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List of Abbreviations

a Maximal photon-use efficiency

AIC Akaike information criterion

ChIF Chlorophyll Fluorescence

EC Effective Concentration

ECax Effective Concentration associated with maximum stimulatory response

ETR Electron Transport Rate

ETRupax Maximum value of Electron Transport Rate

Fm Maximum fluorescence level under the dark-adapted photochemistry

F'm Maximum fluorescence level under the stable photochemistry

F, Ground state fluorescence under the dark-adapted photochemistry

F', Ground state fluorescence under the light-adapted photochemistry

F; Steady state fluorescence

F, Variable fluorescence under the dark-adapted photochemistry

Fv/Fm Maximum quantum yield of PSII photochemistry

F./F, Maximum ratio of quantum yields of photochemical and concurrent
non-photochemical processes in PSII in dark-adapted state

ISO International Standard Organization

MAX Maximum stimulatory response

NOAEC No Observed Adverse Effect Concentration
NOAEL No Observed Adverse Effect Level

OECD Organization for Economic Cooperation and Development

PAM Pulse Amplitude Modulated fluorometer

PSII Photosystem complex I1

gN Non-photochemical quenching

qP Photochemical quenching

Rfd Relative fluorescence decrease

RGR Relative Growth Rate

RLC Rapid Light Curve

Y(II) The effective quantum yield of photochemical energy conversion in

PSII; a.k.a. Genty parameter

Y(NPQ) Quantum yield of regulated non-photochemical
energy loss in PSII

Y(NO) Quantum yield of non-regulated heat dissipation
and fluorescence emission



1. Introduction

An ever-increasing human development and unsustainable population growth
has led to industrialization, modern agriculture and pharmaceutical advancements.
The industrial processes release a variety of pollutants including heavy metals,
persistent organic pollutants (POPs), and emerging pollutants such as
micro(nano)plastics and polyfluoroalkyl substances (PFAs) into the environment
(Jafarzadeh et al., 2022; Eid et al., 2024). Industrial wastewater contains a substantial
load of heavy metals causing pollution (Amal Raj et al., 2024). Freshwater bodies,
being in the closest vicinity of industrial and municipal sources, are at the highest risk
of getting contaminated (Reid et al., 2019; Ceschin et al., 2021). The increasing levels
of heavy metals and their subsequent exposures are associated with many health
issues in humans including carcinogenesis, kidney damage, liver problems,
hypertension, skin and gastrointestinal problems, endocrine disruption, and abnormal
development in children (Yan et al., 2022; Amal Raj et al., 2024). Additionally, they
can also hinder the growth of aquatic flora. The possibility of a trophic transfer and

leaching into the soil system is also an additional aspect to be considered.

While heavy metal pollution is a long-studied issue, concerns over the
elevated chloride (CI°) concentrations in freshwater bodies have recently been raised
among the scientific community. The major sources for this anion are chlorination for
sterilization purposes, inclusion of municipal and industrial wastewater into the
waterbodies, application of salt for de-icing of roads and seawater mixing due to high
tides (Schuler et al., 2017; Hong et al., 2023). Chloride is a beneficial micronutrient
in higher plants at lower concentrations. It is involved in photosynthesis as a cofactor
at ‘S’ transition state during electron excitation in PSII, and repairing process of
photodamaged thylakoid membrane, osmoregulation and maintaining the turgor
pressure. However, the higher concentrations can become toxic for the plants by
causing chlorosis, disturbing the homeostatic balance in chloroplast and
mitochondria, and decreasing the enzymatic activities (Kobayashi et al., 2006;

Geilfus, 2018; Raven, 2020). Therefore, it is important to continuously monitor the



pollution levels in the waterbodies to maintain water quality and preserve an overall

ecosystem health.

In addition to in situ water quality monitoring through bioindicator
organisms, the toxicological effects of environmental pollutants can also be modeled
to evaluate their overall impact on the ecosystem. According to Hee, (1993), the term
bioindicator refers to an organism that indicates the presence of an environmental
stressor (e.g., pollutant, excess nutrient) by manifesting a physical, chemical, or
behavioral response. These sensitive bioindicator species offer a rapid and economic
option to prevent an upcoming catastrophic damage in the ecosystem by acting as an
early warning system (Martinez-Haro et al., 2015). Commonly used plants for
modelling toxicological effects of chemicals in freshwaters include a wide set of
organisms from the higher plant Myriophyllum spicatum L. to microalgal species such
as Chlorella vulgaris Beijerinck and Pseudokirchneriella subcapitata Korshikov
(Ceschin et al., 2021). Duckweeds are, however, the most popular model organisms
due to their fast vegetative growth, low maintenance needs and simple anatomy
(Ziegler et al., 2016). Considering their practical advantages, internationally adopted
growth inhibition-based test protocols have been developed by the International
Standard Organization (ISO) and the Organization for Economic Cooperation and
Development (OECD) for testing toxicity of environmental pollutants (ISO, 2005;
OECD, 2006).

The underlying concept behind plant ecotoxicity testing is the variable
sensitivity of plants to different substances. Usually, the effects of these pollutants are
characterized based on how they change the growth rate, biomass or photosynthetic
pigment content of the test plants (Ceschin et al., 2021). During these tests, the plants
are exposed to the targeted pollutant for a defined duration and the changes in the
specified endpoints are measured by comparing their initial and final values. These
endpoints were initially limited to the biomass and biochemical contents of the test
plants, however, the growing interest in predicting environmental impacts has led to
the progressive adoption of further phytotoxicity endpoints. These additional

endpoints help to test the hypothesized effects of many substances released into the



environment. These recently developed approaches also promise higher sensitivity
and a faster response compared to the commonly used growth inhibition-based ones.
These methods, however, also require new culturing procedures that allow monitoring
changes and measuring endpoints over time periods other than defined by the OECD
(2006) and ISO (2005) standards. In phyto-toxicological studies, amongst others,
chlorophyll fluorescence (ChlF) based endpoints are also considered as promising

alternatives or accessories to the traditional growth-based endpoints.

Measuring ChIF induction is non-destructive, and therefore can be jointly
applied with other approaches. In addition, the method gains information on the
functionality of a basic -and very sensitive- metabolic process (i.e., photosynthesis),
thus promising faster responsivity to adverse effects, as compared to growth
responses that reflect a later stage of organic matter production. Several basic and
derived endpoints have already been applied in a variety of ways to measure the
response of plants to environmental stress factors (Bhagooli et al., 2021). Despite the
increasing application of this technique in plant ecophysiological and toxicological
studies, however, a comprehensive comparison of reliability and responsiveness has
never been made between the classical growth-based methods and the ChlF-based

methods using a wider set of toxicants in duckweeds.



2. Aims and objectives

This thesis is based on two studies involving Spirodela polyrhiza (L.)

Schleiden and Lemna gibba L. The first study with S. polyrhiza was aimed to identify

the most suitable ChlF-based endpoints while the L. gibba-based study was focused

on further evaluating the suitability of these endpoints under exposure to various

environmentally relevant metals and metalloids. These latter results with L. gibba also

formed the basis for comparison whether the findings of S. polyrhiza-based

investigation were general or species specific. Overall, the objectives of the thesis

were to address the following questions and hypotheses:

L.

ChIF imaging technique is gaining popularity in ecotoxicology due to its
rapid and non-invasive measuring principle. Since several endpoints can be
derived from the same basic measured parameters, the first aim was to assess
which endpoints are the most responsive in duckweed toxicological tests and
thus can be recommended in practical applications. The first hypothesis of
the study was that the light-adapted parameters are more sensitive than the
dark-adapted ones when measured in standard kinetic curves.

In order to record a full ChIF induction curve, dark-adaptation of samples is
required followed by a continuous measurement until reaching steady-state
photosynthesis. In case of a large sample series, however, following this
protocol extends the time requirement significantly. Measuring light- and
dark-adapted parameters separately without recording a full induction curve
could, thus, significantly increase the through-put of such measurements. The
second hypothesis of this study was that acquiring the light- and dark-adapted
ChlF parameters in two separate steps still yields endpoints with a
comparable sensitivity to the full ChlF induction curve.

Stress responses of duckweeds are toxicant-dependent and can be measured
by means of both growth and ChlF. Here we tested whether ChlF-based
phytotoxicity endpoints have comparable sensitivity to those of growth-based
ones under exposure to a wide set of heavy metals, and hence, whether they

can reliably substitute the growth-based endpoints. The third hypothesis of
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the study was that ChlF-based endpoints have a comparable sensitivity to the
growth-based ones.

The standard duckweed growth inhibition tests are conducted in such
volumes of medium that are large enough to support growth of the cultures
for seven days. The duration and medium requirements, however, can be
significantly reduced by multi-well plate-based experimental setups. The
fourth hypothesis of this study was that such multi-well plate-based setups
can be adopted for duckweed toxicity testing without compromising the

sensitivity.



3. Literature review

3.1. Duckweed morphology, evolutionary history and biogeographical

distribution

Duckweeds are the smallest flowering members of the Plant Kingdom
belonging to the family Lemnaceae within the monocot order of Alismatales (An et
al., 2018). To date, there are 5 recognized genera and 36 species of duckweeds (Sree
et al., 2016; Bog et al., 2020). The five genera include Spirodela, Landoltia, Lemna,
Wolffia and Wolffiella (An et al., 2018). Their body primarily consists of a leaf-like
frond, having a very simple anatomy. The fronds have a spongy mesophyll contained
between an upper and lower epidermis layer. The mother fronds produce the next
generation of daughter fronds through meristematic regions. The size of these fronds

depends on the duckweed species, but ranges in the mm—cm range (Figure 1).

Fronds

L. gibba roots = S. polyrhiza roots

Figure 1. Colonies of the duckweeds Lemna gibba and Spirodela polyrhiza showing

differences in frond size and number of roots (author’s own images).
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Duckweeds have evolved through a gradual simplification in their anatomical
complexity. As a result, a continuous reduction in body size can be observed from
Spirodela towards Wolffia. Duckweed species also reduced the number of roots
present per frond over the course of their evolution due to restricted usage of roots in
nutrient uptake (Ware et al., 2023). Multiple roots initially present in Spirodela and
Landoltia species were reduced to only a single root in Lemna species. As the other
extreme, both the Wolffia and Wolffiella species are rootless (Figure 2). Instead of
roots, these plants can obtain nutrients from the growth medium predominantly via
their abaxial (lower) epidermis and supply them directly to the assimilating tissues
(Landolt & Kandeler, 1987; Cedergreen & Madsen, 2002). The genome size, on the
other hand, shows an increasing trend from Spirodela to Wolffia species (Wang et al.,

2011).

— Wolffia &

Rootless
Pistia \ — Wolffiella &
N
Single root
Multiple roots - - branching
+ branching - pericycle
+ pericycle Lemna - aerenchyma
+ aerenchyma | | cortical cell layers
e
Landoltia ,
Multiple roots
- branching
- pericycle
== + aerenchyma
— Spirodela " | cortical cell layers

Figure 2. Phylogeny of duckweeds and genera with a progressive morphological and

anatomical reduction, and loss of roots (Ware et al., 2023).



Except the polar permafrost regions, duckweeds are widespread all over the
globe, and many species are in fact cosmopolite spanning over multiple continents
(Landolt, 1986; Tippery & Les, 2020). Some of the most commonly present species
are Landoltia punctata G. Meyer, S. polyrhiza and Lemna minor L. Landoltia
punctata is known to be natively present in Australia and southern Asia while S.
polyrhiza spreads more widely as it covers most of Europe, Asia and America. Lemna
minor is mainly present in Europe, America, Africa and in some regions of northern
Asia (Landolt, 1986). Apart from these native habitats, some species of duckweeds
have also spread into other regions as a result of anthropogenic introduction e.g., La.
punctata to certain parts of southeastern Europe, North America, South America, L.
minuta to Europe, L. gibba to Japan and L. minor to Australasia (Landolt, 1986;
Tippery & Les, 2020).

3.2. Applications of duckweeds

Duckweeds are widespread across the globe, however, the first monograph
on this plant group was published only in 1839 describing the Lemnaceae family
(Schleiden, 1839). Later on, the 1950s marked the initiation of biochemical studies
on these plants (Hillman, 1957; Acosta et al., 2021). In ancient times, they were
believed to have medicinal benefits in relation to different disorders. For instance, S.
polyrhiza and L. minor were used as a remedy for fever among romans and Chinese
while L. minor was a component for the ointment against colic in medieval Christian
Europe. Their usage was also a part of many rituals in different religions and cultures
(Edelman et al., 2022). Nowadays, duckweeds are primarily utilized as a source of
feed for water birds, fish and other animals due to their high protein content. They are
also used as human food supplement in some regions across the globe (Xu et al.,
2015). Additionally, researchers are also studying the possibility of using these
cosmopolite plants as biomass and biofuel production source (Cui et al., 2015; Chen
et al., 2022; Paolacci et al., 2022; Petersen et al., 2022), and as phyto-remediating
agents (Chen et al., 2018; Igbal et al., 2019; Golob et al., 2021; Szabo et al., 2023).

The global distribution of duckweeds enables their growth in different

environmental conditions with variable nutrient availability and salinity (Baek et al.,
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2021). Due to their hyperaccumulation capabilities, they have the potential to remove
heavy metals, pesticides, and organic compounds from wastewater. Studies have been
performed with duckweed for nitrogen and phosphorus removal where 93% removal
efficiency was achieved using municipal wastewater (Zhou et al., 2018) and 98% for
swine wastewater (Mohedano et al., 2012). Certain Spirodela and Lemna species have
showed the highest growth, biomass production accompanied by efficient nutrient
removal from wastewater (Cheng & Stomp, 2009). Figure 3 summarizes the major

potential applications of duckweed species.
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Figure 3. Current and further potential applications of duckweeds (author’s own

illustration based on the idea from Thingujam et al., 2024).



Besides these large-scale applications, duckweed plants are also being widely
used in laboratory-scale studies for research purposes and have gained popularity over
the years. They are being studied regarding their genomics, biochemistry and
developmental physiology (Acosta et al., 2021; Zhou et al., 2023). Due to the small
genome size of Spirodela, it is often studied as a reference genome for the monocots
(An et al., 2018). Duckweed roots might also be utilized to simulate the molecular
and evolutionary processes behind losing vestigial organs in plants (Ware et al.,
2023). The members of Lemnaceae family are also excellent for modelling the
environmental stress responses in aquatic plants because of their high sensitivity

(Zhou et al., 2023).

3.3. Utilization in ecotoxicology

Amongst laboratory scale applications, duckweeds have been extensively
used in plant physiology research and their popularity as a model organism comes
from a variety of innate fundamental advantages that make them an appealing asset
in ecotoxicological research. For instance, their rapid growth rate predominantly by
vegetative reproduction enables researchers to conduct toxicity studies in
comparatively shorter periods than with other test species (Radi¢ et al., 2011; Acosta
etal., 2021; Yahaya et al., 2022). This trait is especially useful when conducting acute
toxicity tests, where speedy results can be extremely important. In this regard,
duckweeds are advantageous over the other test species for not relying on the root-
to-shoot transport but directly absorbing the nutrients from their abaxial surface of
fronds (Landolt & Kandeler, 1987; Cedergreen & Madsen, 2002), hence resulting in
faster and more direct responses. As duckweeds are relatively easy to grow, require
less area and fewer resources, their utilization under laboratory conditions makes
experimental techniques simpler with lower maintenance costs. Furthermore, these
plants are very sensitive to a variety of pollutants, making them an accurate indicator
of environmental stress factors. They can indicate a wide range of toxicants, including
heavy metals (Sharma & Lenaghan, 2022), pesticides (Ueda & Nagai, 2021) and
medicines (Markovic et al., 2021), highlighting their value in monitoring

environmental pollution.
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3.3.1. Development of duckweeds toxicity tests

Duckweeds have been used in toxicological testing since the late-19™ and
early-20" century when scientists began to observe their ability to respond to
environmental factors. However, the work of a Swiss geobotanist Dr. Elias Landolt
in the 1980s (Landolt, 1986) pioneered in making substantial contributions to the
discipline. His extensive research determined the sensitivity of duckweeds to various
environmental stresses, particularly on heavy metals which laid the foundation for
utilizing duckweeds as bioindicators in toxicological investigations. In the period
between the 1990s and 2000s, attempts were made to standardize test methodologies
for conducting duckweed toxicity assays. The most popular and widely recognized
standardized ecotoxicity tests include the Organization for Economic Cooperation
and Development (OECD) guideline 221 (OECD, 2006), and International Standard
Organization (ISO) protocols number 20079 and 20227 (ISO, 2005). The availability
of these standardized test methodologies encouraged the widespread adoption of

duckweeds in ecotoxicological investigations.

These test protocols involve exposing the duckweed test plants to
environmental contaminants and their growth and physiological responses are
monitored over time. Generally, Lemna and Spirodela species are preferred due to
their ease of availability, larger size, rapid growth rate and high sensitivity to
environmental changes. Several types of synthetic media have been recommended
for duckweed culturing and toxicological testing including Steinberg medium,
Schenk and Hildebrandt medium, N-medium, Bonner-Devirian medium, Bollard
medium, Murashige and Skoog medium, and Hoagland medium (Appenroth, 2015).
The test solutions are prepared by diluting the studied chemical agent (e.g., a
pesticide, household chemical, cosmetic, etc.) in the growth medium by designing a
series of concentrations, or by spiking the dilution series of the tested water sample
with nutrients of the synthetic medium applied in the control. These concentrations
usually span over several orders of magnitude to cover the range of potential toxic

effects.
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The widely adopted test protocols, including ISO (2005) and OECD (20006),
recommend using a minimum of 100 mL growth medium in a single test vessel. In
addition to test units, controls are also incorporated to check the optimum growth of
duckweed cultures under non-contaminated conditions. Each concentration of the test
substance and controls are set up in multiple replicates to ensure the statistical
robustness of the tests. It is recommended to perform such growth inhibition tests at
a temperature of 24 + 2 °C, and under continuous warm- or cool-white, fluorescent
light source within a light intensity range of 6500-10000 lux. The flux of the
photosynthetically active radiation (400-700 nm) should also be kept between 85 to
125 w E2s! (OECD, 2006). The size and design of the test vessels can vary according
to the availability and personal preferences, but commonly used vessels include glass
beakers, crystallization dishes and Petri dishes. The recommended duration of the
tests by standard ISO and OECD protocols is 7 days but varying exposure durations
(3-14 days) have been applied in literature considering the research objectives.
However, OECD protocol puts a compulsion to let the test plants grow for several
generations and the doubling time of control cultures should be less than 2.5 days for

the tests to be adequately sensitive.

3.3.2. Measurement of growth inhibition

The subsequent changes in frond number, surface area and the produced
biomass of the duckweed cultures upon exposure to the environmental stressors can
be used to calculate growth inhibition (ISO, 2005; OECD, 2006). These changes are
typically calculated in terms of relative growth rate (RGR) and yield for a specific
growth parameter. For this purpose, the initial frond number, biomass or surface area
covered by duckweed plants at the beginning of the tests is measured to establish a
baseline for the comparison. Following that, these measurements are repeated
periodically throughout the experiment. The natural dynamics of duckweed
population growth follow a sigmoid curve (Figure 4), and duckweed growth

inhibition tests are usually conducted targeting the exponential growth phase.
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Figure 4. A standard sigmoid curve for duckweed population growth representing
different phases of natural growth including lag-, log- and stationary-phase (derived

from Yamaguchi, 2014).

Because of the exponential growth of cultures, log-transformation of growth
parameters is required to linearize the growth (see section 4.4 in the Materials and
methods). These calculated growth rates allow us to estimate the potential effects of
harmful compounds on the growth of the test plants in comparison to the control
plants. Additionally, the calculation of effective concentrations (EC) in toxicity tests
also plays an essential role when evaluating the possible impact of pollutants on the
test organism. EC represents the modelled concentration of an applied substance that
results in a defined effect, such as a certain degree of growth inhibition, or mortality
in a particular proportion of the test population. These concentrations are important
for understanding the dose-response relationship and evaluating the toxicity of a

chemical.

The most widely used EC is ECso, that is the concentration at which the

desired response is achieved by 50% of the population or the studied endpoint reaches

13



50% of that of the control population. In terms of duckweed toxicity assays, the latter
one applies. Similarly, reporting EC; and/or EC» along with ECs is also common in
literature. These concentrations are usually calculated by fitting dose-response
models in regression analyses. These models give mathematical description of the
dose-response relationship thus allowing interpolation of the respective ECs (such as
EC» and ECso, Figure 5). Besides, these models can also help in visualizing the
relationship between the applied concentrations and the observed response in terms

of the measured parameters.

1.00—|8 8
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0.20-
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Figure 5. A dose response curve constructed by plotting the control-normalized
relative growth rates against the toxicant concentration. ECy and ECso denote the
estimated toxicant concentrations resulting in 20 and 50% growth inhibition

compared to the control, respectively (author’s own data were used for the graph).

3.3.3. Hormesis in toxicity assays

In addition to the typical growth inhibition pattern in Figure 5. resulting from
toxicity of a pollutant, hormetic responses are also commonly observed in ecotoxicity
tests (Cedergreen et al., 2007). Hormesis is a special response type when a known

environmental stressor with proven toxicity at high dosage produces stimulatory
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effects at a lower concentration (Southam & Chrlich, 1943; Agathokleous et al.,
2024). Early observations of hormesis date back to ancient Greeks. However, this
peculiar response has attracted research interest again in the late 20" century. Initially,
the phenomenon was known as a biphasic growth response, and it was observed that
lower concentrations of several toxins enhanced the fungal metabolism but inhibited
it at higher concentrations (Schulz, 1887; Calabrese & Baldwin, 2001). Later on, the
published works of Calabrese and Baldwin opened the way to the current adoption of
this phenomenon (Calabrese & Baldwin, 2000a, 2000b, 2000c, 2000d, 2000e;
Henschler, 2006). These authors also published a comprehensively detailed study
describing different types of hormesis and interpreted their quantitative attributes
(Calabrese & Baldwin, 2002). The stimulation during hormesis can vary but can even

be as high as 60% compared to the control cultures.

Dose response relationships are described by fitting mathematical functions.
The presence of hormesis, however, may result in poor fittings of the applied models,
and underestimate the calculated EC values (Calabrese, 2003). Because of that,
specific regression models that include a hormetic component are suggested when
hormesis is observed during toxicity tests. These models allow calculating additional
information related to hormesis, including No Observed Adverse Effect Level
(NOAEL), maximum stimulatory response (MAX) and the associated effective
concentrations with maximal stimulation (ECax) (Figure 6). To meet the minimum
threshold of hormesis and to prefer opting for a hormetic model, the stimulatory effect
has been suggested to be more than 5% of the control value under identical conditions

(Cedergreen et al., 2007).
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Figure 6. A generalized biphasic dose-response curve illustrating the quantitative

features of hormesis (Cornelius et al., 2014).

3.3.4. Limitations of standard duckweed tests and subsequent developments

The most common standard toxicity testing protocols with duckweeds mainly
focused on the measurement of growth inhibition based on the biomass production of
the cultures. However, with the developments in biochemical analytical methods and
availability of advanced imaging techniques, researchers have also started to measure
additional parameters during such tests. In this regard, measurement of chlorophyll
content (Zhao et al., 2015; Yang et al., 2022; Szabé et al., 2023), carotenoids (Daniel
et al., 2020), and enzyme activities (Forni et al., 2012; Obermeier et al., 2015) were
the most applied endpoints. Apart from these biochemical endpoints, morphometric
parameters, such as colony size (Henke et al., 2011; Olah et al., 2016) and
measurement of the root length (Zhang et al., 2020; Lee et al., 2023) have also been
suggested. Another key factor considering the limitations of the common standard
protocols was the recommended test duration of 7 days which could lack rapidity and
efficiency when test results from a larger number of samples are required over a

shorter period. In order to overcome this issue, toxicologists adapted duckweed tests
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in multi-well tissue-culture plates (usually 6-, 12- or 24-well plates) using smaller
volumes of test medium for 3-7 days (Zhang et al., 2010; De Cesare et al., 2019;
O’Brien et al., 2020; Lee et al., 2023). The amount of nutrients present in the wells
were found to be sufficient for an optimal growth, and toxic effects were well
developed at the end of these experiments. Such setups can be managed in a small
space and require fewer resources. These advantages can promote their application as
alternative testing systems to the standard ISO/OECD protocol-based systems (Baudo
etal., 2015; Kal¢ikova et al., 2018; Kose et al., 2023). To date, these multi-well-plate-
based tests were adopted for a limited number of stressors using only fewer
concentrations, but they are gaining popularity. The application of tissue-culture
plates also promotes the use of automated high throughput phenotyping systems
(Subbaraman et al., 2024) and of chlorophyll fluorescence induction-based
techniques as they allow multiple samples to be measured at the same time using such

instruments.

3.4. Chlorophyll fluorescence induction method

The concept of chlorophyll fluorescence induction (ChlF) originated in the
discovery of dark/light induction of chlorophyll fluorescence in photosynthesizing
organisms, widely known as the Kautsky effect (Kautsky & Hirsch, 1931; Banks,
2017). Photons absorbed by photosynthetic pigments result in their excitation. This
excitation energy can be used further in either of 3 possible ways. Firstly, a fraction
of it operates the photochemistry driving the photosynthetic processes. Secondly, a
portion of the remaining excitation energy that was not used in photochemistry
dissipates in a regulated way as heat radiation through the xanthophyll cycle. Thirdly,
a tiny amount (1-2%) of the excitation energy can be re-emitted in the visible light
range as fluorescent light. This fraction is known as chlorophyll fluorescence

(Maxwell & Johnson, 2000).

These three processes compete for the excitation energy, i.e., the share of
either of them can increase only at the expense of the other two processes. This also
means that changes in the share of either process are indicative of changes in the other

two mechanisms. Kinetics in the ChIF thus can serve as a proxy of photosynthetic
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and photoprotective processes. A combined term ‘quenching’ is used for all these
three energy dissipation pathways. The measurement of ChlIF can be performed in
three different ways: by applying short light flashes (electron transfer from
plastoquinone pool A to B), by using a saturating pulse (to achieve the saturated state
of electron transport chain), and by using a continuous illumination (to induce a
steady state of photochemistry), respectively (Kalaji et al., 2014). Based on these
differences in measurement protocols, several types of fluorometers are available in
the market including continuous excitation fluorometers (CEF), OJIP fluorometers
and fast repetition rate (FRR) fluorometers, but pulse amplitude modulation (PAM)
fluorometers are the most widely used in algae and plant physiology research (Lazar,

2015; Banks, 2017; Zavafer et al., 2020).

The basic principle of measuring ChlF relies on a gradual transition from the
dark-adapted state to the light-adapted one of the photosystem complexes. The initial
state (O) refers to ‘Open state’ when all the photosynthetic reaction centers are
relaxed, the antennae are in their non-excited state, and the electron transport chain is
fully capable of conveying electrons. In this condition, the plastoquinone pool (PQa,
PQs and free PQ) is in a completely oxidized state resulting in ground fluorescence
level (F,). This state allows capturing the maximum number of incoming photons.
Upon absorption, the energy from the captured photons is used to split water
molecules in PSII and the resulting electrons are transferred to the PQ pool via PQa
and PQg. The electron transport chain then gets partially saturated and further
electrons cannot be easily transported from PQato PQg thus resulting in the reduction
of PQa pool. This state is referred to as ‘J’ and is represented by a rise in the
fluorescence yield due to the increasing portion of absorbed but non-utilized light
energy. Following PQa, the reduction of PQg is termed as ‘I’ state. At the final,
maximum peak in the fluorescence (Fm) represents the ‘P’ state, that is when the entire
PQ pool is reduced, and all the absorbed energy is released in the form of fluorescence

(Kiipper et al., 2019).

This whole transition process takes less than a second under a saturating light

pulse and is often referred to as fast kinetics of ChlF. The ground fluorescence of a
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sample is measured by a PAM ChlF fluorometer using weak illumination pulses that
cannot trigger photochemical charge separation in PSII but is released shortly after
its absorbance in the form of chlorophyll fluorescence. The transitional states of this
curve and their related fluorescence levels are also measured in detail only when using
OJIP fluorometers. However, in the case of the most widely applied PAM
fluorometers, this transition is expressed as a high peak value (Fr). After the ‘P state’,
when the saturating light is off, ChlF emission phases out in a few seconds. If the
illumination, however, stays continuously on, ChlF is subjected to a subsequent
decrease which eventually stabilizes that is called steady-state fluorescence (Fs)
(Figure 7). This process of decrease in fluorescence is referred to ‘fluorescence
quenching’. The quenching process occurs due to an increase in the electron transport
rate backed by the activation of enzymatic carbon assimilation and stomatal opening
(photochemical quenching qP), and heat energy dissipation (non-photochemical
quenching gqN). A time span of around 15-20 minutes is required to complete this
quenching process depending on the plant species and physiological state (Maxwell
& Johnson, 2000). When steady-state photochemistry has been achieved, another
saturation pulse can be applied to measure the maximum fluorescence level in this
state (F'm). Since the enzymatic reactions and heat dissipation mechanisms are already
active under actinic irradiation, this fluorescence level is expected to be lower than

the dark-adapted Fi, (Figure 7).
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Figure 7. A standard PAM fluorometer ChlF induction curve showing a rapid rise
fluorescence curve from F, to Fn (Kautsky effect) and subsequent quenching as
evidenced by the decrease in the fluorescence level (Buonasera et al., 2011). ML, SP,
AL and FR denote the application of measuring light, saturation pulse, actinic light

and far-red light, respectively.

The basic ChlF parameters recorded during the PAM measurement routine
include ground (F,) and maximal fluorescence yields of the dark-adapted sample (Fr),
and steady-state (Fs) and maximal fluorescence yields (F'w) of the light-adapted
sample under actinic irradiation. F', denotes ground fluorescence yield of the light-
adapted sample without actinic light but applying a far red (FR) illumination to
selectively excite PSI. This way, electrons already in the electron transport chain can
be “drained” without inducing further charge separation and supplying new electrons

into electron transport. Both the photochemical and non-photochemical processes
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operate simultaneously, and it is necessary to differentiate between them for
estimating the photochemistry of PSII. This resolution was made possible by
designing pulse amplitude modulation (PAM) chlorophyll fluorometers based on the
principle of “light doubling”. Following this principle, a PAM fluorometer applies
multiple short-lived saturation pulses with increasing intensities to periodically turn
off the photochemical quenching (qP) and measures the variable ChIF until the

saturation is reached (Schreiber et al., 1986; Buonasera et al., 2011).

PAM fluorometers also have a clear advantage of allowing measurements
even in bright environments (Murchie & Lawson, 2013). The presence of ambient
light doesn’t interfere with the measurements because the induction light is applied
at a known frequency and the detector is synchronized to measure the same frequency.
PAM ChIF measurements can be used to generate a variety of indices that can be used
as potential indicators of stress or toxicity in plant ecophysiological studies. However,
the above mentioned dark- and light-adapted basic ChlF levels i.e., Fo, Fm, Fs, F's and

F'i are used to calculate all these available endpoints (Figure 7, Table 1).
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Table 1. Calculation and physiological background of some of the most widely applied ChlF parameters.

Endpoint Formula Physiological background References
Fv/Fm (Fm-Fo)/Fm Maximum quantum yield of PSII photochemistry (Rohacek, 2002)
Fv/Fo (Fm-Fo)/Fo Maximum ratio of quantum yields of photochemical and concurrent non- (Rohacek, 2002)
photochemical processes in PSII in dark-adapted state
Y(II) AF/F's The effective quantum yield of photochemical energy conversion in PSII; (Rohacek, 2002)
a.k.a. Genty parameter
Y(N PQ) (FS/F 'm)-(FS/Fm) Quantum yield of regulated non-photochemical energy loss in PSII (Klughammer & Schreiber, 2008)
Y(NO) Fs/Fm Quantum yield of non-regulated heat dissipation and fluorescence emission  (Klughammer & Schreiber, 2008)
NPQ (Fm-F'm)/F'm Non photochemical ChIF quenching (Rohacek, 2002)
gP (F'm-Fs)/(F'm-F'o) Photochemical quenching of variable ChlF, i.e., the fraction of open PSIl (Rohacek, 2002)
reaction centers in light-adapted state
gN (F’m-F'o)/(Fm-Fo) Non photochemical quenching of variable ChlF (Rohacek, 2002)
F'v/F'm (F'm-F'0)/F'm Effective quantum yield of PSII photochemistry in light-adapted state (Rohacek, 2002)
F'v/F'o (F'm-F')/F's Effective ratio of quantum yields of photochemical and concurrent non- (Rohacek, 2002)
photochemical processes in PSII related to light-adapted state
Rfd (Fm-Fs)/Fs Chlorophyll fluorescence decrease ratio proportional to net photosynthesis; (Lichtenthaler et al., 2005)

a.k.a. “vitality index”
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3.4.1. Chlorophyll fluorescence imaging in duckweed research

The early works for the development of photosynthesis imaging were carried
out during the late 1990s and early 2000s by using a Peltier-cooled CCD-camera and
a fluorescence microscope. Later on, compact PAM fluorometers were designed by
mounting LED light source, a CCD camera and enabling data transfer to a computer,
altogether called as imaging PAM chlorophyll fluorometer (Schreiber et al., 2007).
Regarding the applications, assessment of phytotoxic effects in algal species has
already been performed using imaging PAM technique (Schreiber et al., 2007; Muller
et al., 2008), seagrass (Ralph et al., 2005; Wilkinson et al., 2015), or mosses (Chen et
al., 2019). A clear advantage of this technique is the possibility of parallel
phenotyping using several samples simultaneously. It is also possible to use multi-
well tissue-culture plates during such measurements. Duckweeds’ body is essentially
2-dimensional and floats on the surface of the medium, facing directly towards the
optical sensor, thus making them suitable for ChlF imaging. Additionally, due to their
small size, they can easily be grown and measured in multi-well plates. They take up
substances directly into the assimilating tissues without involving root-to-shoot
transport, and thus the photosynthetic responses can become faster and more direct.
Considering these advantages, ChlF imaging-based techniques have been widely used
in duckweed research to evaluate their physiological fitness and morpho-
physiological characteristics (Pietrini et al., 2019; Stewart et al., 2020; Liebers et al.,
2023; Smith et al., 2024), and even to analyze photosynthetic heterogeneities within
the frond (Olah et al., 2024).

3.4.2. Applications and limitations of the chlorophyll fluorescence induction
method

ChlF-based methods have been increasingly utilized in the past decade in
various physiological and ecotoxicological studies with plants and algae (Gan et al.,
2023; Moustaka & Moustakas, 2023). They have been studied as a promising
substitute to the traditional growth-based methods since they offer non-destructive

way of measurements (Brain & Cedergreen, 2009). ChlF is directly related to the flow
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of energy via electron transport chain that is utilized by the plants for growth. In
addition, photosynthesis is a complex biochemical process consisting of many
consecutive steps, and some of those show high sensitivity to any disturbance.
Therefore, any external stress affecting the plants’ metabolism can impact ChlF-
derived parameters (Barbagallo et al., 2003; Murchie & Lawson, 2013). Since
photosynthesis acts as the basic energy source for plant growth, changes in ChlF can
offer an early-warning proxy for the toxicological effects, that potentially
outperforms the sensitivity of growth-based phytotoxicity test endpoints even at
shorter exposure duration and lower toxicant concentration (Cervantes et al., 2001;

Ralph et al., 2007; Ziegler et al., 2019).

Apart from these advantages, this technique also has its limitations
concerning applicability. The wide set of measuring conditions that may affect the
outcome, and due to the diversity of potentially applicable ChlF endpoints the
comparison between different data sources has become a challenge. Many widely
used endpoints in literature reflect different aspects of photosynthetic efficiency, such
as Fy/Fm, F\/Fo, Y(II), P, and ETR (i.e., electron transport rate). Others, contrastingly,
describe the efficiency of photoprotective mechanisms and constitutional energy loss
processes, such as qN (non-photochemical quenching), NPQ (an alternative to qN
without needing F', for its calculation), Y(NPQ) (share of the regulated non-
photochemical quenching, i.e., heat dissipation), Y(NO) (share of the non-regulated
non-photochemical quenching, i.e., ChlF). When it comes to testing the applicability
of ChlF-based methods in phytotoxicity compared to the traditional endpoints, most
papers in the available literature are focused on a single toxicant or a well-defined
group of toxicants. In addition, these case studies apply various test and exposure

conditions making the results difficult to compare.
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4. Materials and methods

4.1. Test plants and culturing conditions

Axenic cultures of two duckweed species were used for this study. We used
Spirodela polyrhiza (L.) Schleid. clone #UD0401 (isolated in lake Kis-Balaton, W-
Hungary) (Olah et al., 2018) to compare the sensitivity of different ChlF-based
endpoints. As a second test species, we chose Lemna gibba L. clone #UD0101
(isolated in Poroszlo, E-Hungary) to evaluate the toxicity of metals and metalloids
(Figure 8). Healthy colonies picked from the main stocks were allowed to grow for
7 days under axenic conditions in 100 mL of Steinberg medium (Environment
Canada, 2007). The sub-stocks were kept in the tissue culturing room of the
Department of Botany, University of Debrecen under a continuous, white irradiation

(60 +2 pE m2 s) and controlled temperature (24 + 2°C). These sub-stocks were then

used as a starting inoculum for our toxicity experiments.

Figure 8. Specimens of the applied duckweed clones UD0401 (S. polyrhiza) and
UDO0101 (L. gibba) under laboratory conditions (author’s own image).
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4.2. Experimental design and preparation of chemicals

For stock culturing and experimental work, modified Steinberg medium was
used with a final pH of 6.0 + 0.2 (Steinberg, 1946; Environment Canada, 2007). The
chemical composition and preparation of the medium is supplemented in appendix
ITI. The freshly prepared Steinberg medium was autoclaved and stored at room
temperature before use. The experimental work was performed under non-axenic
conditions, but the sterile medium, axenic stock cultures and short exposure duration

ensured that microbial contamination had not affected the plants’ responses.

In the experiments with S. polyrhiza, we used three chemicals that were
suggested for standard duckweed test protocols as reference toxicants in positive
controls (Environment Canada, 2007): nickel (Ni as NiSO4 x 7H,0), chromate (i.e.,
Cr(VI) as K,Cr,0;7) and sodium chloride (NaCl). The applied Ni and Cr(VI)
concentrations ranged between 0.039-10.0 mg L™ in a geometric series of 9
consecutive concentrations each doubling the previous one. NaCl was applied in an
arithmetic concentration series in the range of 2-16 g L, each concentration
exceeding the previous one by 2 g L. In addition to these treatments with either

toxicant concentration, controls with pure Steinberg medium were also included.

After selecting the most sensitive ChlF-based endpoints, we compared their
responsivity to the commonly used growth-based ones in L. gibba, using 12
environmentally relevant metals and metalloids, including different oxidation states
of some metals. Pilot experiments were first run to find the nominal concentration
ranges for all the tested elements. On the basis of these pilot experiments, we applied
the toxicants in a series designed to cover approximately three magnitudes using at
least eight nominal concentrations. The concentrations at every series level were
doubled as compared to the previous concentration level. Three elements, namely Ag,
Cr(VI) and Se(VI), showed highly divergent response ranges for growth- and ChlF-
based endpoints in the pilot experiments, therefore, we introduced additional
concentration levels for these metals. We applied the tested elements in the following

concentration ranges given in Table 2.
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Table 2. The studied elements, source chemicals and their respective concentrations.

Element Symbol Source chemical Concentration range
Silver Ag AgNO; 0.76 ng L'-0.25mg L™!
Arsenite As(III) NaAsO» 0.078-10mg L'
Arsenate  As(V) Na,HAsO4 0.78-100 mg L'
Cadmium Cd CdCl, 0.078-10 mg L™!
Chromite  Cr(III) KCr(SOs), x 12H,0  0.78-100 mg L™!
Chromate Cr(VI) K»CrOq4 0.0012-10 mg L™!
Copper Cu CuSO04 x 5H,0 0.078-10 mg L'
Mercury  Hg HgCl, 0.078-10 mg L™!
Nickel Ni NiSO4 x 7H,O 0.078-10 mg L™!
Selenite Se(IV) NaxSeOs 0.078-10 mg L™!
Selenate Se(VI) Na,SeOs x 10 HO  0.002-10 mg L™
Zinc Zn ZnS04 x TH,0 0.78-100 mg L™!

The experiments with both species were conducted using standard 12-well
tissue-culture plates. Each well contained either 4 mL pure Steinberg medium
(controls) or the metal-spiked solution (treatments). All the control and treatment
wells were paralleled by four replicates. The starting inoculum for each well consisted
of a single healthy colony of S. polyrhiza (45 fronds) or L. gibba (3—4 fronds). The
exposures lasted for three days (72 + 2 h) under identical ambient conditions to those
of stock culturing. This shorter exposure duration was chosen based on preliminary
experiments indicating no nutrient depletion or crowding in the control wells until the
end of the test while maintaining the minimum growth rate requirements of standard
toxicity tests. The experiments with S. polyrhiza were repeated three times applying
identical environmental conditions and the same experimental design. The

experimental work with L. gibba was repeated twice with regard to each metal.

4.3. In vivo chlorophyll fluorescence induction measurements

We used a Maxi Imaging-PAM chlorophyll fluorometer (Heinz Walz GmbH,
Effeltrich, Germany) to measure the photosynthetic activity of the test plants. The
instrument used a built-in, blue-colored LED light source with a peak intensity at 450
nm to illuminate the samples and captured the images using an IMAG-K6 digital

camera (2/3” chip with 1392 x 1040 pixels resolution). The unit was operated via
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ImagingWin v2.47 software (Heinz Walz GmbH, Effeltrich, Germany). We used

slightly different protocols for the two parts of the investigation as detailed in the

following subsections.

4.3.1. Standard chlorophyll fluorescence induction curve measuring routine

The following protocol was applied to compare sensitivities of different

ChlF-derived endpoints in S. polyrhiza to the reference toxicants:

L.

Before starting ChlF measurements, we allowed the test plants to achieve
fully oxidized state of PSII photochemistry by dark-adapting them for 20
minutes.

F, i.e., ground fluorescence level of plants was determined immediately after
dark-adaption using a weak, non-inductive measuring light (intensity: 2,
frequency: 1 s7).

The dark-adapted maximum fluorescence level (Fm) of the test plants was
then measured using a single saturating light pulse for 720 ms (intensity: ~
4000 uE m2 s™).

Afterwards, light-adapted state of the plants was induced using a continuous
actinic irradiation for 10 minutes (intensity: ~77 uE m™ s™!). The intensity of
this applied irradiation aimed at mimicking the light climate during the stock
culturing and experimental treatments of the plants. In the light-adapted state
of plants, F; (i.e., steady-state ChlF level) was measured. Also, the maximum
fluorescence level under light-adapted state (F'm) was measured by means of
a second saturating pulse with the same settings as for determining Fr,. We
were unable to directly measure F', (i.e., ground ChlF level under the light-
acclimated state) using the imaging PAM due to absence of far-red light
source to selectively excite PSI. Instead, it was calculated using the following
formula (Heinz Walz GmbH, 2019):

F,

F, 2 7

- B
G P
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5. Right after obtaining the ChlF induction curve using the above-mentioned
measurement protocol, we recorded a so-called rapid light curve (RLC) in
the light-adapted plants (see also in section 4.3.2). This RLC characterized
the functional state of PSII photochemistry along with 15 consecutively
increasing illumination intensities ranging from 0-530 PUE m2 s, with each
light step lasting for 30 s. At the end of each light step, quasi steady-state
chlorophyll fluorescence (Fs) and the light-adapted maximal chlorophyll
fluorescence vyield (F'm) was determined under the ambient light intensity
according to the previous point #4.

6. Finally, different ChlF-based endpoints were calculated using the formulas
provided in Table 1. All those endpoints were used for S. polyrhiza, however,
we used only the two most sensitive endpoints from the dark- and light-

adapted states i.e., F\/F, and Y(II) in the investigations with L. gibba.

4.3.2. Rapid light curve (RLC) induction and calculation of ETR

The electron transport rate (ETR) of S. polyrhiza plants was calculated using

Fs and F'm according to the given formula (Heinz Walz GmbH, 2019):
ETR (umol electrons m~2s™1) = Y(II) Xx PPFD x 0.84 x 0.5

Where PPFD = the photosynthetic photon flux density of the incident light (uE m™
s, and the two constant values refer to the incident light absorption efficiency of the
plants (i.e., 84%) and the assumed proportion of light absorbed by PSII (i.e., 50%)
assuming equal stoichiometric distribution of the absorbed light between PSI and PSII

(Ralph et al., 2005; Murchie & Lawson, 2013; Kalaji et al., 2017; Park et al., 2017).

The calculated ETR values corresponding to 15 incident PPFD levels were
then used for plotting the rapid light curve (Figure 9) in order to determine ETRmax
and o. ETRmax shows the highest calculated value of ETR along the curve while a
refers to the initial slope of the curve representing the maximum photon-use efficiency
under the applied ambient conditions. The following mathematical equation was

applied to calculate a:
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a (electron photon™) = ETR/11 pEm %571

where 11 corresponds to the lowest light intensity applied in the course of the RLC

measurements (Figure 9).
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Figure 9. Rapid Light Curves of control and treated plants showing the saturation of
the electron transport against the applied light intensities (PPFD). Parameters o and
ETRmax denote the initial slopes and the maximal values of the saturation curves,

respectively (author’s own graph).

4.3.3. Customized protocol to obtain basic chlorophyll fluorescence

parameters

The standard ChlF induction protocol measures all the basic ChIF levels
along with a continuous sequence. During this routine, firstly the dark-adapted

indicators (F, and Fr,) are measured, then the plants are continuously illuminated until

30



steady-state photosynthesis, and eventually the light-adapted indicators, such as F's,
F's, F'm are measured in this state. We shortened this process by reversing the order
of the measurements: Since the test plants were already light-adapted when taken for
the measurements from the tissue culturing room, the light-adapted ChlF parameters
could hence be measured by maintaining this state. Following that, as a second step,
the plants were darkened to measure the dark-adapted ChlF parameters. This way, the
time-consuming induction of photosynthetic processes could be spared while still
obtaining the 4 basic parameters. This shortened, 2-step routine was used for L. gibba
to compare phytotoxic potential of different metals and metalloids following the
below protocol:

1. As a first step, the test plants were swiftly transferred from the tissue-
culturing room into the instrument's measurement chamber. In order to
maintain the light-acclimated state of the plants, letting them stop floating
around in the wells and to adapt them to the instrument's actinic light
conditions, we illuminated them for 60 s using a continuous actinic light (~77
uE m?2s?).

2. Before the continuous actinic light was timed-out, Fs was measured followed
by a saturating light pulse (~4000 uE m s) to measure F'p.

3. After the measurement of light-adapted ChIF levels, the test plants were put
into 20 minutes of dark-adaptation to fully oxidize PSII. Subsequently, we
measured the dark-adapted ChIF levels (i.e., F, and F,,) following the same
protocol given in steps 2—3 of section 4.3.1.

4. The calculation of the ChlF-based endpoints including F./F, and Y(II)

followed the same protocol as given in Table 1.

4.4. Measurement of growth inhibition

We used ChlF images of L. gibba cultures taken by the ImagingWin software
v2.47 (Heinz Walz GmbH, Germany) to calculate the relative growth rates (RGR).
These images were taken on the 0™ and 3™ days under the dark-adapted conditions
representing Fi, of the cultures. In order to obtain the total surface area and frond

numbers of the cultures, the exported images (JPEG with 640 x 480 pixels resolution)
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were then processed using ImageJ software v1.54d (Schneider et al., 2012). The
function ‘Analyze Particles’ was applied to measure plant area within manually
defined selections. Another plugin, namely ‘cell counter’ was applied to help the
visual counting of the fronds. These calculated values for the surface area and total
frond number were then utilized to calculate the relative growth rates (RGRs) in terms
of both the measured parameters i.e., RGRarea and RGRgond. The calculations were

performed according to the below formula (OECD, 2006):

In(X¢) — In(X;
Romy = 1D~ 1K)

where X denotes the growth parameter (area or number of fronds), X is the initial
value of the respective growth parameter on day 0 and Xy is the final value of the
respective growth parameter on day 3.
Based on RGR, the doubling time of the cultures was also calculated using the
following formula (OECD, 2006):

Doubling time = In(2)/RGR

4.5. Data processing and statistical analyses

During data processing for experiments with S. polyrhiza, we normalized the
averages (mean) values of four internal replicates to their respective control averages.
As the tests with each reference toxicant were triplicated, thus a total of n = 3 data for
each applied concentration was used per toxicant. For the experiment with L. gibba,
on the other hand, the data from two individual experiments were pooled to produce
a total of n = 8 samples for each concentration level. We fitted non-linear regression
models to the data for determining the concentration-dependent responses of ChlF-
and RGR-based parameters by means of the “drc”-package (v. 2.5-12) (Ritz et al.,
2015), in R statistical environment (v.3.2) (R Core Team, 2015) and in RStudio
(RStudio Team, 2023). The lower limits for these log-logistic models were fixed to
zero considering the assumption that the calculated ChlF-based endpoints
—specifically depicting the efficiency of PSII photochemistry— can theoretically

decrease to zero.
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Primarily, we used 3-parameter log-logistic function “LL.3” of the drc
package to model most —all in the case of L. gibba— of the ChlF-based responses.
However, the modified log-logistic functions developed by Brain & Cousens, (1989)
(“BC”-model) and by Cedergreen et al., (2005) (“CRS”-model) were also utilized.
Thus, besides the 3-parameter log-logistic function, we also fitted the 4-parameter
models (“BC.4” and “CRS.4”) to the datasets in order to include a hormetic
component at the lower concentration range. Firstly, the suitability of the applied
models was visually evaluated and then compared according to their Akaike
information criterion (AIC) score. For AIC comparison, we used the “mselect”
function of the “drc”-package. Additionally, we also performed further suitability
checks by applying the lack-of-fit test using the “modelFit” function and calculating
the pseudo-R? using the “cor” function of the “drc”-package. During these
investigations, hormetic models were only applied to describe stress responses in S.
polyrhiza. However, toxic effects of metals and metalloids in L. gibba were only
modelled by using 3-parameter log-logistic functions. Models with an additional
hormetic component were opted in case of the former species because we observed
hormetic-like responses for multiple endpoints in Ni and NaCl treatments. On the
other hand, we didn’t observe any significant hormesis (MAX >105% of control,
(Calabrese, 2010)) in the majority of concentration-response relationships in
treatments with L. gibba. Therefore, due to ensure uniformity in data processing
within this study, we chose to apply the simplest model to describe plant responses.
The applied models were then used to estimate the effective concentrations (EC)
resulting in 20% (ECx) and 50% (ECso) inhibition of the respective endpoint by
applying the ‘ED’ function of the ‘drc’ package. In the case when a hormetic model
was applied, we also calculated the corresponding “No Observable Adverse Effect
Concentration” (NOAEC), after fading of the hormetic effect. Similarly, the highest
level of the hormetic response (“max”), and the concentration associated with this
level were also extracted using the “MAX” function. The available literature also
favors the calculation of maximum response since hormesis should be considered
significant only when the max value exceeds that of control response by at least 5%

(Calabrese, 2010).
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We evaluated the sensitivity of ChlF-based endpoints based on the calculated
mean ranks for both ECy and ECs values during the S. polyrhiza investigation. To
calculate mean ranks, each of the eight measured endpoints was assigned with a rank
based on the calculated EC values (lowest to highest) for each reference toxicant.
These individual EC» and ECso ranks were then averaged to calculate mean ranks for

the respective endpoint.

Similarly, the sensitivity of measured growth- and ChlF- based endpoints in
the study with L. gibba was compared by their median ECy and ECso values
calculated by paired sample Wilcoxon test using OriginPro 2016 (v. b9.3.226;
Academic). A correlation matrix (Spearman’s correlation) of the calculated ECso
values of the measured endpoints for L. gibba was also constructed using the
‘corrplot’ package (Wei & Simko, 2021) in RStudio in order to evaluate the
interdependency in the sensitivity of both growth- and ChlF-based endpoints.
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5. Results

5.1. Comparative responsiveness of ChlF-based endpoints

As a result of the treatments, ChlF parameters of S. polyrhiza were affected
in the applied concentration range in terms of all the three reference toxicants
(Figures 10-12). In general, the actual inhibition of ChlF-based endpoints in Ni
treatments was recorded from 1.25 mg L. Afterwards, these inhibitory effects were
observed in a concentration-dependent manner till the maximum inhibition was
achieved for each endpoint (Figure 10, for overall results and summary statistics refer

to Table S1).
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Figure 10. Concentration-dependent response curves of the most applied ChlF-
based endpoints F./Fm, Fy/Fo, Y(II) and ETRmax in Ni treated S. polyrhiza UD0401

test plants. Symbols and error bars denote grand means + SE of n = 3 samples.
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Overall, the calculated ECy and ECso values for different ChlF-based
endpoints showed considerable differences ranging between 1.0-3.7 mg L' (ECa)
and 1.8-20.6 mg L' (ECso), respectively. Due to insufficient inhibitory effects, ECso
values for 4 out of the 9 studied parameters were higher than the maximal applied Ni
concentration (that is 10 mg L™, Table 3). According to our results, ETR max and Y (IT)
were the most responsive endpoints (i.e., those had the lowest ECyp and ECsy) while

F./Fn and Rfd were the least responsive in Ni-treated S. polyrhiza plants.

A hormetic effect, on the other hand, was observed for most of the ChlF
parameters when the Ni concentration was <1.25 mg L' (Table 3, RStudio-exported
drc-model fittings are presented in Figure S1). This stimulatory effect ranged up to
10% as compared to control in the case of calculated ETRuax. In general, non-linear
models including a hormetic component described the dose-response relationship in
a better way even when the maximum stimulation was <5% compared to control, with
the only exception of F./Fi.. A NOAEC range for Ni was observed between 0.6—0.7
mg L' after the hormetic effect phased out. In general, ECpax for Ni was calculated

to be in the range of 0.1-0.3 mg L' (Table 3).
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Table 3. The basic parameters of non-linear regression model fittings (i.e., model type, degree of freedom (DF), residual sum of

squares (RSS), F-value, Pseudo-R?) using drc-package in RStudio, the calculated elements of hormesis (maximum value of observed

hormesis (Max) and the associated concentration (ECmax), No Observed Adverse Effect Concentration (NOAEC)), and calculated EC

values with 95% confidence interval (CI) for the measured ChlF-based endpoints after 72 h exposure to Ni in S. polyrhiza UD0401

test plants. Models “LL.3” and “BC.4” denote 3-parameter log-logistic and 4-parameter Brain-Cousens models, respectively. The

corresponding values in the case of a significant hormetic effect (MAX >105% of control) are highlighted in Bold style.

Endpoint Model DF RSS F-Value Pseudo-R> Max ECmax NOAEC (95% CI) EC20 (95% CI) ECs0 (95% CI)
Fv/Fm LL.3 27  323.56  1.7206 0.9286 NA NA NA 3.72 (2.87-4.57) 18.6* (13.8-23.4)
Fv/Fo BC4 26 91479  0.5439 0.9522 1025 0.2 0.52 (0.16—0.88) 1.41 (1.10-1.72) 4.2 (3.36-5.03)
YD) BC4 26 679 3.6103 0.9775 108.3 0.26 0.67 (0.49-0.84) 1.22 (1.05-1.38)  2.68 (2.35-3.01)
Fv/F'm BC4 26 404.32 1.4081 0.96 102.6 0.21 0.61 (0.30-0.91) 2.03 (1.65-2.41) 10.8%(7.55-14.0)
F'v/F's BC4 26 1051.19 1.3835 0.9554 105.6 0.23 0.64 (0.38-0.89) 1.3 (1.04-1.56) 3.4 (2.74-4.07)
Rfd BC4 26 302.72 3.8371 0.9602 103.4 0.13 0.38 (0.05-0.71) 2.13 (1.69-2.57)  20.59* (12.0-29.2)
o BC4 26 747.14 0.3612 0.9267 103.3  0.23 0.68 (0.25-1.11) 2.2 (1.66-2.75) 11.4* (6.70-16.1)
ETRmax BC4 26 167124 2.5494 0.96 110 0.28 0.66 (0.47-0.85) 1.02 (0.85-1.19)  1.84 (1.56-2.13)

The extrapolated effective concentrations (i.e., higher than the maximum applied Ni concentration (10mg L") and mathematically calculated using drc models) are

represented with asterisk (*). Absence of hormetic response in terms of the respective parameter is indicated using NA (Not Applicable) as a value. Figure S1

presents the RStudio-exported drc-model fittings and Table S1 provides the summary statistics of the original data.

37



The experiments with Cr(VI) showed a similar lowest threshold level to that
of Ni. Most of the ChlF parameters showed inhibition starting at 1.25 mg L.
However, ETRmax and F'\/F', were already affected (~10% decrease) even at 0.625
mg L' (Figure 11), though this effect was not significant (p = 0.0525). Even if the
calculated AIC scores indicated that concentration-based responses for most ChlF
parameters were better modelled with a hormetic component than the three-parameter
log-logistic models, Cr(VI) did not cause “true” (i.e., >105%) hormetic response in
most of the cases (Figure S2). The only exception that even exceeded 102% of the
control was Rfd (Table 4). The derived ECy values for Cr(VI) were found to be
ranging between 0.7-2.5 mg L' and ECs values to be between 1.8-9.0 mg L. Cr(VI)
resembled the effects of Ni in that ETRmax was the most sensitive endpoint while Rfd

and F./Fi, were the least sensitive ones (Table 4).
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Figure 11. Concentration-dependent response curves of the most applied ChlF-based
endpoints Fv/Fn, F/Fo, Y(II) and ETRmax in Cr(VI) treated S. polyrhiza UD0401 test

plants. Symbols and error bars denote grand means + SE of n = 3 samples.
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Table 4. The basic parameters of non-linear regression model fittings (i.e., model type, degree of freedom (DF), residual sum of squares
(RSS), F-value, Pseudo-R?) using drc-package in RStudio, the calculated elements of hormesis (maximum value of observed hormesis
(Max) and the associated concentration (ECmax), No Observed Adverse Effect Concentration (NOAEC)), and calculated EC values with
95% confidence interval (CI) for the measured ChlF-based endpoints after 72 h exposure to Cr(VI) in S. polyrhiza UD0401 test plants.
Models “LL.3”, “BC.4” and “CRS.4” denote 3-parameter log-logistic, 4-parameter Brain-Cousens, and 4-parameter Cedergreen-Ritz-
Streibig models, respectively. The corresponding values in the case of a significant hormetic effect (MAX >105% of control) are

highlighted in Bold style.

Endpoint Model DF RSS F-Value Pseudo-R? Max ECmax NOAEC (95% CI) EC20(95% CI)  ECso (95% CI)

Fv/Fm BC.4 26 7275 0.0317 0.9336 100.5 0.18 0.45 (0.58-1.47) 2.46 (1.89-3.03)  8.26 (6.25-10.3)
Fv/Fo BC.4 26 17839 0.0571 0.9382 102.1 0.21 0.49 (0.02-1.00) 1.21 (0.89-1.53)  2.77 (2.24-3.30)
YD) CRS.4b 26  1873.8 0.2508 0.9395 102.2 0.24 0.4 (0.03-0.83) 1.06 (0.72-1.40)  2.54 (2.00-3.09)
F'v/F'm BC.4 26 98435 0.066 0.9426 100.3 0.13 0.32 (0.36—-1.00) 1.48 (1.09-1.87) 4.7 (3.74-5.67)

F'v/F's BC.4 26 21279 0.1227 0.9307 1009 0.14 0.33 (0.16-0.82) 0.93 (0.63-1.23)  2.25(1.75-2.74)
Rfd BC.4 26 15372 0.2505 0.8784 105.3 0.34 0.98 (0.37-1.58) 247 (1.77-3.17)  9.02 (5.12-12.9)
o LL.3 27 91875 0.2719 0.9357 NA NA NA 1.88(1.34-2.43) 6.13 (5.11-7.15)
ETRmax LL.3 27 2303.1 1.0996 0.9344 NA NA NA 0.72 (0.47-0.98)  1.85(1.45-2.24)

Absence of hormetic response in terms of the respective parameter is indicated using NA (Not Applicable) as a value. Figure S2 presents the RStudio-exported drc-

model fittings and Table S2 provides the summary statistics of the original data.
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After 72 h of exposure, different ChlF parameters responded very differently
to NaCl treatments (Figure 12). After the hormetic effects were wearing down, the
actual inhibitory effects could be first observed in terms of Rfd from 6 g L' NaCl,
followed by the inhibition of Y(II) and ETRmax from 8 g L', The rest of the ChlF-
based endpoints including F./Fr, F./Fo, F'v/F'm, F'\/F'; and the maximal photon use
efficiency (i.e., o) were inhibited at the maximum applied concentration of NaCl (16
g L'"). Similar to Ni treatments, hormetic responses were observed for several ChlF-
based endpoints including F./F,, Y(II), F'\/F's, and ETRpm. at lower NaCl
concentrations (Figures 12 and S3, Table 5).
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Figure 12. Concentration-dependent response curves of the most applied ChlF-based
endpoints Fy/Fm, F./Fo, Y(II) and ETRmax in NaCl treated S. polyrhiza UD0401 test

plants. Symbols and error bars denote grand means + SE of n = 3 samples.
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With an estimated ECmax of 3.2-4.6 g L, or 50-57% of the predicted
NOAEC, the maximal hormetic stimulation varied between 108 and 125% of the
corresponding control values (Table 5). Additionally, despite the better fit of three-
parameter log-logistic models, some parameters showed stimulation of 2—7% at lower
concentrations ranges (2-4 g L', Figure S3). The calculated ECy and ECs values
for NaCl treatments ranged between 7.4—-13.2 g L' and 9.7-15.5 g L', respectively
(Table 5). In line with our heavy metal treatments, the highest sensitivity was

recorded for ETRmay, whereas Rfd and F.,/F, were the least sensitive endpoints.
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Table 5. The basic parameters of non-linear regression model fittings (i.e., model type, degree of freedom (DF), residual sum of squares

(RSS), F-value, Pseudo-R?) using drc-package in RStudio, the calculated elements of hormesis (maximum value of observed hormesis

(Max) and the associated concentration (ECmax), No Observed Adverse Effect Concentration (NOAEC)), and calculated EC values with

95% confidence interval (CI) for the measured ChlF-based endpoints after 72 h exposure to NaCl in S. polyrhiza UD0401 test plants.

Models “LL.3”, “BC.4” and “CRS.4” denote 3-parameter log-logistic, 4-parameter Brain-Cousens and and 4-parameter Cedergreen-

Ritz-Streibig models, respectively. The corresponding values in the case of a significant hormetic effect (MAX >105% of control) are

highlighted in Bold style.

Endpoint Model DF RSS F-Value Pseudo-R> Max ECmax NOAEC (95% CI) EC2 (95% CI) ECs0 (95% CI)
Fv/Fm LL.3 24 1109.59 0.5767  0.8996 NA NA NA 13.2(12.4-14.0) 15.5(15.0-15.9)
Fv/Fo CRS4a 23 1273.78 2.8564  0.9554 113.2 4.55 8.78 (7.47-10.1) 10.7 (9.96-11.5)  13.2(12.6-13.8)
YD) CRS4a 23 17714 13314  0.9381 108.2 3.2 6.48 (4.34-8.61) 8.95(7.87-10.0) 12 (11.1-12.8)
F'v/F'm LL.3 24 154645 1.983 0.8844 NA NA NA 11.8 (10.7-13.0)  15.1 (14.4-15.9)
F'v/F's BC.4 23 2031 3.5422  0.9333 124.6 4.63 8.57 (7.52-9.61) 10.2 (9.37-11.1)  13.3(12.2-14.3)
Rfd LL.3 24 12064  1.4771 0.9374 NA NA NA 10.1 (9.09-11.2)  13.4(12.8-14.0)
o LL.3 24 1479 0.8038 0.9053 NA NA NA 11.9 (10.9-12.9) 14.6 (14.1-15.2)
ETRmax BC4 23 16324  0.9605 0.9595 115.8 3.45 6.06 (5.12-7.00) 7.44 (6.76-8.11)  9.71 (9.06-10.4)

Absence of hormetic response in terms of the respective parameter is indicated using NA (Not Applicable) as a value. Figure S3 presents the RStudio-exported drc-

model fittings and Table S3 provides the summary statistics of the original data.
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We compared the overall sensitivity of tested ChlF endpoints in S. polyrhiza

exposed to three reference toxicants using the mean ranks of the calculated EC,9 and

ECso values. In terms of both ECy and ECs, the order of sensitivity indicated ETR max,

Y(II) and F'/F'; to be the most responsive endpoints followed by F./F, (Figure 13).

F./Fi, on the other hand, was the least responsive endpoint along with other light-

adapted endpoints including F'\/F'n, Rfd and a (Figure 13). According to the

calculated mean ranks, Rfd proved to be more responsive than o in terms of ECy

values, but this order was reversed for ECso values.
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Figure 13. Sensitivity order of the tested ChlF-based endpoints according to their

mean ECy (blue bars spreading to the left) and ECso ranks (red bars spreading to the
right) after 72 h long exposures to Ni, Cr(VI) and NaCl in S. polyrhiza UD0401 test

plants.
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5.2. Applicability of the customized ChlF measurement protocol

After selecting F./F, and Y(II) as the most sensitive endpoints derived from the
rapid (dark-adapted) and slow (light-adapted) kinetics of the ChlF induction curve,
we compared the sensitivity of these endpoints after obtaining them from a
customized ChlF measuring protocol. In this part of the investigation, we exposed L.
gibba to 12 different toxicants and calculated their respective ECy and ECso values
in terms of Y(II) and F./F, (Table S4). Photosynthetic inhibition was recorded in
terms of both ChlF-based endpoints after the exposure duration for each applied
toxicant (Figure S4, S5). Based on the calculated ECso values, the following order of

phytotoxicity was established for the tested metals and metalloids:

Fy/Fo: Cr(V)>Cu>Ag>As(1lI)>Cd>Hg>Ni>Se(IV)>Se(VI)>Cr(1l1)>Zn> As(V)
Y(II): Ag>Cr(VD)>Cu>As(1l)>Cd>Hg>Ni>Se(VI)>Se(IV)>Cr(I1I1)>As(V)>Zn

The computed ECy for the two ChlF-based endpoints did not differ
substantially according to the paired sample Wilcoxon signed ranks test (p =0.176, Z
= 1.412). The calculated medians were 2.665 mg L™! (interquartile range: 0.47-7.13
mg L") for F/F, and 3.210 mg L' (interquartile range: 0.81-11.06 mg L") for Y(II).
However, in terms of ECso, a significant difference was observed (p = 0.021, Z =
2.275) in their sensitivity. Overall, F./F, proved to have a higher sensitivity to the
tested elements with a calculated median ECso of 5.340 mg L' (interquartile range:
1.41-11.86 mg L') as compared to 5.755 mg L™! for Y(II) (interquartile range: 2.09—
17.37 mg L), respectively. Y(IT) had lower EC values than F.,/F, for Ag, Hg and
Se(VI) treatments, while F./F, was a more sensitive endpoint for the rest of the
applied toxicants (Figure 14, Table S4). It should also be noted that the calculated
EC values did not fit into the applied concentration ranges of Ag, Se(VI) and Zn, and
thus the models had to be extrapolated due to predict ECso or even ECy (Table S4).
Ag proved to be so poisonous that it resulted in death of the test plants within 3 days,
even before reaching 20% inhibition in any ChlF-based endpoint. Hormetic effects

were observed in the case of Ag, Hg, Se(IV) and Se(VI) for F./F,. However, as
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Effective concentration (mg L")

maximal hormesis stayed below 105% of the respective control, we opted for non-

hormetic 3-parameter log-logistic model in case of these metals too.
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Figure 14. Bar plots representing the calculated effective concentrations and standard
errors (£SE) resulting in (a) 20% (ECy) and (b) 50% inhibition (ECso) of the ChlF-
based endpoints F,/F, (white bars) and Y(II) (black bars) in L. gibba exposed to 12
tested metals and metalloids. The EC values were calculated using 3-parameter log-
logistic models using drc package in RStudio environment. Note the logarithmic scale

of the y-axis.
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5.3. Comparison of the growth- and ChlF-based endpoints

In the control wells, an average control growth rate of 0.37 + 0.04 and 0.39 +
0.05 day! was recorded over the 3 days-long experiments in terms of frond area and
frond number, respectively. Similar to ChlF-based endpoints, clearly developed
growth inhibitory effects were recorded in our L. gibba test plants exposed to the
applied toxicants for 3 days (Figure S6, S7). Hormesis was observed in terms of
growth-based parameters including As(IIl), As(V), Cu, Ni, Se(IV) and Se(VI).
However, to keep data processing uniform within the dataset, we modelled the
responses using 3-parameter log-logistic model without a hormetic component. As a
total, we tested 12 metals and metalloids using L. gibba, out of which the lowest ECs
(i.e., highest toxicity) in terms of both RGRara and RGRong were recorded for Ag.
Following Ag, we found Hg to be the second most toxic element in terms of RGRarea.
Similarly, after Ag and Hg, Cu and Cd were also among the most toxic elements in
our experiments. The tested elements showed a wide range of calculated effective
concentrations spreading over around 3 magnitudes (Figure 15). The sensitivity of
RGRgrea was found to be comparatively higher than that of RGRgong based on both
EC» and ECsg values. The paired sample Wilcoxon signed ranks tests showed highly
significant differences for both ECyp and ECso (p < 0.001, Z = 3.02). The resulting
median values for ECa were 2.64 mg L™ (interquartile range: 0.81-5.32 mg L") for
RGRfiond and 0.365 mg L' (interquartile range: 0.13-3.45 mg L) for RGRyea,
respectively. Similarly, in terms of ECso, the corresponding medians were 4.065 mg
L' (interquartile range: 1.74-7.96 mg L") for RGRond and 1.75 mg L™ (interquartile
range: 0.38-4.28 mg L) for RGRurea. The least toxic elements included As(V) and
Cr(III) according to the calculated ECso values. RGRgond proved to be less responsive
to As(V) with the maximum growth inhibition within the applied concentration range
being less than 50% (supplementary Table S4 and Figure S7). Similar to As(V), Zn
also had higher ECs¢ values in terms of RGRgong, however, a medium-level growth
inhibition was recorded with respect to RGRua. Overall, the following order of
phytotoxic potential of the applied toxicants was observed based on the calculated

ECso values:
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RGRirona: Ag>Cu>Hg>Cd>As(III)>Ni>Cr(VI)>Se(IV)>Se(VD)>Cr(I1I1)>Zn>As(V)
RGRurea: Ag>Hg>Cu>Cr(VI)>Cd>Se(VI)>As(III)>Ni>Zn>Se(IV)>Cr(IIT)>As(V)
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Figure 15. Bar plots representing the calculated effective concentrations and standard
errors (£SE) resulting in (a) 20% (EC») and (b) 50% inhibition (ECso) of the growth-
based endpoints RGRgonda (White bars) and RGRure (black bars) in L. gibba exposed
to 12 tested metals and metalloids. The EC values were calculated using 3-parameter
log-logistic models using drc package in RStudio environment. Note the logarithmic

scale of the y-axis.

In terms of the tested metals and metalloids, we obtained a similar order of
sensitivity for the more sensitive growth- and ChlF-based parameters i.e., RGRarea and
F\/F,, respectively. The median ECy values for RGRarea and F./F, were 0.365 mg L™
(interquartile range: 0.13-3.45 mg L") and 2.665 mg L' (interquartile range: 0.47—
7.13 mg L), respectively, showing a seven-fold difference (paired sample Wilcoxon
signed ranks tests p = 0.042, Z = 2.045). Similarly, median values in case of ECso for
RGRgrea and F/F,, showed a three-fold difference with the respective values of 1.75
mg L' (interquartile range: 0.38-4.28 mg L™!) and 5.340 mg L' (interquartile range:
1.41-11.86 mg L") according to the paired sample Wilcoxon signed ranks tests (p =
0.042, Z = 2.045). In addition to the generally higher sensitivity of RGRarca, SOme

toxicant-specific patterns were also observed. For instance, F./F, proved to be more
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sensitive than RGRaea Wwhen we compared ECso in the case of Cr(VI). Additionally,
in the case of As(V), both the ECy and ECs for F./F, were lower than those for
RGRrea. Similarly, As(II) treatments resulted in comparable sensitivities of RGRarea
and F./F, in terms of the calculated ECy and ECs values (Figure 16, Table S4).
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Figure 16. 3D bar plot graph representing ECy and ECso values growth-based
RGRurea and ChlF-based F./F, values for L. gibba in terms of 12 tested metals and

metalloids.
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5.4. Multi-well plate-based vs ISO/OECD standard duckweed tests

We also compared the sensitivity of our multi-well plate-based test setup to
the reported results by a previous study with a standardized growth inhibition test
protocol (Naumann et al., 2007) that used L. minor. We found that our setup was less
sensitive than the standardized one conducted in accordance with the ISO protocol
(ISO, 2005). Their toxicity experiments lasted for 7 days and had 9 metals common
with our L. gibba-based study including Ag, As(IIl), As(V), Cd, Cr(VI), Cu, Hg, Ni
and Zn. The median ECy and ECs values of the 9 tested metals were significantly
lower in the study by Naumann et al., (2007) compared to ours (Table 6). The
calculated ECy values in the two studies showed only weak correlation (Spearman’s
p =0.55, p = 0.125), while this correlation was comparatively stronger between the

ECso values (Spearman’s p = 0.78, p = 0.012).

Table 6. The sensitivity of the multi-well plate-based setup (present study) compared
to previously reported study by Naumann et al., (2007) using ISO-standard (ISO,

2005) based on the effective concentrations of 9 tested elements in common.

Median Effective Concentration RGRfrona (Mg L)
L. gibba (present study) L. minor (Naumann et al., 2007) W p
ECx 2.27 0.086 2 0.023
ECso 3.21 0.683 3 0.02
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6. Discussion

6.1. Overall sensitivity of ChlF-based toxicity endpoints

The results with S. polyrhiza indicated that ChlF imaging-based endpoints
could be utilized efficiently to characterize acute phytotoxicity of various chemicals.
However, selection of the most suited and responsive endpoints is a crucial decision
to be made prior to the investigation (Kalaji et al., 2017). We found a wide range of
sensitivity in terms of ChlF-based endpoints for the 3 reference toxicants used in S.
polyrhiza-based study. The calculated highest ECso value was 11 times higher than
the lowest one in the case of Ni, while this difference was 5-fold in case of Cr(VI).
Such a difference between the two metals may be due to the essentiality of Ni, while
Cr has no known physiological function in plants (Wani et al., 2022). The narrowest
range in the calculated ECso values was found in NaCl treatments, corresponding to
1.6 times. It should also be noted, on the other hand, that in this case the entire applied
concentration range was much narrower as compared to the above metals. These
differences show a highly variable range of responsiveness using different ChlF-

based endpoints.

In general, F,/F,, and Rfd are amongst the frequently used parameters in plant
ecophysiology research. In fact, F,/Fn, is the most frequently applied parameter in the
literature related to ChlF analyses (Guidi et al., 2019; Vidakovi¢-Cifrek & Tkalec,
2023). However, in our study, both F,/F,, and Rfd were among the least sensitive
endpoints. On the other hand, F./F, proved to be more sensitive than F,/F even
though both ratios were calculated using the same basic ChlF levels, i.e., F, and Fn.
Therefore, it is the calculation method and not the measured basic parameter which
makes F,/F, perform over a larger dynamic range than F./Fy, (Lichtenthaler et al.,
2005). Plotting these two endpoints against each other shows the non-linear
relationship (Figure 17) that makes F./F, more sensitive in the physiologically near-
optimum ranges (Laposi et al., 2009; Olah et al., 2010; Pietrini et al., 2016).
Therefore, careful consideration must be taken into account when relying exclusively
on F./Fy, in a toxicological study as this endpoint proved to be quite robust when it

comes to plant responses to toxic effects. It can also be a possible reason of why F./F,,
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and the other more sensitive endpoints, were more likely to show hormetic patterns

than Fv/Fu.
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Figure 17. The non-linear relationship between F./Fy, and F./F, resulting in a larger
dynamic range and higher sensitivity of the latter endpoint. The presented data were

obtained from Ni-, Cr(VI)- and NaCl-treated S. polyrhiza plants.

Hormesis has been discussed extensively in recent years as a possible
outcome of the plants’ growth under mild environmental stress (Calabrese & Blain,
2009; Agathokleous, 2018). Similarly, exposure of duckweeds to multiple organic and
inorganic toxicants has also resulted in hormetic responses (Cedergreen et al., 2005,
2007; Belz et al., 2008; Zhong et al., 2016; Agathokleous, 2018). Hormesis in
duckweeds' photosynthetic reactions, on the other hand, has received little attention.
(Agathokleous, 2021). We observed hormesis in many ChlF-based endpoints when
we studied the effects of reference toxicants on S. polyrhiza. According to the applied

regression models, definite stimulation was found at lower concentrations of Ni and
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NaCl in terms of various ChlF-based endpoints. We found that Ni and NaCl
treatments were more likely to result in hormesis in the more sensitive endpoints
(such as F\/F,, Y(II), F'\/F's, and ETRmax). We also observed that hormetic models fit
better in case of Cr(VI) than the non-hormetic log-logistic one, despite the fact that
MAX was <3%, which was lower than the commonly accepted criterion (>5%) for
hormetic responses (Cedergreen et al., 2007). This lower-than-threshold stimulation
was valid for all the measured ChlF endpoints under Cr(VI)-stress except the least

sensitive Rfd with a stimulation exceeding 105% of the control.

The calculated values for ECax (concentrations associated with the maximal
hormetic response level ECnax) lied within 2—-15% of the calculated ECso values for
Ni-treated S. polyrhiza, and ranged between 25-35% for the NaCl-treated ones. These
results were similar to ECnax of terbuthylazine-treated aquatic macrophytes that
ranged within 20-25% of the calculated ECso values (Cedergreen et al., 2005). The
maximal hormetic effect was associated with 5-10% stimulation in Ni and 10-25%
in NaCl, being in agreement with previously reported studies (Calabrese & Blain,
2009; Agathokleous, 2021). Ni is essential for plants, but it is not intendedly added to
Steinberg’s medium during its preparation. Subsequently, nickel's physiological
function explains how it stimulates plant metabolism (DalCorso, 2012). Similar to
this, it has been observed that at low concentrations, NaCl also boosts plant
photosynthesis (Hasanuzzaman et al., 2013). Particularly interesting, we discovered
that in the current study, stimulating concentrations of Ni and NaCl for ChlF-based
endpoints were within the range of growth inhibition-based ECsos derived from 7
days-long exposures using the same S. polyrhiza clone (Olah et al., 2015; Hepp et al.,
2018). Whether these hormetic patterns were intermittent or ChlF-specific, therefore,

would require further research.

If actinic irradiation is used, variations in the photochemical efficiency can
be more clearly identified compared to the ChlF-based endpoints measured in the
dark-adapted state. Irradiating the plants could be more informative as it puts the
limiting steps of photochemistry under pressure (Ralph et al., 2005; Kumar & Han,
2010; Perreault et al., 2010; Lahive et al., 2012; Flores et al., 2013; Dewez et al.,
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2018). The results of this investigation with S. polyrhiza were also in line with this
fact as Y(II) proved to be a very responsive endpoint in our experiments. Other
endpoints representing the light-adapted state, e.g., F'v/F' and F'\/F',, also had higher
sensitivities as compared to their dark-adapted analogues i.e., F./Fn and F./F,,
respectively. Rapid light curves (RLC), according to a number of studies, provide also
particularly sensitive endpoints for determining herbicide and heavy metal toxicity in
duckweed (Olah et al., 2010; Kumar & Han, 2010; Park et al., 2017; Pietrini et al.,
2019; Park et al., 2020; Lee et al., 2021). In agreement with these studies, our results
supported ETRmax to be a sensitive endpoint. The sensitivity of photochemical
apparatus thus seemed to favor measurement of performance under a high
physiological pressure. Therefore, ETRm.x measured under high illumination
intensity proved to be the most sensitive endpoint for our reference toxicants. Based
on these outcomes, we conducted further investigations with the most sensitive dark-

and light-adapted ChlF-based endpoints, i.e., F\/F, and Y(II) in L. gibba.

6.2. Applicability of the customized ChlF measuring protocol

The calculated EC values for the dark- and light-adapted ChlF-based
endpoints (i.e., F\/F, and Y(II), respectively) derived from the customized 2-step
measurement protocol showed an overall strong correlation (Spearman’s p = 0.97)
indicating their strong interdependence despite being measured separately. This
interdependence between the measured endpoints has been already proven in multiple
studies using ChlF, and comes from using the limited set of basic parameters (Fo, Fm,
F,, F'm and F',, respectively) for their calculations. Similar to our results, a strong co-
dependence was recorded between F,/Fn, and F./F, when ChlF was measured in
Cunninghamia lanceolata under different photoperiod durations and light spectra (Xu
et al., 2020). F./F, and F,/F., were also significantly correlated (p < 0.01) while
depicting the effects of Bacillus subtilis and different potassium ion (K*) levels on
cucumber (Cucumis sativus L.) seedlings (Li et al., 2024). Similarly, when Cu toxicity
was monitored in L. minor in terms of ChlF, F./F, and F,/F., were found to be strongly

co-dependent (Singh et al., 2022).
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Apparently, our results pointed to the fact that measuring light-adapted
samples directly without the gradual build-up of different quenching processes after
the dark-adapted state affected the sensitivity of light-adapted parameters. The order
of sensitivity of the dark- and light-adapted ChlF-based endpoints in L. gibba was the
opposite for most of the tested elements contrasting to our results with S. polyrhiza.
Since we measured the dark-adapted F./F, following the same darkening period (20
minutes) to reach relaxed state of photochemistry, this measurement was practically
not influenced by adopting the customized protocol. Therefore, it should have been
the applied light-adapted endpoint i.e., Y(II) that showed decreased responsivity.
Y(II) is considered to be an accurate indicator of PSII efficiency under ambient
conditions. A possible reason for its altered sensitivity is that it can be significantly
affected by even slight differences in the measuring conditions (Murchie & Lawson,
2013). It is well known that acclimation to the spectral composition of ambient light
can significantly affect photosynthetic performance and other physiological processes
of plants (e.g., Ahlman et al., 2017; Yang et al., 2018; Li et al., 2022). Similarly, our
results with various duckweed species had confirmed that the plants displayed
different photosynthetic efficiency depending on whether the culturing light was
provided by red, blue or white LEDs (Irfan et al., unpublished data). During the
standard measurement protocol, the dark-light transition and steady state light-
adapted photochemistry of S. polyrhiza was achieved in the measuring chamber of
the instrument, by using 10-minutes long illumination period with the blue LED
source. In addition, the plants were dark-adapted for 20 min before the measurements.
Hence, the carry-over effect from the previous light acclimation could be much
weaker. During the customized measurement protocol, on the other hand, we
measured L. gibba that was originally light-adapted under a comparable PPFD from
white, fluorescent tubes. Although we allowed the plants to adapt to the blue LED
source for 60 s before applying the saturation pulse, still this shorter period could lead

to a different state of PSII photochemistry as compared to the standard protocol.

The fact that basic ChlF parameters (F,, Fm, Fs and F'y) obtained from our

customized protocol were not interchangeable with those measured during the
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standard kinetic curve was further supported by our attempts to calculate ChlF
parameters that relied on both the dark- and the light-adapted states. Calculation of
Y(NPQ) and Y(NO), as examples, uses Fr, from the dark-adapted state and F, and F'r,
from the light-adapted one (see Table 1). Deriving these parameters from the
customized protocol sometimes resulted in negative values or summing up the 3
quenching parameters contradicted to the theoretical expectation of
Y(ID)+Y(NPQ)+Y(NO) = 1 (Irfan et al., unpublished results). These observations
pointed to the unsuitability of the customized protocol in such calculations. Therefore,
even if our customized approach may yield valuable information on different aspects
of photosynthesis, it cannot fully replace protocols that use the standard ChIF

induction curve.

Based on the results of this study, measuring the dark-adapted ChlF-based
endpoints, especially F,/F,, would be preferable in phytotoxicity studies when a quick
comparison is required in terms of toxicity potential of different environmental
stressors. F./F, has been studied for a long time to measure the photosynthetic
efficiency of stressed plants (Xu et al., 2010; Zhong et al., 2016; Cen et al., 2017; Alp
et al., 2023). Generally, besides higher sensitivity in our experiments, measuring the
rapid ChlIF kinetics (i.e., dark-adapted state) would ensure a certain level of
standardization, and thus, higher comparability of the results as those would not be
affected by such lab-specific conditions as the intensity, spectrum and length of the

actinic irradiation, or the ambient temperature, respectively.
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6.3. Comparative sensitivity of growth- and ChlF- based endpoints

We also applied two common growth inhibition-based endpoints in our L.
gibba investigation in addition to using the most sensitive ChlF-based endpoints.
From this perspective, we found an overall lower range of the calculated ECso values
for RGRurea as compared to those for RGRyong. These results were consonant with
metal phytotoxicity literature where the former endpoint was comparatively more
sensitive than the later one in duckweeds (Olah et al., 2018; Markovic et al., 2021).
Frond area is a continuous variable as an opposite to the quantile nature of frond
number. This difference contributes significantly to the higher sensitivity of the area-
based RGR. A typical duckweed response is that daughter fronds may reach smaller
size under stress since less resources can be devoted to frond expansion, or due to
stress-induced morphogenic responses (Potters et al., 2007). This way, the newly-
formed but smaller fronds have a relatively less contribution to the increment in total
frond area resulting in stronger growth inhibition, while frond number growth may

still be less inhibited.

The ecotoxicological potential also depends on the chemical properties and
mode of action of different toxicants, thus influencing the selection of appropriate
toxicity endpoints. Amongst the three reference toxicants used in the case of S.
polyrhiza, Ni stimulates plant development at low concentrations because it is a
necessary cofactor for the urease enzyme participating in the N-metabolism
(Rampazzo et al., 2022). However, at higher concentrations, it causes problems with
N-metabolism, water balance, and nutritional absorption, which eventually results in
decreased fitness and growth suppression (DalCorso, 2012). Higher concentration of
Ni can halt photosynthesis in several ways, mainly by reducing the chlorophyll
content, and changing the structure of chloroplasts due to Mg displacement in
chlorophyll and RuBisCo (Appenroth et al., 2010; Yusuf et al., 2011; Andresen et al.,
2013). The reduction in chlorophyll content and changes in chloroplasts then inhibit
the electron transport chain responsible for the energy transfer between the two
photosystems. Additionally, in the worst case, both photosystems can be inactivated.

Based on spatially resolved ChlF analyses, younger tissues, that is young fronds and

56



basal parts of the still forming fronds, are especially prone to Ni-induced
photosynthetic disorders (Olah et al., 2024). In aqueous environments, its prevalent
oxidation form is Ni** ion, and it disturbs duckweed growth starting from 0.1 mg L"!

concentration range (Naumann et al., 2007; Olah et al., 2015).

Contrary to Ni, chromium has no proven physiological benefits in plants
(Wani et al., 2022). The hexavalent form of chromium, i.e., Cr(VI), exists in waters
as CrO4* and Cr,O+* oxyanions, and the sulfate transport system allows plants to
actively absorb those forms (Shanker et al., 2005). Due to the suppression of enzymes
such as Fe(Ill)-reductase, nitrate reductase, and plasma membrane H'-ATPase,
Cr(V]) poisoning can result in the disruption of the nutritional balance. According to
DalCorso (2012), Cr(VI) can react with macromolecules in cells, causing oxidative
stress as it is converted to Cr(IlI). At the level of photosynthesis, Cr(VI) depletes
chlorophyll content, obstructs electron transport during photosynthetic reactions,
inactivates Calvin-Benson cycle enzymes, and disarrays the ultrastructure of the
chloroplasts (Shanker et al., 2005). The frond edges and interveinal regions of
duckweeds are particularly affected by Cr(VI)-induced photosynthetic impairment
(Olah et al., 2024). For duckweed, Cr(VI) reduces growth in the range of 0.1-1.0 mg
L' (Naumann et al., 2007; Oléh et al., 2015).

In addition to the osmotic stress caused by NaCl, the toxicity of Na“ and CI°
ions hinders plant growth. According to Hasanuzzaman et al., (2013), salinity stress
changes protein structure, disrupts mineral feeding and water interactions, and causes
reactive oxygen species (ROS) to develop. It has been observed that NaCl alters the
ultrastructure of chloroplasts, decreases the amount of chlorophyll, and blocks
electron transport (Jajoo, 2013). Generally, the growth of various duckweed species
is inhibited upon exposure to NaCl in the concentration range of 1-10 g L' (Sree et
al., 2015). Besides the recommended reference toxicants tested with S. polyrhiza,
various elements in the study with L. gibba also had distinct toxic effects in
duckweeds. The most toxic element -i.e., Ag- caused oxidative stress in duckweed L.
minor and was also associated with cellular damage (Li et al., 2020). Similarly, in S.

polyrhiza it suppressed biomass production along with causing root abscission and
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fragmentation of fronds from the plant colony (Jiang et al., 2012). The second most
toxic element, Hg had caused reduction in the ‘chlorophyll a’ content and oxidative
damage. It also demonstrated potential to cause DNA damage leading to cellular
mortality (Zhang et al., 2017). Likewise, it was discovered that Cu and Cd were linked
to the disruption of photosynthetic pigments and the weakening of duckweed's

antioxidant defense mechanism (Hou et al., 2007).

Despite the lower sensitivity of ChlF-based endpoints, the calculated ECso
values for F\/F, and Y(II) in L. gibba were strongly correlated to the ones for the
growth-based endpoints (i.e., RGRgond and RGRarea) (Figure 18). A similar correlation
was observed between Y(II) and growth rate inhibition in duckweed toxicological
tests with common PSII inhibiting herbicides (e.g., atrazine and diuron) (Park et al.,
2017). L. minor exposed to Bisphenol A and Cu also showed a high sensitivity in
terms of ChlF-based endpoints along with a strong observed correlation with fresh
weight changes (Liang et al., 2022; Singh et al., 2022). This interdependence was also
proven by no changes in ChlF-based endpoints under perfluorooctanoic acid and
dimethyl phthalate treatments parallel to no observed growth inhibition in the cultures

(Pietrini et al., 2019, 2023).
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Figure 18. Spearman's p (upper triangle) and the accompanying p-values (lower
triangle) for the estimated ECso values for the growth- and ChlF-based endpoints in

L. gibba test plants.

Interpreting inhibition of ChlF-based endpoints is not as simple as growth-
based endpoints as the former group indicates operability of certain physiological
processes of the plants. Thus, if those physiological processes are not affected directly
by the applied toxicant, a weaker or delayed sensitivity may occur in the ChlF-based
endpoints (Brain & Cedergreen, 2009; Alkimin et al., 2019). Additionally, the
sensitivity of ChlF-based endpoints can also be influenced by irradiation conditions
as the test plants exposed to toxicants under sub-saturating irradiance promote up-
regulation of PSII repair and ROS scavenging systems compared to higher irradiation

levels (Christensen et al., 2003; Wilkinson et al., 2015). As a result of these
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comparisons, it could be concluded that ChlF- and growth rate-based endpoints might
not have same sensitivity pattern to a specific concentration range. Based on our
results, therefore, it is recommended to be very thoughtful before using ChlF-based

endpoints as sole method to measure phytotoxic effects.

Moreover, as a non-destructive way to determine surface area or frond
number, digital image analysis is commonly used. In our study, these measurements
were performed using ChlF-based images taken by the fluorometer at maximum
fluorescence level (Fn, images). Measurement of the surface area and frond number
using Fy, images provide easy and time efficient ways of morphometric analyses,
however, chlorotic areas of fronds could significantly bias the calculated frond area.
Camera photos capture both the healthy and the chlorotic parts of the fronds. Due to
no or low ChlF signal from chlorotic regions, on the other hand, ChlF-based images
do not indicate plant surface in these parts. Because of these undetected regions, the
total surface area could appear to be considerably lower while still maintaining the
frond count. This can result in a widening gap between the sensitivities of the two
growth-based endpoints. An observed decrease in the comparability of RGRuea and
RGR#iong at lower and higher concentration ranges of Ag, Se(VI) and Zn could be

attributed to this virtual surface area loss due to chlorosis.

Using a ChlIF imaging-based method in toxicological assays also comes with
some measurement limitations. Similarly to other chlorophyll fluorometers, the
instrument in our study reduced noise by thresholding the signal (Heinz Walz GmbH,
2019). This, in turn, makes poorly photosynthesizing frond areas undetectable either
under the measuring light or during the saturating light pulse. Omission of these low-
performing regions from the final calculations of F./F, and Y(II) allowed these
indicators to represent only those frond parts that retained higher photochemical
functionality (Figure 19). Sometimes, in case of extreme stress, duckweeds detach
their premature fronds from the mother frond as a survival strategy (Henke et al.,
2011; Ziegler et al., 2023). This separation was noted in our investigation under the
highest concentration treatments and in the presence of extremely hazardous elements

(e.g., Ag and Hg). Even though the majority of these early-separated fronds did not
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significantly increase in size, they still persevered in some level of photosynthetic
activity. Overall, all these factors including chlorosis, weaker photochemical
performance of some regions and suppressed growth of separated fronds supported a

cautious interpretation of ChlF-based endpoints in duckweed tests.

Control

Day0 |

Frond area (mm?) 20.99

Day 3

Frond area (mm?) 55.52

Figure 19. The chlorophyll fluorescence images taken by using imaging-PAM at the
beginning (day 0) and final day (day 3) of the exposures showing the same control
and metal-treated L. gibba colonies. Treatments with 3.125 pg L' Ag, 1.25 mg L™!
Cu, and 2.5 mg L' Hg are indicated by the symbols Ag, Cu, and Hg, respectively.
F./Fm images are displayed in the upper row (day 0), and for the corresponding
treatments, Y (II) imagery is represented on the right side and F./Fr, on the left side in
the lower row (day 3).
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6.4. Multi-well plate vs ISO/OECD standard duckweed tests

The standard validity criterion for a duckweed toxicological experiment
requires its control cultures to double in less than 2.5 days (OECD, 2006). In our
experiments with L. gibba, this criterion was clearly fulfilled in the plate-based setup.
The control cultures doubled in terms of frond area within 1.90 + 0.24 days and a

doubling time of 1.80 & 0.22 days was recorded based on the frond number.

In terms of both the ChlF- and growth-based endpoints, our findings on the
toxicity of the applied metals and metalloids in L. gibba were similar to the data from
the previously published literature. For Ag, As(Ill), and Cu, the effective
concentrations of RGRgond in L. gibba were similar to the corresponding values in L.
minor (Naumann et al., 2007; Khellaf & Zerdaoui, 2009). Similarly, As(V) showed
the lowest phytotoxicity of 10 heavy metals in L. minor with respect to both the
growth-based endpoints and chlorophyll content (Naumann et al., 2007). Another
element in our study, Zn was also moderately toxic up to an applied concentration of

10 mg L%, reported by Lahive et al., (2011) and Lanthemann & van Moorsel (2022).

The RGRfond and RGRarea ECso values in the present study, when compared
to the values previously obtained in our lab following the OECD, (2006) protocol,
were considerably higher. Subsequent RGRarea ECso values were much lower in those
earlier experiments conducted with the same S. polyrhiza clone (UD0401). The
calculated ECso values for those treatments were 0.184, 0.188, 0.104 and 0.137 mg
L' for Ni, Cr(VI), Cd and Hg, respectively (Olah et al., 2015, 2016; Hepp et al.,
2016). In comparison to the present investigation with L. gibba, ECso was calculated
to be 1.33 mg L'and 25.04 mg L™" in S. polyrhiza under As(I11) and As(V) treatments,
respectively (Hepp et al., unpublished data). In our multi-well-plate-based setup with
L. gibba, Ni also turned out to be 3—4 times less toxic than data reported for the same
species using the OECD protocol (Khellaf & Zerdaoui, 2010). The EC50 values for
Cu, however, from our multi-well plate-based research, were similar to those
published using L. gibba in accordance with the OECD protocol (Khellaf & Zerdaoui,
2010). A shorter exposure and lower toxicant-to-biomass ratio in our plate-based

setup, therefore, probably lead to such differences in addition to species-specific
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stress responses. In our plate-based setup, the tests were performed using 4 mL of
medium volume for a total exposure time of 3 days as compared to 100 mL vessels
used for treatments lasting for 7 days in standard OECD and ISO protocols. Firstly,
the plate-based test may result in lower dose (that is toxicant to biomass ratio) at the
same nominal toxicant concentrations. Secondly, a shorter exposure time may also
cause lower sensitivity of phytotoxicity assays. Regarding different exposures, three-
day-long Cd treatments in S. polyrhiza resulted in three times higher calculated ECso
values for the growth-based endpoints than the seven-days-long treatments under the

same experimental conditions (Olah et al., 2014).

In aquatic plants, ChlF endpoints are typically thought to be comparably
sensitive to growth-based endpoints (Ralph et al., 2007; Brain & Cedergreen, 2009).
Higher sensitivity of these endpoints was also reported in some cases. For example,
herbicide and phenol treatments resulted in comparatively higher sensitivity of F,/Fn,
and ETRmax than the corresponding growth-based endpoints (Kumar & Han, 2010;
Park et al., 2012). However, our results with S. polyrhiza contradicted these
observations. Regardless of being the most responsive endpoints, the calculated ECs
values for ETRmax and Y(II) were considerably higher in the present study as
compared to growth-based endpoints using the same S. polyrhiza clone (Figure 20).
The calculated ECsy values for the most responsive ETRmax in the case of Ni and
Cr(VI) were 10-fold higher than ECsos of growth-based endpoints in OECD-conform
tests, that ranged between 0.18-0.2 mg L (Oléh et al., 2015). Similarly, in NaCl
treatments, the present ECso values for ETRmax were 2-3 times higher than those for
the growth-based endpoints corresponding to 3.45 and 4.51 g L for RGRyea and
RGR#ong, respectively (Hepp et al., 2018).
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Figure 20. Correlations between the maximal electron transport rates (ETRmax)
measured in three-day long multi-well-plate-based phytotoxicity tests and the 20, 50,
and 80% inhibiting concentrations (EC», ECso, and ECgo, respectively) of Cr(VI), Ni,
and NaCl calculated in terms of frond area-based relative growth rates (RGRar,) using
the same S. polyrhiza clone UD0401 in seven-day long growth tests. Data for ETRmax
is based on the present study while the frond area-based growth inhibition data were

reported by Olah et al., (2015) and Hepp et al., (2018), respectively.
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7. Summary

Increasing freshwater pollution due to anthropogenic activities have resulted
in an immediate need for in situ water quality monitoring for management and
conservation purposes. Different bioindicator organisms are being used to monitor
water quality and model the toxicological effects of environmental pollutants. Using
duckweeds in toxicological studies is becoming common due to their superior
characteristics including fast growth rate, easy management, and faster response rate.
In addition to classical growth-based toxicological assays, chlorophyll fluorescence
(ChIF) induction-based methods are also becoming popular in duckweed toxicity tests
as non-destructive, fast and easily applicable way to measure photosynthetic
inhibition under toxicant exposure. In the growth-based toxicological assays, the
adverse effects of the applied toxicants are mainly characterized as changes in the
growth rates of surface area or production of new fronds. The ChlF-based methods,
on the other hand, rely on the measurement of ground and maximum fluorescence
levels under dark- and light-adapted states of the photosystem. These basic
parameters are then used to derive many ChlF-based endpoints for the measurement

of toxic effects.

In this research, two duckweed species, namely Spirodela polyrhiza and
Lemna gibba were used to assess the most sensitive endpoints using Pulse Amplitude
Modulated (PAM) ChlF method and to possibly reduce the required measurement
duration. The sensitivity of ChlF-based endpoints was then compared with the most
applicable and most sensitive surface area growth-based endpoint to check the
potential of ChIF alone to substitute the growth-based endpoints. Another aim of this
research was to measure these endpoints from a small, less resource intensive and
comparatively short-term tissue-culture plate-based system instead of the
standardized duckweed testing system with higher infrastructure and resource
requirements. For this purpose, plants were grown in smaller volume of test solutions
for a shorter period. In short, the efforts were made to significantly reduce the time
and effort required for the standard assay methods while producing higher throughput

and increasing the efficiency of the tests.
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According to our findings with S. polyrhiza, many ChlF-endpoints responded
to the applied treatments with varying degrees of sensitivity. Out of the tested ChlF-
based endpoints, the sensitivity of dark-adapted chlorophyll fluorescence endpoint
F./F, was notably higher than that of the widely used F,/Fr.. On the other hand, Y (II)
proved to be amongst the most sensitive light-adapted endpoints. The results
emphasized the importance to consider reporting information on F./F, as well in
addition to F./Fn. The sensitivity of the selected highly responsive endpoints (i.e.,
Y(II) and F./F,) were then subjected to comparative toxicity tests using different
metals and metalloids in duckweed L. gibba. During these tests, the ChlF-generated
images were also used to simultaneously measure the growth-based parameters of the

test cultures.

On the one hand, the results with L. gibba supported the fact that using the
small-scale, multi-well-plate-based testing system could come in handy in terms of
saving space, growth- and analysis-duration and required smaller volumes of testing
solutions. On the other hand, the sensitivity of such growth inhibition tests was lower
as compared to standard tests. Despite such lower sensitivity, the tested elements
showed comparable order of phytotoxicity to previously conducted OECD- and ISO-
conform tests. The responsiveness of individual tested endpoints, based on their
calculated effective concentrations, were also noticeably different. The results of this
study also supported the higher sensitivity of growth-inhibition-based endpoints and
hence ruled out their complete substitution by ChlF-based phytotoxicity endpoints in
duckweed toxicity testing. Another observation of this study was the underestimation
of photosynthesis-inhibiting effects due to the exclusion of chlorotic frond parts when
exposed to an element with high acute phytotoxic potential. The results of this study
also suggested that changes in the photochemical efficiency of duckweeds were not

necessarily corresponding to the growth responses due to such exclusions.

Another attempt to make the measurements shorter, that is using ChlF-based
Fn images to measure growth-based parameters of the test cultures, also proved to
bias the measurement. This was due to chlorotic regions in fronds that appeared as

virtual loss in total surface area causing an underestimation in this growth parameter.
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Despite the comparatively lower sensitivity and methodological constraints, ChlF-
based phenotyping techniques can increase the throughput of toxicity assays by
providing a non-invasive tool for physiological monitoring. Furthermore, the
utilization of imaging techniques in ChlF allowed for the simultaneous measurement
of duckweed growth and photosynthetic responses in phytotoxicity studies, resulting
in a considerable reduction in testing duration. Finally, using the small-scale multi-
well-plate-based testing system in combination with ChlF imaging technique,
duckweed phytotoxicity assays can facilitate simultaneous screening of large sample

series or multiple duckweed species/clones within a short duration.
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8. New scientific results

1. This study compared the most widely used ChlF-based endpoints to evaluate
their suitability to replace classic growth-based endpoints. The results didn’t
support the replacement of growth-based endpoints by the ChlF-based ones,
but rather favored joint measurement of both endpoint groups to maximize
the information obtained from toxicological tests.

2. The results of this study proved that F,/F, is a more sensitive endpoint than
the frequently used F./Fr, and, hence, reporting F./F, should also be promoted
instead or in addition to the latter parameter.

3. Measuring ChlF using our customized protocol significantly affected the
sensitivity order of the endpoints and resulted in an overall lesser sensitivity
of the light-adapted Y(II) as compared to the dark-adapted F./F,. This fact,
together with the more standardized way of measuring dark-adapted ChlF
parameters, favors using those parameters as endpoints in duckweed-based
phytotoxicity tests.

4. Hormetic patterns were found to be prevalent in our results with duckweeds
in case of both growth- and ChlF-based endpoints, though even the maximal
stimulation was relatively low with the metallic elements. These results
suggest that hormesis, especially in case of the more responsive parameters,
may play a considerable role in shaping the concentration-response patterns
and thus should be considered when analyzing duckweed responses to
environmental stimuli.

5. The short-term and less cost-intensive tissue-culture plate-based toxicity test
system can be applied in duckweed toxicity assay in case a large number of
species/ecotypes/chemical agents is to be tested within a limited timescale
and limited space availability. However, the sensitivity of the tests is lower
as compared to standard OECD or ISO test protocols.

6. As a baseline for further research of this kind, this study produced a detailed
phytotoxicity dataset for L. gibba obtained in a multi-well-plate-based

configuration for 12 environmentally significant metals and metalloids.
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11. Appendix I

Supplementary figures

Figure S1. Measured and modelled responses of the assessed chlorophyll

fluorescence induction endpoints to 72 h-long Ni-treatments of the S. polyrhiza

UDO0401 clone, as compared to their respective control data. Circles denote means (n

= 4) of the repeated experiments (n = 3) at the applied concentrations. Thin black

lines denote the best-fitting non-linear regression model for each ChlF endpoint with

95% confidence intervals (gray shaded areas).
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Figure S2. Measured and modelled responses of the assessed chlorophyll
fluorescence induction endpoints to 72 h-long Cr(VI)-treatments of the S. polyrhiza
UDO0401 clone, as compared to their respective control data. Circles denote means (n
= 4) of the repeated experiments (n = 3) at the applied concentrations. Thin black
lines denote the best-fitting non-linear regression model for each ChlF endpoint with

95% confidence intervals (gray shaded areas).
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Figure S3. Measured and modelled responses of the assessed chlorophyll
fluorescence induction endpoints to 72 h-long NaCl-treatments of the S. polyrhiza
UDO0401 clone, as compared to their respective control data. Circles denote means (n
= 4) of the repeated experiments (n = 3) at the applied concentrations. Thin black
lines denote the best-fitting non-linear regression model for each ChlF endpoint with

95% confidence intervals (gray shaded areas).
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Figure S4. 3-parameter log-logistic concentration-response model fittings of F./F,
for the tested metals and metalloids. Circles denote individual measurements (n = 8),
solid lines and shaded areas denote the fitted models and the corresponding standard

errors of estimates, respectively.
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Figure S5. 3-parameter log-logistic concentration-response model fittings of Y(II)
for the tested metals and metalloids. Circles denote individual measurements (n = 8),
solid lines and shaded areas denote the fitted models and the corresponding standard

errors of estimates, respectively.
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Figure S6. 3-parameter log-logistic concentration-response model fittings of
RGRurea for the tested metals and metalloids. Circles denote individual measurements
(n = 8), solid lines and shaded areas denote the fitted models and the corresponding

standard errors of estimates, respectively.
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Figure S7. 3-parameter log-logistic concentration-response model fittings of
RGRfrona for the tested metals and metalloids. Circles denote individual

measurements (n = 8), solid lines and shaded areas denote the fitted models and the

corresponding standard errors of estimates, respectively.
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12. Appendix IT

Supplementary Tables

Table S1. Summary statistics of the assessed chlorophyll fluorescence induction endpoints after 72 h-long Ni-treatments of the S.
polyrhiza UD0401 clone. The table summarizes minimums (Min), maximums (Max), arithmetic means (Mean), standard deviations
(SD) and coefficients of variation (CV) of pooled data, expressed as percentage of their respective control means, from 3 independent
experiments with 4-4 parallel treatments at each applied Ni concentration (n = 12). Different upper cases indicate significantly (p <

0.05) different medians for different concentrations according to the Kruskal-Wallis test and post hoc Mann-Whitney pairwise

comparisons.

Concentration (mgL?) 0 0.039 0.078 0.156 0.313 0.625 1.25 2.5 5 10
Sample size (n) 12 12 12 12 12 12 12 12 12 12
Fu/Fm Min 99.2 97.5 95.7 98.6 95.7 96 85.9 76.5 64.5 58

Max 101.2 101.8 102.4 102 102.5 101.4 99.6 92.1 82.5 78.3
Mean 100 99.6 100 100.9 99.9 99.9 93.8 84.1 73.7 66.4
SD 0.6 1.1 1.9 1.2 1.8 1.5 5.6 5.1 55 5.6
Ccv 0.6 1.1 1.9 1.1 1.8 1.5 5.9 6.1 7.5 8.4
Median 100.2° 99.5° 100.9% 101.32 100.1%® 100.2° 96.5°¢ 84.6¢ 73.6°  66.4
FJ/Fo Min 97.2 91.4 85.7 95 85.5 86.6 62.5 47 33.1 27.3
Max 104.6 106.9 109.2 107.5 109.7 105.1 98.4 75.8 55.8 49.2
Mean 100 98.6 100.2 103.3 99.7 99.6 82.1 59.9 43.9 35.5
SD 2.3 4.1 6.8 4.3 6.3 5 14.4 9.3 6.9 5.9
cv 2.3 4.2 6.8 4.1 6.4 5.1 17.6 15.6 15.8 16.6

100



Median 100.4>  98.1° 103.1%® 104.6°  100.3* 100.6°  88.3° 60.1¢ 43.1° 352
Y(II) Min 94.4 96.4 92.6 98.2 94.6 95.7 64.2 32.1 19.6 17.3
Max 104.5 108.5 111.3 108.5 117.1 113.9 935 62.6 43 32.2
Mean 100 101.8 103.6 103.9 105.8 106.5 75.6 46.4 325 24.9
SD 3.1 3.2 5 3.9 5.3 5.4 10.4 9.5 7.5 4.7
CcVv 3.1 3.1 4.9 3.7 5.1 5.1 13.8 20.5 23 19
Median 99.3¢ 101.6™ 104.8%® 104.0  105.6%® 106.4%®  70.7¢ 46.5° 3370 24.99
F'\/F'm Min 96.6 93.4 931 96.6 92.5 94.7 77.1 60.2 49.4 46
Max 103 104.7 106.5 105 107.1 104 101.3 843 67.4 62.5
Mean 100 99.2 99.6 102.2 101.3 100.9 88.5 71.5 59.1 53.1
SD 2.1 3.1 4 2.6 3.8 2.6 8.6 7.6 5.9 4.7
Ccv 2 3.2 4.1 2.6 3.7 2.6 9.7 10.6 10 8.9
Median 100.2°  98.9° 100.1%® 102.6°  101.8® 101.7%  89.1° 72¢ 59.2¢ 52
F'W/F'o Min 91.9 85.8 85.2 925 83.4 87.9 59.2 39.2 29.4 26.8
Max 107.4 112 116.6 112.4 118.8 109.7 103 68.9 46.2 40.8
Mean 100 98.2 99.5 105.4 103.5 102.1 78 52.2 38.2 32.5
SD 4.9 7.3 9.3 6.3 9.1 6.1 15.3 94 5.6 4
CcVv 4.9 7.5 9.3 6 8.8 6 19.6 18 14.6 12.4
Median 100.3°  97.2° 1002 106.1°  104.2%® 104.1®  77.7° 52.3¢ 38.2°  31.4f
Rfd Min 96.2 97.4 98.7 95.3 93 95.7 80.1 68.7 58 52.4
Max 102.6 111.3 112.2 106.6 107.9 113.6 95.8 85.3 74.9 67.8
Mean 100 102.8 105.5 101.2 100.5 102.9 86.4 76.7 68.8 59.3
SD 1.9 3.9 4.7 3.4 3.7 4.9 4.8 4.6 4.5 4.2
Cv 1.9 3.8 4.5 3.4 3.7 4.8 5.5 6 6.5 7.2
Median 100.4>  102.5%® 105.72 101.5%  101.1° 102.6  85.6° 76.3¢ 69.1°  59.2f
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a Min 98 96.7 97 98.9 91.7 931 77.9 56.9 45 38.3
Max 101.6 102.9 105.9 106 110.7 107.2 97.8 87.3 72.4 66.1
Mean 100 99.7 101.1 101.4 102.6 102.4 89.4 74 62 52.7
SD 1.2 2.1 2.6 2 5 4.6 7.3 8.5 8.8 9
CcVv 1.2 21 2.6 2 4.9 4.5 8.2 115 14.3 17
Median 99.8° 99.8° 100.5% 101.0*®  103.3? 104.5%  89.3° 72.2¢ 62.5°  55.2f

ETRmax  Min 85.1 83.7 88.6 87.3 88.6 86.7 45 21.8 15.2 131
Max 117.1 123.4 121.1 115.6 133.6 123.2 87.5 47.3 28.4 21.4
Mean 100 100.1 102.1 102.9 108.6 106.8 60.4 32.4 21.9 17
SD 9.9 10.7 9.5 9.3 124 11.7 15 8.1 44 2.6
CcVv 9.9 10.7 9.3 9 114 10.9 24.9 24.9 20.2 15.3
Median 98.22 99.52 102.1# 103.3¢  107.78 105.7¢  53.5° 31.4¢ 21.9¢  17.6°
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Table S2. Summary statistics of the assessed chlorophyll fluorescence induction endpoints after 72 h-long Cr(VI)-treatments of the
S. polyrhiza UD0401 clone. The table summarizes minimums (Min), maximums (Max), arithmetic means (Mean), standard deviations
(SD) and coefficients of variation (CV) of pooled data, expressed as percentage of their respective control means, from 3 independent
experiments with 4-4 parallel treatments at each applied Ni concentration (n = 12). Different upper cases indicate significantly (p <

0.05) different medians for different concentrations according to the Kruskal-Wallis test and post hoc Mann-Whitney pairwise

comparisons.

Concentration (mg L) 0 0.039 0.078 0.156 0.313 0.625 1.25 2.5 5 10
Sample size (n) 12 12 12 12 12 12 12 12 12 12
Fu/Fm Min 98.4 97.8 96.8 98.2 98.7 94.9 82.3 64.3 46.2 29.3

Max 101.6 101.9 103.7 102.6 102.2 104 98 94.9 76.7 61.8
Mean 100 99.8 100.1 100.1 100.4 99.1 91.6 78.8 62.8 46
SD 1 15 21 15 1.2 3.1 5 10.1 10 9.5
CcVv 1 1.5 21 15 1.2 3.1 55 12.8 15.9 20.7
Median 100.1* 100.1*  99.9% 99.7% 100.3*  98.4% 92.9 75.1° 61.2¢ 47.5°
Fu/Fo Min 94.3 92.6 89.2 93.8 955 83.1 56.3 33.5 19.3 10.3
Max 106 107.5 1155 110.2 108.3 115.6 92.9 83.2 46.8 311
Mean 100 99.4 100.7 100.7 101.5 97.2 76.2 53.3 32.8 19.6
SD 3.6 53 8 5.6 4.4 11 11.7 16.7 9 6
Ccv 3.6 54 8 5.6 4.4 11.3 15.3 31.3 27.4 30.8
Median 100.3* 100.1*  99.4% 98.7% 101.1*  94.3° 78.0° 45.6° 30.5¢ 19.4¢
Y(I) Min 96.4 90.2 87 88.6 93.2 85 46.7 221 171 7.9
Max 1041 109.9 109.9 106.4 115.7 107.1 86.5 75.2 46.3 25.5
Mean 100 99.6 100.2 98 102.5 96.8 71.3 51.9 31.6 145
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SD 2.4 5.9 6.8 5.7 6.9 7.5 12.7 17.1 10.8 5.3
CVv 24 6 6.8 5.9 6.8 7.7 17.8 33 34.1 36.3
Median 99.8%  99.1° 101.0*  98.4° 100.8*  98.5° 75.9 55.7¢ 33.7¢ 15.0°
F'W/F'm  Min 97 97.1 93 95.2 934 86.7 68 47.1 34.6 24.6
Max 102.2 103.8 106.4 105.3 103.4 107.9 95.2 87.7 61.3 49.2
Mean 100 99.7 99.5 99.5 99.4 96 81.8 66.1 48.5 35
SD 1.7 2.5 4.5 3.2 2.5 7.4 8.1 12.8 9.3 7
Cv 1.7 2.5 4.5 3.2 2.5 7.7 10 19.3 19.1 20
Median 100.5* 99.2% 99.9% 99.0% 99.5% 93.4% 81.6° 62.7° 49.0¢ 34.6°
F'\/F'o Min 92.8 93.4 84.7 89.2 85.8 73.5 47.5 27.2 18.4 12.2
Max 105.1 109.9 117.3 114.2 108.5 121.1 88.8 74.1 38.9 28.9
Mean 100 99.6 99.4 99.2 98.6 92.3 66.2 46.4 28.6 18.6
SD 4.1 6.1 10.6 7.7 5.6 16.9 12.2 14.6 7.2 4.8
CcVv 4.1 6.1 10.7 7.7 5.7 18.3 18.4 31.4 25.3 25.6
Median 101.2* 98.1* 99.8? 97.78 98.8? 85.42 65° 41.7° 28.9¢ 17.9°
Rfd Min 92 89 935 93 96.4 94.9 80.6 66 515 29.6
Max 106.7 113 113.5 109.6 130.4 119.9 102.8 922 76.4 70.1
Mean 100 99.5 102.5 100.1 107.4 105.2 92.4 77.4 63.6 46.7
SD 3.6 7.2 6.6 4.6 115 8.7 55 10 9.1 11.2
CcVv 3.6 7.2 6.4 4.6 10.7 8.3 59 12.9 14.3 24
Median 100.6* 98.3% 101.7¢ 1005 101.5* 101.3%  92.1° 74.3° 62.7¢ 47.8°
a Min 96.9 94.7 93.1 95 96.7 90 79.6 55.8 40.9 24.5
Max 103.2 104.8 106.4 105.5 106.6 105.8 94.8 89 70 54.1
Mean 100 98.5 99.6 99.6 100.6 97.3 86.1 72.9 56.9 37.7
SD 1.7 3.3 3.6 3.1 3.4 59 4.6 10.6 10.6 9.3

104



CVv 1.7 3.3 3.7 3.1 3.4 6.1 5.3 14.5 18.7 24.6
Median 99.7¢  98.0° 100.3*  100.8*  100.1*  95.4% 86.5" 70.3° 55.2¢ 38.6°
ETRmax  Min 85.1 81.1 82 79.3 76.8 70.8 38.5 19.5 14 7.1
Max 117.1 110 112.2 102.9 121.4 121.9 70.4 52.1 31.2 18.1
Mean 100 96.2 96.2 91.8 98.2 90.1 55.9 36.6 224 11.2
SD 9.2 10.3 10.2 6.7 15.4 16.3 10.6 11.3 6.8 3.4
Cv 9.2 10.7 10.6 7.3 15.7 18.1 19 30.9 30.2 30.6
Median 98.97  96.9% 93.8% 91.4° 96.4% 87.0% 57.0° 38.6¢ 23.1° 11.1f
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Table S3. Summary statistics of the assessed chlorophyll fluorescence induction endpoints after 72 h-long NaCl-treatments of the S.
polyrhiza UD0401 clone. The table summarizes minimums (Min), maximums (Max), arithmetic means (Mean), standard deviations
(SD) and coefficients of variation (CV) of pooled data, expressed as percentage of their respective control means, from 3 independent
experiments with 4-4 parallel treatments at each applied Ni concentration (n = 12). Different upper cases indicate significantly (p <

0.05) different medians for different concentrations according to the Kruskal-Wallis test and post hoc Mann-Whitney pairwise

comparisons.

Concentration (g L?) 0 2 4 6 8 10 12 14 16

Sample size (n) 12 12 12 12 12 12 12 12 12

Fu/Fm Min 98.4 100 102.3 100.2 97 88.6 86 68.5 13.8
Max 101.2 104 106.3 104.9 102.8 99.4 93 86.2 68.2
Mean 100 101.5 104.6 103.1 100.3 94.9 89 75.3 41
SD 0.8 1.1 1 1.4 2 3.3 2.7 5.9 19.1
Ccv 0.8 1.1 1 1.4 2 34 3 7.8 46.7
Median 100.0¢ 101.4° 104.9° 103.7° 100.3 95.9¢ 88.6' 73.79 37.5"

Fv/Fo Min 94.3 100 109.1 100.7 89.9 67.4 62.6 36.7 4.3
Max 104.6 116.7 127.1 121.1 111.3 97.7 779 62.5 36.4
Mean 100 106 119.6 112.8 101.3 84.1 68.9 45.9 17.8
SD 3.1 4.5 4.7 6.1 7.6 9.1 59 8.4 11.4
Ccv 3.1 4.3 3.9 5.4 7.5 10.8 8.5 18.2 63.8
Median 99.9¢ 105.1¢ 120.5° 114.7° 101.0 86.1° 68.3f 43.48 13.9"

Y(II) Min 94.4 98.3 104.6 83.9 81.6 54.5 35.2 26.5 0
Max 104.5 112.2 1155 112 100.1 775 62.4 52.9 40.5
Mean 100 104.7 111 101.6 87.8 66.7 50.1 42.1 14.6
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SD 3 4.2 3.6 7.8 6.1 7.3 9 7.9 18.5
Cv 3 4 3.3 7.7 7 10.9 18 18.7 126.2
Median 99.8° 104.7° 112.42 102.3" 85.9¢ 67.8° 50.97 42.09 0.0"
F'W/F'm  Min 96.6 96.9 107 102.4 95.9 82.2 70.7 58.3 12.9
Max 103 107.7 113.8 1141 104.2 94.3 88.4 82.8 64.4
Mean 100 102 110.7 108 99.7 88.6 82.2 70.4 38.9
SD 2.2 3 2.2 3.7 2.4 3.3 5.6 7.5 18.3
Cv 2.2 3 2 3.4 2.4 3.7 6.8 10.6 47.1
Median 100.6™  102.1° 110.8% 108.2% 99.6° 88.1¢ 82° 68.4" 35.89
F'\/F'o Min 91.9 93 119.3 106.1 90.8 65.6 49.3 36 5.9
Max 107.4 120.5 140.5 142 110.2 87.5 76.4 66 42.2
Mean 100 105.2 130.4 121.9 99.2 76.4 66 50.3 22.5
SD 52 7.7 6.6 11.3 5.6 6 8.7 9.4 13.1
Ccv 52 7.3 5.1 9.2 5.6 7.9 13.2 18.7 58.5
Median 101.3  104.9° 129.82 122.0? 98.7° 74.9¢ 65.4° 46.9° 18.89
Rfd Min 96.2 97.9 945 82 77.3 67.5 49.4 39.6 12.1
Max 102.1 111.6 110.6 99.3 98.8 89.7 75.7 62.3 42.9
Mean 100 106.9 100.8 91.6 90.1 81.4 64.9 47.3 24.6
SD 1.7 3.3 4.5 6 7.6 7.5 8.3 6.8 10
cVv 1.7 3.1 4.5 6.5 8.4 9.3 12.7 14.4 40.6
Median 100.6° 107.8? 99.6° 90.4° 92.9¢ 83.8¢ 62.3° 45,3 2228
a Min 98 98.3 104.1 101.3 96 86.1 73.4 57 0
Max 101.6 106.1 108.8 108.8 105.2 98.3 84.7 78 60
Mean 100 101.5 106.7 104.8 100 91 79.4 64.8 32.3
SD 1.3 2.3 13 2.3 2.6 3.7 3 7.2 21
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Cv 1.3 2.3 1.2 2.2 2.6 4.1 3.8 11.1 65
Median 99.7¢ 101.3° 106.8% 105.1° 99.9° 90.8¢ 79° 63.2° 30.89
ETRmax  Min 85.1 87.8 101.2 60.6 58.9 35 23.1 17.5 0
Max 117.1 127.4 129.1 138.3 84.2 56.6 38.8 33.7 23.9
Mean 100 105.1 1194 98.7 67.4 43.3 31.9 25 11
SD 10.1 13.1 7.4 20.2 6.4 5.6 5.6 4.9 9
Cv 10.1 12.5 6.2 20.4 9.4 13 17.5 19.5 81.7
Median 98.9° 103.3 120.8% 98.5° 67.2° 42.6° 31.8° 23.9 10.19
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Table S4. The results of the 3-parameter log-logistic model fittings (DF - degrees of freedom, RSS - residual sum of squares, F-value,
p-value and Pseudo R?), and the calculated 20% (ECa) and 50% effective concentrations (ECso) for frond number- (RGRfona) and
frond area-based relative growth rates (RGRarea), dark-adapted-(F./F,) and light-adapted- photochemical efficiency (Y(I1)) as estimates

+ standard errors of estimates.

Toxicant Endpoint DF  RSS F-value p-value Pseudo R> EC; (mg L'+SE) ECs) (mg L'+SE)
Ag RGRfrona 169  0.69 2.62 <0.005 0.76 0.016+0.003 0.11+0.02
RGRarea 169 0.26 14.94 <0.001 0.92 0.0001+0.00006 0.005+0.001
Fv/Fo 169 527 1.18 0.300 0.71 0.31+0.03" 1.27+0.43"
Y(I1) 169 0.23 0.31 0.990 0.85 0.14+0.01" 0.55+0.07"
As(IIl)  RGRyrona 69 0.15 0.68 0.670 0.96 2.59+0.12 3.21+0.17
RGRurea 69 0.19 2.94 0.010 0.94 0.90+0.12 1.77+0.15
F./F, 69 2.85 1.22 0.310 0.99 0.93+0.05 1.84+0.06
YD 69 0.11 25.55 <0.001 0.99 2.14+0.10 2.80+0.06
As(V)  RGRyrona 69 0.20 0.40 0.880 0.73 41.43+8.07 132.18+23.91"
RGRurea 69 0.11 0.95 0.460 0.91 24.75%3.02 60.70+4.41
F\/F, 69 4.50 1.08 0.380 0.93 14.41+1.62 47.15+2.68
YD) 69 0.10 2.55 0.030 0.96 16.10+£1.61 54.33+3.01
Cd RGRfrond 69 0.17 2.97 0.010 0.95 1.59+0.22 2.58+0.17
RGRurea 69 1.02 0.82 0.560 0.97 0.44+0.04 0.73+£0.04
F./F, 69 8.12 11.05 <0.001 0.96 0.54+0.11 2.45%0.25
YD) 69 0.25 2.47 0.030 0.93 0.78+0.17 3.59+0.38
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Cr(II) RGRirona 69 0.17 0.66 0.680 0.96 5.68+0.61 9.02+0.60
RGRurea 69 0.05 1.05 0.400 0.98 4.21+0.31 6.22+0.23
F\/F, 69 8.72 6.01 <0.001 0.96 7.52+0.80 12.35+0.74
YD) 69 0.24 1.34 0.250 0.97 12.92+1.11 19.92+0.99
Cr(V) RGRfena 132 0.32 4.60 <0.001 0.87 2.69+0.36 4.69+0.32
RGRurea 132 0.34 22.01 <0.001 0.89 0.02+0.002 0.66+0.15
F\/F, 132 6.98 10.01 <0.001 0.98 0.09+0.008 0.42+0.02
YD) 132 0.27 6.87 <0.001 0.97 0.18+0.03 1.28+0.1
Cu RGRfrond 69 0.14 1.18 0.330 0.97 0.40+0.04 0.75+0.04
RGRurea 69 0.03 1.75 0.120 0.99 0.29+0.01 0.37+0.01
F\/Fo 69  4.36 22.54 <0.001 0.98 0.45+0.05 1.23+0.08
YD) 69 0.21 1142 <0.001 0.97 0.90+0.10 1.86+0.11
Hg RGRfrond 69 0.26 9.24 <0.001 0.92 0.56+0.33 1.47+0.38
RGRurea 69 0.10 9.31 <0.001 0.96 0.05+0.01 0.24+0.03
F\/Fo 69 3.72 1.58 0.170 0.97 2.60+0.14 4.87+0.17
YD) 69 0.11 2.05 0.070 0.98 2.32+0.15 4.30+0.15
Ni RGRfrond 69 0.17 0.21 0.970 0.94 2.27+0.20 3.44+0.20
RGRurea 69 0.08 2.43 0.030 0.96 1.77+0.20 3.28+0.20
F\/F, 69 6.36 28.93 <0.001 0.94 2.73+0.47 5.81+0.35
YD) 69 0.16 2.80 0.010 0.95 5.51+0.26 7.21+0.25
Se(IV)  RGRirona 69 0.16 1.00 0.430 0.93 4.27+1.68 4.73+0.64
RGRuyrea 69 1.36 154 <0.001 0.90 4.01+1.87 4.41+1.18
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F\/F, 69  4.20 0.31 0.930 0.96 4.62+0.17 6.48+0.19

YD) 69 0.06 6.56 <0.001 0.95 4.10+0.25 9.73+0.42
Se(VI) RGRfona 131 0.34 2.16 0.020 0.84 3.26+0.47 4.78+0.35
RGRurea 131 048 12.18 <0.001 0.80 0.26+0.15 1.73+0.42
F\/F, 131  5.06 0.46 0.920 0.91 5.96+0.32 10.39+0.34"
YD) 131 0.29 3.24 <0.001 0.87 4.83+0.59 9.40+0.47
Zn RGRfrond 69 0.21 1.76 0.120 0.89 11.28+2.93 31.23+3.90
RGRurea 69 0.10 7.37 <0.001 0.93 0.27+0.10 3.88+0.78
F\/F, 69 4.78 13.25 <0.001 0.96 24.42+2.41 45.31+2.28
Y(II) 69 0.12 4.46 <0.001 0.84 24.85+9.53 350.56+128.85"

*Extrapolated values from the model fittings when the calculated effective concentrations were out of the applied concentration range.
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13. Appendix III

Steinberg medium preparation and composition

Step 1. Preparation of stock solutions: Firstly, five stock solutions were prepared

using the following chemicals in their corresponding concentrations (columns 1-4).

Stock Source Stock Stock Medium
No. Chemical Concentration Concentration Concentration
gL (mol L) (mg L")

1. KNOs3 17.50 3.46 x 1073 350.00
KH>PO4 4.50 0.66 x 1073 90.00
KoHPO4 0.63 0.072 x 107 12.60

2. MgSO4 x TH2O 5.00 0.41 x 1073 100.00

3. Ca(NOs), x 4H,O 14.75 1.25 %1073 295.00

4. H;BO:; 0.12 1.94 x 10°¢ 0.12
ZnSO4 X TH,0 0.18 0.63 x 10°° 0.18
Na;MoOs x 2H,O  0.044 0.18 x 10°° 0.044
MnCl; x 4H,0O 0.18 0.91 x 10°° 0.18

5. FeCl; x 6H,0O 1.50 2.81 x10° 1.50
Na,EDTA 0.76 4.03 x 10 0.76

The prepared stocks were stored in the fridge, however we always used freshly

prepared stock No. 5 due to EDTA precipitation.

Step 2. Preparation of Steinberg medium: It was preferred to prepare medium in

batches. To prepare 1 L of Steinberg medium, 20-20 ml of stocks No. 1-3 and 1-1

ml of stocks No. 4-5 were diluted using ultrapure distilled water to the final volume.

The pH of the prepared Steinberg medium was measured to be at ~6.0.
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