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Abstract

Chemicals improve health and living standards of humans while at the same time causing
severe environmental pollution. Therefore, the aim of this thesis was to explore the potential
of flavonoids, a class of natural products studied for a variety of applications, to substitute
persistent and harmful synthetic chemicals in line with the Benign by Design concept. This
overarching goal was pursued by performing research on three important aspects of a potential
benign substitute. Firstly, as example of the functionality, the application of flavonoids as
biopesticides was investigated with a systematic literature review. Secondly, the environmental
effects and fate of several flavonoids were explored by investigating their ecotoxicity based on
algae growth inhibition and their environmental biodegradability. The applied standard tests
according to Organization for Economic Co-operation and Development (OECD) guideline 201
and 301 D were accompanied by further analytical methods including High Performance Liquid
Chromatography coupled with an ultraviolet and visible light detector (HPLC-UV/vis) or
coupled with High Resolution Mass Spectrometry (HPLC-HR-MS) to gain a better
understanding of the processes taking place during these tests e.g. abiotic degradation and
the formation of transformation products.

The results of the systematic literature review revealed that many different pesticidal activities
of flavonoids were investigated, but more cohesive knowledge, e.g. on the effectiveness of
flavonoid-based biopesticides and their target spectrum is required. Regarding the
environmental effects and fate of a chemical, the observed moderate algae growth inhibition
of flavonoids and of the identified abiotic transformation products as well as the readily
biodegradability of most tested flavonoids support their utilization as benign substitutes with
low ecotoxicity and non-persistence in the environment. Additionally, this thesis highlights the
importance to consider the limited abiotic stability of many flavonoids and identified it as one
of the major challenges for the application of flavonoids in e.g. agriculture or pharmacy.
However, this thesis showed that structural features known to enhance the abiotic stability

(lacking hydroxy group at C3, C2-C3 single bond, and O-methylation) do not hinder



environmental biodegradation. Therefore, these structural features can be used to select or
design flavonoids with sufficient abiotic stability for application while being readily
biodegradable. These obtained new insights show that selected flavonoids have the potential
to substitute persistent and harmful chemicals. Among the tested flavonoids, hesperetin was
identified as the most promising candidate. All in all, this thesis showed that a combination of
algae growth inhibition and environmental biodegradability screening is a suitable approach to
apply the Benign by Design concept to natural products. The chosen approach can be used to
investigate the environmental effects and fate of other natural products, but small
improvements of the experimental setup could be made. Generally, this thesis further promotes
the idea to use natural products as substitutes for synthetic chemicals in order to tackle

environmental pollution.
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1 Introduction

1 Introduction

1.1 Chemical Pollution as a Major Threat to Human Health and

Ecosystems

Humans have learned to shape nature's elementary building blocks into molecules,
macromolecules, materials, and products at will. In the form of metallurgy, pottery, glass
production, dying and tanning, chemical practices and their impact on human lives reach back
to the 5" millennium (B.C.). Today synthetic chemicals and chemical products play
indispensable roles in our everyday lives fulfilling many functions and increasing life quality.
More than 350 000 individual organic and inorganic chemicals as well as mixtures of chemicals
have been globally registered for production and use'. Furthermore, the production volume of
chemicals is increasing?. However, in addition to the advantages of chemicals, it is uttermost
important to consider the fate of the chemicals after their use and possible negative impacts
on human health and the environment. To prevent and reduce the entry of chemicals into the
environment, waste and effluents are treated. However, these end-of-pipe measures have
limitations and are challenged by the amount and diversity of chemicals3. Not all compounds
are removed by these treatments or transformation products (TPs) can be formed by
incomplete degradation®#. Moreover, chemicals used in agriculture such as pesticides and
veterinary pharmaceuticals enter the environment untreated via diffuse sources®®. Another
emerging source of chemical emissions is the leaching of biocides used to avoid

microorganism growth on facades from buildings’®.

Despite current efforts focusing on end-of-pipe measures, chemical pollution accumulated to
one of the major challenges humankind is faced with. It has the potential to cause severe
ecosystem problems on a global scale and, thus, negatively affect vital earth system processes
that sustain human life'°. Based on the increasing annual production and releases of chemicals

at a pace that outstrips the global capacity for assessment and monitoring, Persson et al.
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estimated that the critical threshold of chemical pollution (planetary boundary of novel entities?)

is exceeded0.

1.2 Green and Sustainable Chemistry

In 1998, made efforts to transform chemistry and tackle environmental pollution were
manifested in the 12 principles of Green Chemistry'' (see Annex Figure A1). These principles
focus on efficiency, waste and hazard prevention, as well as on obtaining chemicals from
renewable feedstocks. Later on, the concept of Sustainable Chemistry was developed'>'4.
The societal importance of these two scientific concepts is reflected by their incorporation into
political frameworks, e.g., the Green and Sustainable Chemistry Framework Manual of the
United Nations Environmental Program (UNEP), and the Chemicals Strategy for Sustainability
- Towards a Toxic-Free Environment as part of the European Green Deal'®'¢. However,
understandings of Sustainable Chemistry vary. In this thesis, Sustainable Chemistry is
understood as a guiding principle that, highlighting reduction and prevention, starts with the
question if a chemical is necessary to fulfil a certain need'”. Only if no non-chemical alternative
is available, a green chemical designed for safety and degradability, obtained from renewable
resources in a benign synthesis should be used. Following a holistic, systematic approach,
Sustainable Chemistry takes the whole life cycle of a chemical and all involved stakeholders
into account, including social aspects e.g., fair and safe working conditions, as well as
economic aspects e.g., new business models such as chemical leasing. Over the last decades
a lot of research was dedicated to Green Chemistry and Sustainable Chemistry. One major
aspect is the design of benign chemicals. The Benign by Design concept demands to balance

the stability for application of a chemicals and its complete degradation in the environment to

a novel entities: “New substances, new forms of existing substances, and modified life forms that have the potential
for unwanted geophysical and/or biological effects including chemicals and other new types of engineered materials
or organisms not previously known to the Earth system, as well as naturally occurring elements (for example, heavy

metals) mobilized by anthropogenic activities.”"”
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water, carbon dioxide and inorganic salts (mineralization)'®. These considerations should be
incorporated as early in the design process as possible'. Research showing the feasibility of
the Benign by Design concept is crucial for its wide implementation in the chemical industry. A
few studies showing the successful re-design of chemicals exist'®2°. However, the Benign by

Design concept was not applied to natural products yet.

1.3 Natural Products as Benign Substitutes

Regarding the design of benign chemicals, nature could be a source of inspiration. Not only
humans produce and use chemicals in their everyday life, also plants, fungi, animals, bacteria,
and archaea produce chemicals, called natural products (NPs), that are necessary for primary
or secondary functions. Beyond energy metabolism, growth, reproduction, and structure
(primary metabolism), NPs are involved in e.g. communication and chemical defense against
predators (secondary metabolism).

Historically but still today, NPs play a role in the discovery of drugs and pesticides. In drug
discovery, the interest in NPs is based on their bioactivity and the diversity in structural
scaffolds but their possible advantages of environmental biodegradability is not considered?'-22.
By contrast, research towards the utilization of NPs as biopesticides is driven among other
reasons by the motivation to find more environmentally friendly active substances?324,
However, can it be assumed that natural products are harmless to non-target organisms and
readily biodegradable in the environment? Referring to the known toxicity towards humans of
several NPs, Hansen et al. stated: “We are picky with what we eat and drink - for good
reasons”?. Whereas knowledge on the toxicity of several NPs is available, data on the
environmental effects and fate is largely missing?®26. However, knowledge on the ecotoxicity
and environmental biodegradability of NPs could offer valuable contributions to Green
Chemistry and the design of benign chemicals. Firstly, to evaluate the potential of NPs to
substitute persistent and harmful synthetic chemicals. And secondly, to provide knowledge for

the design of biodegradable chemicals in general. Therefore, this thesis sets out to explore the
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possibilities for applications and the environmental effects and fate of a class of natural

products — the flavonoids.

1.3.1 Flavonoids

Among the diversity of NPs, the class of flavonoids was selected for investigation in this thesis
for two reasons. Firstly, they are common in the plant kingdom and could be obtained from
biorefinery of e.g. agricultural or food waste?’. The second reason is the wide range of possible
applications of flavonoids?.

According to the strict International Union of Pure and Applied Chemistry (IUPAC) definition,
flavonoids are characterized by the following features?®: They consist of a C6-C3-C6 carbon
skeleton forming three rings (A, B, and C), one of which is a heterocycle with oxygen. Based
on the position of the phenyl moiety (B-ring) in regard to the A- and C-ring core of the molecule,
this group of NPs is distinguished into flavonoids, isoflavonoids, and neoflavonoids (Figure 1).
Flavonoids are further divided into six subgroups (flavones (f1), flavonols (f2), anthocyanidins
(f3), flavanones (f4), flavanonols (f5), and flavanols (f6)) depending on structural features such
as a C2-C3 double bond, a hydroxy group at C3 (3-OH), and a keto function at C4 or a
combination of them (Figure 1). Next to varying hydroxy group patterns, O-methylation and
glycosylation are common modifications of flavonoids. Approximately 6 000 different flavonoids
were identified so far?8.

Natural functions of flavonoids in plants include signaling with symbiotic bacteria, pigmentation
of flowers to attract pollinators, response to UV or oxidative stress and chemical defense
against predators3%3'. Based on the secondly mentioned natural functions, flavonoids have
historically been used as dyes®2. Furthermore, flavonoids were extensively investigated for
their antioxidant activity based on their radical scavenging ability and for a variety of biological
activities based on enzyme inhibition and influencing of intracellular signaling pathways33-3.
The different biological activities of flavonoids could be exploited for food conservation,

cosmetic, pharmaceutical or pesticidal applications?836-39,
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isoflavonoids neoflavonoids

Figure 1: Overview of the different flavonoid types and subgroups.

The flavonoid basic structure is shown with numbering of C-atoms and labeling of the three different rings. The
different flavonoid subgroups are marked with an identification code (letters and numbers in brackets) for a better
recognition throughout the thesis. Modified figure based on figure 1 of publication 1 (see List of Publications, page
61).

In addition to their activity, the stability® is important for possible applications. Flavonoids are
known to react with oxygen. Therefore, oxidative degradation of flavonoids during scientific
experiments and possible applications has to be considered. Concentration decreases of
flavonoids in mammalian cell culture medium were previously observed*®#!. Therefore, the
monitoring of the concentration of the tested flavonoids during scientific experiments is
essential to obtain more knowledge about the stability of flavonoids at the test conditions and
for the interpretation of the results. Furthermore, possible contributions of TPs formed during
the degradation of instable flavonoids to the observed effects have to be kept in mind and

investigated. Insights into the influence of certain structural features on the stability or the

formation of certain TPs could help to select flavonoids with balanced activity and stability.

b In this thesis, the term stability is used to describe if a substance’s concentration remains constant under certain

experimental conditions during the duration of the experiment.
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2 Structure and Objectives

The main goal of this thesis was to evaluate the potential of flavonoids as benign substitutes
for synthetic chemicals. Applying the Benign by Design concept to a class of natural products
for the first time, it set out to investigate the function and the environmental effects and fate of

several flavonoids (Figure 2).

Environmental effects and fate

Application as biopesticides Ecotoxicity Environmental biodegradability
Systematic literature review to assess: Algae
- Sources wih C trati P Ultimate ) L
gro oncentration
- Stuctures inhibition monitoring identification biodegradation Cangentration monitoring
- Activties (ECsg)
- Environmental fate
T i il =
- |dentification of research gaps || L Ly /r_,\
acetate/
Ny benzoate
CBT bictic apiotic  Mixed

substrate

O, consumption in CBT

>

Evaluate potential of flavonoids as benign substitutes

Evaluate suitability of chosen approach and methods

Evaluate potential of natural products as benign substitutes

Figure 2: Overview of the aims of this thesis.

Based on the research on the application of flavonoids as biopesticides and their environmental effects and fate, in
particular ecotoxicity based on algae growth inhibition and environmental biodegradability, the potential of flavonoids
as benign substitutes will be evaluated. Furthermore, the transferability of the used approach and methods, and the
general potential of NPs as benign substitutes will be evaluated. Additionally, an overview of the performed studies
and experiments regarding the three aspects application, ecotoxicity, and environmental biodegradability is

provided.



2 Structure and Objectives

In Chapter 3-5, the performed research and the obtained results are presented. Regarding the
function, this thesis focuses on the possible application of flavonoids as biopesticides
(Figure 2). Aiming to obtain a better overview on existing knowledge about biopesticidal
applications, this thesis attempts to analyze thematically appropriate literature quantitatively
and to identify research gaps in this field. Regarding the environmental effects and fate, this
thesis sets out to investigate the ecotoxicity based on algae growth inhibition and the
environmental biodegradability of a selection of flavonoids according to guidelines of the
Organization for Economic Co-operation and Development (OECD) (Figure 2). For the
experiments, a set of 26 flavonoids was chosen based on structural features in order to
investigate the influence of these features on algae growth inhibition and environmental

biodegradability (Figure 3).

Going beyond the quantification of the algae growth inhibition and the classification as readily
biodegradable, this thesis aims to understand the processes that occur during algae growth
inhibition and environmental biodegradation tests by investigation possible abiotic degradation
and TP formation with High Performance Liquid Chromatography coupled with
ultraviolet/visible light detection (HPLC-UV/vis) or High Resolution Mass Spectrometry (HPLC-

HR-MS) (Figure 2). More details are provided in section 4.1 and 5.1.

Based on the newly obtained knowledge on possible applications, the ecotoxicity, the
environmental biodegradability, and abiotic stability, this thesis then aims to evaluate and
discuss, firstly, the potential of flavonoids as benign substitutes, secondly, the suitability of the
chosen approach and methods to find benign substitutes, and, thirdly, the potential of NPs as

benign substitutes in general (Chapter 6-8).
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Figure 3: The 26 flavonoids selected for investigation based on structural features.

Each flavonoid is presented with its trivial name. Differences in structural features include the number and position
of hydroxy groups, the C2-C3 bond order, O-methylation, a combination of the former two features, and the position
of ring B (flavonoids vs. isoflavonoids). However, not all flavonoids could be examined with every method due to

low water solubility.
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3 The Application of Flavonoids as Biopesticides

3.1 Problem Statement

Many studies explored the activities of flavonoids including their antioxidant, pharmaceutical,
and pesticidal activities. Whereas several publications review and summarize antioxidant and
pharmaceutical activities3334364243 an overview about pesticidal activities and applications is
missing. In line with the goal to design benign chemicals obtained from renewable resources
which degrade in the environment, the motivation to investigate flavonoids as possible
biopesticides is driven by the search for environmentally friendly alternatives to conventional
pesticides?*44. Hence, this thesis aims to not only provide an overview of which flavonoids and
which pesticidal activities were investigated so far, but also sets out to assess to what extent
sustainability aspects including the sources and the environmental fate of investigated

flavonoids are considered in publications dealing with pesticidal activity of flavonoids.

3.2 Method

A systematic literature review was conducted that enabled a quantitative analysis of four
aspects of the life cycle of flavonoids used as biopesticides. A detailed description of the
literature screening and data collection is given in publication 1. In brief, a systematic literature
screening was conducted using a combination of specific search terms (flavon*, biocid*,
biopesticid*, pesticid*, herbicid*, fungicide*, insecticide*, alg*cid*, and harmful algae bloom*).
Publications were selected for analysis from the results if a certain flavonoid that naturally
occurs in plants was investigated for a pesticidal activity. Hence, publications that investigated
pharmaceutical activities, only measured the total flavonoid content, or investigated
synthetically modified flavonoids were excluded. Based on these criteria, the literature
screening yielded a pool of 201 research articles investigating the application of flavonoids as
biopesticides. From these publications several information on the aspects “sources, structures,

activity, and environmental fate” was withdrawn:



Natural Products as Benign Substitutes for Synthetic Chemicals - the Example of Flavonoids

e Sources:
o Were the flavonoids purchased or isolated?
o Which plant species were used as sources of the isolated flavonoids?
o Was the used plant material a waste resource?
o Were pure compounds or extracts investigated?
e Structures:
o Which flavonoids were investigated?
o Activity:
o Which activity was investigated and which target organisms were used?
o What kind of application was intended for the biopesticides?
e Environmental fate:

o Was data or information on the environment fate provided or cited?

The information obtained for these different aspects were analyzed quantitatively. The results

of this assessment are summarized in the following section.

3.3 Results and Discussion

Four different aspects of the utilization of flavonoids as biopesticides were analyzed
quantitatively. Firstly, the assessment of the sources of flavonoids revealed that most studies
(83 %) used isolated compounds or flavonoid-containing extracts of plant materials instead of
purchased, pure compounds. Interestingly, only 10.6 % of the investigated sources of
flavonoid-containing plant extracts or isolated flavonoids were waste materials such as orange
peels or rice husks (Figure 4). Despite the huge potential of agricultural and food waste as
source of high-value chemicals?’, the assessment of the actual sources of flavonoids
investigated for application as biopesticides revealed a current underutilization of this
feedstock. Therefore, the systematic literature review identified an important research gap that

could promote the investigation of waste materials as sources of flavonoids in future studies.

10



3 The Application of Flavonoids as Biopesticides

Secondly, the assessment revealed that 281 different flavonoids were investigated for
pesticidal activities either as isolated compound or as constituent of an extract. Whereas this
represents a high number and extensive research effort, the investigated flavonoids embody
only a fraction of the more than 6 000 different flavonoids?®. Hence, bioprospection work of
flavonoids has only just begun. Among the 281 different flavonoids identified in the systematic
literature review, luteolin, apigenin, quercetin, and kaempferol and their glycosylated or O-
methylated derivatives were identified as the most studied flavonoids (Figure 4). The
identification of frequently investigated compounds can help to select candidates for further
comprehensive studies. These studies could aim for a detailed overview on all different

activities of one certain flavonoid which was beyond the scope of this study.

Thirdly, the assessment of activities revealed that flavonoids were investigated for diverse
pesticidal activities including insecticidal, fungicidal, herbicidal, bactericidal, and algicidal
activities. Possible applications ranged from crop protection in the field and post-harvest to
controlling harmful algae blooms and antifouling agents. In total 260 different target organisms
including plants, insects, fungi, bacteria, algae, nematodes, molluscs, and barnacles were
investigated (Figure 4). This high variety of different target organisms raises questions
regarding the target-specificity of flavonoids. However, this topic is referred to by only 17 % of
all considered studies in their results and discussion sections. Therefore, the assessment
revealed that data on the target-specificity of flavonoids is lacking and further research is
required. The indicated broad target spectrum also enhances risks for non-target organisms
e.g. pollinators or earth worms at agricultural sites or organisms in surrounding water bodies
affected by pesticide-containing run-offs like algae. Thus, assessing the ecotoxicity of
flavonoids is of crucial importance.

Furthermore, some studies compared the effect of the tested flavonoid or flavonoid-containing
extract to a conventional pesticide. The results ranged from lesser to superior activity of the
tested flavonoids and flavonoid-containing extracts compared to the conventional pesticides*>-

48_Thus, a holistic evaluation of the effectiveness of flavonoids is needed.

11
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Figure 4: Results of the systematic literature review:

1. Sources: The percentage of studies that used waste materials e.g. orange peels as source of the tested flavonoid
is shown in comparison to the studies using non-waste sources. 2. Structures: The four most frequently studied
flavonoids and how often they have been studied (count) are presented. In addition to these four flavonoids, the
count of flavonoids with the same core structure but small modifications including O-methylation or glycosylation is
shown. 3. Activities: a) The number of different target organisms per taxonomic group is given: fungi (orange),
insects (yellow), plants (green), bacteria (blue), algae and cyanobacteria (cyan), molluscs (pink), nematodes (light
pink), and barnacles (grey). b) Most frequently invested species are shown. 4. Environmental fate: Schematic
representation of the percentage of studies that assumed environmental friendliness or stated it as a motivation to
study flavonoids, including a fraction that specifically stated biodegradability as a wanted or assumed property. By
contrast, the percentage of studies providing or citing data on the environmental fate is shown. Graphs 1 to 4

represent modified (1-3) and new graphs (4) according to the figures (3,5, and 7) and data of publication 1.

12
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Fourthly, environmental friendliness was mentioned as a motivation to investigate flavonoids
as biopesticides in 47 % of the studies and biodegradability is an assumed or wanted property
in 11 %. However, only 1 % of the studies (2 studies) provided citations or data regarding the
environmental fate of flavonoids (Figure 4). An additional literature search showed that
scattered information on the environmental fate of a few flavonoids is available*®*-°2. These
studies indicated a low risk for the persistence of flavonoids in the environment. However, a
systematic investigation of the environmental fate of flavonoids including first steps like

environmental biodegradability testing with standardized methods is missing.

In summary, the review gave important insights into which flavonoids and which pesticidal
activities were studied, but also revealed the need for further research on sustainable sources
and the environmental effects and fate including e.g. the investigation of the ecotoxicity and of

the environmental biodegradation of flavonoids.

3.4 Conclusion

The conducted systematic literature review was the first to provide an overview on the existing
research towards the utilization of flavonoids as biopesticides. Major findings were a total
number of 281 different investigated flavonoids and a broad target spectrum of the class of
flavonoids encompassing plants, insects, fungi, bacteria, and further organisms. The
systematic literature review did not lead to the identification of flavonoids that are most
promising for biopesticidal applications but offered an important basis for future research
aiming at the evaluation of the effectiveness of flavonoids as biopesticides. Furthermore, it
revealed that more knowledge on the sustainable production and the environmental effects
and fate including ecotoxicity and environmental biodegradability is needed. The identification
of these research gaps helps to direct future research towards a more holistic knowledge base

for the evaluation of flavonoids as substitutes for persistent and harmful synthetic pesticides.
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4 The Ecotoxicity of Flavonoids

4.1 Problem Statement

Knowledge of the ecotoxicity of chemicals in general but most importantly of chemicals with
applications leading to an untreated entry into the environment (e.g. pesticides applied on
fields) is essential to comprehend impacts on non-target organisms and assess environmental
risks. The assessment of the ecotoxicity is required for the registration and use of most
chemicals e.g. in accordance with the European regulations for chemicals®. Yet, as identified
in the systematic literature review, information on the ecotoxicity of flavonoids is largely

missing.

Algae as primary producers play an important role in ecosystems and, hence, growth assays
with unicellular algae are an established tool in the ecotoxicity assessment of chemicals. Some
research on the effects of flavonoids on algae was performed®-%, however, it focused on the
control of cyanobacteria and the red tide algae Phaeocystis globose that can form harmful
blooms®5-62. Only D’Abrosca et al. used the green fresh water algae Raphidocelis subcapitata,
a species recommended by the OECD guideline 201, to investigate the effect of an extract and
eight identified flavonoids on algae growth in a petri dish assay®+%3. To date, no data on algae
growth inhibition caused by flavonoids obtained with a standardized test protocol reporting half
maximal effective concentration (ECso values) is available. Such data, however, would provide

important first insights into the ecotoxicity of flavonoids.

Due to the possible oxidative degradation of flavonoids, it is important to monitor the
concentration of tested flavonoids for a better understanding and evaluation of the observed
effects in ecotoxicity tests. However, none of the above-mentioned studies monitored the

flavonoids’ concentration during the performed tests.

Addressing these research gaps, this thesis aims to investigate the algae growth inhibition
induced by 26 different flavonoids using a standard test according to the OECD guideline 201
with the recommended species R. subcapitata. To explore possible synergistic effects,
mixtures containing two or three different flavonoids were tested. Additionally, the study set out
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4 The Ecotoxicity of Flavonoids

to monitor the concentration of selected flavonoids and to identify TPs of instable flavonoids.
To shed light upon the contribution of TPs to the observed effects, algae growth inhibition of

commercially available TPs was investigated, too.

4.2 Method

4.2.1 Algae Growth Inhibition Testing

An algae growth inhibition test according to the OECD guideline 201 with R. subcapitata as
test organism was used to determine the ECso values of the test substances based on the
growth rate®3. To enable a higher throughput, a miniaturized test set up with 24 well plates was
successfully established. Algae growth was followed by measuring the chlorophyll a
fluorescence at 24 h intervals for a test duration of 72 h. The test substances included 26
flavonoids selected based on structural features (Figure 3), the two conventional algicides
diuron and terbutryn as positive controls, the reference compound 3,5-dichlorophenol, and a
few identified TPs or structurally related compounds that were commercially available (4-
hydroxybenzoic acid, 3,4-dihydroxybenzoic acid, 2,4,6-trihydroxybenzoic acid, 5,7-
dihydroxychromone, and 4-hydroxyphenylglyoxylic acid). Furthermore, 10 different 1:1
mixtures of two to three flavonoids were tested. The expected ECsy values for dose addition
were calculated according to equation 1 and compared to the experimentally derived ECsg

values.
ECso additive = portion A/ ECso A + portion B/ ECso B (1)

More details on the algae growth inhibition test are provided in publication 2.

15



Natural Products as Benign Substitutes for Synthetic Chemicals - the Example of Flavonoids

4.2.2 Concentration Monitoring and TP Identification

Flavone, luteolin, eriodictyol, diosmetin, hesperetin, quercetin, morin, taxifolin, tamarixetin,
myricetin, and dihydromyricetin were chosen for the analytical monitoring based on their
solubility, their different growth inhibition of R. subcapitata and their structural features. The
concentration of these flavonoids was quantified using a HPLC-UV/vis method at the time
points 0, 24, 48, and 72 h. In addition to samples with algae cells, abiotic controls without algae
cells were assessed to confirm that possible degradation is abiotic and not influenced by the
algae cells. The structure of TPs was elucidated with HPLC-HR-MS. More details on the

analytical methods are provided in publication 2.
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4 The Ecotoxicity of Flavonoids

4.3 Results and Discussion

4.3.1 Algae Growth Inhibition of Flavonoids

The results showed moderate algae growth inhibition of the selected flavonoids with ECsg
values ranging from 0.7 — 22 mg/L (2.4 — 73 uM) (Table 1). However, the ECs values of several
flavonoids could not be determined due to the limited aqueous solubility of these substances

(Table 1 and Table A 1).

Table 1: Growth inhibition of R. subcapitata treated with flavonoids expressed as ECso values (n=4) with
standard deviation (SD).

The toxicity of the flavonoids is compared to the two algicides terbutryn and diuron as well as the reference
substance 3,5-dichlorophenol. ECso values are given in mg/L and in uM. For several flavonoids the ECso values
could not be determined because of limited solubility (see also Table A 1). In these cases, ECso > x and the growth
inhibition at the highest soluble concentration are presented. Flavonoids are arranged according to decreasing
toxicity if ECso values could be derived. Modified table based on table 1 of publication 2. Data on the growth rates

is shown in the annex table A 3.

substance ECso standard ECso standard
[mg/L] deviation [UM] deviation
algicides terbutryn 0.005 4x10* 0.019 0.002
diuron 0.023 0.003 0.023 0.003
reference
3,5-dichlorophenol 2.88 0.01 17.7 0.08
compound
flavonoids eriodictyol 0.7 0.08 24 0.3
luteolin 0.94 0.08 3.3 0.3
gossypetin 1.4 0.23 4.4 0.7
flavone 1.91 0.08 8.6 0.4
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3,5-dihydroxyflavone 2.2 0.8 9 3
7,34
27 0.4 10 15
trinydroxyflavone
quercetin 2.9 0.2 9.6 0.6
myricetin 3.7 0.6 12 2
morin 4.8 0.3 16 1
fisetin 5.4 0.5 19 2
dihydromyricetin 6.2 0.5 19 2
taxifolin 8.1 0.5 27 2
hesperetin 22.2 0.6 73 2
ECs0> 10/
diosmetin >33
42 % £ 2
ECs0 > 10/
tamarixetin > 32
30% +£3

The ECso values obtained for mixtures were in the same range as for the single flavonoids
(Table 2). Comparing experimentally derived ECso values of the flavonoid mixtures with
expected ECsp values calculated based on dose addition strongly indicated that these mixtures
behaved according to dose addition. Hence, the toxicity of a simple flavonoid mixture does not
seem to be enhanced by synergistic effects. However, a more complex mixture may increase
the toxicity. Segatto et al. showed that a mango waste extract containing among others the
flavonoid hyperoside and the xanthonoid mangiferin inhibited the growth of R. subcapitata

much stronger compared to hyperoside, mangiferin, and a mangiferin-hyperoside 1:1

mixture®4,
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4 The Ecotoxicity of Flavonoids

Table 2: Overview of theoretical and experimentally derived ECso values of flavonoid mixtures.

Average values with standard deviation (SD, n=4) of experimentally derived results are given. The table is based

on data presented in figure 2 of publication 2.

mixture

ECso [mg/L]

(calculated based on dose addition)

ECso [mglL]

(experimentally derived)

luteolin-eriodictyol 0.81 0.72 £ 0.07
luteolin-quercetin 1.42 1.10 £ 0.09
luteolin-morin 1.57 2.64 +0.16
luteolin-taxifolin 1.68 0.73+0.18
luteolin-hesperetin 1.8 0.95+0.21
quercetin-morin 3.63 3.50+£0.5
quercetin-taxifolin 4.28 45+1
quercetin-hesperetin 5.15 4.0+0.7
taxifolin-hesperetin 11.85 8.40 £ 0.63
luteolin-hesperetin-taxifolin  2.45 1.08 £0.12

Regarding the three categories for acute aquatic hazards by the Globally Harmonized System

of Classification and Labelling of Chemicals (GHS) (category 1: ECso < 1mg/L, category 2:

ECso> 1< 10 mg/L, and category 3: ECso > 10 < 100 mg/L), most successfully tested flavonoids

and their mixtures were in category 2. Hesperetin, the least toxic substance, and the taxifolin-

hesperetin mixture were in category 3. The most toxic flavonoids eriodictyol and luteolin as

well as their mixture were in category 1. Yet, compared to the conventional algicides terbutryn

and diuron, the most active flavonoids were less toxic by two orders of magnitude.
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The effects on algae and cyanobacteria of some flavonoids also investigated in this thesis were
studied previously. However, eriodictyol, gossypetin, 3,5-dihydroxyflavone, 7,3',4’-
trinydroxyflaveone, morin, fisetin, dihydromyricetin, taxifolin, hesperetin, diosmetin, and
tamarixetin were investigated for the first time in this thesis. The obtained results for the growth
inhibition of R. subcapitata are in a general agreement with the magnitude of growth inhibition
induced by flavonoids in the algae P. globose and the cyanobacterium Microcystis aeruginosa,
although the comparison is hindered by differences in the ECsy determination and the lack of

reference compounds or positive controls in the respective studies®:56.61.65,

From the obtained ECso values it can be deduced that flavonoids entering the aquatic
environment in concentrations of approximately 1 mg/L and higher might acutely endanger
algae and other organisms. However, reported environmental concentrations of flavonoids in
natural water bodies ranged from ng/L range up to tens of ug/L at some sites®-74, At these low
concentrations flavonoids could contribute to the mixture of other naturally occurring chemicals
and anthropogenic pollutants that might combine to toxic effects”. Yet, for a comprehensive
estimation of the environmental risks, the stability of the flavonoids needs to be considered,

too.
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4.3.2 Degradation of Flavonoids during the Algae Growth Inhibition Test

The performed concentration monitoring of the 11 selected flavonoids during the algae growth
inhibition test provided interesting insights towards a better understanding of the observed
effects (Figure 5). Only flavone and diosmetin showed a constant concentration over the whole
test duration (105 % + 5 and 100 % % 10 of the initial 5 mg/L remaining after 72 h.) Hesperetin
showed a minor concentration decrease to 92 % * 1 of the initial 5 mg/L after 72 h. The other
eight flavonoids (eriodictyol, luteolin, quercetin, morin, taxifolin, tamarixetin, myricetin, and
dihydromyricetin) were either below the limit of detection or quantification (LOD, LOQ) at the
end of the test. Based on the different time periods until the concentrations dropped below
LOQ or LOD, the stability of the tested flavonoids showed the following order: myricetin =
dihydromyricetin < quercetin < tamarixetin < luteolin < morin < eriodictyol = taxifolin <
hesperetin < diosmetin = flavone. Controls without algae showed the same degradation
behavior, therefore, the algae are not involved in the degradation of the tested flavonoids
(Figure 5). Thus, the flavonoids degraded abiotically. Due to the aerobic test conditions and
the known reactivity of flavonoids with oxygen, it is probable that oxidative degradation of the

flavonoids occurred’.
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Figure 5: Concentration development of the flavonoids flavone, luteolin, eriodictyol, diosmetin, hesperetin,
quercetin, morin, taxifolin, and tamarixetin during the algae growth inhibition test.

Samples with algae (green), controls without algae (grey). Start concentration: 5 mg/L. Data points represent
average values of four replicates with standard deviations (SD) displayed as error bars, lines are visual guides and
are displayed as dotted lines if the subsequent data point was below limit of detection or quantification shown as

red lines. The figure is taken from publication 2.
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Moreover, these observations are in good agreement with previous results on the influence of
certain structural features on the antioxidant activity and the stability in cell culture
medium*77.78  The comparison of three flavonoid pairs only differing in the O-methylation of
one hydroxy group in the B-ring showed that this feature enhances the stability (Table 3). A
stabilizing effect is also visible for a C2-C3 single bond when comparing taxifolin to quercetin
and eriodictyol to luteolin, whereas hesperetin and diosmetin showed a comparable high
stability (for structures see Figure 3). A 3-OH group as a destabilizing structural feature was
supported by the faster concentration decrease of quercetin compared to luteolin and
tamarixetin to diosmetin, whereas taxifolin and eriodictyol showed a similar concentration
decrease. The fast degradation of myricetin and dihydromyricetin is in line with a high number
of hydroxy groups as a destabilizing factor4%41,

Table 3: Overview of the influence of certain structural features on the stability of flavonoids at the algae

growth inhibition test conditions.

The table is based on data of publication 2.

structural feature effect on stability comparison of flavonoids differing

only in the specific structural feature

methoxy group in B-ring  enhances stability 1  diosmetin >. luteolin
hesperetin > eriodictyol

tamarixetin > quercetin

C2-C3 single bond enhances stability 1 taxifolin > quercetin
eriodictyol > luteolin

hesperetin ~ diosmetin

3-OH decreases stability |  quercetin < luteolin
tamarixetin < diosmetin

taxifolin ~ eriodictyol

high number of hydroxy decreases stability | myricetin < quercetin

groups dihydromyricetin < taxifolin
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4.3.3 Formation and Contribution of TPs

Due to the degradation of several flavonoids during the algae growth inhibition test, the
observed growth inhibition may not be linked to the parent compound directly. Therefore, it was
investigated whether and which TPs of the eight instable flavonoids are formed during the
algae growth inhibition test. Identified TPs were purchased if possible and investigated for their

algae growth inhibition as single compounds.

In total, 25 TPs were identified (see Annex Table A 2). Of these TPs, 15 were identified for the
first time including 5,7-dihydroxychromone (TP-177). Most TPs are in line with the oxidative
degradation pathway in aqueous solution via depsides or benzofuranone derivatives proposed
by Sokolova et al.”®. Based on the identified TPs, this pathway was extended to the formation
of TP-181.1, TP-197, 2,4,6-trihydroxybenzoic acid (TP-169), and possible dihydroxybenzoic
acids (Figure 6). Moreover, three rules for TP formation were proposed based on the

comparison of the eight tested flavonoids:

1. 2,4,6-trihydroxybenzoic acid (TP-169) seems to be a universal TP of all flavonoids.
2. A 3-OH group is required for the formation of TP-197.
3. 5,7-dihydroxychromone (TP-177) appears to be only formed by flavonoids with a

C2-C3 single bond (flavanones (f4) and flavanonols (f5)).

Next to 2,4,6-trihydroxybenzoic acid (TP-169), the degradation of the flavanone (f4) eriodictyol
and the flavanonols (f5) taxifolin and dihydromyricetin resulted in TPs that were also formed
during the degradation of flavones (f1) and flavonols (f2), in particular 3,4-dihydroxybenzoic
acid (TP-153.1) and TP-197 (Table A 2). By contrast, 5,7-dihydroxychromone (TP-177) was
only formed by flavanones (f4) and flavanonols (f5). Thus, it might be possible, that flavanones
(f4) and flavanonols (f5) degrade via two different pathways. One pathway leads to the
formation of 5,7-dihydroxychromone, whereas the other pathway begins with an oxidation of
the flavanones (f4) and flavanonols (f5) to their flavone (f1) and flavonol (f2) counterparts and
subsequent degradation (Figure 6). However, the abiotic degradation of flavanones (f4) and

flavanonols (f5) is not well studied. Only Sokolova et al. identified some TPs including 3,4-
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dihydroxybenzoic acid and 2,4,6-trihydroxybenzoic acid that formed during the degradation of
taxifolin, however, they did not detect 5,7-dihydroxychromone’®. Hence, further research is

needed to establish abiotic degradation pathways of flavanones (f4) and flavanonols (f5).

flavanones (f4)/flavanonols (f5)
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Figure 6: Proposed degradation pathways of flavonoids.

Differences in the degradation of flavones (f1) and flavonols (f2) to the degradation of flavanones (f4) and
flavanonols (f5) are shown. 5,7-dihydroxychromone (TP-177) is only formed during the degradation of flavanones
(f4) and flavanonols (f5). However, flavanones (f4) and flavanonols (f5) also degrade into similar TPs than flavones
(f1) and flavonols (f2). Thus, an oxidation of the flavanones (f4) and flavanonols (f5) to the corresponding flavones

(f1) and flavonols (f2) was proposed in this study. Modified figure according to figure 6 of publication 2.
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Of the identified TPs, 4-hydroxybenzoic acid (TP-137.1), 3,4-dihydroxybenzoic acid (TP-
153.1), 2,4,6-trihydroxybenzoic acid (TP-169), and 5,7-dihydroxychromone (TP-177) were
purchased as well as 4-hydroxyphenylglyoxylic acid due to its oxo-acid structural feature also
present in TP-197. All tested TPs and 4-hydroxyphenylglyoxylic acid were less toxic than their
corresponding parent compounds (Table 4). However, for instable flavonoids it is probable that

the observed effect was caused by a mixture of the parent flavonoid and occurring TPs.

Not all of the tested TPs were stable during the 72 h-duration of the algae growth inhibition
test. The concentration of 3,4-dihydroxybenzoic acid (TP-153.1) and 2,4,6-trihydroxybenzoic
acid (TP-169) decreased notably within 72 h to 19 % and 57 % of the initial 30 uM, respectively.
In contrast, 4-hydroxybenzoic acid (TP-137.1) and 5,7-dihydroxychromone (TP-177) were

stable and thus possibly represent end products of abiotic degradation (Table 4).

Table 4: Algae growth inhibition of identified TPs and 4-hydroxyphenylglyoxylic acid.

ECso values (average value, n=4 with standard deviation (SD)) are given in mg/L and uM. %Inhibition (average
value, n=4 with standard deviation (SD)) at 100 mg/L is given for substances with ECso values > 100 mg/L.
Additionally, the percentage of the remaining concentration after 72 h is presented based on the measured peak
areas of the HPLC-UV/vis analysis, initial concentration of each substance = 30 uM. Modified table based on table

3 of publication 3.

substance ECso [mg/L] ECso [uM] %(areadays/
areadayo)
5,7-dihydroxychromone (TP-177) 6.1+04 34+2 108 £ 2
3,4-dihydroxybenzoic acid (TP-153.1) 12+2 78 £10 19+3
4-hydroxybenzoic acid (TP-137.1) 89+2 641+ 12 106 £ 6

%Inhibition at 100 mg/L

2,4,6-trihydroxybenzoic acid (TP-169) 20 % + 7 57+5

4-hydroxyphenylglyoxylic acid 23% <7 109 £ 13
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4.4 Conclusion

The obtained results regarding the algae growth inhibition, the stability, and the formation of
TPs of several flavonoids vitally contributed to a more holistic understanding of the potential
environmental risks of flavonoids. The results emphasize the importance to monitor test
substances’ concentrations during activity tests, to identify TPs and to investigate their

contribution to observed effects.

On the one hand, flavonoids such as eriodictyol and luteolin can induce adverse effects on
algae. However, these flavonoids degrade fast and formed TPs are less toxic. This suggests
low environmental risks. On the other hand, the rather stable hesperetin showed the lowest
growth inhibition. Thus, also suggesting low environmental risks. Only flavone which showed
a high stability and comparably high toxicity seems unsuited as a benign substitute for a
conventional pesticide or pharmaceutical. Therefore, further efforts to find benign substitutes
for synthetic chemicals could focus on investigating the effects of the here identified most
promising candidate hesperetin on other organisms to exclude negative environmental impacts

from its application e.g. as a biopesticide.
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5 The Environmental Biodegradability of Flavonoids

5.1 Problem Statement

In addition to low ecotoxicity, benign chemicals should not persist in the environment but
degrade fast and completely to inorganic compounds e.g. CO, (mineralization). This can be
achieved through the biodegradation of the chemical. As pointed out in the systematic literature
review, only little information on the environmental fate of flavonoids is known. In addition to a
few reports on the occurrence of flavonoids in natural water bodies and the elucidation of
biodegradation pathways by different soil bacteria, only two studies investigated
biodegradation kinetics of the flavonoid naringenin and the isoflavonoids formononetin and
biochanin A in soil®0:5274.79.8066-73 - Cyrrently, data on the biodegradation of flavonoids in the
aquatic phase is lacking. Therefore, investigating the ultimate biodegradation of flavonoids with
a standardized biodegradability test could substantially contribute to fill this research gap and
to evaluate the potential of flavonoids as benign substitutes. The Closed Bottle Test (CBT,
OECD 301 D) is seen as the gold standard when screening for readily biodegradable
chemicals within the frame of the Benign by Design concept?®'. Therefore, the aim of this thesis
was to assess the ultimate biodegradation of 19 flavonoids with the Closed Bottle Test as a
basis for evaluating the potential of flavonoids as benign substitutes. Beyond that, this thesis
set out to look into the processes taking place during the CBT. In particular, due to the reported
fast abiotic degradation of several flavonoids*%82, it was investigated whether the flavonoids
themselves or abiotic TPs that are possibly formed during the lag phase are biodegraded.
Moreover, the influence of an alternative carbon source on the degradation processes of
flavonoids was investigated. Therefore, the primary degradation of four selected flavonoids
was monitored at conditions representing biodegradation, abiotic degradation, and

degradation during the presence of an alternative carbon source.
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5.2 Methods

The CBT was performed according to the OECD guideline 301 D#. The inoculum consisted of
sewage effluent. Oxygen consumption of the test substances was measured with a fiber-optic
oxygen meter. Biodegradation was expressed as the ratio of the real oxygen consumption to

the theoretical oxygen demand (ThOD) in percent.

The selection of flavonoids to be tested was made with the aim of investigating the influence
of certain structural features including the C2-C3 bond order, a methoxy group in the B-ring, a
3-OH group, and the number (0 to 5) and position of hydroxy groups. Additionally, three
isoflavonoids were tested to investigate the influence of the position of the B-ring in regard to

the A- and C-ring core.

Luteolin, eriodictyol, diosmetin, and hesperetin were chosen based on structural features and
solubility for the monitoring of the primary degradation with HPLC-UV/vis at three different
conditions reflecting biodegradation (inoculum and test substance), abiotic degradation
(inoculum, test substance, and azide), and degradation at mixed substrate (inoculum, test
substance, and either acetate or benzoate) conditions. The experimental set up was very
similar to the CBT but the initial concentrations were increased to 5 mg/L and samples were

taken regularly over the test period of 28 days. More details are provided in publication 3.

29



Natural Products as Benign Substitutes for Synthetic Chemicals - the Example of Flavonoids

5.3 Results and Discussion

5.3.1 Ultimate Biodegradation according to the CBT
Of the 19 tested flavonoids, 17 showed an oxygen consumption over 60 % of the ThOD and,
therefore, were classified as readily biodegradable (Figure 7). Only flavone and morin showed

no or a minor oxygen consumption and, hence, were classified as non-readily biodegradable.
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Figure 7: Readily biodegradability test results (OECD 301 D/ CBT) of the 19 tested flavonoids.

Flavonoids are arranged according to the number and position of hydroxy groups and further structural features to
compare their influence on the biodegradation. O-methylated flavonoids are in the same column as their non-
methylated counterparts. Below the substance name the CBT result is displayed as either readily biodegradable or

non-readily biodegradable. Modified figure based on figure 2 of publication 3.

The 19 tested flavonoids provided interesting insights into the influence of structural features
on the biodegradation of flavonoids (Table 5). The results demonstrate that at least one
hydroxy group is required for biodegradation because of the non-readily-biodegradability of

flavone. All tested flavonoids except morin with one to five hydroxy groups were biodegraded
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despite differences in structural features including the positions of hydroxy groups, the lack or
presence of a 3-OH, O-methylation, the C2-C3 bond order, and the position of the B-ring (Table
5). The structural peculiarity of morin is the hydroxy group at position 2’ resulting in a meta
orientation of the two hydroxy groups in the B-ring, whereas the other flavonoids with two
hydroxy groups in the B-ring display a 3',4’ pattern. This structural difference could have an
impact on the reactivity of morin in at least two ways. Firstly, analogous to the comparison of
resorcinol (1,3-benzendiol) with catechol (1,2-benzendiol), morin might not oxidize as easily
as its isomer quercetin and other flavonoids with a 3’,4’ pattern in the B-ring due to the
impossibility to form a chinone structure. Thus, this difference in the redox behavior might affect
biodegradation. Secondly, quantum chemical calculations of morin and its isomer quercetin
revealed that in contrast to quercetin favoring a planar geometry, morin favors a non-planar

geometry that might hinder biodegradation sterically84-86,

The observed biodegradability of most tested flavonoids in the aquatic phase is in good
agreement with the previously observed biodegradation of apigenin, naringenin, 7,4’-
dihydroxyflavone, luteolin, quercetin, daidzein, genistein, and formononetin in soil or by soil

bacteria%:8%87, The other tested flavonoids were investigated for the first time.
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Table 5: Overview of the influence of structural features on the biodegradation of flavonoids.

Modified table based on table 1 of publication 3.

structural feature

influence on biodegradation

considered flavonoids / flavonoid

pairs differing only in the

corresponding struct. feature

number of hydroxy

groups

no hydroxy groups — non-

readily biodegradable
1-5 hydroxy groups —
biodegradable (but one

exception)

flavone

all except morin

position of hydroxy

groups

OH at position 3,5,3’, and 4’

—no influence on

biodegradation

5,7-dihydroxyflavone — 7,4’-

dihydroxyflavone
apigenin — 7,3 ,4’-
trihnydroxyflavone

luteolin - fisetin

OH at position 2’ — can

hinder biodegradation

morin - quercetin

presence or lack of

3-OH

no influence on

biodegradation

quercetin — luteolin
taxifolin - eriodictyol

tamarixetin - diosmetin

methoxy group

no influence on

biodegradation

diosmetin — luteolin
hesperetin - eriodictyol

tamarixetin - quercetin

C2-C3 bond order

no influence on

biodegradation

apigenin — naringenin
luteolin — eriodictyol
diosmetin — hesperetin

quercetin — taxifolin

position of B-ring

(C2 vs. C3)

no influence on

biodegradation

7,4’-dihydroxyflavone -
genistein

apigenin - daidzein
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5.3.2 Primary Degradation of Four Selected Flavonoids

The primary degradation at three different conditions representing biodegradation, abiotic
degradation, and mixed substrates (alternative carbon source present) was monitored to gain
a better understanding of the degradation processes occurring during the CBT. Comparing the
concentration decrease of the four selected flavonoids in biodegradation and abiotic
degradation samples revealed that biodegradation occurred faster than abiotic degradation
(Figure 8 a and b). Still, eriodictyol, luteolin, and diosmetin showed severe concentration
decreases in the abiotic samples (Figure 8 b). By contrast, the concentration of hesperetin
remained constant in the abiotic samples over 28 days demonstrating the stability of this
compound. While the measurement of the oxygen consumption in the CBT does not provide
information on whether the flavonoids were biodegraded or fast abiotic degradation occurred
and the formed abiotic TPs were biodegraded under oxygen consumption, the faster
concentration decrease of the flavonoids in the biodegradation samples measured by HPLC-

UV/vis strongly indicates that the flavonoids themselves were biodegraded.

In line with carbon catabolite repression®- the presence of acetate or benzoate as alternative
carbon source for the bacteria tends to delay and decrease the biodegradation rates of the
tested flavonoids to an extent that abiotic degradation of instable flavonoids might be the major

cause of concentration decreases at mixed substrate conditions (Figure 8 c).

Substances that are classified as readily biodegradable in the CBT are believed to also
biodegrade fast in the environment due to the higher abundance and diversity of bacteria
usually present there. However, the limited abiotic stability and slower biodegradation in the
presence of other carbon sources suggest that biodegradation may not be the most common
degradation pathway of instable flavonoids in the environment. Instead, incomplete abiotic
degradation may occur. However, known TPs of abiotic degradation such as benzoic acids are
also intermediates of the proposed degradation pathway of flavonoids by bacteria’67%8%, Thus,
abiotic TPs may be further degraded by bacteria in the environment. Therefore, it is very likely

that flavonoids do not persist in the environment.
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Figure 8: Concentration development of the flavonoids eriodictyol, hesperetin, luteolin, and diosmetin

during biodegradability testing.

a) biodegradation conditions (test substance + inoculum), b) abiotic conditions (test substance + inoculum + azide)

and c¢) mixed substrate conditions (test substance + inoculum + acetate/benzoate), flavonoid concentration in the

presence of acetate is shown in grey, flavonoid concentration in the presence of benzoate is shown in black,

benzoate itself is shown in green. Datapoints represent average values with standard deviations (n=3, n=2 for

samples with acetate and benzoate, respectively). Details on individual replicates are shown in Figure A 3. The

figure corresponds to figure 4 of publication 3.
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5.4 Conclusion

The performed study provided knowledge on the environmental biodegradation of flavonoids
in the aquatic phase for the first time. It revealed that whereas the majority of the tested
flavonoids (17 out of 19) was readily biodegradable in the CBT, the complete lack of hydroxy
groups and a 2’4’ pattern of hydroxy groups in the B-ring can hinder biodegradation.
Monitoring the primary degradation of four flavonoids further showed that, firstly,
biodegradation was faster than abiotic degradation at CBT conditions, and secondly, that the
presence of an alternative carbon source tends to decrease the flavonoids’ biodegradation to
an extent that abiotic degradation contributed substantially to the concentration decreases of
instable flavonoids. Only hesperetin was stable during the abiotic conditions. This gained
insights provide an important orientation for the selection and design of flavonoids that balance
abiotic stability required for application and biodegradability in the environment. Whereas
several flavonoids fulfil the criteria of biodegradability, hesperetin seems to be the most suited

as a benign substitute due to its high abiotic stability.
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6 Evaluating the Potential of Flavonoids as Benign

Substitutes

This thesis explored the potential of flavonoids, as an important example of natural products,
to substitute persistent and harmful synthetic chemicals. To evaluate the potential of flavonoids
as benign substitutes, possible applications as well as the environmental effects and fate were

investigated.

6.1 Possible Applications of Flavonoids

A plethora of studies is available that investigated different biological activities of flavonoids
and suggested many applications in e.g. pharmacy and agriculture. However, identifying which
flavonoids are most effective and suited for which applications remains challenging. For
instance, the performed systematic literature research provided an important first overview on
pesticidal activities of flavonoids, but also revealed that a more cohesive understanding of the
pesticidal activities of flavonoids is needed to find flavonoids that are most effective. At the
same time, effectiveness is not the only criteria of a benign substitute. The earlier inclusion of
data on the environmental fate of flavonoids could help to limit comprehensive studies on the
activity and effectiveness of flavonoids to those representatives of this class of NPs that are

e.g. biodegradable in the environment.

6.2 Abiotic Stability and the Influence of Structural Features

The concentration monitoring results during the algae growth inhibition and abiotic controls of
the biodegradation tests made evident that the application of flavonoids as pharmaceuticals or
biopesticides might be hindered by their low abiotic stability. Accordingly, one challenge to use
flavonoids as benign substitutes for synthetic chemicals lies in finding a flavonoid that is stable
enough for application while having low impacts on non-target organisms and being

biodegradable in the environment.
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Concentration monitoring during the algae growth inhibition test revealed that flavone,
diosmetin and hesperetin were the most stable under these conditions whereas the
concentration of the other eight tested flavonoids including luteolin and eriodictyol decreased
substantially within 3 days. Comparing these results to the concentration monitoring of luteolin,
eriodictyol, diosmetin and hesperetin in the abiotic controls of the biodegradation testing
revealed similarities but also differences. Luteolin and eriodictyol were also instable in these
abiotic controls, however their degradation was faster under the conditions of the algae growth
inhibition test. Hesperetin showed a minor concentration decrease during the algae growth
inhibition test but was stable over 28 days in the abiotic controls of the biodegradation testing.
A concentration decrease of diosmetin was observed in the abiotic controls of the
biodegradation testing but not during the algae growth inhibition test. However, this
concentration decrease was notable only after 10 days and, therefore, this alleged difference
to the stability in the algae growth inhibition test might be due to the different test durations.
Aside from diosmetin, the presented differences in the degradation rates of luteolin, eriodictyol,
and hesperetin have in common that the degradation was faster under the conditions of the
algae growth inhibition test. The experimental conditions in the algae growth inhibition test and
the abiotic controls of the biodegradation testing differ in pH (8.1 vs 7.4), mineral content in the
medium (e.g. Fe®* and Cu?* concentrations), and slightly in temperature (23 vs 20 °C), which
could influence the degradation rate of the flavonoids. The faster degradation at the algae
growth inhibition test at a higher pH is consistent with a previously reported increase of the
degradation rate of quercetin with increasing pH®'. A possible explanation for the decreased
stability at higher pH is the deprotonation of flavonoids that can facilitate oxidation®23.
Furthermore, the higher temperature at the algae growth inhibition test also facilitates a faster
degradation. Despite the differences in degradation rates under different conditions, the results
demonstrate that certain structural features such as a C2-C3 single bond and O-methylation
increase the stability of flavonoids. The good agreement between previous and obtained data

on structural features that increase or decrease the abiotic stability suggest that the observed
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structure-stability relationships (Table 3) represent general rules. Accordingly, structural

features can be used to tune the abiotic stability of flavonoids.

6.3 Selection of the Most Promising Flavonoids based on Abiotic

Stability, Algae Growth Inhibition and Biodegradability

Based on the tunability of the abiotic stability by structural features, the question arises how
these features influence algae growth inhibition and biodegradation and if an abiotically stable
but non-ecotoxic and environmentally biodegradable flavonoid can be designed or selected

from the pool of existing flavonoids.

A direct link between structural features and observed algae growth inhibition is not possible
due to the fast degradation of most tested flavonoids and the likely contribution of formed TPs
to the observed toxicity. Still the obtained ECso values can be used to select promising
candidates from the pool of tested flavonoids. Regarding biodegradation, only two structural
features, the lack of any hydroxy groups (flavone) and a 2’,4’ pattern of hydroxy groups in the
B-ring (morin), were found to have hindered biodegradation. Therefore, structural features
known to enhance abiotic stability (lacking 3-OH, C2-C3 single bond, O-methylation) can be
used to select abiotically more stable but readily biodegradable flavonoids. Hesperetin exhibits
each of these three structural features and is , therefore, the most promising candidate among
the tested flavonoids. It not only showed high abiotic stability while being biodegradable, but it
also exhibited the lowest toxicity towards algae (Figure 9). Flavone, which is also stable, was
non-readily biodegradable and had comparable strong adverse effects on R. subcapitata.
Therefore, it is ruled out as a benign substitute. Other flavonoids with structural features
enhancing the abiotic stability that might be suited as benign substitutes due to observed
comparable low adverse effects on algae and readily biodegradability are taxifolin, diosmetin,
and tamarixetin. The limited stability of these flavonoids could be circumvented by

encapsulation®.
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Figure 9: Overview of algae growth inhibition, biodegradability, and abiotic stability of flavonoids.

The results of the algae growth inhibition test are expressed in the corresponding acute aquatic hazard categories:
red= category 1: ECso < 1mg/L, orange = category 2: ECso > 1 < 10 mg/L and yellow = category 3: ECs0> 10 < 100
mg/L). If the ECso value could not be determined due to low solubility of the flavonoids n.d. (not determined) is
stated. The results of the CBT are expressed as either readily biodegradable (ThOD > 60 %) or non-readily
biodegradable. A few flavonoids could not be tested in the CBT due to low solubility, in these cases n.d. is stated.
According to the concentration monitoring during the algae growth inhibition test and/or the abiotic controls of the
biodegradation testing flavonoids are categorized as either abiotically stable or instable. N.d. is stated if no

concentration monitoring was performed. This figure summarizes data of publication 2 and 3.
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Overall, the obtained data on algae growth inhibition and environmental biodegradability of
flavonoids contribute to closing the research gap on the environmental effects and fate of NPs.
The results showed that differences in the ecotoxicity and the biodegradability between
individual flavonoids exist. Therefore, not all flavonoids represent benign substitutes and
candidates most suited as substitutes for persistent and harmful synthetic chemicals need to
be carefully selected. However, more knowledge on the ecotoxicity e.g. adverse effects on
Daphnia species, fish or earthworms, and the environmental fate e.g. linking the demonstrated
readily biodegradability to the occurrence of flavonoids in soils and water bodies is required to
fully understand possible environmental risks of flavonoids used as biopesticides or

pharmaceuticals.

6.3.1 Applications of the Most Promising Candidate Hesperetin

Hesperetin is by far the most promising candidate among the tested flavonoids to substitute
synthetic chemicals. In addition to its indicated low ecotoxicity and environmental
biodegradability, it can be obtained from waste sources e.g. orange peels®. However, the
systematic literature review revealed that the application of hesperetin as a biopesticide is not
well studied. Only Chormova et al. tested the ability of hesperetin to inhibit a xyloglucan
endotransglucosylase, an enzyme involved in the construction of the cell wall in plants®. But
the results demonstrated that hesperetin is not suited as an inhibitor for this enzyme. However,
many more applications as biopesticides could be investigated. Regarding pharmaceutical
applications, recent research suggested the use of hesperetin to treat diabetes®” or cancer®.
The current indication of low environmental risks encourages further studies towards the

utilization of hesperetin a benign pharmaceutical or biopesticide.
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7 Finding Benign Substitutes - Evaluation of the

Conducted Approach

The conducted literature review and the performed experiments vitally increased the
knowledge about flavonoids. Particularly, the algae growth inhibition screening with the
miniaturized 24 well plate test setup and the CBT to assess the readily biodegradability
provided sound data for the identification of flavonoids with potentially low environmental risks,
that are, from this perspective, suited as benign substitutes for harmful, synthetic chemicals.
Additionally, the successful identification of hesperetin as promising candidate for benign
substitution demonstrated the suitability of a combined algae growth inhibition and
biodegradability screening as an important step towards the selection of benign substitutes. A
possible limitation of this approach is the requirement of a sufficient water solubility of the test
substances. For a few of the flavonoids selected for investigation, neither the CBT nor the
determination of ECso value of algae growth inhibition was feasible. Whereas an ECs, value
that is larger than the water solubility of a test substances indicates low toxicity and hence,
provides some information, a CBT with a precipitated test substance does not yield valid results
and an alternative biodegradation test should be used. Still, the performed experiments are a
good approach to assess first tiers of the environmental effects and fate of most test
substances. However, with the experiences gained in this thesis, a few adjustments could be
made. Whereas the performed concentration monitoring helped to obtain a better
understanding of the processes taking place during the algae growth inhibition and
biodegradation tests, a simpler approach to assess the abiotic stability could be used. For
example, a buffer solution with a less complex composition could be utilized instead of cell
culture medium with various trace elements. The search for a benign substitute should start
with a screening for sufficient abiotic stability since no test organisms are required for such
tests. On this basis, only the algae growth inhibition and biodegradability of sufficiently stable
candidates need to be tested. The obtained data on algae growth inhibition and

biodegradability could then be used to further narrow down the pool of possible candidates
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whose activity and application need to be investigated. In the case of flavonoids, the insights
gained on the environmental effects and fate are a very useful orientation for scientists to select
substances which could be further developed towards benign pesticides from the many

different flavonoids that have been tested for their pesticidal activity.
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8 Discussing the Idea of Natural Products as Benign

Substitutes

Applying the Benign by Design concept for the first time to a class of NPs, this thesis provided
important knowledge on the environmental effects and fate of flavonoids, that supports the
assumptions of low ecotoxicity and non-persistence on which their investigations as
biopesticides are often based. Additionally, the successful identification of a promising
candidate for benign substitution and the transferability of the performed screening approach
to other NPs, promote the idea of NPs as benign substitutes. The screening approach derived
in this thesis could be used to assess the environmental effects and fate of other NPs. This
could help to address the general research gap on the environmental effects and fate of
NPs2526 and to find other NPs that are suited as benign substitutes. Although biodegradability
testing results of most NPs might be positive as expected, this data could be very useful for
the improvement of biodegradability prediction tools as they need trainings sets not only with
non-biodegradable but also with biodegradable substances. Additionally, more information on
the ecotoxicity of NPs other than flavonoids is needed. So far, only scattered information on
the ecotoxicity of other NPs is available in the literature. The plant-derived antimalaria drug
artemisinin showed adverse effects on earthworms, lettuce, and R. subcapitata (ECso = 0.24
mg/L + 0.01)%. A pyrethrum extract used as bio-insecticide showed acute toxicity towards
Daphnia magna, unbalanced the oxidative metabolism, and induced neurotoxic effects'®. An
azadirachtin-based biopesticide showed adverse effects on fish'®'. These adverse effects of
NPs on non-target organisms align with the concern on the broad target spectrum of flavonoids
and show the need to carefully evaluate the environmental risks of NPs. Particularly, the
environmental impacts of the application of NPs in large scales and the concomitant entry of
large amounts of NPs into environmental compartments exceeding their natural occurrence,
e.g. by frequent application at an agricultural site, need to be researched holistically. An

industrialized utilization of NPs could also lead to the entry of certain NPs into areas where this
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NP does not occur naturally and where possible environmental impacts therefore may differ in

comparison to ecosystems used to the occurrence of this certain NP .

In addition to the environmental effects and fate of a benign substitute, its production needs to
be considered and aligned with sustainability®. The current underutilization of waste as a
source of flavonoids as identified in the systematic literature review showed the need to further
deepen the understanding of Sustainable Chemistry in the scientific community. Whereas the
utilization of NPs aligns easily with the 5" principle of Green Chemistry to use renewable
resources, the actual feedstock has to be chosen carefully for an actual contribution to
sustainability. Obtaining NPs for the substitution of fossil-based chemicals in biorefinery
processes on an industrial scale requires large amounts of biomass. Increased production or
harvest of biomass can have severe negative impacts on the environment and humans
including among others land-use changes, land grabbing, and biodiversity loss'%%1%3, For a
sustainable development, the extraction of the biomass must not exceed regenerative rates of
(agro)ecosystems, and all stakeholders involved e.g. local farmers and indigenous people
must benefit'%2. An alternative to the utilization of (agricultural) waste materials to obtain NPs
could be their biotechnological production. A promising approach that combats extensive land
needs and the often small amount of the wanted NPs in the plant material is the production of
NPs in genetically engineered cyanobacteria’®41%. This was also suggested for the production

of flavonoids 195,

In regard of these concerns, the key element of Sustainable Chemistry becomes evident: To
avoid social and environmental conflicts arising with the need for large amounts of biomass,
resource-intensive holistic risk assessments and monitoring, and potential environmental risks
due to the massive use of NPs, a sustainable society should preferably reduce the amount of

chemicals and find non-chemical solutions e.g. disease prevention.

¢ The concept of sustainability is a normative goal including equity, sufficiency, freedom and self-
determination, well-being of all humans, and responsibility for the future'°.
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9 Conclusion

This thesis set out to evaluate the potential of flavonoids to substitute synthetic chemicals. A
major finding of this thesis is the low environmental risk emanating from the use of most tested
flavonoids due to low abiotic stabilityy, moderate algae growth inhibition and readily
biodegradability. Hence, selected flavonoids might be benign substitutes for synthetic
chemicals that can be obtained from renewable sources, are non-toxic, and non-persistent in
the environment. The obtained, experiment-based insights into the environmental effects and
fate of flavonoids after their application, are an important basis for the further development of
flavonoid-based biopesticides and pharmaceuticals. Especially, hesperetin was identified as

promising candidate that should be investigated further.

Furthermore, this study showed that a combination of algae growth inhibition and
biodegradability screening is a suited approach to apply the Benign by Design concept to NPs.
This study emphasizes the role NPs could potentially play in Green Chemistry by showing that
besides studying them for new modes of actions, important insights on biodegradability and
ecotoxicity can be obtained. Using NPs or derived knowledge on their biodegradability and low
ecotoxicity to design benign substitutes for persistent synthetic chemicals is one approach to
tackle environmental pollution in line with the EU’s Chemicals Strategy for Sustainability
Towards a Toxic-Free Environment and the UNEP Green and Sustainable Chemistry

Framework Manual.
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Table A 1: Growth inhibition of R. subcapitata induced by flavonoids with low water solubility.
ECso0 > x and the percentage of growth inhibition at the highest soluble concentration are presented. The table is

based on table 1 of publication 2.

substance ECso0 [mg/L] ECso [uM]
flavonoids 3-hydroxyflavone ECso0 > 0.63 / >2.6

20% £ 1

5-hydroxyflavone ECs0>5/ > 21
27 % 1

7-hydroxyflavone ECs0>5/ >21
14%+4

chrysin ECs0>1/ >39
14 % +3

4',7-dihydroxyflavone ECso>1/ >3.9
-10% £ 3

apigenin ECs0>5/ >18.5
M%t7

acacetin ECs0>1/ >3.5
17 % +3

naringenin ECso> 25/ >92
26 % + 2

tamarixetin ECs0>10/ > 32
30% 3

isoflavonoids formononetin ECso>1/ >3.7

15%+3

genistein ECs0>5/ >19
39%+3

daidzein ECs0> 10/ > 39
12% +3
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Table A 2: Overview of proposed TPs.

Characteristics as the retention time (rt), the m/z value (negative mode) and ion formula of the molecular ion, as well as the m/z values and ion formulars of fragmentation ions are given for each
TP. Confidence of the structure elucidation is expressed by Schymanski levels 1-5 for each TP in regard of the corresponding parent flavonoid individually'®. Level 1: confirmed structures, level
2: probable structure, level 3: tentative candidate, level 4: unequivocal formula, level 5: exact mass. N.d. is stated when the TP was not detected in the sample of a flavonoid. Deviations from
Schymanski criteria are shown by letters in superscript: @ lacking MS2 data, either due to low signal intensity of precursor ion, no fragmentation of precursor ion took place, or fragments had m/z

< 70 Da. Modified table based on table 2 of publication 2

fragmentation

rt formula dihydro- tama- erio- proposed
name m/z m/z and myricetin quercetin morin taxifolin luteolin
[min] [M-H] myricetin rixetin dictyol structure
(formula)
TP-169 HO OH
(2,4,6- 151 (C7H304),
7.8 169.0137 C7H505 1 1 1 1 1 1 12 12 OH
trihydroxy- 125 (C6H503)
benzoic acid) OH O
(0]
TP-153.1 HO
(3,4-dihydroxy- 4.6 153.0188 C7H504 109 (C6H502) n.d. n.d. 1 n.d. 12 n.d. n.d. 12 OH
benzoic acid)
HO
TP-177 HO ° |
(5,7-dihydroxy- 7.6 177.0188 C9H504 n.d. 1@ n.d. n.d. 12 n.d. n.d. 12
chromone) OH lo
(o]
TP-137.1 |
(4-hydroxy- 5.6 137.0242 C7H503 93 12 n.d. 1 1 1 n.d. 12 n.d. OH
benzoic acid)
HO
OH
TP-125
) 2.6 125.0234 C6H503 n.d. n.d. n.d. 12 n.d. n.d. n.d. n.d.
(phloroglucinol)
HO OH




TP-153.2
(2,4-dihydroxy- 64  153.0181  C7H504 109 (C6H502) nd. nd. nd. 2 nd. nd. nd. nd. OH
benzoic acid)
Ho
O\
CHy
TP-347 112 347.0405 C16H1109 275,179, 151 nd. nd. nd. nd. nd. 2 nd. nd. on
0OH
OH o]
o\
CHy
TP-319 81  319.0455 C15H1108 169 nd. nd. nd. nd. nd. 2 nd. nd. \Q;( on
OH
OH o]
TP-317.1 77  317.0298  C15H908 299, 179, 137 nd. nd. nd. nd. 2 nd. nd. nd. )
o HO
HO. o
TP-317.2 72 317.0298  C15H908 - nd. nd. nd. 3 nd. nd. nd. nd. O OH
OH
oH O
OH
HO. OOH
TP-317.3 82  317.0298  C15H908 - n.d. n.d. n.d. n.d. 3 n.d. n.d. n.d. O o
N
0
OH [e]
OH
TP-317.4 7.9  317.0298  C15H908 - n.d. n.d. n.d. 3 n.d. n.d. n.d. n.d. O !
NS
OH e}
OH (0]
Il on
TP-197 58  197.0082  C8H506 153, 151, 125 2 2 2 2 2 2 nd. n.d. |
(0]
HO OH
HO (@] OH
TP-193 85  193.0135  C9H505 149 nd. 2 nd. nd. nd. nd. 2 2 W
OH (@]
HO (0] OH
TP-195 6.5 195.0289 COH705 167,123 nd. nd. 2 nd. 2 2 nd. 2 \Qig/

OH

@)




TP-181.1 6.6 181.0131  C8H505 137, 109 n.d. n.d. 2 2 n.d. n.d. n.d. n.d.
OH
parent
TP-285.1
8.7 285.0400  C15H906 - n.d. n.d. n.d. n.d. n.d. n.d. flavonoid 22
(luteolin)
detected
TP-303.1 7.1 303.0505  C15H1107 - n.d. n.d. nd. 3 nd. nd. n.d. nd. ”°°‘ (2
TP-303.2 8.6 303.0505  C15H1107 - n.d. n.d. n.d. 3 n.d. n.d. n.d. n.d. (2
o
HO. (o] O
TP-285.2 8.4 2850400  C15H906 - n.d. n.d. n.d. n.d. n.d. n.d. n.d. 3 O °
HO [e]
OH
HO. 0. O
TP-271 8.8 271.0605  C15H1105 - n.d. n.d. n.d. 3 3 n.d. n.d. 3 O
OH o]
TP-269 9.1 269.0450  C15H905 - n.d. n.d. n.d. n.d. n.d. n.d. 3 n.d.
TP-211 6.7 211.024  C9H706 - n.d. n.d. n.d. 3 n.d. 3 n.d. n.d.
TP-137.2 5.4 137.0234  C7H503 - n.d. n.d. n.d. n.d. 3 n.d. n.d. n.d.
TP-181.2 45 181.0131  C8H505 - n.d. 4 4 nd. 4 n.d. n.d. n.d.
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Figure A 3: Concentration development of the individual replicates of the four flavonoids eriodictyol,
hesperetin, luteolin, and diosmetin in the biodegradation (a), abiotic (b) and mixed substrate (c) samples.
Colors indicate which replicates were run parallel (blue = first run, orange = second run, yellow= third run, and black
= fourth run). In mixed substrate samples, the letter A indicates samples containing acetate, the letter B indicates
samples containing benzoate. Concentration of benzoate in the mixed substrate samples is shown in green (data

points are average values (n=2) with standard deviation (SD)). The figure is taken from the supporting information
of publication 3.
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Table A 3: Overview of growth rates of R.subcapitata in the miniaturized (24 well plate) algae growth
inhibition test. For treatments with chemicals the number of replicates is four. Four growth controls the number of

replicates is 16.

substance concentration [mg/L] growth rate [day™] deviation
100 -0.10 0.09
20 0.01 0.09
10 0.13 0.06
5 0.55 0.09
terbutryn
25 1.17 0.01
1.25 1.28 0.02
0.625 1.32 0.01
0.3125 1.31 0.02
growth control - 1.23 0.03
1 -0.07 0.06
0.5 0.01 0.03
0.25 0.11 0.02
0.125 0.20 0.01
diuron 0.0625 0.38 0.03
0.0313 0.90 0.02
0.01 1.10 0.02
0.005 1.1 0.09
0.0025 -0.07 0.06
growth control - 1.18 0.11
6.75 <0
45 <0
3 0.71 0.011
3,5-dichlorophenol 2 1.13 0.007
1.35 1.24 0.016
0.9 1.29 0.037
0.6 1.33 0.026
growth control - 1.34 0.030
10 0.09 0.05
eriodictyol

5 0.07 0.06
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25 0.40 0.05
1 0.49 0.06
0.5 0.54 0.05
0.25 0.87 0.04
0.1 1.22 0.08
0.05 1.25 0.09
0.01 1.26 0.07
growth control - 1.22 0.07
20 <0
10 0.04 0.05
5 0.23 0.03
25 0.39 0.02
luteolin 1.25 0.44 0.03
0.625 0.84 0.15
0.1 1.29 0.05
0.01 1.29 0.02
0.001 1.33 0.01
growth control 1.3 0.04
20 <0
10 <0
5 0.40 0.02
25 0.31 0.02
gossypetin 1.25 0.54 0.01
0.625 1.01 0.00
0.3125 1.22 0.03
0.1 1.33 0.03
0.01 1.25 0.03
growth control - 1.22 0.07
7.5 <0
5.0 <0
3.3 <0
flavone
22 0.38 0.03
1.5 0.94 0.02
1.0 1.15 0.04
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0.5 1.31 0.01
0.1 1.31 0.06
0.01 1.33 0.02
growth control - 1.23 0.03
10 0.25 0.16
5 0.29 0.12
25 0.49 0.14
1.25 0.94 0.11
3,5-dihydroxyflavone 0.63 1.13 0.03
0.31 1.23 0.01
0.16 1.42 0.01
0.08 1.42 0.03
0.04 1.36 0.03
growth control - 1.31 0.05
20 0.16 0.05
10 0.11 0.07
5 0.35 0.01
25 0.59 0.07
7,3',4'-trihydroxyflavone 1.25 1.00 0.07
0.625 1.22 0.02
0.3125 1.34 0.02
0.1 1.36 0.01
0.01 1.34 0.02
growth control - 1.25 0.04
10 <0
7.5 0.1 0.2
5 0.3 0.1
25 0.8 0.0
quercetin
1.25 1.1 0.1
0.625 1.2 0.1
0.1 1.2 0.1
0.01 1.3 0.1
growth control - 1.25 0.05
myricetin 10 <0
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7.5 0.14 0.10
5 0.53 0.04
25 0.83 0.10
1.25 1.01 0.06
0.625 1.17 0.03
0.1 1.32 0.01
growth control - 1.23 0.03
50 0.27 0.02
25 0.30 0.05
12.5 0.27 0.03
. 6.25 0.52 0.04
morin
3.13 0.80 0.09
1.56 1.09 0.07
0.78 1.23 0.03
0.39 1.33 0.02
growth control - 1.26 0.05
20 <0
10 0.25 0.03
5 0.82 0.16
25 1.11 0.09
fisetin 1.25 1.17 0.03
0.625 1.23 0.04
0.1 1.32 0.06
0.01 1.24 0.05
0.001 1.25 0.05
growth control - 1.32 0.04
20 <0
10 0.19 0.06
5 0.95 0.13
dihydromyricetin 25 1.20 0.07
1.25 1.22 0.05
0.625 1.27 0.01
0.1 1.35 0.02
growth control - 1.25 0.05
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50 0.23 0.08
25 0.43 0.03
12.5 0.51 0.03
taxifolin
6.25 0.76 0.05
3.125 0.99 0.05
1.5625 1.14 0.04
growth control - 1.34 0.07
50 0.02 0.02
25 0.66 0.03
12.5 0.98 0.06
hesperetin
6.25 1.22 0.02
3.125 1.26 0.02
1.5625 1.28 0.04
growth control - 1.28 0.07
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apigenin, luteolin and their glycosides as the most studied compounds. Agricultural or food waste, a potential sustain-
able source for flavonoids, represent 10.6% of the plant sources of flavonoids within these studies, showing the cur-
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tivity and target specificity to avoid risks for non-target organisms. Only if the target spectrum and environmental fate
of a potential biopesticide are known it can serve as a benign substitute. Then, flavonoids can be integrated in a valo-
rization process of agricultural and food waste shifting the extract-produce-consume linear chain to a more circular
economy.
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1. Introduction

Environmental pollution by chemicals increasingly threatens human
health, water and soil resources. On this matter, one of the roles of sustain-
able chemistry is the design of chemicals for circularity. Ideally, chemicals
are obtained from renewable resources, fulfill their function effectively,
and mineralize completely after a suitable lifetime so that they re-enter nat-
ural nutrient cycles.

A major aspect of the development and growth of humankind in the last
centuries is the agricultural use of fertilizers and pesticides, the latter being
one of the main contributors to environmental pollution. Pesticides are
products containing active substances used in agricultural and other fields
of applications (e.g. preservation, hygiene), which are used with the inten-
tion of “preventing, destroying, repelling, or mitigating any pest” (U.S.
Code - U.S. Government Publishing Office, 2013). In the latter fields of ap-
plication, the active ingredient is also referred to as biocide (European
Union, 2012). Conventional pesticides and biocides have been increasingly
banned from several countries due to follow up environmental problems.
They are most often present in the environment longer than necessary to as-
sert their desired impact on target organisms. Furthermore, they are often
incompletely mineralized in the environment and may result in toxic and
persistent transformation products (TPs) (Fenner et al., 2013; Kiimmerer
etal., 2018; Postigo and Barceld, 2015). Therefore, both parent compounds
and TPs are polluting soil, water and food resources, causing a shortage of
clean water, non-polluted soils and non-contaminated food resources.

Pesticides are needed which are stable enough for agricultural applica-
tion, but they should not be persistent or form stable TPs. Instead, organic
pesticides should be completely mineralized. This can be achieved by bio-
degradation via micro-organisms that utilize them as carbon or energy
source resulting in a transformation of the compound to CO,. Consequently,
TPs with unknown risks are avoided and re-entry to the carbon cycle en-
abled. Such pesticides are key for a future greener and more sustainable ag-
riculture.

Biopesticides are often recalled as viable alternatives to conventional
active substances (Ben Mrid et al., 2021). The term “biopesticide” is defined
broadly and includes three main categories: microbial, plant-incorporated
and biochemical (Marrone, 2019). Biochemical biopesticides are in the
focus of this review and comprise natural products with pesticidal activity.
In contrast to synthetic pesticides, they are obtained from renewable re-
sources and are associated with modes of action not yet exploited for pesti-
cides, sublethal effects, target specificity, low toxicity to non-target
organisms and non-persistence (Czaja et al., 2015; Marrone, 2019; Seiber
et al., 2014). The latter is concomitant with less stability which can also
be seen as a disadvantage e.g., if frequent reapplications are necessary.
The biopesticide's chemical stability therefore needs to balance require-
ments for applications and non-persistence. Furthermore, the broadness
of the target spectrum is discussed ambiguously. While target specificity
is mentioned among the advantages, a small target spectrum is considered
as a disadvantage by Cooping and Menn. Other disadvantages can include
slower speed of kill and lower efficiency (Copping and Menn, 2000;

Wilson et al., 2013). The production of biochemical biopesticides at a com-
mercial scale can be further hindered by limited availability of large
amounts of the source material and its varying composition (Smith et al.,
2021). Therefore, instead of biopesticides from rare plants, the usage of ac-
tive substances isolated from agro-industrial and food residues, aligned
with greener extraction techniques, is seen as a potential strategy in a circu-
lar economy context (Zuin, 2016), adding financial value to the food supply
chain with a low addition of its environmental impact.

Frequently found in these resources are flavonoids (Ahmad et al., 2020;
Banerjee et al., 2017), one of the main groups of bioactive natural products.
Flavonoids are a ubiquitous class of secondary metabolites comprising sev-
eral thousand individual compounds. They exhibit a phenyl-substituted
propylbenzene core structure with a C6-C3-C6 carbon skeleton. The
group of flavonoids is further divided into 6 subgroups based on structural
features of their core structure (Fig. 1). Further modifications such as
methoxylation and glycosylation give rise to the structural diversity of
these secondary metabolites and contribute to the broad range of biological
activities. In plants, flavonoids are involved in stress response including UV-
, oxidative and herbivore protection, attraction of pollinators, and signal-
ling with symbiotic bacteria (Falcone Ferreyra et al., 2012; Sugiyama and
Yazaki, 2014). Beyond that, flavonoids are associated with beneficial ef-
fects on human health and research has been conducted towards their phar-
maceutical utilization. Bioactivities encompass anti-cancer, anti-
inflammatory, cardioprotective, anti-viral, anti-bacterial and anti-fungal
properties attributed to the anti-oxidant and radical scavenging ability of
flavonoids, as well as the interaction with enzymes and the modulation of
gene expression and intracellular signalling cascades (Gonzalez-Paramas
et al., 2019; Gérniak et al., 2019; Jucé et al., 2020; Montenegro-Landivar
et al., 2021).

While many reviews with summarized information on pharmaceutical
activities (Farhadi et al., 2019; Gonzalez-Paramas et al., 2019; Gérniak
et al., 2019; Jucé et al., 2020; Panche et al., 2016) and nutritional value
of flavonoids incorporated in food (Guven et al., 2019; Maleki et al.,
2019) are at hand, this is not the case for pesticidal activities. Although
the number of studies investigating the pesticidal effects of flavonoids
and plant extracts containing flavonoids is high, there is no overview avail-
able providing condensed and critically evaluated knowledge about the dif-
ferent activities and applications. First approaches in the field of
biologically-derived pesticidal substances — including, but not specific to
flavonoids — were conducted by Santana-Méridas et al. (2012) and
Mouden et al. (2017). The former gave an overview of the potential of ag-
ricultural and food waste as sources of bioactive products. One of the con-
clusions is the current underutilization of agricultural residues for the
production of bioactive compounds with pesticidal activities and the need
for bioprospecting work to overcome this shortcoming, as also pointed
out by Isman (2020). Mouden's study emphasizes the potential of flavo-
noids as biopesticides because they are natural food ingredients and resi-
dues stemming from their application will probably pose no risk to
humans and the environment. The insecticidal effects of a few flavonoids
are summarized in this publication as well. Hikal et al. (2017) reviews
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Fig. 1. Skeleton structure of flavonoids and subgroup classification. The skeleton structure either comprises a chromane or a chromene with an additional double bond (red).

botanical insecticides, flavonoids being one of the main classes included,
and emphasize different action mechanisms of biopesticides in general.

In contrast to the many reviews focussing on pharmaceutical activities of
flavonoids, the objective of this review is to evaluate the potential of flavo-
noids as green and circular substitutes for synthetic pesticides by looking at
different aspects of the whole life cycle of these compounds including their
source materials, activities and the environmental fate. Associated advan-
tages of natural products used as biopesticides in particular their production
from renewable source, target specificity and their biodegradability are criti-
cally examined for the class of flavonoids. Following a systematic approach,
this study set out to identify the different structures of pesticidal active flavo-
noids, their plant sources and to give an overview of all the different pestici-
dal activities and target organisms. On this basis, target specificity and
environmental fate are discussed.

2. Method

A systematic literature search was conducted in order to reach the pro-
posed objectives. Elsevier's Scopus and Clarivate Analytics' Web of Science
(core collection) databases were used to search for research and review
publications between 1970 and 2021. A third database e.g., SciFinder
was not accessed to keep the workload to a manageable level. The search
was conducted in May 2021. The results for each database were obtained
crossing the term “flavon*” with different application types: biocid*,
biopesticid*, pesticid*, herbicid*, fungicide*, insecticide*, alg*cid* and
harmful algae bloom*. The target fields on which the search tools identified
the inserted terms were “keywords” for Scopus and “topics” (title, abstract

and keywords) for Web of Science. In a three-step approach, studies were
selected that matched the objectives of this review using certain exclusion
criteria (Fig. 2). In step A, duplicates were removed. In step B, review pub-
lications were separated. The remaining publications were evaluated on the
basis of their titles and abstracts, removing publications with pharmaceuti-
cal contexts, changes of flavonoid content in plants due to pesticide treat-
ment or that were otherwise out of scope. In step C, publications were
evaluated on the basis of the full text. At this level, only publications that
elucidated structures of investigated flavonoids either by MS, NMR or a
chromatographic method (UV-vis detector) using a reference substance
were included. Identified compounds were counted when the flavonoids
were in accordance with the strict [UPAC definition, excluding chalcones,
aurones, pterocarpans and rotenoids (Rauter et al., 2018). Due to the
focus on plant-derived flavonoids, synthetically-modified substances that
therefore not occur naturally and compounds obtained from bacteria or
fungi were excluded.

A full list with all accepted articles which are the basis of this analysis
can be found in Supplementary Material 1. From the accepted publications
information regarding the following eight categories were extracted: source
plants; type of activity tested; target species; purpose of application (crop
protection, household, etc.); form of application (crude extract or isolated
compound); the flavonoids tested or the major flavonoids identified in a
tested extract; target specificity or selectivity study (present or not); and
degradation or environmental fate discussion or study (present or not).
Assessing the sources, special attention was paid to agricultural or process-
ing plant waste materials which were identified if the text clearly expressed
that the studied plant part is considered a residue and/or if they are waste
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Fig. 2. Scheme of systematic search, screening and categorization steps.

fractions of known commercial products (e.g. fruit peels, wood chips, etc.).
Regarding the target species, all mentioned species were included without
consideration of the extent of the effect (weak — strong) due to the number
of investigated species, deviating methods and endpoints. However, if ex-
plicitly mentioned as non-target, these organisms were not included. To
identify publications dealing with selectivity/specificity and environmental
fate, the full texts were searched for the keyword stems selectiv*, specific*,
non*target, broad, field experiment, degrad*, and environment. Publica-
tions were only counted if the context was in line with the intended topic.
For every category, identified publications were used for quantitative
statements regarding each topic. Furthermore, interesting studies are high-
lighted, or information of several publications is presented in a summarized
manner. The outcomes of this assessment and systematic categorization are
described in the following sections.

3. Literature data assessment

The search of the databases Scopus and Web of Science for flavonoids
with pesticidal activity resulted in 2363 publications (Fig. 2). Overlap be-
tween both databases was small with only 295 duplicates. The 2068 publi-
cations were screened for relevant studies according to strict inclusion and
exclusion criteria as described in the method section. In screening step B,
abstracts of the works were analysed to exclude the ones that were out of
the scope of this review, remaining only publications that reported at
least one biological activity for at least one flavonoid, or an extract contain-
ing a flavonoid. Superficial investigation of the remaining 611 publications
(exc. reviews) showed that, although not explicitly described in the title, ab-
stract or keywords of the publications, a numerous fraction of the publica-
tions dealt with pharmaceutical related applications, which were not
desired in this work. Furthermore, it was observed that many publications
had indirect analysis of flavonoids, such as Total Flavonoid Content (TFC).
As one of the objectives of this review is to analyse the main flavonoids
structures found in plants tested for their pesticidal activity, the absence
of specific identification of the major flavonoid compounds present in the
plants extracts and fractions was a crucial parameter for removing these
publications.

410 publications were excluded in the subsequent full text screening
(step C) leaving only studies with plant-derived flavonoids or extracts con-
taining them with a clear structural characterization of the compounds that
fit the IUPAC definition of flavonoids. Identification of flavonoids and

comparison of compounds from different publications was hindered by
the usage of different nomenclature (systematic, semi-systematic, trivial)
for the same structures. We therefore advocate to state CAS numbers in fu-
ture research articles.

The accepted 201 publications (Supplementary Material 1) present the
basis of the performed quantitative analysis. In respect to the quantification
of the individual categories often was found that a publication had worked
with more than one flavonoid, tested for more than one activity and/or ex-
tracted from more than one plant source. Therefore, the term “count” will
be used in this work, as referred to the number of times an item has been
studied among the 201 publications. Thus, for all categories, the numbers
will show a higher number of total counts than the number of analysed pub-
lications, as will be observed in the next sections.

During a systematic literature screening not all scope-fitting publica-
tions can be found due to variety and differences in keywords, choice of da-
tabases, etc., but the carefully selected 201 publications represent a broad
basis for the conducted analysis.

4. Source materials and the use of agro-industrial waste

In this section, we present our observations on the data found on the lit-
erature scan and a critical view on the use of flavonoids from plant re-
sources, aiming at finding directions for the research and development of
greener pesticides and biocides.

Analysis of the plant sources used for the extraction and activity exper-
iments of flavonoids show that, from the 201 selected publications, 35 used
only pure compounds without stating a plant extraction or isolation, while
166 publications cited at least one plant species from which flavonoid sub-
stances were extracted. From these publications, 209 different species of
plants were found, with a total of 235 counts, which shows a diversity of
plant species containing flavonoids studied for their bioactivity, either as
isolated compounds or crude extracts. The distribution of species among
the selected academic publications can tell a lot about how research has
been directed in the topic, showing a pattern of “screening” of active flavo-
noids from different plants, with little concern on the actual applicability of
large-volume use of these compounds. While there is importance on finding
highly active compounds in different plant species, few publications focus
on studying flavonoids from common commercially-explored species, i.e.
domesticated species that are easily found in different regions of the planet
and are produced in large scales, as well as waste sources generated in agro-
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Fig. 3. Analysis of the plant sources identified in the research, detailing all flavonoid-containing waste sources.

industrial and food processing plants. In fact, from 235 counts, only 25 were
cited to be related to waste materials, with 19 different species (Fig. 3).

From the works that mentioned waste samples, the most common spe-
cies studied were orange (Citrus sinensis) and rice (Oryza sativa L.), two
major crops that are responsible for a global production of 79 million
tons/year and 755 million tons/year, respectively (FAO, 2019). Fruits and
vegetable crops are most commonly found when investigating waste
sources of bioactive flavonoids, followed by food-related grains and species
related to wood production, such as Siberian fir and Siberian spruce, as can
be seen in detail in Fig. 3.

A common residue obtained after harvesting, rice leaves from an allelo-
pathic rice accession were used to obtain tricin (3’,5’-dimethy] tricetin)
from a fractioned portion of the methanolic extract (Kong et al., 2004).
The flavone was tested against spore germination and weed growth of sev-
eral different weeds (E. crus-galli, C. iris, P. oryzae, R. solani and C. difformis),
showing effective herbicidal activity, even at higher rates when re-
incorporated into the fraction of the extract, suggesting a synergetic matrix
effect. Tricin was also tested against the growth of rice, showing no
autotoxicity and therefore herbicidal selectivity against the tested weeds.

Orange processing waste is one of the most common sources of studies
dealing with agro-industrial residues, as the orange fruit is processed in
high volumes across the world to produce orange juice, generating its
peels and bagasse as co-products. An interesting biorefinery approach sug-
gests the extraction of the essential oil from the peels, commonly by cold-
press or steam distillation, followed by the extraction of functional mate-
rials, such as pectin, from the remaining solid residue (Matharu et al.,
2016). The essential oil is majorly constituted by p-limonene, which can
be used as a green solvent, and other trace components. Vargas et al.
(Vargas et al., 1999) used a non-volatile fraction of the orange essential
oil to isolate three methoxylated flavones that presented bioactivity against
5 species of fungi. When compared to commercial fungicide benomyl,
tangeretin (5,6,7,8,4’-pentamethoxyflavone), quercetogetin (3,5,6,7,3’,4’-
Hexamethoxyflavone) and 3,5,6,7,8,3’,4-heptahydroxyflavone, isolated
from orange essential oil, showed higher mycelium growth inhibition for
G. candidum fungi species, although they also presented significant activity
to P. italicum, C. gloeosporioides and A. parasiticus at 50 pg/mL.

Generated in large volumes during the processing of mango fruits into
food products, mango kernels ethanolic extract was tested for its fungicide

activity by Gémez-Maldonado et al. (Gémez-Maldonado et al., 2020). The
authors found that the ethanolic extracts had, among other constituents,
the flavonols myricetin, quercetin and rutin (quercetin-3-rutinoside). In
vitro studies showed superior mycelial growth inhibition and spore germi-
nation inhibition of Colletotrichum brevisporum when compared to the com-
mercial fungicide thiabendazole. In the same study, in vivo tests in
C. brevisporum-inoculated mango fruits immersed in the ethanolic extract
showed no anthracnose lesions, a common disease in mango fruits caused
by the fungi, a superior result when compared to control (sterile water)
and thiabendazole-immersed fruits, which showed an average of 4.5 mm le-
sions after 9 days.

Wood production for household applications, structural materials and
paper manufacturing also presents as a large fraction the agro-industrial
sector. Wood residues consists mostly of the barks, leaves and residual
wood from several types of trees from the Pinaceae (spruce, pine, fir,
larch and tsuga), Betulaceae (birch), Salicaceae (aspen) and Myrtaceae (eu-
calyptus) families. Only one work was classified for citing to deal with
wood waste resources, which studied the bactericide activity of water ex-
tracts containing the flavonoids quercetin, taxifolin and kaempferol from
the barks of Siberian fir and Siberian spruce (Krotova et al., 2019). Besides
that, from all publications included in this literature search, it was possible
to account for 26 other citations of plants from the families related to wood
production, with 23 different species. Analysis of these publications
showed that most of the authors worked with waste fractions, such as
barks and leaves, which could be considered as initiatives of researches di-
rected to the use of wood residues to produce biopesticides.

The analysis of the main plant sources from which flavonoids and flavo-
noids extracts have been studied for their pesticidal activity has shown that
not many works have been focused on the use of large volume waste
streams. In addition to the waste materials found, other agricultural and
food processing by-products from asparagus (Fuentes-Alventosa et al.,
2013; Rosado-Alvarez et al., 2014; Viera-Alcaide et al., 2020) and winery
(Germano et al., 2021; Moro et al., 2021; Sirohi et al., 2020) are rich in fla-
vonoids and extracts or isolated compounds of these sources could be fur-
ther investigated for their pesticidal activity. The use of such waste flows
has been discussed as an important opportunity to advance new guidelines
concerning sustainability, including the development of biorefineries and
shifting the extract-produce-consume linear chain of economy to a more
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circular economy (Zuin et al., 2018). In the case of agro-industry, the gen-
eration of large volumes of residues — containing valuable substances — pre-
sents issues regarding their disposal or, in the best scenario, low-value uses
such as animal feed and land spreading are adopted (Tuck et al., 2012). The
same agroindustry sector can benefit from the use of such wastes to produce
green pesticides in a circular approach, as agriculture is one of the most pri-
oritized sectors regarding greener practices and changes towards a sustain-
able future, with pressing issues to be resolved, especially concerning the
use of toxic and persistent pesticides and other harmful agricultural prac-
tices. Therefore, an extensive gap in the development of greener pesticides
using agro-industrial waste has been spotted for flavonoids, especially for
finding consistent feedstocks, improving extraction yield, activity and se-
lectivity of isolated flavonoids or extracts.

5. Flavonoid structures

Data categorization and analysis revealed 281 different flavonoid com-
pounds in total that were investigated as pure compound or constituent of a
plant extract for its pesticidal activity among 712 total counts. A full list of
the flavonoids with CAS numbers can be found in Supplementary Material
2. Most of the individual flavonoids either belong to the subgroup of fla-
vones or flavonols, with respectively 110 and 84 different structures,
followed by flavanones (38), isoflavones (21), conjugated flavonoids (10),
flavanols (9) and flavanonols (7). The least represented group was the
anthocyanidins, with only 2 compounds. They are popularly considered
as their own group apart from flavonoids, as their studies do not often
cite their structural relationship with the flavonoids parent group.

To provide a clear but detailed overview about the individual com-
pounds and frequent modifications, we introduce a hierarchic systematiza-
tion (Fig. 4). At the first level individual compounds are assigned to 8
different subgroups, 6 from the flavonoid subgroups (flavones, flavonols,
flavanones, flavanonols, flavanols and anthocyanidin), isoflavones and con-
jugated flavonoids (as previously shown in Fig. 1). Next, the unmodified
structures of each group and their hydroxylated versions are defined as
core compounds. Modified core flavonoid compounds are then divided
into five categories, namely glycosylated, methoxylated, alkylated, mix-
tures of the previous groups and rare modifications. For instance, apigetrin,
vitexin, acacetin and syzalterin belong to the same core structure repre-
sented by the trihydroxy flavone apigenin, as can be seen in Fig. 4. O-
glycosylated and methoxylated compounds necessarily must be modified
in the same position as a hydroxyl group from the core structure (apigetrin
and acacetin), while C-glycosylated and alkylated compounds are modified
in the position where there are free carbons in the core structure, as repre-
sented by vitexin and syzalterin.

This hierarchic systematization shows the most common flavonoids
studied, as well as the frequency of different modifications and if there is
a core structure that is persistent among different studies. Overall, a high
number of different core structures was observed, with most common sub-
groups, flavones and flavonols, showing 22 and 21 unique core structures.
The main findings on the major core structures and their most common
modifications are illustrated in Fig. 5. By far, the most frequently identified
and investigated core structure is represented by the flavonol quercetin,
being studied 153 times (Fig. 5A). The most common substance found
within this core is the unmodified quercetin (52 counts), followed by
rutin, a 3-O-rutinoside substituted form of quercetin (45 counts). The core
structures represented by the flavones luteolin and apigenin, and the flavo-
nol kaempferol, are found over 50 times each, with their unmodified core
compounds being the most common substances studied (luteolin 24;
apigenin 19; kaempferol 29), followed by their glycosylated forms. The di-
astereomers catechin and epicatechin were also found in a significant num-
ber of studies, accounting for 26 investigations of the core compounds and
3 other studies of their modified structures.

Fig. 5B illustrates that unmodified core structures are the most com-
monly found group studied for pesticidal activity of flavonoids, credited
for 41% of total counts, followed by glycosylated (27%), methoxylated
(22%) and mixed modifications (7%). Alkylated and rare modifications,
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Fig. 4. Example of the hierarchic systematization used to categorize flavonoids
grouped into subgroups, core structures and different types of modifications.

such as the presence of amino and sulphate functional groups, were found
in only 2% and 1% of the cases, respectively. Although the majority of com-
pounds found had an unmodified core structure, glycosylated and
methoxylated modifications had, together, nearly half of the occurrences.
Considering the high number of different flavonoids and core backbones,
especially for flavones and flavonols, a high diversity of structures is ob-
served. This may also be extended to a wide range of bioactivities tested
for these compounds, as addressed in the next section.

The high number of different flavonoid structures is a response to the di-
versity and complexity of the biosynthesis of secondary metabolites in each
plant, resulted from different evolutionary and ecological processes in re-
sponse to abiotic and biotic stresses and other phenomena (Kessler and
Kalske, 2018). Therefore, regarding the diversity of structures found, we
have observed that many studies are focused on a general screening
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Fig. 5. (A) Count of selected core structures of the different groups (1: flavones, 2: flavonols, 3: flavanones, 4: flavanonols, 5: flavanols, 6: isoflavonoids, 7: anthocyanidins, 8
conjugated flavonoids) and their modified derivatives (grey: unmodified, orange: glycosylated, yellow: methoxylated, blue: mixed, green: alkylated, black: rare).
(B) Occurrence of unmodified core flavonoids and the most common modifications, in percentage of total counts.

approach to find highly active compounds, with a high number of different
plant species being studied. However, in a more practical approach, flavo-
noids that are most commonly found in nature should be focused on for fur-
ther investigations regarding their activity, selectivity and applicability, as
high quantities are demanded for biopesticide application in the near fu-
ture. This extends also for the type of feedstock that could be used for
obtaining these extracts or individual compounds, as discussed in the previ-
ous section.

6. Pesticide applications and activities

An analysis of the 201 publications was done to identify the different ap-
plication and activity categories of flavonoid-containing plant extracts and
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pure or isolated compounds and to examine the development of these
topics over time. Research on flavonoids as pesticides goes back to the
1980s and the number of studies have increased strongly since then
(Fig. 6). In 39% of the selected studies, flavonoid-containing extracts
were investigated. Isolated and purchased pure compounds were investi-
gated in 35%. Studies investigating both, extracts and isolated compounds,
are slightly less common, representing 26% of the selected studies. The
major application domain of flavonoids or plant-extracts containing them
is the protection of crops at fields but also postharvest during storage
(Fig. 6A). Additionally, flavonoids were investigated as protective agents
against tree diseases and wood preservation. Less common applications
like the control of harmful algae blooms, antifouling e.g. to prevent the set-
tlement of barnacles on ships or bacteria in paper mills, and household
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Fig. 6. (A) Time evolution of the categorized intended applications for flavonoids in terms of the number of studies (cumulative) along the time range selected for this analysis
(1980-2020) and total counts of the intended applications of flavonoids. “Others” includes antifouling, household biocides, and general pesticide applications. (B) Time
evolution of the categorized activities of flavonoids, or extracts containing flavonoids, in terms of the number of studies (cumulative) along the time range selected for
this analysis (1980-2020) and total count represented in the bar. “Others” includes nematocidal, molluscicidal and anti-barnacle activity.
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biocides show that the application of flavonoids as pesticides can go beyond
plant protection products. In 10 studies, the application was not stated
clearly or derivable, therefore these publications were grouped as general
pesticide application.

These different applications of flavonoids translate into eight different
categories of activities. Most investigated are insecticidal, fungicidal and
herbicidal effects (Fig. 6B). In 21 of the selected studies, anti-bacterial activ-
ity was investigated. More studies on bacteria exists but were out of scope
of this review due to their medical application. Rarely investigated activi-
ties are anti-algae, anti-nematode, anti-barnacle, and anti-molluscs activi-
ties. These findings indicate a broad target-spectrum of flavonoids and
flavonoid-containing extracts. To obtain more information on this subject,
the investigated species in the selected publications were assessed quantita-
tively. All mentioned species were taken into account despite the extent of
the activity (weak — strong).

In total 260 different species were proposed as target organisms of dif-
ferent flavonoid-containing extracts and single compounds. Tested organ-
isms belong to several different taxonomic groups with fungi, insects,
plants and bacteria being the most frequently investigated (Fig. 7). Addi-
tionally, algae (including cyanobacteria), nematodes, molluscs and barna-
cles were studied. While most publications investigated insecticidal
activity (Fig. 6), more individual fungi species than insect species were
tested (Fig. 7).

Interestingly, different taxonomic groups are not dominated by a few
frequently studied organisms. Instead, several organisms (68%) are investi-
gated in only one study. However, frequently studied fungi belonged to
genera of Aspergillus and Fusarium. Additionally, Botrytis cinerea and
Alternaria alternate were investigated often (Fig. 7). These fungi infect
plants and crops, especially stored fruits. A. niger and F. culmorum can also
contaminate food by producing mycotoxins.

The most studied insects Spodoptera frugiperda, Spodoptera litura and
Helicoverpa amigera are widely distributed major pests of a wide variety of
crop plants, while Sitophilus oryzae causes high economic losses by feeding
on stored grains worldwide. Furthermore, these insects developed resis-
tance to commonly used insecticides such as carbamates and pyrethroids
(Hilliou et al., 2021; Riaz et al., 2021). Considering herbicidal effects, the
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Fig. 7. (A) Number of different species in each taxonomic group. (B) Most frequently
(=5) studied species of each group. Orange: fungi; yellow: insects, green: plants, blue:
bacteria; cyan: algae (including cyanobacteria), pink: nematodes, light pink: molluscs;
grey: barnacles.
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most frequently studied plant is Lactuca sativa (lettuce), generally used as
standard target species to assess phytotoxicity. Subsequently, the three
common weed species Portulaca oleracea, Lolium perenne and Amaranthus
retroflexus were each investigated in five studies.

As for the activity tests on bacteria, mostly investigated species include
gram positive Staphylococcus aureaus and Bacillus subtilis and gram negative
Eschericha coli and Pseudomonas aeruginosa.

The 201 selected publications show that intensive research was per-
formed to identify the activities of flavonoid-containing extracts and iso-
lated compounds and their potential application as biopesticides. The 281
different active flavonoids identified are accompanied by the same variety
of test organisms. However, while the structural diversity is clearly domi-
nated by a quercetin, luteolin, apigenin, kaempferol and their derivatives
the distribution of test organisms is more even without a focus on certain
organisms. Most frequently studied is A. niger with 13 counts. This variety
of potential target species challenges the stated advantage of target specific-
ity attributed to biopesticides (Fig. 7). In 47% of the selected studies, more
than one test organism was investigated. Out of these, 19% (18) covered
more than one activity category (e.g. bactericidal and fungicidal activity).
Especially extracts showed pesticidal activity against test organisms
from several taxonomic groups (Aziman et al., 2014; Dane et al., 2016;
EL-Hefny et al., 2020; Hajji-Hedfi et al., 2019; Krasniewska et al., 2014;
Rios et al., 2019), but this was also found for isolated flavonoids (Ali
et al., 2005; Belofsky et al., 2014; Kong et al., 2004; Zhu et al., 2004).
Only two of these 18 studies referred to the topic of target specificity.
Zhu et al. pointed out that their results indicate a broad target spectrum
including gram-positive and negative bacteria, yeasts and molds (Zhu
et al., 2004). Jha et al. noted the importance of further research on the
mode of action and selectivity before using natural products as biopesti-
cides (Jha et al., 2014).

In regard of all selected publications, in the introduction of 94 of them
(47%), the need for pesticides which don't negatively affect the environ-
ment is pointed out, with 17 publications explicitly addressing target spec-
ificity that biopesticies may possess as an advantageous property. However,
only 35 (17%) publications refer to this topic in their results and discussion
or conclusion sections. Six studies said their results indicate a broad target
spectrum of investigated compounds or extracts (Balah, 2016; Chormova
et al., 2015; Diaz Napal et al., 2009; Franceschini Sarria et al., 2020;
Weidenbiirner and Chandra Jha, 1993; Zhu et al., 2004). The study of
Chormova being especially interesting since a specific inhibitor of
xyloglucan endotransglucosylase, an enzyme common in plants, was inves-
tigated. The flavanol (—)-epigallocatechin gallate turned out to be one of
the least specific inhibitors and interfered with 8 out of 9 tested plant en-
zymes (Chormova et al., 2015). On the other hand side, 13 studies conclude
that investigated compounds or extracts may represent environmentally
safe biopesticides (Batista Ferrreira et al., 2021; Ben Kaab et al., 2020;
D'Abrosca et al., 2004; Diaz Napal and Palacios, 2015; El Marsni et al.,
2015; Gatto et al., 2016; Georges et al., 2008; Ilk et al., 2017; Kaab et al.,
2020; Li et al., 2020; Othman and Latip, 2021; Salih et al., 2017; Vargas
et al., 1999). In contrast, Jmii et al. noted that “biopesticides are not less
harmless in the environment than synthetic pesticides just because they
are natural compounds”(Jmii et al., 2020). In line with this, eight studies
point out that more information on the mode of action, specificity, concen-
tration dependency of activities, and environmental safety is needed
(Chang et al., 2020; Cui et al., 2019; Hussain and Reigosa, 2014; Jha
et al., 2014; Lawrence et al., 2019; Nenaah, 2014; Stavropoulou et al.,
2017; Xu et al., 2019). Additionally, Stompor et al. discussed the possibility
to influence selectivity by tuning the liphophility of flavonoids by using
methoxy groups (Stompor et al., 2015).

Six publications report species-specific results of conducted activity
tests (Araniti et al., 2014; Hosni et al., 2013; Pardo-Muras et al., 2020;
Pedersen et al., 2015; Rios et al., 2018; Vitalini et al., 2020). For instance,
the flavonone linarin isolated from Zanthoxylum affine showed specificity
towards L. sativa (dicotyleous) in pre-emergent assays when compared to
the weed L. perenne (monocotyleous), while both plants were sensitive to-
wards extracts of Z. affine (Rios et al., 2018). Pedersen et al. suggested
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species-specific effects of the isoflavonoid biochanin A based on a compar-
ison of the very weak effects they observed for Arabidopsis thaliana to strong
growth inhibition of dicotyledonous weeds Silene noctiflora and Geranium
molle observed in a previous study (Pedersen et al., 2015; Shajib et al.,
2012). Aqueous extracts of Chrysanthemum coronarium containing
chlorogenic acid, di-cafeoylquinic acids isomers, and the flavonoids rutin,
luteolin, luteolin-7-O-glucoside, myricetin-3-O-galactoside and tricin
inhibited seed germination and seedling growth of the two weeds Sinapis
arvensis (dicotyledonous) and Phalaris canariensis (monocotyledonous) but
did not affect the crop plants Triticum durum (durum wheat, monocotyle-
donous) and Zea mays (maize, dicotyledonous) (Hosni et al., 2013). Fur-
thermore, the authors suggested tricin as the main active compound and
that it might be inactive towards species in which it occurs naturally includ-
ing wheat and maize. This is an interesting aspect in favor of the utilization
of agricultural waste as biopesticides.

Similarly, all six studies base their suggestion towards target specificity
on the comparison to few selected other organisms. To evaluate target spec-
ificity or the lack thereof in more detail, a broader perspective is needed
that encompasses data for several organisms including standard organisms
used for ecotoxicity assessment.

There are a few additional publications in support of the above indi-
cated trend that dicotyledenous plants are more sensitive to treatments
with flavonoids or extracts containing flavonoids in comparison to mono-
cotyledons. Xie et al. showed root and stem growth inhibition of dicotyle-
donous Codonopsis pilosula and Amaranthus retroflexes but promoting
effects for the monocotyledonous crops Oryza sativa and Triticum aestivum
by luteolin and its 5-O-glucoside (Xie et al., 2018). Germination, stem and
root elongation of the monocotyledonous weed Lolium perenne was only
weakly affected by Croton ehrenbergii hexane and methanol extracts con-
taining kaempferol, tiliroside, nicotiflorine and rutin while Lactuca sativa
was strongly impacted (Rios et al., 2019). In contrast, Jmii et al. found
L. perenne root and shoot elongation to be more sensitive to treatments
with luteolin-7-O-glucoside and apigenin-7-O-glucoside than L. sativa
(Jmii et al., 2020). In the same study, mono- and dicotyledonous weeds
were efficiently suppressed in pot experiments with pre-geminated lettuce
(L. sativa). Therefore, this trend cannot be generalist for the class of flavo-
noids and more comprehensive knowledge about compounds and all their
different activities is needed.

Based on the screening for the keywords non-target and field experiments,
further studies were identified that investigated pests and crop plants or ben-
eficial organisms. These can give important information about the applicabil-
ity of flavonoid-containing extracts as biopesticides. Selin-Rani et al.
demonstrated that the earthworm Eisenia fetida was not affected by 250 mg
quercetin/kg soil but Spodoptera litura Fab has a LCsq value of 11 mg/L
(Selin-Rani et al., 2016). Furthermore, field and pot experiments with crops in-
cluding Triticum aestivum (wheat), Solanum lycorpersicum (tomato) and Oryza
sativa (rice) infected by fungi (Puccinia triticina, Furuarium oxysporum,
Rhizoctonia solani) or the nematode Meloidogyne javanica showed reduced
disease incidences due to treatments with flavonoid-containing extracts
(catechin, epicatechin, epicatchein gallate, quercetin) or plant materials
(containing tricin) amended to the soil (Gillmeister et al., 2019; Hajji-Hedfi
et al., 2019; Kong et al., 2010). Although no experiments were performed to
assess impact of the treatments to the plants without infection, these results
suggest no adverse effects on crop plants. On the other hand, T. aestivum is
used in the wheat coleptile assay for quick assessment of phytotoxicity and
strong inhibition was observed for e.g. pectolinargenin, heliannone B, flavone,
pentamethoxyflavone and two heptamethoxyflavones at 1000-100 pM (El
Marsni et al., 2015; Nebo et al., 2014). Therefore, negative effects of flavo-
noids on crop plants cannot be excluded and need to be further investigated.

Our quantitative assessment of target species and the highlighted exam-
ples show that much information is available, however a higher quality of
data, a better overview and connection of existing knowledge is needed
about the activities of flavonoids and their mechanisms to better under-
stand structure-activity relationships of this compound class. While the
summary of possible target species presented in this section is a first step
illustrating the potentially broad target spectrum, comprehensive
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comparison of activities against different species is hindered by the variety
of different endpoints (mortality, growth inhibition, reproduction, repel-
lent activity, physiology and morphology changes) and variations in
methods e.g. regarding duration and concentrations. More standardized
procedures and easily comparable parameters like ECso/LDsq values can
contribute to a better understanding of flavonoids broad activities. Compar-
ison of doses needed to obtain certain adverse effects could shed light on
species-related differences in sensitivities.

Next to the target spectrum, it is important to consider the form of appli-
cation. Using extracts instead of isolated compounds can be advantageous
in terms of production and effectivity. Although technical possibilities
steadily increase the isolation of natural compounds can still be challenging
(Bucar et al., 2013). The presence of several compounds in extracts may
lead to synergistic effects that enhance the activity (Céspedes et al., 2014;
Gillmeister et al., 2019; Gémez-Maldonado et al., 2020; Ningombam
et al., 2017). This is also well known in medical applications of plant ex-
tracts (Caesar and Cech, 2019). One the other hand side, the exposure to
a mixture of several different compounds may enhance risk to environmen-
tal and human health. Awareness to the toxicity potential of mixtures needs
to be raised (Hernandez et al., 2017; Kortenkamp et al., 2019; Kortenkamp
and Faust, 2018). Accordingly, a broad target spectrum and complex com-
position increase the need for knowledge on the environmental fate to pro-
tect beneficial and other non-target organisms. Ecotoxicity of plant extracts
and isolated flavonoids and their degradation behaviour should be further
investigated.

In summary, based on the systematically selected publications the main
application purposes, different activities and target organisms were identi-
fied and quantified. Whereas the main application of flavonoid-containing
extract and isolated compounds is in agriculture, additional fields like wood
preservation, the control of harmful algae blooms and antifouling are inves-
tigated as well. The categorization of observed activities into eight different
groups (insecticidal, fungicidal, herbicidal, bactericidal, algicidal, nematici-
dal, molluscicidal and anti-barnacle) and the 260 different tested organisms
indicate a broad target spectrum of flavonoids. Although, the probable
broad target spectrum can be partially attributed to the investigation of ex-
tracts, this review shows the need for more comprehensive knowledge on
flavonoids several activities. Further research is needed that compares ac-
tivities of flavonoids towards a variety of test organisms and that takes ap-
plied concentrations into account. Without extensive knowledge on
selectivity, environmental risks cannot be excluded. Thus, this information
is crucial for environmentally safe application of flavonoid-containing ex-
tracts and isolated compounds as biopesticides.

7. Environmental fate and biodegradability

It has commonly been assumed that natural products are non-persistent
due to their biodegradability (Kumar, 2016; Manda et al., 2020; Marrone,
2019; Sharma et al., 2020). However, being derived from natural sources
does not automatically ensure their environmental saftyness (Copping
and Menn, 2000). Recently, concerns were risen some phytotoxins may
pose environmental risks since they can possess similar physiochemical
properties to synthetic pesticides and were detected in soils and surface wa-
ters. Therefore, they can reach non-target organisms and contribute to mix-
ture toxicity (Bucheli, 2014; Giinthardt et al., 2018).

Biodegradability is assumed or described as a wanted property in 11%
of the analysed publications, but investigations or citation of experimental
data on abiotic and biotic degradation and environmental fate of flavonoids
is very rare. Only in two studies, hydrolysis of genistein and degradation of
biochanin A in soil were addressed, respectively (Furbo et al., 2011; Zhou
et al., 2009).

Scattered information on half-lives of a few flavonoids is available in the
literature and indicates low risks of persistence. Half-lives of genistein,
daidzein, formonoetin, biochanin A, quercetin and naringenin in non-
sterile water and soil are in the range of 26 to 41 and < 1 to 5 days
(Carlsen et al., 2012; Furbo et al., 2011; Hoerger et al., 2009; Shaw and
Hooker, 2008). For the two compounds formononetin and kaempferol,
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half-lives in soil exceeding 14 days were found (Carlsen et al., 2012; Ozan
et al., 1997). Furthermore, degradation pathways of flavonoids by soil bac-
teria were proposed (Cooper, 2004; Rao and Cooper, 1994).

These indications of short half-lives have to be balanced with stability
requirements for agricultural applications. A limitation of the use of biopes-
ticides is a too short durability and the necessity for frequent reapplications
(Isman, 2020; Smith et al., 2021). However, encapsulation could be used to
overcome this shortcoming (Campos et al., 2019). Combining a biodegrad-
able biopesticide with natural polysaccharides in a sustained release system
is a promising strategy. Additionally, active flavonoids can be released from
decomposing plant materials (Kong et al., 2010), which may represent an-
other kind of natural encapsulation.

Regarding the increased input accompanied with biopesticides use,
knowledge about the environmental fate, especially degradation kinetics
and mineralization potential should be extended. As first indicator of safe
and circular use, biodegradation within an adequate time period should
be assessed using a standardized test (e.g. OECD standard tests). Based on
this first indicator, further experiments and field studies should be under-
taken to establish extensive knowledge on the environmental fate of flavo-
noids including degradation pathways, kinetics, possible transformation
products and their properties, influences on soil microbiota, threshold con-
centrations for biotic degradation and mineralization under environmental
conditions. This knowledge is prerequisite before flavonoids can be consid-
ered as green and circular substitutes of currently used synthetic pesticides.
By summarizing investigated flavonoids, this review provides important in-
formation to selected flavonoids for future investigations.

8. Conclusion and perspectives

The usage of synthetic pesticides increasingly threatens environmental
and human health. Biopesticides, attributed with advantageous properties
such as the production from renewable sources, low-toxicity to non-target
organisms and biodegradability, are seen as viable alternatives. In regard
of these credited advantages, this systematic review evaluated the potential
of flavonoids as green and circular substitutes for synthetic pesticides by
looking at different aspects of the whole life cycle of these compounds.
An analysis of the temporal evolution regarding tested activities and appli-
cations of flavonoids on published studies between 1970 and 2021 showed
a growing interest over time, especially from the year of 2000 until recent
years. Insecticidal and fungicidal activities and crop protection applications
were the major findings, with a higher boost of interest in the last decade.

Further analysis showed that only a minority of studies investigated
waste parts of commercially-explored plants as sources of active
flavonoid-containing extracts or isolated compounds. To avoid conflicts
with food production, research needs to shift further towards the exploita-
tion of agricultural waste as source material which could be a cheap, circu-
lar and sustainable alternative for the production of green and circular
chemicals. Besides that, even though the search parameters were not di-
rected towards this angle, none of the works had tested or mentioned the
use of green extraction techniques. The use of such prominent technologies
to extract flavonoids from natural resources is considered to be in many
cases more efficient in terms of yield, solvent and energy consumption.

Next, an overview of flavonoids identified in the various source mate-
rials is given and the flavonols quercetin and kaempferol, the flavones
luteolin and apigenin, and their glycosides were identified as the most stud-
ied compounds. These compounds are commonly found in a variety of plant
species, showing that they could be used as platforms for further investiga-
tion of applicability. On the other hand, a diverse range of different flavo-
noids core structures and modifiers was observed (281 different
structures found), as screening approaches for highly active compounds
are common practices in the field. A more focused approach should be uti-
lized in order to find viable solutions, as feedstock supply could be an issue
when considering a broader applied scenario. The provided overview could
be used to select priority compounds for future investigations.

Analysing activities and target organisms, we found indications for a
broad target spectrum for the class of flavonoids including insecticidal,
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fungicidal, herbicidal, bactericidal, algicidal, nematocidal, molluscicidal
and anti-barnacle effects. In regards of this potentially very broad target
spectrum, further research needs to address structure-activity relationships
and concentration-dependencies of activities in more detail to find out if
certain features are responsible for differences in sensitivity of certain
species to assess the degree of target specificity. This includes the assess-
ment of ecotoxicity of flavonoids and extracts containing them. Finally,
little information is available on the environmental fate and biodegra-
dation of flavonoids and a connection to studies investigating pesticidal
activities is largely missing. Such information is crucial for a proper as-
sessment of environmental and health risks due to accelerated input
when used as biopesticides.

Thus, flavonoids and flavonoid-containing extracts may represent green
and circular biopesticides if they are imbedded in biorefinery process of ag-
ricultural waste materials, they have verified mineralization and when ad-
verse effects on non-target organisms are excluded. The summarized
information in this review provides a good foundation to direct research
to close the knowledge gap identified by this systematic approach.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.153781.
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Schmitthenner, On And Metabolism By 9422(93)85219-
AF; Graham, TI Phytophthora-Sojae H
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Asingment of a number to each flavonoid subgroups and conjugated flavonoids.

Group number Group name

flavone

flavonol

flavanone

flavanonol

flavanol

isoflavone

conjugated flavonoid

| N O O & W| N =

anthocyanidin

List of different flavonoid structures investigated for pesticidal activity. Number of counts represent how often this
particular flavonoids was investigated.

Nb. of

Group | Compound CAS counts

3',4'-methylenedioxy-5,7-

! dimethoxyflavone

89029-12-9 1

34" -dihydroxy-5,6,7-

trimethoxyflavone 51145-79-0 !

1 3.4'.5,5,7- 53350-26-8 1
pentamethoxyflavone
1 3'-hydroxyflavone 70460-18-3 1

4'5,7-trihydroxy-3',8-

dimethoxyflavone 24126-72-5 1

4',5,7-trihydroxy-8-
1 methoxyflavone 57096-02-3 2
(4'-Hydroxywogonin)




1 5,4'-dihydroxyflavone 6665-67-4 2

1 5,6,7-trihydroxy- 4'- 6563-66-2 1
methoxyflavone

1 5:6-d|hydroxy-3 A T- 25782-23-4 1
trimethoxyflavon

1 5,7,2'3'-Tetrahydroxyflavone 74805-70-2 1
5,7,4’-trihydroxy-6,8-

! dimethylflavone (Syzalterin) 94451-48-6 | 1

1 5,5,7-tr|met'hoxy-3 A4 - 89029-11-8 1
methylenedioxyflavone

1 5-demethylnobiletin 2174-59-6 1
5-demethyltangeretin

1 (Gardenin B) 2798-20-1 1

1 S-hydroxy-3,4',7- 29080-58-8 | 1
trimethoxyflavone

1 5-hydroxy-3',4'6,7- 21763-80-4 | 1
tetramethoxyflavone

1 5-hydroxy-3',4',7-trimethoxy- 29080-58-8 1
flavone
5-hydroxy-7, 4'-
dimethoxyflavone-

1 5-O-a-D-arabinopyranosyl- ) 1
(2"“_)1 "')-O-G'D-
rabinopyranosyl-2"'-O-3"",
7""-dimethylnonan-1""-oate
5-hydroxy-7, 4'-
dimethoxyflavone-5-O-B-D-

1 arabinofuranosyl- (2""—1")- - 1
O-B-D-arabinopyranosyl-2"'-
O-lanost-5-ene

1 5-hydroxy-7,4'-dimethoxy-8- 14004-50-3 5
methylflavone

1 S-Hydroxy-7,4™ 5128-44-9 1
dimethoxyflavone

1 5-Methoxyflavone 42079-78-7 1
5,6,7,8,3',4',5"-

1 heptamethoxyflavone 6965-36-2 4
(5'-Methoxynobiletin)

1 6-hydroxyflavone 6665-83-4 3

1 6-methoxyflavone 26964-24-9 1

1 6-Methoxyluteolin (Nepetin) 520-11-6 1

1 6-methylflavone 29976-75-8 1

1 7,4'-Dihydroxyflavone 2196-14-7 1

1 7-aminoflavone 15847-18-4 1

1 7-Hydroxy-3',4"- 33513-36-9 | 1
dimethoxyflavone

1 7-methoxyflavone 22395-22-8

1 4'-Methylapigenin (Acacetin) 480-44-4 2
acacetin-3-O-a-L-

1 rhamnopyranosyl-(1—6)-3- - 1
D-glucopyranoside

1 apigenin 520-36-5 19

1 Apigenin 6,8-di-C-D-lucoside 23666-13-9 3

(vicenin-2)

apigenin 6-C[beta-D
glucopyranosyl (1-->6)
O-beta-D-glucoside]
8-C[beta-D-glucopyranosyl
(1-->6) O-beta-D-glucoside]

Apigenin-6-C-galactoside 8
-arabinoside

1983982-50-8




Apigenin 6-C-glucoside-8-C-

! arabinoside (schaftoside) 51938-32-0 !
1 apigenin 7-O glucoside 578-74-5 7
apigenin 7-O- e
! neohesperidoside (Rhoifolin) 17306-46-6 !
1 apigenin 7-O-(6-p- 171367-93-4 | 1
coumaroyl)-glucoside
1 Aplgepm 8-C-glucoside 3681-93-4 4
(Vitexin)
Apigenin 8-C-
1 neohesperidoside 64820-99-1 1
(Vitexin-2"-O-rhamnoside)
86546-87-4 or
1 Apigenin malonylglucoside 1
1 Apigenin-7-O-glucoronide 29741-09-1 1
1 Apigenﬁn-?-rutinoside 552-57-8 5
(isorhoifolin)
1 Baicalin 491-67-8 5
1 chrysin 480-40-0 11
1 Chwsogriol 8-C-glucoside 301-16-6 1
(Scoparin)
1 cirsilineol 41365-32-6 1
1 Cirsiliol 34334-69-5 3
1 cirsimaritin 6601-62-3 3
1 desmethoxy-centaureidin 22934-99-2 1
1 diosmetin 520-34-3 2
1 diosmin 520-34-4 1
1 eucalyptin 3122-88-1 1
eupalestin (5,6,7,8,3'-
1 pentamethoxy-4', 5'- 73340-44-0 4
methylenedioxyflavone)
1 eupatorin 855-96-9 1
1 flavone 525-82-6 11
1 flavone-7-O-[6-acyl]- ) 1
glucoside
Galangustin (3)
1 (5,7-dihydroxy-4',8- 65501-87-3 1
dimethoxyflavone) (Bucegin)
1 gardenin A 21187-73-5 1
1 Genkwanin 437-64-9 1
1 glabratephrin (+) 75444-26-7 2
1 Hispidulin (Dinatin) 1447-88-7 5
1 hymenoxin 56003-01-1 1
1 Hypolaetin 27696-41-9 1
1 isoglabratephrin 1456799-69-1 | 2
Isoscutellarein
1 (4',5,7,8- 41440-05-5 1
Tetrahydroxyflavone)
38953-85-
1 isovitexin 2
1 Isovitexin-7-Q—beta-D- . 20310-89-8 1
glucopyranoside (saponarin)
1 isowogonin 4431-47-4 1




1 jaceosidin 18085-97-7 1
1 lanceolatin-A 41689-78-5 2
1 laxifolin 144049-81-0 1
1 linarin 480-36-4 1
1 Luteolin 491-70-3 24
1 Luteolin 7-g|ucoside 5373-11-5 12
(cynaroside)
1 Iuteollm 7-Q-rut|n03|de 20633-84-5 3
(Scolimoside)
luteolin-3',4'-dimethylether-7-
O-B-glucoside (5-Hydroxy- on.
1 3',4'-dimethoxyflavone 7-O- 1006899-90-6 1
B-glucoside)
1 luteolin-3 —.methyl ether 491-71-4 4
(Chrysoeriol)
1 luteolin-3'-xyloside 93078-91-2 1
1 Iuteolln-SI-O-quco&de 20344-46-1 1
(Galuteolin)
1 Luteol_ln-6.-C-qu003|.de . 4261-42-1 4
(Isoorientin/Homoorientin)
1 Luteolin-7-O(6"- 98767-38-5 | 1
malonylglucoside)
1 Luteolin-7-O-glucuronide 29741-10-4 3
1 Lut'eoli'n-8-glucoside 28608-75-5 1
(orientin)
1 Luteolin 4'-O-glucoside 6920-38-3
1 maysin 70255-49-1 2
1 Maysin 3‘-methyl ether 74158-05-7 1
(Methoxymaysin)
mosloflavone (5-Hydroxy- an
! 6,7-dimethoxyflavone) 740-33-0 !
1 moslosooflavone 3570-62-5 1
1 nobiletin (5,6,7,8,3',4'- 478-01-3 3
hexamethoxyflavone)
1 norwogonin 4443-09-8 1
1 oroxylin A (5,7-Dihydroxy-6- 480-11-5 1
methoxyflavone)
1 pectolinaringenin 520-12-7 4
1 primuletin (5-hydroxyflavone) 491-78-1 4
1 Salcolin A 369390-51-2 2
1 Salcolin B (Tricin 4'-O-(threo- 369390-52-3 5
beta-guaiacylglyceryl) ether)
1 sglwgenln (5-Hydroxy-6,7,4'- 19103-54-9 1
trimethoxyflavone)
1 Scutellarein 529-53-4 2
1 scutellarejn-7-O-qucuronide 27740-01-8 2
(Scutellarin)
tangeretin
(Ponkanetin/
1 pentamethoxyflavone/ 481-53-8 4
5,6,7,8,4'-
pentamethoxyflavone)
1 tephroapollin-F 1000210-12-7 | 2
tetramethyl-o-scutellarin
1 (4',5,6,7- 1168-42-9 1
Tetramethoxyflavone)
1 tricin (5,7,4'-trihydroxy-3',5"- 520-32-1 6

dimethoxyflavone)

Tricin 7-O-[2’-O-sinapoyl-3-
D-glucuronopyranosyl-
(1—2)-0-B -D-




glucuronopyranoside]

Tricin 7-O-[2’-O-feruloyl-B-D-

1 glucuronopyranosyl(1—2)-O- - 1 Flavones
B -D-glucuronopyranoside]
Tricin 4’-O-(erythro-@3-

1 guaiacylglyceryl) ether 7-O- - 1 total count 255
-glucopyranoside

. total amount of

! wogonin 632-85-9 ! different structures 110

2 3,3',5,7-Tetrahydroxyflavone 210560-14-8 1

2 3,56,7,3,4- 1251-84-9 3
hexamethoxyflavone
3,5,6,7,8,3',4'"-

2 Heptamethoxyflavone 1178-24-1 3
3,5,6,7,8-

2 pentahydroxyflavone 727388-91-2 !

2 3,5-Dihydroxy-7,4 15486-33-6 | 1
dimethoxyflavone

2 3,6.7.3.4- 74514-479 | 1
pentamethoxyflavone

5 3,'7,4 -trihydroxy-5,6,8- 2305336-23-4 1
trimethoxyflavone
3,7-Dihydroxyflavone

2 (7-Hydroxyflavonol) 492-00-2 5

2 5,.3 -dihydroxy-3,7,4'- . 579-32-7 1
trimethoxyflavone (ayanin)

5 5,'6,4 -trihydroxy-3,7,8- 857823-60-0 1
trimethoxyflavone

2 9,6-dihydroxy-3,7- 73213-679 | 1
dimethoxyflavone
5,7,4'-Trihydroxy-3,8-

2 dimethoxyflavone 14965-09-4 1
(3,8-Dimethyl-herbacetin)

5 5-hydroxy-3,6,7,8,4'- 50439-46-8 1
pentamethoxyflavone

2 S-hydroxy-3,6,7,8- 15249-62-4 | 2
tetramethoxyflavone
5-hydroxy-3,7,4'-trimethoxy
flavone (Kaempferol 3,7,4'-

2 trimethyl ether/3,7,4'- trimethyl- 15486-34-7 L
quercetin)

5 6,3’-dihydroxy-3,5,7,4’- 154662-04-1 1
tetramethoxyflavone

2 6,4'-dihydroxy-3,7- 1402703-55-2 | 1
dimethoxyflavone

2 6,4"-dihydroxy-3,5,7- 154662-03-0 | 1
trimethoxyflavone

2 calycopterin 481-52-7 1

2 casticin 479-91-4 2

2 chrysosplenetin 603-56-5 1

2 Datiscetin 480-15-9 1
5,7-Dihydroxy-3,4'-

2 dimethoxyflavone (Ermanin) 20869-95-8 2

2 Eupalitin 29536-41-2 2
3,7-dihydroxy 3',4'-

2 orthodihydroxy flavone 528-48-3 3
(Fisetin)
3-hydroxyflavone 577-85-5
galangin 548-83-4

2 Gossypetin-8-O-beta-D- 652-78-8 1

glucopyranoside (Gossypin)




Icariin

489-32-7

isorhamnetin

480-19-3

isorhamnetin-3-O-beta-D-
(6"-acetyl)-
galactopyranoside

isorhamnetin-3-O-rutinoside

isorhamnetin-3-O-
sophoroside-7-O-
rhamnoside

isorhamnetin-3-O-3-D-
glucopyranoside

isorhamnetin-3-O-B-D-
glucopyranosyl-p-D-
glucopyranoside -7-O-
glucosyl

Isorhamnetin-3-sulfate

kaempferide-3-O-B-D-arabino
pyranosyl -(2"—1")-O-B-D-

arabinopyrnosyl- 2"-0-3"™, 7""'-

dimethylnonan-1""-oate
(5,7-dihydroxy-4'-methoxy-
flavonol-3-O-B-D-arabino-
pyranosyl -(2"—1")-O-B-D-

arabinopyrnosyl- 2"'-O-3"", 7""'-

dimethylnonan-1""-oate)

kaempferol (3,5,7,4'-
tetrahydroxyflavone) (22)

520-18-3

29

kaempferol-3,7-di-O-alpha-
rhamnoside (kaempferitrin)

482-38-2

5,7,4'-trihydroxy-3-
methoxyflavone
(kaempferol-3-methylether)

1592-70-7

kaempferol-3-O-alpha-L-
rhamnopyranosyl-(1—4)-O-
alpha-L-rhamnopyranosyl-
(1—6)-beta-D-
glucopyranoside

Kaempferol-3-O-beta-
galactoside (Trifolin)

23627-87-4

kaempferol-3-O-beta-
glucopyranosyl(1 -> 2)-O-
[alpha-rhamnopyranosyl(1 ->
6)]-beta-galactopyranoside-
7-O-alpha-
rhamnopyranoside

kaempferol-3-O-beta-
glucopyranosyl(1 -> 2)-O-
[alpha-rhamnopyranosyl(1 ->
6)]-beta-glucopyranoside-7-
O-alpha-rhamnopyranoside”

kaempferol-3-O-glucoside

480-10-4

Kaempferol-3-O-rutinoside
(nicotiflorin)

17650-84-9

Kaempferol-3-O-rutinoside-
7-O-glucoside

34336-18-0

kaempferol-3-O-beta-D-
glucopyranosyl-7-O-a-L-
rham- nopyranoside

kaempferol-4'-O-rutinoside

1169835-58-8

kaempferol-6-O-[(2E)-3-(4-
hydroxyphenyl)prop-2-
enoyl]-beta-D-
glucopyranoside (tiliroside)

20316-62-5

kaempferol-3-O-
gentiobioside

22149-35-5




kumatakenin (jaranol/5,4'-dihy-
droxy-3,7-dimethoxyflavone)

3301-49-3

meliternatin

479-78-7

morin

480-16-3

Myricetin

529-44-2

Myricetin-3-O-galactoside

15648-86-9

N [NININMNIN|IDN

myricetrin-3-O-alpha-L-
rhamnoside (myricetrin)

17912-87-7

3-Hydroxy-3',4',5,6,7,8-
hexamethoxyflavone
(natsudaidain)

35154-55-3

pachypodol (5,4'-dihydroxy-
3,7,3"- trimethoxyflavone)

33708-72-4

penduletin (5,4'-dihydroxy-
3,6,7-trimethoxyflavone)

569-80-2

Pronephrone D

1220519-69-6

quercetin

117-39-5

Quercetin-3-D-xyloside
(Reynoutrin)

549-32-6

Quercetin-3-galactoside
(hyperoside)

482-36-0

quercetin-3-glucoside
(not specified)

quercetin-3-O-(6"-O-trans-p-
coumaroyl)- B-D-
glucopyranoside

quercetin-3-O-alpha-D-
glucopyranoside

quercetin-3-O-alpha-L-
rhamno-pyranosyl-(1—2)-
beta-D-glucopyranoside

quercetin-3-O-alpha-L-rham-
nopyranosyl-(1—4)-O-
alpha-L-rhamnopyranosyl-
(1—2)-beta-D-glucopyranoside

Quercetin-3-0O-
arabinoglucoside
(peltatoside)

23284-18-6

Quercetin-3-O-beta-
arabinofuranose
(Guaijaverin)

22255-13-6

quercetin-3-O-beta-D-
glucoside (isoquercetrin)

482-35-9

10

quercetin-3-O-
glucopyranosyl-(1 2)-D-
glucopyranoside

quercetin-3-O-glucuronide
(miquelianin)

22688-79-5

Quercetin-3-O-robinobioside

52525-35-6

Quercetin-3-rutinoside (rutin)

153-18-4

quercetin-7-O-galloyl-glucoside

231289-25-1

quercetin-7-B-O-diglucoside

N [ININININ| DN

quercitrin (Quercetin 3-
rhamnoside) (4)

522-12-3

retusin (5-hydroxy-3,7,3",4'-
tetramethoxyflavone)

1245-15-4

rhamnetin

90-19-7

Robinetin

490-31-3

Flavonols

syringetin-3-O-galactoside

55025-56-4

total count

283

N (INININ| DN

tambulin

571-72-2

total amount of

different structures

84




(2S)-5-(2-methylbut-3-en-2-
yI)-8-(3-methylbut-2-en-1-yl)-

3 5.7.2'4" 460345-19-1 1
tetrahydroxyflavanone
5,6,7,4'-
3 tetrahydroxyflavanone 479-54-9 !
3 5,7-dihydroxy-6,8- 82297-99-2 | 1
dimethylflavanone
3 5. 7-dihydroxy-6- 11023-71-5 1
methylflavanone
3 5-hydroxy-7-methoxy-6- 55743-20-9 1
methylflavanone
3 alpinetin 36052-37-6 1
3 Dihydrooroxylin A 18956-18-8 1
3 dihydrowogonin 4431-41-8 1
3 eripcitr?n (Eriodictyol-7-O- 13463-28-0 1
rutinoside)
3 Eriodictyol 552-58-9 2
3 Flavanone (4) 487-26-3 6
3 heliannone B 193411-11-9 1
3 heliannone C 193411-12-0 1
3 hesperetin 520-33-2 1
hesperetin-7-O-alpha-L-
3 rhamnopryan93|de—2-beta-D- 13241-33-3 1
glucopyranoside
(Neohesperidin)
hesperetin-7-O-alpha-
3 rhamnopyranos[de—6-0-beta- 520-26-3 4
D-glucopyranoside
(hesperidin)
3 homohesperetin 89294-54-2 1
3 homohesperetin-7-rutinoside - 1
3 liquiritigenin (S) 578-86-9 1
3 malheuran A 1607438-29-8 | 1
3 malheuran B 1607438-30-1 1
3 malheuran C 1607438-31-2 | 1
3 malheuran D 1607438-32-3 | 1
3 ngringenin (4',5,7- 480-41-1 14
trihydroxyflavanone)
3 naringenin 6,8-di-C- 81446-26-6 1
glucoside
naringenin-3-O-glucoside
3 - 1
(b-D-glucopyranose)
naringenin trimethyl ether e
3 (5,74 38302-15-7 1
3 naringenin-4'-methoxy-7- ) 1
pyranoside
naringenin-7-O-alpha-L-
3 rhamnopryanoside-2-beta-D- 10236-47-2 6
glucopyranoside (naringin)
nubatin 873799-84-9 1
nymphaeol C (-) 73676-36-5 1
pinocembrin (S) (2, 3-
dihydro-5, 7-dihydroxy-2- nq.
3 phenyl-4H-1-Benzopyran-4- 480-39-7 6
one/dihydrochrysin))
pinostrobin 480-37-5 2
pinocembroside 75829-43-5 1

Pronephrone B

1220519-72-1




prostratol F 162382-66-3 1 Flavanones
tanariflavanone A 352276-80-3 1 total count 7
3 tanariflavanone B 352276-81-4 | 1 total amount of 38
different structures
(2R,3R)-(+)-4',5,7-
rimethoxydihydroflavonol (2)
4 (syn=(2R,3R)-3-Hydroxy-5,7- 76792-94-4 1
dimethoxy-2-(4-methoxyphenyl)-
2,3-dihydro-4H-chromen-4-one))
6-(p-hydroxybenzyl)taxifolin-7- 41
4 O-D-glucoside (tricuspid) 936637-41-1 !
dihydrokaempferol
4 Aromadendrin) 480-20-6 2
4 dihydromyricetin (1) 27200-12-0 1
pinobanksin (3, 5, 7-trihydroxy-
4 2-phenyl-4H-1-Benzopyran-4- 548-82-3 2 Flavanonols
one)
4 taxifolin (Dihydroquercetin) 480-18-2 8 total count 17
Taxifolin 3-O-rhamnoside total amount of
4 (Astilbin) | 29838673 | 2 different structures /
5 (2R, 3S)-7,4'-dimethoxy-2'- 9911189-87-4 1
hydroxyflavanol
5 Catechin (both steromers) 154-23-4 18
5 epicatechin (both steromers) 490-46-0 8
5 epicatechin gallate 1257-08-5 2
5 epicatechin(-)-3-O— 103303-00-0 | 1
glucopyranoside (1)
5 (-)-Epiafzelechin 24808-04-6 1
5 Epigallocatechin (-) 970-74-1 1 Flavanols
5 epigallocatechin 3,5-digallate 37484-73-4 1 total count 34
. . total amount of
5 epigallochatechin gallate 989-51-5 1 different structures 9
5-hydroxy-3-(4-
6 hydroxyphenyl)pyrano[3,2- - 1
gJchromene-4(8H)-one
7-hydroxy-8,4'-
6 dimethoxyisoflavone 37816-20-9 1
(Isoafrormosin)
6 biochanin A 491-80-5 4
daidzein (4', 7-
6 dihydroxyisoflavone) 486-66-8 4
6 daldzelr_w-8-C—egCOS|de 3681-99-0 1
(Puerarin)
6 Formononetin 485-72-3 4
6 genistein (9) 446-72-0 11
6 Genistein _7-Q-rutinoside 14988-20-6 1
(sphaerobioside)
6 griffonianone E 874340-42-8 1
6 irilin A 132915-49-2 1
6 irilin B 132915-50-5 1
6 irilone 41653-81-0 1
6 isoflavone 574-12-9 1
6 lupalbigenin 76754-24-0 1
6 millewanin G 874303-33-0 1
6 millewanin H 874303-34-1 1
6 Orobol (Isoluteolin) 480-23-9 1
6 0sajin 482-53-1 1




6 scandinone 5233-97-6 1 Isoflavone
7-isopropoxyisoflavone
6 (ipriflavone | 35212-22-7 1 total count 40
)
total amount of
6 Warangalone (scandenone (1)) 4449-55-2 1 different structures 21
7 5,7-methoxyneochaejasmin A - 1
7 chamaejasmenin C 89595-70-0 1
7 chamaejasmine (+) 69618-96-8 1
7 isosikokianin A 1070995-17-3 | 1
7 ruixianglangdusu B 447454-49-1 1
epigallocatechin(+)-(2B-O-7, 4-
7 8)-(+)-catechin - 1
(proanthocyanidin)
epicatechin-(43-->8)-
7 epicatechin-(4p-->8,2p3-->0 -->7) | - 1
(proanthocyanidin)
7 Procyanidin B3 (3) 23567-23-9 | 1 Conjugated
Flavonoids
7 Prodelphinidin C (4) 78392-25-3 1 total count 10
7 Pronephrone C 1220519-70-9 | 1 total amount of 10
different structures
anthocyanidin
8 delphinidin 13270-61-6 1 total count 2
- . total amount of
8 Petunidin-3-O-glucoside - 1 different structures 2
All groups
total count 712
total amount of 281

different structures
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ARTICLE INFO ABSTRACT

Handling Editor: Borhane Mahjoub Flavonoids, a group of plant secondary metabolites, are seen as chemicals for pharmaceutical, nu-
traceutical, and pesticidal applications. Due to their natural origin, anticipated low ecotoxicity
and non-persistence in the environment, they are considered as benign substitutes for synthetic
chemicals. However, data on ecotoxicity is still scarce. Therefore, this study aimed for a better
understanding of the bioactivity of flavonoids and thus allowing a better evaluation of their po-
tential as benign substitutes. The growth inhibition of the microalgae Raphidocelis subcapitata in-
duced by 13 flavonoids, 10 flavonoid mixtures, and 4 flavonoid transformation products was de-
termined according to the OECD guideline 201. ECs, values of flavonoids ranging from 0.7 to
22 mg/L were moderate in comparison to the synthetic algaecides terbutryn and diuron. Mix-
tures of flavonoids behaved in a dose-addition manner. Moreover, the fate of 11 selected
flavonoids during the growth inhibition test was analyzed by analytical methods (HPLC-UV/vis
and HPLC-HRMS). Concentration monitoring revealed fast but incomplete degradation of 8
flavonoids. Overall, 25 transformation products of the degrading flavonoids were identified in-
cluding 5,7-dihydroxychromone. Comparison of structural features indicate that the combination
of a methoxy group and a lacking hydroxy group at C3 decreased degradation rates. Growth inhi-
bition of the 4 tested transformation products was weaker than of their respective parent
flavonoids. Taken together, the results suggest low ecotoxicity of flavonoids and promote further
research towards their utilization as benign substitutes.

1. Introduction

The design of safer chemicals preserving the efficacy of function while reducing the toxicity is one of the principles of green chem-
istry. In line with this principle, substitution of synthetic chemicals with natural products offers a possibility to prevent environmental
damage due to assumed low ecotoxicity and non-persistence of nature derived compounds. To find natural products suitable as be-
nign substitutes, understanding of their bioactivities has a pivotal role for two reasons: Firstly, in finding more benign molecules for
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possible applications and secondly, in assessing ecological impacts on non-target organisms (Harvey et al., 2015; Klaschka, 2016;
Lahlou, 2007; Santana-Méridas et al., 2012; Shi et al., 2023).

Flavonoids are a large class of natural products that is widely studied for a variety of applications in the pharmaceutical, health,
and food sector and as biopesticides (Gonzalez-Paramas et al., 2019; Goérniak et al., 2019; Guven et al., 2019; Juca et al., 2020; Maleki
et al., 2019; Schnarr et al., 2022). According to the strict definition of the International Union of Pure and Applied Chemistry (IU-
PAC), flavonoids are composed of a chromane or chromene with an additional phenyl group (Rauter et al., 2018). The C6-C3-C6 car-
bon framework forms three rings referred to as A, B and C (Fig. 1). Based on the position of the phenyl group (C2, C3 or C4) com-
pounds are categorized into flavonoids, isoflavonoids, and neoflavonoids. Differences regarding a keto structure at position 4, the
number and position of hydroxy groups, methylation, glycosylation, and further modifications give rise to the high structural diver-
sity of flavonoids.

Due to the prevalence of flavonoids in plants, they could be obtained from green biorefinery processes of waste materials as high
value products (Alwazeer and Elnasanelkasim, 2023; Banerjee et al., 2017; Glinthardt et al., 2021; Zuin et al., 2018). While most re-
search focused on pharmaceutical applications of flavonoids, the last two decades have seen a growing interest in their utilization as
biopesticides (Schnarr et al., 2022). Investigations of pesticidal activities mainly focused on bactericidal, fungicidal, insecticidal, and
herbicidal activities (Schnarr et al., 2022). In addition to isolated compounds, the utilization of flavonoid containing extracts has been
studied by several researchers (Chen et al., 2019; Gomez-Maldonado et al., 2020; Ningombam et al., 2017; Segatto et al., 2022). Inter-
actions of the different constituents in an extract can led to mixture effects, in particular dose addition, synergism, or antagonism. The
former two may enhance the activity of the extract in comparison to the isolated compounds. Following this approach, the investiga-
tion of mixtures and extracts is of special interest.

In contrast to the pesticidal activities of flavonoids mentioned above, there is much less information available about the effect of
flavonoids on algae. However, this is of interest on the one hand to evaluate the proposed application of flavonoids as algaecides
(Chen et al., 2019; Li et al., 2020; Xiao et al., 2019; Zhu et al., 2019). On the other hand, regarding the unintended entry in the envi-
ronment after application as pharmaceutical or pesticide, information on adverse effects on algae as primary producers provide indis-
pensable insights for ecotoxicity evaluation. Previous studies on the effects of flavonoids on algae focused on the control of harmful
algae blooms by the marine algae species Phaeocystis globosa and the cyanobacterium Microcystis aeruginosa (Chen et al., 2019; Huang
etal., 2016; Li et al., 2020, 2021; Xiao et al., 2019; Yu et al., 2019; Zhu et al., 2019). The effect of flavonoids on an algae species fre-
quently used for aquatic toxicity assessments was investigated only by D'Abrosca et al., who found adverse effects of 9 flavonoids on
the standard test organism Raphidocelis subcapitata by determining diameters of non-growth zones in a petri dish assay (D'Abrosca et
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Fig. 1. Structures of the 11 flavonoids selected for a detailed analysis after algae growth inhibition screening of 26 flavonoids in this study. Selected flavonoids differ in
the number of hydroxy groups, C2-C3 bond order, presence of a hydroxy group at C3 (3-OH), methoxy groups in the B ring, and positioning of hydroxy groups in the B-
ring (quercetin vs morin).



L. Schnarr et al. Sustainable Chemistry and Pharmacy 38 (2024) 101473

al., 2006). Despite the study of D'Abrosca et al., reporting similar toxicity of the most active flavonoid catechin to the known algae-
cide CuSOy, the other performed studies (Chen et al., 2019; Huang et al., 2015; Li et al., 2020, 2021; Xiao et al., 2019; Yu et al., 2019;
Zhu et al., 2019) on P. globosa and M. aeruginosa lack positive controls which are needed for a better classification of the observed
toxic effects. Furthermore, there has been no investigation on the toxicity of flavonoids according to the standardized guideline 201 of
the Organization for Economic Cooperation and Development (OECD) (OECD, 2004). Hence, no data on algae toxicity obtained with
standardized test protocols reporting easily comparable parameters like the half maximal effective concentration (ECsq value) is cur-
rently available for flavonoids. However, this data would provide a solid basis for more comprehensive research towards environmen-
tal risks of flavonoids.

Another important aspect that got little attention in the above mentioned studies (Chen et al., 2019; Huang et al., 2015; Li et al.,
2020, 2021; Xiao et al., 2019; Yu et al., 2019; Zhu et al., 2019) and investigation of in vitro bioactivities of flavonoids in general, is the
consideration of the chemical properties of flavonoids. Important properties of flavonoids include the limited solubility in aqueous so-
lution (Plaza et al., 2014), the acidic character (Mezzetti et al., 2011; Musialik et al., 2009), the ability to form metal complexes
(Kasprzak et al., 2015), their redox activity, and their oxidative degradation (Sokolova et al., 2016). Hence, observed effects may be
attributed not only to the tested flavonoid itself but metal complexes or transformation products (TPs). Decreases in concentration of
flavonoids in mammalian cell culture medium (Jun Hu, 2012; Maini et al., 2012; Xiao and Hogger, 2015) were previously reported.
Xiao et al. proposed structure-stability relationships (Xiao and Hogger, 2015): An increasing number of hydroxy groups, a hydroxy
group at C3 (3-OH), and a C2-C3 double bond led to shorter half-lives of flavonoids in the cell culture medium Dulbecco's Modified
Eagle Medium (DMEM), while glycosylation had the opposite effect. Methylation of mono- or dihydroxyflavonoids decreased the
half-lives, while methylation of multihydroxyflavonoids increased the half-lives (Xiao and Hogger, 2015). Although the correlation of
published antioxidant activity data and degradation rates found by Xiao et al. was weak, the proposed stability-decreasing structural
features are in good agreement with structural features enhancing antioxidant activity (Dugas et al., 2000; Furusawa et al., 2005;
Plaza et al., 2014; Rice-Evans et al., 1996).

Due to the known antioxidant activity and reported degradation in cell culture medium, it is important to monitor possible degra-
dation of flavonoids during toxicity tests and to assess the contribution of possibly formed TPs. Knowledge on TPs formed by oxida-
tive degradation is available for aqueous solution (Osman et al., 2008; Ramesova et al., 2012, 2014, 2015, 2012; Sokolova et al.,
2012, 2016; Zenkevich and Pushkareva, 2017) but only very limited for cell culture media (Maini et al., 2012). The most studied sub-
stance was quercetin. Taxifolin, fistein, luteolin, rhamnezin, galangin, and myricetin were investigated to a lesser extent. Commonly
found intermediates were either depsides (Maini et al., 2012; Osman et al., 2008; Sokolova et al., 2016; Zenkevich and Pushkareva,
2017) and/or benzofuranone derivatives (Ramesova et al., 2012, 2014, 2015, 2012; Sokolova et al., 2012, 2016; Zenkevich and
Pushkareva, 2017). Sokolova et al. proposed that benzofuranone derivatives are only formed by flavonoids with a 3-OH while degra-
dation via a depside seems to be a common degradation pathway for all flavonoids (including those with 3-OH) (Sokolova et al.,
2016). Several benzoic acids were identified as subsequently formed smaller TPs (Maini et al., 2012; Ramesova et al., 2014, 2015;
Sokolova et al., 2016; Zenkevich and Pushkareva, 2017). However, information on flavonoid TPs is limited to the 8 mentioned
flavonoids, auto-oxidative pathways, and two studies on oxidation via peroxidases (Osman et al., 2008; Osman and Makris, 2011).
Currently, there is no data available on the formation of TPs at algae growth inhibition test conditions. Identification of TPs in toxicity
tests, however, is crucial for the understanding of their possible contribution to observed effects of degrading flavonoids and increase
the reliability of risk assessments.

The aim of this study is to broaden the general understanding of the effect of flavonoids on algae by taking their stability into ac-
count. Therefore, we pursued a novel approach by combining an algae growth inhibition test with an analytical assessment of the fate
of flavonoids during the toxicity test. As a first step, the toxicity of 26 flavonoids towards the standard test organism R. subcapitata
was investigated by determining their ECs, values in a growth inhibition test according to the OECD guideline 201. This study com-
pared the effect of the tested flavonoids to the two commercial algaecides terbutryn and diuron to provide a reference value for the
evaluation of the magnitude of the algae growth inhibition of flavonoids. Exploring possible synergetic effects, this study further
tested 10 mixtures containing two to three flavonoids. To enable the testing of a high amount of test substances, a test setup with 24
well plates was established following previous miniaturization approaches (Eisentraeger et al., 2003; Rojickova et al., 1998).

Based on their different growth inhibition of R. subcapitata and their structural features, 11 out of the 26 flavonoids, in particular
flavone, luteolin, eriodictyol, diosmetin, hesperetin, quercetin, taxifolin, tamarixetin, myricetin, and dihydromyricetin, were chosen
for the analytical monitoring (Fig. 1). After preliminary assessment of possible metal coordination and photolysis in the experimental
setup, this study set out to follow possible degradation of test substances during the algae growth inhibition test using High Perfor-
mance Liquid Chromatography coupled with a detector for ultraviolet and visible light (HPLC-UV /vis) and High Performance Liquid
Chromatography coupled with High Resolution Mass Spectrometry (HPLC-HRMS). Identified TPs were, if possible, purchased and in
analogy to their parent compounds, algae growth inhibition and stability of the pure substances investigated.

2. Material and methods

2.1. Chemicals and solutions

An overview of purchased flavonoids and their vendors is shown in table SI 1. All chemicals and solvents were used without fur-
ther purification.

Algae culture medium was prepared according to the OECD guideline 201. Stock solutions were prepared by weighting in required
amounts of salts (Table SI 2) and dissolving them in ultrapure water. Algae culture medium was prepared by adding 10 mL of stock
solution 1, and 1 mL of stock solutions 2, 3, and 4, respectively to 987 mL ultra-pure water. Final concentrations of the constituents
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are listed in table SI 2. To investigate metal complexation, a sodium carbonate puffer was prepared in analogy to the culture medium
but only using stock solution 4. Solutions were sterilized by filtration.

2.2. Algae growth inhibition test

Algae growth inhibition was tested according to OECD guideline 201 with the green freshwater microalgae Raphidocelis subcapi-
tata (Culture Collection of Algae at Gottingen University, Germany) (OECD, 2004). R. subcapitata stock cultures were cultivated in
250 mL Erlenmeyer flasks containing 100 ml medium prepared according to OECD guideline 201. The pH of culture medium was ad-
justed to 8.1 *+ 0.1. The incubator (AlgaeTron AG 130-ECO, Photo Systems Instruments, Czech Republic) was set to 23 °C + 2 °C and
continuous illumination (100 uE m~2 s~1) with cool white LEDs (400-800 nm, Figure SI 6). Cultures were agitated at 120 rpm using a
shaker (Unimax 1010, Heidolph Instruments, Germany). For growth inhibition tests, algae cells were harvested after 3-4 days during
the exponential growth phase and diluted to a start cell density of 2 x 10 cells/mL.

Following previous miniaturization approaches (Eisentraeger et al., 2003), 24 well plates were used as test vessels and validated
in comparison to 250 mL Erlenmeyer flasks. Validation was based on the comparison of ECs, values obtained from growth inhibition
tests either performed with the 24 well plates or 250 mL Erlenmeyer flasks with the reference compound 3,5-dichlorophenol. 3,5-
dichlorophenol stock solutions were prepared in algae culture medium and filtered for sterilization before use (syringe filter Chro-
mafil Xtra RC20/25 0.2 pm, Machery Nagel, Germany). In Erlenmeyer flasks and 24 well plates, the algae culture volumes were 100
and 2 mlL, respectively. Culture conditions were similar to stock culture cultivation, only agitation was increased to 150 rpm for 24
well plates. Growth inhibition caused by 3,5-dichlorophenol was measured at 7 different concentrations (final concentration in test
vessels: 0.6, 0.9, 1.35, 2, 3, 4.5, and 6.75 mg/L) in both test vessels. Algae growth was followed by measuring chlorophyll a fluores-
cence (excitation filter 460 nm, bandwidth 40 nm; emission filter 680 nm, bandwidth 30 nm) with a microplate reader (Synergy HT,
Biotek Instruments). In experiments performed with Erlenmeyer flasks, 2 mL of the algae culture were transferred to 24 well plates
before measurement with the plate reader. Measurement intervals were 24 h, the test duration was 72 h. Before measurements, plates
were sealed with parafilm and inverted 10 times to ensure homogenous suspension of algae cells in the wells.

After successful validation of the miniaturized test setup, ECsq values of the purchased flavonoids, flavonoid mixtures, and the al-
gaecides terbutryn and diuron as positive controls were determined using 24 well plates. Six flavonoids with different toxicity were
selected for mixing. In particular the following 1:1 mixtures were tested: luteolin-eriodictyol, luteolin-quercetin, luteolin-morin, lute-
olin-taxifolin, luteolin-hesperetin, quercetin-morin, quercetin-taxifolin, quercetin-hesperetin, taxifolin-hesperetin, and a 1:1:1 mix-
ture of luteolin, hesperetin, and taxifolin. In addition, some TPs identified in this study or structurally similar substances were pur-
chased and tested for their algae growth inhibition (4-hydroxybenzoic acid, 3,4-dihydroxybenzoic acid, 2,4,6-trihydroxybenzoic acid,
5,7-dihydroxychromone, and 4-hydroxyphenylglyoxylic acid).

Test substance stock solutions were prepared in dimethylsulfoxid (DMSO) and added to the wells. For mixtures, DMSO stock solu-
tions of the flavonoids were mixed in a 1:1 or 1:1:1 ratio. To reach an equal amount of organic solvent in all wells, DMSO was added
to the blank and growth controls (1 % v/v). For each test substance, 6 to 9 concentrations were tested. A concentration range leading
to approximately 0-100 % growth inhibition was determined in preliminary experiments. However, concentrations above 100 mg/L
were not tested because they exceed threshold values for the classification of acute aquatic toxicity (United Nations, 2009). Each
treatment was measured in duplicates. Every test was repeated once yielding 4 replicates of each treatment in total.

Blank corrected fluorescence values were converted into cell densities using a calibration curve obtained by counting cells with a
Neubauer counting chamber and measuring the respective fluorescence signal as described in our previous study (Segatto et al.,
2022). For a higher precision at low cell densities, these were determined using calibration points 5 000 to 100 000 cells/mL, while
the whole calibration ranged to 1.5 x 10° cells/mL. Using the lower range, limits of detection (2 051 cells/mL) and quantification (7
712 cells/mL) were calculated with DINTEST 2000 according to DIN 32645 (result uncertainty: 33.3 %, probability of error: 5 %).

Growth inhibition (%I) based on the growth rate (i) was calculated according to the equations (1) and (2) below. Dose-response
curves (%I vs. log of concentration) were plotted and ECsq values obtained by linear regression of selected data points (equation (3)).
Each replicate was fitted individually and then an average ECs, values was calculated.

p = (In cell densityyo;, - In cell densityy)/At (@))]
%I = (Pcontrol - psample)/ Keontrol X 100 2
ECso = 10[(50 %I-y intercept)/slope] (3)

In addition to single substances, 1:1 mixtures of two different flavonoids and one 1:1:1 mixture of three flavonoids were investi-
gated. Expected ECsq additive values for mixtures assuming a dose addition of substance A and B were calculated according to equa-
tion (4) as described previously (Altenburger et al., 2004; Panizzi et al., 2017). For a third substance the equation must be extended
with a corresponding term.

ECs additive = portion A/ECsy A + portion B / ECsy B (€)]

2.3. Spectral characterization of the selected flavonoids and algae incubator light source

Investigating possible metal coordination of flavonoids, absorption spectra of flavone, luteolin, eriodictyol, hesperetin, diosmetin,
quercetin, taxifolin, morin, tamarixetin, myricetin, and dihydromyricetin (5 mg/L) solved in the algae culture medium and sodium
carbonate buffer (algae culture medium without any further metal ions) were recorded with a Nanocolor UV/Vis photometer
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(Macherey-Nagel, Diiren, Germany) using quartz cuvettes (Hellma, Miillheim, Germany). As described in more detail in the supple-
ment, no coordination of metal ions by the tested flavonoids occurred according to unchanged UV/vis-spectra (see Figure SI 5).

The emission spectrum of the algae incubator light source was recorded with a SpectraWiz spectrometer (Stellar Net Inc, Tampa,
Florida, USA) to check spectral overlap between light source and the flavonoids (Figure SI 6). More information can be found in the
supplement section 2.3.

2.4. Analysis of the fate of selected flavonoids during the algae growth inhibition test

The 11 flavonoids (Fig. 1) myricetin, dihydromyricetin, quercetin, morin, tamarixetin, taxifolin, luteolin, eriodictyol, diosmetin,
hesperetin, and flavone were selected for a more detailed analysis based on their structural features and different degree of growth in-
hibition. Concentration changes of flavonoids (initial concentration 5 mg/L) and the formation of TPs during the algae growth inhibi-
tion test were investigated. In addition to the sampling for concentration monitoring, the algae growth inhibition at 5 mg/L was de-
termined. However, to exclude influences of the volume withdrawal on the algae growth and fluorescence measurements, the well
plate contained identical replicates for sample collection and for fluorescence measurements. Moreover, to investigate whether R.
subcapitata had an influence on the concentration of the flavonoids, control tests without algae cells were performed. Each condition
was measured in duplicates per test and the tests were repeated once yielding 4 replicates of each test substance and conditions in to-
tal. Samples (75 pL) for concentration determination were collected at the time points 0, 24, 48, and 72 h and stored at —20 °C until
the HPLC analysis.

2.4.1. Concentration determination of flavonoids with HPLC-UV/vis

To determine the concentration of selected flavonoids during the algae growth inhibition and control tests, collected samples were
analyzed with a HPLC system (Prominence-HPLC-UV-vis&PDA, Shimadzu, Duisburg, Germany) coupled with a UV/vis and a Photodi-
ode Array detector (PDA).

The calibration curves of 9 flavonoids were recorded in triplicates relating the measured peak area to the flavonoids’ concentra-
tion (data not shown). Calibration of myricetin and dihydromyricetin was not feasible due to fast degradation. Wavelengths chosen
for quantification of the flavonoids are shown in table SI 3. Limits of detection and quantification (LOD/LOQ) were calculated using
data points 0.08-5 mg/L with DINTEST 2000 as described in section 2.2 (Table SI 3).

Collected samples were injected (50 pL) into the HPLC without further treatment, algae cells were restrained by the precolumn
and hence, flavonoids solved in the algae culture medium were detected. The HPLC system was equipped with a phenyl-hexyl column
(Nucleodur Phenyl-Hexyl, 125 mm length, 3 mm diameter, 3 pm particle size, Macherey-Nagel) with respective precolumn. The oven
temperature was set to 35 °C. Water with 0.1 % formic acid (A) and methanol (B) were used as mobile phases at a flow rate of
0.5 mL min~. The gradient was as follows: 0-1 min, 5 % B; 1-10 min raise to 100 % B, 10-13 min 100 % B, 13-15 min drop to 5 % B,
15-18 min 5 % B. Data analysis was performed with the software Labsolution (Shimadzu). Figures of chromatograms and spectra
were generated with the software Inkscape.

2.4.2. Characterization of TPs with HPLC-UV/Vis and HPLC-High Resolution Mass spectrometry (HPLC-HRMS)

To investigate the formation of TPs of the degrading flavonoids during the algae growth inhibition and control tests, obtained
HPLC-UV/vis data from experiments in the previous section were analyzed in regard of newly formed signals. Retention times and ab-
sorption maxima of major new peaks were determined and individual peak areas at a wavelength of either 260, 280 or 290 nm were
used to monitor the relative course of TPs.

Reference standards (3-hydroxybenzoic acid, 4-hydroxybenzoic acid, 3,4-dihydroxybenzoic acid, 2,4,6-trihydroxybenzoic acid,
5,7-dihydroxychromone, phloroglucinol) were measured using HPLC-UV/vis as described in section 2.4.1. Comparing retention time
and absorption spectrum, preliminary identification of some TPs was performed.

Furthermore, structure elucidation of the TPs of the degrading flavonoids was performed using liquid chromatography-high reso-
lution mass spectrometry (LC-HRMS). The LC-HRMS consisted of a Thermo Scientific Q Exactive Focus Orbitrap LC-MS/MS System
with a heated electrospray ionization (H-ESI) source (Thermo Scientific, Dreieich, Germany). The same chromatographic column and
method as described in section 2.4.1 were used for the LC-HRMS analyses. Injection volume was reduced to 20 pL at the Orbitrap sys-
tem. ESI source and mass spectrometer settings are given in the supplement (Table SI 4). In addition to samples from the algae growth
inhibition test, controls without algae cells were analyzed to confirm the formation of the same TPs in the absence of microorganisms.
Moreover, available reference standards (same as above) were analyzed by the LC-HRMS system.

Structure elucidation was based on empirical ion formula, ring double bond equivalents (RDB), fragmentation ions if available,
and comparison to reference standards if available (matching of retention time, ion formula and fragmentation pattern). In addition,
parent compound information, and the experimental context were taken into account.

3. Results and discussion

3.1. Validation of the 24 well plate-high throughput test set up

A high throughput algae growth inhibition test using 24 well plates was established in this study. Testing of 3,5-dichlorophenol re-
sulted in ECsq values of 2.89 = 0.04 mg/L for Erlenmeyer flasks and 2.88 + 0.01 mg/L for 24 well plates. This excellent agreement
demonstrates the suitability of 24 well plates as test vessels for this algae growth inhibition test (Figure SI 1, Table SI 5). Furthermore,
the values derived in this study are in good agreement with other published ECs values for 3,5-dichlorophenol tested against R. sub-
capitata ranging from 1.8 to 3.6 mg/L (Arensberg et al., 1995; Aruoja et al., 2011; Comber et al., 1995). This agreement was reached
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despite differences in e.g., used test vessels (20 mL glass vials (Arensberg et al., 1995)), method of cell density determination (elec-
tronic particle counting (Arensberg et al., 1995; Comber et al., 1995) or optical density at 682 nm (Aruoja et al., 2011)) or fitting pro-
cedures (Arensberg et al., 1995; Aruoja et al., 2011; Comber et al., 1995).

Both, the successful validation in this study and the agreement with results for 3,5-dichlorophenol of other studies, demonstrated
the suitability of the 24 well plates as vessels for algae growth inhibition tests. These results are in support of previous findings and
add to the conclusion that miniaturized algae growth inhibition test are a viable alternative to more cost- and labor-intensive test se-
tups using large glass vessels (Blaise et al., 2018; Eisentraeger et al., 2003; Rojickova et al., 1998). Hence, the miniaturized test set up
with 24 well plates was chosen for the investigation of the flavonoids, flavonoid mixtures, and TPs.

3.2. Algae growth inhibition of flavonoids

Using the validated algae growth inhibition test set up with 24 well plates, the growth inhibition of R. subcapitata by 26 flavonoids
was investigated and compared to 3,5-dichlorophenol and the algaecides terbutryn and diuron (Table 1). For 13 flavonoids, ECsg val-
ues could be derived (according to equation (3)).

Dose response curves of these flavonoids are shown in the Supplement (Figure SI 2 and 3). For the other 13 flavonoids the ECs
values were beyond the solubility of these substances. The obtained ECs, values were in the range of 0.7-22 mg/L (2.4-73 pM). The
two most toxic compounds eriodictyol and luteolin display high structural similarity differing only in the bond order of the C2-C3
bond (Fig. 1). Among the most toxic flavonoids were also 3,5-dihydroxyflavone, flavone, and gossypetin. These flavonoids differ
strongly in their number of hydroxy groups (0-6). The relative high growth inhibition of flavone despite its rather large structural de-
viation (lack of hydroxy groups) from eriodictyol and luteolin suggests a different mode of action. Overall, no trends relating struc-
tural features to higher growth inhibition was evident. However, observed growth inhibition effects could not solely be attributed to
the parent compound (flavonoids) but be influenced by the degradation of the flavonoids and formation of TPs.

The ECsyq values of 3,5-dichlorophenol was in the same range as the ECs values of the tested flavonoids. Thus, their toxicity is sim-
ilar. In comparison with terbutryn and diuron, the most toxic flavonoids showed weaker growth inhibition by two orders of magni-
tude (Table 1). This clear difference in the growth inhibition to commercial algaecides strongly indicates limited opportunities of
flavonoids as algicides. Furthermore, almost half of the tested flavonoids precipitated in the algae growth inhibition test above con-
centrations between 1 and 25 mg/L at which only —10 to 42 % growth inhibition was reached (Table 1). Especially, 7-
hydroxyflavone, chrysin, 4',7-dihydroxyflavone, apigenin, acacetin, formononetin, and daidzein with growth inhibition below 20 %

Table 1

Growth inhibition of R. subcapitata treated with flavonoids expressed as ECs, values (n = 4) with standard deviation (SD). Toxicity of flavonoids is compared to
the two algaecides terbutryn and diuron as well as the reference substance 3,5-dichlorophenol. ECs, values are given in mg/L and in pM. For several flavonoids the
ECs, values could not be determined because of limited solubility. In these cases, EC5q > x and the growth inhibition at the highest soluble concentration are pre-
sented. Flavonoids are arranged according to decreasing toxicity if ECs, values could be derived. The other flavonoids are arranged according to increasing number
of free hydroxy groups.

substance ECs [mg/L] standard deviation ECs [uM] standard deviation
algizides terbutryn 0.005 4 x 107 0.019 0.002

diuron 0.023 0.003 0.023 0.003
reference compound 3,5-dichlorophenol 2.88 0.01 17.7 0.08
flavonoids eriodictyol 0.7 0.08 2.4 0.3

luteolin 0.94 0.08 3.3 0.3

gossypetin 1.4 0.23 4.4 0.7

flavone 1.91 0.08 8.6 0.4

3,5-dihydroxyflavone 2.2 0.8 9 3

7,3',4'-trihydroxyflavone 2.7 0.4 10 1.5

quercetin 2.9 0.2 9.6 0.6

myricetin 3.7 0.6 12 2

morin 4.8 0.3 16 1

fisetin 5.4 0.5 19 2

dihydromyricetin 6.2 0.5 19 2

taxifolin 8.1 0.5 27 2

hesperetin 22.2 0.6 73 2

3-hydroxyflavone ECs0 > 0.63/20% = 1 > 2.6

5-hydroxyflavone ECs0 >5/27% + 1 > 21

7-hydroxyflavone EC50 >5/14% * 4 > 21

chrysin ECs0 >1/14% £ 3 > 3.9

4',7-dihydroxyflavone ECs50 >1/-10% + 3 > 3.9

apigenin EC50 >5/11% =7 > 18.5

acacetin ECs50 >1/17% = 3 > 3.5

naringenin ECs50 > 25/26% * 2 > 92

diosmetin ECso > 10/42% * 2 > 33

tamarixetin ECs0 > 10/30% *= 3 > 32
iso-flavonoids formononetin ECs0 >1/15% + 3 > 3.7

genistein EC50 >5/39% = 3 > 19

daidzein ECso > 10/12% = 3 > 39
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at the highest soluble concentration showed very low toxicity towards R. subcapitata. 4’,7-dihydroxyflavone even stimulated algae
growth at a concentration of 1 mg/L which might be due to hormesis (stimulating effect due to low exposure to a toxicant) (Calabrese
and Baldwin, 1997). Thus, limited solubility in aqueous media and the concomitant low exposure can represent limiting factors re-
garding the toxicity of flavonoids.

The results of this study add to those of D'Abrosca et al. (D'Abrosca et al., 2006) who reported adverse effects of 9 flavonoids
(chrysoeriol, tricin, luteolin, kaempferol, quercetin, three kaempferol glycosides, and catechin) on R. subcapitata determined by mea-
suring diameters of no-growth zones in a petri dish assay at concentrations between 0.5 and 3 pM. Yet, severe differences in the used
methods and determined parameters hinder a direct comparison. ECsq values are frequently reported parameters of growth inhibi-
tion. Thus, the ECs, values of flavonoids towards R. subcapitata reported for the first time by this study can be helpful for comparing
the algae growth inhibition of flavonoids with previous and future studies.

The range of ECsq values from 2.4 to 73 pM obtained for R. subcapitata in this study is similar to ECs, values between 0.2 and
11 pM obtained for 19 flavonoids tested against the marine algae Phaeocystis globosa (Xiao et al., 2019). Additionally, the ECsq values
of 74 pM of luteolin-7-glucuronide tested against P. globosa is in agreement with this range (Zhu et al., 2019). Eight of the flavonoids
tested by Xiao et al. (quercetin, flavone, myricetin, luteolin, chyrsin, apigenin, formononetin, 5-hydroxyflavone) were also investi-
gated in the current study. ECsq values of chyrsin, apigenin, and 5-hydroxyflavone found by Xiao et al. were below the solubility lim-
its found in this study, while formononetin appeared to be soluble at higher concentrations at the test conditions used in the study of
Xiao et al. The case of formononetin pointed out that solubility and hence bioavailability can differ in different culture media. There-
fore, solubility should be monitored to avoid false results.

In contrast to the order of toxicity of flavonoids in our study, luteolin was among the weakest and quercetin the strongest growth
inhibitor in the study of Xiao et al. (2019). Hence R. subcapitata and P. globosa seem to differ in susceptibility towards certain
flavonoids.

Previously reported ECs, values of 1.8, 6.5-24, and 12 uM for the flavonoids 5,4'-dihydroxyflavone, luteolin, and kaempferol
against the cyanobacterium M. aeruginosa are also within the magnitude of the ECsq values found in our study (Huang et al., 2015; Li
etal., 2020, 2021). Huang et al. were able to determine an ECs, value of 14 pM for apigenin, while this flavonoid showed growth inhi-
bition of 11 % at the highest soluble concentration (18.5 uM) in this study (Huang et al., 2015). Hence, M. aeruginosa seems to be
more susceptible to apigenin than R. subcapitata. In addition, quercetin was reported to cause > 99 % growth inhibition of M. aerugi-
nosa at a concentration of 23 pM (Chen et al., 2019).

Determination of ECsq values differs within the mentioned studies and in comparison to the method used here, too. The main dif-
ference to the aforementioned studies is that the growth inhibition was based on biomass yield instead of growth rate, which was used
in this study. Determination of growth inhibition based on biomass yield leads to a stronger influence of the test duration on the ob-
tained results (Nyholm, 1985). The test duration in the cited studies varies between 4 and 14 days and is hence longer than the dura-
tion of 3 days of our algae growth inhibition test. Despite these differences in methods, limited number of tested substances and differ-
ent susceptibility of tested algae species towards certain flavonoids, the general similarity of the magnitude of ECs, values for R. sub-
capitata, P. globosa and M. aeruginosa discussed above suggests that growth inhibition caused by flavonoids is comparable between dif-
ferent algae species. Nevertheless, this should be verified by investigating several algae species in one study and identifying a possible
common mechanism of action.

Several of the above-mentioned studies evaluate the algicidal activity as strong or suggest the application of flavonoids as algae-
cides to control harmful blooms of P. globosa or M. aeruginosa (Chen et al., 2019; Li et al., 2020; Xiao et al., 2019; Zhu et al., 2019).
However, these evaluations were made without adequate comparison to established algaecides. Therefore, effectiveness of flavonoids
as algaecides needs to be proven by further experiments. The difference in ECs, values by two orders of magnitude between the most
toxic flavonoids and the commercial algaecides terbutryn and diuron found in this study does not support the previous suggestions.
Reported ECs( values indicate that flavonoids have to be applied in a mg/L concentration range to act as an algaecide (Chen et al.,
2019; Li et al., 2020; Xiao et al., 2019; Zhu et al., 2019). It should be critically reflected if the toxicity of individual flavonoid is high
enough for effective application as algaecide.

3.3. Algae growth inhibition of flavonoid mixtures

In addition to testing single substances, the influence of mixing two to three flavonoids on the growth inhibition of R. subcapitata
was investigated. Dose-response curves are shown in the supplement (Figure SI 4). The experimentally obtained ECs, values of nine
1:1 mixtures of two flavonoids and one 1:1:1 mixture of three flavonoids were in a range of 0.8-12 mg/L (Fig. 2 and Table SI 6). The
eriodictyol-luteolin mixture was the most and the hesperetin-taxifolin mixture the least toxic. The most toxic mixtures (luteolin-
eriodictyol, luteolin-taxifolin) have similar ECs, values to the most toxic single flavonoids eriodictyol and luteolin.

To identify possible synergistic or antagonistic effects, expected ECs, values for dose-addition as calculated according to equation
(4) were compared to the experimentally derived values (Fig. 2). Deviations from the expected values for dose addition indicate syn-
ergistic or antagonist effects. Half of the mixtures displayed a very good agreement of expected and experimentally derived ECs, val-
ues. Four mixtures (luteolin-taxifolin, luteolin-hesperetin, taxifolin-hesperetin, luteolin-hesperetin-taxifolin) showed slightly lower
ECs values than calculated. The luteolin-morin mixture had a slightly higher ECs, value than expected. These findings indicate that
mixtures of 2-3 flavonoids behave according to the dose addition model. This is consistent with the finding of Li et al. showing an ad-
ditive effect of luteolin and kaempferol (Li et al., 2021). Further in line with this, a mixture of hyperoside and the xanthonoid
mangiferin showed similar algae growth inhibition as the single substances (Segatto et al., 2022). However, in the same study, it was
also shown that a mango waste ethanolic extract with hyperoside and mangiferin among the main components showed notably
higher growth inhibition than the single substances and their 1:1 mixture. Thus, mixing of 2-3 flavonoids does not enhance the toxic-
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Fig. 2. Comparison of experimentally derived ECs, values of single compounds and mixtures of two to three different flavonoids (grey) to theoretical, calculated ECs,
values of mixtures assuming an additive effect (striped). Average values with standard deviation displayed as error bars (SD, n = 4) of experimentally derived results
are given.

ity, but utilization of more complex extracts may lead to an increase in activity (Gomez-Maldonado et al., 2020; Kaab et al., 2020;
Kanetis et al., 2017). While this might be favorable for the application as pesticide, utilization of mixtures may also increase environ-
mental risks.

3.4. Degradation of selected flavonoids during the algae growth inhibition test

Initial spectral characterization of the 11 selected flavonoids indicated firstly that no metal coordination occurred (Figure SI 5).
Secondly, direct photolysis of eriodictyol, hesperetin, taxifolin, dihydromyricetin, and flavone was excluded because absorption spec-
tra of these flavonoids and the emission spectrum of the light source do not overlap (Figure SI 6). Due to the minimal spectral overlap
of the other flavonoids (luteolin, quercetin, tamarixetin, myricetin, morin, and diosmetin), low photon flux, low exposure to irradia-
tion and because of shielding by the algae cells, we assume that direct photolysis has a negligible impact on these flavonoids during
the algae growth inhibition test. Hence, (auto)oxidation is the main cause of possible degradation. More information can be found in
the supplement section 2.3.

On this basis, analysis of algae growth inhibition test samples revealed that the concentration of flavone (105 % = 5) and dios-
metin (100 % =+ 10) remained constant over 3 days (Fig. 3). Hesperetin showed a minor decrease in concentration to 92 % = 1 of the
initial 5 mg/L. The other 8 flavonoids were below limit of quantification or detection (LOQ/LOD) at the end of the test (Fig. 3, LOQ/
LOD see Table SI 3). Myricetin and dihydromyricetin were not present in the analyzed sample of day 0 (Figure SI 7 and 8). Quercetin
and tamarixetin were below the limit of detection and the limit of quantification at day 1, respectively (Fig. 3). This rather fast degra-
dation accounts for the higher deviations in the determined concentrations on day 0 in comparison to other tested flavonoids since
small temporal delays in the sampling and HPLC-measurement procedures influenced the measured signal to a greater extent than for
slower degrading flavonoids. The concentration of luteolin was below LOD at day 2, while the concentration of morin was below LOQ
at day 2. The concentrations of eriodictyol and taxifolin were still quantifiable at day 2 but below LOQ at day 3. According to these re-
sults the velocity of degradation showed the following trend: myricetin = dihydromyricetin > quercetin > tamarixetin > lute-
olin > morin > eriodictyol = taxifolin > hesperetin > diosmetin = flavone.

The concentration decreases in controls without algae showed the same degradation behavior as their counterparts with algae pre-
sent in the test (Fig. 3). Since the algae test is performed under sterile conditions, bacterial degradation can be excluded. Therefore,
we demonstrated for the first time that the degradation of flavonoids at algae growth inhibition test conditions is caused by abiotic
processes and not biological ones e.g., biodegradation by the algae cells. This direct comparison of degradation with and without the
test organism adds to findings of Maini et al. and Xiao et al. These studies found out that flavonoids degrade in cell culture media
(Maini et al., 2012; Xiao and Hogger, 2015). They were, however, performed in the absence of a test organism. Our findings of abiotic
degradation further support oxidation as the major degradation mechanism.

The results presented in this section show that flavone, diosmetin and hesperetin are the least reactive flavonoids at the conditions
of the algae growth inhibition test. Interestingly, two of this three compounds (diosmetin, hesperetin) carry a methoxy group at the B
ring indicating that this could be a structural feature lowering the reactivity. This is consistent with increased half-lives of isorham-
netin and kaempferide in comparison to their non-methylated counterparts quercetin and kaempferol in DMEM cell culture medium
(Xiao and Hogger, 2015). In line with this, tamarixetin (also carrying a methoxy group) was found slightly more stable than quercetin
in our study, but still degraded below LOD within 2 days. In comparison to tamarixetin, diosmetin, and hesperetin both lack the 3-OH.
The influence of a 3-OH was investigated previously in regard to degradation rates and antioxidant activity. Concurrent with decreas-
ing half-lives (Xiao and Hogger, 2015), this structural feature was also found to increase the antioxidant activity of flavonoids (Rice-
Evans et al., 1996). Thus, the 3-OH group could counteract the effect of the methoxy group in tamarixetin. The fast degradation of
quercetin and taxifolin, also carrying a 3-OH, is in further support of the reactivity enhancing effect of a 3-OH. In comparison to their
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Fig. 3. Concentration development of the flavonoids flavone, luteolin, eriodictyol, diosmetin, hesperetin, quercetin, morin, taxifolin und tamarixetin during the al-
gae growth inhibition test. Samples with algae (green), controls without algae (grey). Start concentration 5 mg/L. Data points represent average values of 4 repli-
cates with standard deviations (SD) displayed as error bars, lines are visual guides and are displayed as dotted lines if the subsequent data point was below limit
of detection or quantification shown as red lines.

counterparts lacking the 3-OH, quercetin (below LOD after 24 h) degrades faster than luteolin (below LOD after 48 h), while the con-
centration of taxifolin and eriodictyol showed a similar decrease. The slower degradation of taxifolin and eriodictyol could be due to a
C2-C3 single bond. This structural feature was reported to increase degradation half-lives (Xiao and Hogger, 2015) and decrease an-
tioxidant activity (Plaza et al., 2014). Furthermore, the very fast degradation of myricetin and dihydromyricetin supports the pro-
posed rule that an increasing number of hydroxy groups increases degradation rates (Maini et al., 2012; Xiao and Hogger, 2015).
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In summary, the combination of a methoxy group and a lacking 3-OH reduced degradation rates, while a C2-C3 single bond was
not sufficient to hinder degradation of flavonoids over three days under the algae test conditions (Fig. 4).

3.5. Influence of the degradation of flavonoids on their toxicity

The results in section 3.4 showed that 8 out of the 11 tested flavonoids degrade fast during the algae growth inhibition test. At a
starting concentration of 5 mg/L as used in the degradation study, these 8 flavonoids showed very different algae growth inhibition
(Fig. 5). Tamarixetin was the least toxic with 10 % =+ 2 growth inhibition, followed by dihydromyricetin (24 % + 8) < taxifolin (44
% *+ 5) < morin (56 % * 3) ~ myricetin (57 % * 4) < quercetin (76 % * 1) < eriodictyol (95 % = 5). The three flavonoids
which concentrations stayed above 90 % of the initial concentration during the test period of 3 days also showed low to high toxicity.
Hesperetin was the least toxic with 7 % + 1 growth inhibition, followed by diosmetin (37 % =+ 5) and flavone with 100 %. There-
fore, a trend correlating degradation to the toxicity was not evident (Fig. 5). As mentioned in the previous section, other studies inves-
tigating the toxicity of flavonoids towards algae did not monitor concentration changes of the test substances. However, we highly
recommend this to provide higher data quality and reliability.

3.6. Identification of flavonoid TPs

HPLC-UV/vis analysis of the algae growth inhibition test samples gave first indications of TPs and their relative course (supple-
ment section 2.5). Additionally performed HPLC-HRMS analysis revealed the presence of in total 25 TPs. The highest number of TPs
had morin with 12, followed by taxifolin with 11, eriodictyol with 8, quercetin with 7, tamarixetin with 6, dihydromyricetin with 5,
luteolin with 4 and myricetin with 3. Several times, the same TPs were found for more than one flavonoid parent compound.
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Fig. 4. Proposed general rules describing the influence of structural features on the degradation rate of flavonoids at the conditions of the algae growth inhibition
test. Structural features highlighted in blue decrease degradation rates (methoxy groups, C2-C3 single bond). Structural features highlighted in yellow increase
degradation rates (high number of free hydroxy groups, 3-OH, C2-C3 double bond).
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Fig. 5. Comparison of % algae growth inhibition (green) and % remaining concentration (grey) of the 11 selected flavonoids after 3 days. Starting concentration of
flavonoids = 5 mg/L. Data points represent average values with standard deviation displayed as error bars (n = 4). Concentrations of tamarixetin, taxifolin, and eri-
odictyol were below limit of quantification (LOQ). Concentrations of dihydromyricetin, morin, myricetin, quercetin, and luteolin were below limit of detection (LOD).
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Proposed structures of the TPs of the different flavonoids are shown in Table 2. Graphical representation of the proposed degrada-
tion pathway of each flavonoid are shown in the supplement (Figure SI 11- 18). The confidence of structure elucidation is expressed in
5 levels according to Schymanski et al. (level 1: confirmed structures, level 2: probable structure, level 3: tentative candidate, level 4:
unequivocal formula, level 5: exact mass) (Schymanski et al., 2014).

Confirmed structures (level 1) on the basis of MS, MS2, retention time (rt), comparison to a reference standard and partially verifi-
cation with HPLC-UV/vis data are 2,4,6-trihydroxybenzoic acid, 3,4-dihydroxybenzoic acid, 5,7-dihydroxychromone and 4-
hydroxybenzoic acid. 2,4,6-trihydroxybenzoic acid was found to be a TP of all 8 tested flavonoids. It was detected by UV/vis in sam-
ples of tamarixetin, quercetin, and morin (Figure SI 9, Table SI 7). This substance was previously reported as an oxidative degradation
product of quercetin and taxifolin (Sokolova et al., 2016). In the same study, TPs of luteolin were identified but in contrast to our
study, 2,4,6-trihydroxybenzoic acid was not among the found structures. This might be due to the different experimental conditions
including the solvent (aqueous potassium hydroxide solution vs. algae culture medium) and time points of sampling (< 24h vs. 72 h).
3,4-Dihydroxybenzoic acid was detected in eriodictyol, taxifolin, and quercetin samples. For quercetin, this was confirmed with UV/
vis detection (Figure SI 9, Table SI 7). This substance was previously reported as a TP of quercetin, luteolin, and taxifolin (Sokolova et
al., 2016). 5,7-Dihydroxychromone was found in eriodictyol, dihydromyricetin, and taxifolin samples. No fragments in the MS2 scans
were found in measurements of the reference standard and in the samples of this compound. For eriodictyol, the occurrence of 5,7-
dihydroxychromone was confirmed by HPLC-UV/vis (Figure SI 9, Table SI 7). This compound was identified as a TP of flavonoids for
the first time in this study.

4-Hydroxybenzoic acid was detected in samples of myricetin, quercetin, morin, taxifolin, and luteolin. This was confirmed with
UV/vis data only for morin samples, but the signal intensity was very low (Figure SI 9, Table SI 7). 4-Hydroxybenzoic acid was not re-
ported as a TP of a flavonoid before. Additionally, phloroglucinol was identified as a TP of morin by matching exact mass and reten-
tion time to a reference standard in the MS analysis. Due to an early elution from the column, analysis by UV/vis detection was aggra-
vated. Yet, this compound was only proposed as biodegradation product of flavonoids (Braune et al., 2001; Cooper and Rao, 1995).
Thus, the current study provides first evidence that phloroglucinol could also be formed abiotically from certain flavonoids.

Based on MS and MS2 data as well as parent compound information (level 2), 8 further structures were proposed. In analogy to the
detection of 3,4-dihydroxybenzoic acid in quercetin samples, a 153 m/z ion with the same fragmentation pattern was detected in
morin samples at 6.4 min. Since the only structural difference in the parent flavonoids is the hydroxy group pattern in the B-ring, it is
standing to reason that the TP found in morin is 2,4-dihydroxybenzoic acid (Figure SI 13 and 15). 2,4-Dihydroxybenzoic acid was also
found as a TP of morin treated with an enzyme-homogenate (Osman and Makris, 2011). TP-347 and TP-319 of tamarixetin are in line
with an oxidation pathway leading to a depside as proposed by Sokolova et al. (2016) (Figures SI 16). As mentioned in the introduc-
tion, degradation via depsides is an alternative degradation pathway to degradation via a benzofuranone derivative (Fig. 6) (Sokolova
et al., 2016). According to Sokolova et al. a 3-OH and a C2-C3 double bond are required structural features for the degradation via a
benzofuranone derivative (Sokolova et al., 2016). In disagreement with these conditions, such a derivative was found for taxifolin
(TP-317.1). However, it might be possible that taxifolin is oxidized to quercetin which subsequently transforms into TP-317.1
(Figures SI 14). Quercetin samples did not contain a TP with this m/z value indicating that it degraded fast. A benzofuranone deriva-
tive was proposed for morin with less confidence (TP-317.2). Additionally, isomers for the benzofuranone derivative of taxifolin and
morin were proposed (TP-317.3, TP-317.4). The general similarities of the results of this study to previously reported depsides and
benzofuranone derivatives support the idea of a general degradation pathway of flavonols and flavones via these intermediates inde-
pendently of the kind of aqueous solvent (Maini et al., 2012; Ramesova et al., 2012, 2014, 2015; Sokolova et al., 2012; Zenkevich and
Pushkareva, 2017) (Fig. 6).

TP-181.1 of quercetin and morin is most likely 1-benzofuranone-2,3,4,6-tetrol. It was not reported previously but could be built
from hydrolysis of a benzofuranone derivative (Fig. 6). Likewise, TP-197 is most likely (2,4,6-trihydroxyphenyl)(oxo)acetic acid. It
could be derived from oxidation and hydrolysis of TP-181.1. TP-197 was previously found as a TP of quercetin, fisetin, and taxifolin,
but not in luteolin, whose TPs were also investigated (Sokolova et al., 2016; Zenkevich and Pushkareva, 2017). In this current study,
TP-197 was found in 6 of the 8 tested flavonoids. The two exceptions are luteolin and eriodictyol, the only two fast degrading com-
pounds lacking a 3-OH. Therefore, (2,4,6-trihydroxyphenyl)(oxo)acetic acid seems to be an ubiquitous TP of flavonoids carrying a 3-
OH (Fig. 6).

TP-193 is most likely 2,5,7-trihydroxy-4H-chromen-4-one and was found in luteolin, eriodictyol, and dihydromyricetin samples. It
was reported as a TP of luteolin previously (Sokolova et al., 2016). The similar TP-195 was found in eriodictyol as well, but also in
quercetin, taxifolin, and tamarixetin. It might be 2,5,7-trihydroxy-2,3-dihydro-4H-1-benzopyran-4-one. Additionally, the eriodictyol
samples contained a signal (TP-285.1) matching the retention time and exact mass of luteolin. Although MS2 data was lacking for
confirmation, an oxidation of the C2-C3 single bond in eriodictyol to a double bond resulting in the structure of luteolin is likely
(Figure SI 18).

There were 10 potential TPs for which the structure remains tentative due to lacking MS2 data. Three were already mentioned
above (TP-317.2-0.4). TP-285.2 of eriodictyol could be the chinone derivative resulting from the oxidation of the catechol moiety in
eriodictyol (Figure SI 18). In the morin samples two C15H1107 isomers were detected, and possible structures proposed (TP-303.1-
2). The building of these substances from morin requires a reductive addition of hydrogen. TP-271 found in eriodictyol, taxifolin, and
morin samples could be a flavonoid with a C2-C3 single bond and three hydroxy groups but their position is unclear. A possible iso-
mer is shown in Table 2. Analogously, TP-269 found only in luteolin could be a flavonoid with a C2-C3 double bond and three hy-
droxy groups. TP-211 was found in morin and tamarixetin samples. It is the third TP comprising a C9 skeleton, but other than TP-195
und TP193 it has an additionally hydroxy group. These 5 TPs (TP-303.1-2, TP-271, TP-269, TP-211) are neither in agreement with
the established degradation pathway via depsides and/or benzofuranone derivatives nor with the here proposed formation of 5,7-
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Table 2

Overview of proposed TPs. Characteristics as the retention time (rt), the m/z value (negative mode) and ion formula of the molecular ion, as well as the m/z values and ion formulars of fragmentation ions are given for each
TP. Confidence of the structure elucidation is expressed by Schymanski levels 1-5 for each TP in regard of the corresponding parent flavonoid individually (Schymanski et al., 2014). Level 1: confirmed structures, level 2:
probable structure, level 3: tentative candidate, level 4: unequivocal formula, level 5: exact mass. N.d. is stated when the TP was not detected. Deviations from Schymanski criteria are shown by letters in superscript: * lacking
MS2 data, either due to low signal intensity of precursor ion, no fragmentation of precursor ion took place, or fragments had m/z < 70 Da.

# Name RT M/Z Formula FragmentationM/Z AND Myricetin Dihydro- Quercetin Morin Taxifolin Tama- Luteolin Eriodictyol Proposed structure
[MIN] [M - -H] (FORMULA) myricetin rixetin
1 2,4,6- 7.8 169.0137 C7HS505 151 (C7H304), 125 1 1 1 1 1 1 1? 1? HO. OH
Trihydroxybenzoic (C6H503) q{ oH
acid*
OH ©
2 3,4-Dihydroxy-benzoic 4.6 153.0188 C7H504 109 (C6H502) n.d. n.d. 1 n.d. 17 n.d. n.d. 1?

o]
acid HOQ/I\
OH
HO'
3 5,7-Dihydroxy- 7.6 177.0188 C9H504 n.d. 1? n.d. nd. 1% n.d. n.d. 1? HO o
chromeone m
\

OH O
4 4-Hydroxy-benzoic acid 5.6 137.0242 C7H503 93 1? n.d. 1 1 1 n.d. 1? n.d. o
ﬁ°”
HO
5 Phloro-glucinol 2.6 125.0234 C6H503 n.d. n.d. n.d. 1° n.d. n.d. n.d. n.d. OH
HO/©\OH
6 2,4-Dihydroxy-benzoic 6.4 153.0181 C7H504 109 (C6H502) n.d. n.d. n.d. 2 n.d. n.d. n.d. n.d. OH ‘C"
acid /@AOH
HO
7 TP-347 11.2 347.0405 C16H1109 275;179; 151 n.d. n.d. n.d. n.d. n.d. 2 n.d. n.d. o Sy on
Ho. _o. Aon
o o
8 TP-319 8.1 319.0455 C15H1108 169 n.d. n.d. n.d. n.d. n.d. 2 n.d. n.d. o 1 O,
HO. 0. A on
o o
9 TP-317.1 7.7 317.0298 C15H908 299, 179, 137 n.d. n.d. n.d. n.d. 2 n.d. n.d. n.d. Ho. o 1 o
CLaCL,
OH °
10 TP-317.2 7.2 317.0298 C15H908 — n.d. n.d. n.d. 3 n.d. n.d. n.d. n.d. o .8
Wl
OH o
11  TP-317.3 8.2 317.0298 C15H908 — n.d. n.d. n.d. n.d. 3 n.d. n.d. n.d. ON o
HO. 0.
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Table 2 (continued)

# Name RT M/Z Formula FragmentationM/Z AND Myricetin Dihydro- Quercetin  Morin Taxifolin Tama- Luteolin Eriodictyol Proposed structure
[MIN] [M - -H] (FORMULA) myricetin rixetin
12 TP-317.4 7.9 317.0298 C15H908 — n.d. n.d. n.d. 3 n.d. n.d. n.d. n.d.
o o
13 TP-197 5.8 197.0082 C8H506 153,151, 125 2 2 2 2 2 2 n.d. n.d. OH O
| OH
|
o
HO OH
14  TP-193 8.5 193.0135 C9H505 149 n.d. 2 n.d. n.d. n.d. n.d. 2 2 HOWOH
|
OH ©
15 TP-195 6.5 195.0289 C9H705 167,123 n.d. n.d. 2% n.d. 2? 2 n.d. 2 HO\(;;?/OH
OH ©
16  TP-181.1 6.6 181.0131 C8HS505 137,109 n.d. n.d. 2 2 n.d. n.d. n.d. n.d. Ho o]
on
on  OH
17  Luteolin (TP-285.1) 8.7 285.0400 C15H906 — n.d. n.d. n.d. n.d. n.d. n.d. parent flavonoid 2%
detected
18 TP-303.1 7.1 303.0505 C15H1107 — n.d. n.d. n.d. 3 n.d. n.d. n.d. n.d. Ho. o
HO. 0. O
J
OH
OH OH
19 TP-303.2 8.6 303.0505 C15H1107 — n.d. n.d. n.d. 3 n.d. n.d. n.d. n.d. Ho- o
HO. 0. O
oH
OH o
20 TP-285.2 8.4 285.0400 C15H906 — n.d. n.d. n.d. n.d. n.d. n.d. n.d. 3 °
oo L]
SO
HO o
21 TP-271 8.8 271.0605 C15H1105 —- n.d. n.d. n.d. 3 3 n.d. n.d. 3 A
ND\[,\/O “ !
(]
22 TP-269 9.1 269.0450 C15H905 — n.d. n.d. n.d. n.d. n.d. n.d. 3 n.d. o o
HO A O
Tg J
LT
23 TP-211 6.7 211.024 C9H706 — n.d. n.d. n.d. 3 n.d. 3 n.d. n.d. HO. 0. OH
O
OH o]
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Table 2 (continued)
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# Name RT M/Z Formula FragmentationM/Z AND Myricetin Dihydro- Quercetin Morin Taxifolin Tama- Luteolin Eriodictyol Proposed structure
[MIN] [M - -H] (FORMULA) myricetin rixetin
24  TP-137 5.4 137.0234 C7H503 — n.d. n.d. n.d. n.d. 3 n.d. n.d. n.d.
HO
H
HO

25 TP-181.2 4.5 181.0131 C8H505 — n.d. 4 4 n.d. 4 n.d. n.d. n.d.
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R' = H/OH R'=OH
+2/150, | -CcO +HO | “2¢
. 2 2 2 -2 H*
R4
OH
0
HO 0
R3
OH R°
OH O depside benzofuranone derivative R’ OH
+H,0 +H,0
4 4
HO OH R HO - R
OH OH
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+050, e}
-CO, OH
OH O
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Fig. 6. Pathway of oxidative degradation of flavonols and flavones either via a depside or a benzofuranone derivative to benzoic acid derivatives based on the pathway
suggested by Sokolova et al., (2016).

dihydroxychromone from flavonoids with a C2-C3 single bond (Figures SI 14-18)). Thus, these results raise the question if further re-
actions pathways exist. However, a detailed elucidation of all possible degradation pathways is beyond the scope of this study.

An isomer of 4-hydroxybenzoic acid was found in the taxifolin samples. Retention time differed from the reference standards 4-
and 3-hydroxybenzoic acid. In line with Sokolova et al., we propose 3,4-dihydroxybenzaldehyde as a tentative structure (Sokolova et
al., 2016).

In addition, one MS signal for which no structure could be proposed based on the obtained information was detected. An isomer of
TP-181.2 was found at a retention time of 4.5 min in samples of dihydromyricetin, quercetin, and taxifolin.

These results obtained from measurement of algae growth inhibition test samples were in very good agreement with control sam-
ples without algae cells. All signals of the TPs except one were found in samples with and without algae. 4-hydroxybenzoic acid was
not detected in controls of luteolin and myricetin. However, the signal intensity was low in samples with algae of these compounds
and slight differences in concentration may lead to the missing of this signal in the control samples. The occurrence of the same TPs in
samples with and without algae is further supporting our results that the flavonoids degraded abiotically and, hence, the found TPs
represent abiotic TPs.
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In summary, this study confirmed and extended knowledge on the flavonoid TPs formed under oxidative conditions in aqueous so-
lution. In this study, TPs of eriodictyol, tamarixetin, and dihydromyricetin were identified for the first time. Furthermore, this is the
first study that investigates degradation of flavonoids and formation of TPs during an algae growth inhibition test. Identification of
some TPs with very high confidence (level 1) was feasible because flavonoids partially degrade to known phenol and chromone deriv-
atives which are available as reference standard. Most TPs identified at the algae growth inhibition test conditions are in agreement
with previous studies on the oxidative degradation of flavonoids and found TPs (Osman et al., 2008; Sokolova et al., 2016; Zenkevich
and Pushkareva, 2017). Thus, this study adds to the evidence that degradation via depsides and/or benzofuranone derivatives is the
major abiotic degradation pathway of flavonoids. Beyond the proposed degradation pathway by Sokolova et al. (2016), we suggested
a continuative degradation pathway for the formation of (2,4,6-trihydroxyphenyl)(oxo)acetic acid (TP-197), 2,4,6-trihydroxybenzoic
acid, and dihydroxybenzoic acids (Fig. 6). Moreover, 5,7-dihydroxychromone was identified as a TP of certain flavonoids for the first
time. Based on the comparison of the 8 tested flavonoids, three rules for TP formation could be derived. Firstly, 2,4,6-
trihydroxybenzoic acid seems to be a universal TP of all flavonoids. Secondly, a 3-OH groups seems necessary for the formation of
(2,4,6-trihydroxyphenyl)(oxo)acetic acid (TP-197). Thirdly, 5,7-dihydroxychromone seems to be only formed by flavonoids with a
C2-C3 single bond.

3.7. Fate of selected flavonoid TPs during the algae growth inhibition test

Identified TPs were, if possible, purchased as pure substance and subjected to the algae growth inhibition test. In addition to 2,4,6-
trihydroxybenzoic acid, 3,4-dihydroxybenzoic acid, 4-hydroxybenzoic acid, and 5,7-dihydroxychromone, 4-hydroxyphenylglyoxylic
acid was tested due to its oxo-acid structural feature also present in TP-197. The least toxic substance together with 4-
hydroxyphenylglyoxylic was 2,4,6-trihydroxybenzoic acid, the common TP of all tested flavonoids (Table 3).

Both substances led to a growth inhibition about 20 % at a concentration of 100 mg/L. Due to the very low toxicity, ECs, values
were not determined. The toxicity of the other substances was higher with ECs, values ranging from 641 to 34 pM (89-6.1 mg/L). 4-
Hydroxybenzoic acid with an ECsq value of 641 pM is far less toxic than all tested flavonoids. It is very unlikely that it contributes to
the observed growth inhibition because it could not have been generated from the flavonoid parent compound concentration in quan-
tities close to its ECsy value. 3,4-Dihydroxybenzoic acid is less toxic than its parent flavonoids, respectively taxifolin, morin,
myricetin, quercetin, and luteolin by a factor of 3-24. It must be noted that the validity criteria of a maximal pH shift of 1.5 units was
violated when high concentration of benzoic acids were tested. Not optimal growth conditions could, therefore, influence the results.
5,7-Dihydroxychromone, the most toxic of the tested TPs, is less toxic than its parent flavonoids eriodictyol by a factor of 14 and
slightly less toxic than its parent flavonoids taxifolin and dihydromyricetin by a factor of 1.3 and 1.8, respectively.

Based on the assumption that only 5,7-diyhdroxychromone gave rise to the peak at 8.7 min in the UV/vis-Chromatogram of eriod-
ictyol (Figure SI 9), the concentration of this compound at the end of the algae growth inhibition test was 1.6 pM. At this concentra-
tion, no adverse effect on the growth of R. subcapitata is expected. The lowest concentration tested for the dose-response curve was
2.2 pM leading to growth inhibition of —2.4 % =+ 1.6 (SI Fig. 19).

These findings strongly indicate that the growth inhibition effect of the single tested TPs is not strong enough to cause the toxicity
observed for flavonoids that degrade during the algae growth inhibition test. Although not all identified TPs could be tested, due to
their broad structural similarity to either the parent flavonoid or tested TPs as well as their low concentrations, it seems unlikely that
a single TP is responsible for the observed toxicity. Therefore, it can be assumed that the toxicity of degrading flavonoids is caused by
a mixture of the flavonoid parent compound and several formed TPs. These findings correspond to rising concerns in environmental
risk assessment on the toxicity of mixtures of synthetic chemicals and their TPs (Boxall et al., 2004; Escher and Fenner, 2011;
Kortenkamp and Faust, 2018; Neuwoehner et al., 2010).

Furthermore, analysis of peak areas of purchased TPs during the algae growth inhibition test revealed a decrease of 3,4-
dihydroxybenzoic acid and 2,4,6-trihydroxybenzoic acid (Table 3). On the contrary, 4-hydroxybenzoic acid and 5,7-
dihydroxychromone could be end products since their concentration was constant during the test period of 3 days. Interestingly, the
concentration of 4-hydroxyphenylglyoxylic acid was also constant strongly indicating that no decarboxylation took place.

This study is the first to report algae growth inhibition induced by 5,7-dihydroxychromone and 4-hydroxyphenylglyoxylic acid.
More knowledge is available for benzoic acids. The observed toxicity of benzoic acids in this study differs from previously reported
data. Lee et al. found 2,4,6-trihydroxybenzoic acid the most toxic in comparison to 20 other benzoic acids with an ECg, value of
1.93 mg/L (Lee and Chen, 2009). In contrast, 2,4,6-trihydroxybenzoic acid was among the least toxic substances in this study with
only 20 % growth inhibition at 100 mg/L. ECgq value reported for 3,4-dihydroxybenzoic acid by Lee et al. and Kamaya et al. are 726
and 6 mg/L, respectively (Kamaya et al., 2004; Lee and Chen, 2009). The ECs, value of 12 mg/L obtained in this study is close to the

Table 3
Algae growth inhibition of identified TPs and 4-hydroxyphenylglyoxylic acid. ECs, values (average value, n = 4 with standard deviation (SD)) is given in mg/L and
uM. %Inhibition (average value, n = 4 with standard deviation (SD)) at 100 mg/L is given for substances with ECs, values > 100 mg/L.

ECso-Wert [mg/L] / %Inhibition at 100 mg/L ECso-Wert [uM] Y%(area,ys/areagayo)
4-hydroxybenzoic acid 89 =2 641 * 12 106 = 6
3,4-dihydroxybenzoic acid 12 £ 2 78 + 10 19 =3
2,4,6-trihydroxybenzoic acid 20% = 7 57 5
5,7-Dihydroxychromone 6.1 = 0.4 342 108 = 2
4-hydroxyphenylglyoxylic acid 23% = 7 109 = 13
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result of Kamaya et al. These studies reported ECs values for 4-hydroxybenzoic acid as 355 and 1367 mg/L (Kamaya et al., 2004; Lee
and Chen, 2009). The low growth inhibition observed for 4-hydroxybenzoic acid in this study is supporting these findings.

Differences in the toxicity of benzoic acid may be due to differences in pH, nutrient content of the culture media and different
degradation rates of the benzoic acid at the different test conditions. Firstly, influences of the pH on the toxicity of benzoic acids to-
wards algae was reported previously (Lee and Chen, 2009). The current study was performed at pH 8.1 while Lee et al. used pH 6.5
and Kamaya et al. used pH 7.45. Based on the hypothesis that deprotonated, ionic species are less toxic because their membrane per-
meability is decreased, less toxicity can be expected for higher pH values (Muccini et al., 1999; Zhao et al., 1996, 1998). The ratio of
deprotonated and protonated species of 2,4,6-trihydroxybenzoic acid and 3,4-dihyroxybenzoic acid for the pH values of the different
studies is shown in the supplement (Table SI 8).

The high amount of deprotonated 2,4,6-trihydroxybenzoic acid may be the reason for its low toxicity observed in this study. Ac-
cordingly, the weaker acid 3,4-dihydroxybenzoic acid was found more toxic in this study. The slightly higher toxicity of 3,4-
dihydroxybenzoic acid found by Kamaya et al. is further in line with this explanation since at pH 7.5 the base-acid ratio is smaller
than at pH 8.1. Differences to the study of Lee et al. cannot be explained by differences in the pH. Secondly, nutrient content can have
an effect on toxicity (Kamaya et al., 2004). OECD medium and the algae culture medium of the Environmental Protection Agency
(EPA) used by Lee et al. and Kamaya et al. differ in regard of nutrient concentrations and form of nitrogen source. In addition, man-
ganese ions are not added to the EPA medium (USEPA, 2012). Thirdly, degradation of test substances could further limit the exposure
time. Lee et al. did not monitor the concentration of the benzoic acids during their toxicity test (duration = 2 days). Kamaya et al.
found the concentration of benzoic acids to be constant during the test (duration = 3 days). This result is in disagreement with the
decreases of concentrations of 3,4-dihydroxybenzoic acid and 2,4,6-trihydroxybenzoic acid observed in this study. However, degra-
dation could also be influenced by medium constitution and pH. In summary, the current study adds to knowledge on benzoic acid by
reporting ECs, values obtained according to the OECD guideline 201 and provides further evidence that their toxicity depends on pH
and medium composition.

3.8. Evaluation of ecotoxicity

The chosen combination of an algae growth inhibition test with HPLC-UV/vis and HPLC-HRMS provided new insights on the ef-
fect of flavonoids on algae growth. The miniaturized algae growth inhibition test proved to be a robust method for high throughput-
determination of ECs, values. However, the testing of flavonoids is limited due to their low solubility at the algae growth inhibition
test conditions. Still, it was possible to determine ECs, values of 13 out of 26 selected flavonoids.

Due to the lacking efficacy, flavonoids seem to be unsuited as algaecides. On the other hand, this also suggests a low ecotoxicity.
However, toxicity data towards other test organisms such as daphnia species is needed. So far, only isoflavonoids caught attention of
environmental scientists due to their estrogenic activity. Adverse effect of some isoflavonoids on fish were summarized by Jarosové et
al. (2015). Nevertheless, they concluded that reported environmental concentrations in surface water are lower than calculated low-
est observable effect concentrations except for contaminated sites close to e.g., fruit processing industry or paper mills (Jarosova et
al., 2015). Isoflavonoids tested in the current study precipitated in the algae culture medium. It is, therefore, likely that they would
not reach toxic concentrations in the environment.

This current study went beyond the investigation of toxicity and studied the fate of the flavonoids at the toxicity test conditions. In
a first step, we provided evidence that no metal complexes are formed by the flavonoids and metals of the algae culture medium. Still,
it is possible that flavonoid metal complexes form in the environment and change the toxicity (Kasprzak et al., 2015; Panhwar and
Memon, 2011; Wang et al., 1992). Secondly, the concentration of most flavonoids during the test could be measured easily with
HPLC-UV/vis, a standard technique to investigate flavonoids (Szultka et al., 2013). The observed degradation of 8 of the 11 selected
flavonoids emphasizes the importance to monitor the concentration of flavonoids during bioassays to gain a better understanding of
the found effects. Based on the low growth inhibition of four identified TPs and a structural closely related compound, which could be
purchased and tested as single substances, we hypothesize that the observed growth inhibition of degrading flavonoids is caused by
the mixture of the flavonoid parent compound and formed TPs. To develop a better understanding of the growth inhibition of algae by
flavonoids, additional studies are needed to identify molecular targets of flavonoids and their TPs. Additionally, it remains to be in-
vestigated if slowly degrading flavonoids like flavone, hesperetin, and diosmetin have a different mode of action than fast degrading
flavonoids.

The fast degradation of most flavonoids observed in this study and the low toxicity of formed TPs suggest low environmental risks.
However, since environmental conditions may severely differ from the algae growth inhibition test in e.g., availability of metal ions,
oxygen concentration and exposure to sunlight further research is required to fully understand impacts of flavonoids in the environ-
ment.

4. Conclusions

This study set out to deepen the understanding of adverse effects on algae induced by flavonoids to allow a better evaluation of
their potential as benign substitutes for synthetic chemicals. By combining an algae growth inhibition test with further analytical in-
vestigation of the fate of 11 selected flavonoids at the test conditions, this study provides new insights into flavonoids’ toxicity to-
wards algae, their instability, and the contribution of TPs. This study was the first to determine ECs values of flavonoids according to
the OECD guideline 201 and to compare the obtained results to the commercial algaecides terbutryn and diuron. The observed mod-
erate toxicity of tested flavonoids towards R. subcapitata provides a solid, standardized knowledge foundation for further ecotoxicity
assessment.
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Adding to the very limited data on flavonoids stability in cell culture media (Maini et al., 2012; Xiao and Hogger, 2015), this study
found 8 of 11 tested flavonoids to degrade fast and identified in total 25 different TPs. These results confirmed and extended knowl-
edge on structural features which influence degradation rates and the formation of certain TPs.

Due to the moderate toxicity, fast degradation and the found lower toxicity of TPs, flavonoids may provide substitutes with re-
duced ecotoxicity for more harmful synthetic chemicals. Still, an understanding of the mechanism of action of flavonoids at the mole-
cular level and information on the environmental fate are needed for a holistic risk assessment.

The methodical approach of this study can be transferred to all kinds of bioactivity tests with flavonoids and be useful to establish
structure-activity relationships that take the stability into account. The variety of structural features present in flavonoids could be ex-
ploited to tune their properties. Slowly degrading flavonoids with low toxicity towards algae, like hesperetin, may be promising can-
didates for pharmaceuticals with low ecotoxicity.
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Material and Methods — additional information

Chemicals, Solvents and OECD Algae Culture Medium

List of purchased flavonoids, their CAS numbers, vendors, and purity.

substance CAS number vendor purity
flavone 525-82-6 Sigma Aldrich >99%
3-hydoxyflavone 577-85-5 abcr chemie 98%
7-hydroxyflavone 6665-86-7 abcr chemie 98%
5-hydroxyflavone (primuletin) 491-78-1 alfa aeser 297%
chrysin
480-40-0 abcr chemie 98%
(5,7-dihydroxyflavone)
97%
7,4'-dihydroxyflavone 2196-14-7 abcr chemie
3,5-dihydroxyflavone 6665-69-6 abcr chemie 98%
2150-11-0 98%
7,3',4'-trihnydroxyflavone abcr chemie
apigenin 520-36-5 TCI Deutschland GmbH 98%
naringenin 67604-48-2 alfa aeser 297%
acacetin 480-44-4 TCI Deutschland GmbH 98%
fisetin 528-48-3 abcr chemie 98%
luteolin 491-70-3 abcr chemie 97%
eriodictyol 552-58-9 ACROS 294%
diosmetin 520-34-3 Sigma-Aldrich 298%
hesperetin 520-33-2 abcr chemie 97%
654055-01-3
morin hydrate (morin) Sigma Aldrich not specified
(480-16-0)
quercetin 117-39-5 Sigma Aldrich 295%
taxifolin 480-18-2 95%
tamaritexin 603-61-2 abcr chemie 99%
myricetin 529-44-2 TCI Deutschland GmbH >97%




dihydromyricetin 27200-12-0 abcr chemie 95%
gossypetin 489-35-0 abcr chemie not specified
genistein 446-72-0 TCI Deutschland GmbH 98%
formononetin 485-72-3 Sigma Aldrich >99%
daidzein 486-66-8 Cayman Chemical >95%
3-hydroxybenzoic acid 99-06-9 TCI Deutschland GmbH > 99%
4-hydroxybenzoic acid 99-96-7 TCI Deutschland GmbH > 99%
3,4-dihydroxybenzoic acid 99-50-3 TCI Deutschland GmbH > 98%
2,4,6-trihydroxybenzoic acid 83-30-7 TCI Deutschland GmbH not specified
5,7-dihydroxychromone 31721-94-5 abcr chemie not specified
phloroglucinol 108-73-6 Sigma Aldrich > 99%
3,5-diphlorophenol 591-35-5 Sigma Aldrich 97%
analytical
terbutryn 886-50-0 Sigma Aldrich
standard
analytical
diuron 330-54-1 Sigma Aldrich
standard
DMSO Sigma Aldrich
methanol VWR LC-MS grade

Composition of the OECD medium and its stock solutions.

concentration final concentration
stock solutions nutrient
in stock solution in medium

NH4CI 154/ 15 mg/l
MgClI * 6H20 1.2/ 12 mg/l

Stock solution 1:
CaClz* 2H20 1.8 4/l 18 mg/l

macro nutrients
MgSO0s4 * 7H20 154/ 15 mg/l
KH2POq4 0.16 g/l 1.6 mg/l




Stock solution 2: FeCls * 6H20 64 mg/l 64 ugll
Fe-EDTA NaEDTA * 2H20 100 mgl/l 100 pgl/l
H3BOs 185 mgl/l 185 pgl/l
MnCl2 * 4H20 415 mgl/l 415 pg/l

Stock solution 3: ZnClz 3 mg/l 3 pg/l
trace elements CoCl2* 6H20 1.5 mg/l 1.5 ugl/l
CuClz* 2H20 0.01 mg/I 0,01 pg/l

Na:MoOa4 * 2H20 7 mg/IP 7 ugll

Stock solution 4: NaHCOs
50 g/l 50 mg/l
bicarbonate

Concentration determination with HPLC-UV/vis
Quantification wavelength and limit of detection and quantification of the 9 selected, quantifiable flavonoids

analyzed with HPLC-UV/vis.

Flavonoid | Wavelength for | Limit of detection | Limit of quantification
quantification [nm] [mg/L] [mg/L]
Luteolin 350 0.48 1.67
Morin 350 0.16 0.56
Taxifolin 290 0.21 0.75
Hesperetin | 290 0.24 0.86
Tamarixetin | 370 0.23 0.80
Diosmetin | 350 0.19 0.69




Eriodictyol | 290 0.31 1.09
Quercetin 370 0.61 2.20
Flavone 300 0.35 1.21

ESI-MS/MS Parameters

Settings of ESI source and mass spectrometer.

sheath gas flow 80

aux gas flow 35
sweep gas flow 3
spray voltage (positive mode) | 4 kV
spray voltage (negative mode) | 3.5 kV
capillary temperature 260 °C
aux gas heater temperature 390 °C

sCan range

50 to 750 m/z

collision energy (stepped)

10, 50, 100




Results — additional information

Validation of algae growth inhibition test in 24 well plates
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Comparison of dose-response curves for 3,5-dichlorophenol derived using either 250 mL Erlenmeyerflasks (blue,
n=3) or 24 well-plates (orange, n=4)). For the highest two concentrations, cell density was below limit of
quantification and consequently inhibition was set to 100%. Average values with standard deviation (SD) displayed

as error bars are given. Dotted lines represent linear regression used to calculate ECso values.

Comparison of ECso values for 3,5-dichlorophenol derived using either 250 mL Erlenmeyerflasks (n=3) or 24 well-

plates (n=4). Average values of replicates and standard deviation (SD) are given.

test vessel

250 mL Erlenmeyer flasks 24 well plates

ECso [mg/L] 2.89 + 0.04 2.88 +0.01




Dose-response curves of flavonoids and additional information on mixtures
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Dose-response curves of the two algaecides terbutryn and diuron and 6 flavonoids. Data points represent

average values (n=4) with standard deviations (SD) displayed as error bars. Dotted lines represent the linear

regression used for ECso value determination.
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Dose-response curves of 10 flavonoid mixtures. Data points represent average values (n=4) with standard

deviations (SD) displayed as error bars. Dotted lines represent the linear regression used for ECso value

determination.



Overview of theoretical and experimentally derived ECso values of flavonoid mixtures (n=4). Average values with

standard deviation (SD, n=4) of experimentally derived results are given.

ECso0 in mg/L ECsoin mg/L
mixture

(calculated based on dose addition) | (experimentally derived)
luteolin-eriodictyol 0.81 0.72 £ 0.07
luteolin-quercetin 1.42 1.10 £ 0.09
luteolin-morin 1.57 2.64 £0.16
luteolin-taxifolin 1.68 0.73+0.18
luteolin-hesperetin 1.8 0.95+0.21
quercetin-morin 3.63 3.50+0.5
quercetin-taxifolin 4.28 45+1
quercetin-hesperetin 5.15 4.0+0.7
taxifolin-hesperetin 11.85 8.40 £ 0.63
luteolin-hesperetin-taxifolin | 2.45 1.08 £ 0.12




Spectral characterization of flavonoids and incubator light
source
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Comparison of absorption spectra of 11 selected flavonoids in algae culture medium (darker color shade) and

sodium carbonate puffer (lighter color shade). First four graphs show compound pairs that only differ in C2-C3

saturation.

Comparison of the absorption spectra of flavonoids solved in algae culture medium and an
equivalent buffer solution without metal ions except sodium (595 uM) revealed that metal ions
which are constituents of the algae culture medium like Ca?* (122 uM), Mg?* (59 uM), Fe3* (0.2
pM), Cu?* (6 x 10-° uM) had no influence on the absorption spectra (S| Fehler! Verweisquelle
konnte nicht gefunden werden.). Metal complexation was reported to result in a

bathochromic shift of the absorption maxima'2. Therefore, our results indicated that at the



conditions of the algae growth inhibition test no metal complexes were formed. Former algae
growth inhibition studies did not investigate if metal complexes with the tested flavonoids

occurred.
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Comparison of absorption spectra of 11 flavonoids to the emission spectrum of the algae incubator light source.

Comparison to the emission spectrum of the light source of the algae incubator to the
absorption spectra of flavonoids showed no overlap with the spectra of eriodictyol, hesperetin,
taxifolin, dihydromyrcetin, and flavone, while minor overlap with the spectra of luteolin,
quercetin, tamarixetin, myricetin, morin and diosmetin in a range of 410 to 460 nm occurred
(SI Fehler! Verweisquelle konnte nicht gefunden werden.). Therefore, direct photolysis of
eriodictyol, hesperetin, taxifolin, dihydromyricetin and flavone can be excluded. The other
flavonoids luteolin, quercetin, tamarixetin, myricetin, morin and diosmetin may be subjected to
photolysis at the algae growth inhibition test conditions. However, studies that observed
photolysis of flavonoids mostly used light sources with emission spectra ranging from 290 to
400 nm3-5. Only Chaaban et al. used a climate cell with lighting from 390 to 750 nm®. The type
of information given on irradiation intensity differs. Thus comparison is hindered3-%. Moreover,
the algae cells present in the algae growth inhibition test also absorb light and may protect the

flavonoids from irradiation. Due to the minimal spectral overlap, low photon flux, probably low



exposure to irradiation, we assume that direct photolysis has a negligible impact on the tested
flavonoids during the algae growth inhibition test and auto-oxidation is the main cause of

possible degradation.
1 M. M. Kasprzak, A. Erxleben and J. Ochocki, RSC Adv., 2015, 5, 45853—-45877.
2 Q. K. Panhwar and S. Memon, J. Coord. Chem., 2011, 64, 2117-2129.

3 G. J. Smith, S. J. Thomsen, K. R. Markham, C. Andary and D. Cardon, J. Photochem.

Photobiol. A Chem., 2000, 136, 87—91.
4 S. Dall’Acqua, G. Miolo, G. Innocenti and S. Caffieri, Molecules, 2012, 17, 8898-8907.

5 A. Rajnochova Svobodova, A. RySava, M. Psotova, P. Kosina, B. ZaleSak, J. Ulrichova

and J. Vostalova, Photochem. Photobiol., 2017, 93, 1240-1247.

6 H. Chaaban, I. loannou, C. Paris, C. Charbonnel and M. Ghoul, J. Photochem.

Photobiol. A Chem., 2017, 336, 131-139.

Degradation of Myricetin and Dihydromyricetin
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Representative chromatograms (370 nm) of a myricetin standard in DMSO (black) and a myricetin sample at day

0 of the algae growth inhibition test (gray). Standard and sample had an initial concentration of 5 mg/L.
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Representative chromatograms (290 nm) of a dihydromyricetin standard in DMSO (black) and diyhdromyricetin
sample at day 0 of the algae growth inhibition test (gray). Standard and sample had an initial concentration of 5

mg/L.

HPLC-UV/vis analysis of transformation products

Chromatograms of luteolin and taxifolin showed several peaks with very low intensities, while
the chromatograms of the other flavonoids displayed larger signals that allowed
characterization based on retention time and absorption maxima (Table S| 6). Most of these
TP signals increased in intensity until day 3 (Figure SI 15). Exceptions were TP-5.0/5.3 (signals
of two compounds overlap) of quercetin where signal intensity peaked at day 1 and TP-5.1 of
myricetin displaying a rather constant signal intensity from day 1 till day 3 after an initial

increase. HPLC-UV/vis analysis enabled preliminary structure elucidation (Table Sl 6).

A calibration curve of 5,7-Dihydroxychromatogram was recorded to quantify the peak areas of

this TPs at the end of the algae growth inhibition test.
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test (72 h). Black arrows indicate retention time of parent compound. 2,4,6-THBA = 2,4,6-trihydroxybenzoic acid,

3,4-DHBA = 3,4-dihydroxybenzoic acid, 4-HBA = 4-hydroxybenzoic acid, 5,7-DHC = 5,7-Dihydroxychromone.



Characterization of HPLC-UV/vis signals of TPs by retention time (rt) and absorption maxima (Amax). Based on

comparison with standard compounds a structure is suggested for some TP-Signals. Quercetin signals with rt of

5.0 and 5.3 min overlap.

Amax [nm]
parent compound TP name  rt [min] structure suggestion
1 2 3
dihydromyricetin TP-5.1 5.1 290
myricetin TP-5.1 5.1 290 - -
TP-7.4 7.4 283
eriodictyol
8.8 256 280 5,7-dihydroxychromone
TP-6.2 6.2 280 312 <250
tamarixetin 7.3 255 289 2,4,6-trihydroxybenzoic acid
TP-9.3 9.3 260
TP-5.3 5.3 290
TP-5.9 5.9 281 313
4-hydroxybenzoci acid
morin 6.5 255
(low signal intensity)
7.2 253 292 2,4,6-trihydroxybenzoic acid
TP-8.5 8.5 292
TP-5.0 5.0 259 293 3,4-dihydroxybenzoic acid
TP-5.3 5.3 292
quercetin
7.3 256 291 2,4,6-trihydroxybenzoic acid

TP-8.7 8.7 259
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Concentration decrease of parent flavonoids (left axis, green) and relative course of TPs depicted as peak area
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Proposed degradation pathways of the 8 degrading flavonoids
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Identified TPs of myricetin and proposed degradation pathway. Structures in brackets represent proposed
intermediates but were not detected. 2,4,6-THBA = 2,4,6-trihydroxybenzoic acid; 4-HBA = 4-hydroxybenzoic acid.

The reaction pathway leading to 4-HBA remains unclear.
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Identified TPs of dihydromyricetin. 2,4,6-THBA = 2,4,6-trihydroxybenzoic acid, 5,7-DHC = 5,7-
dihydroxychromene. The structure of TP-181.2 remains unclear. No degradation pathway could be derived from

the obtained information on TPs.
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Identified TPs of quercetin and proposed degradation pathway. The formation of two TPs remains unclear. The

structure of TP-181.2 remains unclear. 2,4,6-THBA = 2,4,6-trihydroxybenzoic acid, 3,4-DHBA = 3,4-

dihydroxybenzoic acid.




TPs with unkown reaction pathway
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Identified TPs of taxifolin and proposed degradation pathway. Degradation via a benzofuranone derivative after
oxidation to quercetin and via a depside result in the same end products. 2,4,6-THBA = 2,4,6-trihydroxybenzoic

acid, 3,4-DHBA = 3,4-dihydroxybenzoic acid, 5,7-DHC = 5,7-dihydroxychromone. The formation of 6 TPs remains
unclear.



TPs with unkown reaction pathway
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Identified TPs of morin and proposed degradation pathway. 2,4,6-THBA = 2,4,6-trihydroxybenzoic acid, 2,4-DHBA

= 2,4-dihydroxybenzoic acid, 4-HBA = 4-hydroxybenzoic acid. The formation of 5 TPs remains unclear.
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Dose-response curves of flavonoid-TPs
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Dose-response curves of the flavonoid TPs 4-hydroxybenzoic acid (4-HBA), 3,4-dihydroxybenzoic acid (3,4-
DHBA) and 5,7-dihydroxychromone (5,7-DHC). Data points represent average values (n=4) with standard
deviation (SD) displayed as error bars. For, 3,4-dihydroxybenzoic acid, the fist (grey) and second run (black) were

performed with slightly adjusted concentrations.

Acid-base ratios of hydroxybenzoic acids at different pH

Base Acid ratio (A-/HA) at pH values of this study and the study of Kamaya et al. and Lee et al. *values obtained

from SciFinder (Calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02 (© 1994-2023

ACD/Labs).

pH Base acid ratio (A7HA)

2,4,6-trihydroxybenzoic acid 3,4-dihydroxybenzoic acid

Ka=1.62"*

(pKa ) (PKa = 4.5 %)
8.1 3.0 x 10° 4.0 x 10°
75 7.6 x 10° 1.0 x 10°

6.5 7.6 x 104 1.0 x 102
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e Degradation at biotic, abiotic, and
mixed substrate conditions was
compared.

o Flavonoids have a low risk to persistent
in the environment.
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ABSTRACT

Flavonoids, a class of natural products with a variety of applications in nutrition, pharmacy and as biopesticides,
could substitute more harmful synthetic chemicals that persist in the environment. To gain a better under-
standing of the biodegradability of flavonoids and the influence of structural features, firstly, the ultimate
biodegradation of 19 flavonoids was investigated with the Closed Bottle Test according to the OECD guideline
301 D. Secondly, regarding the fast abiotic degradation reported for several flavonoids with severe concentration
decrease within hours and its possible impacts on the processes behind the ultimate biodegradation, primary
degradation of 4 selected flavonoids was compared at conditions representing biodegradation, abiotic degra-
dation, and mixed substrates by monitoring the flavonoids’ concentrations with HPLC-UV/vis. Our results
showed that 17 out of the 19 tested flavonoids were readily biodegradable. Structural features like a hydroxy
group at C3, the C2-C3 bond order, a methoxy group in the B ring, and the position of the B ring in regard to the
chromene core did not affect biodegradation of the tested flavonoids. Only flavone without any hydroxy groups
and morin with an uncommon 2,4" pattern of hydroxy groups were non-readily biodegradable. Monitoring the
concentration of 4 selected flavonoids by HPLC-UV/vis revealed that biodegradation occurred faster than abiotic
degradation at CBT conditions with no other carbon sources present. The presence of an alternative carbon
source tends to increase lag phases and decrease biodegradation rates. At this condition, abiotic degradation
contributed to the degradation of unstable flavonoids. Overall, as a first tier to assess the environmental fate, our
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results indicate low risks for persistence of most flavonoids. Thus, flavonoids could represent benign substitutes
for persistent synthetic chemicals.

1. Introduction

Facing chemical pollution as a major threat to our ecosystem (Pers-
son et al., 2022; Rockstrom et al., 2009, 2023; Schwarzenbach et al.,
2010), the design and use of chemicals has to change towards a sus-
tainable practice (Kiimmerer, 2017). If a chemical is required for a
certain function, its end-of-life and the environmental fate have to be
taken into account early in the design process (Kiimmerer, 2017). Nat-
ural products could represent benign substitutes of more harmful, syn-
thetic chemicals due to their anticipated non-persistence. While many
studies investigated the activity of natural products, less information is
available on their environmental biodegradation. However, this
knowledge is required to evaluate their potential as benign substitutes
and could, furthermore, be useful for the design of non-persistent
chemicals in general.

An example of natural products well investigated for their activities
but with less knowledge on their biodegradation available are flavo-
noids. This group of natural products consists of compounds featuring a
C6-C3-C6 carbon skeleton forming three rings (A, B and C, see Fig. 2)
(Rauter et al., 2018). The C ring is a heterocycle comprising oxygen.
Flavonoids, isoflavonoids and neoflavonoids are distinguished based on
the alignment of ring B in regard to ring C. Flavonoids are further sub-
divided into flavones, flavonols, flavanones, flavanonols, flavanols and
anthocyanidins according to a combination of structural features at the
C ring including a C2-C3 double bond, a hydroxy group at C3 (3-OH)
and a keto function at C4 (Figure SI 1). Further modifications like e.g.,
methylation and glycosylation give rise to the high number (approxi-
mately 6000 (Panche et al., 2016)) of different flavonoids.

As secondary metabolites in plants, flavonoids are involved in
signaling with symbiotic bacteria, attraction of pollinators, response to
UV- or oxidative stress and chemical defense against predators (Falcone
Ferreyra et al., 2012; Sugiyama and Yazaki, 2014). Based on these
natural functions, flavonoids are investigated for their application as
food additives, cosmetic ingredients, pharmaceuticals and as bio-
pesticides (Gonzalez-Paramas et al., 2019; Goérniak et al., 2019; Guven
et al., 2019; Juca et al., 2020; Kumar et al., 2023; Maleki et al., 2019;
Schnarr et al., 2022; Selin-Rani et al., 2016). However, knowledge on
their environmental fate is scarce.

A few studies reported the occurrence of flavonoids in natural water
bodies in the ng/L range and up to tens of pg/L at some sites (Erbs et al.,
2007; Giinthardt et al., 2021; Hoerger et al., 2011; Jarosova et al., 2015;
Kolpin et al., 2010; Liang et al., 2023; Nanusha et al., 2020; Yohannes
Nanusha et al., 2020, 2021). Most studies investigated isoflavonoids
(Erbs et al., 2007; Hoerger et al., 2011; Kolpin et al., 2010; Nanusha
et al., 2020) and Jarosova et al. summarized the occurrence of the iso-
flavonoids biochanin A, daidzein, daidzin, equol, formononetin, genis-
tein, genistin, and glycitein in lakes and rivers in several countries all
over the world (Jarosova et al., 2015). Flavonoids were also reported a
few times in small streams and rivers in Denmark, Germany and
Switzerland (Giinthardt et al., 2021; Liang et al., 2023; Yohannes
Nanusha et al., 2020, 2021). Most compounds were flavonoid glyco-
sides, but the aglycones quercetin and kaempferol were also among the
detected compounds (Yohannes Nanusha et al., 2020). While several
sources of the flavonoids were identified (e.g., run-off from agricultural
areas or pasture, effluents of fruit processing industries and paper mills
(Erbs et al., 2007; Hoerger et al., 2011; JaroSova et al., 2015)), envi-
ronmental degradation of the detected flavonoids was not investigated.

Providing first hints on the environmental fate, a degradation
pathway for flavonoids and isoflavonoids by soil bacteria was proposed
based on investigations of quercetin, luteolin, apigenin, naringenin, 7,4'-
dihydroxyflavone, genistein, and daidzein (Pillai and Swarup, 2002; Rao

et al.,, 1991; Rao and Cooper, 1994; Cooper, 2004). Accordingly, fla-
vonoids and isoflavonoids are degraded to benzoic acids e.g. 2,4,6-trihy-
droxybenzoic acid or 2,4-dihydroxybenzoic acid. Supposedly, these
degradation products are channeled into the p-ketoadipate pathway and
finally enter the citric acid cycle (Cooper, 2004; Rao and Cooper, 1994).
Hence, this pathway suggests ultimate biodegradation of flavonoids.
Furthermore, Barz provided some evidence for substrate specificity of
certain bacteria towards flavonoids by investigating primary biodegra-
dation of 34 flavonoids and isoflavonoids by a bacterium isolated from
Cicer arietinum roots (Barz, 1970). The isolated bacterial strain was
capable of degrading several isoflavonoids and flavonols with common
hydroxylation patterns but tested flavanones as well as isoflavonoids
and flavonols with hydroxy groups at position 2' and 8 were not
degraded (Barz, 1970). These studies suggest that most flavonoids are
biodegraded in the environment. However, they are based on experi-
ments with cell cultures of single bacterial strains occurring in soil and
known for or isolated based on their ability to degrade flavonoids (Rao
et al., 1991; Rao and Cooper, 1994). Although proving the biodegrad-
ability of flavonoids, only limited information on the environmental fate
of flavonoids and the degradation kinetics in the environment can be
derived from these studies. So far, the primary biodegradation of only a
few flavonoids including naringenin, formononetin, biochanin A and
isovitexin-6"-O-b-p-glucopyranoside in soil was investigated (Kathryn
Barto and Cipollini, 2009; Ozan et al., 1997; Shaw and Hooker, 2008).
Primary degradation half-lives of isovitexin-6"-O-b-p-glucopyranoside in
non-sterile soil were 11.2 and 8.9 h at 5 and 25 °C respectively (Kathryn
Barto and Cipollini, 2009). The concentration of formononetin and
biochanin A in non-sterile soil dropped to 60% and 20% of the initial
concentration within 15 days (Ozan et al., 1997). In the study of Shaw
and Hooker, the degradation of formononetin in non-sterile soil was
faster with a reduction to 4.5% of the initial concentration within 72 h.
Also, naringengin degraded to less than 1% of the initial concentration
withhin 96 h in this study. Despite these first insights, a systematic
investigation of the biodegradation of flavonoids with a standard
biodegradability test and information on biodegradation in the aquatic
phase are missing.

Readily biodegradability tests like the Closed Bottle Test (OECD 301
D) offer a stringent first tier to assess the fate of chemicals in the aquatic
environment. Closed Bottle Test (CBT) results are, therefore, important
for environmental risk assessment and for the design of benign chem-
icals (Leder et al., 2015). Although criticized for lacking knowledge on
the bacteria in the inoculum, higher required concentration than usually
present in the environment, limited reproducibility, the inability to
reflect complex environmental conditions, especially in regard of the
diversity of bacteria and the lack of alternative carbon sources, the
fulfillment of the biodegradation criteria (oxygen demand in the test
vessel > 60% of Theoretical Oxygen Demand (ThOD)) is a good indi-
cator for rapid and ultimate biodegradation in the environment
(Kowalczyk et al., 2015).

Next to these indications for the biodegradability of flavonoids in
soil, abiotic degradation of flavonoids was reported (Plaza et al., 2014;
Sokolova et al., 2016; Xiao and Hogger, 2015). Investigating the
oxidation of luteolin and quercetin in aqueous solution, rate constants of
0.000183 57! (half-live = 63 min) and 0.00285 s™* (half-live = 4 min)
were determined (Ramesova et al., 2012). Additionally, a stability study
of several flavonoids in cell culture medium reported substantial con-
centration decreases of quercetin, luteolin, kaempferol, baicalein, iso-
rhamnetin, myricetin, and fisetin within 3 h, while other flavonoids
including chrysin, apigenin, hesperetin, genistein and daidzein were
more stable (Xiao and Hogger, 2015). Based on these differences,
structure-stability relationships were established (Xiao and Hogger,
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2015, Jun Hu, 2012; and Maini et al., 2012): Structural features
increasing the degradation rate include an increasing number of hy-
droxy groups, a hydroxy group at C3, and a C2-C3 double bond. On the
other hand, a C2-C3 single bond, glycosylation, and the methylation of
multihydroxyflavonoids decrease degradation rates. Considering the
reported fast abiotic degradation of certain flavonoids, abiotic degra-
dation might occur during the lag phase of readily biodegradability
tests. Thus, if only the ultimate biodegradation e.g. via oxygen con-
sumption is measured, no distinction can be made between the
biodegradation of the flavonoid itself and an abiotic formation of TPs,
which are in turn biodegraded.

This study set out to deepen the understanding of the biodegradation
of flavonoids as foundation for their utilization as benign substitutes of
more harmful synthetic chemicals and the design of biodegradable
chemicals (Fig. 1). For the first time, the ultimate biodegradation of 19
flavonoids was investigated with a CBT according to OECD guideline
301 D to provide standardized data on readily biodegradability. The set
of flavonoids was selected based on structural features to enable an
investigation of their influence on the biodegradation. The chosen fla-
vonoids differ in the number (0-5) and positions of hydroxy groups (e.g.,
3-OH, ortho or meta positioning in the B ring), the bond order of the
C2-C3 bond, a methoxy group, and the position of the B ring in regard to
the A and C ring core (isoflavonoid vs flavonoid) (Fig. 2). Addressing the
critique of limited reproducibility of the results, the CBT was repeated
with 9 randomly chosen flavonoids with a newly collected inoculum to
investigate the reproducibility of the results.

Furthermore, for a better understanding of the processes in the CBT,
the primary biodegradation of 4 selected flavonoids (luteolin, erio-
dictyol, diosmetin and hesperetin) was investigated by a more time-
consuming concentration monitoring with HPLC-UV/vis at three
different conditions representing biodegradation, abiotic degradation,
and mixed substrates (alternative carbon source present) (Fig. 1).
Comparing the primary biodegradation rate to the abiotic degradation
rate might shed light on the question, whether the flavonoids itself or
abiotic TPs formed during the lag phase are biodegraded. Additionally,
the influence of an alternative carbon source as present in the toxicity
controls in the CBT on primary biodegradation was investigated. The 4
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selected flavonoids represent a group with the same core structure with
hydroxy groups at position 5, 7, 3' and 4’ but differ in regard of the
C2-C3 bond order and O-methylation (Fig. 2). Hence, the influence of
these two structural features on the primary degradation at the different
conditions could be investigated. Furthermore, flavonoids with 4 hy-
droxy groups may be interesting for applications because they represent
a compromise in solubility and stability.

2. Materials and methods
2.1. Chemicals and solvents

An overview of purchased flavonoids and their vendors is shown in
the supplementary information (Table SI 1). All chemicals and solvents
were used without further purification.

2.2. Aerobic biodegradation testing (OECD 301 D)

Aerobic biodegradation was determined using the Closed Bottle Test
(CBT) according to the OECD guideline 301 D (OECD, 1992) as
described previously (Grabitz et al., 2020). In brief, the mineral medium
(pH buffered at 7.4) was prepared and inoculated with 2 drops of filtered
(retention range: 5-8 pm) sewage effluent per liter medium. The sewage
effluent was obtained from a domestic sewage treatment plant, size class
5. Stock solutions of test compounds were prepared in DMSO due to
limited solubility of the test compounds at high concentrations in
aqueous medium. In addition to the samples with test substances, a
blank control (mineral medium with inoculum), a quality control con-
taining acetate and a toxicity control containing acetate and the test
substance were carried along. Samples and controls contained 1% (v/v)
DMSO. The Theoretical Oxygen Demand (ThOD) for each test substance
was 5 mg/L. Accordingly, the theoretical oxygen demand in toxicity
controls was 10 mg/L. Actual oxygen concentration in the test vessels
was monitored with a fibre-optic oxygen meter (Fibox 3, PreSens GmbH)
for 28 days. The temperature was controlled at 20 + 2 °C. Per run, du-
plicates of each sample and control were measured. To check repro-
ducibility of the results, an additional independent CBT was performed

primary degradation

concentration monitoring with HPLC-UV/Vis

bio- abiotic mi
Influences of degradation  degradation St
- abiotic degradation
- alternative carbon source . |
Ll
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Fig. 1. Overview of study design and performed experiments.
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Fig. 2. Readily biodegradability tests results (OECD 301 D — CBT) of the 19 flavonoids. Flavonoids are arranged according to the number and position of hydroxy
groups and further structural features to compare their influence on the biodegradation. O-methylated flavonoids are in the same column as their non-methylated
counterparts. Below the substance name the CBT result is displayed as either readily biodegradable or non-readily biodegradable. For more details see Table SI 3.

at a different time point with 9 randomly chosen flavonoids yielding 4 the classification as readily biodegradable is an oxygen consumption >
replicates for these flavonoids in total. Biodegradation is expressed as 60% of ThOD.

measured oxygen consumption in % of ThOD (see equations (1)-(4)).
Validity of results is given if the following criteria are fulfilled: oxygen
depletion in blank control < 1.5 mg dissolved oxygen per L, differences real consumption = consumption sample — consumption blank )
of extremes of replicate values is less than 20%, and oxygen consump-

tion in toxicity control > 25% ThOD (OECD, 1992). The pass level for %biodegradation = %ThOD = (real consumption x 100)/ThOD  (3)

O3 consumption = ¢[O3] day 0 — c[O2] day x (€8]
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%ThODyoxicity control = (real consumption x 100)/(ThODgample +
ThODsodium acetate) (4)

2.3. Monitoring the concentration of selected flavonoids with HPLC-UV/
vis

To investigate possible abiotic degradation and the influence of
another carbon source, the concentration of 4 selected flavonoids was
monitored at three different conditions representing biodegradation,
abiotic degradation, and degradation in the presence of an alternative
carbon source (mixed substrates) as in the CBT toxicity control. The four
flavonoids eriodictyol, hesperetin, luteolin and diosmetin were chosen
for this more detailed investigation. Using well established methods
(Szultka et al., 2013), the concentrations of 4 selected flavonoids were
monitored over 28 days using a HPLC-UV/vis system equipped with a
UV/vis and PDA detector (Prominence-HPLC-UV-vis&PDA, Shimadzu,
Duisburg, Germany).

At first, calibration curves of the 4 selected flavonoids correlating the
peak area to the concentration were recorded (final concentrations:
0.08, 0.16, 0.31, 0.63, 1.25, 2.5, 5, 7.5 mg/L). Wavelengths used for
quantification are shown in Table SI 1. Limit of quantification and
detection (LOQ/LOD see Table SI 2) were calculated with DINTEST
2000 according to DIN 32645 (result uncertainty 33.3%, probability of
error 5%), a standard statistical method based on linear regression of a
calibration curve and confidence intervals (Briiggemann et al., 2010;
Kolb et al., 1993). Additionally, a calibration curve of sodium benzoate
was recorded at 275 nm, while sodium acetate could not be quantified
with HPLC-UV/vis.

In order to compare CBT and HPLC-UV/vis results, concentration
monitoring experiments were performed at conditions similar to the
CBT. Biodegradation samples contained test substance and inoculum.
Abiotic samples contained test substance, inoculum, and sodium azide.
Poisoning of the sample with azide to obtain an abiotic control was
chosen in order to account for abiotic interaction of the flavonoids with
the inoculum e.g. reactions with metal ions or sorption to small organic
particles. Azide is a suited poison for aerobic biodegradation tests
because it targets the respiration chain of aerobe bacteria. Mixed sub-
strate samples contained test substance, inoculum, and either acetate or
benzoate. In addition to acetate used in the toxicity controls in the CBT,
benzoate was selected as alternative carbon source due to its detect-
ability with a UV/vis detector and alignment with the OECD guideline
301 D. A total volume of 50 mL of test solutions were transferred in 100
mL brown glass bottles and stored in the dark at 20 °C + 2. Bottles were
opened for the withdrawal of 500 pL samples at time intervals >1 day.
Gas exchange with the atmosphere was possible ensuring a consistent
access to oxygen. Concentration of tested flavonoids was increased to 5
mg/L in comparison to approximately 3 mg/L in the CBT to have initial
concentrations with higher distance to LOQ and LOD. Sodium azide in
abiotic controls had a concentration of 320 mg/L. Sodium acetate or
sodium benzoate had a concentration of 6.4 and 3.0 mg/L, respectively.
Biodegradation and abiotic samples were tested in 3 independent runs
(n = 3). Mixed substrate samples were tested twice for each alternative
carbon source (n = 2). In each run, samples containing the 4 flavonoids
were tested in parallel with the same inoculum. However, due to some
irregularities in the third run, additional replicates of luteolin and dio-
smetin were performed (see color coding in Figure SI 2).

Calibration standards and samples were measured at the HPLC-UV/
vis using a phenyl-hexyl column (Nucleodur Phenyl-Hexyl, 125 mm
length, 3 mm diameter, 3 pm particle size, Macherey-Nagel) with
respective pre-column according to the following parameters: 50 pL
injection volume; mobile phase A: water with 0.1% formic acid, mobile
phase B: methanol; gradient: 0-1 min, 5% B; 1-10 min raise to 100% B,
10-13 min 100% B, 13-15 min drop to 5% B, 15-18 min 5% B; column
temperature = 35 °C, flow = 0.5 mL/min.
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3. Results and discussion
3.1. Ultimate biodegradation of flavonoids

The biodegradation of 19 flavonoids was investigated with the
Closed Bottle Test (OECD 301 D). Based on the measurements meeting
all validation criteria, 17 out of the 19 tested flavonoids were classified
as readily biodegradable (Fig. 2, Table SI 3). Flavone and morin showed
an oxygen consumption lower than 60% of ThOD and were, therefore,
classified as non-readily biodegradable (Fig. 2, Table SI 3).

The course of the oxygen consumption of the four flavonoids
(luteolin, eriodictyol, diosmetin, hesperetin) investigated in more detail
(see section 3.2 and 3.3) and of the two non-readily biodegradable fla-
vonoids is presented in Fig. 3. Samples containing eriodictyol, hesper-
etin, luteolin and diosmetin showed a fast oxygen consumption up to
50% of the ThOD within 5 days. This course is comparable to the quality
control containing acetate, therefore, flavonoids seem to be as easily
metabolized as acetate with no long lag phase required for the bacteria
to adapt to flavonoids as carbon source. In toxicity controls, the oxygen
consumption also exceeded 60% of ThOD demonstrating that the fla-
vonoids did not inhibit the biodegradation of acetate and, moreover,
indicating that acetate and the flavonoid are metabolized by the bac-
teria. After an initial increase in oxygen consumption, toxicity controls
of eriodictyol and hesperetin displayed a small plateau lasting 3 days
before oxygen consumption rose again (Fig. 3). This suggests that ace-
tate was degraded by the bacteria prior to these flavonoids and the 3
days represent the time needed by the bacteria to adapt their meta-
bolism from acetate to the flavonoid as carbon source (see also section
3.3).

Flavone samples showed no oxygen consumption. In morin samples
the oxygen consumption increased steadily over the whole test period
reaching 14% of ThOD at day 28. The toxicity controls of flavone and
morin showed oxygen consumptions higher than 25% of ThOD
demonstrating that flavone and morin had no adverse effect on the
bacteria of the inoculum at a concentration of approximately 3 mg/L
(Fig. 3). Consequently, the bacteria present in the test were unable to
degrade flavone and morin. Thus, flavone and morin were classified as
non-readily biodegradable.

To investigate the reproducibility of the CBT results, additional in-
dependent replicates of the CBT were performed for 9 randomly chosen
flavonoids (flavone, 7-hydroxyflavone, chrysin, 7,4-dihydroxyflavone,
apigenin, eriodicytol, luteolin, hesperetin, daidzein). The results of these
replicates yielded the same classification as in the first run demon-
strating the good reproducibility of CBT results for flavonoids (Table SI
3). Hence, the tested flavonoids were either readily biodegradable or
non-readily biodegradable despite possible differences in the bacterial
inoculum of the independent replicates of the CBT. Due to the very good
agreement no further additional replicates were run.

Biodegradation of flavonoids in the aquatic phase has not been
investigated before. Our results show that the CBT is a suited method to
investigate the readily biodegradability of flavonoids with sufficient
solubility. Since most of the tested flavonoids were readily biodegraded
at the experimental conditions representing a low amount and diversity
of bacteria, it is very likely that bacteria able to degrade flavonoids are
abundant in the environment, too.

The obtained results for the aquatic phase are in good agreement
with previous investigations on the biodegradation of flavonoids by soil
bacteria known for their interaction with plants like rhizobia, agro-
bacteria, and pseudomona species (Barz, 1970; Rao and Cooper, 1994;
Shaw and Hooker, 2008). Apigenin, naringenin, 7,4-dihydroxyflavone,
luteolin, quercetin, daidzein, genistein and formononetin that were
investigated and found biodegradable in these previous studies with soil
bacteria, were also readily biodegradable in the CBT with a bacterial
inoculum taken from a sewage treatment plant effluent. The non-readily
biodegradable flavonoids flavone and morin were investigated for the
first time in this study. Further work could investigate the possible
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Fig. 3. Course of oxygen consumption in % of Theoretical Oxygen Demand (ThOD) of the 4 flavonoids analyzed in more detail and the two non-readily biode-
gradable flavonoids over the time period of 28 days. Quality control containing acetate (green), test substance (black) and toxicity control containing test substance
and acetate (grey) are displayed. Data points represent average values with standard deviations (SD, n = 4 except morin with n = 2).

biodegradation of these two flavonoids at different conditions e.g.
inherent biodegradability tests comprising larger microbial numbers
and diversity.

The readily biodegradability of the majority (17 out of 19) of the
flavonoids tested in this study and the high reproducibility of the results
further support a wide distribution of the ability to degrade flavonoids
among bacteria or a wide distribution of certain bacteria able to degrade
flavonoids among different environmental compartments.

Comparison of CBT results shed light on the influence of the number
and position of hydroxy groups and further structural features on the
readily biodegradability of flavonoids (Fig. 2, Table 1). The non-readily
biodegradability of flavone demonstrated the need for at least one hy-
droxy group. Besides the number of hydroxy groups, other structural
differences of the tested flavonoids including the positioning of the
hydroxy groups, the C2-C3 bond order, a methoxy group in the B ring,
and the presence of a 3-OH did not affect their biodegradation (Table 1).
Comparing the isoflavonoids daidzein and genistein to their flavonoid
counterparts 7,4-dihydroxyflavone and apigenin revealed that the po-
sition of the ring B in regard to the chromene core also had no influence
on their biodegradation (Fig. 1). While the tested structural features had
no influence on biodegradability, a lacking 3-OH group, a C2-C3 single
bond and a methoxy group are known to increase abiotic stability (Plaza
etal., 2014; Xiao and Hogger, 2015). Therefore, these structural features
could be used to design flavonoids that exhibit a sufficient stability for
applications but are readily biodegradable.

Out of the 19 tested flavonoids, only flavone and morin were non-
readily biodegradable. Flavone occurs naturally e.g., in Feijoa sello-
wiana and Cipadessa fruticose (Leite et al., 2010; Ruberto and Tringali,
2004). Its observed non-biodegradability in contrast to the biodegra-
dation of 7-hydroxyflavone is in line with the rule of thumb that hy-
droxylation enhances biodegradability (Boethling et al., 2007).

Table 1
Overview of the influence of certain structural features of flavonoids on their
biodegradation. The structures of the flavonoids can be found in Fig. 2.

structural feature influence on biodegradation considered flavonoids

flavone
all others except morin

number of hydroxy e
groups

no hydroxy groups — non- .
readily biodegradable .
1-5 hydroxy groups —
biodegradable (but one

exception)
position of hydroxy e no influence on o chyrsin vs. 7,4
groups biodegradation dihydroxyflavone
e apigenin vs. 7,3,4-
trihydroxyflavone
o luteolin vs. fisetin
hydroxy groups in e can hinder biodegradation e morin

position 2,4'(B-
ring)
3-OH no influence on

biodegradation

luteolin vs. quercetin

e eriodictyol vs. taxifolin

e 7,3,4-
trihydroxyflavone vs.
fisetin

e luteolin vs. diosmetin

e eriodictyol vs.

hesperetin

quercetin vs.

tamarixetin

genistein vs.

formononetin

no influence on
biodegradation

methoxy group .

C2-C3 bond order e no influence on

e luteolin vs. eriodictyol
biodegradation e diosmetin vs. hesperetin
e quercetin vs. taxifolin
position of B-ring e no influence on o daidzein vs. 7,4
(C2vs. C3) biodegradation dihydroxyflavone

genistein vs. apigenin
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Looking into the case of morin, its outstanding structural feature is
the 2',4-meta positioning of the two hydroxy groups in the B ring. The
meta positioning influences on the one hand, the geometry and, on the
other hand, the redox potential of the flavonoid. Quantum mechanical

a) biodegradation

b) abiotic degradation
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calculations for morin and its isomer quercetin provided insights into
the influence of the meta positioning of hydroxy groups in the B ring on
the conformation. While the B ring with hydroxy groups at position 3’
and 4’ in quercetin is able to rotate rather freely around C2-C1’ bond

¢) mixed substrate
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N W A~ O

time [days]
I\ = |
LA T 1 |
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time [days]

0 5 10 15 20 25
time [days]

0 5 10 15 20 25
time [days]

Fig. 4. Course of concentration of the 4 flavonoids eriodictyol, hesperetin, luteolin, and diosmetin in a) biodegradation (test substance -+ inoculum), b) abiotic (test
substance + inoculum + azide) and c) mixed substrate samples (test substance + inoculum + acetate(grey)/benzoate(black)). In addition to the flavonoid con-
centration in the mixed substrate samples, the concentration of benzoate was measured (green). Datapoints represent average values with standard deviations (n = 3,
n = 2 for acetate and benzoate mixed substrate samples, respectively).
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(Brovarets and Hovorun, 2019, 2020), this rotation is constrained by the
hydroxy group at position 2’ in morin that, therefore, favors a non-planar
conformation (Dimitri C Markovi et al., 2013). Computational modeling
and the analysis of a crystal structure of morin indicate an intra-
molecular hydrogen bond between the 3-OH and the 2'OH in this
non-planar conformation, however, it has to be kept in mind that these
approaches are limited in the considerations of solvent effects and
hence, H-bonding in aqueous solutions may differ (Cody and Luft, 1994;
Dimitri C Markovi et al., 2013). In line with reported substrate speci-
ficity of enzymes for certain constitutional isomers (Kim et al., 2020), a
possible explanation for the non-biodegradability of morin may be that
the non-planarity sterically hinders the entry or binding to the catalytic
center of the required enzyme. Going beyond the comparison of the two
isomers morin and quercetin, there are other flavonoids, in particular
naringenin, eriodictyol, taxifoin and hesperetin, that exhibit a
non-planar conformation due to the saturated C2-C3 bond but were
readily biodegradable. However, knowledge on the enzymes involved in
the aerobic biodegradation of flavonoids is scarce. A quercetinase,
catalyzing the degradation of quercetin to the depside and carbon
monoxide, was identified in Aspergillus species and two bacterial strains,
Bacillus subtilis and a Streptomyces species (Bowater et al., 2004; Merkens
et al., 2007; Tranchimand et al., 2010) These studies indicate substrate
specificity of the quercetinase towards flavonols while e.g. luteolin and
taxifolin were not degraded. Additionally, conversion of morin by the
Spretomyces quercetinase was severely slower than quercetin conver-
sion. Further studies are needed that reveal more details on the substrate
specificity of the quercetinase and that identify the enzymes involved in
the degradation of flavones, flavanonols, and flavanones.

Furthermore, morin showed a lower antioxidant activity than quer-
cetin (Kummer et al., 2014; Rice-Evans et al., 1996). This may be
because the 3',4"-ortho substituted B ring is able to from a chinone
structure while this is not possible for the 2,4'-meta substitution in the B
ring of morin. Therefore, the lower antioxidant activity of morin may
also contribute to its non-biodegradability. To further investigate
whether a meta position of hydroxy groups in the B ring hinders
biodegradation, the biodegradation of other flavonoids also comprising
this structural feature like norartocarpetin and steppogenin should be
investigated. However, these two flavonoids are not purchasable, and
their synthesis or isolation was beyond the scope of this study.

3.2. Comparison of primary biotic and abiotic degradation of 4 selected
flavonoids

The four flavonoids eriodictyol, hesperetin, luteolin, and diosmetin
were investigated in more detail to explore if the flavonoids themselves
were biodegraded in the CBT or if severe abiotic degradation of the
flavonoids occurred during the lag phase leading to the formation of TPs,
which are then biodegraded. Monitoring of eriodictyol, hesperetin,
luteolin, and diosmetin showed a concentration decrease below LOD in
the biodegradation samples (test substance + inoculum) within 4-15
days (Fig. 4a). In abiotic samples (test substance + inoculum + azide),
the concentration of hesperetin was constant while abiotic degradation
of eriodictyol, luteolin, and diosmetin occurred (Fig. 4b). However, the
concentration decrease of these 3 flavonoids was clearly slower than in
biodegradation samples (Fig. 4a and b).

In more detail, eriodictyol was degraded after a lag phase of 1-2 days
within 2 days in all 3 biodegradation replicates. This extraordinary good
reproducibility between independent experiments is reflected by the low
standard deviation in Fig. 4. Individual replicates are shown in Figure SI
2. In abiotic samples, the eriodictyol concentration steadily decreased
without lag phase to 1.3 £+ 0.3 mg/L at day 28.

Hesperetin was degraded after a lag phase of 2 up to 7 days within
2-8 days. Individual replicates are shown in Figure SI 2. Variance be-
tween the three independent replicates was higher as for eriodictyol,
especially in regard to the duration of the lag phase, reflected by high
error bars in Fig. 4a. In abiotic samples, the hesperetin concentration
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remained constant demonstrating the low reactivity of this flavonoid.

Luteolin was degraded after a lag phase of 1-2 days within 1-3 days
in the biodegradation samples (Figure SI 2). In abiotic samples, the
concentration decrease was slower than in biodegradation samples but
varied between the replicates (Figure SI 2). While two replicates are
comparable and luteolin was still detectable at day 28, in one replicate,
luteolin concentration was below LOQ at day 6. Variance in abiotic
samples may be due to differences in the medium caused by the addition
of the inoculum. In addition to bacteria, e.g., metal ions or small organic
particles can be transferred may leading to degrading reactions or
sorption (Pe;kal et al., 2011; Rothwell et al., 2005). Despite the rather
high variance in the abiotic degradation replicates, degradation of
luteolin in biodegradation samples is clearly faster than in abiotic
samples.

Diosmetin was degraded after a lag phase of 1-4 days within 2-4
days in the biodegradation samples (Figure SI 2). In the abiotic samples,
the concentration remains above 4 mg/L until day 10, subsequently
concentration decrease fastens but differently. In two of the replicates,
the concentration remained above LOQ till day 28, while in the third
replicate, concentration is below LOD after day 25. Noteworthy, the
abiotic replicates of diosmetin and luteolin which vary the most from the
other two replicates were not part of the same parallel run. Thus, the
differences were not caused by a variation specific to one run. Despite
the high variance in abiotic samples, degradation of diosmetin in
biodegradation samples is clearly faster than in abiotic samples.

Comparing the biodegradation of the 4 flavonoids, eriodictyol and
luteolin are degraded faster than hesperetin and diosmetin and their
results showed higher reproducibility. In all biodegradation replicates of
eriodictyol and luteolin, fast degradation occurred after short lag phases
(<2 day). In contrast, lag phases longer than 3 days were only observed
for hesperetin and diosmetin. However, both compounds were also
degraded after short lag phases (<2 days) (Figure SI 2). The course of the
oxygen consumption during the CBT of hesperetin and diosmetin does
not indicate longer lag phases than for the other tested flavonoids
(Fig. 3). Variations in biodegradation test results can be attributed to
differences in the bacterial inoculum between the independent runs
(Kowalczyk et al., 2015). The higher reproducibility in the biodegra-
dation experiments of eriodictyol and luteolin suggests that the ability to
degrade these two flavonoids is more widely distributed among bacteria
than the ability to degrade diosmetin and hesperetin.

The observed abiotic degradation of eriodictyol, luteolin and dio-
smetin is consistent with other studies indicating low stability of several
flavonoids (Maini et al., 2012; Plaza et al., 2014; Ramesova et al., 2012;
Sokolova et al., 2016; Xiao and Hogger, 2015). However, at the exper-
imental conditions of the CBT, abiotic degradation was much slower in
comparison to the studies Ramesova et al. (2012); Xiao and Hogger
(2015). Only hesperetin was abiotically stable supporting previous
findings (Xiao and Hogger, 2015). The constant concentration of hes-
peretin in the abiotic samples also demonstrated that azide efficiently
inhibited bacteria capable of flavonoid biodegradation. The degradation
of eriodictyol, luteolin and diosmetin in abiotic samples may be due to
reactions with oxygen and the present azide ions. However, nucleophile
substitutions or Michael-like reactions of the azide and the flavonoids
might be hindered due to the electron-richness of the aromatic rings, the
unsuitability of hydroxide ions as leaving groups, and a sterically hin-
drance of C2 due to the attached phenyl moiety. Hence, oxidation of
flavonoids seems to be the major cause of abiotic degradation. Even if
reactions with azide contributed to the observed concentration decrease
in abiotic controls, the primary biodegradation of flavonoids is much
faster than the abiotic degradation. Therefore, the experiments indicate
that the flavonoids themselves are metabolized by the bacteria.

3.3. Primary degradation of 4 selected flavonoids in the presence of an
alternative carbon source

Concentration decreases of the four selected flavonoids in the
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presence of acetate and benzoate as alternative carbon sources were
analyzed (mixed substrate samples). Average concentrations of two in-
dependent replicates for each alternative carbon sources are shown in
Fig. 4c. High error bars reflect that this more complex system gave rise to
higher deviations. However, in all mixed substrate samples of the 4
tested flavonoids, degradation was slower than in biodegradation sam-
ples. Details in the concentration decreases of each tested flavonoid are
highlighted in the following paragraphs.

In all mixed substrate replicates of eriodictyol, eriodictyol was pre-
sent longer than in the biodegradation samples (Figure SI 2c). Two
replicates (A-yellow and B-orange) showed a similar concentration
decrease to the abiotic samples indicating that no biodegradation of
eriodictyol occurred in these two replicates. In the other two replicates
(A-blue and B-yellow) degradation was faster than in abiotic samples
indicating that biodegradation occurred in addition to abiotic degra-
dation. However, degradation was slower than in biodegradation sam-
ples. Furthermore, these replicates suggest that eriodictyol was only
biodegraded after acetate or benzoate were consumed. This is in line
with the small plateau in the course of the oxygen consumption in the
CBT toxicity control (Fig. 3). Overall, the results show that the presence
of an alternative carbon sources delayed biodegradation of eriodictyol
on a scale that abiotic degradation largely contributed to observed
concentration decreases.

Hesperetin concentration decreased in the mixed substrate samples
demonstrating that biodegradation occurred (Fig. 4c). Due to a long lag
phase of 7 days in one biodegradation replicate, it remains ambiguous if
acetate or benzoate prolonged the lag phase of hesperetin biodegrada-
tion. However, benzoate itself was degraded faster than hesperetin and
not detectable anymore at day 3. The fast degradation of benzoate
suggests that this is the preferred carbon source and hesperetin was
degraded subsequently. The course of oxygen consumption in CBT
toxicity controls with a small plateau lasting 3 days further supports that
hesperetin was only biodegraded after acetate was consumed (Fig. 3).
Despite the differences between individual replicates, in all mixed sub-
strate samples, degradation of hesperetin was slower than in biodegra-
dation samples (Figure SI 2).

In all mixed substrate replicates of luteolin, luteolin was present
longer than in the biodegradation samples (Figure SI 2c). In 3 of the 4
mixed substrate samples, luteolin concentration decreased comparable
to abiotic controls suggesting that abiotic degradation was the main
driving force behind the concentration decrease. However, in one ace-
tate replicate (A-blue), degradation of luteolin was clearly faster than in
the other mixed substrate samples. This observation indicates that
biodegradation of luteolin occurred in this mixed substrate replicate but
was slower than in biodegradation samples.

In all mixed substrate replicates of diosmetin, diosmetin was present
longer than in the biodegradation samples (Figure SI 2c). Concentration
decreases in mixed substrate samples were comparable to abiotic con-
trols. However, mixed substrate samples and abiotic controls show high
deviations between the independent runs (Figure SI 2b and c). Addi-
tionally, one mixed substrate replicate (B-orange) displayed some ir-
regularities suggesting that additional abiotic processes to oxidation
occurred.

In summary, abiotic degradation seems to contribute substantially to
the observed concentration decreases of the abiotically unstable flavo-
noids eriodictyol, luteolin and diosmetin at mixed substrate conditions.
In contrast to this indicated high contribution of abiotic degradation in
mixed substrate samples, the high oxygen consumption in CBT toxicity
controls (eriodictyol: 69% + 10 (n = 4), luteolin: 75% + 4 (n = 4),
diosmetin: 70% + 2, (n = 2)) suggest that acetate and the flavonoids
were metabolized by the bacteria (Fig. 3). According to the abiotic,
oxidative degradation pathway of flavonoids without a 3-OH to depsides
and a subsequent hydrolysis to benzoic acids proposed by Sokolova et al.
(2016), luteolin and diosmetin abiotically degrade to 2,4,6-trihydroxy-
benzoci acid and 3,4-dihydroxybenzoic acid or 3-hydroxy-4-methoxy-
benzoic acid, respectively. A degradation pathway of eriodictyol is not
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available in the literature. This abiotic degradation of luteolin and
diosmetin requires 0.22 g Oy per g luteolin and 0.21 g O per g dio-
smetin. The theoretical oxygen demand for an oxidation to CO5 as ex-
pected in biodegradation is much higher with 1.6 and 1.7 g O3 per g
luteolin and diosmetin, respectively. The abiotic oxidation of luteolin
and diosmetin as described above would represent 7 and 6 % of the
ThOD in the toxicity controls. Hence, it seems reasonable that abioti-
cally unstable flavonoids are oxidized abiotically with a low oxygen
demand to transformation products which are then degraded biotically
with a higher oxygen demand.

In the mixed substrate sample in which biodegradation of the fla-
vonoids occurred, the presence of acetate or benzoate tents to delay
(longer lag phase) the biodegradation and decrease its rates (less steep
concentration decreases). This result is in agreement with the phe-
nomenon of carbon catabolite repression that enables bacteria to
selectively use the carbon source allowing the most efficient growth
(Gorke and Stiilke, 2008; Markiewicz et al., 2011; Rojo, 2010; Stiilke
and Hillen, 1999). Alternative carbon sources are available to the bac-
teria in the environment and, hence, for reactive flavonoids like erio-
dictyol, luteolin and diosmetin which also degraded abiotically
biodegradation may not be the rate determine step at more complex
conditions as present in the environment. Instead, abiotic degradation
products like 3,4-dihydroxybenzoic acid and 2,4,6-trihydroxybenzoic
acid might be formed (Sokolova et al., 2016). These are the same
products as obtained during biodegradation of flavonoids by soil bac-
teria which enter the p-ketoadipate pathway and are further metabo-
lized (Cooper, 2004; Rao and Cooper, 1994). Therefore, incomplete
abiotic degradation in the environment might produce TPs which are
easily biodegraded by bacteria.

4. Conclusion

Although flavonoids are often proposed e.g. as biopesticides due to
anticipated non-persistence in the environment, experimental data on
the environmental fate of flavonoids is scarce. Addressing this knowl-
edge gap, the aim of this study was to systematically investigate the
ultimate biodegradation (CBT) of 19 flavonoids in regard of the influ-
ence of common structural features and to investigate the primary
biodegradation (concentration monitoring with HPLC-UV/vis) of 4
selected flavonoids in more detail as foundation to evaluate the potential
of flavonoids as benign substitutes for persistent synthetic chemicals.

For the first time, ultimate biodegradation of flavonoids was inves-
tigated with a standardized readily biodegradability test (OECD 301 D).
Since the CBT is a standard method to assess the biodegradability, the
obtained data can be useful for the improvement of biodegradability
prediction tools.

The obtained insights into the influence of structural features on
biodegradation offer important knowledge for the selection of candi-
dates suited as benign substitutes. Balancing abiotic stability and
biodegradability, we identified flavonoids with abiotic stability-
enhancing structural features including a lacking 3-OH, a C2-C3 sin-
gle bond, and a methoxy group in the B ring to be suited as benign
substitutes. Especially hesperetin that combines these three structural
features was readily biodegradable but stable over 28 days in abiotic
controls and is, therefore, a promising candidate for application in
pharmacy or agriculture.

The comparison of primary biodegradation and abiotic degradation
of the four selected flavonoids luteolin, eriodicytol, diosmetin, and
hesperetin allowed the conclusion that the flavonoids themselves and
not abiotically formed TPs are metabolized by the bacteria during the
CBT.

However, the CBT and, thus, the additionally performed concentra-
tion monitoring at the same conditions, require higher concentrations of
the test substances than usually present in the environment. Hence, in
the environment, it is possible that due to low flavonoid concentrations
and the availability of other carbon sources, genes involved in the
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catabolism of flavonoids are not expressed by the bacteria. Due to car-
bon catabolite repression and the low stability of several flavonoids,
abiotic degradation might be the dominant degradation process for
unstable flavonoids in the environment. However, incomplete abiotic
degradation in the environment might produce TPs which are easily
biodegraded by bacteria. Concludingly, it is likely that flavonoids are
non-persistent in the environment. However, more research is needed to
fully understand the lifetime and fate of flavonoids in the environment
and link the results of this study to the occurrence of flavonoids in
natural water bodies.

CRediT authorship contribution statement

Lena Schnarr: Writing — review & editing, Writing — original draft,
Visualization, Methodology, Investigation, Formal analysis, Conceptu-
alization. Oliver Olsson: Writing — review & editing, Supervision,
Project administration, Funding acquisition, Conceptualization. Klaus
Kiimmerer: Writing - review & editing, Supervision, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

This research was funded by the EU within the European Regional
Development Fund (ERDF), support measure INTERREG V in the Upper
Rhine as part of the NAVEBGO project 5.3 (sustainable reduction of
biocide inputs to groundwater in the Upper Rhine region; grand agree-
ment number: 66300015). The authors thank Evgenia Logunova and
Magnus Winkelmann from the Institute of Sustainable Chemistry, Leu-
phana University for the substantial support with the CBT and the initial
training at the HPLC-UV/vis and careful maintenance of it.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.chemosphere.2024.142234.

References

Barz, W., 1970. Isolation of rhizosphere bacterium capable of degrading flavonoids.
Phytochemistry 9, 1745-1749. https://doi.org/10.1016/50031-9422(00)85586-7.

Boethling, R.S., Sommer, Elizabeth, DiFiore, D., 2007. Designing small molecules for
biodegradability. Chem. Rev. https://doi.org/10.1021/CR050952T.

Bowater, L., Fairhurst, S.A., Just, V.J., Bornemann, S., 2004. Bacillus subtilis YxaG is a
novel Fe-containing quercetin 2,3-dioxygenase. FEBS Lett. 557, 45-48. https://doi.
0rg/10.1016/50014-5793(03)01439-X.

Brovarets, 0.0., Hovorun, D.M., 2019. Conformational transitions of the quercetin
molecule via the rotations of its rings: a comprehensive theoretical study. J. Biomol.
Struct. Dyn. 38, 2865-2883. https://doi.org/10.1080/07391102.2019.1645734.

Brovarets, 0.0., Hovorun, D.M., 2020. Conformational diversity of the quercetin
molecule: a quantum-chemical view. J. Biomol. Struct. Dyn. 38, 2817-2836. https://
doi.org/10.1080/07391102.2019.1656671.

Briiggemann, L., Morgenstern, P., Wennrich, R., 2010. Comparison of international
standards concerning the capability of detection for analytical methods. Accred
Qual. Assur. 15, 99-104. https://doi.org/10.1007/s00769-009-0589-5.

Cody, V., Luft, J.R., 1994. Conformational analysis of flavonoids: crystal and molecular
structures of morin hydrate and myricetin (1:2) triphenylphosphine oxide complex.
J. Mol. Struct. 317, 89-97. https://doi.org/10.1016/0022-2860(93)07867-V.

Cooper, J.E., 2004. Multiple responses of rhizobia to flavonoids during legume root
infection. Adv. Bot. Res. 41, 1-62. https://doi.org/10.1016/5S0065-2296(04)41001-
S.

Dimitr{ C Markovi, J.M., Markovi, C.B.Z.S., Krsti, C.C.J.B., Milenkovi, D., Lu¢i, C.E.B.,
Ami, D., 2013. Interpretation of the IR and Raman spectra of morin by density

10

Chemosphere 359 (2024) 142234

functional theory and comparative analysis. Vib. Spectrosc. 64, 1-9. https://doi.org/
10.1016/j.vibspec.2012.10.006.

Erbs, M., Hoerger, C.C., Hartmann, N., Bucheli, T.D., 2007. Quantification of six
phytoestrogens at the nanogram per liter level in aqueous environmental samples
using 13C3-labeled internal standards. J. Agric. Food Chem. 55, 8339-8345. https://
doi.org/10.1021/jf071661j.

Falcone Ferreyra, M.L., Rius, S.P., Casati, P., 2012. Flavonoids: biosynthesis, biological
functions, and biotechnological applications. Front. Plant Sci. 3, 222. https://doi.
org/10.3389/pls.2012.00222.

Gonzalez-Paramas, A.M., Ayuda-Duran, B., Martinez, S., Gonzalez-Manzano, S., Santos-
Buelga, C., 2019. The mechanisms behind the biological activity of flavonoids. Curr.
Med. Chem. 26, 6976-6990. https://doi.org/10.2174/
0929867325666180706104829.

Gorke, B., Stiilke, J., 2008. Carbon catabolite repression in bacteria: many ways to make
the most out of nutrients. Nat. Rev. Microbiol. 68 (6), 613-624. https://doi.org/
10.1038/nrmicro1932, 2008.

Gorniak, 1., Bartoszewski, R., Kroliczewski, J., 2019. Comprehensive review of
antimicrobial activities of plant flavonoids. Phytochemistry Rev. 18, 241-272.
https://doi.org/10.1007/5s11101-018-9591-z.

Grabitz, E., Reich, M., Olsson, O., Kiimmerer, K., 2020. Using structure biodegradability
relationships for environmentally benign design of organosilicons — an experimental
comparison of organosilicons and their carbon analogues. Sustain. Chem. Pharm. 18,
100331 https://doi.org/10.1016/j.scp.2020.100331.

Giinthardt, B.F., Hollender, J., Scheringer, M., Hungerbiihler, K., Nanusha, M.Y.,
Brack, W., Bucheli, T.D., 2021. Aquatic occurrence of phytotoxins in small streams
triggered by biogeography, vegetation growth stage, and precipitation. Sci. Total
Environ. 798, 149128 https://doi.org/10.1016/J.SCITOTENV.2021.149128.

Guven, H., Arici, A., Simsek, O., 2019. Flavonoids in our foods: a short review. J. BASIC
Clin. Heal. Sci. 3, 96-106. https://doi.org/10.30621/jbachs.2019.555.

Hoerger, C.C., Wettstein, F.E., Bachmann, H.J., Hungerbiihler, K., Bucheli, T.D., 2011.
Occurrence and mass balance of isoflavones on an experimental grassland field.
Environ. Sci. Technol. 45, 6752-6760. https://doi.org/10.1021/es200567b.

Jarosovd, B., Javiirek, J., Adamovsky, O., Hilscherovd, K., 2015. Phytoestrogens and
mycoestrogens in surface waters - their sources, occurrence, and potential
contribution to estrogenic activity. Environ. Int. 81, 26-44. https://doi.org/
10.1016/j.envint.2015.03.019.

Juca, M.M., Cysne Filho, F.M.S., de Almeida, J.C., Mesquita, D. da S., Barriga, J.R. de M.,
Dias, K.C.F., Barbosa, T.M., Vasconcelos, L.C., Leal, L.K.A.M., Ribeiro, J.E.,
Vasconcelos, S.M.M., 2020. Flavonoids: biological activities and therapeutic
potential. Nat. Prod. Res. https://doi.org/10.1080/14786419.2018.1493588.

Jun Hu, 2012. Investigation of quercetin stability in cell culture medium: role in in vitro
experiment. African J. Pharm. Pharmacol. 6, 1069-1076. https://doi.org/10.5897/
ajppl11.721.

Kathryn Barto, E., Cipollini, D., 2009. Half-lives and field soil concentrations of Alliaria
petiolata secondary metabolites. Chemosphere 76, 71-75. https://doi.org/10.1016/
j.chemosphere.2009.02.020.

Kim, H., Kim, S., Kim, D., Yoon, S.H., 2020. A single amino acid substitution in aromatic
hydroxylase (HpaB) of Escherichia coli alters substrate specificity of the structural
isomers of hydroxyphenylacetate. BMC Microbiol. 20, 1-9. https://doi.org/
10.1186/S12866-020-01798-4/TABLES/1.

Kolb, M., Bahr, A., Hippich, S., Schulz, W., 1993. Ermittlung der Nachweis-, Erfassungs-
und Bestimmungsgrenze nach DIN 32645 mit Hilfe eines Programms (Calculation of
Detection Limit, Identification Limit and Determination Limit according to DIN
32645 with the Aid of a Computer Programs. Acta Hydrochim. Hydrobiol. 21,
308-311. https://doi.org/10.1002/AHEH.19930210603.

Kolpin, D.W., Hoerger, C.C., Meyer, M.T., Wettstein, F.E., Hubbard, L.E., Bucheli, T.D.,
2010. Phytoestrogens and mycotoxins in Iowa streams: an examination of
underinvestigated compounds in agricultural basins. J. Environ. Qual. 39,
2089-2099. https://doi.org/10.2134/jeq2010.0121.

Kowalczyk, A., Martin, T.J., Price, O.R., Snape, J.R., van Egmond, R.A., Finnegan, C.J.,
Schéfer, H., Davenport, R.J., Bending, G.D., 2015. Refinement of biodegradation
tests methodologies and the proposed utility of new microbial ecology techniques.
Ecotoxicol. Environ. Saf. 111, 9-22. https://doi.org/10.1016/j.ecoenv.2014.09.021.

Kumar, A., Kaur, S., Sangwan, P.L., Tasdugq, S.A., 2023. Therapeutic and cosmeceutical
role of glycosylated natural products in dermatology. Phyther. Res. 37, 1574-1589.
https://doi.org/10.1002/PTR.7752.

Kummer, S., Ruth, W., Kiihn, O., Kragl, U., 2014. Comparison of electrochemical
oxidation of flavonols and calculated proton affinity and electron transfer enthalpy
in water. Electroanalysis 26, 910-918. https://doi.org/10.1002/elan.201300631.

Kiimmerer, K., 2017. Sustainable Chemistry: a future guiding principle. Angew Chem.
Int. Ed. Engl. 16420-16421. https://doi.org/10.1002/anie.201709949.

Leder, C., Rastogi, T., Kiimmerer, K., 2015. Putting benign by design into practice-novel
concepts for green and sustainable pharmacy: designing green drug derivatives by
non-targeted synthesis and screening for biodegradability. Sustain. Chem. Pharm. 2,
31-36. https://doi.org/10.1016/J.SCP.2015.07.001.

Leite, A.C., Neto, A.P., Ambrozin, A.R.P., Fernandes, J.B., Vieira, P.C., da Silva, M.F., de
Albuquerque, S., 2010. Trypanocidal activity of flavonoids and limonoids isolated
from Myrsinaceae and Meliaceae active plant extracts. Rev. Bras. Farmacogn. 20,
1-6. https://doi.org/10.1590/50102-695X2010000100002.

Liang, X., Christensen, J.H., Bucheli, T.D., Nielsen, N.J., 2023. Source-supported suspect
screening (4S) of phytotoxins in terrestrial and aquatic environments: a field study of
lupinus angustifolius L. (blue lupin). Environ. Sci. Technol. 57, 2333-2340. https://
doi.org/10.1021/acs.est.2c05387.

Maini, S., Hodgson, H.L., Krol, E.S., 2012. The UVA and aqueous stability of flavonoids is
dependent on B-ring substitution. J. Agric. Food Chem. 60, 6966-6976. https://doi.
org/10.1021/j£3016128.


https://doi.org/10.1016/j.chemosphere.2024.142234
https://doi.org/10.1016/j.chemosphere.2024.142234
https://doi.org/10.1016/S0031-9422(00)85586-7
https://doi.org/10.1021/CR050952T
https://doi.org/10.1016/S0014-5793(03)01439-X
https://doi.org/10.1016/S0014-5793(03)01439-X
https://doi.org/10.1080/07391102.2019.1645734
https://doi.org/10.1080/07391102.2019.1656671
https://doi.org/10.1080/07391102.2019.1656671
https://doi.org/10.1007/s00769-009-0589-5
https://doi.org/10.1016/0022-2860(93)07867-V
https://doi.org/10.1016/S0065-2296(04)41001-5
https://doi.org/10.1016/S0065-2296(04)41001-5
https://doi.org/10.1016/j.vibspec.2012.10.006
https://doi.org/10.1016/j.vibspec.2012.10.006
https://doi.org/10.1021/jf071661j
https://doi.org/10.1021/jf071661j
https://doi.org/10.3389/fpls.2012.00222
https://doi.org/10.3389/fpls.2012.00222
https://doi.org/10.2174/0929867325666180706104829
https://doi.org/10.2174/0929867325666180706104829
https://doi.org/10.1038/nrmicro1932
https://doi.org/10.1038/nrmicro1932
https://doi.org/10.1007/s11101-018-9591-z
https://doi.org/10.1016/j.scp.2020.100331
https://doi.org/10.1016/J.SCITOTENV.2021.149128
https://doi.org/10.30621/jbachs.2019.555
https://doi.org/10.1021/es200567b
https://doi.org/10.1016/j.envint.2015.03.019
https://doi.org/10.1016/j.envint.2015.03.019
https://doi.org/10.1080/14786419.2018.1493588
https://doi.org/10.5897/ajpp11.721
https://doi.org/10.5897/ajpp11.721
https://doi.org/10.1016/j.chemosphere.2009.02.020
https://doi.org/10.1016/j.chemosphere.2009.02.020
https://doi.org/10.1186/S12866-020-01798-4/TABLES/1
https://doi.org/10.1186/S12866-020-01798-4/TABLES/1
https://doi.org/10.1002/AHEH.19930210603
https://doi.org/10.2134/jeq2010.0121
https://doi.org/10.1016/j.ecoenv.2014.09.021
https://doi.org/10.1002/PTR.7752
https://doi.org/10.1002/elan.201300631
https://doi.org/10.1002/anie.201709949
https://doi.org/10.1016/J.SCP.2015.07.001
https://doi.org/10.1590/S0102-695X2010000100002
https://doi.org/10.1021/acs.est.2c05387
https://doi.org/10.1021/acs.est.2c05387
https://doi.org/10.1021/jf3016128
https://doi.org/10.1021/jf3016128

L. Schnarr et al.

Maleki, S.J., Crespo, J.F., Cabanillas, B., 2019. Anti-inflammatory effects of flavonoids.
Food Chem. 299, 125124 https://doi.org/10.1016/j.foodchem.2019.125124.

Markiewicz, M., Stolte, S., Lustig, Z., Luczak, J., Skup, M., Hupka, J., Jungnickel, C.,
2011. Influence of microbial adaption and supplementation of nutrients on the
biodegradation of ionic liquids in sewage sludge treatment processes. J. Hazard
Mater. 195, 378-382. https://doi.org/10.1016/J.JHAZMAT.2011.08.053.

Merkens, H., Sielker, S., Rose, K., Fetzner, S., 2007. A new monocupin quercetinase of
Streptomyces sp. FLA: identification and heterologous expression of the queD gene
and activity of the recombinant enzyme towards different flavonols. Arch. Microbiol.
187, 475-487. https://doi.org/10.1007/500203-007-0215-Z.

Nanusha, M.Y., Krauss, M., Schonsee, C.D., Giinthardt, B.F., Bucheli, T.D., Brack, W.,
2020. Target screening of plant secondary metabolites in river waters by liquid
chromatography coupled to high-resolution mass spectrometry (LC-HRMS).
Environ. Sci. Eur. 32, 1-11. https://doi.org/10.1186/512302-020-00399-2/
FIGURES/4.

OECD, 1992. OECD 301 - Ready Biodegradability, OECD Guidelines for the Testing of
Chemicals.

Ozan, A., Safir, G.R., Nair, M.G., 1997. Persistence of isoflavones formononetin and
biochanin A in soil and their effects on soil microbe populations. J. Chem. Ecol. 23,
247-258. https://doi.org/10.1023/B:JOEC.0000006357.18358.14.

Panche, A.N., Diwan, A.D., Chandra, S.R., 2016. Flavonoids: an overview. J. Nutr. Sci. 5
https://doi.org/10.1017/jns.2016.41.

Pekal, A., Biesaga, M., Pyrzynska, K., 2011. Interaction of quercetin with copper ions:
complexation, oxidation and reactivity towards radicals. Biometals 24, 41-49.
https://doi.org/10.1007/510534-010-9372-7.

Persson, L., Carney Almroth, B.M., Collins, C.D., Cornell, S., de Wit, C.A., Diamond, M.L.,
Fantke, P., Hassellov, M., MacLeod, M., Ryberg, M.W., Spgaard Jgrgensen, P.,
Villarrubia-Gémez, P., Wang, Z., Hauschild, M.Z., 2022. Outside the safe operating
space of the planetary boundary for novel entities. Environ. Sci. Technol. 56,
1510-1521. https://doi.org/10.1021/ACS.EST.1C04158/ASSET/IMAGES/LARGE/
ES1C04158_0002.JPEG.

Pillai, B.V.S., Swarup, S., 2002. Elucidation of the flavonoid catabolism pathway in
Pseudomonas putida PML2 by comparative metabolic profiling. Appl. Environ.
Microbiol. 68, 143-151. https://doi.org/10.1128/AEM.68.1.143-151.2002.

Plaza, M., Pozzo, T., Liu, J., Gulshan Ara, K.Z., Turner, C., Nordberg Karlsson, E., 2014.
Substituent effects on in vitro antioxidizing properties, stability, and solubility in
flavonoids. J. Agric. Food Chem. https://doi.org/10.1021/jf405570u.

Ramesova, S., Sokolova, R., Degano, 1., Bulickova, J., Zabka, J., Gal, M., 2012. On the
stability of the bioactive flavonoids quercetin and luteolin under oxygen-free
conditions. Anal. Bioanal. Chem. 402, 975-982. https://doi.org/10.1007/500216-
011-5504-3.

Rao, J.R., Cooper, J.E., 1994. Rhizobia catabolize nod gene-inducing flavonoids via C-
ring fission mechanisms. J. Bacteriol. 176, 5409-5413. https://doi.org/10.1128/
jb.176.17.5409-5413.1994.

Rao, J.R., Sharma, N.D., Hamilton, J.T., Boyd, D.R., Cooper, J.E., 1991.
Biotransformation of the pentahydroxy flavone quercetin by rhizobium loti and
bradyrhizobium strains (Lotus). Appl. Environ. Microbiol. 57, 1563-1565.

Rauter, A.P., Ennis, M., Hellwich, K.H., Herold, B.J., Horton, D., Moss, G.P.,
Schomburg, I., 2018. Nomenclature of flavonoids (IUPAC recommendations 2017).
Pure Appl. Chem. 90, 1429-1486. https://doi.org/10.1515/pac-2013-0919.

Rice-Evans, C.A., Miller, N.J., Paganga, G., 1996. Structure-antioxidant activity
relationships of flavonoids and phenolic acids. Free Radic. Biol. Med. https://doi.
org/10.1016/0891-5849(95)02227-9.

Rockstrom, J., Gupta, J., Qin, D., Lade, S.J., Abrams, J.F., Andersen, L.S., Armstrong
McKay, D.I., Bai, X., Bala, G., Bunn, S.E., Ciobanu, D., DeClerck, F., Ebi, K.,
Gifford, L., Gordon, C., Hasan, S., Kanie, N., Lenton, T.M., Loriani, S., Liverman, D.
M., Mohamed, A., Nakicenovic, N., Obura, D., Ospina, D., Prodani, K., Rammelt, C.,
Sakschewski, B., Scholtens, J., Stewart-Koster, B., Tharammal, T., van Vuuren, D.,
Verburg, P.H., Winkelmann, R., Zimm, C., Bennett, E.M., Bringezu, S.,

Broadgate, W., Green, P.A., Huang, L., Jacobson, L., Ndehedehe, C., Pedde, S.,

11

Chemosphere 359 (2024) 142234

Rocha, J., Scheffer, M., Schulte-Uebbing, L., de Vries, W., Xiao, C., Xu, C., Xu, X.,
Zafra-Calvo, N., Zhang, X., 2023. Safe and just Earth system boundaries. Nat 2023,
1-10. https://doi.org/10.1038/541586-023-06083-8.

Rockstrém, J., Steffen, W., Noone, K., Persson, A., Chapin, F.S., Lambin, E.F., Lenton, T.
M., Scheffer, M., Folke, C., Schellnhuber, H.J., Nykvist, B., De Wit, C.A., Hughes, T.,
Van Der Leeuw, S., Rodhe, H., Sorlin, S., Snyder, P.K., Costanza, R., Svedin, U.,
Falkenmark, M., Karlberg, L., Corell, R.W., Fabry, V.J., Hansen, J., Walker, B.,
Liverman, D., Richardson, K., Crutzen, P., Foley, J.A., 2009. A safe operating space
for humanity. Nat 2009, 472-475. https://doi.org/10.1038/461472a, 4617263 461.

Rojo, F., 2010. Carbon catabolite repression in Pseudomonas: optimizing metabolic
versatility and interactions with the environment. FEMS Microbiol. Rev. 34,
658-684. https://doi.org/10.1111/j.1574-6976.2010.00218.x.

Rothwell, J.A., Day, A.J., Morgan, M.R.A., 2005. Experimental determination of
Octanol—Water partition coefficients of quercetin and related flavonoids. J. Agric.
Food Chem. 53, 4355-4360. https://doi.org/10.1021/JF0483669.

Ruberto, G., Tringali, C., 2004. Secondary metabolites from the leaves of Feijoa
sellowiana Berg. Phytochemistry 65, 2947-2951. https://doi.org/10.1016/J.
PHYTOCHEM.2004.06.038.

Schnarr, L., Segatto, M.L., Olsson, O., Zuin, V.G., Kiimmerer, K., 2022. Flavonoids as
biopesticides — systematic assessment of sources, structures, activities and
environmental fate. Sci. Total Environ. 153781 https://doi.org/10.1016/j.
scitotenv.2022.153781.

Schwarzenbach, R.P., Egli, T., Hofstetter, T.B., Von Gunten, U., Wehrli, B., 2010. Global
Water Pollution and Human Health, pp. 109-136. https://doi.org/10.1146/
ANNUREV-ENVIRON-100809-125342.

Selin-Rani, S., Senthil-Nathan, S., Thanigaivel, A., Vasantha-Srinivasan, P., Edwin, E.S.,
Ponsankar, A., Lija-Escaline, J., Kalaivani, K., Abdel-Megeed, A., Hunter, W.B.,
Alessandro, R.T., 2016. Toxicity and physiological effect of quercetin on generalist
herbivore, Spodoptera litura Fab. and a non-target earthworm Eisenia fetida
Savigny. Chemosphere 165, 257-267. https://doi.org/10.1016/j.
chemosphere.2016.08.136.

Shaw, L.J., Hooker, J.E., 2008. The fate and toxicity of the flavonoids naringenin and
formononetin in soil. Soil Biol. Biochem. 40, 528-536. https://doi.org/10.1016/j.
s0ilbio.2007.09.021.

Sokolov4, R., Ramesova, S., Kocabova, J., Kolivoska, V., Degano, L., Pitzalis, E., 2016. On
the difference in decomposition of taxifolin and luteolin vs. fisetin and quercetin in
aqueous media. Monatshefte fur Chemie 147, 1375-1383. https://doi.org/10.1007/
s00706-016-1737-3.

Stiilke, J., Hillen, W., 1999. Carbon catabolite repression in bacteria. Curr. Opin.
Microbiol. 195-201.

Sugiyama, A., Yazaki, K., 2014. Flavonoids in plant rhizospheres: secretion, fate and their
effects on biological communication. Plant Biotechnol. 31, 431-443. https://doi.
org/10.5511/plantbiotechnology.14.0917a.

Szultka, M., Buszewski, B., Papaj, K., Szeja, W., Rusin, A., 2013. Determination of
flavonoids and their metabolites by chromatographic techniques. TrAC, Trends Anal.
Chem. https://doi.org/10.1016/j.trac.2013.02.008.

Tranchimand, S., Brouant, P., Iacazio, G., 2010. The rutin catabolic pathway with special
emphasis on quercetinase. Biodegradation. https://doi.org/10.1007/510532-010-
9359-7.

Xiao, J., Hogger, P., 2015. Stability of dietary polyphenols under the cell culture
conditions: avoiding erroneous conclusions. J. Agric. Food Chem. 63, 1547-1557.
https://doi.org/10.1021/jf505514d.

Yohannes Nanusha, M., Krauss, M., Brack, W., 2020. Non-target screening for detecting
the occurrence of plant metabolites in river waters. Env. Sci Eur 32, 130. https://doi.
org/10.1186/512302-020-00415-5.

Yohannes Nanusha, M., Krauss, M., Sgrensen, B.G., Schulze, T., Strobel, B.W., Brack, W.,
2021. Occurrence of plant secondary metabolite fingerprints in river waters from
Eastern Jutland, Denmark. Environ. Sci. Eur. 33, 25. https://doi.org/10.1186/
$12302-021-00464-4.


https://doi.org/10.1016/j.foodchem.2019.125124
https://doi.org/10.1016/J.JHAZMAT.2011.08.053
https://doi.org/10.1007/S00203-007-0215-Z
https://doi.org/10.1186/S12302-020-00399-2/FIGURES/4
https://doi.org/10.1186/S12302-020-00399-2/FIGURES/4
http://refhub.elsevier.com/S0045-6535(24)01127-5/optCTZPuXqGkx
http://refhub.elsevier.com/S0045-6535(24)01127-5/optCTZPuXqGkx
https://doi.org/10.1023/B:JOEC.0000006357.18358.14
https://doi.org/10.1017/jns.2016.41
https://doi.org/10.1007/S10534-010-9372-7
https://doi.org/10.1021/ACS.EST.1C04158/ASSET/IMAGES/LARGE/ES1C04158_0002.JPEG
https://doi.org/10.1021/ACS.EST.1C04158/ASSET/IMAGES/LARGE/ES1C04158_0002.JPEG
https://doi.org/10.1128/AEM.68.1.143-151.2002
https://doi.org/10.1021/jf405570u
https://doi.org/10.1007/s00216-011-5504-3
https://doi.org/10.1007/s00216-011-5504-3
https://doi.org/10.1128/jb.176.17.5409-5413.1994
https://doi.org/10.1128/jb.176.17.5409-5413.1994
http://refhub.elsevier.com/S0045-6535(24)01127-5/sref49
http://refhub.elsevier.com/S0045-6535(24)01127-5/sref49
http://refhub.elsevier.com/S0045-6535(24)01127-5/sref49
https://doi.org/10.1515/pac-2013-0919
https://doi.org/10.1016/0891-5849(95)02227-9
https://doi.org/10.1016/0891-5849(95)02227-9
https://doi.org/10.1038/s41586-023-06083-8
https://doi.org/10.1038/461472a
https://doi.org/10.1111/j.1574-6976.2010.00218.x
https://doi.org/10.1021/JF0483669
https://doi.org/10.1016/J.PHYTOCHEM.2004.06.038
https://doi.org/10.1016/J.PHYTOCHEM.2004.06.038
https://doi.org/10.1016/j.scitotenv.2022.153781
https://doi.org/10.1016/j.scitotenv.2022.153781
https://doi.org/10.1146/ANNUREV-ENVIRON-100809-125342
https://doi.org/10.1146/ANNUREV-ENVIRON-100809-125342
https://doi.org/10.1016/j.chemosphere.2016.08.136
https://doi.org/10.1016/j.chemosphere.2016.08.136
https://doi.org/10.1016/j.soilbio.2007.09.021
https://doi.org/10.1016/j.soilbio.2007.09.021
https://doi.org/10.1007/s00706-016-1737-3
https://doi.org/10.1007/s00706-016-1737-3
http://refhub.elsevier.com/S0045-6535(24)01127-5/sref62
http://refhub.elsevier.com/S0045-6535(24)01127-5/sref62
https://doi.org/10.5511/plantbiotechnology.14.0917a
https://doi.org/10.5511/plantbiotechnology.14.0917a
https://doi.org/10.1016/j.trac.2013.02.008
https://doi.org/10.1007/s10532-010-9359-7
https://doi.org/10.1007/s10532-010-9359-7
https://doi.org/10.1021/jf505514d
https://doi.org/10.1186/s12302-020-00415-5
https://doi.org/10.1186/s12302-020-00415-5
https://doi.org/10.1186/s12302-021-00464-4
https://doi.org/10.1186/s12302-021-00464-4

Supporting Information of Publication 3

Lena Schnarr, Oliver Olsson, Klaus Kiimmerer
Biodegradation of flavonoids — Influences of structural features
Chemosphere, 359, 142234 (2024)

Online available at:

https://doi.org/10.1016/j.chemosphere.2024.142234




flavonoids

flavones

isoflavonoids

Overview of the different flavonoid groups.

Overview of used chemicals and solvents.

neoflavonoids

flavanols
0

OH

Substance CAS number Vendor purity
flavone 525-82-6 Sigma Aldrich > 99%
7-hydroxyflavone 6665-86-7 abcr chemie 98%
chrysin (5,7-DHF) 480-40-0 abcr chemie 98%
7,4'-dihydroxyflavone 2196-14-7 abcr chemie 97%
7,3',4'-trihydroxyflavone 2150-11-0 abcr chemie 98%
apigenin 520-36-5 TCI Deutschland GmbH 98%
naringenin 67604-48-2 alfa aeser =2 97%
fisetin 528-48-3 abcr chemie 98%
luteolin 491-70-3 abcr chemie 97%
eriodictyol 552-58-9 ACROS = 94%
diosmetin 520-34-3 Sigma-Aldrich = 98%
hesperetin 520-33-2 abcr chemie 97%
654055-01-3
morin hydrate (morin) Sigma Aldrich Not specified
(480-16-0)
quercetin 117-39-5 Sigma Aldrich =2 95%
taxifolin 480-18-2 Sigma Aldrich 95%



tamaritexin 603-61-2 abcrchemie 99%

genistein 446-72-0 TCI Deutschland GmbH 98%
formononetin 485-72-3 Sigma Aldrich >99%
daidzein 486-66-8 Cayman Chemical >95%
3-hydroxybenzoic acid 99-06-9 TCI Deutschland GmbH >99%
4-hydroxybenzoic acid 99-96-7 TCI Deutschland GmbH >99%
3,4-dihydroxybenzoic acid 99-50-3 TCI Deutschland GmbH >98%
2,4,6-trihydroxybenzoic acid 83-30-7 TCI Deutschland GmbH not specified
3,4,5-trihydroxybenzoic acid 49-91-7 Sigma Aldrich >97.5%
5,7-dihydroxychromone 31721-94-5 abcr chemie not specified
phloroglucinol 108-73-6 Sigma Aldrich >99%
DMSO Sigma Aldrich

methanol VWR LC-MS grade
sodium azide 26628-22-8 Sigma Aldrich

Wavelength used for quantification and limits of quantification (LOQ) and detection (LOD) for flavonoids selected

for a more detailed analysis.

wavelength of quantification LOQ LOD
substance

[nm] [mg/L] [mg/L]
luteolin 350 0.80 0.23
eriodictyol 290 0.50 0.14
diosmetin 350 0.75 0.21

hesperetin 290 0.86 0.24



CBT results of the 19 selected flavonoids. Average values with standard deviation (SD) are given. The number of
replicates (n) is given in the last column.
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a) biodegradation

b) ahiotic degradation
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Course of concentration in the individual replicates of the 4 flavonoids eriodictyol, hesperetin, luteolin, and diosmetin

in the biodegradation (left), abiotic (middle) and mixed substrate (right) samples. Colors indicate which replicates

were run parallel (blue = first run, orange = second run, yellow= third run, and black = fourth run). In mixed substrate

samples, the letter A indicates samples containing acetate, the letter B indicates samples containing benzoate.

Concentration of benzoate in the mixed substrate samples is shown in green (data points are average values (n=2)

with standard deviation (SD)).
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