and the homogeneity, and safety of plant raw materials can be
determined, which provides the basis for further steps, such as developing
pharmaceutical phytopreparations.

The study concentrated on (1) the phenolic, antioxidant, and essential oil
terpene profiles of the inflorescences and leaves of S. virgaurea, S. cana-
densis, S. gigantea, S. % niederederi naturally growing in Lithuanian habitats
and (2) employed chemometric analysis to clarify chemophenetic peculiari-
ties and establish a relationship between genotype and distributional pattern
of phytochemicals. Phenolic compounds may serve as phytochemical markers
for the differentiation of species as well as the verification of their origin. To
comprehensively evaluate the qualitative traits of plant raw materials and the
targeted perspectives of their use, it is essential to understand the peculiarities
of the diversification of phytochemical composition in plants and the
development of knowledge to predict the importance of these plant raw
materials for possible use as the source of antioxidants and food and pharma
products.

The aim of the work is to develop integrated analytical tools for
evaluating phytochemical composition diversification, antioxidant activity,
and quality markers distribution in raw materials of native, invasive, and
hybrid Solidago L. plants.
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The tasks proposed for the achievement of the above-stated aim were

as follows:

1. To develop and validate the HPLC-PDA method for identification
and quantification of the phenolic compounds’ composition diver-
sity in widespread species of Solidago.

2. To develop and validate the HPLC post-column assays for the deter-
mination and evaluation of fast-acting radical scavengers in golden-
rod raw materials.

3. To determine the chemophenetic characteristics of hybrid Solidago
species for the verification of the species.

4. To determine the variation of volatile profiles of the Solidago
species growing in mixed populations in Lithuania.

5. To identify and quantify antioxidant profiles of leaves and inflo-

rescences of Solidago species from wild populations in Lithuania
using UPLC-MS and HPLC post-column methods.

13



SCIENTIFIC NOVELTY

To our knowledge, comprehensive multivariate assessments based on
chemical data were made for the first time towards the inter- and intra-
specific phytochemical diversity of native, invasive, and hybrid goldenrods.
The newly obtained scientific knowledge serves as the foundation for
creating functional products and phytopreparations based on the goldenrod
herbal raw material.

During the conducted research, the HPLC method was developed and
validated to analyze the qualitative and quantitative composition of the plant
raw materials of the Solidago L. genus. The influence of the storage tempe-
rature of the reaction loop on the post-column reaction of the HPLC was
evaluated for the first time. The representatives of the genus S. canadensis,
S. gigantea, and S. virgaurea, which grow naturally in Lithuania, have not
been studied until now. Qualitative and quantitative studies of phenolic
compounds and active compounds with antioxidant properties of Solidago L.
species growing naturally in the climatic conditions of Lithuania were
performed, and the main components and markers of the antioxidant effect of
S. virgaurea were identified for the first time in the study.
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PRACTICAL VALUE

HPLC and HPLC post-column methods developed and validated during
the study allow accurate, reliable, and reproducible determinations and are
prerequisites for the qualitative and quantitative studies of phytochemical
compounds. The optimal factors selected for the methods of antioxidant
activity evaluation, namely the length of the reaction loop, temperature,
reagent concentration, and flow rate, ensure the accurate separation and
reliable quantitative assessment of the compounds. The developed HPLC and
HPLC-ABTS methods can be used for routine analyses of Solidago species
for the evaluation of their active compounds and even for the identification
of the species.

The conducted studies of phenolic compounds of the genus Solidago L.
are essential for the targeted collection of plant material and its pharmacog-
nostic value. The antioxidant activity of phenolic compounds determines the
quality and practical importance of plant raw materials in phytotherapy, and
their quantitative analysis in different parts of the plant shows the patterns of
accumulation and determines the method of preparation of plant raw mate-
rials. The research on alien goldenrod contributes to the search for new plant
raw materials, expanding the possibilities of their sustainable and optimized
use, regulation of the population of invasive plants while turning waste into
added value ingredients, and increasing the potential of applying scientific
research in practice. Assessment of the dependence of the chemical compo-
sition and morphological characteristics of plant raw materials is important
in the process of selection and primary quality standardization of raw
materials. Determining the chemical composition of plants is essential not
only for the evaluation of medicinal raw materials but it can also be important
in the chemophenetic studies of goldenrod species, which is especially
important when clarifying the very confusing taxonomy of these species.

The evaluation of the complex of bioactive compounds using different
HPLC post-column assays showed the fast-acting antioxidant potential of the
extracts of the plant raw material of goldenrods. In addition to the flavonoids
regulated by the pharmacopoeia, the profile of caffeoylquinic acid, a fast-
acting antioxidant, has been established during the study which can also be a
quality marker. The determination of antioxidant activity markers can help
guarantee the efficacy of plant materials with potential health benefits that
may be used in various industries. These studies provide new knowledge
about the plant’s antioxidant capabilities and enrich the range of plant raw
materials with antioxidant properties.
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THE LAYOUT OF THE DISSERTATION

The dissertation is prepared on the basis of five scientific articles. Each
article describes the study conducted to fulfil separate tasks proposed for the
achievement of the aim of this work. The materials and methods, results, and
discussion of each article are presented in three corresponding parts of the
thesis. The essential study elements and the progress are presented in Table 1.

The results of all studies conducted contribute to a comprehensive
qualitative and quantitative evaluation of goldenrod plant raw materials and
the development of knowledge to predict the importance of these plant raw
materials for possible use as the source of antioxidants and food and pharma
products.

Table 1. Thesis structure in stages — thesis at a glance

Phenolic profiles in the leaves and inflorescences of Solidago L. species.

Aim of the The aim of the study was to investigate the inter- and intra- specific diversity of
study phenolic compounds in Solidago canadensis and Solidago gigantea.
Methods HPLC-PDA method was applied to evaluate the quality and quantity of phenolic

compounds. Multivariate statistical analysis was applied to evaluate differences in the
compound accumulation between the species.

Results Five phenolic compounds (chlorogenic acid, rutin, isoquercitrin, hyperozide, and
quercitrin) were detected in the leaves and inflorescences of S. canadensis and
S. gigantea. The two widespread species of goldenrods did not display high
intraspecific variation in their phenolic compound accumulations.

Conclusions | The reduced heterogeneity in the chemical composition of goldenrods leads to an
increase in the quality and safety of herbal material obtained from the wild. Invasive
goldenrods could be appreciated as potentially rich and renewable resources of
pharmaceutical raw materials. Furthermore, the gathering of the raw material of
goldenrods could help to manage the uncontrollable spreading of invasive plants.

Development of the on-line high performance liquid chromatography coupled radical
scavenging assays for antioxidant potential evaluation in goldenrod.

Aim of the The aim of the study was to modify and validate the post-column HPLC-ABTS and

study HPLC-DPPH methods for evaluating radical scavenging activity of Solidago
canadensis extracts.
Methods A Waters Alliance 2695 (Waters Milford, USA) separation module system equipped

with Waters 996 PDA diode-array detector and Waters 2487 UV/VIS detector
(Waters Corporation) was used for HPLC post-column analysis.

Results The developed DPPH and ABTS post-column techniques were applied to the
evaluation of methanol extracts of leaves and flowers of S. canadensis. Two unknown
phenolic compounds together with chlorogenic acid, rutin, and isoquercitrin were
detected in these extracts. The results of the t-test demonstrated different antioxidant
activities between the goldenrod leaf and flower methanol extracts when using the
ABTS and DPPH post-column assay.
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Table 1. Continued

Development of the on-line high performance liquid chromatography coupled radical
scavenging assays for antioxidant potential evaluation in goldenrod.

Conclusions

HPLC-DPPH and HPLC-ABTS post-column techniques were used in the develop-
ment and validation of a highly efficient method for evaluating the anti-radical
scavenging capacity of S. canadensis raw materials. A validated HPLC post-column
method is acceptable for the assessment of antioxidant activity in plant materials of
similar origin.

Accumulation patterns of phenolic compounds in hybrid Solidago L. species.

Aim of the The aim of the study was to determine origin and phenolic compounds profile of the

study naturally occuring hybrid Solidago * niederederi.

Methods HPLC-PAD and multivariate statistical approaches were applied to determine
phenolic compounds accumulation and distribution.

Results All analyzed Solidago species shared the same common phenolic constituents. The

principal component analysis (PCA) was performed to detect groupings, similarities,
or differences among all analyzed accessions of Sol/idago species. The distant position
of S. gigantea accessions represented a more significant difference in the chemical
composition of phenolic compounds than the other three species (S. x niederederi,
S. virgaurea, S. canadensis) that formed a separate cluster, representing similarities
in their quantitative accumulation of phenolic compounds.

Conclusions

The phytochemical pattern of phenolic compounds provided evidence of hybrid
S. X niederederi origin between native S. virgaurea and invasive S. canadensis. The
hybrid, based on phytochemical phenotypes is close to its parental species.

Consistent patterns of essential oil terpenes in plant organs of Solidago L. species.

Aim of the The aim of the study was to determine distribution patterns of volatile compounds in

study different Solidago spp.

Methods The quantitative analysis of EOs was performed using the GCMS-QP 2010 Ultra
system equipped with a Shimazu autoinjector AOC-5000 (Shimadzu, Europa GmbH).
Multivariate statistical analysis was performed to identify the differences and
similarities between species.

Results Solidago spp. differed in the presence of terpenes that could be considered species-

specific components. The presented results demonstrated similarities and differences
in the frequency of distribution and contents of EO constituents among the four
Solidago spp. There were significant differences detected between monoterpene and
sesquiterpene fractions of inflorescences for all species studied. Meanwhile, the EO
profiles in leaves revealed no significant differences between the four Solidago spp.
Tested.

Conclusions

The volatile profiles of Solidago spp. varied depending on the species, accessions, and
plant parts. The first comparative study of volatile profiles of Solidago spp. confirmed
the origin of S. X niederederi as an interspecific taxon between S. canadensis and
S. virgaurea with a higher metabolic contribution of S. canadensis. Phytochemical
profiling of plant raw materials is an informative tool to correctly identify species of
the plant and learn about their potential for further development of new natural
products.
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Table 1. Continued

Interspecific antioxidant profiling of fast-acting radical scavengers in Solidago L. species.

Aim of the
study

The aim of the study was to determine antioxidant profiles of leaves and inflores-
cences of S. gigantea, S. canadensis, S. virgaurea, and S. x niederederi from wild
populations of Lithuania.

Methods

HPLC-PDA-ABTS and HPLC post-column assay was performed. UPLC-QTOF-MS
analysis was performed using the Waters Aquity UPLC system with a PDA detector.
Tukey multiple comparison tests, as well as the hierarchical analysis and principal
component analysis (PCA), were performed to identify significant differences and
similarities at P < 0.05.

Results

Twenty-three phenolic compounds were identified. Fourteen of these compounds
demonstrated significant antioxidant activity. For the most part the antioxidant
profiles of leaves and inflorescences of Solidago species comprised mainly of
caffeoylquinic acid and quercetin derivatives.

Conclusions

Plant materials of S. canadensis, S. % niederederi, and S. virgaurea has priority in the
antioxidant activity of 3,5-dicaffeoylquinic acid, chlorogenic acid, and rutin against
S. gigantea. The corresponding compounds could be considered radical scavenging
activity markers and, moreover, indicators of plant material quality. The total
antioxidant capacity of the compounds detected in the invasive Solidago spp. was
significantly higher than that of the native species.
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1. SUMMARY OF MATERIALS AND METHODS

1.1. Plant material preparation

The botanical identification of Solidago species was carried out
according to the morphological description of Central European Solidago
species [118] and morphological diagnostic features defined in the previous
assay of Karpavi¢ien¢ and RaduSien¢, 2016 [30]. Plant samples were
collected from different wild populations in Lithuania. The collected plants
were dissected into inflorescence and leaf parts and dried at 25 °C, then
ground to the homogenous powder and used to make extracts for chemical
analysis.

For the determination of phenolic profiles in the leaves and inflores-
cences of Solidago L. species (publication — A1) sixty accessions of S. cana-
densis and 33 accessions of S. gigantea were collected.

For the development of the online high-performance liquid chromato-
graphy coupled radical scavenging assays for antioxidant potential evaluation
in goldenrod (publication — A2), plant material was prepared as follows
harvested plant material consisted of the three tops of two to three shoots of
the same clone of 5 different plants in the flowering phase.

For the determination of accumulation patterns of phenolic compounds
in hybrid Solidago L. species (publication — A3) nineteen accessions of
S. virgaurea, seventeen of S. canadensis, eleven of S. gigantea, and twenty-
four of S. x niederederi were collected from six mixed wild populations.

To determine consistent patterns of essential oil terpenes in plant organs
of Solidago L. species (publication — A4) plant material of eighteen accessions
of S. canadensis, seven of S. gigantea, nine of S. x niederederi Khek, and
three accessions of S. virgaurea was collected in the flowering phase.

For the interspecific antioxidant profiling of fast-acting radical scaven-
gers in Solidago L. species (publication — A5) the sample of the plant material
consisted of the three shoots of the same clonal plant.

1.2. Extraction conditions

For the assays described in publications A1, A2, A3, and AS5, extraction
was carried out as follows. The homogenous powder of air-dried goldenrod
leaves and inflorescences was used to make extracts. Methanol and water
mixture (70:30, v/v) was used as an extraction solvent. Samples of 0.1 g plant
material powder were extracted in 10 mL extraction solvent using an
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ultrasonic bath (Witeg Labortechnik GmbH, WUC-AO6H, Germany) at
25 °C for 50 min.

For the assay described in publication A4, essential oils were isolated as
follows. The plant material from about 30 g of air-dried leaves and inflores-
cences separately was hydrodistilled for three hours using a Clevenger-type
apparatus. Sample preparation for chemical analysis included 1.0 pL of
essential oil added into 1.0 mL of n-hexane following previous studies.
Essential oil content was calculated as a relative percentage of essential oil
for 100 g of dry plant material.

1.3. Physicochemical analysis

HPLC-PDA conditions (A1, A3)

A Waters Alliance 2695 (Waters Milford, USA) separation module
system equipped with Waters 996 PDA diode-array detector was used for
HPLC analysis. The separation of the compounds was carried out on a YMC-
Pack ODS-A column. The mobile phase consisted of eluent A (0.05%
trifluoroacetic acid in water) and eluent B (100% acetonitrile). Gradient
elution was performed for the separation of compounds. The flow rate — 1
ml/min, injection volume — 10 uL, and column temperature — 25 °C. Peaks of
compounds were identified at a wavelength range of 210-550 nm by
comparing their UV-Vis spectra and retention times to those of authentic
reference standards. The quantification of detected compounds was carried
out by the external standard method.

Quantification and validation. Peaks were identified by comparing their
UV-Vis spectra and retention times to those of authentic reference standards,
determining the limit of detection (LOD) and limit of quantitation (LOQ).
Validation of the HPLC-PDA method was determined according to the
following parameters: specificity, linearity, precision, the limit of detection
(LOD), and the limit of quantification (LOQ).

HPLC-PDA-ABTS/DPPH conditions (A2)

A Waters Alliance 2695 (Waters Milford, USA) separation module
system equipped with Waters 996 PDA diode-array detector and Waters 2487
UV/VIS detector (Waters Corporation) was used for HPLC post-column
analysis. The separation of the compounds was carried out on a YMC-Pack
ODS-A column. The mobile phase consisted of eluent A (0.05%
trifluoroacetic acid in water) and eluent B (100% acetonitrile). Gradient
elution was performed for the separation of compounds. The flow rate —
DPPH 1 mL/min, ABTS 0.5 mL/min, injection volume — 10 uL, column
temperature — 25 °C. Post-column coil temperature — 50 °C.
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The chromatographic peaks were identified by matching the retention
times of the analytes to reference standard compounds and UV absorption
spectra within the limits of 210—400 nm. Phenolic acids and flavonoids were
detected at 324 and 355 nm wavelengths, respectively.

The HPLC-PDA and HPLC post-column methods were validated
according to the following parameters (ICH guidelines): specificity, linearity,
precision, LOD, and LOQ. Repeatability was examined by 5 evaluations of
3 analytes (chlorogenic acid, rutin, and isoquercitrin) under the same experi-
mental conditions on the same day.

GC-MS conditions in (A4)

The quantitative analysis of essential oils was performed using the
GCMS-QP 2010 Ultra system equipped with a Shimazu autoinjector AOC-
5000 (Shimadzu, Europa GmbH). A capillary column Rxi-5MS (30 m x
0.25 mm i.d. x 0.25 film thickness pm) (Restek, Bellefonte, PA, USA) was
used. Mass spectra were acquired at an ionization voltage of 70 eV, a scan
rate of 2500 m/z within the 29-500 m/z range, and a scan time of 0.2 s. The
chromatographic analysis was run in triplicate.

The compounds’ linear retention indices (LRI) were calculated using a
homologous series of n-alkanes C8—C26 injected at the beginning of the
analysis. The essential oil constituents were identified by comparing the
unique mass spectral fragmentation patterns of peaks with the mass spectral
data presented in the NIST 14, FFNSC, WR10, and WR10R libraries, as well
as comparing the obtained LRI with those presented in NIST 14 datasets and
references.

The relative percentage of each identified analyte was calculated as the
peak area from the total peak areas of the chromatographic profile as the mean
of three runs without correction factors.

HPLC-PDA-ABTS and HPLC post-column assay conditions in (AS)

A Waters Alliance 2695 (Waters Milford, USA) separation module
system equipped with Waters 996 PDA diode-array detector and Waters 2487
UV/VIS detector (Waters Corporation) was used for HPLC post-column
analysis. The separation of the compounds was carried out on a YMC-Pack
ODS-A column. The mobile phase consisted of eluent A (0.05% trifluoro-
acetic acid in water) and eluent B (100% acetonitrile). Gradient elution was
performed for the separation of compounds. The flow rate — is 1 mL/min,
injection volume —is 10 pL, and column temperature —is 25 °C. Post-column
coil temperature — 50 °C, coil length — 3 m, ABTS flow rate — 0.5 mL/min.
After the PDA detection, the mobile phase with the analytes was mixed in a
reaction coil with the ABTS solution and recorded at 650 nm wavelength.
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UPLC-QTOF-MS conditions in (A5)

The analysis was performed using the Waters Acquity UPLC system
with a PDA detector (Waters, Milford, Mass., U.S.A.), and compounds were
analyzed by MAXIS 4G QTOF mass spectrometer (BRUKER DALTONIK
GmbH, Bremen, Germany) equipped with an ESI ionization source. Waters
Acquity HSS T3 column was used. The gradient elution was performed to
separate compounds as eluent A — 2% acetic acid and B — acetonitrile.

1.4. Data analysis

Multivariate approaches using the SAS Version 4.3 were performed to
process data obtained while analyzing phenolic profiles in the leaves and
inflorescences of Solidago L. species (A1l). One-way analysis of variance —
ANOVA (A1, A2, A3, A4, AS), Student’s t-test (A1), post-hoc Scheffe’s
multiple comparison test A1, A3), a hierarchical cluster analysis — HCA (A1,
AS), and principal components analysis — PCA (Al, A3, A4, AS), post-hoc
Tukey multiple comparison tests (A5) were applied to reveal and specify
significant differences and similarities at P <0.05 for the phenolic com-
pounds and essential oil terpenes in Solidago spp.

The statistical package SPSS 17 and 20 (SPSS Inc., Chicago, USA), and
Microsoft Office Excel 2010 (Microsoft, USA) were used for statistical
processing and assessment of the received data (A2, AS). Multivariate sta-
tistical approaches using STATISTICA 10.0 (StatSoft Inc.) were performed
to analyze data obtained during the assay of accumulation patterns of pheno-
lic compounds and essential oil terpenes (A3, A4). The relationship between
variables was analyzed using Spearman’s rank correlation (A3).
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2. SUMMARY OF RESULTS

2.1. Phenolic profiles in the leaves and inflorescences
of Solidago L. species

Five phenolic compounds (chlorogenic acid, rutin, isoquercitrin, hypero-
side, and quercitrin) were detected in the leaves and inflorescences of
S. canadensis and S. gigantea. The results of the compound accumulations
assay showed considerably higher (P <0.05) values of chlorogenic acid,
isoquercitrin, hyperoside, and quercitrin in the leaves and inflorescences of
S. gigantea than S. canadensis. Comparing compound quantities in the two
plant parts of S. canadensis, the difference was observed for chlorogenic acid
and quercitrin, which were — significantly higher in the leaves than the
inflorescences (P < 0.05). For S. gigantea, chlorogenic acid, and quercitrin
quantities were higher in the leaves than in the inflorescences. In comparison,
the quantities of isoquercitrin, rutin, and hyperoside were significantly higher
in the inflorescences (P < 0.05).

Intraspecific diversity was comprehensively characterized by applying
the chemometric processing techniques, namely hierarchical clustering and
principal component analysis. Hierarchical cluster analysis was applied to the
group accessions using mean quantities of phenolic compounds as clustering
variables. HCA was performed individually for the leaves and flowers. HCA
showed a significant difference between compound quantities in plant parts.
The clustering of S. canadensis accessions divided them into four main
clusters, both for leaves and inflorescences. The HCA for S. gigantea resulted
in clustering the accessions into 3 clusters of leaves and 4 clusters of
inflorescences. The identification of significant differences in the phenolic
compounds among the clusters was performed. The significant differences
among the leaf clusters of S. canadensis were detected for rutin, chlorogenic
acid, and hyperoside, while for the inflorescences, the significant differences
were for rutin and hyperoside. As for S. gigantea, significant differences were
detected in the mean quantities of the phenolic compounds studied, except
for isoquercitrin, among the clusters of both plant parts. The significant
differences were found for chlorogenic acid and hyperoside. Inflorescences
of S. gigantea highly differed in rutin and quercitrin. Differences among
clusters of species plant parts were then specified (the results are presented in
Table 4 in Article Al).

Principal component analysis was used to separate statistically inde-
pendent variables for exploration of the relationships among the chemical
compounds, thus allowing the identification of the primary predictors among
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the investigated accessions. The score plots for the first two PCs explained
69.1 and 70.1% of the total variance of the chemical data of the S. canadensis
leaves and inflorescences, respectively, showing relatively good separation
between the evaluated accessions (the results are presented in Figure 3 in
Article Al).

The score plots for the first two PCs, which explain 77.0 and 72.4% of
the total variance in the data set of S. gigantea leaves and inflorescences,
respectively, are shown in Figure 4 in Article Al. The results of the HCA and
PCA were similar. On the other hand, graphical visualizations using PCA
revealed a relatively simple representation of the structure of the evaluated
species based on chemical data.

2.2. Development of the online high—performance liquid
chromatography coupled radical scavenging assays
for antioxidant potential evaluation in goldenrod

The critical factors impacting post-column implementation are post-
column flow rate, the concentration of the derivatization reagents, reaction
coil temperature, and its other parameters [31]. At the time, the temperatures
used in the post-column reaction had no methodological justification for the
chosen temperature limit for radical scavenging assays on plant materials [32,
33]. Temperature changes may negatively affect post-column reactions or the
antioxidants themselves [34], therefore in this study, for the first time, the
efficiency of the coil temperature and loop length was evaluated after the peak
heights of the active compounds were established. The assay was designed to
determine how the system temperature and loop length impact the change in
peak heights for the HPLC-ABTS and HPLC-DPPH post-column assays. The
initial system temperature was 25 °C, which was increased gradually every
10 °C until 55 °C was achieved for both assays. The length of the reaction
coil was 3 and 20 m. Aside from temperature, another important parameter
affecting the course of the reaction coil is its length and diameter since longer
coils determine higher volume retention of the reaction mixture [35]. During
the analysis, the need to include a temperature level of 50 °C was distingui-
shed because in both ABTS and DPPH cases, after the temperature reached
55 °C, the decrease in peak heights was recorded. A radical scavenging
response baseline noise level was observed during the analysis, ranging from
650 to 890 units (electrical signal micro-volts) using the 3-m loop and from
460 to 890 units using the 20 m coil. In both ABTS and DPPH cases, the
lowest noise level was detected at 50 °C temperature, which indicates the
system’s stability and gives the most accurate antiradical response results of
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Herba Solidaginis samples. Therefore, the 3 m loop with a temperature of
50 °C was optimal for evaluating the antioxidant activity of goldenrod raw
materials using the ABTS reagent. This differs from the factors established
under DPPH reagent conditions of 50 °C and 20 m. After validation of DPPH
and ABTS post-column methods, it was confirmed that the methods could be
considered appropriate and acceptable for the quantitative evaluation of the
antiradical activity of compounds.

The developed DPPH and ABTS post-column assays were applied to
evaluate methanol extracts of leaves and flowers of S. canadensis. Two
unknown phenolic compounds, together with chlorogenic acid, rutin, and
isoquercitrin, were detected in these extracts (the results are presented in
Figure 1 in Article A2).

The observed Trolox equivalent antioxidant capacity (TEAC) values for
detected constituents using the DPPH post-column assay were higher than
those of the ABTS method application. The results demonstrated different
antioxidant activities between the goldenrod leaf and flower methanol
extracts when using the ABTS and DPPH post-column assay.

2.3. Accumulation patterns of phenolic compounds
in hybrid Solidago L. species

Five phenolic compounds were detected in leaves and inflorescences of
S. gigantea, S. virgaurea, S. canadensis, and S. x niederederi, namely rutin,
chlorogenic acid, isoquercitrin, quercitrin, and hyperoside. All analyzed
Solidago species shared the same common phenolic constituents. Leaves of
goldenrods showed considerably higher mean values for chlorogenic acid
than their inflorescences, whereas inflorescences showed significant priority
in accumulating isoquercitrin. Significant quantitative differences (P < 0.05)
were determined for mean quantities of all phenolic compounds in leaves and
inflorescences among investigated species. The highest values of all studied
phenolic compounds, except for rutin content in leaves and inflorescences,
were presented in S. gigantea compared to the other investigated goldenrods.
The highest accumulation of rutin was detected in S. x niederederileaves and
in S. canadensis inflorescences. S. virgaurea accumulated the lowest amounts
of phenolic compounds, except for isoquercitrin in leaves, when compared
with S. canadensis and S. x niederederi. S. x niederederi demonstrated the
highest concentration of chlorogenic acid in leaves; however, the values of
other phenolic compounds were average.

PCA was performed to detect groupings, similarities, or differences
among all analyzed accessions of Solidago species. PCA models represented
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the two-dimensional scatter plots that demonstrated differentiation between
the chemical data sets of the four Solidago species (The results are presented
in Figure 2 and Figure 3 in Article A3). PCA was applied as a chemometric
technique allowing the description of data sets without preceding knowledge
of the structure of this data and providing the visualization of the analytical
data resemblance, which opens a possibility to indicate what compounds are
the most responsible for the separation of different plant groups. The distant
position of S. gigantea accessions on score plot PC1 versus score plot PC2
represented a significant difference in the chemical composition of phenolic
compounds than found in other species. Meanwhile, the other three species
formed a separate cluster, representing similarities in their quantitative
accumulation of phenolic compounds. It can be deduced that interspecific
chemical diversity among Solidago species is genetically based. However,
the mode of qualitative inheritance of most chemical compounds is
Mendelian with dominance; if both or one of the parents produces a chemical,
the hybrids almost always produce it as well [36]. It can be assumed that the
genes responsible for synthesizing phenolics are constitutively but differently
expressed in the analyzed species [37]. The ploidy level is known to signi-
ficantly affect the intraspecific variation in concentrations of metabolites in
S. gigantea [38]. In this context, tetraploid S. gigantea demonstrated the
highest mean phenolic contents. Meanwhile, diploid Solidago species showed
relatively lower contents of evaluated phenolic compounds.

The additional PCA showed that based on the analyzed phenolics,
S. virgaurea and S. canadensis were well distinguished from each other.
Even though it is not uncommon for interspecific hybrids to be clearly distin-
guished from parental species based on the evaluation of their biochemical
phenotypes [39], S. x niederederi leaves and inflorescences were in close
position with S. virgaurea, which makes them a not very clearly defined
group. The cluster of S. x niederederi accessions was less focused and
demonstrated greater chemical variation, as some of the samples fell outside
the range of the parental species, S. virgaurea and S. canadensis which
corresponds to previous studies [40]. Mean chlorogenic acid content in leaves
was significantly higher for S. x niederederi than the parental species and
such results also correspond to previously reported studies [41, 42]. Our
research suggested that S. x niederederi was characterized by the accumula-
tion of phenolic compound contents intermediate or similar to that of
S. virgaurea, suggesting its hybrid origin.
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2.4. Consistent patterns of essential oil terpenes
in plant organs of Solidago L. species

Inflorescences were superior to leaves in essential oil (EO) content in all
Solidago spp. The highest yield (P < 0.05) of EO was obtained from inflo-
rescences of S. canadensis, followed by S. gigantea, S. X niederederi, and
S. virgaurea. Meanwhile, the leaves of S. gigantea accumulated the highest
EO content, followed by S. canadensis and S. % niederederi (Table 2.4.1).

Table 2.4.1. Essential oil yields in the leaves and inflorescences of S. cana-
densis, S. gigantea, S. % niederederi, and S. virgaurea

Inflorescences of: EO Yield
S. canadensis 0.19-0.26%
S. gigantea 0.16-0.23%
S. X niederederi 0.14-0.20%
S. virgaurea 0.15-0.18%

Leaves of: EO Yield
S. gigantea 0.16-0.20%
S. canadensis 0.14-0.18%
S. X niederederi 0.13-0.15%
S. virgaurea 0.10-0.15%

Chemical profiles of essential oils

The total EOs composition of four Solidago spp. was dominated by
monoterpenes (43.9-74.6% in inflorescences, 39.7-69.1% in leaves). Sesqui-
terpenes constituted 15.0-35.4% of total EO composition in inflorescences
and 25.5-38.2% in leaves (The results are presented in Figure 1 in Article
A4). The similarities and differences of EO constituent profiles among the
four investigated goldenrod species are presented in Table 2.4.2. The results
are similar to corresponding studies [43].
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Table 2.4.2. Terpene yields in the leaves and inflorescences of S. canadensis,
S. gigantea, S. x niederederi and S. virgaurea

Solidago gigantea

Inflorescences EO Yield
monoterpene hydrocarbons 25.4%
oxygenated sesquiterpenes 19.7%
oxygenated monoterpenes 18.5%
sesquiterpene hydrocarbons 15.3%

Leaves EO Yield
oxygenated sesquiterpenes 23.3%
oxygenated monoterpenes 23.1%

Solidago canadensis

Inflorescences EO Yield
monoterpenoids 46.6.0%
monoterpenes 28.0%

Leaves EO Yield
monoterpenoids 26.4%
sesquiterpenes 24.9%

Solidago % niederederi

Inflorescences EO Yield
oxygenated monoterpenes 41.5%
monoterpenes 26.4%
sesquiterpenoids 17.0%
sesquiterpenes 6.0%

Leaves EO Yield
oxygenated monoterpenes 35.7%
monoterpenes 17.7%,
sesquiterpenoids 16.9%
sesquiterpenes 15.0%

Solidago virgaurea

Inflorescences EO Yield
monoterpenes 35.9%
sesquiterpenes 20.7%

Leaves EO Yield
monoterpenes 49.0%
sesquiterpenes 16.9%
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Interspecific Differences

The presented results demonstrated similarities and differences in the
frequency of distribution and contents of EO constituents among the four
Solidago spp. Significant differences were detected between monoterpene
and sesquiterpene fractions of inflorescences for all species studied (Table 1
in Article A4). Meanwhile, the EO profiles in leaves revealed no significant
differences between the four Solidago spp. tested (Table 2 in Article A4).
Oxygenated monoterpenes predominated in the S. canadensis and S. x
niederederi inflorescences, and S. virgaurea and S. x niederederileaves. The
highest proportion of sesquiterpenoids among the species accumulated in the
inflorescences and leaves of S. gigantea. The common principal constituents
in the inflorescence and leaf EOs of all four Solidago spp. were a-pinene,
bornyl acetate, and caryophyllene oxide. The other major compound, trans-
verbenol, was prevalent in all inflorescences, with the highest levels in
S. canadensis and S. x niederederi. Inflorescences of S. gigantea accumu-
lated the highest level of germacrene D compared to other species, while both
inflorescences and leaves were in priority in proportions of oxygenated
sesquiterpenes as epoxyazulene, spathulenol, and isospathulenol.

The inflorescence EOs of all species differed significantly in the mean
percentages of oxygenated monoterpenes, such as a-campholenal, trans-
pinocarveol, cis-verbenol, pinocarvone, verbenone, and trans-carveol, with
the highest levels and frequency in S. canadensis and S. x niederederi,
followed by S. virgaurea. In addition, S. virgaurea inflorescence EOs dif-
fered from other species in the highest levels and frequency of distribution of
a- and p-copaene, cubebol, a-muurolene, and J-cadinene. Consequently,
quantitative rather than qualitative differences in EOs were observed between
the Solidago spp. However, ten constituents common in more than 30% of all
studied inflorescence and/or leaf EOs did not differ significantly between
Solidago spp., among which the most abundant were a- and [B-pinene,
limonene, bornyl acetate, germacrene D, and caryophyllene oxide.

Multivariate data analysis allowed us to explain the intra- and inter-
specific diversity of four Solidago spp. based on selected variables that differ
significantly between species and that represented constituents detected in
30% or more of EO samples. PCA revealed that Solidago spp. The phyto-
chemical patterns complemented the evidence of S. X niederederi origin
between native S. virgaurea and invasive S. canadensis, with the higher
contribution of alien species than native ones. In addition, S. x niederederi
EOs indicated higher diversity than other species, suggesting that S. x niede-
rederi is a continuously evolving taxon.
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Solidago spp. differed in the presence of terpenes that could be consi-
dered species-specific components. The inflorescence EOs of S. gigantea
differed from other species by y-cadinene, y-muurolene, and spathulenol, and
the leaves by camphene, o-cymene, epoxyazulene, (£)-nerolidol, and spathu-
lenol. The inflorescences of S. canadensis and S. x niederederi exposed
differences in the accumulation of oxygenated monoterpenes, such as a-cam-
pholenal, frans-pinocarveol, pinocarvone, verbenone, cis-verbenol, trans-
verbenol, and myrtenal. Furthermore, S. canadensis inflorescences were
characterized by the prevalence of myrtenol, trans-carveol, and carvone,
while S. x niederederi leaves were prominent by trans-verbenol. The species-
specific constituents in S. virgaurea inflorescences were a- and f-copaene,
a-cubebene, cubebol, J-cadinene, and a-muurolene, and in the leaves —
a-campholenal, cis-verbenol, trans-verbenol, pinocarvone, and trans-pino-
carveol.

2.5. Interspecific antioxidant profiling of fast-acting
radical scavengers in Solidago L. species

Identification of phenolic compounds was performed using UPLC-
QTOF-MS. The results are presented in Table 1 in Article AS. Twenty-three
phenolic compounds were identified after applying the negative ionization
mode to samples of Solidago spp. Fourteen of these compounds demonstrated
significant antioxidant activity. Mainly, the antioxidant profiles of leaves and
inflorescences of Solidago species comprised mostly of caffeoylquinic acid
and quercetin derivatives. 3,5-Dicaffeoylquinic acid comprising about 43%
of total radical scavenging activity in leaves and 54% in inflorescence
extracts, was the predominant radical scavenger in S. virgaurea, S. cana-
densis and S. x niederederi (Table2 in Article A5). Chlorogenic acid,
accounting for 32% of total inflorescence and 66% of total leaf activity, was
determined as a predominant radical scavenger in S. gigantea. The flavonoid
complex was mainly composed of quercetin derivatives. The antioxidant
activity of quercetin derivatives was significantly lower than that of
caffeoylquinic acids. Quercetin pentoside and hyperoside were the primary
antioxidants in S. gigantean inflorescences and leaves. Rutin accounted for
up to 11% of'total radical scavenging activity in other evaluated Solidago spp.
The amounts of corresponding compounds significantly differed among
Solidago spp. The hierarchical analysis was applied separately to both leaves
and inflorescences based on the mean quantities of Trolox antioxidant
equivalents of phenolic compounds as clustering variables.
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The clustering of the inflorescences resulted in the grouping into two
main clusters (Figure 2 in Article A5), the first of which was composed of all
inflorescence samples of S. gigantea. The clustering of leaves divided all
samples into two clusters as well (Figure 3 in Article AS). The first cluster
was composed of S. gigantean leaves. Cluster 2 was composed of leaves
of the other 3 Solidago species. The second cluster was subdivided into well-
defined sub-clusters of S. canadensis, S. virgaurea, and S. x niederederi
leaves.

Hierarchical cluster analysis revealed a similarity of S. virgaurea,
S. canadensis, and S. x niederederi in terms of the antioxidant activity of
phenolic compounds. The antioxidant activity of S. gigantean was highly
different from other Solidago species.

PCA was performed to detect similarities and differences among the
analyzed samples according to statistically independent variables, indicating
phenolic compounds' radical scavenging activity. The score plot models for
inflorescence (PCA1) and leaf (PCA2) samples have shown relatively good
separation of the four Solidago species (Figure 6 in Article AS).

PCA allowed us to create a graphical visualization of differences bet-
ween Solidago species based on the antioxidant activity of phenolic com-
pounds. S. gigantea leaves and inflorescences composed a separate cluster
indicating different radical scavenging activity of phenolic compounds from
three other Solidago spp. Meanwhile, S. canadensis, S. virgaurea, and
S. X niederederi demonstrated similarity in the radical scavenging activity of
their raw materials.
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3. DISCUSSION

Two species of invasive goldenrods, Solidago canadensis L. (Canadian
goldenrod) and S. gigantea Aiton (Giant goldenrod), are spread over all
territory of Lithuania, leading to a critical threat to the biodiversity of native
plant species. Alien Solidago species are considered among the most aggres-
sive worldwide plant invaders, increasing the negative impact on the native
flora [44, 45]. On the other hand, goldenrods possess bioactivity that can be
exploited for medicinal purposes. The interest in plant-based products has
increased significantly in recent years, and research into bioactive agents has
evolved into an important occupation for improving human and animal well-
being [46]. In this respect, invasive species are of growing interest as a
potential resource for acquiring high-value-added products [47, 48].

According to scientific literature, several groups of bioactive compounds
were detected in plant extracts of goldenrods, such as tannins, phenols,
saponins, essential oils, etc. [12—14]. The plant materials of S. gigantea Aiton,
S. canadensis L., and S. virgaurea L. are included in European Pharma-
copoeia with therapeutic indications for the treatment of urinary tract and
genital disorders, which is related to the biological action of flavonoids [15—
17, 50-55, 57]. There are no reported toxicity and contraindications for
goldenrod preparations; therefore, most studies were conducted on the native
European goldenrod [6]. Phenolic acids and flavonoids are well known due
to their strong ability to act against oxidative damage leading to various
degenerative diseases [16, 18, 19, 26]. The results of this study revealed that
plant of Solidago species accumulate a significant amount of caffeoylquinic
acids, the chromatographic profiles of which can also be used as markers for
species identification. Moreover, the levels of these acids and their anti-
oxidant activity are of importance for the medicinal applications of golden-
rods. Despite the importance, research on flavonoid constituents of the
Solidago species 1is still limited, and there were no studies conducted on
evaluating their chemical heterogeneity or comparative studies among
species and their morphological parts, not only in Lithuania but also
worldwide.

The research of native, invasive, and hybrid Solidago species revealed
the remarkable diversity showing species-specific, plant-organ-specific, and
activity-related profiles of phytochemical compounds. Our sequentially de-
signed research covered the most important stages of phytochemical chemo-
metric evaluations. The developed and validated HPLC, GC, and post-
column assay methods were designed for qualitative and quantitative analysis
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of phenolic compounds, essential oil components, and fast-acting antioxi-
dants in the materials of Solidago L. species. The validated methods confirm
their suitability for qualitative and quantitative analysis of the abovemen-
tioned compounds in Solidago species.

The results of phenolic profile determination in the leaves and inflo-
rescences of Solidago L. species revealed the differences in the phenolic
compound composition of two invasive goldenrods, S. canadensis and S. gi-
gantea. Also, they confirmed the results of corresponding chemical eva-
luations of invasive species of goldenrods described in scientific literature,
revealing that they are a rich source of phenolic compounds [8, 49, 56].

Five main phenolic marker compounds were detected: chlorogenic acid,
rutin, hyperoside, isoquercitrin, and quercitrin. These compounds were the
main criteria for determining and substantiating the origin of certain Solidago
species in the later stages of the research. The chemometric analysis revealed
significant differences between tested samples in the plant organ and plant
genotype dimensions. Multivariate statistical data analyses, in combination
with the chemical analysis, provided a relatively simple representation and
interpretation of the structural similarities and differences among wild
populations of S. canadensis and S. gigantea. These species’ phenolic com-
pound variety is much more restricted than other wild species due to the
adaptive attractiveness of the new invasion areas of goldenrods [27-29].

Based on phenolic compound accumulations, the two widespread species
of goldenrods did not demonstrate high intraspecific variation. In this regard,
previous studies have shown that the chemical diversity of invasive
goldenrods is relatively weak compared to the intraspecific morphological
diversity of these species [20]. Such results, concerning differences in the
morphological and chemical structure of the plants studied, can be interpreted
in a way that the flexibility of morphological expression, compared to
adaptation, is the main factor leading to the successful spread of invasive
species [21]. In this regard, the presented secondary metabolites help protect
the plants against fungal parasites, herbivores, and pathogens, UV radiation
that that are more important for plant survival and reproduction rather than
for invasive spread [58—61]. On the other hand, reduced heterogeneity in the
chemical composition of goldenrods leads to an increase in the quality and
safety of herbal material obtained from the wild [22, 62].

As mentioned before, phenolic compounds, due to their high antioxidant
potential, are the target group compound in research of added value ingre-
dients for food and pharma industries because of their broad spectrum of
biological effects, especially the effect against oxidative stress, which is often
associated with the origin of various degenerative diseases [1, 18]. Only the
chemicals with considerable activity and instant reactions are particularly
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included in the antioxidant profiles generated by post-column analysis. This
approach is, therefore, suitable for the detection of high-capacity fast-acting
antioxidants as well as the identification of antioxidant activity indicators. In
this regard, antioxidant activity markers may help guarantee the efficacy of
plant materials with potential health benefits that may be used in various
industries. The high biomass produced by invasive Solidago spp. and the fact
that the flowers of goldenrods attract pollinators and are bee honey plants that
are not grown under treatment with pesticides makes them a potential source
of renewable energy [63, 64].

According to a literature survey, a few published data would provide an
assessment of the antioxidant activity of different Solidago species [5, 16].
The most reliable and comprehensive evaluation of the antioxidant activity
of plant materials is the validation of highly efficient and accurate analytical
methods. The HPLC post-column assay combined with different derivati-
zation techniques is a method of choice for the determination of the anti-
radical scavenging capacity of plant materials [65]. A highly effective tech-
nique is obtained when a model oxidation system is created and combined
with HPLC separation methods and online post-column detection methods
for radical-scavenging compounds, which in this case revealed the importan-
ce of caffeoylquinic acid [31, 66, 67]. ABTS and DPPH are extensively used
for antioxidant screening in plant extracts [32, 65, 68, 69]. By analyzing the
individual components, HPLC assists in identifying the specific antioxidants
responsible for the observed activity. Furthermore, the HPLC post-column
assays enable the evaluation of the concentration of individual antioxidants
and correlate it with their antioxidant activity, providing valuable insights
into the relationship between concentration and efficacy.

The main goal in developing the online high-performance liquid chroma-
tography coupled radical scavenging assays for antioxidant potential eva-
luation in goldenrod was to determine the parameters of the HPLC post-
column derivatization technique. This aim was achieved through the assess-
ment of the system temperature influence and the influence of reaction coil
parameters on the capacity of the radical-scavenging screening ability in
HPLC post-column DPPH and ABTS systems which were further used for
the determination and evaluation of the antioxidant activity of goldenrod raw
material extracts. When evaluating the results of the antioxidant assay, the
quantitative results differed slightly, which is why both methods are suitable
for determining antioxidant activity in plants of the Solidago genus. These
studies showed that, while the length of the coil did not significantly affect
the peak height of the individual radical scavengers from the goldenrod, the
temperature in the reaction coil did serve as a relevant factor affecting the
signal strength of the analytes after reacting with the DPPH and ABTS
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radicals. The following characteristics of an optimized assay for determining
the individual radical scavengers of raw goldenrod materials are crucial for
further routine analysis, ensuring reliable and reproducible results. Validation
tests verified that the relevant approach was accurate, sensitive, and targeted
to be applied to future analyses of active antioxidant compounds in plant
materials of a comparable genetic origin.

Solidago canadensis L. and Solidago gigantea Aiton are exceptionally
successful invasive species worldwide and have a high potential to spread
into new habitats, thus contributing to the global environmental changes that
threaten biological diversity and normally functioning ecosystems [44, 70—
72]. It is common for invasive species to produce hybrids with native plants,
leading to the transfer of adaptations among invasive species. This process
increases the invasive potential and can lead to a loss of genetic diversity and
robustness of native flora, which altogether leads to a threat of extinction of
native species and even evolutionary changes in spontaneous flora. When the
hybrids become stable, they are considered new alien species [73-76].
Solidago x niederederi Khek is a natural hybrid between the S. virgaurea L.
and alien S. canadensis. The new hybrid was first recorded in the early 20th
century in Austria. Hybrid identification is complicated due to the excep-
tionally diverse morphology of Solidago species [30, 38, 77, 78]. Therefore,
a phytochemical evaluation of a plant provides additional information for
species identification after the genetic, morphologic, and other nonmorpho-
logical methods [79].

One of the primary objectives of this step of the research was to assess
the origin of morphologically identified S. % niederederi based on phenolic
compound accumulation and to reveal the chemophenetic value of some
phenolics for the identification of Solidago taxa. To the best of our know-
ledge, our study provides the first phytochemical characterization of S. X nie-
derederi and a comparison with other Solidago species growing in close
sympatry with the hybrid. To determine the parental species of hybrid
S. X niederederi, the comprehensive HPLC analysis of phenolic compounds
of all goldenrod species collected: S. gigantea, S. virgaurea, S. canadensis,
and S. x niederederi was performed. Those mentioned above, five key marker
phenolic compounds in the leaves and inflorescences of the four plants were
evaluated quantitively, and chemometric tools were applied to obtain data for
parental species of S. X niederederi determination. The phytochemical pattern
of phenolic compounds provided evidence of hybrid S. X niederederi origin
between native S. virgaurea and invasive S. canadensis. Solidago x niedere-
deri is not a completely stabilized taxon in mixed Solidago populations
leading to the continuous creation of new genotypes and evolutionary
novelty. The intermediate chemical composition between spontaneous
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S. virgaurea and invasive S. gigantea was not detected. Phytochemical profi-
ling of S. X niederederi is a study that will serve for the further evaluation of
the expression and inheritance of phenolic compounds in the second and
subsequent hybrid generations. This study also shall contribute to future
research on the dynamics of secondary metabolite expression during the
hybridization process. Solidago is a suitable model genus to study the process
of plant invasion, and the present study contributes to further investigations
of genetic diversity and the role of secondary metabolite expression in
invasive potential during hybridization.

A wide range of secondary metabolites has been detected in Solidago
spp. raw materials, the most valuable of which are not only the afore-
mentioned phenolic compounds but also essential oils [16, 80, 81]. Essential
oils provide a wide range of biological activity and are considered functional
ingredients in cosmetics and pharmaceuticals [82]. On the other hand, EOs
expose the potential to be a green alternative for pesticides and herbicides or
fungicides [43, 82—-86]. Furthermore, the antitumor effects of the EOs of S.
canadensis have been reported [14, 43, 86].

The study of consistent patterns of essential oil terpenes in plant organs
of Solidago L. species was designed to identify the profiles of volatile
constituents and the distribution of their distinctive agents in native and alien
Solidago spp., together with assessing intraspecific and interspecific diversity
of terpenes, as well as confirming the origin of the native hybrid S. x niede-
rederi on the basis of a multivariate comparative analysis of EOs.

The close relationships between goldenrods are morphologically and
phylogenetically reflected in the similarity of their phytochemical profiles
[30, 87]. A comprehensive metabolomics approach indicated that the volati-
les commonly found in various plant species have a high potential to accu-
mulate in Solidago spp. EOs as well. On the other hand, there were
compounds such as thymol and carvacrol, which were sporadically found in
high levels in only a few accessions of S. x niederederi and S. canadensis.
Thymol and carvacrol possess a broad spectrum of biological activity [88-
91], giving plant material a high potential. More often, the lower proportion
of monoterpenes compared to sesquiterpenes accounted for a higher propor-
tion in Solidago spp. EOs. Oxygenated monoterpenes are the main phytotoxic
active compounds in different species, which are highlighted as predictors of
bioherbicides [91].

Consequently, S. canadensis and S. x niederederi, whose EOs differed
from other species in oxygenated monoterpenes, suggested the potential of
their raw materials for herbicidal activity. Meanwhile, terpene hydrocarbons
were low phytotoxic compounds [88, 92]. On the other hand, recent findings
reported that (E)-nerolidol and spathulenol, species-specific sesquiterpenoids
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in S. gigantean EOs, indicated effective allelopathic and insecticidal
activities [93-95]. The potential biological activity of EOs is associated with
the presence of high-oxygenated compounds, as confirmed by a systematic
review of phytotoxicity studies [96]. Consequently, EOs of S. canadensis and
S. X niederederi have great potential in developing new bioproducts. Phyto-
chemical profiling of plant raw materials provides essential information about
the potential of these plants in developing new bioproducts.

As stated earlier, alien Solidago gigantea L. and Solidago canadensis
Aiton originating from North America are highly distributed in Europe
together with a natural hybrid Solidago x niederederi Khek between S. vir-
gaurea and S. canadensis [30, 72, 97, 98], yet in Europe, the most commonly
used and the most studied species is native Solidago virgaurea L. (European
Medicines Agency, 2008). The qualitative and quantitative composition of
phenolic compounds of goldenrods varies significantly and strongly depends
on the species, plant part, ontogenetic development, and environmental
conditions [5, 16, 53, 54, 99-101]. The phenolic profiles may differ because
the latter elucidates the compounds with expressed activity, and their markers
do not always correspond to the antioxidant activity markers [102]. Applying
combined detection systems is important for detecting minor components in
the phytochemical profile, which could possess strong antioxidant activity.
HPLC post-column assays are widely used for the coupled determination of
phytochemical and antioxidant profiles [102—106].

The study of interspecific antioxidant profiling of fast-acting radical
scavengers in Solidago L. species was designed to identify and quantify
antioxidant profile determination in leaves and inflorescences of four wild
Solidago species populations in Lithuania and to estimate the potential
importance of these plant raw materials as a source of antioxidants. As far as
we know, this is the first comprehensive study of S. canadensis, S. gigantea,
S. virgaurea, and S. Xniederederi individual antioxidant profiles.

Quercetin and kaempferol derivatives are predominant compounds in
phenolic profiles used to determine and standardize the quality of goldenrod
extracts [15, 107, 108]. Due to their structure peculiarities, quercetin deriva-
tives are regarded as potent antioxidants [109-111]. S. gigantea was distin-
guished from other Solidago spp. by the antioxidant activity of quercetin
pentoside, quercitrin, and hyperoside. Rutin being radical scavenging
flavonol, is the main antioxidant compound in the other three Solidago spp.
The findings correspond to previous reports which declared rutin as the main
flavonol in extracts of S. virgaurea and S. canadensis and absent in S. gigan-
tean [5, 51, 54, 112]. According to our results, hyperoside was responsible
for up to 11% of the total antioxidant activity in S. gigantean leaves, while in
other species, its impact was less than 2%. Based on our results, hyperoside
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could be considered a marker of radical scavenging activity for S. gigantea.
On the contrary, Wozniak et al. (2018) reported that hyperoside was not
detected in the root and above-ground samples of S. canadensis and
S. gigantea [112].

Using UPLC-MS, three kaempferol derivatives (kaempferol deoxyhe-
xose hexoside, kaempferol 3-O-arabinoside, and kaempferol 3-O-rhamno-
side) were identified in the leaves and inflorescences of Solidago spp.;
however, their antioxidant activities were not significant. Cinnamic acids
(caffeoylquinic, coumaroylquinic, and feruloylquinic) and quinic acid esters
are common in Asteraceae plants with various accumulation patterns [113].
Caffeoylquinic acids are considered potential antioxidants with neuropro-
tective and cardioprotective functions and anti-inflammatory effects and are
potentially helpful in treating metabolic disorders [50, 114, 115]. The present
study revealed that 3,5- and 3,4- dicaffeoylquinic acids had higher Trolox
equivalent antioxidant values compared to monocafeoylquinic acids. The
results are in agreement with Li et al. (2018) and Xu et al. (2012) data which
declared that substitution with two caffeoyl groups significantly increased the
antioxidant activity of corresponding compounds [116, 117].

Generally, the main goals of this part of the research were to analyze the
origin of the hybrid identified for the first time in Lithuania, to check the
prospect of different species of Solidago for consumption, to select suitable
methods for the evaluation of active compounds, and to identify possible
markers for ensuring the quality of plant raw materials. The whole research
was carried out with leaves and inflorescences of four species of goldenrod
(S. gigantea, S. virgaurea, S. canadensis, and S. X niederederi) collected in
different regions of Lithuania. Extraction conditions were selected, the ESC
method was modified for qualitative and quantitative evaluation of phenolic
compounds, and conditions were adapted for ESC post-column methods
(ABTS and DPPH) to evaluate active compounds’ antioxidant activity. The
detailed qualitative analysis of phenolic compounds was performed using the
UPLC-QTOF-MS method, during which 23 compounds were identified. By
applying the GC-MS method, the composition of essential oils was deter-
mined, and their percentage ratio was compared among different parts of
different species of goldenrod.

After conducting qualitative, quantitative, and antioxidant activity tests
of phenolic compounds and essential oils, it was discovered that S. gigantea
differs from other Solidago species in the composition of its active com-
pounds and their quantitative results. S. gigantea is richer in its composition
of active compounds, and its quantitative and antioxidant activity results are
superior to other plants of the species investigated. Statistical tests revealed
that S. virgaurea and S. canadensis are closely related to S. X niederederi,
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leading to the conclusion that the hybrid is derived from these goldenrod
species, as they have the greatest similarities in both qualitative and quanti-
tative results. This conclusion was confirmed by the two applied methods
(ESC and DC), during which the statistical data confirmed the origin of
S. % niederederi. ESC and ESC post-colony methods were validated, thus
confirming their suitability and efficiency for researching plants belonging to
the goldenrod genus.

The plants of the genus Solidago growing in Lithuania have insignificant
interspecific differences in biochemical phenotypes. As a tool to ensure the
quality of the goldenrod raw material, specific markers were identified, and
their antioxidant activity was evaluated. According to the results of this study,
the plant material of the genus Solidago growing in Lithuania is homoge-
neous and can be considered a potential medicinal plant material, which has
not been widely used until now, despite its abundant and constantly renewing
natural sources.
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CONCLUSIONS

The HPLC method was developed and validated to identify the five
predominant phenolic compounds (chlorogenic acid, rutin, hyperoside,
isoquercitrin, quercitrin). Qualitative and quantitative analyses showed
that the two species do not show significant interspecific differences.
The study modified the post-column HPLC-ABTS and HPLC-DPPH
methods to accurately and efficiently assess the antioxidant activity of
phenolic compounds accumulated by Solidago genus plants. The
optimum conditions for the post-column reaction (the most suitable loop
temperature is 50 °C (for both methods); for the ABTS method, the loop
length is 3 m and for the DPPH method, 20 m) were determined to ensure
a strong signal response.

Qualitative and quantitative HPLC analyses of four species of golden-
rods (S. virgaurea, S. canadensis, S. % niederederi and S. gigantea)
showed that the hybrid S. X niederederi (found in Lithuania for the first
time) is the closest species to S. virgaurea and S. canadensis and there-
fore, S. % niederederi can be considered a hybrid of these two species.
A comparative study of volatile compound profiles (GC-MS) on four
species of goldenrod (S. virgaurea, S. canadensis, S. x niederederi and
S. gigantea) confirmed that S. X niederederi is an interspecies taxon
between S. canadensis and S. virgaurea, with a higher metabolic contri-
bution from S. canadensis. The hybrid S. x niederederi was found to
have the highest diversity of essential oils.

A detailed determination of the phenolic compounds of the different
plant materials from the different species of goldenrod was carried out
by UPLC-MS. Leaf and inflorescence samples were analysed and 23
phenolic compounds were identified, 14 of which showed antioxidant
activity as assessed by HPLC-ABTS. The identified markers are relevant
for the quality assurance of the raw plant material and the evaluation of
inter-species differences.
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SANTRAUKA

Ivadas

Analitiniai mokslai taikomi siekiant nustatyti ir jvertinti augaluose ir jy
dalyse kaupiamas veikligsias medziagas, kurios ir suteikia augalui specifinj
poveiki zmogaus gyvybinéms funkcijoms [1]. Testiniai etnofarmakologiniai
tyrimai ne tik moksliSkai pagrindzia augalinés kilmés veikliyjy medziagy
efektus poveikj, bet atskleidzia jy fitoterapinj potencialg. Visgi net ir su Siais
liniams neapibréztumams [2—4]. Mokslinés literatiros duomenimis, apytiks-
liai 70-95 proc. i8sivys€iusiy pasaulio Saliy taiko gydyma augalinémis vaisti-
némis medziagomis. Susidom¢jimas sveika gyvensena, sveika mityba, funk-
ciniu maistu, natiiraliais maisto bei terapiniais produktais iSsivysciusiose
Salyse nuolatos auga [5—7]. Manoma, kad nattralts vaistiniai augaliniai prie-
paratai ar vaistiniy augaly miSiniai galéty tapti alternatyva daugeliui sintetiniy
vaistiniy preparaty [8]. Tokia ateities vizija yra paskata mokslininkams
ieskoti naujy augaly, kuriy kaupiami bioaktyviis junginiai pasizyméty gydo-
mosiomis ir teigiamai zmogaus gyvybines funkcijas veikianc¢iomis savy-
bémis.

Kaip ir prie§ kelis deSimtmecius, taip ir Siandien, vaistiniy augaly bio-
logiskai aktyviy komponenty tyrimai iSlieka aktualiis dél jy empirinio terapi-
nio efektyvumo bei neiS§senkamy resursy. Pasaulyje medicininiais tikslais jau
naudojama per 35 000 augaly, taciau j augalinés kilmés biologiSkai aktyvias
medziagas atsigreziama vis i§ naujo, ieSkant naujy gydymo priemoniy ir
gydymo algoritmy medicinos praktikoje, siekiant taikyti iSpléstine terapijg ir
iSvengti sintetinés kilmés gydomiesiems preparatams biudingy trikumy ir
apribojimy bei norint sumazinti nebiitinyjy intervencijy skaiciy [9]. Vaistiniy
augaly panaudojimo isStikiai, su kuriais susiduria tiek sveikatos apsaugos
politika bei specialistai, tiek pacientai jvairiuose pasaulio regionuose, yra jy
saugumas, efektyvumas, kokybé¢, prieinamumas, laikymas bei vartojimo
reguliavimas [10].

Siekiant pagerinti pasaulinius sveikatingumo rodiklius, vaistiniai augali-
niai preparatai turéty biti tikslingai pasitelkiami formuojant prevencinius
létiniy ir degeneraciniy ligy mechanizmus [11]. Augaliniy preparaty efekty-
vumg ir saugumg lemia jy kokybé. Atitinkama augaliniy vaistiniy zaliavy
kokybés kontrolé, paruosimo procesas kartu su kitais veiksniais, lemianciais
galutinio produkto kokybe, yra esminiai saugumo uZztikrinimui, ta¢iau, svarbu
paminéti, kad augaliniy vaistiniy zaliavy kokybés rodikliai gali kisti del
ivairiy vidiniy ir iSoriniy veiksniy [10].
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Sukauptos mokslinés zinios kelia vis daugiau naujy klausimy ir skatina
atlikti iSsamesnius augaly cheminés sudéties kokybinius ir kiekybinius tyri-
mus bei tyrinéti naujus augaliniy vaistiniy preparaty Saltinius su tikslinémis
pageidaujamomis savybeémis.

Rykstenés (Solidago L., Asteraceae) genties augalai jvairiuose Europos
regionuose priskiriami tradiciniams augaliniams vaistiniams preparatams, o
ju cheminé sudétis pasaulyje jau kelis deSimtmecius tyrin¢jama jvairiy
moksliniy grupiy. Gauti duomenys yra naudojami siekiant praplésti rykStenés
augaliniy zaliavy panaudojimo galimybes medicinoje [12—14].

Tradicinéje medicinoje ryksStené yra naudojama dél savo antimikrobiniy,
diuretiniy, zaizdy gijima skatinan¢iy bei uzdegima slopinanciy savybiy. IS
rykSteniy iSgauti fenoliniai junginiai gali biiti pritaikyti jvairiy sisteminiy
urologiniy, onkologiniy ar infekciniy sutrikimy gydymui bei prevencijai [14,
16-19]. Min¢tas savybes lemia kompleksinis fitocheminis profilis, kuriame
dominuoja fenoliniai junginiai — flavonoidai, antocianinai ir fenolinés rugs-
tys. Rykstené¢je nustatyti didziausi kiekiai chlorogeno riigsties, kvercetino,
rutino bei hiperozido, kurie pasizymi stipriu antioksidantiniu poveikiu, todél
mokslingje literatiiroje rykStenés genties augalai priskiriami vertingiems
antioksidantinio poveikio junginiy Saltiniams [14, 16, 17]. Ryksteniy terpeny
profilj sudaro oleanano tipo triterpeniniai junginiai, diterpenoidy laktonai ir
eteriniai aliejai. Kanadinés rykStenés lapy eteriniame aliejuje nustatyta
germakreno D, bornil acetato ir D-limoneno [20].

Rykstenés genties augaly cheminés sudéties kokybiniam ir kiekybiniam
jvertinimui naudojami Siuolaikiniai chromatografinai metodai — efektyvioji
skys¢iy chromatografija (ESC — angl. HPLC), dujy chromatografija (DC —
angl. GC), efektyvioji skys€iy chromatografija-masiy spektrometrija
(ESC-MS — angl. HPLC-MS), dujy chromatografija-masiy spektrometrija
(DC-MS — angl. GC-MS) [14, 21, 22]. Siekiant jvertinti chemines charakte-
ristikas ir jy priimtinuma, kuriami analitiniai metodai [23].

Solidago genti sudaro apie 330 rusiy ir vidurGSiniy taksony [24]. Kai
kurios $iy ruSiy pasaulyje yra naudojamos kaip vaistiniai augalai. Solidago
virgaurea yra kilusi 1§ Eurazijos, tuo tarpu Solidago canadensis ir Solidago
gigantea — i3 Siaurés Amerikos. Solidago L. genties augalai Lietuvoje bei
likusioje Europoje priskiriami invaziniy (arba svetimzemiy) augaly grupei [8,
13, 14, 24]. Invaziniy augaly populiacijos did¢jimas yra svarbi problema
vietinei augmenijai, kadangi uzimami papildomi augimo plotai, pakei¢iama
dirvoZemio struktiira, todé¢l skursta ir nyksta vietiné augmenija. Svetimzemiy
augaly tyrimai padeda sukurti priemones jy populiacijos dinamikai kontro-
liuoti: iSsamesni tyrimai, tokie, kaip cheminés sudéties analize, suteikia gali-
mybe jvertinti §iy augaly prisitaikymo galimybes nevietinéje ir kintancioje
aplinkoje, o iSsamis hibridiniy augaly cheminés sudéties tyrimai leidzia
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suprasti genotipinj plastiSkuma ir jvertinti kaip kinta augalo fitocheminés
savybés jiems prisitaikant prie vietinés gamtos salygy [12, 13, 25, 26].
Remiantis literattiroje aprasSyty moksliniy tyrimy rezultatais, invaziniy augaly
naikinimo programos galéty buti pakeiiamos vertingy augaliniy Zaliavy
surinkimo programomis ir tvariu panaudojimu.

Rykstenés, augancios Lietuvos ir kituose regionuose, yra mazai tyri-
nétos, dél to, jvertinant jy cheming kompozicija, itin svarbu nustatyti Lietuvos
klimato saglygomis auganciy rykstenés genties augaly cheminio heterogenis-
kumo masta, galimus chemotipus, kiekybiniy profiliy variabiluma. Atlieka-
ma daugiau ir i§samesniy tyrimy, skirty jvertinti tiek kompleksine, tiek pa-
vieniy junginiy antioksidanting galig rykstenés genties augaluose. Tokiems
tyrimams atlikti reikalingos kiek jmanoma tikslesnés pokolon¢linés metodi-
kos, kurios leisty preciziSkai iSnagrinéti tiek kokybine, tiek kiekybing augalo
kompozicija [16, 17, 21, 27-29]. Derinant fizikocheminius ir statistinius
analitinius metodus, galima jvertinti ne tik augaliniy zaliavy bioaktyvuma,
bet ir homogeniskumg bei sauguma — tai yra atspirties taSkas tolimesniam
augaliniy preparaty vystymui.

Pagrindiniai atlikto mokslinio darbo tyrimy etapai yra (1) S. virgaurea,
S. canadensis, S. gigantea, S. % niederederi, natiiraliai auganc¢iy Lietuvoje,
lapy ir ziedyny fenoliniy junginiy, antioksidanty ir eteriniy aliejy terpeny
profiliy iStyrimas; (2) chemofenetiniy kitimy bei rySio tarp augalo genotipo
ir kaupiamy cheminiy junginiy pasiskirstymo désningumy jvertinimas, pasi-
telkiant chemometring analize.

Identifikuojant augaly riiSis ir nustatant jy kilme, fenoliniai junginiai gali
atlikti fitocheminiy zymeny funkcija. Siekiant tiksliai kokybiSkai jvertinti
augalines zaliavas bei galimas jy panaudojimo sritis, biitina suprasti augaly
fitocheminés sudéties jvairavimo tendencijas ir sistemiskai iSanalizuoti
gautus duomenis, padésiancius jvertinti $iy augaliniy zaliavy perspektyvas
maisto ir farmacijos pramongéje.

Darbo tikslas — iSvystyti ir validuoti analitines matodikas, skirtas jver-
tinti vietiniy, invaziniy ir hibridiniy Solidago L. augaliniy zaliavy fitoche-
minés sudéties jvairavimus, antioksidantinj aktyvumg ir Zzymeny pasiskirsty-
mo modelius.

Darbo uZdaviniai:

1. I8vystyti ir validuoti ESC-PDA metoda, skirta kiekybiniam ir koky-
biniam skirtingy ryksStenés rasiy fenoliniy junginiy kompozicijy
Ivairumy jvertinimui.

2. ISvystyti ir validuoti ESC pokolonéling metodika, skirtg antioksi-
dantiniu aktyvumu pasiZymintiems junginiams nustatyti ir jvertinti
rykstenés augalingje Zaliavoje.
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3. Nustatyti chemofenetines hibridinés Solidago riisies savybes, reika-
lingas Sios rusies tiksliam identifikavimui.

4. lvertinti Solidago riisiy, auganciy misriose Lietuvos populiacijose,
lakiyjy junginiy profilius.

5. Pritaikyti UESC-MS ir ESC pokolonélinius metodus, kiekybiskai
ir kokybiSkai jvertinti laukinése Lietuvos populiacijose auganciy
Solidago rusiy lapy ir ziedyny antioksidantinius profilius.

Praktiné ir teoriné reikSmé

Atlikto mokslinio tyrimo metu sukurtos ir validuotos ESC ir ESC poko-
lonélinés metodikos, svarbios fitocheminiy junginiy kokybiniams ir kieky-
biniams tyrimams. Atliktas metodiky validavimas ir jvertintas jy patikimu-
mas uztikring $iy metodiky rezultaty tiksluma, efektyvuma ir atkartojamuma.
Pasirinkus optimalius antioksidantinio aktyvumo vertinimo metody veiks-
nius — reakcijos kilpos ilgj, temperatiira, reagento koncentracijg ir srauto
greit] uztikrinamas tikslus junginiy atskyrimas ir kiekybinis jvertinimas.
Tyrimo metu taip pat pritaikytas DC-MS metodas Solidago L. genties augaly
eteriniy aliejy komponenty jvertinimui bei taikytas UESC-MS metodas
iSsamiam $iy augaly fenoliniy junginiy nustatymui.

Atlikti Solidago L. genties fenoliniy junginiy ir eteriniy komponenty
tyrimai yra biitini, norint uztikrinti tikslingg augalinés zaliavos rinkimg ir jos
farmakognosting vert¢. Fenoliniy junginiy antioksidantinis aktyvumas lemia
augalinés zaliavos kokybe ir praktine reikSme fitoterapijoje. Kiekybinis feno-
liniy junginiy ir eteriniy komponenty jvertinimas skirtingose augalo dalyse
parodo jy kaupimosi désningumus ir nulemia augalinés zaliavos ruoSimo
metodika. SvetimZemiy rykSteniy tyrimai prisideda prie naujy augaliniy
zaliavy paieskos, plecia jy tausaus ir optimalaus naudojimo galimybes, regu-
liuoja invaziniy augaly populiacijg, didina moksliniy tyrimy pritaikymo
praktikoje galimybes. Augalinés Zaliavos cheminés sudéties ir morfologiniy
savybiy priklausomybés jvertinimas gali biiti naudingas zaliavy atrankai ir
kokybés standartizavimui. Augaly cheminés sudéties nustatymas svarbus ne
tik vertinant rykstenes kaip vaisting augaling Zaliava, bet ir atliekant ryksteniy
chemofenetinius tyrimus ir nagrin¢jant sudétinga Siy rasiy taksonomija.

Ryksteniy biologiskai aktyviy junginiy rinkinio jvertinimas pasitelkiant
skirtingus ESC pokoloné¢linius metodus parodé¢, kad Sios augalinés zaliavos
ekstraktai pasizymi greitos poveikio reakcijos antioksidantiniu potencialu.
Greta farmakopéjoje reglamentuojamy flavonoidy, tyrimo metu buvo nusta-
tytas kafeoilchino rugsciy, pasizyminciy antioksidantiniu aktyvumu, profilis,
kuris gali biiti vertinamas kaip kokybés rodiklis. Antioksidantinio aktyvumo
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zymeny nustatymas gali padéti uztikrinti augaliniy medZziagy, naudojamy
sveikatinimo ir kitose pramongs Sakose, veiksminguma.

Atlikti tyrimai ne tik suteikia naujy Ziniy apie rykSteniy antioksidantines
savybes, bet ir praplecia antioksidantinémis savybémis pasizyminciy augali-
niy zaliavy Saltinius ir jy panaudojimo perspektyvas.

Mokslinis naujumas

Miisy ziniomis, toks i§samus daugialypis cheminiais duomenimis pagrijs-
tas vietiniy, invaziniy ir hibridiniy ryksteniy fitocheminés jvairovés interspe-
cifinés ir intraspecifinés jvairovés vertinimas yra atliktas pirma kartg. Tyrimo
metu jgytos naujos mokslinés zinios yra pamatas siekiant sukurti funkcinius
produktus ir fitopreparatus su ryksteniy augaline Zaliava.

Atlikto mokslinio tyrimo metu buvo parinkta ir validuota ESC metodika,
skirta Solidago L. genties augalinés zaliavos kokybinei ir kiekybinei sudéciai
analizuoti. Atliekant §j tyrima, pirma kartg jvertinta reakcijos kilpai taikomo
temperatiirinio rezimo jtaka ESC pokolon¢linei reakcijai. Lietuvoje natiiraliai
augancios rykstenés genties atstovai — S. canadensis, S. gigantea ir S. virgau-
rea iki $iol nebuvo tyrinéti. Nebuvo duomeny apie svetimzemiy ryksteniy
populiacijy fitocheming jvairove Lietuvoje bei augalinés Zaliavos panaudo-
jimo galimybes. Moksliniame darbe jvertinta jvairiy veiksniy jtaka Solidago
L. genties augaly lapy ir ziedy antioksidantinéms savybéms. Atlikti Lietuvos
klimatinémis salygomis nattiraliai auganciy Solidago L. riisiy fenoliniy jungi-
niy ir antioksidantinémis savybémis pasizyminciy veikliyjy junginiy kokybi-
niai ir kiekybiniai tyrimai. Tyrimo metu pirmg karta nustatyti pagrindiniai
S. virgaurea antioksidantinj poveikj lemiantys fitokomponentai ir Zymenys.

Autoriaus indélis

Autoriaus, Mindaugo Marksos, indélis pateikiamas pagal susijusias su
disertacija publikacijas. Publikacijos A1-AS pateiktos skyriuje List of scien-
tific papers.

A1: Ekstrakcijos salygy parinkimas, ESC metodo vystymas ir validacija,
meéginiy paruoSimas, kokybinis ir kiekybinis jvertinimas, bendras
rankra$¢io raSymas ir pateikimas.

A2: ESC pokolon¢linés metodikos vystymas ir validacija, méginiy pa-
ruoSimas, kokybinis ir kiekybinis jvertinimas, bendras rankrascio
raSymas ir pateikimas.

A3: Méginiy paruoSimas, kokybinis ir kiekybinis jvertinimas, bendras
rankra$¢io raSymas ir pateikimas.
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A4: Metodo vystymas ir validacija, méginiy paruoSimas, kokybinis ir
kiekybinis jvertinimas ir duomeny palyginimas.

AS5: Méginiy paruosimas ir analizé ESC pokolon¢liniy metodu, duomeny
analiz¢ ir apdorojimas.

Metodai

Augaliné S. canadensis, S. gigantea, S. virgaurea ir S. X niederederi
Khek Zzaliava buvo surinkta i§ nattraliy rykSteniy augavieciy Lietuvoje.
Augalai identifikuoti remiantis jy morfologija. Atskirtos ir 25 °C tempera-
turoje i8dziovintos tyrimams naudojamos augaly dalys, kurios véliau susmul-
kintos iki homogenisky milteliy.

Ekstrakcija vykdyta metanolio ir vandens tirpalu (70:30 v/v): 0,1 g
augalinés zaliavos uzpilta 10 ml ekstrakcijos tirpalo ir 50 min. patalpinta |
ultragarsing vonele (Witeg Labortechnik GmbH, WUC-AO6H, Vokietija)
25 °C esant temperatiirai.

Tyrimams reikalingi eteriniai aliejai iSskirti 30 g augalinés zaliavos
hidrodistiliuojant 3 val. Clevenger tipo aparatu. Analitiniai méginiai paruosti
1,0 pl eterinio aliejaus uzpilant 1,0 ml n-heksano.

ESC-PDA salygos: analiz¢ atlikta A Waters Alliance 2695 (Waters
Milford, JAV) su Waters 996 PDA diody matricos detektoriumi. Mobili
fazé — 0.05% trifluoracto riigsties vandeninis tirpalas, 100% acetonitrilas.
Junginiy iSskirstymui buvo pritaikytas gradientinis eliuavimas. Tékmes
greitis — 1 ml/min., injekcijos tiris — 10 pl, kolonéles temperatiira — 25 °C.
Veikliyjy junginiy smailés identifikuotos 210-550 nm Sviesos bangos ilgio
intervale, lyginant jy spektrinius duomenis ir sulaikymo laikus su standarty
spektriniais duomenimis ir sulaikymo laikais. Nustatyty junginiy kiekybinis
jvertinimas atliktas iSorinio standarto metodu.

Atlikta metodo validacija. Ivertinti validacijos parametrai: specifiSku-
mas, tiesiSkumas, preciziSkumas, atsikartojamumas, aptikimo riba, nustaty-
mo riba.

ESC-PDA-ABTS/DPPH salygos: analiz¢ atlikta Waters Alliance 2695
(Waters Milford, JAV) su Waters 996 PDA diody matricos detektoriumi,
ESC pokolon¢linei analizei naudotas Waters 2487 UV/VIS detektorius
(Waters Corporation). Junginiy iSskirstymas atliktas su YMC-Pack ODS-A
kolon¢le. Mobili fazé — 0,05 proc. trifluoracto riigSties vandeninis tirpalas ir
100 proc. acetonitrilas. Junginiy i$skirstymui buvo pritaikytas gradientinis
eliuavimas. Tékmes greitis — DPPH 1 ml/min., ABTS 0,5 ml/min., injekcijos
turis — 10 pl, koloné¢lés temperattira — 25 °C.
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Chromatografinés smailés identifikuotos lyginant anali¢iy sulaikymo
laikus ir spektrinius duomenis su atitinkamy standartiniy junginiy spektriniais
duomenimis (Sviesos bangos ilgio intervalas 210-400 nm) ir sulaikymo
laikais. Fenolinés riigstys ir flavonoidai nustatyti esant 324 ir 355 nm Sviesos
bangos ilgiams. ESC-PDA ir ESC pokolonéliniy metody validacijos para-
metrai: specifiSkumas, tiesiSkumas, preciziSkumas, atsikartojamumas, aptiki-
mo riba, nustatymo riba.

DC-MS salygos: kiekybin¢ eteriniy aliejy analize atlikta su DCMS-QP
2010 Ultra su Shimazu autoinjektoriumi AOC-5000 (Shimadzu, Europa
GmbH). Kapiliariné kolon¢lé RXi-5MS (30 m x 0,25 mm i.d. X 0,25 pmv.d.)
(Restek, Bellefonte, PA, JAV). Masiy spektrometro jonizacijos jtampa —
70 eV, skenavimo greitis 2500 m/z, masiy spektro intervalas — 29-500 m/z,
skenavimo laikas — 0,2 s.

Eteriniy aliejy komponentai buvo identifikuoti naudojant masiy spektry
junginiy bibliotekas NIST 14, FFNSC, WR10, WR10R, ir nustatant junginiy
Kovats’o indeksus. Junginiy kiekis jvertintas procentiskai, lyginant identifi-
kuoty junginiy smailiy plota su nustatytu bendru visy junginiy smailiy plotu.

ESC-PDA-ABTS and ESC pokolon¢linés analizés salygos: analizé
atlikta Waters Alliance 2695 (Waters Milford, JAV) su Waters 996 PDA
diody matricos detektoriumi, ESC pokolonélinei analizei naudotas Waters
2487 UV/VIS detektorius (Waters Corporation). Junginiy iSskirstymas atlik-
tas su YMC-Pack ODS-A kolon¢le. Mobili fazé — 0,05 proc. trifluoracto
rigsties vandeninis tirpalas ir 100 proc. acetonitrilas. Teékmes greitis —
I ml/min., injekcijos tiris — 10 pl, kolonéles temperatiira — 25 °C. Po PDA
analizés mobili faz¢ kartu su méginiu patenka  reakcijos kilpa, kurioje yra
maiSoma su ABTS darbiniu tirpalu, veiklieji junginiai nustatomi prie 650 nm
Sviesos bangos ilgio.

UESC-QTOF-MS salygos: analiz¢ atlikta Waters Aquity UPLC sistema
su PDA detektoriumi (Waters, Milford, Mass., JAV), junginiai analizuoti
MAXIS 4G QTOF masiy spektrometru (BRUKER DALTONIK GmbH,
Bremen, Vokietija) su ESI jonizacijos Saltiniu. Chromatografine kolonéle —
Waters Aquity HSS T3. Gradientiniam eliuavimui naudota 2 proc. acto rags-
tis ir acetonitrilas.

Duomeny statistiné¢ analizé atlikta su SPSS 17 (SPSS Inc., JAV),
STATISTICA 10.0 (StatSoft Inc.), Microsoft Office Excel 2010 (Microsoft,
JAV). Naudoti metodai — ANOVA, Stjudento ¢-testas, post-hoc Scheffe’o
testas, hierarchin¢ klasteriy analiz¢, principiniy komponenciy analizé.
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Diskusija ir rezultaty apzvalga

Pirmajame atlikto mokslinio tyrimo etape buvo pritaikyta ir validuota
ESC metodika, kurios pagalba kiekybiSkai ir kokybiskai jvertinti Lietuvoje
paplitusiy svetimzemiy S. canadensis ir S. gigantea kaupiami fenoliniai
junginiai, nustatyti jy intraspecifiniai ir interspecifiniai cheminés jvairoves
désningumai. S. canadensis ir S. gigantea lapuose ir ziedynuose nustatyti
penki fenoliniai junginiai: chlorogeno rtigstis, rutinas, izokvercitrinas, hiper-
ozidas ir kvercitrinas. Remiantis #-testo rezultatais, S. gigantea lapuose ir
ziedynuose visy S$iy junginiy, iSskyrus ruting, reikSmés yra didesnés nei
S. canadensis. Lyginant junginiy kiekius skirtingose S. canadensis augaly
dalyse, pastebétas skirtumas tarp chlorogeno riigsties ir kvercitrino — lapuose
jubuvo Zymiai daugiau nei ziedynuose. S. gigantea atveju, chlorogeno riigsties
ir kvercitrino kiekiai buvo reikSmingai didesni lapuose, o izokvercitrino,
rutino ir hiperozido — ziedynuose.

Hierarchiné klasterin¢ analizé (HKA — angl. HCA) buvo atlikta atskirai
lapams ir ziedynams, pasitelkiant vidutinius fenoliniy junginiy kiekius kaip
klasterizacijos kintamuosius. HKA atskleid¢ reikSmingus junginiy kiekiy
skirtumus tarp augaly daliy grupiy. S. canadensis suskirstyta | keturias grupes
pagal lapy méginiy fitocheminiy tyrimy rezultatus ir j keturias grupes — pagal
ziedyny meginiy; S. gigantea méginiai suskirstyti i 3 lapy grupes ir 4 ziedyny
grupes. ReikSmingi fenoliniy junginiy skirtumai tarp klasteriy buvo nustatyti
naudojant ANOVA (angl. Analysis of Variance). S. canadensis reikSmingiau-
si skirtumai nustatyti tarp lapy klasteriy vertinant rutino, chlorogeno rugsties
ir hiperozido kiekius, o tarp Ziedyny klasteriy — vertinant rutino ir hiperozido
kiekius. Vertinant S. gigantea tyrimy rezultatus, nustatyti reikSmingi chloro-
geno riigsties, rutino, hiperozido ir kvercitrino skirtumai tarp abiejy augaly
daliy grupiy klasteriy. Didziausi reikSmingi skirtumai tarp lapy klasteriy
nustatyti chlorogeno riigsciai ir hiperozidui, o tarp ziedy klasteriy — rutinui ir
kvercitrinui. Pagrindiniy komponenciy analizé (PKA — angl. PCA4) buvo
pritaikyta cheminiy junginiy rySiams tirti, taip pat siekiant nustatyti pirminius
prognozuojanc¢ius veiksnius tarp tiriamyjy méginiy. Pirmyjy dviejy S.
canadensis komponenciy analiziy rezultatai paaiskino atitinkamai 69,1 ir
70,1 proc. bendros lapy ir ziedyny cheminiy duomeny dispersijos, o pirmyjy
dviejy S. gigantea komponenciy analiziy rezultatai paaiskino atitinkamai
77,0 ir 72,4 proc. bendros lapy ir ziedyny duomeny rinkinio dispersijos. HKA
ir PKA rezultatai parodé¢ panasia tendencija. Grafinés vizualizacijos naudo-
jant PKA atskleid¢ gana paprastg vertinamy rusiy cheminés strukttiros vaizda
(rezultatai pateikiami 3 ir 4 paveiksluose publikacijoje Al).

Sio tyrimo rezultatai atskleidé dviejy invaziniy ryksteniy — S. canadensis
ir S. gigantea — fenoliniy junginiy sudéties skirtumus. S. gigantea nustatyta
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zymiai daugiau visy, iSskyrus ruting, analizuoty junginiy, nei S. canadensis,
tuo tarpu rutino kiekis S. canadensis buvo reikSmingai didesnis. Jungtiné
daugiamate statistiniy duomeny ir cheminé analizé pateiké gana paprasta
struktiiriniy panaSumy ir skirtumy tarp laukiniy S. canadensis ir S. gigantea
populiacijy atvaizdavimg ir interpretavima.

Dvi paplitusios ryksteniy riiSys — S. canadensis it S. gigantea —nepasizy-
meéjo dideliais tarprii§iniais skirtumais, vertinant jy kaupiamy fenoliniy
junginiy kiekius. Siuo atzvilgiu tyrimai parodé, kad invaziniy ryksteniy
chemin¢ jvairové yra gana siaura, lyginant su $iy rii$iy morfologine jvairove
[20]. Tokie tiriamy augaly morfologinés ir cheminés struktiiros skirtumai gali
biiti interpretuojami darant iSvada, kad morfologinés raiskos lankstumas
(lyginant su prisitaikymu) yra pagrindinis veiksnys, lemiantis s¢kminga
invaziniy rusiy plitimg [21]. Nustatyti antriniai metabolitai padeda apsaugoti
augalus nuo grybeliy, parazity, Zolédziy ir patogeny, UV spinduliy, kurie yra
svarbesni augaly iSlikimui ir dauginimuisi, o ne invaziniam plitimui [58—61].
Kita vertus, siauresné ryksteniy cheminés sudéties jvairové lemia aukstesne
augalinés Zaliavos kokybe ir sauguma [22, 62].

Antrajame atlikto mokslinio tyrimo etape buvo iSvystytos DPPH ir
ABTS pokolon¢linés metodikos, skirtos rykstenés genties augaly antioksi-
dantiniam aktyvumui jvertinti. Svarbiausi veiksniai, lemiantys pokolonélinés
analizés tiksluma, yra pokoloné¢linis tekmés greitis, derivatizacijos reagenty
koncentracija, reakcijos kilpos temperatiira ir kiti jos parametrai [31]. Iki Siol,
vykdant antioksidantinius augaliniy medziagy tyrimus, pasirenkami tempera-
tiriniai rezimai, taikomi pokolonélinei reakcijai, neturé¢jo metodologinio
pagrindimo [32, 33]. Temperatiiros pokyciai gali neigiamai paveikti pokolo-
nélines reakcijas arba paciy antioksidanty stabiluma [34]. Siame tyrime pirma
kartg buvo jvertinta, kaip sistemos temperatiira ir kilpos ilgis keicia triuk§mo
ir aukscio santyki ESC-ABTS ir ESC-DPPH pokoloninio tyrimo metu.
Pradiné sistemos temperattira buvo 25 °C, ji buvo palaipsniui didinama po
10 °C, kol abiem minétiems tyrimams buvo pasiekta 55 °C temperatiira.
Reakcijos kilpos ilgis buvo 3 ir 20 m. Be temperatiiros, kitas svarbus para-
metras, turintis jtakos reakcijos eigai, yra kilpos ilgis ir skersmuo, nes ilges-
nés kilpos lemia ilgesnj reakcijos laikg [35]. Atliekant analizg, nustatytas
poreikis itraukti 50 °C temperatiirinj rezima, nes tiek ABTS, tieck DPPH
atvejais, temperaturai pasiekus 55 °C, fiksuojamas triukSmo ir aukscio santy-
kio maz¢jimas. Visos analizés metu buvo stebimas antioksidantinio atsako
triukSmo ir auks$cio santykis, kuris svyravo nuo 650 iki 890 vienety naudojant
3 m kilpa, ir nuo 460 iki 890 vienety naudojant 20 m kilpa. Tiek ABTS, tiek
DPPH atvejais maziausias triukSmo lygis nustatytas esant 50 °C temperati-
rai, o tai rodo sistemos stabilumg ir duoda tiksliausius Herba Solidaginis
meéginiy antioksidantinio atsako rezultatus. Taigi nustatyta, kad 3 m kilpa
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esant 50 °C temperatiirai yra tinkamiausios sglygos vertinant rykstenés anti-
oksidantinj aktyvuma, naudojant ABTS reagenta. Tuo tarpu naudojant DPPH
reagentg, nustatytos tinkamiausios salygos yra 50 °C temperatiira ir 20 m
kilpos ilgis. Patvirtinus DPPH ir ABTS pokolon¢linius metodus, nustatyta,
kad metodai yra tinkami kiekybiniam junginiy antioksidantiniam aktyvumui
jvertinti.

S. canadensis lapy ir ziedyny metanoliniy ekstrakty vertinimui pritaiky-
tos sukurtos DPPH ir ABTS pokolonélinés metodikos. Siuose ekstraktuose
buvo nustatyta chlorogeno riigstis, rutinas, izokvercitrinas ir du neidentifi-
kuoti fenoliniai junginiai (rezultatai pateikiami 1 paveiksle publikacijoje A2).
Ivertintos TEAC (angl. Trolox equivalent antioxidant capacity) vertés
nustatytiems junginiams taikant DPPH pokolonélinj metoda buvo didesnés,
nei taikant ABTS metoda. Vertinant #-testo rezultatus, nustatytas skirtingas
rykstenés lapy ir ziedyny metanoliniy ekstrakty antioksidantinis aktyvumas,
kai buvo taikomi ABTS ir DPPH pokoloné¢liniai metodai. Panasi antioksidan-
tinio aktyvumo dinamika stebéta visiems junginiams, naudojant ABTS ir
DPPH pokoloné¢linius metodus.

Tre¢iajame atlikto mokslinio tyrimo etape jrodyta fenoliniy junginiy
chemotaksonomin¢ verté, kur remiantis fenoliniy junginiy profiliais, buvo
nustatyta hibridineés S. x niederederi kilme. 18analizavus S. gigantea, S. vir-
gaurea, S. canadensis ir S. % niederederi lapus ir Ziedynus, nustatyti penki
fenoliniai junginiai: rutinas, chlorogeno rugstis, izokvercitrinas, kvercitrinas
ir hiperozidas. Visos analizuotos Solidago rusys kaupia tuos pacius fenolinius
junginius. Vidutinés chlorogeno riigsties vertés ryksteniy lapuose buvo
gerokai didesnés nei jy ziedynuose, o ziedynai kaupé daugiau izokvercitrino.
Rezultatai parodé reikSmingus kiekybinius skirtumus (p < 0,001) tarp tirty
risiy visy fenoliniy junginiy kiekiy lapuose ir ziedynuose. Lyginant su
kitomis tirtomis ra$imis, didziausios visy tirty fenoliniy junginiy vertés,
i8skyrus rutino kiekj lapuose ir Ziedynuose, nustatytos S. gigantea. Didziau-
sias rutino kiekis nustatytas S. x niederederi lapuose ir S. canadensis ziedy-
nuose. S. virgaurea kaupé maziausius fenoliniy junginiy kiekius, iSskyrus
izokvercitring lapuose, lyginant su S. canadensis ir S. X niederederi. S. x nie-
derederi lapuose nustatyta didziausia chlorogeno riig§ties koncentracija,
taciau kity fenoliniy junginiy reikSmes buvo vidutinés.

Siekiant nustatyti visy analizuoty Solidago rusiy panasumus ar skirtu-
mus, buvo atlikta pagrindiniy komponenc¢iy analizé. PKA modeliai parodé
skirtumg tarp keturiy Solidago rusiy cheminiy duomeny rinkiniy (rezultatai
pristatomi 2 ir 3 paveiksluose publikacijoje A3). Didelé S. gigantea méginiy
atskirtis komponenciy modeliuose atskleidé reikSmingesnius fenoliniy
junginiy chemines sudéties skirtumus, nei kitose riiSyse. Tuo tarpu kitos trys
risys sudare atskirg klasterj, atspindint] fenoliniy junginiy kiekybinius
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panasumus. Galima daryti iSvada, kad tarpriisine Solidago cheminé jvairové
yra nulemta genetiskai. Daugumos cheminiy junginiy kokybinio paveldéjimo
modelis atitinka Mendelio dominavimo désnj: jei abu arba vienas i§ téviniy
augaly kaupia cheming medziaga, beveik visada ja kaupia ir hibridai [36].
Galima daryti prielaida, kad uz fenoliniy junginiy sintez¢ atsakingi genai yra
konstituciskai, bet skirtingai iSreiksti analizuojamose rasyse [37]. Yra zino-
ma, kad ploidiSkumo lygis turi reikSmingos jtakos S. gigantea specifinei
metabolity koncentracijos jvairovei [38]. Siame kontekste tetraploidiné
S. gigantea pasizymi didziausiu vidutiniu fenoliniy junginiy kiekiu, kai tuo
tarpu diploidinés Solidago riiSys pasiZzymi santykinai mazesniais jvertinty
fenoliniy junginiy kiekiais.

Atlikus papildoma trijy tirty rasiy PKA, nejskaitant S. gigantea, nusta-
tyta, kad remiantis analizuotais fenoliniais junginiais S. virgaurea ir S. cana-
densis pasizyméjo aiskiais tarprusiniais skirtumais. TarpriiSiniy hibridy bio-
cheminiai fenotipai neretai skiriasi nuo téviniy risiy [39], taciau S. x niede-
rederi lapai ir Ziedynai Siuo atzvilgiu buvo artimi S. virgaurea, todél jie néra
labai aiSkiai apibrézta grupé. S. x niederederi lapy ir ziedyny klasteris buvo
maziau sutelktas ir pasizyméjo didesne chemine jvairove, nes kai kurie mégi-
niai nepateko j téviniy rasiy, S. virgaurea ir S. canadensis, ribas. Gauti rezul-
tatai atitinka literatiros duomenis [40]. Lyginant su tévinémis rusimis,
vidutinis S. x niederederi chlorogeno riigsties kiekis lapuose buvo Zymiai
didesnis. Gauti rezultatai sutampa su ankstesniais tyrimais, rodanciais, kad
hibridiniy augaly genetiné variacija yra didesné nei téviniy rasiy [41, 42],
todél nustatoma didesné fenotipiné jvairové. Misy tyrimai parodé, kad
S. X niederederi fenoliniy junginiy kiekiai buvo i§ dalies arba panaSus ]
S. virgaurea, o tai rodo hibriding augalo kilme.

Kitame atlikto mokslinio tyrimo etape buvo nustatyti vietiniy ir invaziniy
Solidago riusiy kaupiamy eteriniy aliejy cheminés jvairovés désningumai bei
jvertintas nustatyty lakiyjy junginiy specifiSkumas rtSiai. Remiantis gautais
rezultatais patvirtinta lakiyjy junginiy chemotaksonominé verté. Atlikus
skirtingy ryksStenés riiSiy eteriniy aliejy kiekybinio jvertinimo tyrimus,
nustatyta, kad ziedyny méginiai pasizymi didesniais eteriniy aliejy kiekiais,
lyginant su lapais. Ziedynuose eteriniy aliejy kiekiai svyruoja nuo 0,14 iki
0,26 proc., o lapuose nuo 0,10 iki 0,20 proc. Ziedynuose daugiausiai lakiyjy
junginiy nustayta S. canadensis augalinéje zaliavoje, o lapuose — S. gigantea.
Suskirscius eteriniy aliejy sudétinius komponentus j monoterpenus ir seskvi-
terpenus, nustatyta, kad rykStenés riiSies augaluose dominuoja monoterpenai,
kuriy kiekiai ziedynuose ir lapuose svyruoja nuo 39,7 iki 74,6 proc., o
seskviterpeny — nuo 15,00 iki 38,20 proc. (rezultatai pateikiami 1 paveiksle
publikacijoje A4).
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Daugiamaté¢ duomeny analiz¢ paaiSkino keturiy Solidago rusiy interspe-
cifing jvairove. Remiantis PKA rezultatais, Solidago rusiy fitocheminiai
modeliai patvirtino S. x niederederi kilmg 1§ vietinés S. virgaurea ir invazi-
nés S. canadensis. S. X niederederi eteriniy aliejy (EA — angl. EO) rinkinys
pademonstravo didesng jvairove, nei kity riisiy, o tai rodo, kad S. % niede-
rederi yra nuolatos besivystantis taksonas.

Solidago rii8ys skyrési terpeny sudétimi, taigi terpenai galéty buti laiko-
mi konkreciai riiSiai budingais komponentais. S. gigantea ziedyny EA nuo
kity rusiy skyrési y-kadinenu, y-muurolenu ir spatulenoliu, o lapai —kamfenu,
o-cimenu, epoksiazulenu, (E)-nerolidolu ir spatulenoliu. S. canadensis ir S. *
niederederi Ziedynai skyrési oksigenuoty monoterpeny, tokiy, kaip a-kamfo-
linalis, trans-pinokarveolis, pinokarvonas, verbenonas, cis-verbenolis, trans-
verbenolis ir mirtenalis, kaupiamais kiekiais. S. canadensis ziedynai specifis-
kai kaupé mirtenolj, trans-karveoli ir karvona, o S. X niederederi lapai —
trans-verbenolj. S. virgaurea Ziedyny specifiniai komponentai buvo o- ir
B-kopenas, a-kubebenas, kubebolis, 6-kadinenas ir a-muurolenas, o lapy —
a-kamfolinalis, cis-verbenolis, trans-verbenolis, pinokarvonas ir trans-pino-
karveolis.

Glaudus ryksteniy morfologinis ir filogenetinis rySys patvirtinamas jy
fitocheminiy profiliy panasumu [30, 87]. Lakiosios medZziagos, placiai aptin-
kamos jvairiose augaly riiSyse, daznai kaupiasi ir Solidago rusiy eteriniuose
aliejuose. Kita vertus, tokie junginiai kaip timolis ir karvakrolis, dideliais
kiekiais buvo nustatyti tik keliuose S. x niederederi ir S. canadensis mégi-
niuose. Timolis ir karvakrolis pasiZzymi placiu biologinio aktyvumo spektru
[88-91], tod¢l jy turtinga augaliné medziaga turi didelj potencialg. Oksige-
nuoti monoterpenai yra pagrindiniai fitotoksinai jvairiose augaly riisyse, todél
yra potencialiis herbicidai [91]. Todél S. canadensis ir S. x niederederi, kuriy
EA skyrési nuo kity rusiy oksigenuoty monoterpeny kiekiais, gali buti
laikoma potencialia herbicidine Zaliava. Tuo tarpu terpeny hidrokarbonatai
yra mazai fitotoksiSki junginiai [88, 92]. Kita vertus, remiantis naujausiy
tyrimy rezultatais, (E)-nerolidolis ir spathulenolis, kurie buvo specifiniai
seskviterpenoidai S. gigantea eteriniuose aliejuose, pasizymi alelopatiniu ir
insekticidiniu aktyvumu [93-95]. Potencialus EA biologinis aktyvumas yra
siejamas juose esanciais oksigenuotais junginiais, kaip patvirtina sistematiné
fitotoksiSkumo tyrimy apzvalga [96]. Tai reikSty, kad S. canadensis ir
S. X niederederi EA turi dideli potencialg kuriant naujus bioproduktus.
Fitocheminis augaliniy zaliavy profiliavimas suteikia esminés informacijos
apie Siy augaly panaudojimo galimybes kuriant naujus bioproduktus.
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Paskutiniajame atlikto mokslinio darbo etape istirti laukinése Lietuvos
augavietése surinkty S. gigantea, S. virgaurea, S. canadensis ir S. % niedere-
derilapy ir Ziedyny antioksidantiniai profiliai, siekiant jvertinti $ios augalinés
zaliavos, kaip antioksidantiniy medZziagy Saltinio, panaudojimo galimybes.

Fenoliniy junginiy kokybin¢ analiz¢ atlikta pasitelkiant ultra-ESC-
QTOF-MS metoda. Rezultatai pateikti (rezultatai pateikiami 1 lenteléje pub-
likacijoje AS). Pritaikius rykStenés méginiams neigiamg jonizacijos rezima,
nustatyti 23 fenoliniai junginiai. 14 i§ $iy junginiy pasizyméjo antioksidan-
tiniu aktyvumu. Tirty rykstenés rasiy lapy ir ziedyny antioksidantiniuose
chromatografiniuose profiliuose dominavo kafeoilchino riig§¢iy ir kvercetino
dariniai. Lapy ir ziedyny ekstraktuose 3,5-dikafeoilchino riigStis nulémé
atitinkamai apytiksliai 43 proc. ir roc. bendro antioksidantinio aktyvumo.
3,5-dikafeoilchino rugstis nustatyta kaip dominuojantis antioksidantiniu po-
veikiu pasizymintis junginys S. virgaurea, S. canadensis ir S. X niederederi
ekstraktuose. Nustatyta, kad chlorogeno riigstis lemia 32 proc. bendro anti-
oksidantinio aktyvumo ziedynuose ir 66 proc. lapuose, todél yra laikoma
pagrindiniu S. gigantea augalinés zaliavos antioksidantinj aktyvumga lemian-
¢iu junginiu. Kvercetino dariniai sudaro didziaja dalj flavonoidy komplekso.
Kvercetino dariniy antioksidantinis aktyvumas reikSmingai mazesnis uz
kafeoilchino rugsties. Kvercetino pentozidas ir hiperozidas identifikuoti kaip
pagrindiniai antioksidantai S. gigantea lapy ir Ziedyny méginiuose, tuo tarpu
rutinas lemia 11 proc. bendro antioksidantinio aktyvumo kitose Solidago
rasyse. Nustatyti reikSmingi skirtumai tarp Solidago rusiy vertinant ty paciy
junginiy kiekius. Atlikus kiekybinius antioksidantinio aktyvumo tyrimus, tai-
kyta klasteriy analizé. Ziedynai suskirstyti j du pagrindinius klasterius, kuriy
vieng sudar¢ visi S. gigantea ziedyny méginiai. Lapai taip pat suskirstyti j du
klasterius, 1§ kuriy vieng sudare tik S. gigantea lapai, o antrajj — kitos trys
rykStenés riiSys. Antras lapy klasteris suskirstytas j subklasterius — S. cana-
densis, S. virgaurea ir S. X niederederi. Hierarchin¢ klasteriy analiz¢ atsklei-
de fenoliniy junginiy antioksidantinio aktyvumo panasumus tarp S. virgau-
rea, S. canadensis ir S. x niederederi. Tuo tarpu S. gigantea antioksidantinio
aktyvumo rezultatai stipriai iSsiskiria, lyginant su kitomis Solidago riiSimis.

Siekiant nustatyti visy analizuoty Solidago rusiy panaSumus ar skirtu-
mus, buvo atlikta pagrindiniy komponenciy analizé. PKA rezultatai pade-
monstravo santykinai gerg visy keturiy Solidago riisiy atsiskyrimg. Remiantis
PKA duomenimis, sukurta grafiné vizualizacija, iliustruojanti skirtumus tarp
Solidago rusiy fenoliniy junginiy antioksidantinio aktyvumo (publikacija AS,
6 pav.). Remiantis antioksidantiniu fenoliniy junginiy aktyvumu, S. gigantea
lapai ir ziedynai sudarée atskirg klasteri, kai tuo tarpu kitos trys Solidago rusys
tarpusavyje pasiZyméjo panasSiais rezultatais. RykStenés yra turtingos feno-
liniy junginiy, taciau Sios augalinés Zaliavos antioksidantinis aktyvumas iki
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Siol nebuvo iSsamiai tirtas. Kvercetino ir kemferolio dariniai, kurie domi-
nuoja rykstenés fenoliniy junginiy profiliuose, naudojami ryksteniy ekstrakty
kokybés standartizavimui [15, 107, 108].

S. gigantea i8siskiria i§ kity Solidago rusiy antioksidantiniu aktyvumu,
kurj lemia kvercetino pentozidas, kvercitrinas ir hiperozidas. Kitose trijose
Solidago rusSyse nustatytas pagrindinis antioksidantas — flavonolis rutinas.
Tokie rezultatai atitinka mokslinés literatiros duomenis, kur rutinas taip pat
buvo nustatytas kaip pagrindinis flavonolis S. virgaurea ir S. canadensis,
taCiau nenustatytas S. gigantea [5, 51, 54, 112]. Remiantis atlikty tyrimy
rezultatais, hiperozidas lemia 11 proc. bendro antioksidantinio aktyvumo
S. gigantea lapuose, o kitose rusyse — iki 2 proc., tuo tarpu Wozniak et al.
(2018) S. canadensis ir S. gigantea augaluose hiperozido nenustaté [112].
Remiantis §io mokslinio tyrimo rezultatais, hiperozidas gali biiti laikomas
S. gigantea antioksidantinio aktyvumo zymenimi.

Taikant UESC-MS metoda, tirty rykSteniy lapy ir ziedyny méginiuose
taip pat nustatyti trys kemferolio dariniai, taciau jy antioksidantinis aktyvu-
mas néra reikSmingas. Tyrimo metu nustatytos cinamono rtgstys ir chino
rugsciy esteriai yra biidingi Asteraceae Seimos augalams [113]. Kafeoilchino
rigstys yra laikomos potencialiais antioksidantais, pasizyminciais neuropro-
tekcine ir kardioprotekcine funkcijomis, taip pat prieSuzdegiminiu poveikiu
ir, manoma, kad yra naudingos metaboliniy sutrikimy gydymui [50, 114,
115]. Musy atlikto tyrimo metu nustatyta, kad 3,5- ir 3,4-dikafeoilchino
rugstys pasizymi didesniu antioksidantiniu aktyvumu, lyginant su monoka-
feoilchino riigStimis. Tyrimo metu gauti rezultatai atitinka Li et al. (2018) ir
Xu et al. (2012) paskelbty tyrimy rezultatus, kuriuose nurodoma, kad
cheminiy junginiy papildymas dviem kafeoil- grupémis reikSmingai padidina
ju antioksidantinj aktyvuma [116, 117].

ISvados

1. Tyrimo metu buvo pritaikyta ir validuota ESC metodika, kurios pagalba
buvo nustatyti penki vyraujantys fenoliniai junginiai (chlorogeno rugstis,
rutinas, hiperozidas, izokvercitrinas, kvercitrinas). Atlikus kokybing ir
kiekybine analize, nustatyta, kad minétos dvi rykstenés rasys nepasizymi
reikSmingais tarpriiSiniais skirtumais.

2. Tyrimo metu modifikuotos pokolonélines ESC-ABTS ir ESC-DPPH
metodikos, siekiant tiksliai ir efektyviai jvertinti Solidago genties augaly
kaupiamy fenoliniy junginiy antioksidantinj aktyvumg. Tyrimo metu
buvo nustatytos tinkamiausios pokolonélinés reakcijos salygos (abiem
metodikoms tinkamiausia kilpos temperatiira — 50 °C; taikant ABTS
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metoda, kilpos ilgis 3 metrai, o DPPH — 20 metry), uztikrinancios stipry
signalo atsaka.

Atlikus keturiy rykStenes rusiy (S. virgaurea, S. canadensis, S. x niede-
rederi ir S. gigantea) ESC kokybinius ir kiekybinius tyrimus, nustatyta,
kad hibridas S. x niederederi (Lietuvoje aptiktas pirmg kartg) yra arti-
miausias S. virgaurea ir S. canadensis rusims, taigi $ios dvi riiSys gali
biti latkomos hibrido tévinémis rasimis.

Atliktas lakiyjy junginiy profiliy palyginamasis tyrimas (DC-MS) su
keturiomis ryksStenés rasimis (S. virgaurea, S. canadensis, S. % niedere-
deri ir S. gigantea) patvirtino, kad S. X niederederi yra tarprisinis
taksonas tarp S. canadensis ir S. virgaurea, kur didesnis metabolinis
indélis priklauso S. canadensis. Sie rezultatai sutapo su ankstesniais ESC
tyrimy duomenimis. Nustatyta, kad hibridas S. x niederederi pasizymi
didZiausia eteriniy aliejy jvairove.

Pritaikius UESC-MS metoda, buvo atliktas iSsamus skirtingy rykStenés
rasiy augalinés zaliavos fenoliniy junginiy nustatymas. Atlikta lapy ir
ziedyny meéginiy analizé, kurios metu buvo nustatyti 23 fenoliniai jun-
giniai, 1§ kuriy 14 pasizyméjo antioksidantiniu aktyvumu, jvertinus juos
ESC-ABTS metodu. Sio tyrimo metu nustatyti Zymenys svarbis uztikri-
nant augalinés Zaliavos kokybe bei tarpriiSiniy skirtumy vertinimui.
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ARTICLE INFO ABSTRACT
Article history: This research investigated the accumulation of phenolic compounds in two alien goldenrods, Solidagn
Received 18 June 2004 canadensis and S, gigantea, 1o asdess their nter- and intra-specific chemical diversity. Five compounds of
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pharmacological interest, chlorogenic acid, rutin, hyperoside, quercitrin, and isoquercitrin, were detected
in metanofic extracts from the leaves and inflorescences of gobdenrods and were quantified using the
HPLC-PAD method. Differences in the compound accumulations between the species, plant parts and
acoessions were tested using multivariate statistical analyses, including HCA and PCA. 5. canadensis and 5
gigantea plants had highly different chemical compositions. 5 gigantea had significantly higher acoumula-

Keywords:

Selidagn canadensis tions of all investigated compounds except for ruting the retin content was much greater in 5 conadensis.
Solidage ghpantea The leaves of both species had greater accumulations of chloregenic acid and quercitrin, whereas the
Phenalic compounds inflorescences of 5 gigantea had the greatest accumulations of rutin, isoquercitrin and hyperoside. The
Multivariate analysis statistical analysis indicated that the intraspecific chemical diversity of goldenrods is relatively weak,
Chermical diversity resulting in wild populations producing a fairly homaogenous raw material, Invasive goldenrods are neg-
Imvasive species atively valued due to the threat they pose to the local vegetation: the results of our study indicate that
they can be of value as potential sources of phenolic compound production.

i© 2004 Elsevier BY. All rights reserved.

1. Introduction as Merba Solidaginis includes herbs of S canadensis, 5. gigantea

Solidago canadensis L. (Canada goldenrod) and 5. gigantea Aiton
{Late goldenrod) were introduced to Europe as ornamentals from
MNorth America in the mid-18th century and began to spread dur-
ing the 19th century (Wagenitz, 1979). Both species are considered
most aggressive invaders, which is defined by the European and
Mediterranean Plant Protection Organization as invasive species
having a high potential for spread and posing an important threat
to the environment and biodiversity in the region (EPPOL The
distribution of invasive goldenrods in Lithuania is closely related
to political and economic changes that occurred while restoring
independence in the 1990s. At that time, abandoned and poorly
managed agricultural areas contributed to the rapid spread and
high numbers of goldenrods,

Invasive goldenrods are negatively valued because they reduce
the abundance of native plants. On the other hand, goldenrods
are considered to be medicinal plants. The raw material known

* Cormesponding author. Tel: «370 5ZTHG30: fax: «370 52720352,
E-manl address: joditaradusiens@®boranikali (. Radusienc).

g ida o o 10, DG/ indcrop 2014, 10015
D926-6E00/0 2014 Elsevier BV, All reghis reserved.
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and 5. virgaurea (Skreypezak et al, 1999). Goldenrods have been
traditionally used to treat inflammations of the urinary tract.
Preparations from goldenrods have a well-defined diuretic, spas-
maolytic and hypotensive effect together with anti-inflammatory.
bacteriostatic and analgesic properties (Demir et al. 2009} In
addition to the above indications, preliminary studies of Selidagoe
species have shown that plants of this genus contain a high-
maolecular-weight polysaccharide-protein complex that has strong
cytotoxic activity against prostate cancer cells (Gross et al., 2002)
and an antitussive effect (Sutovskia et al, 2013} There are also
antitumer activities in the saponines fraction of Solidago species
{Lend| and Reznicek, 2007) and antimicrobial, sedative, cytotoxic
and hypatensive effects in the essential oils of Solidage species
{Chanotiya and Yadav, 2008; Huang et al., 2012; Kotodziej et al.,
2011: Mishra et al, 201 1), The toxicity and contraindications for
goldenrods preparations have not been reported. and the informa-
tien that is available is based largely on studies conducted on the
native European goldenrod (5. virgaurea L)

Flavonoids and phenolic acids constitute one of the most
important groups of pharmacologically active substances acting
against oxidative damage; therefore, they limit the risk of various
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degenerative diseases (Andersen and Markham, 2010; Demir et al.,
2009; Hendrich, 2006; Pandey and Rizvi, 2009} The effect of gold-
enrod preparations in urinary therapy is highly related to the
biological action of Mavonoids: they inhibit the enzyme neutral
endopeptidase, which is responsible for the interaction of the atrial
natriuretic peptide with the glomerulus, and, thus, they regulate
the formation of urine via the excretion of sodium ions (Melzig.
2004). However, despite the importance of flavonoids, investiga-
tions of these compounds in Solidago species are scarce. Studies
on 8, vigaurea and 5. graminifolia (L.) Elliot in Poland (Roslon et al,,
2014; Thiem et al., 2001 }, 5. canadensis in Hungary (Apati, 2003), 5,
chilensis (Cintner et al., 1999) and 5. microglossa (Sabir et al., 2012)
in Brazil have been conducted.

The objectives of the present work were to identify and quan-
tify the concentrations of the principal phenolic compounds in two
widespread invasive species of Solidago, to assess the inter- and
intra-specific chemical diversity of goldenrods and to determine
the importance of Solidago raw material in herbal preparations.

2. Materials and methods
2.1, Plant material collection and identification

Sinty accessions of 8, canodensis and 33 accessions of 5, gigantea
were collected from different wild populations. The harvested plant
material consisted of the three tops of two to three shoots of the
came clonal plant in the fowering phase. Collected plants were
dissected into inflorescence and leal parts and dried at 25°C for
chemical analysis.

The botanical identification of the species was carmied out
according to the morphological description of Central European
Solidago species (Wagenitz, 1979). The aim of the present study
was not to clarify the taxonomy of goldenrods; the species studied
were 5. canadensis and 5. gigantea. Plants that had green or red-
dish stems; sparse to dense hair in at least the upper half of their
stems; abaxial faces that were pubescent and hairy along the main
nerves: and adaxial glabrous or slightly scabrous leaves were iden-
tified as 5. camadensis, 5. gigantea plants were distinguished by their
glabrous purplish or sometimes green wax stems, and leaves that
were glabrous on both sides or slightly hairy along the main nerves
of their adaxial side. The florets of 5. gigantea had achenes with
brownish-white pappus. whereas the pappus of 5. canadensis was
silvery/whitish.

The herbarium vouchers of the accessions were deposited at the
Herbarium of the Institute of Botany, Vilnius, Lithuania (BILAS).

2.2, Preparation of extracis

Air-dried plant material was mechanically ground with a labo-
ratory mill to obtain a homogenous drug powder. All the samples,
sixty of 5. canadensis and 33 of 5. giganteq, of approximately 0.1g
(weighed with 0.0001 g precision) were extracted in 10ml of a
methanol and water mixture (70:30, v/v) by ultra-sonication ar
25°C for 50min. The methanol was chosen as extraction solvent
because it mixed well with the mobile phase and results the high
extraction efficiency. Before it was tested various methanol fwater
mixtures and the highest peak areas of compounds were obtained
using 70% methanol (data not displayed). The prepared extracts
were passed through a 0.22pm filter and stored at 4°C until
analysis.

2.3, HPLC conditions and analysis

Awaters Alliance 2695 (Waters, Milford, USA) separation mod-
ule system equipped with Waters 2487 UVvis and Waters 996 PDA
diode-array detector { DAD) was used for HPLC analysis. The data
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were analysed using the Empower Software chromatographic man-
ager system [Waters Corporation, Milford, USA)L The separation
of the compounds was carried out on a YMC-Pack ODS-A column
(3.0 wm, 150mm = 4.6 mm Ld.) with 2 YMC guard cartridge OD5-
A(3.0pm, 10mm = 4.0 mm L. The medified and optimised gradient
elution was used for detection of the compounds according to Apati
et al. (2002). The mobile phase consisted of eluent A (0.05% tri-
Muoreacetic acid in water) and eluent B (100% acetonitrile), The
elution programme was fixed as follows: 5% B at 0-5min, 125 B
at 5-50min, 30% B at 50-51 min, 90% B at 51-56 min, and 5% B at
56-57 min. The Now rate was 1.0 mLjmin, and the column tempera-
ture was 25 “C. The volume of extract injected was 10 pL. Detection
was monitored at a wavelength range of 210-550 nm. Peaks were
identified by comparing their UV-vis spectra and retention times to
those of authentic reference standards, The samples were analysed
twice, The chromatograms of 5. canadensis and 5. gigontea flower
extracts are shown in Fig. 1.

24, Quantification and validation

The quantification and validation was followed in accordace
with the methodical revision of natural preducts presented by
Wolfender {2009). Standard stock solutions with a concentra-
tion of 0.1 mg/g for rutin, hyperoside, isoquercitrin and quercitrin
and 0.2 mglg for chlorogenic acid were freshly prepared in 70%
methanal and diluted to six different concentrations. Three injec-
tions per concentration were performed to determine linearity.
The chromatogram peak areas were 324 nm for chlorogenic acid
and 355nm for rutin. [sequercitrin, hyperoside and quercitrin
were plotted against the known concentrations of their associ-
ated standard solutions to establish calibration equations. A linear
regression equation was calculated by the least squares method,
The regression coefficients of all calibration curves were R » 0,999,
confirming the linearity of the concentration ranges.

The sensitivity of the method was evaluated by determining the
limit of detection (LOD) and limit of quantitation (LOG). LOD and
LOQwere calculated as the concentrations that gave signal-to-noise
ratios of 3 and 10, respectively.

A standard mixture of rubin, quercitrin and isoguercitrin each
at a concentration of 0.0053mg/ml and chlorogenic acid and
hyperoside at concentrations of 000106 mg/ml and 0.0526 mg/fml,
respectively, was used for intra-day and inter-day precision test-
ing. The precision of the method was demonstrated by performing
five replicate non-consecutive injections of the standard mixture
on the same day on 4 different days. The results are reported in
terms of RSD. The retention time, linear range, regression equation
and correlation coefficient of each analyte, the LOD and LOQ val-
ues, and the intra-day and inter-day precision are summarised in
Table 1.

2.5, Chemicals

Acetonitrile and methanol were of HPLC grade and supplied
by Roth GmbH (Karlsruhe, Germany). Water was filtered through
the Millipore HPLC grade water preparation cartridge (Milli-
pore, Bedford, USA) The reference substances, chlorogenic acid
(purity = 95.33% ), rutin trihydrate (purity 97.11%), and isequercetin
(purity = 94.16%), were purchased from HWI ANALYTIK GmbH
(Germany ). quercitrin (purity = 98.0%) was obtained from Roth
GmbH (Karlsruhe, Germany).

26, Data analysis

Multivariate mathematical approaches using the SAS Version
4.3 software package were carried out o reveal inter- and intra-
specific similarities and differences for the phenolic compound
accumulations in the evaluated Solidago species. A hierarchical
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cluster analysis (HCA) and principal components analysis (PCA)
were used to cluster and reduce the data set. The clustering method
was based on squared Euclidean distances. PCA was based on the
cigenanalysis of the correlation matrix, and factors with eigenval-
ues greater than 1 were taken into account, One-way analysis of
vartance (ANOVA] was accomplished to identify significant dif-
ferences among the groups. and a post hoc Scheffe’s multiple
comparison test was applied to specify corresponding differences.

3. Results

3.1. Differences between species

In the present study, five phenolic compounds, chlorogenic acid,
rutin, isequercitrin, hyperoside and quercitrin, were detected in

Tabide 1

the leaves and inflorescences of 5. canadensis and S. gigantea, The
[-test comparisons of the paired mean quantities of the compound
accumulations in the leaves and inflorescences of the two species
showed considerably higher values for all investigated compounds
except rutin in 5. gigantea than 5. canadensis, The rutin contents of
both the leaves and inflorescences of 5. canadensis greatly exceeded
those of 5. gigontea. The most significant differences (at P<0.0001)
between the species were observed for chlorogenic acid, rutin and
qurecitrin in the leaves. The content of chlorogenic acid did not dif-
fer significantly (at P> 0.05)in the inflorescences of the two species
(Tahle 2).

The compound quantities in the two plant parts of & canaden-
sis were only highly different for chlorogenic acid and quercitrin,
which were both significantly higher in the leaves (20,10 £ 0.40
and 3.50+0.31mg/g DM, respectively) than the inflorescences

Validation parameiers of HPLC analysis of Sotidage ranodensis and 5, glgomdea raw material.

Analytes Ta{min)  Lineas range (mafml)  Regression equation LOD (mafml)  LOQ(mefml]  Imtra-day RSO (%] Inter-day RS0 (%)
Chlorogenic acid 1126 0O0188-02 Y= A2 107+ 140 = 1P 09997 0.001 00003 08 11
Rutin 7370 L0094 -0.1 Y=227 5 107 + 402 < 107 09005 0.0003 00013 09 13
i 478 DOV563-0.1 Y= 205 107+ 1.4 = 1P 059090 00003 0001 24 kT
Isoqueritrin 575 OLOT03-011 Y6422 107 = 1,13 = 10° 0598 0.0000 0004 o 06
Quercitrin 2022 OLENRITE-0L1 Y2025 107« 141 5 1 09906 00003 0009 18 23

Ty: retention time, B correlation coefficient, LOD: limit of devection, LOG: limit of gquantitation, RSD: relative standard deviation.
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Tabkle 2

The pooled-variance [-test comparison of mean quantities (mglg DM) of phenolic compounds between Sodidoge canadensis (1) and 5. gigmarea (2] beaves and inflorescences.
Vaiables Lexves Inflorescences

1 2 F I 4 1 2 DF ¥ »

Chilorogenic s 20,10 & 0.99 331 4 157 a1 -632 001 8,35 & 040 10 4 1,10 410 -1.72 oo
Rutin 1747 £1.17 058 & 008 6163 14,33 o1 18,12 4 0.9 204 057 9023 1404 Lt
bsoxuseritrin 054 £ 0,13 a1 £ 0,11 ai =211 [Tt 61 £ 005 1,36 & 007 a1 —A65 (ile ]}
Hyperoside 0.27 & 008 260 + 037 FTAG -6.12 0001 043 + 029 11.72 + 0062 o 602 [11e]]
Queritrin 349 2 0.0 28T & 169 3508 1712 0001 B4 & 027 17.59 & 206 3407 -1 L

DF: degree of freedom, 1 Studend’s statistic, P significant level

(8.35 £ 099 and 2.6 £ 0,27 mg/g DM, respectively) ( Table 3). Mean-
while, 5. gigantea showed significant differences between its
plant parts for all compound quantities studied. For 5. gigantea,
the quantities of chiorogenic acid and guercitrin were higher in
the leaves (31,31 £1.57 and 32.87 & 1.69mg/g DM, respectively)
than the inflorescences {10.03 + 1,10 and 17.60 4 02.05mg/g DM,
respectively), while the quantities of rutin, isoquercitrin and hyper-
oside were significantly higher in the inflorescences [2.04 +0.58,
1.36 +0.42 and 11.72 £ 0.62 mg/g DM, respectively) than the leaves
(0.58 + 0,09, 0.91 + 0.66 and 2.60 + 0.37 mg/g DM, respectively).

3.2, Intraspecific diversity

HCA was applied to the group accessions using mean guan-
tities of phenolic compounds as clustering variables. HCA was
performed separately for both the leaves and flowers based on
the above data and showed that the quantities of the analysed
compounds were significantly different in the two plant parts. The
clustering of the 5. conadensis accessions resulted in grouping both
the leaves and inflorescences into four main clusters. The com-
position of the extracted groups are presented in Fig. 2{A) as the
mean contents of the phenalics in order to better recognise the
similarities and differences of each group. Furthermaore, ANOWVA
was performed to identify significant differences in the phenolic
compounds among the clusters. ANOVA revealed that the mean
quantities of all phenolic compounds differed statistically among
the clusters of leaves and inflorescences, with the exception of iso-
quercitrin, The amount of isoquercitrin did not differ significantly
between the groups for either plant parts, The most significant dif-
ferences among the leal groups were found for rutin (F=106.15;
P=0.0001), hyperoside [ F=74.22: P<0.0001) and chiorogenic acid
(F=13.79; P<0.0001); while, for the flower groups, the most sig-
nificant differences were for hyperoside (F= 165.56: P<0.0001 ) and
rutin (F=20,10; P<0.0001) (Table 4},

A post hoc 5cheffe’s multiple comparisen test enabled us to spec-
ify differences among clusters (Fig. 2(A)). The leaves of 5. canadensis
that were grouped into clusters 1 and 2 consisted of most of the
accessions that contained compound quantities in the range of their
lowest quantities to their mean quantities, The third cluster differed
from the others due to its high level of rutin (35.54 + 1.17 mgfg
DM ). The accessions forming cluster 4 had the highest quantities of
chlorogenic acid (39.1 mg/g DM), quercitrin { 10,65 mg/g DM) and

hyperoside (5.45 mg/g DM), and, contrary to the third cluster, the
lowest content of rutin (0.42 mg/g DM).

The multiple comparisons of the chemical compositions of the
inflorescences indicated that the accessions of the first cluster con-
tained the lowest amounts of the phenolic compounds. The plants
with the highest contents of chlorogenic acid (18.68mg/g DM)
and quercitrin (11.72 mglg DM) composed cluster 2. while flow-
ers with the highest quantities of rutin (28,65 +0.95mg/g DM)
and hyperoside {12.44 + 1.22 mg/g DM) composed clusters 3 and
4, respectively.

The HCA for 5. gigontea divided the accessions of the leaves and
inflorescences into three and four clusters, respectively (Fig. 2(B)).
ANOVA revealed significant differences in the mean quantities
of the phenolic compounds, with the exceplion of isequercitrin,
among the clusters for both plant parts. The highest differences
ameng the leaf clusters were found for hyperoside (F=63.89:
P=00001) and chloregenic acid (F=16.90; P<0.0001), while the
inflerescences highly differed in rutin (F=144.51; P=0,0001) and
quercitrin (F=52.96; P<0.0001)(Table 4).

The results of the multiple comparison test showed that leaves
grouped in the first cluster accumulated from the lowest amount
to average amounts of compounds within their range of variations.
The accessions composing cluster 2 dominated significantly with
the highest content of hyperoside (13.34 mg/g DM, while cluster
3 exhibited maximum levels of quercitrin (52.61 + 0.8 mg/g DM}
and chlorogenic acid (48.7 £ 6.04 mg/g DM). Differences in chem-
ical compositions of the inflorescences revealed a trend similar
to that observed in the leaves (Fig. 2(B)). PCA was used to sep-
arate statistically independent basic components for exploration
of the relationships ameng the chemical compounds, thus allow-
ing identification of the primary predictors among the investigated
accessions. The loadings revealed the characteristic variables of
each group of accessions on the graphic of the scores, which rep-
resents the data in the space formed by the principal components
(Cordella, 2012}, On the basis of the HCA results presented above,
isequercitrin was removed from the PCA of both Solidago species:
it was found to be a variable that contributed to noise redic-
ing the quality of the model. Plots of the scores for the two PCs
showed the similarities and differences among the variables graph-
ically. According to Gergen and Harmanescu (2012), the variables
whose unif vectors are close to each other are positively correlated
and their influence on the positioning of the accessions is similar,
and variables far away from each other are negatively correlated,

Table 3

The pooled-variance [-lest com parisons of phenolic compounds mean quantities (mg/g DM) between leaves (1) and inforescences (2) of Solidago camadendis and 5 gigomtea,
Watiabdes & canodensis 5. gigonten

1 F oF T P 1 2 oF r r

Chiloragenic sl H1L10 £ D40 B35 £ 099 BOS53 1095 (il I3+ 157 1003 & 110 5006 109 0000
Rutin 1747 £ 1.7 I8.12 + D98 118 042 7 058 & 009 204 + 058 3442 51 00z
bscsjseritrin 054 £ 013 061 + 005 7R3 051 Gl 081 & 066 1.36 + 042 55.55 136 0001
Hyperoside 0.27 + 009 083 &+ 029 420 -1.84 o7 260 + 037 1072 + D62 53.00 1260 LlLei]
Quereitrin 3150 £ 031 26 £ 027 118 207 Ll ] 3287 & 169 1760 & 0205 (2] 5.75 00001

DF: degree of freedom, 1 Studend’s statistic, P significant level

74



162 . Redustene et al.  fadhastrial Crops and Prodwucis 63 (2005) 158- 166

A
100,0
10,0
i B Chiorogenic acid
= Rutin
10 ® [soqueritrin
B Hyperoside
B (Quercitrin
0,1
n n
Leaf clusters Inflorescence chustens
B
1000 b
I b b
b I
| 1 apl
oo o 11—
E |' { [ - - ® Chlorogenic acid
| = 18 Ll ® Rutin
-§ T i | w Isoqueritrin
1.0 =z e 2 : W Hyperoside
A i 5 » Querditrin
0,1 : . . . !
I i i | 1 1] | L] | v
Leaf clusters Inflorescence clusters

Fig. 2. Medn compasition of Solidago canadensis (A)and 5 gigardea (R) leal and inflorestende groups extracted using hieranchical cluster analy<is, The heights of bars (y-axes)
correiponded mean £ SE quantities mg/g DM of compound:. Vilues marked with the same letter within the leaf or inflorescence grougs do nol differ ssgrificantly at P< 0.05
acconding to Schelle's test.

Table 4
The results af ANOWA for quantitative differences of phenolic compounds acoumalation between leal and inflorescence groups of Selidogo conadensis and 5. gigenrer extracted
using HOA

Variahles 8. canadensis 5. gigamiea

Leaves InMorescences Leawves Inflarescences

F I F P F [ F P
Chisrogenic acid 1379 00001 1067 D1 16.00 0L BT (D1
Rutin 10615 00001 2010 0001 5131 oo 144,51 (0001
Isoqueritrin 231 00s6 142 025 0.8 076 024 DER
Hypetaside L ey 00001 165.56 DLENNT 6150 00001 2498 (LD
Auercitrin 5.58 [LLeeF} 2.0 el bal] jLEL oom 5206 A MHIT

F: Fisher's statistics, P: signiflcant level.
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Samples close to each other in the space of the principal compo-
nents have similar characteristics. The score plots for the first two
PCs explained 69,1 and 70.1% of the total variance of the chemical
dataofthe 5. canadensis leaves and inflorescences, respectively rel-
atively good separation between the evaluated accessions is shown
inFig. 3. The PCA loading plots for PC1 vs, PC2 indicated that chloro-
genic acid and quercitrin were positively correlated and had the
greatest influence on the scores of the leaves (Fig. 3(a)A and (bJA),
whereas chlorogenic acid and rutin had effects on the scores of
the inflorescences (Fig. 3(a)B and (b)B). The opposing positions of
hyperaside and rutin indicate that they are negatively correlated,
which suggests opposite values of corresponding compounds in
the accessions. The graphics of the PCA scores in Fig. 3(bA and {b)B
showed that the most accession groups for both the leaves and
inflorescences are situated near the PCI and PC2 zero point, which
means that they accumulated compounds in the range of the lowest
to the mean values. The location of one leal sample was distanced
from all of the athers, suggesting that its phenolic compound com-
pasition differs significantly from the other samples. Indeed, in this
sample, hyperoside, chlorogenic acid and quercitrin had the high-
est values of all of the samples, and rutin, which was located on the
opposite side of the PC1 accumulation had the lowest value of all
of the samples. In contrast, samples grouped on the positive side
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of the PC1 contained the highest amounts of rutin and chlorogenic
acid and a low content of hyperoside.

For the evaluation of the inflorescences, the location of one sam-
ple in the middle of the chlorogenic acid and quercitrin values may
be explained by the high values of these compounds in the corre-
sponding accession (Fig. 3(a)B and (b)B). The group of accessions
located on the positive side of the PCI closer to the position of
rutin had the highest quantities of rutin. The position of two sam-
ples in the upper left-hand quadrant of the loading plot may be
explained by their high hyperoside value and low rutin value, which
are co-located in this region of the PC space.

The scare plots for the first two PCs, which explain 77.0 and
T2.4% of the total variance in the data set of 5. gigantea leaves and
inflorescences, respectively, are shown in Fig. 4. The PCA loading
plots of the inflorescences (Fig. 4{a)B) illustrate the highly posi-
tive relationship between chlorogenic acid and quercitrin, while
quercetrin and rutin were found to be positively correlated in the
leaves (Fig 4{a)A). The opposite location of hyperoside indicates its
negative correlation with quercitrin and chlorogenic acid, Using the
plots of the variables, the reasons for the locations of the accessions
are regards to the variables can be proposed. The majority of the leaf
and flower accessions are located near the PC1 and PC2 zero point
and were grouped into single clusters (Fig. 4(b)A and (b)B); this
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wias similar to the results previously discussed for S, canadensis. The
main factor influencing the distance of one leafl sample on PC2 was
its high content of hyperosicde, The location of three accessions to
the right of the PC1 zero point may be explained by their high values
of quercetrin and chlerogenic acid. which are co-located in the same
region of the PC space in Fig. 4{a)A and (b)A. The remote position of
another accession on the positive side of PCT can be explained by
its higher content of rutin, which is located on the same plot. Two
single accessions of the inflorescences are located on the positive
side of PC1 claser to chlorogenic acid and quercitrin, which have
the highest concentrations in the first sample and a lower value in
the second sample (Fig. 4(a)8 and {(b)&). The diametrically oppos-
ing location of those accessions for the variable hyperoside, suggest
a low value of this compound in the corresponding samples. Twio
samples located on the negative side of PC1 and on the positive
side of PC2 are associated with a high concentration of rutin and
hyperoside.

The results of the HCA and PCA were similar. Some differences
in clustering behaviour between the HCA and PCA were present,
as the use of only two PC1 and PC2 axes in combination did not
completely explain all data variance. On the other hand, graphical
visualisations using PCA revealed a relatively simple representa-
tion of the structure of the corresponding species on the basis of
chemical data.

4. Discussion and conclusions

The results of this study demonstrated that two invasive species,
Solidogo canodensis and 5 gigantea. exposed to contain different
phenolic compound compositions. Considerably higher values for
all detected compounds were found in S gigantea compared to 5.
canadensis, except for rutin; the rutin content was much greater in 5.
canadensis. The raw material of both the leaves and inflorescences
af S canadensis are high potential sources of rutin, while leaves
of 5 gigantea are high potential sources of chlorogenic acid and
quercitrin, Therefore, the correct identification of plants is highly
important for the selection of the appropriate value of the raw
material of plants obtained in the wild. Signitificance of right tax-
onomic identification of plants for drug material deels in different
aspects by other authors (Fazal et al., 2013}

The combination of the chemical and multivariate statistical
data analyses provides a relatively simple representation of the
structure of wild plant materials and allows easy interpretation of
the similarities and differences in compound accumulations among
wild populations of 5. canadensis and 5. gigantea. On the other hand.
the use of chemometrics for identification and assessment of the
quality plant materials to ensure safety and efficacy of botanical
products have been published previously (Patras et al., 2011; Zhu
eral, 2014: Truus et al., 2002).
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Two wide spread species of goldenrods did not display high
intraspecific variation in their phenolic compound accumulations.
In this regard, studies have shown that the chemical variation
of invasive goldenrods is relatively weak as compared to the
intraspecific morphological diversity that has been emphasised
in several surveys of these species (Jakobs et al., 2004; Weber,
19497: Weber and Jakobs, 2005 ). The difference between the mor-
phological and chemical structure of these plant species can be
explained by the fact that the plasticity of morphological expres-
sion, rather than adaptation, is the key to the successful spread
of invasive plants (Lamarque et al, 2013; Lavergne and Molofsky,
2007). Secondary metabolites represent adaptive characters that
are important for plant survival and reproductive fitness, rather
than for invasive spread. Thus, the most abundant polyphenaols help
protect the plants against UV radiation. fungal parasites, herbivores
and pathogens {Lattanzio, 201 3). However, the lack of natural ene-
mies in the new invasion areas of goldenrods has led to a limited
phenolic compound variation in these species, which is different
from what has been observed previously for other wild species
[Bapdonaite et al., 2012; Benetis et al, 2008; Cirak et al, 2012).
Reduced heterogeneity in the chemical composition of goldenrods
is highly important to increase the quality and safety of herbal
material obtained from the wild.

Although most goldenrods within one species have similar
quantitative compositions of phenolics in their range of variation,
individual plants or small groups have been found that have sig-
nificantly higher levels of rutin or chlerogenic acid and quercitrin
and hyperoside. These plants can be considered to have higher
raw material quality sources. It can be assumed that plants with
greatly different phenolic compound compositions belong to differ-
entinter- or intra-specific taxa or natural hybrids of goldenrods and
require additional analysis. In this regard, the research presented
here may be wseful in understanding the complex and confusing
taxonomy of the genus Solidago.

Ta the best of our knowledge, this research represents the first
inter- and intra-specilic characterisation of the raw materials of 5.
canadensis and 5. gigantea based on a multivariare analysis of chem-
ical data. As the published data on phenolic compounds of invasive
Solidago species are scarce, a comparison of our results with pub-
lished data is difficult. Apati (2003) reported the same phenolic
compounds in 5. canadensis herbal extracts; however, they did not
quantify their amounts,

Invasive goldenrods are negatively valued due to the threat they
pose to the local vegetation: the results of our study indicate that
they can be of value as potential renewable resources of pharma-
ceutical raw material. Large fields of goldenrods that accumulate
high values of phenolic compounds generate much interest because
af the possibility of using those plants to obtain natural phenalic
compounds for herbal preparations and pharmaceuticals. Further-
more, the gathering of the raw material of goldenrods could be
considered a control measure for these invasive populatiens with
potential social-economic importance.
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The aim of this work was to modify and validate the post-column high-performance liquid
chromatography (HPLC)-ABTS and DPPH methods for evaluating the antioxidant
activity of the methanolic extracts of Solidago canadensis (Canadian goldenrod) leaves
and flowers. Separation of the analytes was performed via the HPLC-PDA method on a
YMC analytical column using a gradient elution program. Three compounds with
antioxidant properties — chlorogenic acid, rutin and isoquercitrin — and two unidentified
antioxidants were established. The research showed that the coil temperature regimes and
loop length combinations influence the optimised post-column assay method for detecting
the antioxidant activity of goldenrod radical scavengers. Investigations established that the
temperature in the reaction coil was a substantial factor contributing to the signal strength
of the analytes after reacting with the DPPH and ABTS radicals.

Keywords: HPLC post-column; coil temperature; loop length; DPPH; ABTS;
Solidago canadensis

1. Introduction

The raw materials of goldenrods, known as Herba Solidaginis, display well-defined diuretic,
spasmolytic and hypotensive effects along with their anti-inflammatory, bacteriostatic and
analgesic properties (Demir et al. 2009; Deepa & Ravichandiran 2010). The toxicity and
contraindications for all goldenrod preparations have not been reported; therefore, the
information that is available is based largely on studies conducted on the native European
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goldenrod (Gross et al. 2002). Previously reported chemical evaluations of invasive species of
goldenrods have indicated that they have high potential to be a source of phenolic compounds
(Radusiene et al. 2015). Phenolic compounds are the subject of increasing scientific interest
because of their multiple biological effects, including antioxidative activity that is associated
with the prevention of various degenerative diseases (Andersen & Markham 2010; Zhang et al.
2011). According to our survey, only a few published reports have provided an assessment of the
antioxidant activity of different Solidago species (Apati et al. 2003; Demir et al. 2009).

The most reliable and comprehensive evaluation of the radical-scavenging capacities of plant
materials is possible only through the validation of highly efficient analytical methods. One highly
promising method for the investigation of antioxidant activity is the HPLC post-column assay with
various derivatisation techniques. Online post-column methods are employed in the rapid
identification of antioxidants and determination of their activity (Kosar et al. 2004). One highly
effective technique developed and modified by different researchers are methods based on a model
oxidation system that combines HPLC separation methods with the online post-column detection
of radical-scavenging compounds (Ibrahim et al. 2010; Raudonis et al. 2012; Camenzuli et al.
2013). Model oxidation systems of ABTS and DPPH radicals have been extensively used for
screening antioxidants from plant extracts, and they possess important advantages when compared
with colorimetric methods (Pukalskas et al. 2002; Kosar et al. 2004; Ali et al. 2014).

The objectives of this study were to establish the HPLC post-column derivatisation
parameters and to assess the influence of the temperature factor and reaction coil parameters
such as loop length modification on the efficacy of screening the radical-scavenging ability using
HPLC post-column DPPH and ABTS systems for the determination and evaluation of radical-
scavenging analysis in goldenrods raw material extracts.

2. Results and discussion
2.1. HPLC post-column derivatisation for antioxidant activity assessment

The main factors affecting post-column detection are the concentration of the derivatisation
reagents, post-column flow-rate, tubing parameters and system temperature (Ibrahim et al.
2010).

The development and optimisation of post-column detection methods include the analysis of
the relationship between the loop length and the reagents’ elution rate with the reaction time.
The reaction coil parameters affect the ratio of the peak height and baseline noise for the ABTS
and DPPH reagents; derivatisation agents increase the HPLC peak areas (Raudonis et al. 2010).
Certain temperatures are used in the post-column reaction, but there is no improvement on the
methodological justification for the chosen temperature limit for antioxidant activity assays on
plant materials (Oki et al. 2006; Mnatsakanyan et al. 2010). However, the temperature is an
important factor because variations in temperature may change the mechanism of action for
some antioxidants or affect them in another way (Réblova et al. 2012).

The rate of the post-column reaction is slower when the temperature is insufficient. Lower
temperatures induce slower chemical reactions, during which the stable free radicals interact
with biologically active materials; therefore, the time of reaction should be prolonged. The
efficiency of the coil temperature and loop length was evaluated after the peak heights of the
active compounds were established.

2.2. ABTS and DPPH post-column antioxidant assay

The influence of the temperature and loop length on the change in peak heights for the ABTS
assay is shown in Figure S1. The temperature was increased in increments of 10°C starting
from 25°C during the HPLC-post column run cycle. The maximum temperature was achieved
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at 55°C. The higher temperature conditions are related to the thermo-destructive changes of
antioxidant properties associated with the active compounds and radicals. An additional
temperature level of 50°C was introduced after conducting preliminary experiments, during
which the positive influence of the 45—55°C temperature regime on the results was observed.
The results showed that when the thermostat temperature was increased to 50°C, the
antiradical response of the reagent increased as well. A constant difference in the antiradical
signal was observed between the use of the two coil lengths, 3 and 20 m, and changing the
temperature regime. Analysis of variance (ANOVA) revealed statistically significant
differences (at p < 0.05).

Aside from temperature, coil parameters such as length and diameter also affected the course
of the reaction. Previous research relates the impact of the coil characteristics with the reaction
time, such that the longer coils result in a higher volume retention of the reaction mixture
(Raudonis et al. 2010). During the post-column reaction, the coils were immobilised in the
above-described temperature regimes. After performing repeated injections under the same
experimental conditions using the same sample, reagents, instruments, temperature and coil
length modulations, and after estimating the mean peak height readings for all three of the
indicated active compounds, the reaction coil length and reaction time were determined not to be
useful factors for gauging the peak height.

During the entire analysis, an antiradical response base line noise level was observed, which
varied from 650 to 890 units (electrical signal micro-volts) using the 3-m loop and from 460 to
890 units using the 20-m coil. In both cases, the lowest noise level was detected at 50°C
temperature, which indicates the stability of the system. However, temperature was one of the
factors influencing the sensitivity of the method. Therefore, the 3-m loop with a thermostat set at
50°C was the optimal conditions for evaluating the antioxidant activity of goldenrod raw
materials using the ABTS reagent.

DPPH post-column antioxidant assay: The application of the DPPH reagent for the resulting
antioxidant assay partially corresponds to those obtained when the ABTS reagent (Figure S2)
was used. At increasing temperatures, the antiradical response rose unevenly towards the
analogous critical analysis point of 50°C. When the temperature reached 55°C, the decrease in
peak heights was recorded. For example, in this study, the profile of the established chlorogenic
acid graph highly differed in relative signal strength at different temperatures even though no
important peak height differences appeared (p > 0.05) between 25°C and 50°C (Figure S2).
Negative peak height for the 3-m coil was slightly lower (—17,952) than the 20-m coil
(—18,221) when using a temperature of 25°C; the same observation occurred at 50°C for the
3- and 20-m reaction coils, with peak height of — 18,465 and —19,793, respectively.
A significant decrease in the peak height (— 1143) was recorded at 35°C. The regime for 35°C
had a negative influence on all extract analytes and was, therefore, considered unsuitable for
antioxidant assays of goldenrod. For chlorogenic acid, there were no significant differences
(p > 0.05) between the negative peak height values when using either a 3- or 20-m reaction coil
in the post-column assay.

After repeated experiments it can be concluded that under the above-described
analysis conditions, the length of the reaction coil (3 and 20 m) did not affect the negative
peak values for the standard solutions at low temperatures between 25°C and 35°C
(Figure S2). In the post-column DPPH assay, utilising a high temperature (50°C) and a 20-
m reaction coil significantly increased the peak heights of the analytes, which represents
the best settings for the corresponding analysis. This can be explained by the effect of
DPPH reaction kinetics, which makes the time factor more relevant than the extension of
the chromatographic elution zone; this differs from the factors established under ABTS
reagent conditions.
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2.3. HPLC post-column assay for the analysis of radical scavengers

HPLC post-column assay validation was performed by assessing the antioxidant negative peak
areas of reference standards (Figure S1). Validation of the HPLC post-column assay method for
detecting radical scavengers was determined according to intra-day and inter-day precision,
limit of detection (LOD) and limit of quantification (LOQ) values and calibration curves
(Table S2). The concentration dependence of the signal to the amount of radical scavengers in
the extract was substantiated by reference to a Trolox standard calibration curve. The curve was
calculated using the concentration of Trolox that is required to produce an equivalent antioxidant
potential (M) in terms of Trolox equivalent antioxidant capacity (TEAC) values (Raudonis
et al. 2012). A direct correlation between the amount of Trolox and its negative peak area was
determined by the height of the correlation factor. The calibration curves that formed were
equivalent to standard Trolox and were expressed by following quadratic equations: R >
(ABTS) = 0.9991 (¥ = —1.54 X 10%x 2> 4+ 4.16 X 10*x — 2.08 X 10*) and R’ (DPPH) =
0.9988 (Y = —3.86 X 10'x? + 1.81 X 10*x + 1.01 X 10%).

The precision of the post-column method was demonstrated by performing five replicate
non-consecutive injections of the four reference standard solutions (Trolox, chlorogenic acid,
rutin and isoquercitrin) on the same day (intra-day) and on three different days (inter-day). The
RSD coefficient for repeatability and intermediate precision did not exceed 3.0% for both ABTS
and DPPH post-column assay, which shows that the methods can be considered appropriate and
acceptable for the quantitative evaluation of the antiradical activity of compounds.

2.4. Analysis of free radical scavengers of S. canadensis

In leaf and flower methanol extracts, three phenolics (chlorogenic acid, rutin and isoquercitrin)
together with two unknown compounds were established (Figure 1). The antioxidant activities of
the identified and non-identified compounds were expressed as TEAC values (Trolox pmol/g)
and are presented in Table S3.

The results showed statistically significant differences (at p < 0.001) between the antiradical
response for ABTS and DPPH post-column assay methods in terms of the TEAC values (umol/g)
for the identified and non-identified compounds, with the exception of isoquercitrin, for which the
TEAC values (pmol/g) did not differ significantly. High TEAC values were observed for
constituents detected using the DPPH post-column assay versus the ABTS method application.
The results of the #-test demonstrated different radical scavenger activities between the goldenrod
leaf and flower extracts when using the ABTS and DPPH post-column assay (Table S3). The
leaves possessed stronger antioxidant properties for chlorogenic acid, rutin, isoquercitrin and
unknown compound (5) when using the ABTS post-column assay. In case of DPPH, stronger
antioxidant activity was observed in leaves for chlorogenic acid and isoquercitrin. The flowers
possessed greater antioxidant activity for unknown compounds (4) and (5) when compared with
leaves using the DPPH assay method. Consequently, similar pattern of variation in antioxidant
activity can be observed for all compounds using both ABTS and DPPH post-column assay.

3. Experimental

3.1. Plant material

Accessions of S. canadensis were collected from different wild populations. Voucher specimens
of each accession were deposited in the Herbarium of the Institute of Botany/Vilnius, Lithuania/
under the following numbers: EB-35-49, EB-38-62, EB-39-63, EB-07-72 and EB-44-69. The
harvested plant material consisted of the three tops of two to three shoots of the same clone of
five different plants in the flowering phase. The collected plants were dissected into
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Figure 1. HPLC chromatograms of the S. canadensis leaf (a) and flower (b) extracts combined with their
respective post-column DPPH and ABTS chromatograms, presented as negative peaks.

inflorescence and leaf parts and then dried at 25°C. The air-dried plant material was
mechanically ground with a laboratory mill to obtain a drug powder.

3.2. Preparation of extracts

The extracts were prepared using methods reported previously by other researchers (Apati et al.
2002; Papp et al. 2004). The samples of raw material were extracted in a 70% methanol/water
mixture (v/v) by ultra-sonication at 25°C for 50 min using a BioSonic UC100 ultrasound bath
(Mavay, Mahwah, NJ, USA). Methanol was chosen for extraction because high polarity solvents
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are considerably more effective radical scavengers than low polarity solvents (Ali et al. 2014).
The extracts were produced at a ratio of 1:100 (w/v) by weighing 0.1 g of material and adding it
the solvent up to a total volume of 10 mL. The extracts were filtered through 0.22-pm nylon
syringe filters (Carl Roth GmbH & Co. KG, Karlsruhe, Germany).

3.3. HPLC-PDA conditions and validation

HPLC analysis was conducted with a Waters 2695 chromatographer (Waters Corporation,
Milford, CT, USA) and a Waters 996 PDA photodiode matrix detector (Waters Corporation).
Separation of the active compounds was carried out on a 150 X 4.6 mm, 3 pum YMC-Pack ODS-
A column (YMC Europe Gmbh, Dinslaken, Germany), injection volume — 10 p.L, elution flow
rate — 1.0 mL/min. The external thermostat for the column was kept at a steady temperature of
25°C during analysis. A gradient elution system was performed using eluent A — 0.05% (v/v)
trifluoroacetic acid (TFA) in water and eluent B — 100% acetonitrile. Following that, a linear
elution gradient was applied: 0 min — 95% A and 5% B, 5min — 88% A and 12% B, 50 min —
70% A and 30% B, 51 min — 10% A and 90% B, 56 min — 10% A and 90% B, 57 min — 95% A
and 5% B. The identification of chromatographic peaks was performed by matching the
retention times of the analytes to reference standard compounds as well as UV absorption spectra
within the limits of 210—400 nm. An individual series of standard solutions was prepared in 70%
ethanol. The detection of flavonoids and phenolic acids was conducted at 355 and 324 nm
wavelengths, respectively.

Validation of the HPLC-PDA method was determined according to the following
parameters: specificity, linearity, precision, LOD and LOQ (Table S1).

3.4. HPLC post-column antioxidant detection method

After applying the HPLC-PDA detection system, the mobile phase containing the analytes was
entered into a reaction coil through a mixing tee where the reagents (ABTS or DPPH solutions)
were supplied (split ratio, 1:1) at the same time by a Gilson pump 305 (Middleton, WI, USA).
Reaction coils made of TFE (Teflon) of 3 and 20 m length, 0.25 mm i.d. and 1.58 mm o.d. were
used (Waters PCR module, Milford, CT, USA). The system with ABTS and DPPH solutions was
monitored as follows: temperature range set at 25—-55°C and the flow rate of the reagent was set
at 0.5mL/min for ABTS and 1.0 mL/min for DPPH. The ABTS and DPPH solutions were
prepared following the methods described by Raudonis et al. (2009, 2012).

The reaction of the antioxidant compounds with the ABTS and DPPH reagents resulted in a
colour change that was detected using an additional Waters 2487 UV/VIS detector (Waters
Corporation). The detection of ABTS and DPPH in solution was recorded at 650 and 520 nm
wavelengths, respectively. The signal strength, which is sensitivity related and reflected by the
height of the negative peaks of the active compounds — isoquercitrin, rutin and chlorogenic acid,
was chosen as the indicator for selecting analysis conditions.

The post-column antioxidant activity of the extract compounds was assessed by comparing
their activity to the standard, Trolox. Calibration curves were prepared from a Trolox ethanol
solution at eight dilutions in the range of 0.625-80 pwg/mL for the ABTS reagent and at seven
dilutions in the range of 0.8-205 pwg/mL for DPPH.

3.5. Reagents and chemicals

The acetonitrile and methanol were of HPLC grade and supplied by Roth GmbH (Karlsruhe,
Germany); the ethanol was produced by Stumbras (Kaunas, Lithuania). 2,2-diphenyl-1-
picrylhydrazyl (DPPH, 95%) and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
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diammonium salt (ABTS, 98%) were purchased from Sigma (Sigma-Aldrich, Steinheim,
Germany and St. Louis, MO, USA, respectively). Trolox (98%) and TFA (99%) were received
from Fluka Chemika (Buchs, Switzerland). Sodium citrate, citric acid and potassium persulphate
(99%) were purchased from Sigma (Sigma-Aldrich, Steinheim, Germany). The reference
substances — chlorogenic acid (95.33%), rutin trihydrate (97.11%) and isoquercetin (94.16%) —
were purchased from HWI ANALYTIK GmbH (Ruelzheim, Germany). Ultrapure water was
purified with a Millipore water cleaning system (Bedford, MA, USA).

3.6. Data analysis

The statistical package SPSS 17 (SPSS, Inc., Chicago, IL, USA) was used for statistical
processing and evaluation of the received data. One-way ANOVA was used to estimate
significant differences among the variables using different reaction coil lengths and temperature
regimes. MS Excel was used for the graphical presentation of the results.

4. Conclusions

HPLC coupled with the post-column DPPH and ABTS technique was used for the development
and validation of an effective method for screening the antioxidant activities of S. canadensis
raw materials. These investigations established that the temperature in the reaction coil served as
a relevant factor affecting the signal strength of the analytes after reacting with the DPPH and
ABTS radicals, while the length of the coil did not have a significant effect on the peak height of
the goldenrod individual radical scavengers. Considering the obtained results for the optimal
post-column reaction conditions, an optimised assay for measuring the antioxidant activities of
goldenrod raw materials exhibits the following factors: a coil temperature regime of 50°C in
combination with a coil length of 3 or 20 m.

Validation experiments confirmed sufficient precision, sensitivity and effectiveness of the
corresponding method, which could be used effectively for further evaluations of active
antioxidant compounds in plant materials of similar origin.

Supplementary material

Supplementary material relating to this paper is available online, alongside Tables S1-S3 and
Figures S1-S2.
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Abstract

The aim of the present work was to modify and validate the post-column
HPLC-ABTS and DPPH methods for evaluating the antioxidant activity of
the methanolic extracts of Solidago canadensis (Canadian goldenrod) leaves
and flowers. Separation of the analytes was performed via the HPLC-PDA
method on a YMC analytical column using a gradient elution program. Three
compounds with antioxidant properties — chlorogenic acid, rutin and iso-
quercitrin — and two unidentified antioxidants were established. The research
showed that the coil temperature regimes and loop length combinations
influence the optimized post-column assay method for detecting the anti-
oxidant activity of goldenrod radical scavengers. Investigations established
that the temperature in the reaction coil was a substantial factor contributing
to the signal strength of the analytes after reacting with the DPPH and ABTS
radicals.

Keywords: HPLC post-column; coil temperature; loop length; DPPH;
ABTS,; Solidago canadensis.
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Figure S1. Coil length and temperature influence
for the post-column reaction using the ABTS reagent
(according to negative peak heights in micro-volts)
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Figure S2. Coil length and temperature influence
for the post-column reaction using the DPPH reagent
(according to negative peak heights in micro-volts)

Table S1. Analytical characteristics of the HPLC method validation data

Intra-day| Inter-day .

Standards (HTH‘:I )| RSD (%4)| RSD(%) | R? lieglf;f:;ﬁ“ ( Lz]l)L) ( Lz?L)
Chlorogenic| 11.2 0.8 1.10  |0.999718|Y =4.26-107-x + 1.40-10*| 0.0995 | 0.33
acid
Rutin 23.7 0.9 1.30  |0.999865|Y =2.27-107-x +4.02:10°| 0.3 1.25
Isoquercitrin| 25.5 0.4 0.60 0.999852| Y =6.42-10"x+ 1.13-10°| 0.13 0.44

Tr: retention time, RSD: relative standard deviation, R?: correlation coefficient, LOD: limit
of detection, LOQ: limit of quantitation.
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Table S2. Validation characteristics of the ABTS and DPPH post-column

assays
ABTS assay DPPH assay
Parameters - - - -
Trolox | CHIOTO- | pygp |1soduer-) gy o)y | Chloro- | gy |IS0quer
genic acid citrin genic acid citrin
Linearity 0.625-80 | 1.88-60 |0.94-30|1.00-33| 0.80-205 | 1.88-60 |0.94-30|1.00-33
range (ng/mL)
Intra-day 0.30 2.00 2.20 1.20 0.30 1.90 1.60 2.30
RSD (%)*
Inter-day 0.40 2.50 2.90 1.30 1.60 3.00 2.00 2.60
RSD (%)®
LOD (ug/mL) 0.26 0.78 0.39 0.42 0.87 0.83 0.42 0.44
LOQ (ng/mL) 0.36 2.62 1.75 1.39 1.18 2.77 1.33 1.48

RSD: relative standard deviation, LOD: limit of detection, LOQ: limit of quantitation.

Table S3. Comparison of the radical scavenging activity of individual com-
pounds expressed as TEAC (umol/g) between Solidago canadensis leaf (1)
and flower (2) extracts using the ABTS and DPPH post-column assay

Peak| Analytes ABTS assay DPPH assay P*
No. 1 2 t | P 1 2 t P
1 |Chloro- | 16.9+0.05 |15.6+0.18]15.50{0.001 | 97.65+0.86 | 40.38+0.2 | 144.77 |0.001{0.001
genic
acid

2 |Rutin 10.4840.24(8.55+0.38| 9.51 | 0.001 | 18.15+0.25 | 18.93+0.1 | —3.81 [0.005]|0.001

3 |Isoquer- | 0.75+0.04 [0.56+0.02|{10.73/0.001 | 0.844+0.04 | 0.73+0.02 6.13 10.001] 0.03
citrin
4 |Unknown| 57.84+0.31 {58.3+0.23|-3.14| 0.014 |131.77+0.14|153.04+0.23| —178.01 {0.001|0.001

5 |Unknown| 31.92+0.2 |22.3+0.16|82.53| 0.001 | 143.78+0.28|144.97+0.07| -9.16 [0.001(0.001

Values are expressed as mean quantities with standard deviation, t: Student’s statistic, P:
significant level, P* significant level for comparisons between ABTS and DPPH assays.
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Abstract

This study provides the first phytochemical characterization of the morphologically identified
natural hybrid Solidago x niederederi Khek compared with the native Solidago virgaurea and
two invasive species, Canada goldenrod (Solidago canadensis L.) and giant goldenrod (Solidago
gigantea Aiton). The phenolic compounds, namely, chlorogenic acid, rutin, isoquercitrin,
hyperoside, and quercitrin, were detected in leaves and inflorescences by the high-performance
liquid chromatography-photodiode array detector/ultraviolet (PAD/UV) method. All analyzed
Solidago species contained all of the phenolic compounds investigated. The quantitative
phytochemical differentiation among Solidago taxa was shown by principal component analysis.
The results indicated that S. gigantea plants were characterized by significantly different
quantities of phenolic compounds compared with three other Solidago taxa, which formed a
separate cluster in the space of the principal component model, indicating the high similarity of
their profiles. An additional multivariate analysis of the three species studied revealed a
chemical gradient from S. canadensis to S. virgaurea with a slightly overlapping zone on the
score plots presented by S. x niederederi and S. virgaurea accessions. The results showed that
S. x niederederi was closely related to S. virgaurea. This result is suggestive of a hybrid origin
with significant contributions from the native species. However, S.X niederederi was
significantly different from its parental species with respect to chlorogenic acid and quercitrin
in leaves and rutin with isoquercitrin in inflorescences. Conversely, samples indicating
intermediate chemical composition between native S. virgaurea and invasive S. gigantea were
not distinguished. The comparison of phenolic compound accumulation in Solidago plants
supported the additional identification of the origin of S. x niederederi.

Invasive species are viewed as a significant component of global environmental changes that
threaten biological diversity and functioning of ecosystems. The Delivering Alien Invasive
Species Inventories for Europe (DAISIE) database contains 2,843 records of plant species alien
to Europe, most of which are naturalized in new habitats (Hejda et al. 2009; Pysek et al. 2012).
Canada goldenrod (Solidago canadensis L.) and giant goldenrod (Solidago gigantea Aiton) are
exceptionally successful worldwide invaders from North America and have a great potential to
invade new habitats in the future (Weber 2001). Invasive Solidago spp. are well adapted to a
relatively wide range of habitats with variable soil conditions that are more conducive to their
growth and lead to the development of monodominant stands and unification of the landscape
over large areas (Fenesi et al. 2015; KarpaviCiené et al. 2015; Scharfy et al. 2009). In this way,
the spread of alien Solidago spp. disturbs spontaneous successions and reduces plant diversity.
In addition, alien species invade habitats of native congeners, which affects the origin of new
taxa. The hybridization of invasive species with native plants is common and leads to the
transfer of adaptations among invasive species. This process increases their invasive potential
and can cause a loss of genetic diversity, fitness, threat of extinction of native species, and even
evolutionary changes in spontaneous flora (Ellstrand and Schierenbeck 2006; Hovick and
Whitney 2014). The spontaneous hybrids becoming stabilized are considered as new alien
species (Pysek et al. 2004).

The natural hybrid S. x niederederi Khek between the native to Europe S. virgaurea and
alien S. canadensis was first recorded more than a century ago in Austria (Khek 1905).
Currently, a comparatively rapid spread of S. x niederederi in European countries is observed
(Jazwa et al. 2018). The hybrid origin of S.x niederederi has been estimated using plant
morphological characters, achene development, and pollen viability characters (Karpavi¢iené
and Radusiené 2016; Migdalek et al. 2014). The complication of hybrid identification arises
due to extremely diverse morphology of Solidago species, which causes taxonomic confusion
within the genus (Semple et al. 2015). Consequently, alien Solidago plants with pubescent stems
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and leaves and inflorescences with ascending lower branches
may be considered as one complex taxon S. canadensis s1. (Weber
1997). S. gigantea appears to be one of the more clearly defined
taxa; however, it also refers as a whole complex of varieties
(Weber and Jakobs 2005). Furthermore, the European S. virgaurea
is also highly polymorphic and divided into several closely related
taxa (Kieltyk and Mirek 2014). Taking into consideration the
geographical differences in origin and high intraspecific morpho-
logical diversity within Solidago species, it can be assumed that the
identification of hybrids and their parental species solely based on
morphological traits can be misleading. Recently, the first genetic
identity of hybrids has been confirmed using molecular methods
(Pliszko and Zalewska-Gatosz 2016). According to Desjardins
(2008), in addition to genetic, classical morphological and other
nonmorphological methods, phytochemical evaluation can provide
supplementary information on species identification.

The primary objectives of this research were to (1) assess the
origin of morphologically identified S. x niederederi on the basis
of phenolic compound accumulation and (2) to reveal chemo-
taxonomic value of some phenolics for identification of Solidago
taxa. As far as we know, this study provides the first chemical
characterization based on a comparison of the phenolic com-
pound profiles of S.x niederederi and other Solidago species
growing in close sympatry with the hybrid.

Nineteen accessions of S. virgaurea, 17 of S. canadensis, 11 of
S. gigantea, and 24 of S. x niederederi were collected from 6 mixed
wild populations in which all taxa were growing together. The
sample of harvested plant material consisted of the three tops of
two to three shoots of the same clonal plant in the flowering phase.
The botanical identification of Solidago taxa was carried out by
morphological diagnostic features defined in our previous work
(Karpavi¢iené¢ and Radusiené 2016). The herbarium vouchers of
the accessions were deposited at the Herbarium of the Institute of
Botany, Vilnius, Lithuania.

Collected plants were dissected into inflorescence and leaf
parts and dried at 25 C. Air-dried material was mechanically
ground to obtain a homogenous powder, and then samples of
approximately 0.1 g were extracted in 10 ml of 70% methanol by
ultrasonication at 25 C for 50 min. The solutions were filtered and
stored at 4 C until analysis.

Solvents were of high-performance liquid chromatography
(HPLC) grade and supplied by Roth GmbH (Karlsruhe,
Germany). The reference substances, chlorogenic acid (> 95.33%),
rutin trihydrate (97.11%), and isoquercitrin (>94.16%), were
purchased from HWI Analytk GmbH (Ruelzheim, Germany);
quercitrin (>98.0%) was obtained from Roth GmbH. Water was
filtered through the Millipore (Billerica, MA, USA) HPLC-grade
water-preparation cartridge.

HPLC analysis was performed using a Waters Alliance 2695
(Waters, Milford, USA) separation module system equipped with
a Waters 2487 UV/Vis and Waters 996 PDA photodiode-array
detector. The separation of the compounds was carried out on

95

Radusiené et al.: Solidago x niederederi phenolics

YMC-Pack ODS-A column (3.0 pm, 150 mm by 4.6 mm i.d.) with
a guard cartridge (3.0pm, 10mm by 4.0mm). The analytical
conditions were performed according to the method described in
Radusiené et al. (2015).

Peaks of compounds were identified at a wavelength range of
210-550 nm by comparing their UV-Vis spectra and retention
times to those of authentic reference standards. The samples were
analyzed twice. The chromatograms of standards and flower
extracts are shown in Figure 1. The quantification of detected
compounds was carried out by the external standard method.
Standard stock solutions for chlorogenic acid, rutin, hyperoside,
isoquercitrin, and quercitrin were freshly prepared in 70%
methanol and diluted to six different concentrations to establish
calibration equations. Three injections per concentration were
performed to determine linearity. A linear regression equation for
all calibration curves was calculated by the least-squares method.
The regression coefficients were R®>0.999, confirming the
linearity of the concentration ranges.

Multivariate statistical approaches using the Statistica v. 10.0
(StatSoft) software package were performed. One-way ANOVA
and a post hoc Sheffe’s multiple-comparison test were used to
identify and specify significant differences of phenolic compound
quantities among the investigated taxa. The relationship between
variables was analyzed using Spearman’s rank correlation. Principal
component analysis (PCA) was used to detect groupings, simi-
larities, or differences among all analyzed accessions according to
statistically independent variables, which represent the phenolic
metabolite quantities in Solidago species. PCAs were based on eight
standardized variables (the concentrations of chlorogenic acid,
rutin, isoquercitrin, and quercitrin in leaves and inflorescences).
The data sets of phenolic compounds in leaves and inflorescences
were combined and used in PCA, yielding more compelling results
than separate PCAs for leaves or inflorescences. Each sample had a
score along PCA components, which showed its location in the
space of the principal component model. The data for hyperoside
concentration were eliminated from the PCA, as this variable had
little explained variance and contributed to noise, reducing the
quality of the model.

Phenolic compounds, namely, chlorogenic acid, rutin, isoquercitrin,
hyperoside, and quercitrin, were detected in leaves and inflorescences
of S. virgaurea, S. canadensis, S. gigantea, and S. X niederederi.
Leaves showed considerably higher mean values for chlorogenic
acid compared with inflorescences, whereas inflorescences showed
significant accumulation of isoquercitrin. All analyzed Solidago
species shared the same common phenolic constituents.

ANOVA revealed high significant differences (P <0.001) for
the mean quantities of all phenolic compounds in leaves and
inflorescences among the investigated species. Post hoc multiple
comparisons of mean quantities specified that S. gigantea signi-
ficantly differed for all compounds among all species. The highest
values of phenolics were found in the leaves and inflorescences of
S. gigantea compared with other species, except for rutin.
Meanwhile, the rutin content in both the leaves and inflore-
scences of other species greatly exceeded that of S. gigantea,
showing the highest accumulation in S. x niederederi leaves and in
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Figure 1. Chromatograms of reference standards (A) and inflorescence extracts of
Solidago (B), S. canadensis (C), S. virgaurea (D), and S. x niederederi (E) detected by
HPLC-PAD. Peak identified: 1, chlorogenic acid; 2, rutin; 3, hyperoside; 4,
isoquercitrin; 5, quercitrin.

S. canadensis inflorescences. Furthermore, the differences for
phenolics were analyzed between S. X niederederi and putative
parental species S. virgaurea and S. canadensis. Solidago gigantea
was excluded from the multiple-comparison test because the

Table 1. Differences of phenolic compound accumulation in leaves among four
Solidago species.”

S. virgaurea

i dored

S. ¢ fe

S.x

i S

g
(n=19) (n=17) (n=24) (n=11)

Compounds Quantities, mg g~* DM®

Chlorogenic  17.65+2.86b  18.78+6.43b 22.42+590a 37.38+6.86

acid

Rutin 13.69+3.33a  14.00+6.92a 17.35+7.20a 0.49+0.30
Isoquercitrin  0.08+0.09a 0.11+0.14a 0.13+0.24a  2.50+0.74
Hyperoside 0.28+0.19a 0.41+0.23a 0.52+0.56a 0.93+0.40
Quercitrin 0.07+0.22¢ 1.08+0.58a 0.33+0.31b  39.48+6.83

“Differences among four species for all compounds were significant at P <0.001.
n=the number of accessions analyzed. Values (mean+SD) followed by different letters
among first three species are significantly (P <0.05) different according to Scheffe’s test.
Solidago gigantea was excluded from the multiple-comparison test because the remaining
taxa were not different for most phenolic compounds when S. gigantea was included.
PAbbreviation: DM, dry mass.

remaining taxa were not different for most phenolic compounds
when S. gigantea was included. Significant differences among the
three taxa were observed for chlorogenic acid and quercitrin in
the leaves and for chlorogenic acid, rutin, and isoquercitrin in the
inflorescences (Tables 1 and 2). The leaves of S.x niederederi
significantly accumulated the highest (P <0.01) level of chloro-
genic acid, whereas the flowers of S. canadensis showed significant
accumulation of this compound in comparison with the other two
species. However, the amount of chlorogenic acid in the flowers
did not differ significantly (P> 0.05) between S. X niederederi
and S. virgaurea. The rutin content in the inflorescences of
S. canadensis greatly exceeded that in the flowers of
S. x niederederi and S. virgaurea. The highest amount of quercitrin
was accumulated in the leaves and inflorescences of S. canadensis,
and the mean content of this compound was found in leaves
and inflorescences of S. x niederederi. Meanwhile, quercitrin was
detected in minor quantities or not found at all in the flowers
of S. virgaurea. Species significantly varied for content of
isoquercitrin in the inflorescences, the highest levels of which
were found in S. virgaurea followed by S.x niederederi and
S. canadensis. However, the amount of hyperoside did not
differ significantly among the species for both plant parts.

Table 2. Differences of phenolic compound accumulation in inflorescences
among four Solidago species.?
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S. virgaurea S. c fensis S. x niedered . gig
(n=19) (n=17) (n=24) (n=11)

Compounds Quantities, mg g" DMP

Chlorogenic acid 5.80+1.69b 9.34+2.48a 6.67+174b 13.72+3.52
Rutin 6.50+1.50c 18.22+6.96a  9.20+3.74b 1.42+0.34
Isoquercitrin 1.98+0.65a  0.34+0.28c 1254039 12.78+3.71
Hyperoside 0.74+0.24a 0.66+0.43a  0.78+0.50a 1.59+0.49
Quercitrin 0.00b 0.23+0.39a  0.02+£0.08b 18.10+4.91

*Differences among four species for all compounds were significant at P<0.001.
n=the number of accessions analyzed. Values (mean+SD) followed by different
letters among three first species are significantly (P <0.05) different according to Scheffe’s
test. Differences among four species for all compounds were significant at P <0.001.
Solidago gigantea was excluded from the multiple-comparison test because the remaining
taxa were not different for most phenolic compounds when S. gigantea was included.
bAbbreviation: DM, dry mass.
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Figure 2. PCA1 representing four Solidago taxa for accumulation of phenolic compounds. (A) Loading plots for compound variables contributing to PC1 and PC2. (B) Score

plots for the testing accessions with 95% confidence ellipses limit for each species.

Consequently, S. virgaurea accumulated the lowest quantities
of phenolic compounds compared with S. canadensis and
S. x niederederi, with the exception of isoquercitrin in leaves.
In contrast, among the three Solidago species investigated, for the
most part S. canadensis contained the highest amounts of the
phenolic compounds. Solidago x niederederi showed average
values of phenolics except for having the highest concentration
of chlorogenic acid in leaves.

The first PCA1 model that represented the two-dimensional
scatter plots showed differentiation between the sets of chemical
data of the four Solidago species studied. The score plots for the
first two PCs explained 85% of the total variance and represented
enough visualization for any possible patterns of the data. PC1
accounted for 69.51% of the observed total variability and was
strongly associated with negative loadings of quercitrin (Quer F,
Quer L) and isoquercitrin (Isoquer F, Isoquer L) in flowers and
leaves and chlorogenic acid (Chlora L) in leaves as well as the
positive variable of rutin (Rut L) in leaves. The PC2 model
explained 15.58% of the total variance and was characterized by
negative loadings of rutin (Rut F) and chlorogenic acid (Chlora F)
in flowers (Figure 2A). The PCAL score plots with 95% confi-
dence limit ellipses for the four species showed an arrangement of
accessions into two distinct groups (Figure 2B). Within the right-
hand plots, one group was formed by three overlapping ellipses
along PC2 covering all accessions of S. canadensis, S. virgaurea
and S. x niederederi. The location of accessions on the score plots
can be explained by the position of variables on the loading plots.
Rut F, Rut L, and Chlora F, with higher negative loading on PC2,
were found to have high to moderate values in corresponding
samples, while Quer F, Quer L, Isoquer F, and Isoquer L, with
high negative loading on PCI, were accumulated in low quantities
in all accessions of this group. The second group of accessions
within the left-hand plots brought together all S. gigantea sam-
ples, which were closely clustered along negative PC1. In contrast
to the first group within the right-hand plots, Quer L, Quer F,
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Isoquer L, and Isoquer F, scoring high in PC1, were detected as
having the highest contents in those accessions; conversely, Rut L
and Rut F, scoring low in PC1, were found in minor quantities.
Chlora L and Chlora F, loading high to moderately in both PCs,
were associated with higher levels of chlorogenic acid, especially
in flowers. The results clearly suggested that accessions of
S. gigantea were highly different with respect to phenolic content
compared with the first group, which was formed by accessions
of the other three Solidago species. The PCAl model did not
clearly separate morphologically different taxa as S. x niederederi,
S. virgaurea, and S. canadensis. Consequently, the PCA2 model
for the three species was used, in order to focus more specifically
on differentiation among S. X niederederi, S. virgaurea, and
S. canadensis accessions.

In the new PCA2, the first two PCs explained more than 56%
of the total variance in the data set and presented much better
separation between accessions of corresponding species. PC1
accounted for 37% of the observed variance and was best char-
acterized by positive loadings of Chlora F, Rut F, and Quer L
variables and negative Isoquer F. PC2 was highly associated with
negative loadings of Chlora L and Rut L and moderate with
positive Quer F (Figure 3A). Graphical representation of the
score plots showed separation of all S. canadensis accessions
in a separate cluster on the right-hand plot (Figure 3B). The
positioning of . canadensis samples coincided with higher loadings
of Chlora F, Rut F, Quer L, and Quer F, indicating the greater
influence of those variables on the colocated scores. The opposing
location of Isoquer F to Chlora F, Rut F Quer L, and Quer F
displayed negative correlations, which reflect opposite values of
corresponding compounds in the accessions. One sample in the
lower right-hand plot was separated from all of the others within
the ellipses, suggesting that its composition differs significantly
from the other accessions. Indeed, this sample contained the
highest values of rutin and chlorogenic acid in both leaves and
inflorescences. Meanwhile, the scores of S.x niederederi and
S. virgaurea represented two overlapping ellipses. Additionally,
S. x niederederi samples were much more scattered on PC1 versus
PC2 along with Rut L and Chlora L loadings, displaying high
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variation in rutin and chlorogenic acid content in leaves. For
these compounds, S. x niederederi was similar to S. canadensis.
Some of S. x niederederi accessions exposed a tight position with
S. virgaurea, indicating a great similarity in chemical content. Some
hybrid samples demonstrated a remote position from all the others,
scoring a high negative in PC2 and a low positive in PC1, which
suggested higher amounts of chlorogenic acid and rutin in their
leaves. The opposing location of some accessions on the upper
left-hand score plot associated with low values of Chlora L and
Rut L in those samples. Meanwhile, Quer F, scoring moderately in
PC2, was found in mean quantities in previous samples. Isoquer F,
scoring high in PC1 and moderately in PC2, had the greatest
influence on colocated accessions and associated mean content of
isoquercitrin in flowers of both species. Moreover, negative corre-
lation of Isoquer F with Chlora F, Rut F, and Quer L suggested
low values of these compounds in the corresponding samples.
Consequently, the PCA2 model demonstrated that S. canadensis
accessions formed a separate cluster, indicating a quantitative
composition of phenolics highly different from that of from
S. X niederederi and S. virgaurea. Conversely, S. x niederederi and
S. virgaurea accessions did not reveal the separation of two
well-defined groups, with high overlapping on the score plots.

In the current research, the main phenolic compounds
in Solidago spp. plant materials, the quercetin-3-O-glycosides:
quercitrin, isoquercitrin, rutin, and hyperoside, together with
chlorogenic acid, were used to ascertain relationships and differ-
ences between S. x niederederi and other Solidago species growing
in mixed populations. In general, the phenolic compounds are the
most widely used of all secondary constituents in chemotaxonomic
studies, mainly due to their ubiquitous occurrence in plants and
their structural variability and chemical stability (Braunberger et al.
2015; Clark et al. 2014; Svehlikov4 et al. 2002). Furthermore, the
phenolics listed above are considered principal bioactive com-
pounds in Solidago spp. and are used for plant-derived medical
preparations (Melzig 2004; Sabir et al. 2012). The present research
on the comparison of four taxa demonstrated that all analyzed
Solidago spp. exposed the same investigated phenolic constituents,
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which seems to be characteristic of the whole Solidago genus.
On the other hand, the data obtained showed the significant
quantitative differences in phenolics among corresponding taxa.
The highest values of all studied phenolic compounds, with the
only exception being rutin content in leaves and flowers, were
found in S. gigantea. Further, chlorogenic acid was the only
compound whose content in the leaves of S. X niederederi signi-
ficantly exceeded that found in parental species, while the content
of other compounds was intermediate or did not differ signi-
ficantly. The accumulation of high amounts of phenolics may
provide a competitive advantage via suppression of neighboring
plants (Kim and Lee 2011). Moreover, phenolic compounds are
known to be particularly important for plant interactions with
abiotic and biotic environments and constitute one of the most
common defense groups against herbivores (Mallikarjuna et al.
2004; Treutter 2006). Furthermore, chlorogenic acid is known to be
associated with plant resistance to insects, fungi, bacteria, and
viruses (Leiss et al. 2009; Niggeweg et al. 2004). It should be noted
that chlorogenic acid and rutin in the leaves of S. x niederederi was
highly variable. Moreover, chemical variability provides abundant
material for environment-mediated selection and may play a role
in superior resistance to herbivores and pathogens. Therefore,
this variability may contribute to a higher hybrid fitness and
persistence in a different environment (Oberprieler et al. 2011).
The chemistry of hybrids varied not only qualitatively, but also
quantitatively (Orians 2000). Generally, hybrids express parental
chemicals, but parental compounds are sometimes missing, or novel
compounds are present. The survey by Cheng et al. (2011), based on
1,112 secondary metabolites of different hybrids, showed that the
frequency of metabolite novelty accounted for 5.5% of all studied
compounds. The probability of occurrence of novel compounds
increases in polyploids, especially in F, and later-generation
hybrids (Orians 2000). Accordingly, we have not detected any novel
chemicals in S. x niederederi, which is diploid and apparently
only a first-generation hybrid (Karpavi¢ien¢ and Radusiené 2016).
PCA has been used here as an exploratory method to describe
data sets without a priori knowledge of the data structure and to



allow the visualization of the similarities and differences within
analyzed data to indicate the compounds most responsible for
separation of different plant groups. In this regard, the position of
S. gigantea accessions on PC1 versus PC2 plots at a distance from
others represented a greater difference in chemical composition as
determined by the study of all phenolic compounds. Meanwhile,
the other three taxa formed a separate cluster, indicating simi-
larities in their quantitative accumulation of phenolics. It can be
assumed that interspecific chemical variability among Solidago
species should be genetically based. However, the mode of
qualitative inheritance of most chemical compounds is Mendelian
with dominance; if both or one of the parents produce a chemical,
the hybrids almost always produce it as well (Orians 2000).
It can be assumed that the genes responsible for the synthesis of
phenolics are constitutively, but differently expressed in the
analyzed species (Cheng et al. 2011). Although morphologically
and phylogenetically S. canadensis is closer to S. gigantea than
to S. virgaurea (Semple 2016), invasive Solidago spp. differ in
their ploidy level. S. gigantea is tetraploid (2n=36), whereas
S. canadensis is diploid (2n=18), as are S. virgaurea and
S. x niederederi (Karpavi¢iené and Radusiené 2016). The ploidy
level is known to have a significant effect on the intraspecific
variation in concentrations of metabolites in S. gigantea
(Hull-Sanders et al. 2009). In this context, tetraploid S. gigantea
showed high mean phenolic content, while diploid Solidago spp.
exhibited comparatively lower content for the compounds analyzed.

The additional PCA for the three species studied, with the
exception of S. gigantea, demonstrated that the parental species S.
virgaurea and S. canadensis were well distinguished from each
other based on the analyzed phenolics. Although interspecific
hybrids can often be clearly distinguished from parental species
based on their biochemical phenotypes (Kirk et al. 2012),
S. x niederederi accessions did not show itself to be a clearly
defined group compared with the parental species, being in close
position with S. virgaurea. They clustered less tightly and
displayed greater variation in chemical composition, with some of
the samples falling outside the range of the parental species. These
results are similar to those reported previously by Kirk et al.
(2005) for chemical composition of two Senecio species and their
F, hybrids, which did not cluster intermediately to parents on the
basis of PCA. According to Orians (2000), parental chemicals in
hybrids are mostly either expressed at concentrations similar to
one of the parents or at intermediate concentrations. However,
S. x niederederi significantly exceeded the parental species in
mean chlorogenic acid content in leaves, but the range of vari-
ation of this compound in the hybrid was similar to that of
S. canadensis. The results agree with other studies showing that
hybrid plants have much more genetic variation than the parental
species (Ellstrand and Schierenbeck 2006; Zalapa et al. 2010),
which leads to higher phenotypic diversity. Overall, in our
research, S. x niederederi was characterized by the accumulation
of phenolic compound content intermediate or similar to that of
S. virgaurea, suggesting its hybrid origin.

The sparse chemical diversity of invasive species can be
explained by the assumption that invasive species undergo one to
several bottlenecks when they are introduced to new areas, which
leads to genetic uniformity in plant populations (Miiller-Schérer
and Schaffner 2008). In addition, there exist some data about
the lack of differentiation in DNA content observed in native
S. virgaurea (Szymura et al. 2015) that may be associated with low
chemical diversity. However, in contrast to low chemical diversity,
high intraspecific morphological variations have been observed in
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the analyzed Solidago species (Karpavi¢iené and Radusiené 2016;
Kieltyk and Mirek 2014; Semple et al. 2015). Based on the
hypothesis of Bossdorf et al. (2005), high plasticity of morphotype
allows introduced species to naturalize across different environ-
ments, revealing the potential for their invasiveness. Therefore,
the use of only morphological descriptions to examine taxa with
large intraspecific variation may result in wrong conclusions and
taxonomic confusion, as has been the case with Solidago taxa.
Consequently, the phytochemical pattern in the present study
complemented the evidence of hybrid S. X niederederi origin
between native S. virgaurea and invasive S. canadensis. However,
it can be assumed that S. x niederederi is continuously formed in
mixed Solidago spp. populations, because the phytochemical
intermediate of the hybrid is not fixed, suggesting that it is not a
completely stabilized hybrid derivative leading to the creation of
new genotypes and evolutionary novelty. Solidago x niederederi
has occurred rather frequently in mixed Solidago spp. popula-
tions; therefore, it has the potential to spread and increase due
to viable seed production (Migdalek et al. 2014) as well as
through vegetative propagation by clonal growth (Pliszko and
Kostrakiewicz-Gieralt 2017). However, accessions exhibiting
an intermediate chemical composition between spontaneous
S. virgaurea and invasive S. gigantea were not detected. This can
be explained by the differing number of chromosomes of these
species, which leads to more complicated hybridization. On the
other hand, S. x snarskisii Gudz. & 2aln., the spontaneous puta-
tive hybrid between S. virgaurea and S. gigantea, has been recently
described (GudZinskas and Zalneravicius 2016). Furthermore, the
appearance of a new hybrid indicated the growing impact of
invasive Solidago spp. on local flora.

Although statistical analysis revealed the presence of phenolic
compounds such as the chlorogenic acid and quercitrin in leaves
and rutin with isoquercitrin in inflorescences of S. x niederederi at
significantly different quantities from its parental species, high
variability of these components and their overlapping ranges
between species impact clear identification of hybrids in the wild.
Nevertheless, the present study provided the first examination of
expression of phenolic compounds in S. x niederederi. It is impor-
tant to further assess its inheritance of phenolic compound
expression in the second and later generations of the hybrids, which
is very likely, because according to Pliszko and Kostrakiewicz-
Gieralt (2017), hybrids are able to generate their own offspring by
sexual reproduction. On the other hand, the implication of phenolic
compounds does not preclude the importance of other secondary
metabolites in species differentiation. Additional analysis of
these species could show some differences for minor components,
which could expose their importance in chemotaxonomy and the
evolutionary dynamics of invasion. Overall, Solidago is a suitable
model genus for the study of the plant invasion process, and the
present study provides a basis for further research on the role of
genetic diversity and expression of secondary metabolites during
hybridization on invasive potential.
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Abstract: The importance of invasive Solidago L. species to the environment creates a new approach
to controlling their spread through the use of potentially high value raw materials. The aim of
this study was to assess the distribution patterns of volatile compounds in the four Solidago spp.,
by identifying common and species-specific compounds with their potentials, and to confirm the
origin of the spontaneous hybrid Solidago x niederederi on the basis of comparative assessment of
essential oil (EO) profiles. Plant material in the flowering phase was collected in mixed populations
from six different sites. The EOs were isolated separately from the leaf and the inflorescence samples
by hydrodistillation for 3 h. The chemical analysis was performed by gas chromatography—mass
spectrometry. Multivariate data analysis was employed to explain the interspecies relationships
among Solidago spp. The results revealed the similarity among Solidago spp. EO profiles, which
were dominated by monoterpenes and oxygenated compound fractions. Solidago spp. differed
in species distinctive terpenes and their distribution between accessions and plant parts. Volatile
compound patterns confirmed the origin of Solidago x niederederi between Solidago canadensis and
Solidago virgaurea, with the higher contribution of alien species than native ones. Correct taxonomic
identification of species is highly essential for the targeted collection of raw material from the wild
for different applications. Solidago spp. can be considered to be underutilized sources of bioactive
secondary metabolites.

Keywords: invasive species; distinctive terpenes; interspecific diversity; Solidago x niederederi;
underutilized resources

1. Introduction

The use of plant products has grown remarkably in recent years, and research into
natural products such as volatile terpenoids has become an important task for future human
and animal well-being [1]. Natural products are generally easy to prepare and, due to
their natural origin, are environmentally friendly and not financially challenging. In this
respect, invasive species are of growing interest as a potential resource for obtaining high
value-added products. Solidago canadensis L. (Canadian goldenrod) and Solidago gigantea
Aiton (Giant goldenrod), native to North America, are considered to be one of the most
aggressive plant invaders, which were introduced to Europe as garden ornamentals in
the middle of the 18th century and began to spread in the 19th century [2]. Abandoned
previously cultivated and disturbed areas contribute to a rapid and successful invasion
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of goldenrods. Both species form pure dense stands due to the clonal growth of their
re-sprouting rhizome system, which provides a strong competitive ability to eliminate
other grassland species while reducing biodiversity [3]. Propagation of the Solidago species
easily by wind distributed seeds guarantees their distance dispersal and the occupation of
new disturbed areas creating homogenized landscape [4]. On the other hand, spontaneous
hybridization gives rise to new hybrids, such as sexually reproducing Solidago x niederederi
Khek., which was first recorded in Austria more than a century ago [5]. The hybrid has
been described as a new alien species between the invasive S. canadensis and native Solidago
virgaurea L. (European goldenrod), which is spreading rapidly along with the parental
species, increasing the negative impact on the native flora [6,7]. In addition, phytotoxicity
of alien species has been often invoked as a significant factor negatively influencing the
native species and composition of plant communities [8,9]. The fastest and cheapest result
to eradicate or limit the invasion of goldenrods is the use of herbicides [10]. However, the
application of herbicides has a negative impact on the environment and their use is limited.
Based on the importance of goldenrods to the surrounding environment, a new approach
has recently been developed so that invasive species can be a potential source of high value-
added products, instead of eliminating them by labor consumption and environmentally
unfriendly ways [11]. The high biomass produced by exotic goldenrods is a promising
source of renewable energy that can be exploited in rural households as an alternative
to expensive firewood and that do not compete with crops for food or animal feed [12].
Late-flowering goldenrods attract pollinators and are honey bee plants that are considered
to be superior to crops treated with pesticides [13]. Solidaginis virgaureae herba is included
in the ESCOP Monographs with therapeutic indications for the treatment of urinary tract
and genital disorders [14]. The European Medicines Agency in a finalized community
monograph of Solidago virgaurea confirms traditional use of this plant material for the
treatment of minor urinary tract complaints [15]. Furthermore, S. gigantea, S. canadensis,
and their hybrids, as well as S. virgaurea, are included in European Pharmacopoeia [16].
A wide range of specialized metabolites have been reported in goldenrod raw materials, of
which phenolic compounds and EOs were considered to be the most valuable [17-19]. The
comparative evaluation of phenolic compounds in Solidago spp. has been presented in our
previous studies [20].

Essential oils (EOs), due to the structural diversity in their constituents, expose a wide
range of biological effects and are of great interest as a source of functional ingredients for
agriculture, food, cosmetics, and pharmaceuticals [21]. Numerous studies have reported
the potential use of EOs for integrated weed and pest control as an environmentally
friendly approach [22]. Significant antifungal activity of S. canadensis EO was found against
Botrytis cinerea, which reduced fruit rot and successfully controlled gray mold in inoculated
strawberries [21]. Elshafie et al. [23] has also demonstrated antimicrobial activities of
S. canadensis EO in vitro against some other phytopathogens. In this way, EOs of alien
Solidago spp. are a promising source for the development of organic pesticides and can meet
the high demand for their production. In addition, the allelopathic activity of S. virgaurea is
considered as the herbicidal potential of EOs for environmentally acceptable weed control
in organic farming [24]. The EO of S. canadensis has been shown to exhibit significant
cytotoxic and antiproliferative activities against human tumor cell lines, correlating with
the terpene compounds [25,26].

The major constituents of EO usually contribute to the principal role of the biological
activity of the mixture, so their efficiency can be predicted to some extent from the complex
of components [27]. On the other hand, even minor components have been shown to play a
significant role in different biological activities due to their complementary and synergistic
effects [28]. Consequently, it is important to know the distribution of phytochemical
compounds in species and their populations due to the targeted selection of raw materials
for their possible multifunctional use. The study hypothesized that the screening of Solidago
spp. growing in the same area and in their mixed populations could provide reasonable
comparative information on the volatile profiles and their chemotaxonomic relationships
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and confirm the origin of the S. x niederederi taxon. The objectives of the study were:
(1) to assess the distribution of volatile constituents in the populations of native and alien
Solidago spp.; (2) to identify intraspecific and interspecific diversity in Solidago spp.; (3) to
identify common and species distinctive volatiles; and (4) to confirm the origin of the
spontaneous hybrid S. x niederederi on the basis of a multivariate comparative analysis of
volatile profiles.

2. Results
2.1. Essential Oil Content of Solidago Species

Inflorescences took priority over the leaves in EO content in all the evaluated Sol-
idago species. The highest yield of EO was obtained from inflorescences of S. canadensis
(0.19-0.26%), followed by S. gigantea (0.16-0.23%), S. x niederederi (0.14-0.20%), and S.
virgaurea (0.15-0.18%). Meanwhile, the leaves of S. gigantea accumulated the highest EO
content (0.16-0.20%), followed by S. canadensis (0.14-0.18%), S. x niederederi (0.13-0.15%),
and S. virgaurea (0.10-0.15%). Previous studies reported the similar range of EO yield in
S. canadensis (0.18-0.27%) [23,29] and S. gigantea (0.15-0.16%) [29]. Kalemba [30] reported
higher levels of EO contents in S. virgaurea (0.32-0.38%) than levels found in this study.

2.2. Chemical Profiles of Essential Oils

The EOs of four Solidago spp. were dominated by monoterpenes, with an average of
43.9-74.6% of the total composition of EOs in inflorescences and 39.7-69.1% in leaves. The
mean percentage of sesquiterpenes ranged from 15.0 to 35.4% in inflorescences and from
25.5 to 38.2% in leaf EOs. Chemical profiles for EOs of Solidago spp. varied according to the
contents of individual compounds and their distribution among accessions and plant parts.
Examples of fingerprint profiles for inflorescence EOs are shown in Figure 1.
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Figure 1. Examples of fingerprint profiles for S. x niederederi, S. virgaurea, S. canadensis, and S. gigantea
inflorescence EOs performed by GC-MS using the GC-MS-QP2010 Ultra Gas system. The peak
numbers correspond to the number of EO compounds listed in the Table 1.
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2.2.1. Solidago gigantea

Inflorescence EOs were dominated by monoterpene hydrocarbons (25.4%) and oxy-
genated sesquiterpenes (19.7%) followed by oxygenated monoterpenes (18.5%) and sesquiter-
pene hydrocarbons (15.3%). Meanwhile, oxygenated sesquiterpenes (23.3%) and oxy-
genated monoterpenes (23.1%) were the major chemical fractions in leaf EOs.

The principal compounds in all inflorescence and leaf EOs were a-pinene, bornyl
acetate, spathulenol, isospathulenol, and caryophyllene oxide. Nevertheless, there were
high differences for other compound prevalences and their concentrations between samples
and plant parts. Germacrene D was a major common component in inflorescence oils
(3.4-18.3%), whereas this compound was detected in less than half of the leaf samples
(1.6-12.7%). One of the major components in the inflorescences was o-cymene (6.8-18.4%),
while among the principal compounds in the leaves was B-cubebene (17.3-19.6%), but
these compounds were found in only a few EO samples. Additionally, trans-pinocarveol
(0.6-1.1%), cis-verbenol (0.3-1.0%), trans-verbenol (1.2-3.0%), and y-muurolene (0.5-1.1%)
were found in minor concentrations in all inflorescence EOs. Meanwhile, camphene
(1.54-3.9%), B-pinene (1.0-3.4%), o-cymene (0.8—4.9%), limonene (0.6-1.3%), and y-cadinene
(0.6-1.5%) were common in all leaf EOs.

In agreement with our results, a-pinene, bornyl acetate, germacrene D, and spathulenol
have been previously reported to be major components of S. gigantea EOs [29,31-33].
In addition, cyclocolorenone, a- and <y-gurjunene, khusinol, and/or ledol and selina-
3,11-dien-6-x-ol were also reported as the predominant constituents [31,33], although
these sesquiterpenoids were not detected in the S. gigantea EOs tested. According to
Grul'ové et al. [34], S. gigantea EOs were dominated by sesquiterpene hydrocarbons such
as d-cadinene, y-muurolene, a-cubebene, and y-cadinene, and two of them, y-muurolene
and y-cadinene, were common in the inflorescence or leaf EOs studied.

2.2.2. Solidago canadensis

Monoterpenoids were predominant in S. canadensis EOs, with an average of 46.6.0% in
inflorescences and 26.4% in leaves, followed by monoterpenes (28.0%) in inflorescences
and sesquiterpenes (24.9%) in leaves. The first or second principal components in most
of inflorescence EOs were a-pinene (0.1-36.1), trans-verbenol (5.2-21.7%), and bornyl ac-
etate (3.8-19.8%). Among the most abundant constituents in leaf and inflorescence EOs
were a-pinene (1.3-21.8) and bornyl acetate (6.5-20.4%). Leaf EOs were dominated by
sesquiterpene hydrocarbons as B-cubebene (6.1-33.6%) and germacrene D (4.0-45.2%),
and their concentrations exceeded those in inflorescence oils (0.8-13.1% and 1.9-11.4%,
respectively). The other main constituent common for all leaf EOs was isospathulenol
(0.7-10.2%). In addition, carvacrol was present as a major compound in two leaf EOs (22.83
and 23.7%) and was not detected in the remaining samples. Other components with note-
worthy values in both inflorescence and leaf EOs were limonene (0.3-16.2% and 0.8-10.9%,
respectively) and caryophyllene oxide (1.6-10.0% and 1.4-10.4%, respectively). The data
revealed that cis-verbenol (0.6-3.7%), pinocarvone (0.9-2.7%), myrtenal (0.8-3.4%), and
verbenone (1.0-5.2%) were detected in all inflorescence EOs in highly variable concentra-
tions. Meanwhile, camphene (0.4-2.2%), B-pinene (0.7-2.7%), B-caryophyllene (0.8-6.9%),
trans-verbenol (0.5-5.4%), B-elemene (0.6-5.9%), epoxyazulene (0.7-6.47%), and spathulenol
(0.4-3.8%) were found in all or most of the leaf EOs.

The presented results are in agreement with previous studies that confirmed a-pinene,
limonene, bornyl acetate, germacrene D, B-cubebene, and caryophyllene oxide among
the predominant compounds in S. canadensis EOs [19,23,25,33,35]. In addition, studies
from different countries have shown that y-cadinene and myrcene [36,37] sabinene [36],
cyclocolorenone [29], or thymol [34] were among the major compounds in S. canadensis
EOs. Meanwhile, our results showed a low concentration or frequency of these compounds
in the samples tested.
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2.2.3. Solidago x niederederi

Solidago x niederederi inflorescence and leaf EO profiles were characterized by oxy-
genated monoterpenes (41.5 and 35.7%, respectively), followed by monoterpenes (26.4 and
17.7%, respectively), sesquiterpenoids (17.0 and 16.9%, respectively), and sesquiterpenes
(6.0 and 15.0%, respectively). The principal constituents in the inflorescence EOs were
a-pinene and trans-verbenol, which were the first or second major compounds in seven
EOs, accounting for 22.3-31.7% and 13.4-22.9%, respectively. Caryophyllene oxide was
among the major constituents in four (7.9-25.3%) and bornyl acetate in three (12.8-21.7%)
EOs. Meanwhile, limonene and humulene epoxide II were present in most of the samples,
however, dominated only in two (12.2 and 16.3%) and one (28.4%) samples, respectively. All
inflorescence EOs contained varied levels of a-campholenal (0.9-6.2%), trans-pinocarveol
(1.6-5.4%), and verbenone (0.6-5.1%). Other compounds with a mean content of 1 to 5.0%
were B-pinene, camphene, cis-verbenol, pinocarvone, myrtenal, myrtenol, trans-carveol,
germacrene D, epoxyazulene, and spathulenol.

Solidago x niederederi leaf EOs contained seven compounds in concentrations above
10% in at least one sample and were considered as principal compounds. The major com-
pounds such as a-pinene (1.1-25.8%), trans-verbenol (2.2-20.2%), bornyl acetate (4.2-20.2%),
and caryophyllene oxide (2.1-38.1%) were found in all leaves in highly different concen-
trations. Verbenone and germacrene D were present in most EOs, averaging 5.2 and 8.8%,
respectively, with the exception of the two EOs in which these compounds were predomi-
nant, accounting for 20.2 and 18.0%, respectively. Meanwhile, B-cubebene was detected
only in two oils (16.4 and 23.9%) in which it was the first or second major compound. One
leaf EO contained noteworthy concentrations of thymol (6.4%) and carvacrol (9.5%). In ad-
dition, 21 compounds were detected with a mean content of 1 to 5.0%, the most prominent
of which were sesquiterpenes such as -copaene, B-bisabolene, epoxyazulene, humulene
epoxide II, and isospathulenol. Similar results for the composition of the major compounds
in S. x niederederi EO have been recently published [26]. However, the results of only one
plant accession were reported, making the comparison insufficient as the prevalence and
number of compounds varied among samples.

2.2.4. Solidago virgaurea

Solidago virgaurea inflorescence and leaf EOs were dominated by monoterpenes fraction,
which accounted for an average of 35.9 and 49.0% of the total EO composition, respectively,
followed by sesquiterpenes (20.7 and 16.9%, respectively). The main compounds in inflo-
rescence EOs were a-pinene (18.8-36.3%), B-copaene (5.3-21.2%), and caryophyllene oxide
(6.7-11.4%). All leaves were predominated by trans-verbenol (10.2-49.0%), two samples
prevailed by a-pinene (22.4 and 23.3%) and caryophyllene oxide (10.1 and 14.7%), and one
by verbenone (16.9%). Inflorescence and leaf EOs contained 22 and 29 compounds, respec-
tively, with a mean percentage greater than 1% and less or equal to 5%. Among them, the
most prominent were B-pinene, limonene, verbenone, a-campholenal, trans-pinocarveol,
pinocarvone, bornyl acetate, a-copaene, germacrene D, cubebol, a-muurolene, /-cadinene,
and spathulenol, which were common to all inflorescence and/or leaf EOs.

Similar to our identification, previous studies have confirmed the dominance of
monoterpene and sesquiterpene fractions in S. virgaurea EOs [30,32]. Monoterpenes such
as a-pinene, myrcene, B-pinene, and limonene together with sesquiterpene germacrene
D have been reported as the major constituents in S. virgaurea. In addition, oxygenated
sesquiterpenes, humulene epoxide II, spathulenol, selina-3,11-dien-6--ol, and caryophyl-
lene oxide have been also considered as major compounds in S. virgaurea EOs [26,33].
Meanwhile, in this study, only a-pinene and caryophyllene oxide were found among the
predominant compounds in all EOs tested, and the contents of the other mentioned com-
pounds differed among samples. Meanwhile, selina-3,11-dien-6-x-ol was not detected at
all in the presented EOs.
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2.3. Interspecific Differences

The results presented revealed similarities and differences in the frequency of distribu-
tion and contents of EO constituents among the four Solidago spp. Significant differences
in monoterpene and sesquiterpene fractions were found between the inflorescences of the
species studied (Table 1). Meanwhile, the chemical groups of compounds in leaves did not
differ significantly between the four Solidago spp. (Table 2).

Oxygenated monoterpenes predominated in the EOs of S. canadensis and S. x niedered-
eri inflorescences and S. virgaurea and S. x niederederi leaves. The highest proportion of
sesquiterpenoids among the species was found in S. gigantea inflorescences and leaves.
Mono- and sesquiterpenes prevailed in the S. virgaurea inflorescence EOs; however, no
significant differences were found between the species for monoterpenes. The common
principal constituents of the inflorescence and leaf EOs of all four Solidago species were
a-pinene, bornyl acetate, and caryophyllene oxide. Species showed significant differences
(p < 0.05) in the accumulation of bornyl acetate and caryophyllene oxide in leaf EOs, but no
differences in a-pinene were observed between species (Tables 1 and 2). The highest mean
concentration of bornyl acetate was found in inflorescence and leaf EOs of both S. gigantea
and S. canadensis, while caryophyllene oxide prevailed in S. x niederederi and S. virgaurea.
The other major compound trans-verbenol was prevalent in all inflorescence EOs with the
highest level (p < 0.001) in S. canadensis and S. x niederederi. Meanwhile, the leaves of
S. virgaurea and S. x niederederi had priority over the other two species in accumulation of
trans-verbenol. Inflorescences of S. gigantea accumulated the highest (p < 0.001) level of
germacrene D compared to other species, but this compound did not differ significantly
(p > 0.05) in the leaves between species. The inflorescences and leaves of S. gigantea were in
priority to other species in accumulation of oxygenated sesquiterpenes as epoxyazulene,
spathulenol, and isospathulenol. In addition, y-muurolene, differently other species, was
a common compound in all inflorescence EOs of S. gigantea, while other monoterpene
hydrocarbons such as camphene and o-cymene were common in all leaf EOs of this species.

The inflorescence EOs of all species differed significantly in the mean concentra-
tions of oxygenated monoterpenes, such as a-campholenal, trans-pinocarveol, cis-verbenol,
pinocarvone, verbenone, and trans-carveol, with the highest levels and frequency found
in S. canadensis and S. x niederederi, followed by S. virgaurea. The same compounds, with
the exception of trans-carveol, differed significantly in leaf EOs, with the highest concen-
trations in S. virgaurea and S. x niederederi leaves. Meanwhile, trans-carveol was detected
in small amounts only in S. canadensis and S. x niederederi leaves. In addition, S. virgaurea
inflorescence EOs differed from other species in the highest levels and frequency of dis-
tribution in a- and B-copaene, cubebol, x-muurolene, and J-cadinene. As a consequence,
quantitative rather than qualitative differences were observed between the species EOs.
However, 10 compounds common in more than 30% of all studied inflorescence and/or
leaf EOs did not differ significantly between Solidago spp. (Tables 1 and 2). Among them,
the most abundant were a- and B-pinene, limonene, bornyl acetate, germacrene D, and
caryophyllene oxide.
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2.4. Principal Component Analysis (PCA)

PCA was employed to explain the phytochemical relationships arising due to inter-
and intraspecific differences between the four Solidago spp., using the selected EOs com-
pounds. A scree plot criterion was applied to reduce the number of PCs for explaining
the variance in the selected variables. A two-dimensional PCA square matrix model ex-
plained more than 53.3% of the total variance and was used to visualize the available
patterns of Solidago spp. EOs profiles (Figure 2). PC3 explained only 6.8% of the total
variance and had no significant effect on scores differentiation, so results were not pre-
sented. PC1 accounted for 29.4% of the total data set variance and showed high negative
correlation with a-campholenal, trans-pinocarveol, cis- and trans-verbenol, pinocarvone,
myrtenal, myrtenol, verbenone, and trans-carveol and positive with carvone, germacrene
D, y-muurolene, y-cadinene, spathulenol, and isospathulenol in inflorescences, and cam-
phene, o-cymene, epoxyazulene, and (E)-nerolidol in leaves (Figure 2a). PC2 explained
23.6% of the total data set variance and was highly associated with positive loadings of a-
and B-copaene, a-cubebene, cubebol, a-muurolene, and é-cadinene in inflorescences and
with a-campholenal, trans-pinocarveol, cis-verbenol, and pinocarvone in leaves, as well as
with negative loadings of bornyl acetate and isospathulenol in leaves.
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Figure 2. PCA model representing the accumulation of terpenes in inflorescences and leaves of four
Solidago species: (a) loading plot of the variables contributing to PC1 and PC2; (b) scores plot for
the tested EOs with a 95% ellipses confidence limit for each species. The numbers of the variables
correspond to the numbers of EO compounds listed in the Tables 1 and 2. Inflorescence variable
numbers were marked in brown; leaf variable numbers were marked in green.

The PCA score plot model showed the arrangement of 40 EOs into two separate and
two overlapping ellipses, each with a 95% confidence interval limit (Figure 2b). The group
on the right-hand plot combined all S. gigantea EOs along the positive PC1. Variables
with high PC1 loadings contributed the highest impact on the grouping of S. gigantea
samples were germacrene D, y-cadinene, y-muurolene, and spathulenol in inflorescences,
and camphene, o-cymene, epoxyazulene, (E)-nerolidol, and spathulenol in leaves. These
compounds were shared among all S. gigantea EOs in the highest amounts compared
to the other species studied. Conversely, variables with high PC2 loadings had a weak
contribution on the grouping of EOs and were found in minor quantities in S. gigantea.

Solidago virgaurea EOs were clustered into a separate group on the upper positive
side of the score plot, in distance from all other samples, indicating differences in their
composition. The location of the samples can be explained by the same position of variables,
which have a significant positive contribution to PC2. Variables with unit vectors close
to each other were positively correlated, and their impact on the position of the samples
was similar. Thus, a- and B-copaene, a-cubebene, cubebol, J-cadinene, and a-muurolene in
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inflorescences, and a-campholenal, cis-verbenol, trans-verbenol, pinocarvone, and trans-
pinocarveol in leaves, were common in S. virgaurea EOs and found in significantly higher
amounts than in other species analyzed. Meanwhile, S. canadensis and S. x niederederi EOs
were clustered into two partially overlapping ellipses, mainly in the left-hand score plot,
showing the similarity of the volatile compound patterns. The arrangement of inflorescence
EOs for both species coincided with a significant correlation of a-campholenal, trans-
pinocarveol, pinocarvone, verbenone, cis-verbenol, trans-verbenol, myrtenal with PC1. In
addition, the clustering of S. canadensis was influenced by myrtenol, trans-carveol, and
carvone. Variables with high PC2 loading had no significant impact on EOs’ arrangement,
except for trans-verbenol in S. x niederederi leaves, showing similarity of this taxon to
S. virgaurea. Meanwhile, a previous study of phenolic compounds showed greater chemical
similarity of S. x niederederi to S. virgaurea than to S. canadensis [20]. Consequently, the
phytochemical patterns complemented the evidence of S. x niederederi origin between
native S. virgaurea and invasive S. canadensis, with the higher contribution of alien species
than that of native ones. In addition, S. x niederederi EOs were much more scattered on the
PCs space, indicating higher diversity than other species, suggesting that S. x niederederi is
a continuously evolving taxon.

Consequently, Solidago spp. EOs differed significantly in the presence of terpenes that
could be considered as species distinctive components. The inflorescence EOs of S. gigantea
differed from other species by y-cadinene, y-muurolene, and spathulenol, and the leaves
by camphene, o-cymene, epoxyazulene, (E)-nerolidol, and spathulenol. The inflorescences
of S. canadensis and S. x niederederi differed significantly from the other species by the
accumulation of oxygenated monoterpenes, such as a-campholenal, trans-pinocarveol,
pinocarvone, verbenone, cis-verbenol, frans-verbenol, and myrtenal. In addition, S. canaden-
sis inflorescence EOs were characterized by the prevalence of myrtenol, trans-carveol, and
carvone, while S. x niederederi leaves were prominent by trans-verbenol. The species
distinctive volatiles in S. virgaurea inflorescence EOs were a- and p-copaene, x-cubebene,
cubebol, §-cadinene, and a-muurolene, and in the leaves—a-campholenal, cis-verbenol,
trans-verbenol, pinocarvone, and trans-pinocarveol. Consequently, multivariate data analy-
sis allowed for an explanation in the intra- and interspecific diversity in four Solidago taxa
according to the differences in EO volatiles.

3. Discussion

Alien goldenrods are morphologically and phylogenetically close to each other, but
differ in their ploidy level; S. gigantea is tetraploid (2n = 36), while S. canadensis, and
S. x niederederi together with native S. virgaurea are diploids (2n = 18) [3,38]. The close
relationships between Solidago spp. were reflected in the similarity of their phytochemi-
cal profiles. A comprehensive metabolomics approach to the different species indicated
that the successful alien species had higher total number and more unique composition
of secondary metabolites than their native congeners [39]. A comparison of the current
and previous reports showed that our results are in agreement with previous reports for
higher proportions of sesquiterpenoids in S. gigantea and hydrodrocarbons in S. virgaurea
EOs [26,29,32,33]. Similar to our identification, the most abundant common compounds de-
tected in the present study were also observed in previous studies on different species. Thus,
the volatiles commonly found in various plant species have a high potential to accumulate
in Solidago spp. EOs as well. On the other hand, there were compounds such as thymol
and carvacrol, sporadically high levels of which were found in only a few S. x niederederi
and S. canadensis EOs. Populations rich in thymol and carvacrol, compounds with a broad
spectrum of biological activity [40-42], can be considered as a source of high potential raw
material. In addition, Solidago spp. EOs differed significantly in some of the terpenes that
can be considered as volatiles with great potential in chemophenetic studies of species. The
first comparative study on terpenes as species distinctive compounds confirmed the origin
of S. x niederederi as an interspecific taxon between S. canadensis and S. virgaurea. According
to Orians [43], parental phytochemicals in hybrids tend to mostly express as either interme-
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diate or similar to one of the parent’s compositions. The composition of S. x niederederi
EOs was close to S. canadensis, one of parental species. The chromosome number may
provide information about the hybrid origin of the species when it display allopolyploidy,
but S. x niederederi exhibit a homoploid condition compared to its parental species and
may backcross toward parental species. In this way, hybridization can increase the invasive
capacity of goldenrods through gene introgression and significantly alter the ecosystems in
which they grow [44]. However, species-specific compounds and chromosome number are
not the main tools for hybrid identification. DNA fingerprinting techniques are the most
reliable tools, but the use of additional phytochemical markers can provide insight into the
ecological performance of hybrids and their further applications [45].

More often, the lower proportion of monoterpenes compared to sesquiterpenes [46]
accounted for a higher proportion in the Solidago spp. EOs tested. Oxygenated monoter-
penes have been proven to be the main phytotoxic active compounds in different plant EOs
and have been highlighted as predictors of potential bioherbicides [47]. In addition, a ten-
dency has been suggested that the monoterpene-rich EOs to promote higher phytotoxicity
than sesquiterpene-rich EOs [48]. Comparative studies on the toxic activity of oxygenated
monoterpenes revealed that the most active were alcohols, myrtenol and trans-pinocarveol,
and ketones, verbenone and pinocarvone, which can be classified as predictors of the
herbicidal activity of EOs [49-51]. Thus, S. canadensis and S. x niederederi, whose EOs
differed from other species in some of oxygenated monoterpenes, suggested the potential
of their raw materials for herbicidal activity. Meanwhile, terpene hydrocarbons have been
found to be low phytotoxic EOs compounds [40,52]. On the other hand, Lawson et al. [36]
reported that monoterpenes such as o- and 3-pinene, limonene, or myrcene showed weak
antifungal activity. Recent findings reported that (E)-nerolidol and spathulenol, which
were presented as species-specific sesquiterpenoids in S. gigantea EOs, revealed effective
allelopathic and insecticidal effects with potential for the developing a new natural pesti-
cide [53-55]. Many findings have demonstrated the biological activity of caryophyllene
oxide [53,55-58] that was a common compound in the presented Solidago spp. EOs. The
potential biological activity of EOs is associated with the presence of high oxygenated
compounds, as confirmed by a systematic review of phytotoxicity studies [59]. In this
context, S. canadensis and S. x niederederi EOs, are of greatest interest in the development
of new and safe bioproducts.

Considering the previous and presented results for Solidago spp. EOs, the prevalence
of predominant and other compounds varied across different studies, and their comparison
is not informative enough. Reports often provide single sample data that are difficult
to summarize as a species-specific composition of volatiles. According to Zidorn [60],
correct taxonomic identification, geographical location, plant harvesting season, plant parts,
and other indirect factors are crucial in phytochemical studies, which often receive little
attention. Exogenous factors or environmental regulated factors such as light, precipitation,
growing site and soil are often considered to be the most important factors modifying the
qualitative/quantitative composition of EOs [61]. Experiments have shown that plants
exposed to drought stress increased the concentration of monoterpenes to protect plant
cells from ROS damage [62]. Meanwhile, Caser et al. [63] found that drought increased the
production of sesquiterpenoids and decreased monoterpenoids. According to Paulsen and
Selmar [64], increased terpene synthesis is not supported by carbon allocation theory, but is
attributed to changes in biomass production. In addition, differences in the chemical pro-
files of EOs are often explained in the context of the interaction of the metabolic inversion of
the ratio of oxygen-free to oxygen-containing terpenes with the surrounding environment.
Sesquiterpenes have been observed to be predominate during the dry season, while higher
concentrations of sesquiterpenoids were found during the wet season [65]. The water
scarcity increased the production of monoterpenoids and monoterpenes, while the op-
posite trend was observed for sesquiterpenes [66]. On the other hand, Tsusaka et al. [67],
investigating the influence of genetic and environmental factors on sesquiterpenoids in
Atractylodes lancea, (Thunb.) DC. found that the genotype had a greater effect on EO com-
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pounds than the conditions of the plant cultivation year. The volatiles were stable despite
the changing growing conditions, but the absolute values of terpenoids were induced by
the site of cultivation. Tardugno et al. [68] determined that the composition of Thymus
vulgaris L. essential oils were highly influenced by the cultivating techniques. Over time,
local environment leads to differences in metabolomics and the formation of ecotypes and
chemotypes within a species [69].

The intraspecific differences in Solidago spp. volatile compounds observed in the
present study can be explained by genotypic differences, as the plants grew under close con-
ditions. Sexual reproduction helps maintain a high level of genetic and phenotypic diversity
in goldenrods. Our previous study showed a high morphological diversity in Solidago
spp. both between populations and between individual genets [3]. Similarly, high vari-
ability in volatiles and morphological characters was observed in wild Mentha longifolia L.
accessions growing in the same field [70]. According to Zhao et al. [71], high genetic
variations are characteristic within invasive and native areas of S. canadensis populations.
Considerations suggested that the study of local populations makes it possible to identify
intraspecific diversity that potentially reflects local genetic changes rather than the con-
troversial dependence of terpenes synthesis under changing environmental conditions.
The outstanding diversity in the goldenrods studied allows the selection of accessions in
terms of the desired composition of EO volatiles. Phytochemical profiling of plant raw
materials is an informative tool to learn about their potential for further development of
new natural products.

4. Material and Methods
4.1. Plant Material

Plant material of four Solidago spp. in the flowering phase was collected from six differ-
ent sites in Vilnius district, Lithuania, in August 2018. Eighteen accessions of S. canadensis,
seven of S. gigantea, nine of S. x niederederi, and three accessions of S. virgaurea were
collected at least one kilometre apart from each other in abandoned dry grasslands and
disturbed farmlands (Table 3). The vegetation of the collection sites was characterized
as semi-ruderal dry grassland dominated by plant communities of Agropyretea intermedii-
repentis and Artemisietea vulgaris. The EOs in habitats were sand or sandy loam, with low
to moderate humus content (1.8-2.7%), rich in phosphorus (126-260 P,O5 mg kg~!) and
potassium (146-205 K,O mg kg~1), pHy() varied from 5.8 to 7.1.

Table 3. Collection sites data on Solidago gigantea (SG), S. canadensis (SC), S. x niederederi (SN), and
S. virgaurea (SV).

Number of Accessions

Collection Site Altitude, m  Latitude N Longitude E SG sC SN A%
Pavilnys, Vilnius distr. 215 54°40/35" 25°23'01” 3 3 1 -
Didieji Pupojai, Vilnius 206 54°42/38" 25°23/29" 1 3 3 2

Rokantigkes, Vilnius 203 54°40'03" 25°22/58" 3 2 1 -

Raudondvaris, Vilnius distr. 149 54°52/32" 25°31'08" - 4 - -
Dvariskes, Vilnius distr. 149 54°49'17" 25°16/23" - 3 3

Karkling, Vilnius distr. 164 54°54/26/ 25°33/40" - 3 1 -

The harvested plant material consisted of shoots of a single genet derived from a single
seed. Individual genets were identified by phenological and morphological characteristics
and by rhizome connections. The accessions of the same species were collected at least
five meters apart from each other if more than one accession was collected from the same
site. The plant material was dissected into inflorescences and leaves and dried separately
at 25 °C. The botanical identification of species was based on morphological diagnostic
characters such as the shape and size of inflorescences and ray flowers, stem color, and
stem hairiness by Biruté Karpaviciené and Jolita Radusiené [3]. The specimens of evaluated
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Solidago spp. were deposited in the Herbarium of the Institute of Botany of Nature Research
Centre (BILAS), Vilnius, Lithuania.

4.2. Isolation of Essential Oils

The plant material from 30 g of air-dried leaves and inflorescences was hydrodistilled
separately for three hours using a Clevenger type apparatus. Each sample of yellowish EO
was dried over anhydrous sodium sulphate and stored in a sealed vial at 4 °C until analysis.
A sample preparation for chemical analysis included 1.0 uL of EO added into 1.0 mL of
n-hexane following previous studies [23,33]. The essential oil content was calculated as
relative percentages per 100 g of dry plant material.

4.3. Analysis of Essential Oils

The EOs analysis was performed using the GCMS-QP 2010 Ultra system equipped
with a Shimazu autoinjector AOC-5000 (Shimadzu, Europa GmbH). A capillary column
RXi-5MS (30 m x 0.25 mm i.d. x 0.25 film thickness um) (Restek, Bellefonte, PA, USA) was
used. The sample injection volume was 1 uL, a split ratio was 1:60 (v:v) and the split injector
temperature was 260 °C. Helium was used as carrier gas with flow rate of 1.22 mL min~".
The initial column temperature was 50 °C, held for 5 min and raised to 200 °C at the rate of
2 °C min~?, then raised from 200 to 315 °C at the rate of 15 °C min~! and held for 5 min.
The detector ion source and interface temperatures were 200 °C and 280 °C, respectively.
Mass spectra were acquired at an ionization voltage of 70 eV, a scan rate of 2500 m/z within
the range of 29-500 m/z and a scan time of 0.2 s. The chromatographic analysis was run
in triplicate.

4.4. Identification and Quantification of Components

The linear retention indices (LRI) of compounds were calculated using a homologous
series of n-alkanes C8—C26 (Sigma-Aldrich, UK, purity >99.2%) injected at the beginning
of the analysis and comparing the retention times of the eluted peaks with those of the
alkanes [72]. Chromatographic data were analyzed using GC-MS solution software (Shi-
madzu, Europa GmbH). The EO constituents were identified by comparing the unique
mass spectral fragmentation patterns of each peak with the mass spectral computer library
database and those presented as standards in the NIST 14, FENSC, WR10, and WR10R
libraries, as well as comparing the obtained LRI with presented in NIST 14 datasets and
reference [73] corresponding to the conditions for dimethylsilicone stationary phase with
5% phenyl groups. The relative percentages of analytes as the mean of the three runs were
calculated from their peak areas in the chromatographic profiles without the use of correc-
tion factors corresponding to the conditions for the stationary phase of dimethylsilicone
with 5% phenyl groups.

The repeatability and intermediate precision of analysis, expressed as relative standard
deviation (RSD), was evaluated by performing the retention time and peak area values of
five analytes in the same S. canadensis EO extract for intra- and inter- daily tests (Table 4).

Table 4. Repeatability and intermediate precision on the relative retention time (tg,) and peak area
(A) of the five analytes in S. canadensis EOs expressed as relative standard deviation (RSD, %).

Anal Repeatability (Run-to-Run) Intermediate Precision (Day-to-Day)
nalytes
Y tg, min RSD, % A, % RSD, % tg, min RSD, % A, % RSD, %
a-pinene 11.85 0.23 24.57 0.45 11.92 0.82 24.83 1.51
limonene 15.24 0.29 9.07 0.33 15.31 0.73 9.17 142
trans-verbenol 23.20 0.22 10.36 0.41 23.36 0.92 10.54 221
bornyl acetate 32.70 0.32 10.21 0.43 32.77 0.54 10.26 0.98
B-cubebene 44.59 0.26 2.82 0.38 44.74 0.60 2.84 1.02
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Repeatability was determined in five consecutive injections of EO in the same day.
The RSD for the retention time ranged from 0.22 to 0.32% and for relative peak area from
0.33 to 0.45%. Intermediate precision was assessed by five injections over two different
days, with RSD values ranging from 0.54 to 0.92% for retention time and 0.98 to 2.21% for
peak areas. The accuracy of the quantification was satisfactory, as RSD value within the 3%
range is generally considered as acceptable.

4.5. Data Analysis

Multivariate statistical analysis was performed using software package Statistica
10.0 (StatSoft Inc.). The Kruskal-Wallis ANOVA was used to determine the differences
between species. Significant differences were specified by two-tailed test at p < 0.05.
Principal component analysis (PCA) was used to identify the similarities and differences
between the EOs analyzed using statistically independent variables. The PCA was based
on 24 inflorescence and 16-leaf standardized variables that different significantly between
species and that represented constituents detected in 30% or more of EO samples in at least
one species. Leaf and inflorescence data sets were pooled and used in PCA, resulting in
more convincing results than separate leaf and inflorescence PCAs.

5. Conclusions

The frequency and percentage of distribution in the volatile constituents of Solidago spp.
varied depending on the species, accessions, and plant parts. The principal compounds
common to all Solidago spp. inflorescence and leaf EOs were a- and B-pinene, limonene,
bornyl acetate, germacrene D, spathulenol, and caryophyllene oxide. Solidago spp. differed
significantly in some of the distinctive terpenes that can be considered as compounds
with high potential for chemophenetic and taxonomic studies of the genus. A comparison
of volatile profiles for Solidago spp. confirmed the interspecific origin of S. x niederederi
between S. canadensis and S. virgaurea with a higher metabolic contribution of alien species
than native ones. The findings provide the bioprospecting of Solidago spp. as a source for
specified composition of volatiles. The vast resources of invasive goldenrods are of great
interest as a convenient and readily acceptable, underutilized source of natural bioactive
compounds that can be used for different applications.

The combination of fingerprint and multivariate data analysis demonstrated a sim-
plified assessment of the quality of wild plant materials. Correct species identification is
essential for the development of raw material quality control protocols for the targeted
collection and assessment of raw materials from wild populations. The screening of a
relatively large number of plant accessions from mixed populations of different species
allows for a more reasonable comparison of their volatile profiles and enables prediction of
the most likely quality of raw materials harvested from the wild.
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ARTICLE INFO ABSTRACT

Keywords: Solidage spevies is a rich source of phenolic compounds with multi-pharmacological properties, particularly for
Antiowidant activity the complementary treatment of varions inflammatory disendges of the urinary tract. Phenolic acids and favo-
Solidagn species noids are main in the phy profiles in Salidago spp. The aim of this study was to determine
HALEABTE antioxidant profiles of leaves and inflorescences of four species as 5 gipoares, 5 conodensls, 5 wirgaures,
Selimriacinic il doriratboe 5. % mederedert from the wild populations in Lithuania, HPLC-ABTS assay coupled with UPLG-OTOF-MS was
applied for the eluckdation of amioxidant active compounds amnd determination of sctivity markers. Antioxidant
pmﬂlu significantly I".H'}' within the species and plant part investigated. Chloregenic acid amd 3,5-d0i-
ylquinie scid were identified as the radical scavenging markers in leaves and inflorescences of Salidago
qwdn The leaves of 5, giganren and S, wigaurea distinguished from other species by the highest amounts of

radical scavengess. Solidago species is a promising source of fast acting high-capacity antiexidants.
1. Introduction between S, canadensis and S, wigaurea (Karpavicien® and Radufiené,

The genus Sofidage L. (Asteraceae Berchi. & J.Presl) is comprised of
aver 100 species, most of which eriginated from North America, eight
species oecur in Mexioo, four in South America, and six to ten species
are native to Europe and Asia (Beck of al, 2014; Semple and Cook,
2006). Raw materials of goldenrods have a long usage history for the
complementary treatment of varfous inflammatory diseases of the ur-
inary tract and degenerative locomotor diseases (European Medicines
Agency, 2008). Scientific studics have shown the cytotoxic, anti-in-
fMammatory, antimicrobial, antioxidant, analgesic, and anti-adipogenic
effiects of plant extracts (Abdel Motaal et al., 20016; Anzlovar and Dolenc
Koo, 2014; Hwang et al,, 2013, 2007; Paun & al., 2006). In Europe, the
mast commonly used and the most studied species is naturally growing
goldenrod Solidago wirgaurea L. (European Medicines Agency, 2008)
Due to the extensive distribution of invasive specles 5. gigantee Alton
and 8. canadensiz L together with a namral hybrid 5. = niederedert Kekh

of Phar ical Te Li

2016; Pliszko and Pliszko, 2015; Szymura et al, 20016) more scientific
studies are performed to justify them as medicinal plants and o elu-
cidate the profiles of biologically active i Is (Elshafie et al.,
2019 Wodniak et al., 2018), On the other hand, 5. canadensis and 5.
glgmntea are included in European Pharmacoporia that specifies their
quality with certain amounts of flavenoids (FEuropean Pharmacopoeta,
2016). The allelopathic activity of Solidago species interferes with the
physiological processes of plant and determines the superiority of thess
species in the ecosystems (Balezentiene, 2015). Invasive goldenrods
create a negative impact on other plant species and hamper the di-
versity of pollinators, and disturb other ecosystem elements. The spread
of invasive populations must be under strict contral with the develop-
ment of their eradication programs (Szymurm et al., 2016} On the other
hand, raw materials of invasive Sofidoge spp. is considered as a pro-
mising, economically reasonable source of biologically active phenolic
compounds (Hadufiene o al, 2015} An intensive collection of
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goldensods coald be one of the eradication messures that meet the
requirements of Regulation EU No. 1143/2014. Eradication of these
species results in waste material being bio-economically tumed into
value-added products ensuring the utilization of no-waste-technologles
{Zihare and Blumberga, 2017),

One of the main groups of biologically active compounds in gold-
enrods is phenolic compounds which express the pharmacological ef-
fects and possess antioxldant activity (Demir et al., 2009, Marksa at al.,
2016). The profile of phenolic compounds in goldenrods varies sig-
nificantly in qualitative and quantitative composition and strongly de-
pemd on the species, plant part, ontogenctic development and en-
vironmental conditions (Apati et al., 2002%; Chol et al., 2004; Demir
et al, 200%; Deng e1 al, 2015 Hwang et al, 2013, 2017; Radufiene
et al,, 2018} The phenolic and antioxidant profiles may differ because
the latter elucidates the compounds with expressed activity and their
markers do not always correspond to the phytochemical markers
{Raudonis et al., 2009), Therefore, it is essential to apply combined
detection systems to detect even the minor components in the phyto-
chemical profile as they could possess highly expressed anticoddant
activity. HPLC post-column assays are widely used for the coupled
determination of phytochemical and antioxidant profiles (Marksa at al.,
2016; Malewajko-Sieliwoniuk et al., 2017; Raudone et al., 2016, 2015;
Haudonis et al, 2009). Pest-column assays enable the determination of
the most active compounds and can be used for the screening and se-
lecting plant material rich in specific antioxidants of interest (Shi of al.,
2009). Applied assays and identified markers may be used to control
the distribution and stability of antioxidants, (o measure anticoddant
activity after all processing has undergone. The quantitative expression
in standard Trolox equivalents enables the quality control of extracts in
functional ingredients and their preparations (Raudonis et al,, 2012).
Pharmaceutical amd food industrics have an increased demand for
natural anthoxidants because they are more effective than synthetic

el which f also the car effects (Augustyniak
et al., 2010).

The aim of the present study was to identify and quantify anti-
axidant profiles of leaves and inflorescences of four Solidego species (5.
gigantea, S, canadensis, 5. virgaerea, 5. ntederedert) from wild popu-
lations in Lithuania and to predict the importance of these plant raw
materials for possible use as the source of antioxidants. To the best of
our knowledge, thic is the frst comprehensive report on the individoal
antioxidant active compounds of certain Solidege species.

2. Materials and methods
Z.1. Plant materials

sample collection of Solidago species was performed from wild
mixed populations in Vilnius district, Lithuania (Table 51). The sample
of the plant material consisted of the three tops of two to three shoots of
the same clonal plant which considered as a group of individoats (ra-
mets) vegetatively originated from the same gener. Plants were dis-
sected into inflorescences and leaves and dried ar 25°C. The botanical
identification of taxa was performed following 1o the morphological
description of Central European Solidago species (Wagenitz, 1979) and
according to the morpholegical diagnostic characters defined in the
previous study (Karpaviciene et al, 2016). The herbarium vouchers of
the specimen were deposited at the Herbarium of the Nature Research
Cenire, Vilnius, Lithuania (BILAS) with the appropriate collection
number.

2.2, Chemicals and solvents

HPLC grade standard materials were used: chlorogenic acid (5-0-
caffeaylquinic acid) (purity = 95.3 %), rutin trihydrate (purity = 97.1
%) and isoquercetin (purity = 94.1 %), were purchased from HWI
ANALYTIK Gmbi (Ruclzheim, Germany), quercitrin (purity = 98,0 %)

Indusrial Crops & Produces 145 (2020) 112123

and hyperoside (purity = 98.0 %) were obtained from Reth GmbH
{Karlsruhe, Germany. Neochlorogenic acid (3-O-caffeoylquinic acid,
purity =95.0 %), 4-O-caffeoylquinic acid (purity =98.0 %), 3,5-di-
caffeoylquinie acld (purity =95.0 %) and 3 4-dicaffeoylquinic ackd
(purity =900 %) were purchased from  Sigma-Aldrich  GmbH
(Steinheim, Germany), The acetonitrile and methanol were of HPLC
grade and supplied by Roth GmbH (Karlsruhe, Germany); the ethanol
wis produced by Spiritos Vilnensis (Vilnius, Lithuania). 2,2° -azino-bis
(3-ethylh ihiazoline-f-sulfonic  acid) di i st [ABTS,
purity = 98 %), potassium persulphate (purity = 99 %jwere purchased
from Sigma (St Louis, MO, USA), Trolox (purity = 98 %) and TFA
(purity = 990 %) were reccived from Fluka Chemika (Buchs,
Switzerland). Ultrapure water was purified with a Millipore water
cleaning system (Bedford, MA, USAL

2.3, Soemple preparation

All the samples of airdried plant material were mechanically
ground up to the homogenous powder. Approximately 0.1 g (precise
welght) of each sample was extracted in 10 ml of a methanol and water
mixture (70:30, v/v} by wira<onication at 25°C for 50 min. The ex-
tracts were filtered through 0.22 mm nylon syringe filters (Carl Roah
GmbH & Co. KG, Karlsruhe, Germany) and stored at 4 °C until analysis.

2.4, HPLC-FDA conditions and HPLC post-column assay

HPLCPDA and HPLC-ABTS were performed according to Marksa
et al. (2016). A Waters Alliance 2695 (Waters, Milford, USA) separation
misdule system was cquipped with Waters 2487 UV/VIS and Waters
G96 PDA disde-array detector (DAD). The separation of the compounds
was carried out using a YMC-Pack ODS-A column (3.0pm,
150mm > 4.6mm i) with a YMC guard cartridge ODS- A (3.0pm,
10mm = 4.0 mm). After the PDA detection, the mobile phase with the
analytes was mixed in a reaction coil with the ABTS solution, which was
prepared following the methods described by Rawdonis et al. (2009,
2012). The data were analyzed using the Empower Software chroma-
tographic manager system (Waters Corporation, Milford, USA). The
ABTS post-column chromatograms were registercd at 650 nm using
Waters 2487 UV/VIS detector (Waters Corporation). Calibration curves
were established from a standard antioxidant Trolox. The antioxidant
activity was expressed as pmaol Trolox equivalent (TE) for 1% of dry
mass (DM) of plant material using the following formula:

TE = ¢ * V/m (umaol/g)

where ¢ is the coneentration of Trolox established from the ealibration
curvee, pM; ¥ i the volume of plant material extract, 1 m is the weight
(precise), g

2.5, UPLC-QTOF-MS condirions

The analysis was performed according o Kraujaliene et al,, 2017,
using Waters Aquity UPLC system with PDA detector (Waters, Milford,
Mass., U5.A.) and compounds were analyzed by MAXIS 4 G QTOF mass
spectrometer  (BRUKER  DALTONIK  GmbH, Bremen, Germany)
equipped with an EST ienization source (Kraujaliens et al, 20017)
‘Waters Aquity H55 T3 column was used. Eluent A - 2 % acetic acid, and
B - acetonitrile. The gradient was formed as follows: 0-1.2 min 80 % A,
1-Bmin B8 % to 70 % A, 8-9min 70 % 10 90 % A, 9-10min 90 % A.

2.6. Sratistical analysis

Trolex equivalent antiexidant activity of phenolic compounds was
expressed as mean * standard error (SE). An ANOVA and posthor
Tukey HSD multiple comparison test was completed to identify sig-
nificant differences at p = 0,05, According to the radical scavenging
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Table 1

UPLC-QTOF-MS (negative ionization mode) data of phenolic compounds for Solidage species inflosescences and leaves.
Cirgumls BT BT Formula [M-H] [M-H] UV max

HPLD (1,14

Meoshlodegenic acid B19 1.55 C13H1509 35309 26
Chilorogenic acid 1100 156 Cle41 709 a5%08 35
4+-0-Caffeoylquinic acid 1374 244 C16 HIPO0S 35300 26
Coumaroylquinic acid M 247 Cl6 HITOE 33700 30
Calfeoylshikimic acid 1611 264 CITHI909 36700 3
Feruloylquinge acid 1623 297 CITHI909 367,00 -1
Quercetin peasoside hesoside 202 345 C2EHITONG 50503 255, 355
Coumaroylquinic acid 2163 115 ClH1 708 33700 500
Quercetin besnside hexoside 2339 350 CHHION6 0900 255, 354
Fustin 2390 355 CHHI0N6 0905 253, 353
Hyperaside .66 372 219012 46300 253, 354
lsquercitrin 539 185 219012 463.00 253, 355
Kasewnpheeal deanyhesone Besside .55 410 CITHIMWIS 50300 263, T
(uercetin pentoside E 453 CHR17O11 43%08 253, 353
3.5 dicafeaylquinic acid 2957 473 CI5HIIONZ 51502 2156, 230,45k, X656
Quercitrin 018 487 C2IHI9011 44700 253, 353
Quercetin 3046 acory]-raoside) 3200 510 [== 1 505,40 253, 353
Kaempéerol 3-0-arsbinoside 275 5.4 CIH1 7010 41700 63,2, AT
34-dicaBeoylquinic acid 3189 551 CHION2 51542 360
Quercetin caffeoyl hexoside .00 581 CISHIIONG TETA6 250, 352
Kaempferol 3-0-rhamasoside ®I7 599 IS0 431,00 264, T
Quercetin 4413 717 CI5HIOT 30123 253, 170

activities of identified compounds, the tested samples were compared
by the method of cluster analysis using squared Euclidean distances.
Principal component analysis (PFCA) was performed taking into account
factors with eigenvalues higher than 1. The data was processed using
Microsaft Office Excel 2000 (Microsoft, JAV) and SPSS 20 software
packages.

3. Results

s e their

3.1, Idensification of phenolic comp activities

UPLC-QTOF-MS was applied 1o identify the phenolic compounds.
The results are presented in Table 1, which includes all identified
compounds with their mass after ionization, the molecular ion formulas
that have been compared with literary data (Willems et al, 2016;
Woiniak et al, 2018). Negative ionization mode was applied, and
twenty-three compounds of different phenolic origin were identified in
the tested Solidago spp. les. Fourteen ds were elucidated
with significant antioxidant activity. The antioxidant profiles of leaves
and inflorescences of Solidago species constituted mainly of caffeoyl-
quinic acid and quercetin derivatives (Fig. 1). The greatest radical
scavenging activities (p = 0.05) were determined for the individual
components of the caffeoylquinic acid derivatives complex. Three
monocaffeoylquinic acids gave the myz ion of 353, and their identities,
namely necchlorogenic, chloregenic and 4-0-caffeoylquinic acid, were

il d hing their r tion time with ' O
Dicaffeoylgquinic acid derivatives gave the my/z of 515 and their iden-
tities were confirmed by reference compouncds. The detected eaffeoyl-
quinic acid derivatives were determined in leaves and inflorescences of
all investigated species. 3,5-Dicaffeoylquinic acid was the predominant
radical scavenger in samples of S wirgaures, 5. comadenzis and S
=« miederederi (Table 2), It comprised about 43 and 54 % of total radical
scavenging activity in leaf and inflorescence samples, respectively. The
predominant radical seavenger in 5. giganter was chlorogenic acid, ac-
counting for 32 and 66 % of total inflorescence and leaf activity, re-
spectively. Neochlorogenic acid was detected in all wested goldenrod
samples with the lowest activity of 5. gigamiea inflorescences and leaves,
0.33 + 0.16 and 051 + 0.12pmol/g of TE, DM, respectively. Sig-
nificant radical scavenging activity for the caffeoylshikimic achd was

i
1ds.

samples of all Solidego species tested, but not in inflorescences, The
greatest radical scavenging activity of 3 4-dicaffeoylquinic acid was
expressedd in the inflorescences and leaves of 5. niedereden and 5.
virgaurea, 16.45 = 1.00 and 1227 + 0.84, pmaol TE/g DM, respec-
tively (Table 1). Chlorogenic acid can be considered as a marker of
radical scavenging activity in 5. gigantea whereas 3,5-dicaffeoylquinic
acid - in 5 virgmmea, 5. conadensis and 5. = miederederi. Trolox
equivalent radical scavenging activities of the tested Solidago species
were significantly greater in the leafl samples compared 1o the in-
florescences (p = 0.05)

The flavonoid complex was predominated by quercetin derivatives
and showed a great varlation within the species and plamt parts.
Quercetin pentoside-hexaoside m/z 595, quercetin hexoside-hexoside m
£ 609, quercetin 3-0-(6%-acetyl-hexoside) m/z 505, quercetin caffeoyl-
hexoside derivative m/s 757 correspond to the following malecular ton
formula; C26H27016, CZTH 29016, C23H22013 and C35H33019,
respectively (Table 1) The presence and strsctures of rutin, hyperoside,
Isoquercitrin, quercitrin, and quercetin were ascertained by matching
them with the reference compounds. The radical scavenging activities
of quercetin derivatives were significantly lower compared with caf.
feoylquinic acids. Quercetin pentoside and  hyperoside were  pre-
dominant favonol-derived radical scavengers in 5 gigantea in-
Morescences and leaves, wheres rutin had the greatest value upto 11 %
of total antioxidant activity in 5. viggaurea, 5. canadensis and 5, * mie-
derederi samples, The other identified compounds, namely fer-
uloylgquinic and coumaroylquinic acids, kaempferol rutinoside,
k: ferol binoside, k ferol 3-O-rh. ide, had no sig-
nificant antioxicdant activity. On the other hand, phytochemical profiles
of cormesponding compounds highly differed in Solidage species,

3.2 Mierarchical cluster analysis of rodical scavenging compounds

The hierarchical analysis was applied separately to both leaves and
inflorescences, based on the mean quantities of Trolox antioxidant
equivalents of phenolic compounds as clustering variables. The clus-
tering of the inflos lted in ping samples into two main
clusters (Fig. 2). The first cluster grouped all samples of 8. giganica
inflorescences. The corresponding samples were differed from  the
others by the high antioxidant activity of chlorogenic acid and other

determined only in the inflos and leaf les of 5. g 4

antioxidants in the following decreasing order: 3,5-dicaffeoylquinie

O-Caffeoylquinic acid was detected as a radical scavenger in leaf

acid > querceting pentoside > hyperoside > quercitrin® - and >
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Fig. 1. HPLC amd HPLC-ABTS chromatograms of the Sofidage species infloreseences. (1) — neochlonsgende acid, (3)- chiorogenie acid, (6) - caffeoyl shikimic achd, (8)
- quercelin pentodide hexoside, (10) - quercetin hexoside hexoside, (111 - -rutin, (12) - hyperoside, (13) - isoquercitrin, (15) - quercetin pentoside, (16) - 3,5
dicaffeoylquinic acid, {17) - quercitrin, (18) - quercetin 3-0-(6°-acetyl-hexoside), (20) - 3 4-dicaffeaybquinic acid, (21) - quercstin caffeayl hexoside, (23) -

quercetin.

isoquercitrin, Chlorogenic and 3,5-dicaffeoylquinic acids can be con-
sidered as the principal mdical scavenging markers of 8. gigantea in-
florescences followed by quercetin pentoside (24.50 = 3.82 pmol TE/g
D) from flavonol complex (Fig. 4). The samples of 5. canmdensis, 5.
virgaurea and 5. % niederederi formed the second cluster. The cluster was
characterized by the highest antioxidant activity of 3,5-dicaffeoylquinic
acid and other phenolics in the following decreasing order: chlorogenic
acid = rutin > 3, 4-dicaffeoylquinic acid > hyperoside = and  iso-
quercitrin. Rutin was prevalling radical scavenging marker from fla-
vonol complex.

The clustering of Solidago spp. leaves divided all samples into two
clusters (Fig. 3. 5. gigantea leaves formed the first cluster. Similar to
inflorescences, chlorogenic acld was the predominant compound, fol-
lowed by other decreasing phenolics, such as 3,5-dicaffeoylquinic
acid > quercetin pentoside > quercitrin > and 3 4-dicaffeoylquinic
acid. Meanwhile, leaves of S. canadensis, 8. x niederederi, and 5. vir-
pmrea were subdivided into well-defined sub-clusters combined into a
second cluster, except for one sample of 5. virgaurea, which showed
similarity with leaves of 5. canadensis. The remote position of the cor-
responding sample may be cxplained by bow antioxidant activity of 3,5

dicaffeoylquinic acid and high of chlorogenic acid, which revealed si-
milarity with 5. conadensis leaves. The samples forming the second
cluster were characterized by the highest antioxidant activity of 3,5
dicaffeaylquinic acid. Radical scavenging activity of other compounds
can be presented by the following decreasing order: chlorogenic
acid = rutin > and 34-dicaffeoylquinic acid (Fig. 5). Overall, caf-
feaylquinic acids, namely chlorogenic and 3,5-dicaffeoylquinic acids,
were presented as major markers of antioxidant activity in extracted
groaps of infl and leaf bes (Figs. 5 and 6).

Consequently, the hierarchical cluster analysis revealed the simi-
larity between S, virgmurea, S, candensis and 8. » niederederi in terms of
antiexidant activity of phenolic compounds, Meanwhile, the results
showed that the antioxidant activity of 5. gigantea was highly different
from that of sther Solidago species.

3.3. PCA analysis of phenolic antioxidants
A principal component analysis [PCA) was performed to detect si-

milarities and differences between the analyzed samples according o
statistically independent variables, which indicate the antioxidant
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Table 2
Antioukdant activities of inflorescence and leaf compounds of Salidago species expressed in Trobox equivalent valoes (mel TE/g DM) using HPLC-ABTS post-column
assay,
Compemnds 56 15V 150 15N LSG 15¥ LsC LSN
N hlerengenic acid 033 = 006" LT3 = 0l6a 099 + 008 217 + 022 D51 = D2 101+ 0.29% 263 = 036 560 = D.5la
Chisnogenic acid 5242 + 431a 2364 = 194k 4058 = 4642 4017 = 2300 12244 = I230a 5106 = 336h 6403 = 6600 6RTO = SITh
4-0-caffecybquinic acid -] nx n nd 388 = 0530 153 = 0306 185 = 0246 nd
Coumaroydquinic acid e ns nd L nd e e s
Caffeovishikimic acid 141 = D45 ns n L L56 £ 045 s 3 ns
Feruboylquinds acid ] s s L] n L] e &
Quercelin pentodide bescaide 115 = 019 nd n ol 069 = 0T il 038 = 0.25h nd
acid ] nd nd md nd md ns nd
Quercetin bexosice hexcaide 055 = 0026 079 = 0170 LG4 = 0566 507 £ O7Ha nd md 1062 = 037 046 = 0.Ha
[Hustim LE9 = 07c 952 = 13Ibc 1991 £ 3Ma 1832 1 L%0ab 046 = 0210 1981 = 226 1973 = 242a 2226 = 13l
Hypenoside U618 = 185a 212 = 0.2%c 006 £ 0.06c 332 & O55h LB8 = D% s ] 13 = B36h
lsoqueereitrins 609 = 0633 344 £ 0I5 258 £ 0.5%  34] 1 OTEb 307 £ 056 L15 £ 0.33% 107 £ 038 037 & 0350
Kaempferol deoxyhexose nd nd ns [ ns mnd ns ns
bexoside
Quercetin pendoside 451 = 383 nd nd md 1157 = 254 mod nd nd
A S-dicafeoylquinic acid AL = 274b BLS1 = Al0a 465 = 5a 069 = 13a 2459 = 225d 10263 = 4740 5036 = JEc TI4T = 6000
Quercitrin 680 = 173 nd wdd el 10,38 il nad nd
+ 184
Quercetin 3048 acetyl- nad nd 740 = 2155 [ nd nd X2 = 223 ns
hesoside)
Kaempferol 3-O-arabinoside L] nd nd md nd mod nd nd
I A-dicafeoylquinic acid 503 = 0F3c 1227 = 084h 1046 = LISH 1645 & LO00a  2EX = OFIc 2841 = 291a 443 = 1L20c 1555 = 14D
Quercetin caffeoyl hexoside 404 = D352 od nd md ns el ned nd
Kaempferol 3-O-rhamaoside i ns L [ n i ] s
Quercetin 484 = 111 ns ns m nd md nd ns

Abbreviations: ' nd not detected; ; nsnoi significant; 2RT retention time.

56 - nflorescences of 5, gganea; 15V - Inflorcscences of 5. virpaurea; 15C — inflorescences of 5, canadensis; 1SN — inflorescences of 5. = nfedereder; LSG - leaves of 5.
gigmmater; LSV - leaves of 8 virgonrea; LSC - leaves of 5 canodensis; LSN - beaves of 5. = niedereder

1o pesthoc Takey HED multiple comparison test, which

*Walues (means + SE) marked by different letters along rows are s
WS i i and leaves

.

activity of phenolic compounds. Table 52 summarizes the PCA results
based on the correlation matrix with PC1, PC2 and PC3, which explain
75.52 and 6992 % of the wwtal vardance In the data sets of in-
florescences and leaves, respectively, The score plot models for in-
florescenoc (PCAT) and leaf (PCAZ2) samples have shown relatively good
separation between the four Solidago species (Fig. 6).

In the PCAT model, PC1 deseribed 53.35 % of the total variance of
data and highly correlated with positive loadings of hyperoside, quer-
citrin, isoquercitrin, quercetin, quercetin pentoside, quercetin pento-
side hexoside, quercetin caffeoy] hexoside, and caffeoyl shikimie acid as
well as with negative loading of 3.5-dicaffeoylquinic acid. The PC2
accounted for 11.78 % of the wotal variance and characterized by the
loadings of neochlorogenic acid, 3 4-dicaffeoylquinic acid, quercetin
hexoside hexoside, and guercetin 3-0-(6"-acetyl-hexoside) variables.
Meanwhile, the PC3 described 10.39 % of the total observed variability
and was associated with loadings of chlorogenic scid and rutin. The
PCAL score plots of inflorescence samples showed thefr ar

{p= 0.0G)

samples of §, virgourea scattering on negative PC1 vs. PC3 space ex-
posed the weakest antioxidant activity of chlorogenic acid and rutin.
In the PCA2 model, PC1 deseribed 47 % of the total varfance in the
data set of leaves and was charseterized by positive loadings of quer-
citrin, hyperoside, isoquercitrin, ratin, quercetin pentoside, chlorogenic
acid, and caffeoyl shikimic acid. Meanwhile, the PC2 explains 13.43 %
of the tatal variance and assoclated with positive loading of quercetin 3-
(6" -acetyl-hexoside) and with negative loadings of the 3.5~ and 3,4-
dicaffeoylquinic acids antioxidant activities, The PC2 explained 9.56 %
of the total variance of data and was characterized by positive loadings
of quercetin pentoside  hexoside and negative loading of radical
seavenging activity of neochlorogenic acid and quercetin hexoside
hexoside. The score plots of leaf samples showed their armngement into
two distinet groups similar to inflorescences (Fig, 6, The first group on
the right-hand positive side plot covered all the samples of 5. gigantea,
which were in distance from all others and clustered along PC1. Sig-
ifi joxidant activities of chlorogenic acid, quercetin pentoside,

into two distinet groups (Fig. 6). The first group on the right-hand
positive side plots covered all the inflorescences of 5, gigantea and was
in distance from all others. The clustering of samples along the positive
PC1 can be explained by the highest values of hyperoside, querceting
quercitring in caffeayl b bdi=, and & jirin in this group.
Conversely, rutin scoring low in PC1 and 3,5-dicaffeoylquinic acid with
high negative loading in PC1 exposed the weak antioxidant activity in
the inflorescences of 5. gigantea. The second group of samples on the
left-hand plot grouped together all samples of 5. canadensis, 5. virgmorea
and S. % niederedeni indicating similarity in their antioxidant activity,
Inflorescences of 5, vigourea and 5. x niederederi situated close to the
PC1 and PCZ zero point, which means that the mdical scavenging ac-
tivity of phenolic compounds was found in the range from the lowest 1o
the mean values. On the other hand, inflorescences of 5. = nlederaderi
and 5, canadensis demonstrated close position in PC1 vs. PC3 space
scoring high in PC3 that suggested high antioxidant activity of
chlorogenic acid and rutin in the cormesponding 1 vhils

quercitrin, caffeoy] shikimic acid, hyperoside, and isoquercitrin seoring
high in PC1 were found in leaves of § gigantea. Consequently, quercetin
pentoside hexoside scoring high in PC3 was asseciated with antioxidant
activity of this compound in leaf samples. The second group on the left-
hand plots grouped her all les of S ) s

and 5. = niederederi. On the other hand, most samples of 5. canadensis
were closely clustered along positive PC2 and PC3 and were differed
from other specics in expressed antioxidant activity of quercetin 3-0-
(6"-acetyl-hexoside) and quercetin hexoside hexoside. Leaves of 5. vir-
gerea located on the negative side of PC2 associated with the strongest
antioxidant activities of 3,5 and 3,4-dicaffeoylquinic acids in the cor-
responding samples. Meanwhile, quercetin pentoside hexoside and
quercetin hexoside hexoside scoring high in PC3 did not expose anti-
oxidant activity in samples of £ virgewrea located near zero point of
PC3. Leaves of 5, x miederederi situated near the 2ero point of PC2 in-
dicated mean values of radical scavenging activity of 2,5 and 3,4-di-
caffeoylquinic acids.
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Fig. 2. The dendrogram of hicrmarchical chester analysis of Salidago species in-
forescence samples based on the phenolic radical compatmds ex-
pressed as Trolox equivalents for 1g of dey matter (DM} of plant material
{jimaly THg DM

PCA was present as a graphical visualization of differences between
Solidage species on the basis of radical scavenging activity of phenalic
compounds, Ci atly, 5. gip inflorescence and leaf samples
formed a separate cluster indicating different antioxidant activity of
phenolics from other Solidago species. On the other hand, 5. canadensis,
5. virgowrea and 8. x niederederi revealed similarity in the antioxddant
activity of their raw materials.

4. Discussion

The antioxidant activity is one of the most important features of
phenolic compounds. As a result, the increased accumulation of phe-
nolics indicates the protection against intense ROS formation in plants
under the exposure to biotic and abiotic stressors (Kasote et al, 2015).
High capacity antioxidants could possess notable health effects and
could be used as activity markers for the standardization of plant origin
extracts (Rutkowska et al., 2019). Goldenrods are a promising and an
abundant source of phenolic compounds; however, data on the pecu-
liarities of their antioxidant profiles are sill lacking. Flavonoids,
especially quercetin and  kaempferol derivatives, are predomi

Indusrial Crops & Produces 145 (2020) 112123
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Fig. 3. The dendrogram of hierarchical cluster analysis of Solidogo species beaf
samples based on the phenolic radical scavenging compounds expeessed as
Trolox equivalents for 1% of dry marer (DM)of phenolic antioxidants (jmol/
TEg DM).

special importance compounds because of their ability 1o increase ur-
inary flow by inhibiting neutral plickase (Melzig, 2004). Quer-
cetin derivatives due to their structure peculiarities are regarded as
potent antioxidants (Raudone et al., 2019). In this regard, S. giganiea
was distinguished from other Solidage species by radical scavenging
capacities of hyperoside, quercetin pentoside and quercitrin, Mean-
while, rutin was the predominant antioxidant active flavonol in the
other three Solidago species. The findings are in agreement with pre-
vious studics which confirmed the presence of rutin as the predominant
flavonol in extracts of 5. virgmrea and 5. canadensis and the absence of
this compound in 5 giganrea (Anzlovar and Dolenc Koce, 2014; Apati
o al., 2002 Paun et al., 2016; Wodniak et al., 2018), In the case of pure
phenolic compounds, rutin and hyperoside were found to have the same
radical scavenging capacities, which were greater compared with
quercetin pentoside and quercitrin (Randone et al., 2019). Hyperoside
could be considered as an important marker in assessing the phyto-
chemical quality of the raw materials due to its contribution to the waal
flavaneid content, the importance of which is referred in the Evropean

compounds in phenolic profiles and are used in quality determination
and standardization of goldenrod extracts (Evropean  Medicines
Agency, 2008; European Pharmacopoeia, 2016, Fedotova and
Konaovalov, 2018), Selidago spp. Aavonoids are considered as a group of

Phar oeia (European Pharmacoposia, 2016). Our results partly
supported by this consequence, since hyperoside accounted for up to 11
% of the total radical scavenging capacity in 5 giganten leaves, while in
other sperics the impact of hyperoside on total antioxidant activity was
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Fig. 4. Mean valoes of antioxidomt activithes of principal radical seavengers (pmol TE/g DM) of Solidege species inflorescence groups extracted ssing hierarchical
cluster analysis. 1 - cluster composed of 8. gigamten; 2 - cluster composed of 5. vigouren, 5. canodensis and 8. = niederederi.

less than 2 %. Therefore, hyperoside could be considered as 2 marker of
antioxidant activity only for 5. gigantea. On the other hand, Wodniak
et al (2018) detected that hyperoside was absent in the root and above-
ground samples of 5, canadensis and 5. gigantea (Waodniak et al, 2018)
Furthermore, the antioxidant profiles of leaves and inflorescences of 5
glganrea contain a more diverse complex of quercetin derivatives with
significantly greater radical scavenging capacities compared to other
Solidage species.

Using UPLC-MS, three kaempfersl derivatives such as kaempferol
deoxyhexose hexoside, kaempferol 3-0-arabinoside, and kaempferol 3-
O-rhamnoside, were identified in the leaf and inflorescence samples of
Solidage spp., however, their radical scovenging activities in the anti-
oxidant profiles were not significant. According to Murugesu et al.
(2017), kacmpferol provided notable antioxidant activity using dif-
ferent detection systems. However, the current study did not reveal any
significant antioxidant capacity of kaempferol derivatives, which can be
explained by the limited exposure of the corresponding compounds
with the reference oxidant during continuous scparation process in
post-column detection. The negligible radical scavenging activity of
kaempferol derivatives can be justified by the lack of easily oxidizable
hydroxyl groups in the catechol group compared with quercetin deri-
vatives (Murugesu ef al., 2017). Contrary to the present results, some

Bsadneoancacd  @asen
i
1
E =
% “

]

previous sources indicate the accumulation of methylated flavonols
(isorhamnetin derfvatives) In goldenrod raw materals (Furopesn
Medicines Agency, 2008; Waoiniak et al, 2018} On the other hand,
Apati et al. (2002) Chai ot al, (2004); Kraujaliene ot al. (2017) and,
Radufiene et al. (2015, 2018) did not report isorhamnetin derivatives in
Solidago spp. Consequently, the flavonoid composition is highly vari-
able and can be idered as an indication of the phytochemical het-
crageneity of the genus Sofidage (Wotniak et al., 2018}

Quinic acid esters with cinnamic acids such as caffeaylquinic, con
maroylquinic and feruloylquinic, are widely distributed in Asteraceae
family plants with different ace lation patterns ds ding on the
species (Gimenes et al,, 2018), H , the of ryl amd
feruloybquinic acids did not expose any significant response in thc an-
tioxidant profiles of tested Solidago spp. Similarly, in previous post-
column studies, there was no detected radical scavenging activity of the
carresponcding compounds (Raudone et al,, 2006, 2015). Caffeoylquinic
acids are regarded as potential antioxidants with neuroprotective and
cardiaprotective activities as well as anti-inflammatory effects and can
be beneficial in the reatment of metabolic disorders. (Abdel Motaal
ef al., 2016; Spinola and Castilho, 2017; Upadhyay and Mohan Rao,
2013). In our study 3,5 and 3,4- dicaffeoylquinic acids had greater
Trolox equivalent antioxidant values compared to monocafeoylquinic

@ Cuercetin pentoside
9 3 4-dicall eoylguirs acid

) I I| |
; _ . m
1 F

Fig. 5 Mean values of antioxidant activities of principal radical scavengers (jpmol TE g DM of Solidege species leaf groups exiracted using hievarchical cluster
analysis. 1 - clisster compeosed of 5. giganrea; 2 - cluster composed of 5. virgaurea, 5. canadenls and 5. niedereden.
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Fig. 6. PCA score (B) plots of different Salidago species inflorescence (A) and beal (B) samples.

acids. This is in agreement with Li et al. (2018) and Xu et al. (2012)
findings, which reported that twoe substitutional caffeoyl groups sig-
nificantly increased the antioxidant activity of corresponding com-
pounds. On the other hand, caffeoylquinic acids have been identified as
major phenolic markers in the species of the Asteraceae family (Fraisse
et al., 2011; Gimenes et al., 20018; Jaiswal et al., 2011). However, So-
lidago species have a specific pattern of accumulation of these con-

Qualitative p af phenolic profiles of varfous strisctural
origins are used in the phenetic chemistry of the studied taxon and
recently have been described as chemophenctic studies (Zidomn, 2019).

The multivariate analysis of the antioxidant activity of the phenolic
compoinds of Solidage species leaves and inflorescences have revealed
the principal radical scavengers. Phenolic profile of 5. gigantea differed
with predominant antioxidant activity of chlorogenic acid, 3,5-di-
caffeoylquinic  acid and quercetin  pentoside.  Accordingly, in-
Narescences and leaves of 5. canadensis, 5. x miederedert and 5, virgairea
had priority in antioxidant activity of 3,5-dicaffeoylquinic acid,
chlorogenic aid and rutin against 5. gigamtea. Consequently, these

its can be sidered as antioxidant activity markers in phy-
iochemical profiles of the corresponding species. The results are con-
sistent with previous studies which reported that Solidage species ex-
posed the same profile of phenolic constituents with significant
quantitative differences (Radufiene et al, 2018). Generally, the total
antloxidant capacity of the detected compounds of Invasive Solidago
species was significantly higher than that of native species. The in-
creased accumulation of flavonaids in invasive species represents their
potential defense against plant herbivores and pathogens and, conse-
quently, a higher mechanism of adaptation to the new environment
{Kundu and Vadassery, 2019 Wang et al., 2012}

Phenolie compounds depending on the structural peculiarities and
initial reaction with oxidant rate have different antioxidant capacities,
which strongly correlate with the of active c ds in the
raw material (Roudone et al., 2009). Anticcidant profiles obaained by
post-column assay specifically include only the compounds with sig-
nificant activities and fast inital reactions. Therefore, this method is
appropriate for the detection of fast acting high-capacity antioxidants
and identification of antioxidant activity markers. In this respect, an-
toxidant activity markers can be useful in ensuring the quality and
effectivencss of plant materials with potentlally beneficial health effects
that could be incorporated in nutraceuticals, cosmeccuticals, and
pharmaceuticals,
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Table S1. Collection data of the investigated populations of Solidago species

Species | Sample no. | Collection site | Altitude, m | Latitude N | Longitude E | Habitat
Naujoji Vilnia, 160 54°40'30" | 25°23'10" |Abandoned
8G 33101 Vilnius distr. field
Naujoji Vilnia, 160 54°40'32" | 25°23'05" |Abandoned
8G 33102 Vilnius distr. field
Naujoji Vilnia, 160 54°40'34" | 25°23'01" |Abandoned
8G 33103 Vilnius distr. field
Rokantiskes, 200 54° 42'38" 25°2329" |Abandoned
8G 33204 Vilnius distr. field
SG 33305 nggntlskes, 200 54° 42'36 25°2325" |Dry meadow
Vilnius distr.
SG 33406 nggntlskes, 200 54°42'38 25°2323"  |Dry meadow
Vilnius distr.
Suderve, 120 54°40'13" | 25°22'48" |Abandoned
SG | 3307 yinius distr. field
Suderve, 120 54°40'10" | 25°22'45" |Abandoned
8G 33308 Vilnius distr. field
Naujoji Vilnia, 160 54°40'35" | 25°23'01" |Abandoned
SVl 31200 yinjus distr. field
SV 32204 nggntlskes, 200 54° 42'35 25°2324" |Dry meadow
Vilnius distr.
Suderve, 210 54°40'03" | 25°22'58" |Abandoned
SVl 33107 s distr. field
Raguvele, 130 54°52727" | 25°30'52" |Abandoned
SVl 3021 s distr. field
Karkline, 120 54° 5426" | 25°33'40" |Abandoned
sV 38113 Vilnius distr. field
Karkline, 120 54°5420" | 25°33'13" |Abandoned
sV 38214 Vilnius distr. field
Naujoji Vilnia, 160 54°40'15" | 25°23'10" |Abandoned
sC 31201 Vilnius distr. field
Naujoji Vilnia, 160 54°40'10" | 25°23'15" |Abandoned
sC 31302 Vilnius distr field
Ne 32103 nggntlskes, 200 54°42'38 25°2329" |Dry meadow
Vilnius distr.
Ne 32204 nggntlskes, 200 54° 42'34 25°2320" |Dry meadow
Vilnius distr.
Ne 32305 nggntlskes, 200 54°42'30 25°2322" |Dry meadow
Vilnius distr.
Suderve, 120 54°40'03" | 25°22'58" |Abandoned
sC 33206 Vilnius distr. field
Suderve, 120 54°40'13" | 25°22'48" |Abandoned
sC 33407 Vilnius distr. field
Suderve, 120 54°40'13" | 25°22'48" |Abandoned
sC 33508 Vilnius distr. field
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Table S1. Continued

Vilnius distr.

Species | Sample no. | Collection site | Altitude, m | Latitude N | Longitude E | Habitat

Raguvele, 130 54°52'27" | 25°30'52" |Abandoned

SC 36109 Vilnius distr. field
Raguvele, 130 54°52'27" | 25°30'52" |Abandoned

SC 36210 Vilnius distr. field
Raguvele, 130 54°52'20" | 25°30'50" [Abandoned

SC | 36311 Wilnius distr, field

SC 38112 Kgrk.hne,. 120 54° 54'25 25°33'11 Roadside
Vilnius distr.

e 38213 Kgrk.hne,. 120 54° 54'23 25°33'10" |Roadside
Vilnius distr.
Naujoji Vilnia, 160 54°40'10" | 25°23'15" |Abandoned

SN 31201 s distr field
Naujoji Vilnia, 160 54°40'15" | 25°22'10" [Abandoned

SN 303 Wilnius distr. field

SN 32104 nggntlskes, 200 54° 42'36 25°2325" |Dry meadow
Vilnius distr.

SN 32205 R(_)ke.mtlsl?es, 200 54° 42'36 25°2325" |Dry meadow
Vilnius distr.

SN 32306 nggntlskes, 200 54° 42'36 25°2325" |Dry meadow
Vilnius distr.
Suderve, 120 54°40'10" | 25°22'45" |Abandoned

SN 33107 Vilnius distr. field
Suderve, 120 54°40'10" | 25°22'45" |Abandoned

SN 33208 Vilnius distr. field
Suderve, 120 54°40'10" | 25°22'45" |Abandoned

SN 33509 Vilnius distr. field
Raguvele, 130 54°52'27" | 25°30'52" |Abandoned

SN 36110 Vilnius distr. field
Raguvele, 130 54°52'27" | 25°30'52" |Abandoned

SN 36211 Vilnius distr. field
Raguvele, 130 54°52'27" | 25°30'52" |Abandoned

SN 36312 Vilnius distr. field

SN 38213 Kgrk.hne,. 120 54° 54'20 25°33'12" |Roadside
Vilnius distr.

SN 38314 Karkline, 120 54° 54'23 25°33'10" |Roadside

SG — Solidago gigantea; SV — S. virgaurea; SC — S. canadensis, SN — S. X niederederi.

The coordinates of the collecting sites were indicated using GPS versus
Google Earth mode. The altitude of the growing sites was indicated using the
Lithuanian elevation map: https://mapslt.maps.arcgis.com/apps/webappviewer/
index.html?id=d29c96b53bc740e38tb7918532753544
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Table S2. Correlation coefficients with the first (PCI1), second (PC2) and
third (PC3) principal components based on antioxidant activity of phenolic
compounds in inflorescences (PCA1) and leaves (PCA2) of Solidago species

. PCA1 PCA2
Variables

PC1 PC2 PC3 PC1 PC2 PC3
Neochlorogenic acid -0.345 0.789 | -0.212 | -0.316 | —0.238 | —0.760
Chlorogenic acid 0.196 | -0.310 0.782 0.770 0.185 0.364
4-O-cafteoylquinic acid n' n n 0.547 0.300 0.431
Caffeoylshikimic acid 0.624 | —0.343 0.003 0.746 0.102 0.199
Quercetin pentoside hexoside 0.932 -0.204 0.071 0.444 0.328 0.461
Quercetin hexoside hexoside -0.156 0.702 0.158 0.025 0.332 | -0.747
Rutin -0.563 0.226 0.693 -0.655 | —0.286 0.249
Hyperoside 0974 | —0.006 0.073 0919 | -0.018 0.057
Isoquercitrin 0.614 0.195 0.555 0.614 0.081 0.360
Quercetin pentoside 0.943 -0.195 0.069 0.927 0.065 0.226
3,5-dicaffeoylquinic acid -0.830 0.357 0202 | -0.529 | -0.724 0.022
Quercitrin 0.896 | —0.115 0.096 0.887 0.056 0.205
Quercetin 3-O-(6"-acetyl-hexoside) | —0.383 | -0.461 0.200 | —0.349 0.725 0.023
3,4-dicaffeoylquinic acid -0.432 0.723 -0.042 | —-0.300 | —0.837 | —0.056
Quercetin caffeoyl hexoside 0.901 —0.294 0.011 n n n
Quercetin 0.781 -0.272 | —0.005 n n n

Abbreviations: 'n — variable was not included to the PCA.
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