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Abstract:

Constructed Wetlands (CWs) are used for further treatment of Waste Water Treatment Plant
(WWTP) effluents, to remove a range of harmful contaminants from the environment including
antibiotics. Determining whether CW plants are experiencing stress, with their remediation potential
being undermined is of great importance for contaminant removal globally. This thesis explores the
effect of antibiotics in CWs on the physiology and metabolome of Lemna minor, a vital plant in CW
ecology. In this study Lemna minor were exposed to the antibiotics metronidazole, erythromycin,
erythromycin ethylsuccinate, flucloxacillin sodium, penicillin v, cefalexin, clarithromycin,
ciprofloxacin, amoxicillin, and trimethoprim during a 9 day exposure study at environmentally
relevant and elevated concentrations. Changes in growth rate, chlorophyll a content and the full
plant metabolome with antibiotic exposures were investigated. No significant changes in growth rate
(24 hour data set; F(2) = 1.475, P = 0.244, 5 day data set; F(7.438) =0.774, P = 0.619, 9 day data set;
F(4.818) =0.582, P = 0.708) and chlorophyll a content (F(8) = 0.689, P = 0.691) were found with
antibiotic exposure. A Principal Components Analysis (PCA) was performed on the metabolome of
Lemna minor to identify compounds driving the biochemical response to the antibiotic exposures.
Variation in the metabolome was observed following elevated antibiotic exposures of at least 5 days,
and strongly with 9 days, but not with predicted environmental concentration level exposures.
Potential identifications of important plant metabolites changing in abundance with antibiotic
exposures included flavonoids, a neolignan and a gingerglycolipid. Changes in the abundances of
these plant metabolites indicate plant defence responses with elevated antibiotic exposures. The
results of this study suggest that Lemna minor in CWs is likely to not be experiencing physiological or
metabolomic changes with predicted environmental exposures of the antibiotics, which is positive
for CW contaminant remediation. However, an extended exposure study is needed to confirm no
metabolomic changes occur with environmentally relevant exposures, which may ultimately
undermine plant health. With elevated antibiotic exposures, full metabolomic analysis was found to
be a more sensitive measure than growth rate and chlorophyll a content, which if incorporated into
plant health assessments could potentially be used as an early warning sign of plant stress. As such
metabolomics may prove to be a valuable tool in plant health assessments, revealing plant stress
signs prior to them manifesting physiologically, providing crucial time to identify and reduce
environmental pollution before potentially irreparable damage to plants. The results of this thesis
may also be applied more broadly to the field of ecotoxicology, showing that metabolomics may be a
useful analytical technique in ecotoxicology for a range of plant health assessments with a variety of

pollutants, including but not limited to antibiotics.
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Chapter 1. Introduction

1.1.  Research question, objectives and overview of the study
Research question: Does exposure to antibiotics in CWs treating WWTP effluent affect the physiology

and metabolome of the plant Lemna minor?
Objectives:

1. To select a plant to be used in the exposure study, which meets the following criteria: a
robust plant, with a short growth time manageable within the time constraints of the
study, found in Constructed Wetlands, native to the UK, with a high remediation
potential for a range of contaminants including antibiotics (Chapter 2; section 2.1).

2. To select the antibiotics to be used in the exposure study, using a risk-based prioritization
method that considers the presence of antibiotics in Constructed Wetlands and the
threat of antibiotic resistance (Chapter 2; section 2.3).

3. To determine the effect of antibiotic concentrations and time exposures on the growth
rate (change in frond surface area) and changes in the frond diameter of Lemna minor
(Chapter 4).

4. To determine the effect of antibiotic concentrations and time exposures on the frond
chlorophyll a content of Lemna minor (Chapter 4).

5. To determine the effect of antibiotic concentrations and time exposures on the

metabolome of Lemna minor (Chapter 5).

With an increasing misuse of antibiotics globally (Avila et al., 2021; Huang et al., 2015), there are
many important questions surrounding the removal of antibiotics from and their effect on the
environment that require answers. Constructed Wetlands (CWs) are of particular interest to this
study as CW plants often experience high antibiotic exposure due to the inputs of Waste Water
Treatment Plant (WWTP) effluent (Gwenzi et al., 2020) and as they are vital in removing antibiotics

and other pollutants from the environment (Abou-Kandil et al., 2021).

1.2. Bioremediation in Constructed Wetlands

1.2.1. Constructed Wetlands; Brief background and mechanisms

CWs are a well-established and promising example of using phytoremediation to reduce the
contamination of surface waters for a range of pollutants, with high removal efficiencies (Abou-
Kandil et al., 2021; Matamoros and Bayona, 2006). CWs are manmade and utilise natural processes
to treat polluted waters (Helt et al., 2012). They use both biotic processes such as microbial

degradation and plant uptake and abiotic processes such as photodegradation, oxidation and



hydrolysis, taking place in the vegetation, soil, and microbial assemblages (Almuktar et al., 2018; Helt
et al., 2012; Hijosa-Valsero et al., 2016). CWs are broadly classified based on hydrology (surface flow
vs subsurface flow), macrophyte types (free-floating, emergent, and submerged), and flow path
(horizontal or vertical), which all affect performance efficiency and can be tailored to best suit the
requirements of a certain location (Almuktar et al., 2018; Carvalho et al., 2014; Garcia et al., 2020).
Surface flow CWs are usually larger scale than subsurface flow and are more frequently used as a
tertiary treatment following WWTP treatments, whereas subsurface flow systems may be included in

WWTP facilities (Garcia et al., 2020).

CWs offer a sustainable alternative to further treat polluted waters globally as they are cost effective
with low maintenance and low energy requirements. Successful implementation can be seen around
the world in a variety of different environments and situations (Abou-Kandil et al., 2021; Almuktar et
al., 2018; Carvalho et al., 2014; Huang et al., 2015; Vymazal, 2009; Zhang et al., 2020). Great success
can be seen, especially in tropical and sub-tropical regions (Varma et al., 2021). However, the use of
CWs can be limited by the availability of land; CWs require 2 to 8 m?/PE (person equivalent)
compared to 0.06 m?/PE for conventional treatment (White et al., 2006). This may result in CW
treatment being more applicable for smaller populations away from large urban areas, where more
space is available, however, this limitation can be overcome with enough willpower and resource
availability; Orlando Florida pipes treated wastewater 20 km to a CW in a low population area (White
et al, 2006). CWs can often serve many different purposes, functioning not just to treat water, but
also as a form of flood control, carbon sequestration, and habitat creation (Almuktar et al., 2018;

Carvalho et al., 2014; Vymazal 2013; Vymazal 2014).

1.2.2. Phytoremediation; Brief background and mechanisms

A large component of treating contaminated water in CWs revolves around phytoremediation; the
use of plants (macrophytes) to remove contaminants (Almuktar et al., 2018; Carvalho et al., 2014).
Phytoremediation is not limited to water, it can also be used in soils and even the atmosphere
(Susarla et al., 2002). Macrophytes in wetland systems directly impact the water quality and are
central in the removal processes of nutrients such as nitrogen and phosphorus (Shelef et al., 2013).
Macrophytes are important in regulating the environmental conditions of a CW, and so enable the
processes of other organisms such as microbes to function and remove contaminants as well by
processes such as microbial degradation (Varma et al., 2021). Macrophytes provide a surface for
biofilms (composed of organic matter, algae, and microorganisms) to form, which remove nitrogen
through nitrification and denitrification (Hou et al., 2017; Li et al., 2014; Qin et al., 2019).
Macrophytes also remove the contaminants from the wastewater directly by several pathways

including evapotranspiration processes resulting in release to the atmosphere but also storage in the



plant, accumulating the contaminant in tissues which can then be removed from the environment by
sequestration or incineration (Gerhardt et al., 2009; Vymazal, 2002). An example of this can be seen
with the storage of heavy metals in vacuolar or granular compartments (Ha et al., 2011; Shelef et al.,
2013), along with nutrients (Vymazal, 2007) and potentially antibiotics (Liu et al., 2013). However,
plant uptake of contaminants varies with different environmental conditions such as climate but also

the type of wastewater and its influx rate (Saeed and Sun, 2012; Wu et al., 2016).

A range of plant species are used around the world in CWs, their selection based on their
effectiveness for the contaminants they are required to remediate and the environmental conditions
they need to withstand (Carvalho et al., 2014). The selection of plants for a CW is of great
importance and great attention is paid to selecting species tolerant to the specific environment they
are being introduced to (Almuktar et al., 2018). The macrophytes must be tolerant to waterlogged,
anoxic and hyper eutrophic conditions as these often occur from effluent entry and must have a high
capability to take up certain contaminants and be able to withstand all those present (Almuktar et
al., 2018; Wu et al., 2016). Environmental conditions vary with specific wetlands; plants may not only
have to tolerate potentially toxic contaminant concentrations but also salinity, pH and O,
concentrations that may not be optimal for some species growth and function (Almuktar et al.,
2018). If such requirements are not met, the treatment efficiency of the CW may not be sufficient to
effectively treat the effluent (Almuktar et al., 2018; Wu et al., 2016). When selecting macrophyte
species, consideration of their potential to adapt to climate change is of increasing importance (Wu

et al., 2016).

It is possible to broadly categorise CW plants into three groups: emergent, submerged and free
floating, with plants in each group having unique problems and positives for their use in CWs
(Almuktar et al., 2018; Carvalho et al., 2014; Garcia et al., 2020; Saeed and Sun, 2012; Wu et al.,
2016). Emergent plants are visible above the water’s surface and are vital in stabilising CW substrate
(Almuktar et al., 2018). Submerged also grow and stabilise substrate but remain underwater (Wu et
al., 2016), whereas free floating contrast both as they are not fixed to soil substrate, instead floating
on the surface of a water body (Almuktar et al., 2018). Phragmites australis is the most commonly
used plant in CWs globally (Almuktar et al., 2018) and Cyperus papyrus is commonly used in Africa
(Almuktar et al., 2018). Many of the key plant species used in CWs and their class can be seen listed
in Table 1 below, with more comprehensive lists visible in review papers such as Almuktar et al.
(2018), Saeed and Sun (2012) and Wu et al. (2016). There is significant research showing the
effectiveness of macrophytes removing contaminants from water, for example Eleocharis acicularis

has been found to accumulate heavy metals including lead, copper, cadmium and zinc, the latter it



stored in its root tissue up to 213 mg/kg dry weight (Ha et al., 2011). Removal efficiencies and uptake

rates of antibiotics for several key plant species used in CWs can be seen below in Table 1.

The many complex interconnected mechanisms involved in antibiotic removal by macrophytes,
associated plant-microbial interactions and other factors such as soil adsorption is still up for debate,
as well as how varying environmental conditions such as climate and the presence of different
pharmaceuticals alter removal effectiveness (Carvalho et al., 2014; Shelef et al., 2013). Effectiveness
has been found to vary with the design of the CW altering the main removal mechanisms of
antibiotics which include substrate adsorption, and plant uptake (Chen et al., 2019). For example,
Chen et al. (2019) and Du et al. (2020) found that increasing artificial aeration influenced antibiotic
CW removal efficiencies. Removal rates for antibiotics have found to be greater in subsurface flow
CWs than surface flow, potentially due to increased contact with soils increasing substrate adsorption
(Chen et al., 2016). Artificial aeration improves nitrogen and ammonium removal efficiencies due to
increases in oxygen water content and mixing increasing microbial degradation, substrate adsorption
and plant uptake (Chen et al., 2019). While there are indications in data that such mechanisms
increased with artificial effluent that are responsible for reducing nutrient loads are likely to be

involved in reducing antibiotics confirming this has not yet occurred (Chen et al., 2019).



Table 1: Commonly used plant species in CWs with their classification. Antibiotic removal efficiencies for highly studied plants can also be seen.

Classification Species name Antibiotic removal efficiencies

Emergent Phragmites australis Huang et al. (2019) used microcosms of subsurface flow CWs (1.5m length, 40 cm width) with a density of 50
per m? and influent containing 25.7-67.4 ng/L of enrofloxacin and 64.0-211.2 ng/L of sulfamethoxazole
pumped in continuously. From September 2014-September 2016 removal efficiencies were found of 81.11% for
enrofloxacin, 64.94% for sulfamethoxazole, and 56.26% for ARGs. Removal efficiencies were found using
influent and effluent concentrations.
Carvalho et al. (2012) used exposures of 100 pg/L of enrofloxacin and tetracycline over 2 days and fresh
biomass of 44 +/- 6g. Removal efficiencies of 94% for enrofloxacin and 75% for tetracycline were found.

Emergent Iris pseudacorus Huang et al. (2019) used microcosms of subsurface flow CWs (1.5m length, 40 cm width) with a density of 50
per m? and influent of 25.7-67.4 ng/L enrofloxacin and 64.0-211.2 ng/L sulfamethoxazole pumped in
continuously. From September 2014-September 2016 removal efficiencies were found of
77.64% for enrofloxacin, 68.7% for sulfamethoxazole, and 58.21% for ARGs. Removal efficiencies were found
using influent and effluent concentrations.

Emergent Typha latifolia

Emergent Scirpus lacusris

Emergent Cyperus papyrus




Classification

Species name

Antibiotic removal efficiencies

Emergent Schoenoplectus
tabernaemontani
Emergent Eleocharis
macrostachya /
palustris / rostellata /
acuta
Emergent Acorus calamus
Emergent Carex rostrate Stokes
Emergent Juncus effusus
Submerged Vallisneria natans
Submerged Myriophyllum
spicatum
Submerged Hydrilla verticillata
Submerged Potamogeton crispus
Submerged/ Ceratophyllum Thuy Hoang et al. (2012) found removal efficiencies of 40% for norfloxacin and 39-44% for ciprofloxacin with
Floating demersum 10mg/L exposures over 10 days and 4-5 plants used.




Classification

Species name

Antibiotic removal efficiencies

Free Floating

Lemna minor

latrou et al. (2017) found removal efficiencies of 100% for cefadroxil, 96% for metronidazole, 73% for
sulfamethoxazole and 59% for trimethoprim. Each antibiotic had 250 pg/L concentrations and were exposed to

a starting mass of 2g of Lemna minor for 24 days.

Free Floating

Spirodela polyrhiza

Free Floating

Salvinia natans

Free Floating

Hydrocharis dubia

Free Floating

Nymphaea odorata

Aiton
Free Floating Nuphar lutea
Free Floating Nymphoides peltata

Free Floating

Trapa bispinosa Roxb

Free Floating

Marsilea quadrifolia




1.3.  Brief overview of the study and the following chapters

This study investigated Lemna minor being used in antibiotic remediation in CWs treating WWTP
effluent, with regards to the effects of antibiotic exposures on its growth and metabolome. This
study was conducted under lab-controlled conditions, with the exposures occurring over a 9-day
period. The following chapter explores the methods that were used in this study, with in depth

justifications behind the methodology and its development.



Chapter 2. Method development

2.1. Selecting the study plant Lemna minor

To allow a study to be conducted on the effects of antibiotic exposure on plants in CWs, firstly a
study plant needed to be selected (objective 1). A range of criteria needed to be met when selecting
the plant to make this study useful for researchers looking at plant chemistry in CWs globally. As
such it was desirable that the plant was: used in CWs frequently and applicable to CWs world-wide
and so important in CW ecology, have a high remediation potential for a range of contaminants
including antibiotics if possible, have a relatively short growth time of days/weeks not months (due
to time constraints), and robust for growth in a lab-based setting (objective 1). It was also ideal if the
plant had a strong background in scientific literature to give a solid base for informing lab work and
to make the study and its findings more reliable. To determine which plant to use in this study a
literature review was conducted which can be seen in Table 1, where plant possibilities were
investigated and narrowed down to several potential species due to reasons such as time constraints

of the study and the growth rates of certain species.

Emergent plants were quickly removed from consideration for this study due to several issues that
would likely be encountered in lab work such as their relatively larger size and slower growth rates in
comparison to other classes, especially free floating. For example, Mauchamp et al. (2001) found
that Phragmites australis (emergent) shoots grow slowly up until the age of 1.5 months, whereas
Adesina et al. (2005) found that Lemna minor (free- floating) has a doubling time of roughly 48
hours. While the use of plugs could have helped counter this issue, the slow growth rate paired with
the time the study needed to be completed would have made the study less able to adapt to any
issues in lab work that arose. While submerged plants can be found in CWs, high nitrates in WWTP
effluent results in eutrophication, reduced sunlight and reduced oxygen and aerated water,
presenting many issues for submerged plants (Wu et al., 2016, Saeed and Sun 2012). Because of
such issues submerged plants are often used further away from the effluent input (Saeed and Sun
2012), and while still vital in CWs, for this study a plant that is more widely applicable across much of
a CW is favoured. As shown in Table 1 the most applicable plant options were put forward and, as a
free-floating species were preferred, Lemna minor was then selected from this classification due to a

large range of reasons and positive attributes and applicability outlined below.

Due to its rapid reproduction that results in large biomass production (especially with high nutrient
concentrations), there is currently research in developing Lemna minor as a low input biomass
animal feed, a bioethanol fuel, and in the generation of electricity (Anderson et al., 2011; Appenroth

et al., 2013; Cui and Cheng, 2015; Lemon et al., 2001; Sree et al., 2015; Stout et al., 2010; Ziegler et
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al., 2015; Ziegler et al., 2016; Ziegler et al., 2017). Other Lemna species have been found to
outperform conventional land crop plants in biomass production and a similar performance can be
expected from Lemna minor (Ziegler et al., 2016). While Lemna minor has great potential to help
solve numerous problems, issues surrounding its implementation persist, especially with regards to
financial costs. However, Lemna minor does have a long history of use in aquaculture as fish feed
and livestock feed, though further development is required to optimise this and make it useable on

larger scales (Ekperusi et al. 2019; Khan et al., 2014; Igbal, 1999).

Lemna minor has been used to remediate contaminants and improve water quality has been utilised
in both natural and constructed wetlands globally and has been used either individually or in
combination with other plant species (Ekperusi et al. 2019). Lemna minor was found to successfully
remove iron from coalmine effluents forty years after operation (Teixeira et al. (2014) and further
study findings for contaminant removal rates are covered below. Using Lemna minor to remediate
contaminants and then the biomass being extracted and used as biofuel or fodder could help reduce
many of the financial barriers preventing its wider use in remediation, fuel, and food (Ekperusi et al.
2019). Unfortunately, the biomass once used to remove contaminants can often be unusable; while
solving this may be possible to allow its use as a biofuel, it seems highly unlikely it could then be
used as fodder (Zeigler et al., 2016). Producing a useable crop while also remediating wastewater
without appropriating productive land for terrestrial crops would be of great value to a world facing

climate change and food insecurity. While development is underway, this is not yet feasible.

Lemna minor was determined to be the most appropriate for this study due to its small size, simple
structure, and rapid duplication rates resulting in it being highly useful in laboratory-based settings.
For such reasons Lemna minor is often used as a model organism in laboratory toxicity tests (OECD,
2006). Lemna minor is a free-floating aquatic plant found around the world, from temperate to
tropical regions; it is native to Africa, Asia, Europe, and North America and invasively in South
America and Australia (Ali et al., 2020; Ekperusi et al., 2019; Ziegler 2017). Its wide distribution has
likely been aided by Lemna minor’s ability to stick to migratory water birds (Ekperusi et al., 2019;
Mbagwu and Adeniji, 1988) and as such its study is applicable to many regions (OECD, 2006),
including those where CWs may be a viable water treatment option. Identifying the taxonomy of
Lemna minor was a complex issue for hundreds of years due to its few morphological characteristics,
global distribution, and high adaptability (Ekperusi et al., 2019). It resides within the Lemnoideae
subfamily, which contains 5 genera: Wolffia, Wolffiella, Spirodela, Landoltia and Lemna, however, its
position is still disputed among taxonomists (Ali et al., 2020; Ekperusi et al., 2019). Many species

exist within the Lemna genus, but the most studied are those of Lemna gibba and Lemna minor (Al
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et al., 2020; Balarak and Chandrika, 2019; Philippot et al., 2013; Radulovic¢ et al., 2020; Ziegler et al.,
2015).

Lemna minor are composed of several (1-4) attached fronds 2-4mm in diameter, with simple hairless
roots (Ali et al., 2020; Ekperusi et al., 2019; Mkandawire et al., 2014; Ziegler 2017). Fronds consist of
spongy mesophyll and large air spaces giving the Lemna minor its buoyancy (Ziegler et al., 2016).
While the majority of the Lemna minor only has contact with a water body, its surface can exchange
carbon dioxide and oxygen directly with the atmosphere (Mkandawire et al., 2014). Lemna minor
reproduces via asexual reproduction, with fronds duplicating and the newer paler daughter fronds
budding off to form new Lemna minor (OECD, 2006). The doubling time for Lemna minor is roughly
48 hours (Adesina et al., 2005) and under lab conditions can grow indefinitely, however, a frond
usually dies after six generations (Ziegler et al., 2015). As such Lemna minor has been named a
“Darwinian Demon” due to its ability to seemingly “live forever” (Ekperusi et al., 2019). Daughter
fronds often remain near parent fronds, forming large colonies (Ekperusi et al., 2019; Ziegler et al.,
2016). Such colonies usually occur over still water in freshwater ponds with high nutrient levels but
can also be found in brackish water and slow-moving streams (Ali et al., 2020; Balarak and
Chandrika, 2019; Ekperusi et al., 2019; Ziegler et al., 2016). The colonies can form mats that reduce
sunlight to submerged aquatic plants and can result in dramatic changes to the surrounding
environment (Ekperusi et al., 2019) by increasing denitrification rates due to the inhibition of oxygen

production by submerged macrophyte photosynthesis (Veraart et al., 2011).

Lemna minor is often used in CWs to remediate contaminants from WWTP effluent (Almuktar et al.,
2018, Saeed and Sun 2012, Wu et al., 2016) due to its ability to survive under such harsh conditions
and rapidly adapt to changes in climate (Ali et al., 2020; Grenni et al., 2019). Lemna minor is very
effective in the remediation of contaminants ranging from heavy metals and organics to
pharmaceuticals, antibiotics, and even radioactive waste (Ekperusi et al., 2019; Zeigler et al., 2015;
Ziegler et al., 2016). It has been found to have a >90% removal efficiency for chromium, zinc,
aluminium, arsenic, cadmium, cobalt, copper, lead and nickel (Ekperusi et al., 2019). latrou et al.
(2017) found high antibiotic removal efficiencies with antibiotic exposures of 250 pg/L and a Lemna
minor starting mass of 2g. Removal efficiencies of 100% for cefadroxil, 96% for metronidazole, 73%
for sulfamethoxazole and 59% for trimethoprim were found. Cascone et al. (2004) investigated
flumequine removal rates by Lemna minor, with concentrations as high as 1000 ug/L over 5 weeks,
with a starting mass of 5g of Lemna minor. They found removal rates as high as 96% with Lemna
minor compared to 80% in controls without Lemna minor. Zhou et al. (2018) found large declines in
the presence of pharmaceuticals with Lemna minor. The relative concentrations of atenolol and

ibuprofen (at concentrations of 10 pg/L over 15 days, with a Lemna minor starting mass of 3-5
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fronds) saw declines between controls and those with Lemna minor, of 97.7% to 52.1% and 80.9% to
65.1% for atenolol and ibuprofen, respectively. Though Zhou et al. (2018) does state not all the
removal is due directly to the Lemna minor but also other mechanisms that are supported by the
presence of Lemna minor such as microbial degradation. It is important to note that many studies
that find successful remediation of a range of contaminants using Lemna minor often take place in a
laboratory microcosm, with highly regulated conditions (Ekperusi et al. 2019). The remediation
performance of Lemna minor may change in the field and as such more studies using mesocosm
experiments and investigations in CWs are needed to fully determine the overall performance of
Lemna minor. Lemna minor can achieve high growth rates in highly contaminated waters (Grenni et
al., 2019) and recover from harsh exposures within days due to its many effective anti-stress
responses including an increased production in enzymes and anti-shock proteins that protect its
tissues and organs (Drost et al., 2007; Ekperusi et al., 2019). Alongside reducing the concentrations
of contaminants, it can also improve water quality further by reducing algal and fungal growth with
its presence (Ali et al., 2020). However, Lemna minor can experience death with high concentrations
of contaminants; even at 1mg/L of erythromycin, its growth can be inhibited by 20% as the antibiotic
effects its cell division and photosynthesis (Gomes et al., 2020; Pomati et al., 2004). As it is important
and frequently used in CW remediation, it is useful as a study organism to investigate the effects of

antibiotic exposure on the physiology of plants remediating WWTP effluent contaminants.

2.2. Lemna minor sampling and culturing

2.2.1. Source and sampling

The Lemna minor used in this study was sourced from a pond in memorial gardens in York city
centre; its location can be seen below in Figure 1 and an image of the pond in Figure 2. Sampling was
conducted in August 2021 during a week of high temperatures (approximately 25-35°C) with little
cloud cover. Lemna minor was present as a mat in the pond and was extracted by skimming across
the pond surface with plastic containers. Lemna minor was then separated from the surrounding
plants and acclimatized and sterilised (covered in section 2.2.2). Leeches were present in the Lemna
minor samples, approximately over 100 in volumes of 1 litre. This along with the visual signs of
pollution in the pond such as plastic rubbish including crisp packets and bottles may indicate the
pond has poor water quality. The pond is paved in concrete and located in a small, enclosed grass
area approximately 20 metres from a traffic junction and appeared to be stagnant with little water
movement. A gaggle of geese were observed around the pond area, potentially a source of nutrient

inputs via faeces into the pond.
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Figure 1. Location of the pond (York memorial gardens) used to source Lemna minor for the study.

The pond is circled in red.

Figure 2. Images of the pond used to source Lemna minor, in memorial gardens, York. Taken early

January 2023, left; the full pond and right; Lemna minor frozen within the pond.

2.2.2. Sterilization and acclimatization of stock culture

Following the collection of Lemna minor (see section 2.2.1) a sterilisation and acclimatization
method was derived from many toxicity studies that used Lemna minor including Baciak et al.
(2016), Cascone et al. (2004), Ebert et al. (2011), Ekperusi et al. (2019), Gomes et al. (2017), Gomes
et al. (2020), Gonzalez-Renteria et al. (2020), Grenni et al. (2019), latrou et al. (2017), Lima et al.
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(2021), Mkandawire et al. (2014), OECD (2006), Radulovi¢ et al. (2020), Sree et al. (2015) and Stout
et al. (2010). A 0.5% sodium hypochlorite sterilisation solution followed by rinsing with sterile
deionised water was recommended by the OECD (2006) and a similar method can be seen in
Radulovic et al. (2020) and Grenni et al. (2019). This study used a 0.25% sodium hypochlorite
solution due to higher concentrations resulting in total frond death, while this solution had a frond
survival rate of approximately 75%. This sterilisation process was repeated every 7 days, with
healthy fronds transferred to new sterile flasks and growth media (see section 2.2.4). Healthy fronds
were identified by their rich green colour (see section 2.2.5, Figure 3) and the presence of at least 2
fronds per Lemna minor, with single fronds potentially showing stress (OECD, 2006). Lemna minor
stock cultures were grown in a Versatile Environmental Test Chamber (model: MLR-351H, Sanyo,
Osaka, Japan) with an effective capacity of 294 L and with 800 W cool white fluorescent tubes
(Sanyo, Osaka, Japan) mounted behind clear glass barriers. The same chamber was also used to
conduct the exposure study. Over several weeks high growth rates of sterile Lemna minor cultures
were produced, which was then followed by a 4-week acclimatization period. This period was
selected based on the methods of other studies that ranged from 25 days (Gomes et al., 2017;
Gomes et al., 2020), 4 weeks (latrou et al., 2017) to 8 weeks (OECD, 2006; Grenni et al., 2019). As
recommended by the OECD (2006), Lemna minor was grown in media with minimum depths of
20mm and containers that allow for a large surface area to prevent fronds overlapping, while also
being sterile and having minimal shadows affecting light and growth. This was achieved by growing
Lemna minor hydroponically in sterile, stoppered Erlenmeyer flasks of 1 litre containing 300ml of
sterile media. Similar methods can be seen in studies such as Gomes et al., (2017) and Gomes et al.,
(2020). The culturing process was kept sterile as recommended by the OECD (2006) toxicity study
guidelines, to reduce the impact of microorganisms on the study. During the acclimatization period
the Lemna minor was transferred to fresh media and flasks, approximately every 7 days as used in
studies such as Ebert et al. (2011), latrou et al. (2017) and Baciak et al. (2016). This was conducted to
ensure the optimum productivity and health of the Lemna minor as the biomass can double every 48
hours (Adesina et al., 2005) and as such overwhelm their containers. Replenishing the culturing
medium is also of importance to prevent the build up of harmful products or depletion of nutrients
impacting the Lemna minor growth. This was investigated in Cascone et al., (2004) and Sree et al.,

(2015).

2.2.3. Environmental conditions
The environmental conditions used in the cultivation of Lemna minor and the exposure study can be
seen below in Table 2, which were selected based on the conditions used in several other studies. By

reviewing the methodology of several studies that used Lemna minor in toxicity investigations, a
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table was generated containing the key information from such studies regarding the environmental
conditions and growth media used to culture and study Lemna minor, the frond numbers studied
during experimental periods and the variables analysed to assess toxicity effects. These details can
be seen in the appendix in Table 15. Lemna minor can survive a large range of environmental
conditions for example, pH ranges of 5.6-10.44 and temperature ranges of 6-33°C (Ekperusi et al.,
2019). However, optimum conditions were selected for this study to produce sufficient Lemna minor

biomass to allow for an exposure study.

Table 2. Environmental conditions used for cultivation of Lemna minor and the exposure study.

Environmental Variable Environmental condition
pH of media 6.9

Temperature 23°C

Relative Humidity 70-75%

Photoperiod 15hrs light / 9 hrs dark

2.2.4. Culturing medium

Swedish Standard Sterile media was used as a growth medium to culture Lemna minor, as
recommended by the OECD (2006) and used by latrou et al. (2017). Similar media were used by
other studies and can be seen in Table 15 in the appendix. Firstly, a series of stock solutions outlined
in Table 3 were created and then used to make the final media, as shown in Table 4 and sterilised
using a Monarch 50 Autoclave (by The Rodwell Autoclave Company, Chester, UK) as required. The
pH of the media was measured using a Accument AB150 benchtop pH meter (Fisher Scientific) under
sterile conditions and adjusted using 1ml of hydrochloric acid to give a media with a pH of 6.9, within

the optimum growth range.

Table 3. The stock solutions used to create the Swedish Standard Sterile media. For stocks A-E
compounds were added to deionised water and autoclaved to sterilise. For stock F compounds were
added to sterilised deionised water, mixed and a sterile membrane filtration system used to extract

the stock mixture.

Stock Solution | Compounds Concentration (mg/L)
A NaNOs (Sodium nitrate) 8500
A KH,PO, (Potassium dihydrogen phosphate 1340
B MgS0..7H,0 (Magnesium sulfate heptahydrate) 15000
C CaCl,.2H,0 (Calcium Chloride Dihydrate) 7200
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Stock Solution | Compounds Concentration (mg/L)
D Na,COs (Sodium carbonate) 4000
E H3BOs (Boric Acid) 1000
E MnCl;.4H,0 (Manganese (ll) chloride tetrahydrate) 200
E Na;Mo00..2H,0 (Sodium molybdate dihydrate 10
E ZnS04.7H,0 (Zinc sulfate heptahydrate) 50
E CuS04.5H,0 (Copper (ll) sulfate pentahydrate 5
E Co(NOs3),.6H,0 (Cobalt(ll) nitrate hexahydrate) 10
F FeCls.6H,0 (Iron (IIl) chloride hexahydrate) 170
F Na,-EDTA.2H,0 (Ethylenediaminetetraacetic acid 280

disodium salt dihydrate)

Table 4. The volume of each stock solution (ml) added to 1,969ml of sterilised deionised water to

create 1L of Swedish Standard Sterile media.

Stock Solution Volume (ml)
A 10

B 5

C 5

D 5

E 1

F 5

2.2.5. Confirmation of Lemna minor growth in media

To confirm the growth of Lemna minor with the cultivation conditions and Swedish Standard Sterile
media, changes in the surface area of the Lemna minor were investigated using the computer
programme Image J (153-win-java8, Rasband, W.S., Maryland, USA). Images of the Lemna minor
were taken and using the programme converted to 9 bit, binary and set to scale. Lemna minor
fronds were selected using the ‘analyse particles total area’ function, changes in the total area
covered by Lemna minor and average frond diameter over time could be determined. Paint
programmes were also used to remove algal interference when required and computer image
enhancing employed to improve the quality of the results. An example of the formatting of images
using Image J and paint programmes can be seen below in Figure 3. The results showing an increase

in surface area with time can be seen below in section 2.4.6, Table 12; the same data was used to
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determine frond addition per test vessel for the exposure study. This method was also used to

measure the percentage change in surface area of Lemna minor with antibiotic exposures during the

exposure study, the method of which can be seen in section 3.1.4 and the results in Chapter 4.

—
Day 0
’ ’

Figure 3. Lemna minor growth analysed with Image J over a 7-day period, original (left) and

processed (right).

2.3. Selecting the antibiotics used in the exposure study

Antibiotic resistance (AR) originating from a global abuse of antibiotics has led to a rise in antibiotic
resistant bacteria (ARB) and antibiotic resistant genes (ARGs) in the environment, resulting in a
growing threat to human and ecological health (Avila et al., 2021; Huang et al., 2015). Even with the
global threat of AR to human and ecosystem health, the movement of AR in the environment and
relation to human exposure is still not fully understood (Abou-Kandil et al., 2021). As such there are
many studies that could be conducted in this area of research. This thesis provides a number of
antibiotics and antibiotic exposures selected by a risk based prioritisation method using both
predicted environmental concentrations in CWs while also considering the selection of antibiotics for

ARB (objective 2). By incorporating ARB pressure into the selection of the antibiotics, the
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methodology outlined below and the antibiotics and their exposures determined in this study could

be of potential use for studies investigating AR in CWs.

2.3.1. Overview of data collection and calculations

Data was gathered from multiple sources and used in calculations to provide an unbiased method to
select the antibiotics used in this study, while also prioritising antibiotics that select for AR (objective
2). Tables containing all data gathered and their references can be seen in the appendix, Tables 18
and 19. Predicted Environmental Concentrations (PECs) for all antibiotics entering CWs via WWTP
effluent were calculated and used with Predicted No Effect Concentration-Minimum Inhibitory
Concentrations (PNEC-MIC) to create a risk quotient value for all antibiotics prescribed in England.
This method allowed for both their threat for AR and their presence in CWs to be central in antibiotic
selection. Antibiotics with a risk quotient above 1 were selected for the study and as such this
method reduced the potential list from > 80 antibiotics to 10, a number feasible considering the cost

and time constraints of the study.

2.3.2. Data collection

2.3.2.1. Total antibiotic mass prescribed in England

The total antibiotic masses prescribed in England were sourced from a 2019 NHS data base and then
amended by Alice Marshall to create a concise data set for environmental studies. The original data
set can be seen at NHSBSA Statistics and Data Science (2019) and includes the mass of the active
ingredients for all antibiotics prescribed in England, as well as the number of prescriptions, and the
number and form (tablet or solution) in each prescription. Using this data the total mass of each
compound prescribed could then be determined, which can be seen in the Appendix, Table 17. The
prescribed mass for all antibiotics prescribed in England (assuming all antibiotics prescribed were
administered) could then be used for further calculations covered in section 2.3.3 to find the PECs

for all antibiotics.

2.3.2.2. Antibiotic families

Due to a lack of available data on human excretion rates, WWTP removal rates and PNEC-MICs for
many antibiotics, all the antibiotics prescribed in England were sorted into classes to allow for
averages to be calculated using the most studied antibiotics values for each class based on similar
physicochemical properties of the compounds within a class and its mode of action. The behaviour
of antibiotics within families should be similar enough to allow for averages to be used for families as
antibiotics are grouped into their families based on their behaviour and mechanisms of action
against bacteria (Kapoor et al., 2017). A table of the antibiotics prescribed, and their families can be

seen in the appendix in Table 16, with references.
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2.3.2.3. Human excretion rates of antibiotics, antibiotic removal rates by WWTPs and PNEC-MICs

For all prescribed antibiotics their human excretion rates, removal rates in WWTPs and PNEC-MICs
were found; the values and references can be seen in the appendix, Tables 16 and 17. Conventional
treatments using conventional activated sludge (CAS) systems removal rates were used to calculate
WWTP removal rates for each antibiotic. This is because CAS systems are commonly used as a key
treatment in WWTPs (Modin et al. 2016). Averages were generated, when possible, using values for
other antibiotics within their family. However, when data was not sufficient to calculate averages, a
100% excretion rate and a 0% WWTP removal rate was used, to avoid potentially underestimating
an antibiotics presence in CWs. Due to the complex nature of establishing PNEC-MICs, if there was
no data for an antibiotic family, this was left blank, and the antibiotic removed from further analysis,

to avoid influencing the data with bias.
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2.3.3. Calculations
Following data collection, a series of calculations were conducted for every antibiotic to find the
worst case scenario, PEC and risk quotient values, the results of which can be seen in the appendix,

Table 17.

To find the total water volume released by WWTPs per total population per year in England (L/yr),
the volume of wastewater per person per day (L) was multiplied by the days in a year and multiplied
by the population of England. To calculate this variable data was collected for the water volume
released from WWTPs per person per day (Department for Environment, Food & Rural Affairs
(Defra), 2020) and the population of England in 2019 (Office for National Statistics, 2020). The
equation used to find the total water volume released by WWTPs per total population per year in

England can be seen below. (Equation (1)):
Total volume = Volume x 365 x Population (1)

To find the Worst Case Scenario for each antibiotics exposures in CWs (ug/L), the total mass of
antibiotic prescribed in England in 2019 (ug/yr) was divided by the total volume of water released
from WWTP per total population per year (L/yr). The Worst Case Scenario can be seen in the

following equation. (Equation (2)):

Mass

Worst Case Scenario = —— (2)
Total volume

The PEC (ug/L) for each antibiotic in CWs were calculated by multiplying the total mass of antibiotic
prescribed in England in 2019 (ug /yr) with the percentage excreted (decimal form) and the
percentage not removed in WWTPs (decimal form). This was then divided by the total volume of
water released from WWTPs per total population per year (L/yr). The equation used to find PECs can

be seen below. (Equation (3)):

(Mass x Excretion x Not removed in WWTPs)

PEC =

(3)

Total volume

To find the Risk quotients (RQs) for all antibiotics prescribed in England in 2019, the PEC (ug/L) for
each antibiotic was divided by the PNEC-MIC (ug/L) for the antibiotic. This can be seen in the

following equation. (Equation (4)):

_ PEC
~ PNEC-MIC

RQ (4)
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2.3.4. Final selection of antibiotics

Following the calculations of risk quotients, antibiotics with a value above 1 were selected to be
used in the study. Of the 13 suggested, only 10 could be used in the study due to issues of supply
and costs which resulted in rifaximin, methenamine hippurate and lymecycline not being used in the
study. The antibiotics used in this study can be seen below in Table 5, with concentrations for
different scenarios and chemical data. The persistence, movement and toxicity of the antibiotics
used in this study vary along with the frequency of their use in toxicity studies. Of all the antibiotics
used in this study metronidazole likely persists and accumulates the most in the environment (Tiwari
et al., 2019). It adsorbs weakly to soils and as such is found in high concentrations in leachates
entering ground and surface waters (Rabglle and Spliid, 2000). Its low degradability and high
solubility in water makes its removal from water difficult and sometimes even impossible (Nasseh et
al., 2016). Fluoroquinolones such as ciprofloxacin and macrolides such as erythromycin, also have
high stability and do not easily degrade, persisting in the environment from months to years and as
such accumulating (Hamscher et al., 2009; Rosendahl et al., 2012; Topp et al., 2016). However, not
all the antibiotics used in this study behave as such. Penicillins (amoxicillin, penicillin v, and floxacillin
sodium) and the cephalosporin cefalexin, hydrolytically and biologically degrade within hours to days
in soil (depending on soil moisture) (Braschia et al., 2013) and often break down quickly in surface
waters (Polianciuc et al., 2020). They have a reduced tendency to adsorb to soils and wash into
ground and surfaces waters and as such are found more in aquatic environments than soils
(Polianciuc et al., 2020). However, penicillin’s and cefalexin are usually found in lower environmental
concentrations than other antibiotic families (Watkinson et al., 2009; Jechalke et al., 2014). The
antibiotics used in this study also have a range of toxicity effects, however, they all can select for
resistant bacteria in the environment (Chen et al., 2010; Tell et al., 2019). Further effects from
antibiotic exposures can also occur, for example, fluoroquinolones (ciprofloxacin) are very toxic to
aquatic organisms resulting in genotoxic effects (Polianciuc et al., 2020), morphological deformities
in plants and changes to a plants photosynthetic pathways (Opris et al., 2013; Polianciuc et al., 2020;
Wang et al., 2015a). Metronidazole may be both carcinogenic and mutagenic in both humans and
animals (Nasseh et al., 2016; Tiwari et al., 2019) and exposures may damage the DNA of lymphocytes
in a range of species (Nasseh et al., 2016). As such investigating the effect of such antibiotic

exposures on Lemna minor used to remediate such contaminants in CWs is of great importance.
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Table 5. A list of the antibiotics used in this study, with values for Worst Case Scenario concentrations
(ug /L), PECs (ug/L) and risk quotients included. The chemical formula, molar mass and an image of

the antibiotic’s structure is also included.

Antibiotic and Worst Case PEC (ug/L) Risk quotient Chemical formula, molar

Antibiotic family | Scenario mass, and structure
(ne/L)
Metronidazole 3.11 1.95 97.63 C6HIN303
(Nitroimidazole) 171.15
N
3w
HyC N N
\\
0
OH
(DrugBankOnline, 2023)
Erythromycin 2.54 1.143 57.14 C37H67NO13
(Macrolide) 2

733.9

(DrugBankOnline, 2023)
Flucloxacillin 21.68 8.07 32.27 C19H17CIFN305S
sodium 453.872
(Penicillin)

DrugBankOnline, 2023)

Phenoxy- 17.34 5.20 20.80 C16H18N205S
methylpenicillin 350.39

/ Penicillin V
(Penicillin) @\

(DrugBankOnline, 2023)
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Antibiotic and Worst Case PEC (ng/L) Risk quotient Chemical formula, molar
Antibiotic family | Scenario mass, and structure
(ug/L)
Erythromycin 2,51 1.13 14.09 C43H75N016
ethylsuccinate 862.064
(Macrolide)
Hzc/\tl)J\/Y‘
(DrugBankOnline, 2023)
Cefalexin 2.81 1.11 13.93 C16H17N304S
(Cephalosporin) 347.389
w g
(DrugBankOnline, 2023)
Clarithromycin 6.17 1.33 13.32 C38H69NO13
(Macrolide) 747.9534
DrugBankOnline, 2023)
Ciprofloxacin 1.78 0.43 7.10 C17H18FN303
(Fluoroquinolon 331.3415
e / Quinolone) o ©
.
HO
|
N N/\
A K/NH
DrugBankOnline, 2023)
Amoxicillin 52.92 16.92 2.53 C16H19N305S 365.404
(Penicillin)

CHg

NH,
NH H
HO = —5, CHs
0
N
o B
0

(DrugBankOnline, 2023)
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Antibiotic and Worst Case PEC (ng/L) Risk quotient Chemical formula, molar

Antibiotic family | Scenario mass, and structure
(ne/L)
Trimethoprim 2.13 0.75 1.50 C14H18N403 290.3177
(Antifolate) O/CH3
0 o
HSC/ \CH3
NT NS
)l\ “
H,N N NH,

(DrugBankOnline,2023)

2.3.5. Antibiotic Resistance Genes of interest for further study

Following the selection of the antibiotics above, a literature review was conducted of the antibiotics
used in the study and their associated ARGs. The antibiotics and ARGs of great interest can be seen
below in Table 6, with a wider list of potential ARGs considered in Table 19 in the appendix. Of an
initial 51 genes considered in analysis (see Table 19), 8 were identified as of great interest for further
studies (see Table 6 below), approximately 15%. The ARGs chosen were based not just on their
reported association with bacteria exposed to the antibiotics used in this study but also several other
considerations impacting the final selection shown in Table 6, including the often high costs
associated with AR and genetic (qPCR) analyses, which could potentially limit a larger number of
ARGs from being investigated. This study aimed to select a range of ARGs that would reflect the wide
effects of all the antibiotics used in this study, while also being concise and cost effective. Once a list
of all the ARGs commonly associated with each antibiotic in scientific literature was assembled (see
Table 19), the ARG often considered the most important for each antibiotic was then determined.
Not all antibiotics were assigned a single ARG solely associated with the single antibiotic due to
predicted cost restrictions with genetic analyses and also a lack of information for the antibiotics less

used in AR studies.

There are no clear ARGs often cited in literature associated with Penicillin V as it is not frequently
studied with AR, with amoxicillin instead being the primary focus. However, BlaCTX-M is often stated
as being very important for altered genes with amoxicillin exposures (Hayward et al., 2019; Lien et
al., 2017; Sidrach-Cardona et al., 2014) and as they are both in the penicillin family this gene was
applied to both. Erythromycin is often associated with erm genes (Hayward et al., 2019; Guo et al.,
2015; Karaolia et al., 2018; Preethi et al., 2017; Shen et al., 2019; Wang et al., 2020), with ermB_3

being selected as the ARG due to primer access. Clarithromycin exposures are often linked to 23S
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rRNA gene variations (Geng et al., 2017; Vala et al., 2016; Hussein et al., 2022; Pina et al., 1998;
Zhang et al., 2021), however, to reduce costs as erythromycin and clarithromycin are both of the
same family, ermB genes have been associated with both erythromycin and clarithromycin and their
macrolide family (Mosleh et al., 2014; Wang et al., 2020), and so was chosen for both. The key ARGs
for metronidazole and ciprofloxacin are nimE (Alauzet et al., 2019; Baaity et al., 2021; Gal and
Brazier, 2004) and gepA (Cheng et al., 2021; Lien et al., 2017), respectively, and so included on the
final select list of ARGs to analyse. A dfr ARG was also selected for trimethoprim, with dfrA27 being
selected partially due to prominence in literature (Kraupner et al., 2020; Mukherjee and Chakraborty,
2006; Park et al., 2003; Stange et al., 2016; Suhartono et al., 2016) but also the availability and cost
of primers. As the antibiotics used in this study could not be grouped further to reduce costs, the
ARGs for metronidazole, ciprofloxacin and trimethoprim remained. 16S rRNA can be seen included in
Table 6 below, as a housekeeping gene which is commonly used in genetic (qPCR) analyses to confirm
accurate analysis (Wang et al., 2015b). Two class 1 integrons were also included due to their well-
established role and importance for the acquisition and dissemination of ARGs between ARB
(Hardwick et al., 2008). By including the most important associated ARG for each antibiotic where
possible, alongside mobile genetic elements (integrons) and where possible multiple drug resistant
genes (BlaCTX-M and ermB), a valuable picture of the range of effects caused by the antibiotic

exposures used in this study for AR studies could be created.

Table 6. Genes of interest for antibiotic resistance studies, with reason for their selection included

with their associated antibiotic or purpose.

Selected genes Associated antibiotic or purpose References

16S rRNA Housekeeping gene Hayward et al. (2019),
Meng et al. (2017), Wang
et al. (2015b), Wang et al.

(2020)
Class 1 integrons (intl1 and Mobile genetic elements Hardwick et al. (2008),
intll_2) Meng et al. (2017), Schmitz

et al. (2020), Stange et al.
(2016), Suhartono et al.
(2016), Wang et al. (2020)

BlaCTX-M Multidrug resistance gene Hayward et al. (2019), Lien
associated with penicillin’s, et al. (2017), Sidrach-
particularly amoxicillin Cardona et al. (2014)

nimE Metronidazole Alauzet et al. (2019), Baaity

et al. (2021), Gal and
Brazier (2004)
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Selected genes Associated antibiotic or purpose References

gepA Ciprofloxacin Cheng et al. (2021), Lien et
al. (2017)

dfrA27 Trimethoprim Kraupner et al. (2020),

Mukherjee and
Chakraborty (2006), Park et
al. (2003), Stange et al.
(2016), Suhartono et al.
(2016)

ermB_3 Erythromycin and clarithromycin | Hayward et al. (2019), Guo
et al. (2015), Karaolia et al.
(2018), Preethi et al.
(2017), Shen et al. (2019),
Wang et al. (2020)

2.4. Experimental design of the exposure study

2.4.1. Antibiotic and time exposures

The antibiotic exposures used in the study can be seen below in Table 7 and time exposures in Table
8, with replicate number included. A total of 5 antibiotic mixture concentrations and 3 time
durations were selected for this study (see Table 8) and were selected to include environmentally
relevant (PECs) and elevated concentrations (x10PEC and x100PEC) to give results applicable to
Lemna minor in CWs but also confirm exposures and potentially establish toxicity limits via a dose
response. A worst case scenario exposure was considered (see Table 17 in the appendix), however it
was not included as such precise concentrations may have resulted in significant error when spiking
solutions. The time exposures were determined using studies’ such as Ebert et al., (2011), (latrou et
al., 2017), Baciak et al., (2016) and OECD (2006) which often used 7 days as the maximum exposure
time in their toxicity studies. For this study 24 hours, 5 day and 9 day exposures were determined to
capture both rapid and longer term effects on the Lemna minor. The number of replicates per
exposure were selected by balancing the need for many replicates to give greater confidence and
statistical power to results but also feasibility with time and cost constraints. As such for control
treatments (24hrs, 5 days and 9 days) 7 replicates were used in the exposure study and for the
remaining treatments 5 replicates were used (see Table 8). Aside from the different antibiotic and
time exposures, all replicates were treated identically during the exposure study, with identical test

vessels, frond addition, and environmental conditions.

Table 7. Antibiotic exposures with the concentrations (ug/L) for each antibiotic, ordered by risk

quotients.
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Antibiotic PEC/10 PEC X10 PEC X100 PEC
Metronidazole 0.12 1.95 19.53 195.26
Erythromycin 0.11 1.142773 | 11.42773 114.2773
Flucloxacillin sodium 0.81 8.07 80.66188 806.6188
Phenoxymethylpenicillin (Penicillin V) 0.52 5.20 52.01 520.07
Erythromycin ethylsuccinate 0.11 1.13 11.27 112.70
Cefalexin 0.11 1.11 11.14 111.42
Clarithromycin 0.13 1.332069 | 13.32 133.21
Ciprofloxacin 0.04 0.43 4.26 42.59
Amoxicillin 1.69 16.92 169.22 1692.22
Trimethoprim 0.08 0.75 7.51 75.06

Table 8. Antibiotic (control and PECs) and time (24 hrs, 7 days and 9 days) exposures used in the

exposure study with the number of replicates per exposure.

Control 1/10%" PEC | PEC X 10 PEC X100 PEC
Removal after | HH I HH HH HH HU
24 hrs
Removal after | HH I HH HH HH HH
7 days
Removal after | HH I HH HH HH HH
9 days

2.4.2. Antibiotic stock preparation and antibiotic spiking during the exposure study

To create the antibiotic exposures shown above in Table 7, a series of steps had to be taken to be
able to spike the experimental medium with the required antibiotics. Firstly, a stock solution for
each antibiotic was made up at a concentration of 1ug/ul in methanol. A mixture was then made at
the x100PEC concentration level for each compound in methanol. The x100PEC solutions were
evaporated using a miVac sample concentrator, Model: DNA (Genevac, Ipswich, UK) to remove
methanol and the vials stored in foil with the stock solutions at -20°C to reduce antibiotic
degradation. When required during the exposure study to spike the experimental medium,
deionised water was added to a x100PEC vial, vortexed to ensure dissolution and added into the
experimental medium. This was repeated 3 times to create a x100PEC concentration. Serial dilutions
of the x100PEC solutions using the experimental medium was used to form the other antibiotic
exposures (x10PEC, PEC and PEC/10). This process was carried out 48 hours before the spiked
medium was used in the renewal schedule (see section 2.4.4) to allow the solution to stabilise. For

such procedures sterile equipment was used to reduce potential contamination.



-28 -

2.4.3. Confirmation of antibiotic spiking during the exposure study

To confirm that accurate antibiotic spiking was conducted during the exposure study (described
above in 2.4.2), water samples of the spiked experimental medium used during the exposure study
were collected and antibiotic concentrations determined using Liquid Chromatography-Mass
Spectrometry (LC-MS). In liquid chromatography, the samples are passed through a column where
chemicals interact with the stationary phase of the column and the complex mixture separates out,
depending on the physiochemical properties of each chemical. Such separation results in increased
accuracy in mass spectrometry, in which the chemicals are ionised and sorted by mass to charge

ratios, which are then used to quantify compounds.

To quantify the antibiotics, calibration standards were created to optimise the instrument for
antibiotic analysis and to create calibration curves that are used to transform intensity readings from
the LC-MS to antibiotic concentrations in pg/L. A mixture of antibiotics was made at a 1000 pg/L
from individual stock solutions. The calibration standards 1000, 500, 100, 50, 5, 1, and 0 pg/L were
created using a series of dilutions with a methanol: water mixture (20:80). Calibrations standards
were run lowest to highest, to reduce carry over affecting results and blanks analysed in between
standards to confirm minimal transference. While attempts were made to optimise the LC-MS to be
able to analyse all 10 antibiotics simultaneously, it was determined that using a single optimization
programme, the antibiotics amoxicillin, cephalexin, and metronidazole could be analysed together
with high accuracy. Due to budget and time constraints, further analysis was not conducted, and the
three antibiotics used to confirm accurate spiking. The calibration curves for each antibiotic, with
high R? values and linear lines can be seen below in Figure 4. Samples of x100PEC spiked
experimental medium, with 3 replicates per sample, were diluted with methanol to create a
methanol: water mixture identical to standards. Samples were run after the standards with a

programme series of 7 samples, blank, 7 samples, repeating until analysis was complete.

When accounting for antibiotic degradation and the reduced concentrations in the samples, the
results (see averages in Table 9 below) show consistent accurate spiking. Antibiotic concentrations
between different samples are similar, with standard deviation overlapped. While there were lower
concentrations found for all antibiotics in the final 9 day experimental media batch, the findings
were consistent, and as replicates were all treated identically, this should not affect the findings of

the study.
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Figure 4. Calibration curves for LC-MS analysis of the antibiotic’s amoxicillin, cefalexin, and

metronidazole.
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Table 9. Concentrations of the antibiotic amoxicillin, cephalexin, and metronidazole in samples of

x100PEC spiked experimental medium used in the exposure study, with averages and standard

deviations.
Antibiotic Sample Average concentration (pg/L)
with standard deviation (+/-)
Amoxicillin 48 hours after Lemna minor addition to 101.13 (+/-1.92)
petri dish (removed day 2)
Amoxicillin Day 0, before Lemna minor addition 107.43 (+/- 5.62)
Amoxicillin Day 5, before Lemna minor addition 88.84 (+/- 13.29)
Amoxicillin Day 9, before Lemna minor addition 81.84 (+/- 4.85)
Cephalexin 48 hours after Lemna minor addition to 20.33 (+/-1.63)
petri dish (removed day 2)
Cephalexin Day 0, before Lemna minor addition 23.67 (+/- 0.99)
Cephalexin Day 5, before Lemna minor addition 21.52 (+/- 2.57)
Cephalexin Day 9, before Lemna minor addition 17.65 (+/-0.80)
Metronidazole 48 hours after Lemna minor addition to 47.55 (+/- 1.29)
petri dish (removed day 2)
Metronidazole Day 0, before Lemna minor addition 46.61 (+/- 1.62)
Metronidazole Day 5, before Lemna minor addition 46.81 (+/- 4.16)
Metronidazole Day 9, before Lemna minor addition 42.10 (+/- 0.45)

2.4.4. Experimental medium and renewal schedule

In order to replicate realistic conditions whilst maintaining consistency throughout the experiment, a
medium of artificial effluent was initially chosen for the exposure study. Using effluent from a CW
could lead to unknown contaminants influencing the results of the study and as such artificial
effluent would allow for the closer replication of conditions in CWs treating WWTP effluent while
also maintaining a controlled study. The artificial effluent used (see Table 10) was based on methods
from the studies Liu et al., (2000), Duran et al., (2011), Expositio et al., (2017) and OECD (2001). A
preliminary test was conducted to determine whether Lemna minor could survive in the artificial
effluent. Exposure to the effluent was found to result in Lemna minor stress and total death during a
7 day period, with all fronds turning a pale white (see Figure 5). The pH of the effluent was found to
be within survivable ranges and as such the components of the artificial effluent were likely causing
the stress. By exposing the Lemna minor to gradual increases in compound concentrations over
time, it may have been possible to acclimatize the Lemna minor to the artificial effluent. However,
due to the time constraints of this study, and no guarantee of successful acclimatization, it was
decided that artificial effluent could not be used in the exposure study. Deionised water was then
selected as the experimental medium for the exposure study. Efforts were made to maintain

minimal microbial contamination, although sterilisation was not conducted. Following antibiotic
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spiking, pH tests were performed to confirm the ranges were within survivable conditions. As
recommended by the OCED (2006) the experimental medium spiked with antibiotics was replaced
every 48 hours to remove the build-up of toxic substances produced by the Lemna minor and mimic

the constant flow of effluent in CWs.

Table 10. Compound concentrations used with deionised water to create artificial effluent.

Compound Concentration (ug/L)
Peptone 23,529

Beef Extract 16,177

Urea 4,412

Sodium chloride (NaCl) 7,000

CaCl2. 2H20 4,000

K2HPO4 28,000

Figure 5. Images of Lemna minor before (left) and 3 days after (right) introduction to artificial

effluent.

2.4.5. Test vessel

Square petri dishes (11349273 Fisher scientific 100 mm) with lids were used as the test vessel for the
exposure study. Petri dishes with lids were determined to be most appropriate for this study as they
would allow clear images to be captured for surface area analysis and result in minimal
contamination. The dishes provided 10 mm of depth and a surface area of 100 mm x 100 mm. While
20 mm of depth is recommended by the OECD (2006), few petri dishes with appropriate depth and
surface area are available. As such surface area was prioritised for the study to prevent fronds
overlapping and allow for roots to extend horizontally. 80 ml of experimental medium was added to
each petri dish to allow for Lemna minor to interact with an atmosphere inside the petri dishes,
exchanging carbon dioxide and oxygen. The renewal of experimental medium every 48 hours also

replenished the atmosphere of the petri dishes during the exposure study. Petri dish location in the
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environmental chamber during the exposure study was randomised and rotated daily to minimise
the effect of light intensity and temperature from light sources in the chamber impacting the growth

of Lemna minor in certain replicates and as such impacting the study.

2.4.6. Determining frond addition

Prior studies use a range of 12 to 20 fronds per replicate (Ebert et al., 2011, latrou et al., 2017,
Gomes et al., 2017, Sree et al., 2015, OECD, 2006), however in their analysis requirements,
environmental conditions and growth rates were different to this study. A frond addition that would
provide adequate masses for analysis (chlorophyll a content and metabolomics) while not
overwhelming the petri dish, was required. One frond of Lemna minor was found to be
approximately equivalent to 1 mg (fresh weight). For metabolomic analysis a minimum of 0.1 mg of
fresh material was required (preferably 1 mg). A test was conducted to determine the minimum
mass required for accurate chlorophyll a content analysis, for the method see section 3.1.5. Several
samples of different weights and time exposures (see Table 11) were extracted and analysed, the
raw fluorescence values were found to not fluctuate for all the different masses and as such 5 mg
with a 48 hour, 3.5 ml acetone extraction, with 2 ml decanted for analysis with a fluorometer was
selected for the study as this balanced accurate measurements with minimal mass requirements. A
third variable was also considered during method development, and while ultimately not included in
the exposure study, 50 mg was set aside during frond determination calculations. This excess 50mg
was then included in excess biomass for additional or repeat analyses. A minimum fresh mass of 56
mg or 56 fronds was determined to be appropriate per replicate. Surface area changes over time
were then determined for Lemna minor using the methods described in 2.5.5. The percentage
increase in surface area can be seen below in Table 12, with an average percentage increase in
surface area per day of 19.2% and an increase of 172.7% over a 9 day period. With an approximate
173% increase, a frond diameter as high as 5 mm (see Table 12), with a petri dish 100 cm?, and a
minimum requirement of 56 fronds, a total of 120 fronds per petri dish was determined to be
appropriate for the study, and allow for excess biomass for additional or repeat analysis if necessary.
This allowed for larger quantities of material to be stored at -80°C and used if the masses for
different variables were found to not be sufficient for analysis, while also not overwhelming the
petri dishes during the exposure study. An experimental stock culture was grown prior to the
exposure study and was used to inoculate all replicates with approximately 120 fronds. A small stock

culture was then maintained alongside the experiment.
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Table 11. Raw fluorescence values for mass and acetone time exposures for Lemna minor.

Time Mass Raw Raw Raw

treatment | treatment | fluorescence | fluorescence | fluorescence
values values values

24 hrs 5mg 3913.67 3905.18 3899.83

24 hrs 10 mg 5790.7 5771.35 5768.39

24 hrs 20 mg 12714.63 12736.71 12725.46

48 hrs 5mg 5352.29 5361.57 5362.52

48 hrs 10 mg 7182.9 7183.77 7183.49

48 hrs 20 mg 14142.08 14162.1 14165.92

Table 12. Surface area (cm), average frond diameter (cm), percentage increases in surface area over a 6-7 day period and the percentage increase in surface

area per day for Lemna minor.

Surface | Surface | Surface | Average | Average | Average frond | Percentage increase in | Percentage Percentage increase in
area area area frond frond diameter (cm) | surface area increase in surface area per day
(cm) (cm) (cm) diameter | diameter surface area
(cm) (cm)

Replicate | Day 1 Day 6 Day 7 Day 1 Day 6 Day 7 For 6 days For 7 days

1 11.23 26.66 0.12 0.16 137.45 22.91

2 14.94 27.81 0.20 0.16 86.19 14.37

3 23.92 36.94 | 0.50 0.40 54.44 7.78

4 16.01 51.53 | 0.5 0.15 221.82 31.69
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2.4.7. Determining the dry weight: fresh weight ratio

To allow for the statistical analysis of chlorophyll a content in samples a dry weight: fresh weight
ratio for Lemna minor was required. The fresh weights of three samples of Lemna minor were
recorded and then dried for 48 hours. The dry weights were recorded and used to calculate a dry
weight: fresh weight ratio, the results of which can be seen below in Table 13. An average dry

weight: fresh weight ratio of 0.07 was found.

Table 13. The fresh weight, dry weight, and dry weight: fresh weight ratios for Lemna minor.

Replicate | Fresh Dry Dry
Weight | Weight | weight:
(mg) (mg) fresh
weight
ratio

1 19153.6 | 1298.2 | 0.0778
19931.2 | 1695.6 | 0.0851

17748.3 | 1003.2 | 0.0565

2.5. Conclusion
The decisions and knowledge used to form the basis of this study have been laid out above; in the
following chapter an outline of the methods used in the exposure study and the following data

analysis can be found.
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3. Methods

3.1. The exposure study

3.1.1. Overview

During the exposure study Lemna minor was exposed to a mixture of antibiotics and the effects on
its growth, chlorophyll a content and metabolome investigated at various time intervals. The
following chapter includes information on the exposure study from chemical and surface area
monitoring to sampling and chlorophyll a, metabolomic, and statistical analyses carried out to

provide results to meet objectives 3, 4 and 5.

3.1.2. Chemical monitoring
With the replenishment of experimental medium every 48 hours, samples of the x100PEC spiked
medium were taken prior to Lemna minor exposure in order to confirm accurate spiking (see section

2.4.3). Samples were filtered using a 0.2 um filter and stored at -20°C until analysis.

3.1.3. Sampling

At the end of a replicates time exposure (24 hours, 5 days or 9 days), the Lemna minor (fronds and
roots) were collected, rinsed with deionised water and blotted dry. The Lemna minor were
separated into 3 sections (with the precise masses recorded); =5 mg for chlorophyll a extractions
(see section 3.1.5 for more extraction method details), =50 mg for biomass storage for additional or
repeat analyses, and the remaining mass for metabolomic analysis flash frozen using liquid nitrogen
to stop enzymatic processes. For chlorophyll a and metabolomic extractions the full Lemna minor
organism (fronds and roots) were not separated and combined for analysis, as separate analysis was
not possible with the time and cost constraints of the study. Samples for metabolomic analysis were
ground down with liquid nitrogen using a mortar and pestle, their new weights recorded and then
stored at -80°C. The equipment was carefully cleaned between each replicate to avoid

contamination between samples.

3.1.4. Surface area images
Images were taken of each replicate (placed on a light box to improve image quality) on days 0, 1, 2,
4,5, 6,8 and9. Such images were used to find percentage changes in the surface area of Lemna

minor with antibiotic and time exposures (for Image J methods see section 2.2.5).

3.1.5. Chlorophyll a extractions and measurements
5mg of plant material for every replicate was extracted in 3.5ml of 80% acetone for 48 hours, and
then 2ml decanted (without visible fronds) into cuvettes, which were cleaned between

measurements and handled carefully to avoid spots interfering with the results. The samples were
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analysed using a Trilogy Laboratory Fluorometer (Turner designs, San Jose, USA) with a CHL-A-NA
module. During extraction samples were wrapped in foil to reduce photodegradation of chlorophyll
a and stored in 4°C during extraction. Raw fluorescence values provided by a chlorometer were
transformed to chlorophyll a concentrations (ug/L) using the calibration curve below in Figure 6.
Calibration standards of 1000, 500, 300, 200, 100, 50, 20, 10, 5, 2 and 1 pg/L were made and their
intensity readings recorded and used to generate Figure 6, which can be seen to have a high R? value
of 0.9994. During the data analysis of the chlorophyll a content results, some were found to reach as
high as 3000 pg/L, which is higher than the highest calibration standard of 1000 pg/L. To allow the
use of the calibration standards and equation produced below in Figure 6 it was confirmed that
chlorophyll a content remains linear against fluorescence measurements at concentrations greater
than 1000 pg/L. The study Pham Phu (2014) found that the relationship between fluorescence and
chlorophyll a content remained linear to 5000 ug/L, the studies highest standard. As such the

calibration curve could still be used to transform the data.

8000

y =7.1341x + 16.089
7000 R2=0.9994 . ®

6000
5000
4000
3000
2000

1000

Raw Fluorescence value

0 200 400 600 800 1000 1200
Chlorophyll a concentration (pug/l)

Figure 6. Calibration curve for chlorophyll A concentration (ug/L) against raw fluorescence values,

with R? value and linear equation.

3.1.6. Metabolome extractions

The method for obtaining the extractable metabolome of Lemna minor was derived from Gaffney et
al. (2021). Samples of Lemna minor were submerged in 100 ul of a methanol: water mixture (70:30),
wrapped in foil and shaken at 500rpm for 30 minutes, then centrifuged at 15,000 rpm for 10
minutes. Supernatants were transferred and dried using a SpeedVac Concentrator (PD111V, Thermo

Savant, Waltham, USA) under cool conditions. Once full evaporation was confirmed, samples were
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reconstituted in 100 pl of the methanol: water mixture and stored at -80°C until analysis using High
Performance Liquid Chromatography-Mass Spectrometry (HPLC-MS). The extraction method used in
this study is often considered the most appropriate for metabolomic analysis according to the
studies Gaffney et al. (2021) and Fiehn (2002) which investigated which methods are the most
effective at stopping enzymatic activity and extracting metabolites. Metabolomic analysis was
performed on samples from the highest exposure level (x100PEC), predicted environmental
exposure level (PEC) and the control. A total of 45 samples were analysed including remained with

control, PEC and x100PEC exposures for 24 hours, 5 days and 9 days with 5 replicates each.

3.1.7. High Performance Liquid Chromatography-Mass Spectrometry analysis of the metabolome
LC-MS analysis (see section 2.4.3) is often recommended and used in metabolomic studies (De Vos
et al.,, 2007; Gaffney et al., 2021); in this study the extracted metabolites were analysed using high
performance liquid chromatography — high resolution mass spectrometry (HPLC-HRMS). HPLC-HRMS
was deployed for metabolomic analysis in order to achieve the necessary separation and accurate
mass needed to analyse the complex plant metabolome (Gaffney et al., 2021; Fiehn, 2002). HPLC
was performed using an Agilent 1200 HPLC (Agilent, Santa Clara, California, USA). This was fitted
with an Atlantis T3 column (Waters, cortecs 2.7 um, 3 x 150 mm, Milford, Massachusetts, USA), with
a column temperature of 25 °C. The HPLC was then coupled to an Orbitrap Fusion Mass
Spectrometer (ThermoScientific, Waltham, USA). The mobile phase was composed of water (A) and
acetonitrile (B) both with 0.1% (v/v) formic acid, and the following gradient was used: 5% B
increasing linearly to 95% over 22 min and held for 2 min. B was then returned to 5% over 0.33 min
and held for 5.33 min to allow column equilibration. The flow rate was 300 uL/min and the injection
volume was 20 pL. Analysis was conducted in positive-ion-mode, with an ion transfer temperature of
325 °C and a vaporiser temperature of 350 °C. The sheath gas was 50 (arb); the aux gas was (arb) 10;
time between master scans was 1 s; the isolation window was 1.6; the collisional energy was
stepped and the HCD collision energies (%) were 20, 35, and 60. This instrumental method was

previously used in Gaffney et al. (2021).

A pooled aliquot (20 pL from every replicate) was used as a quality control and injected 20 times to
equilibrate the column. The quality control (pooled aliquot) and a blank were injected after every 5
sample injections to monitor instrument performance, to determine the carryover between samples
(found to be minimal), monitor instrument reproducibility and to allow for batch drift corrections in
statistical analysis if required (this was not required). Five biological replicates (80 L) per treatment
were analysed, with 1 technical replicate per biological sample. Three technical replicates per
biological replicate improves data analysis reliability and are used to monitor instrument

reproducibility, however, cost constraints prevented this. Ultimately, the presence of 5 biological
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replicates reduced this issue. While samples should be injected in a randomised order to reduce the
effect of instrument drift, unfortunately this was not carried out and samples were injected in order
of controls, PECs and x100PECs. However, instrument drift could be corrected for in statistical

analysis if it was present, which it was not.

3.2. Data analysis

3.2.1. Percentage change in surface area, average frond size and chlorophyll a content

Once the percentage change in surface area and the average frond size for each replicate was found
using image analysis, averages and standard errors were calculated for the antibiotic and time
exposures. For percentage change in surface area the data was combined and split to create several
graphs and conduct several statistical tests. Four data sets were created; the first containing only the
first ‘24 hour antibiotic exposures’ which were then destructively harvested (‘Day 1 dataset’,
Control: n =7; PEC/10, PEC, X10PEC and x100PEC: n = 5), the second containing only antibiotic
exposures for the ‘5 day exposures’ at which point this dataset were destructively harvested (‘Day 5
dataset’; Control: Day 1-5 n=7; PEC/10, PEC/10, PEC, X10PEC and x100PEC: Day 1-5 n = 5), the third
containing only antibiotic exposures for the 9 day exposures at which point this dataset were
destructively harvested (‘Day 9 dataset’; Control: Day 1-9 n=7; PEC/10, PEC/10, PEC, X10PEC and
x100PEC: Day 1-9 n = 5), and finally a data set with all data from the 24 hours (Day 1 dataset), 5 day
(Day 5 dataset) and 9 day exposures (Day 9 dataset) combined (‘Combined dataset’; Control Day 1 n
=21, Day 2-7 n = 14, Day 8-9 n =7; PEC/10, PEC, x10PEC and x100PEC Day 1 n =15, Day 2-7 n = 10,
Day 8-9 n =5). The averages and standard errors were also found for the chlorophyll a concentration
(ug/mg of dry mass) for the antibiotic and time exposures following the transformation of raw
fluorescence values to concentration (pg/L). A series of calculations were conducted to find these

results.

Firstly, the fresh weight of a replicate (mg) was multiplied by the dry weight: fresh weight ratio to
find the dry weight (mg) for each sample. This can be seen below in the following equation.

(Equation (5)):
Dry weight = Fresh weight x Dry weight: Fresh weight (5)

The total chlorophyll mass (ug) was then found for each sample by multiplying the sample volume
(L) by the concentration (pg/L) of each sample. This calculation is shown by the following equation.

(Equation (6)):

Total chlorophyll a mass = Volume x Concentration (6)
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The average total chlorophyll mass (ug) for each replicate was then found by averaging the three
samples measured for each replicate. The concentration (ug /mg of dry mass) of chlorophyll a in
Lemna minor was then found by dividing the average total chlorophyll mass (ug) per replicate by the

dry weight (mg) for each replicate. This can be seen in the following equation. (Equation (7)):

Total chlorophyll a mass

(7)

Concentration of chlorophyll a = Dry weight

Graphs were made from the averages and standard errors for the variables to help determine if any
patterns in the data could be seen. Statistical tests were conducted using SPSS (IBM Corp, 2021,
Version 28.0, Armonk, NY) to determine if significant differences could be found between antibiotic
and time exposures with percentage change in surface area and chlorophyll a content. Normality
tests were conducted; much of the data was found to not be normal and as such attempts to
transform the data were made and normality tests repeated. The transformed data was also found
to not be normal and as such the original untransformed data was separated and used in 2 way
repeated measures Anova’s. Multiple comparisons, homogeneity, Tukey, Dunnet, Levene’s equal
variances and Mauchly’s test of sphericity were also conducted. If the data was found to have a
Mauchly's Test of Sphericity result of <0.05, Greenhouse-Geisser values were used. Such tests should
be performed on normally distributed, continuous data with equal variances; however, the test is
robust and the most applicable to analyse the data sets in an objective manner and provide results

with an adequate confidence.

3.2.2. Metabolomics analysis

The full chemical profiles from all samples (with peaks showing the intensity of unique chemicals)
were entered into progenesis Ql (Waters, Milford, MA, USA) in centroid mode. To compensate for
small variations between runs which arise during HPLC-MS analysis and to improve the reliability of
the data, a quality control run (QC 5 for this study) was chosen against which all remaining runs are
aligned against. All runs with an alignment within 80% of the reference run were accepted, which for
this study included all runs. Careful filtering was conducted to reduce background machine noise
while avoiding the removal of valuable data or altering the results. Peaks under 0.05 minutes and
retention times < 1 minute and >21 minutes were excluded from further analysis to reduce the
influence of poorly separated and resolved compounds. Compounds with a >30% coefficient of
variation in the quality control runs were excluded from further analysis as the compounds had too
much variability within samples and were not of high confidence. Such filtering resulted in a

decrease from 30,000 features to 15,000 features per sample.

A PCA plot was generated, which is made using chemicals that are most responsible for variations

between treatments (antibiotic and time exposures), by using the abundance levels for every
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chemical across all samples (Saccenti et al., 2014; Worley and Powers, 2013). After confirming that
the variability in the plot was not due to the influence of sample run order and the clustering of
quality controls, indicating instrumental reproducibility and accuracy is strong (Saccenti et al., 2014;
Worley and Powers, 2013), the PCA plot could then be accepted into the study. The top 20 chemicals
responsible for the variation in the first and second principal component were analysed further using
ChemSpider (The Royal Society of Chemistry, London, UK, 2023a; Version 1.0.5540.51345), a mass
spectrum library used for chemical identification. Identifications were investigated to determine if
the chemical is a plant metabolite and its role within the Lemna minor. Only chemical identifications
with a mass error (ppm) between + 5 were accepted and isotope similarity scores >90. The chemical
identifications made in the study are tentative as confirmation with analytical standards was not
conducted. For some chemical features, no identifications were possible due to the ambiguous data,
with multiple potential identifications. These results were then used to assess whether the antibiotic
treatment and exposure time affected the chemical metabolome of Lemna minor. More details and

the results of such findings can be seen in more detail in chapter 5.

3.3. Conclusion
The above chapter has laid out the methodology of this study. In the following chapter the impacts
of the antibiotic and time exposures used in the exposure study on the physiology of Lemna minor

are investigated.
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Chapter 4. Effects of antibiotic exposure on the physiology of Lemna minor

4.1. Introduction

It is of great importance to determine whether plants in CWs are experiencing stress with antibiotic
exposures. Monitoring changes to a plants growth is a useful and commonly used variable and such
methods can be frequently seen in Lemna minor toxicity studies. Growth rate and chlorophyll a
content are frequently used in Lemna minor toxicity studies to indicate health and toxicity limits,
with the OECD (2006) Lemna minor toxicity study guide recommending them as reliable indicators
for plant health. Toxicity studies such as Baciak et al. (2016), Ebert et al. (2011), latrou et al. (2017),
Lima et al. (2021) and Sree et al. (2015) investigate changes in Lemna minor growth, though the exact
measurements can vary from growth rate to frond mortality rate and biomass changes. Changes in
such variables are found by either frond numbers by eye or by using computer imaging programmes
(such as Image J, used in this study, see section 2.2.5) and then calculating changes with time and
treatments. Here, percentage change in frond surface area is reported. This variable was chosen for
this study as exposures did not result in frond mortality and unlike biomass changes it is a useful

non-disruptive option for finding growth changes according to the OECD (2006).

Chlorophyll a content is often used in toxicity studies such as Baciak et al. (2016), Cascone et al.
(2004), Kalaji et al., 2016; Pavlovic et al., 2014; and Zeigler, 2016 as an indicator of the
photosynthesis within the plant. With abiotic stresses such as temperature and salinity changes and
contaminants such as heavy metals, the processes required for photosynthesis can be disrupted and
as such may be used as an indicator of plant stress (Kalaji et al., 2016 and Kalaji et al., 2012).
Chlorophyll a and b pigments as intermediaries in the process of converting light to organic matter in
photosynthesis and as such is crucial for plant survival (Pavlovic¢ et al., 2014). As chlorophyll absorbs
and re emits light in photosynthesis, absorption and fluorescence monitoring can be conducted to
measure their abundance (Pavlovic et al., 2014), the method of which is covered in section 3.1.5 for
this study. The majority of Lemna minor toxicity studies do not investigate average frond size.
Cleuvers and Ratte (2002) is one of the only Lemna minor toxicity studies that included frond size as
a measurement. In a dye toxicity study, they investigated the effect of exposures on total frond area
and mean frond size, using image analysis software similar to the methods used in this study. They
found that with certain dyes and concentrations (blue dye with concentrations > 3.2 mg/L),
significant decreases in mean frond size could be found when compared to controls. Changes in
frond size can easily be found along side changes in frond surface area using Image J software. As
such it was included as an ancillary measurement. By establishing the effects of the antibiotic

exposures on the growth rate and chlorophyll a content of Lemna minor (objectives 3 and 4) it may
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be possible to determine whether Lemna minor in CWs are likely to be experiencing stress and as

such whether antibiotic exposures are potentially impacting CW remediation.

4.2. Results

4.2.1. Percentage change in surface area

A series of Anova tests were carried out for the split data sets to determine whether there were any
significant differences in percentage change in frond surface area between antibiotic exposures and
also over time. No statistically significant differences in percentage change in frond surface area
between antibiotic exposures for the 24 hour data set (F(2) = 1.475, P = 0.244), the 5 day data set
(F(7.438) =0.774, P = 0.619) or the 9 day data set (F(4.818) =0.582, P = 0.708) were found using a
One Way Anova and Two Way Repeated Measures Anovas, respectively. Statistically significant
differences in percentage change in frond surface area were found with time, finding increases in
surface area with time, using the 5 day data set (F(1.86) = 253.779, P =<0.001) and the 9 day data set
(F(1.204) = 158.431, P = <0.001), using Two Way Repeated Measures Anovas.
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Figure 7. Average percentage changes in surface area of Lemna minor relative to the start of the
experiment in response to predicted environmental concentrations (PEC) of antibiotics in UK Waste
Water Treatment Plant effluent entering Constructed Wetlands (with customised standard error
bars). All data sets for different time exposure groups (24hours, 5 days and 9 days) were combined
for each antibiotic exposure to give a Combined dataset, with the following replicates per exposure:
Control (Day 1 n =21, Day 2-7 n = 14, Day 8-9 n =7), PEC/10, PEC, x10PEC and x100PEC (for each

exposure, Day 1 n =15, Day 2-7 n = 10, Day 8-9 n =5).
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Figure 8. Average percentage changes in surface area of Lemna minor relative to the start of the
experiment in response to predicted environmental concentrations (PEC) of antibiotics in UK Waste
Water Treatment Plant effluent entering Constructed Wetlands (with customised standard error
bars). Only data sets for the 24 hour exposure group were included for each antibiotic exposure to
give the Day 1 dataset, with the following replicates: Control (Day 1 n = 7), PEC/10, PEC, x10PEC and

x100PEC (for each exposure, Day 1 n =5).
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Figure 9. Average percentage changes in surface area of Lemna minor relative to the start of the
experiment in response to predicted environmental concentrations (PEC) of antibiotics in UK Waste
Water Treatment Plant effluent entering Constructed Wetlands (with customised standard error
bars). Only data sets for the 5 day exposure group were included for each antibiotic exposure to give
the Day 5 dataset, with the following replicates: Control (Day 1 n = 7), PEC/10, PEC, x10PEC and

x100PEC (for each exposure, Day 1 n =5).
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Figure 10. Average percentage changes in surface area of Lemna minor relative to the start of the
experiment in response to predicted environmental concentrations (PEC) of antibiotics in UK Waste
Water Treatment Plant effluent entering Constructed Wetlands (with customised standard error
bars). Only data sets for the 9 day exposure group were included for each antibiotic to give the Day 9
dataset, with the following replicates: Control (Day 1 n = 7), PEC/10, PEC, x10PEC and x100PEC (for

each exposure, Day 1 n=5).

4.2.1.1. Average frond diameter

The average frond size (mm) for Lemna minor with different antibiotic exposures can be seen below
in Figure 11 (Combined dataset), 12 (Day 1 dataset), 13 (Day 5 dataset) and 14 (Day 9 dataset). The
average frond size can be seen to vary greatly between antibiotic and time exposures, with much
standard error bar overlap. In Figure 11, the average frond diameter across all antibiotic exposures
can be seen to increase from Day 0 to Day 2 and then decline over Days 4, 5 and 6, until another
increase in Day 8 and further declines in Day 9. This can be seen most clearly for the PEC exposure,
increasing from 2.09 mm on Day 0 to 6.69 mm by Day 2. The average frond size then declines to 3.61
mm on Day 4, and then declines further to 2.61 mm by Day 6. An increase can then be seen for Day 8
to 4.98 mm, which is followed by a drop to 2.82 mm on Day 9. The average frond size for the PEC
exposure on Day 2, can be seen to be strongly impacted by the inclusion of the Day 9 data set. In
Figure 14, the PEC exposure on Day 2 can be seen to exceed 8.71 mm in average frond size, with a
standard error value of 2.68 +/-. When compared to the Day 5 dataset in Figure 13, the average frond

size drops to 4.656 mm and a standard error of 0.66 +/-. A trend towards an increase or decrease in
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average frond size with time or differences between antibiotic exposures is difficult to distinguish in

the Figures.
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Figure 11. Average frond size / diameter (mm) of Lemna minor fronds in response to predicted
environmental concentrations (PEC) of antibiotics in UK Waste Water Treatment Plant effluent
entering Constructed Wetlands (with customised standard error bars). All data sets for different time
exposure groups (24hours, 5 days and 9 days) were combined for each antibiotic exposure to give a
Combined dataset, with the following replicates per exposure: Control (Day 0-1 n =21, Day 2-5 n =14,
Day 6-9 n =7), PEC/10, PEC, x10PEC and x100PEC (for each exposure, Day 0-1 n =15, Day 2-5 n = 10,
Day 6-9 n =5).
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Figure 12. Average frond size / diameter (mm) of Lemna minor fronds in response to predicted
environmental concentrations (PEC) of antibiotics in UK Waste Water Treatment Plant effluent
entering Constructed Wetlands (with customised standard error bars).Only data sets for the 24 hour
exposure group were included for each antibiotic exposure to give the Day 1 dataset, with the
following replicates for Day 0 and 1: Control (n = 7), PEC/10, PEC, x10PEC and x100PEC (for each

exposure, n =5).
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Figure 13. Average frond size / diameter (mm) of Lemna minor fronds in response to predicted
environmental concentrations (PEC) of antibiotics in UK Waste Water Treatment Plant effluent
entering Constructed Wetlands (with customised standard error bars).Only data sets for the 5 day
exposure group were included for each antibiotic exposure to give the Day 5 dataset, with the
following replicates for days 0-5: Control (n = 7), PEC/10, PEC, x10PEC and x100PEC (for each

exposure, n =5).
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Figure 14. Average frond size / diameter (mm) of Lemna minor fronds in response to predicted
environmental concentrations (PEC) of antibiotics in UK Waste Water Treatment Plant effluent
entering Constructed Wetlands (with customised standard error bars). Only data sets for the 9 day
exposure group were included for each antibiotic exposure to give the Day 9 dataset, with the
following replicates for days 0-9: Control (n = 7), PEC/10, PEC, x10PEC and x100PEC (for each

exposure, n = 5).

4.2.2. Chlorophyll a changes

The concentration of chlorophyll a (ug/mg of dry mass) of Lemna minor for each antibiotic exposure
can be seen below in Figure 15 (Combined dataset) and in Figure 16 (with Day 1, Day 5 and Day 9
datasets separated). In Figure 15, the highest chlorophyll a concentration for the antibiotic exposures
is 5.63 pg/mg of dry mass for the PEC exposure, followed by x100PEC (with 5.3), PEC/10 (with 5.25),
x10PEC (with 5.1) and lastly the control (with 4.95). With the data separated in Figure 16, the highest
average can be seen for the Day 5 control with a concentration of 6.52 ug/mg of dry mass, which
contrasts Figure 15, where the control exposure had the lowest chlorophyll a concentration of 4.95
pg/mg of dry mass. In Figure 16, for the Day 1 dataset (24 hours), the highest chlorophyll a
concentration for the antibiotic exposures is PEC with 6.17 pug/mg of dry mass, followed by x10PEC
(5.77), x100PEC (5.74), PEC/10 (5.68) and lastly the control (4.46). This closely resembles the data of
Figure 15; the control has the lowest concentration for the exposures and the highest exposure is the

PEC in both Figures.
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The concentrations for each antibiotic group vary further from Figure 15 with the Day 5 and Day 9
datasets in Figure 16. The control in both Figure 15 and 16 for the Day 1 dataset has the lowest
concentration relative to the other exposures, however, in Figure 16 for the Day 5 dataset, the
control has the highest concentration with 6.52 pg/mg of dry mass, followed by the PEC (with 6.49),
PEC/10 (with 6.14), x10PEC (with 5.32), and the lowest concentration for x100PEC (with 6.1). The Day
9 dataset in Figure 16, finds the control has the lowest concentrations of the exposures with 3.73
ug/mg of dry mass, contrasting the Figure 16, Day 5 dataset, but complementing Figure 15 and the
Figure 16 Day 1 dataset. The Figure 16 Day 9 dataset does have different concentrations for the
exposures to Figure 15 and Figure 16 Day 1 dataset, finding the highest concentration with the
exposure x10PEC (with 4.25), followed by PEC (with 4.22), and PEC/10 (with 3.91). A decrease in
chlorophyll a content can be seen over time in Figure 16, though not in Figure 15 due to the nature
of the combined datasets. An initial increase in chlorophyll a content can be seen from 24 hours to 5
days for all antibiotic exposures, except x10PEC, which decreases by 0.42 pg/mg of dry mass. The
control can be seen to have the highest increase in chlorophyll a concentration from 24 hours to 5
days, increasing by 2.06 pg/mg of dry mass. The chlorophyll a concentrations decline from Day 5 to
Day 9 to be below the 24 hour levels for all the antibiotic exposures. The largest decline between Day
5 and Day 9 datasets can be seen for the control, declining from 6.52 ug/mg of dry mass to 3.73,

lower than 4.46 pg/mg of dry mass for the control at 24 hours.

A series of Anova tests were carried out to determine whether there were any significant differences
in chlorophyll a concentrations between antibiotic exposures and over time. No statistically
significant differences in chlorophyll a content between antibiotic exposures for a combined dataset
was found (F(8) = 0.689, P = 0.691) using a Two Way Repeated Measures Anova. A significant
decrease in chlorophyll a concentration was found with time for a combined data set (F (2) = 13.71, P
=<0.001) using a Two Way Repeated Measures Anova. Post Hoc tests determined a significant

decline in chlorophyll a concentration from day 5 to day 9 (F (1) = 22.772, P = <0.001).
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Figure 15. Average chlorophyll a concentrations (ug/mg of dry mass of Lemna minor) in response to
predicted environmental concentrations (PEC) of antibiotics in UK Waste Water Treatment Plant
effluent entering Constructed Wetlands (with customised standard error bars). All data sets for
different time exposure groups (24 hours, 5 days and 9 days) were combined for each antibiotic
exposure to give a Combined dataset, with the following replicates per exposure: Control (n = 21),

PEC/10, PEC, x10PEC and x100PEC (for each exposure, n =15).
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Figure 16. Average chlorophyll a concentrations (ug/mg of dry mass of Lemna minor) in response to
predicted environmental concentrations (PEC) of antibiotics in UK Waste Water Treatment Plant
effluent entering Constructed Wetlands (with customised standard error bars). The data sets for Day
1 dataset (24 hours), Day 5 dataset and day 9 dataset were kept separate and included for each
antibiotic exposure, with the following replicates for all datasets: Control (n = 7), PEC/10, PEC,
x10PEC and x100PEC (for each exposure, n=5).

4 .3. Discussion

4.3.1. Interpretation of the results of this study

A clear pattern can be seen for an increase in percentage change (5 day data set; F(1.86) = 253.779, P
=<0.001, 9 day data set; F(1.204) = 158.431, P = <0.001) in the surface area of Lemna minor with
time for all antibiotic exposures; this can be seen in Figures 7 (Combined dataset), 9 (Day 5 dataset)
and 10 (Day 9 dataset). The effect of antibiotic exposure on percentage change in surface area is less
clear. In Figure 7, with the x100PEC exposure the percentage increase does not appear to be as great
as other exposures by the end of the 9 day exposure period, even with the greatest percentage
increase in the first 24 hours. This may suggest that while initial exposure to a x100PEC exposure
over a short term does not affect growth or perhaps aids it, growth then slows down and may be
impacted by the high exposure. In Figure 7, the control and PEC exposures often have the highest
percentage increase in surface area, with the PEC exposure leading by day 9. This may suggest that
with prolonged exposure to PECs the Lemna minor may experience higher growth rates. However, a
percentage increase over a 9 day period with PECs does not necessarily produce a positive impact in

the Lemna minor. It may be experiencing stress which may be visible with a longer exposure period.
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Drawing such conclusions from Figures 7, 8 (Day 1 dataset), 9 and 10 to the influence of antibiotic
exposures on the percentage change in surface area is not possible, with much standard error bar
overlap between exposures for all Figures. As such statistical tests were conducted. Such tests found
a significant difference in percentage change in surface area with time over the 9-day period
(F(1.204) = 158.431, P = <0.001), showing that Lemna minor growth occurred during the exposure
study. However, no significant differences (24 hour data set; F(2) = 1.475, P = 0.244, 5 day data set;
F(7.438) =0.774, P =0.619, 9 day data set; F(4.818) = 0.582, P = 0.708) were found in percentage
change in surface area between antibiotic exposure treatments, indicating that exposing the Lemna
minor to the antibiotic exposures over 9 day periods does not affect the percentage increase in
surface area. However, with a prolonged exposure period, this may not hold true. Overall, the results
indicate that the growth rates of Lemna minor in CWs treating WWTP effluent are likely to not be
affected by the antibiotic exposures present, which is positive news for the remediation of WWTP

effluent and CW ecology.

The average frond diameters collected during the exposure study were initially planned to be
analysed in the same process as the percentage change in surface area data, to determine if
antibiotic exposures effect frond rate duplication. In the Figures 11 (Combined dataset), 12 (Day 1
dataset), 13 (Day 5 dataset) and 14 (Day 9 dataset), the average frond size can be seen to vary greatly
between antibiotic and time exposures, with much standard error bar overlap. No clear patterns in
the data can be seen for any of the Figures. This is most likely due to frond duplication; a frond
diameter will increase in size and form several connected fronds that then split off from the original
parent frond resulting in several daughter fronds and a decrease in the average frond diameter. The
process then repeats. While duplication results in the increases in surface area seen above, for a
single replicate the average frond size varies greatly over time with duplication rates. Each replicate
used to calculate an average for the antibiotic and time exposure will be at different duplication
stages and as such no clear pattern will emerge between antibiotic and time exposures and statistical

tests will not provide useable results.

The chlorophyll a concentration of Lemna minor shown in Figures 15 (Combined dataset) and 16
(Separated dataset) provide no clear patterns for differences in concentration with antibiotic
exposures and no significant differences (F(8) = 0.689, P = 0.691) between antibiotic exposures and
chlorophyll a content were found with statistical tests. These are promising results for the survival of
Lemna minor in CWs, with antibiotic exposures appearing to have no significant impact on the
chlorophyll a content of the Lemna minor. The significant declines (F (2) = 13.71, P = <0.001) found
for chlorophyll a content with time shown in Figure 16 and found to be statistically significant

between 5 and 9 days (F (1) =22.772, P =<0.001) is interesting, and may be due to the exposure
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study time period used not allowing for the stabilisation of the chlorophyll a within the Lemna minor,

following introduction to a new environment.

4.3.2. Comparison of this study’s findings with the findings of other studies

This study found no significant differences (24 hour data set; F(2) = 1.475, P = 0.244, 5 day data set;
F(7.438) =0.774, P =0.619, 9 day data set; F(4.818) = 0.582, P = 0.708) in growth rate with antibiotic
exposures to the control, indicating that such antibiotic exposures do not impact the growth of
Lemna minor, with the 9 day exposure period used in this study. The study latrou et al. (2017) had
similar findings, even with higher antibiotic concentrations; 10,000 pg/L of metronidazole and
cefadroxil, 2,000 pg/L of trimethoprim and sulfamethoxazole with 24 day exposures, no significant
effects on the growth rate of Lemna minor was found. In comparison this study for the highest
exposures used 195 pg/L (metronidazole) and 75 pg/L (trimethoprim). Other Lemna minor toxicity
studies such as Cascone et al. (2004) and Mao et al (2023) have conflicting findings, with Lemna
minor growth rate being significantly altered by antibiotic exposures. However, it is important to note
that the exposures of such studies are much greater than this study and with longer time exposures.
As such while these studies findings may be different, their findings may perhaps lend support to the
lack of significant differences found for this study’s antibiotic exposures and time exposures. Mao et
al. (2023) with 2,000 pg/L ciprofloxacin exposures for 15 days (compared to 42.5 pg/L and 9 days in
this study) found a significant reduction in growth rate, with exposure having only a 50% growth rate
compared to 500% for their control by day 7. Cascone et al. (2004) found that with flumequine
exposures as low as 50 pg/L with a 5 week exposure result in significant reduction in Lemna minor
biomass. While this pharmaceutical was not used in this study, ciprofloxacin belongs to the
guinolone family and the closest antibiotic used in this study. The ciprofloxacin used in this study was
slightly lower than flumequine and the possible differences in behaviour and exposure period may

account for the discrepancy in the results.

While this study found no significant differences (F(8) = 0.689, P = 0.691) in chlorophyll a content
between antibiotic exposures, a significant decrease (F (2) = 13.71, P = <0.001) was found with time.
Similar to this study Grenni et al. (2019) found that with exposures of 500 pg/L of sulfamethoxazole
for 28 days, no significant differences in chlorophyll a content of Lemna minor were found. However,
Cascone et al. (2004) found that with flumequine exposures (potentially similar to ciprofloxacin) a
significant decrease in chlorophyll a content occurred. Studies such as Alkimin et al. (2019) and
Kummerova et al. (2016) found differences in the chlorophyll a content of Lemna minor with
diclofenac exposures as low as 4 pg/L for 14 days and 0.1 pg/L for 10 days, respectively. However,
Alkimin et al. (2019) found increases in chlorophyll a content, while Kummerova et al. (2016), like this

study, found decreases, from 19-53% with a range of diclofenac exposures. While finding significant
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differences between exposures, Alkimin et al. (2019) also found that for all exposures, the
chlorophyll a content stabilised by 14 days, with increases levelling off. With a longer exposure
period, this study may have also seen a stabilisation in the decline in chlorophyll a content. Alkimin
et al. (2019) stated that a longer exposure period was required to fully determine the effects of
exposure on Lemna minor as while the Lemna minor appeared to cope with the exposures, the plant

efforts required to recover and adapt to such exposures may ultimately compromise its survival.

4.4. Conclusion

With regards to the possible health of Lemna minor in CWs treating WWTP effluent with antibiotic
exposures; overall, the results of growth rate and chlorophyll a content suggest that Lemna minor is
not experiencing stress, with no physiological changes occurring even at x100PEC, 9 day exposures
(objectives 3 and 4). However, while physiological changes may not be occurring within the
exposures of the study, metabolomic changes may occur. The sensitivity of the growth rate and

chlorophyll a content variables in comparison to metabolomics will be explored in following chapter.
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Chapter 5. Effects of antibiotic exposures on the metabolome of Lemna minor

5.1. Introduction

There are several knowledge gaps regarding the use of macrophytes in CWs, including whether
plants remediating antibiotics in CWs treating WWTP effluents are experiencing stress, and in the
measurements used in plant health assessments. Lemna minor can be used as a test organism to
help address such issues. It is important to note that many studies that find successful remediation of
a range of contaminants using Lemna minor often take place in a laboratory microcosm, with highly
regulated conditions (Ekperusi et al. 2019). The remediation performance of Lemna minor may
change in the field in CWs and as such more studies using mesocosm experiments and investigations
in CWs are needed to fully determine the overall performance of Lemna minor and whether they are
experiencing stress with antibiotic exposures in CWs treating WWTP effluents. Prior to field
investigations into antibiotic exposures in CWs, the measurements we use to determine plant health
should be investigated along with controlled experiments of antibiotic exposure effect on Lemna
minor. In lab based Lemna minor toxicity study’s growth rates and occasionally metabolic variables
such as chlorophyll a content are the most frequently used measurements to assess plant health.
Determining whether such measurements are adequate to accurately assess plant health is of great
importance for lab and field studies of CW macrophyte remediation. Metabolomics could potentially
be used as an early indicator of Lemna minor stress with antibiotic exposures, that may appear

before growth or chlorophyll content changes.

Some toxicity studies such as Aliferis et al. (2009), Kim et al. (2017) and Gomes et al. (2017) have
found that while no significant effects on the growth and chlorophyll a content of Lemna minor
occur, significant metabolic changes can. Such metabolic changes may indicate a threat to long term
plant survival, which could have potential knock on effects from individuals to community levels,
reducing plant species diversity, ecosystem functions and CW remediation. Such studies suggest that
certain metabolic variables may be more sensitive than physiological (growth rates) and the
metabolic variable of chlorophyll a, and could be used as an early warning of plant stress. Few
studies extract and analyse the full metabolic profile of Lemna minor, with Wahman et al. (2022),
Kostopoulou et al. (2020) and Aliferis et al. (2009) being the only available studies. However, there
are several studies that look at targeted metabolic variables such as enzymatic biomarkers and other
sensitive variables including Kim et al. (2017), Kummerova et al. (2016), Forni et al. (2012) and
Alkimin et al. (2019). As such an investigation into the metabolome of Lemna minor in a toxicity

study could provide several valuable insights.
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Metabolomics is the non-biased identification and quantification of all extractable metabolites in a
biological system (from organism, tissue, cell or even cell compartments), (Fiehn, 2002). Metabolites
are the end products of cellular regulatory processes (Fiehn, 2002) and include many different
compounds including amino and fatty acids, carbohydrates, vitamins, and lipids (Dunn and Ellis,
2005). The metabolome is made up of all the extractable chemical metabolites present in the plant
(Gaffney et al., 2021). The size of a metabolome varies greatly depending on the organism of study; a
simple yeast can contain approximately 600 metabolites while plants can reach 200,000 and the
human metabolome even greater (Dunn and Ellis, 2005). While metabolomes can be great in size,
they can also be of a lower sample complexity than other variables providing easier analysis, for
example a yeast can contain over 6000 genes but only around 600 metabolites (Dunn and Ellis,
2005). HPLC-HRMS analysis can determine the entire chemical profile (metabolome) of a sample
(Fiehn et al., 2002), as is used in this study to determine the profile of Lemna minor (see section
3.1.7). Metabolites are very sensitive to stressors such as antibiotics and so can be used to draw
conclusions into the status of a system (a cell, plant, or ecosystem) (Dawid and Hille, 2018; Fiehn
2002; Piasecka et al., 2019). The profile can then be investigated to determine whether the Lemna
minor is showing characteristic stress responses to the antibiotic exposures (Fiehn et al., 2002). This
can be done by determining which chemicals have the greatest different abundances with different
exposures, followed by attempts to identify the most important chemicals. It is then possible to link
certain metabolic changes/ identified chemicals to a specific biochemical pathway in an organism
(Fiehn, 2002). Such links can be used to assess whether the processes within Lemna minor are being

affected or undermined by the antibiotic and time exposures.

The methods used in this study and the metabolomic approaches have been used in many other
studies to investigate plant stress responses due to environmental stress such as drought (O’Harrigan
et al., 2007; Richter et al., 2015; Réhlig et al., 2009; Sun et al., 2015; Witt et al., 2012) and even
pharmaceuticals (Xue et al., 2022). The usefulness of metabolomic analysis cannot be understated,
however, interpretation of the data is complicated and must be done with care due to the
convoluted nature of plant metabolism and to prevent bias entering the chemical identification
process (Fiehn, 2002). While specific metabolites can be identified, caution must be taken with such
identification, there are assumptions and confidence is limited, until repeat analyses can be
conducted alongside known concentrations of suspected chemicals (Fiehn, 2002). The influence of
bias on studies can be reduced by using appropriate preparation and analytic procedures with an
untargeted metabolomics approach which considers all metabolites, excluding none, as was
conducted in this study (Dunn and Ellis, 2005; Fiehn 2002). Targeted metabolomics approaches do

not consider unknown metabolites instead focussing on metabolites chosen prior to analysis, using
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known reference standards, as such this method can miss important metabolomic changes (Gaffney,
2022). Another issue of bias that can occur is focussing on chemicals with highest abundances,
instead of analysing changes in relative abundance between samples (Fiehn, 2002). Such
considerations mentioned above in both the lab method and statistical analysis provide more reliable

and environmentally relevant findings.

Investigating the effects of antibiotic exposures on growth rate, chlorophyll a content and the
metabolome (objectives 3, 4 and 5, respectively) could be used to help establish whether Lemna
minor in CWs treating WWTP effluent could be experiencing stress with antibiotic exposures and as
such potentially impacting CW remediation. As outlined above metabolomics is a highly useful
method to determine whether a plant may be showing signs of stress, which may not yet be visible
with physiological changes. In this study the full metabolic profile of Lemna minor was analysed to
provide a highly sensitive variable that could be used to help assess whether growth rate and
chlorophyll a content are adequate variables in determining plant stress. By assessing the results
provided in this study, an indication into whether the current practices of Lemna minor toxicity
studies which only analyse growth rate and chlorophyll a content can possibly be made and be used
to inform further toxicity studies, with regards to the variables required to accurately determine long

term Lemna minor health and survival.

5.2. Results

5.2.1. Principal Components Analysis

The PCA plot generated for this study can be seen below in Figure 17; the chemicals used accounted
for 72.7% of the variability between exposures for PC 1 and 10.4% for PC 2. While there was much
overlap between many of the antibiotic and time exposures it is possible to draw indications to
whether certain antibiotic and time exposures resulted in changes in the metabolome of Lemna
minor. Two groups of clustering can be seen; the blue and red groupings and a possible anomaly (9
day control). Most of the antibiotic and time exposures clustered together with controls and quality
controls in the blue grouping, indicating little change to the metabolome of Lemna minor with
certain antibiotic and time exposures. Changes to the metabolome can be seen with the red
grouping, in which 4 out of 4 replicates for 9 day x100PEC and 3 out of 5 for 5 day x100PEC clustered
separately from the main grouping. Two out of 5 replicates for 5 day x100PEC clustered with the
main clustering group in blue along with exposures to x100PEC for shorter time periods and lower
antibiotic exposures across all time periods. This indicates that changes to the metabolic profile
begin to emerge at exposures to x100PEC after 5 days and are clearly pronounced after 9 days and as

such Lemna minor may have experienced changes to its metabolome.



-60 -

QcC
24C
5DC
24PEC
5DPEC
9DPEC
24x100
5Dx100
9Dx100
9DC

2 (10.384%)
(O NON K BRI o 2

PC score

O

PC score: 1 (72.7188%)

Figure 17. Principal Component Analysis plot. Chemicals used to generate axis 1 account for 72.7% of
variation between the exposures and axis 2 10.4%. Clustering has been circled with blue and red to
aid discussion. Key: Quality Control (QC), 24 hour Control exposure (24C), 5 Day Control exposure
(5DC), 9 Day Control exposure (9DC), 24 hour Predicted Environmental Concentration (PEC) exposure
(24PEC), 5 Day PEC exposure (5DPEC), 9 Day PEC exposure (9DPEC), 24 hour x100PEC exposure
(24x100), 5 Day x100PEC exposure (5Dx100), 9 Day x100PEC exposure (9Dx100).

5.2.2. Identifications of chemicals

Further analysis using a loadings plot identified the top 20 chemicals most responsible for variations
between exposures for PC1 and PC2. These were investigated further using Progenesis and
ChemSpider software. Using the potential chemical formulas corresponding to their accurate mass,
chemicals were tentatively annotated and the determined to be plant metabolites and its potential
role in the Lemna minor. Fifteen tentatively identified plant metabolites can be seen below in Table
14 and in the appendix Table 18 possible identifications for other chemicals, with mz ratio and
retention times can be seen. For some chemicals suggested identifications were unlikely, for
example, chemical PC1.12 had two suggestions, a gingerglycolipid (a plant metabolite, see Table 14)
and another for a product associated with a parasitic fungus. For PC1.1 and PC2.6 (see Tables 14 and
18), 4/6 suggestions were for phalates (a plant metabolite) and the remaining 2 for types of bile

acids. Phalates are a plant metabolite but also a type of contaminant (see Table 14 for further
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details). Due to the identical treatment of replicates from all exposures and procedures to maintain
minimal contamination, it was determined that the presence of phalates were likely plant
metabolites. The phalate chemical differences between treatments could possibly be due to effect of
the small amount of solvent used when making antibiotic stock dilutions, with more solvent being
present for higher x100PEC solutions, which may account for the differences between exposures.
However, this amount is negligible and is likely to not be driving the differences. However, such
suggestions undermine the confidence of chemical identifications made using the programmes and
as such the identifications made in Table 14 below are not certain. Possible plant metabolite
identifications (see Table 14) have a range of important roles in the Lemna minor including plant
defence from UV radiation with flavonoids and disease resistance with neolignans. Some metabolites
identified are fundamental to the survival of the Lemna minor, for example, gingerglycolipids are

fundamental building blocks in cell membranes.
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Table 14. Possible plant metabolite identifications from the top 40 chemicals responsible for the chemical variation between exposures on the PCA plot

(Figure 17).
PCA axis and | Chemical name and/or | Confirmation as a plant metabolite and function within plants Possible
rank number | Formula suggestions Identifications
PC1.1 and C24H3304 (Isooctyl All suggestions are similar chemicals of the phthalate group. These are a type of plant Phthalate
PC2.6 phthalate) metabolite that may have antimicrobial properties in plants (Saleem et al., 2009). Dioctyl
phthalate is found in Eleutherococcus sessiliflorus, Ekimia bornmuelleri, and other plants
C24H3304 (Dioctyl (PubChem, 2004-) and Diethylhexylphthalate found in Ageratina altissima, Chromolaena
phthalate odorata, among other plants (PubChem, 2004-). However, phthalates are also an emerging
contaminant from human activity (Przybylinska and Wyszkowski, 2016) and as such these
C24H3304 (Bis(2- chemicals could be a natural plant metabolite or a contaminant.
ethylhexyl) phthalate)
Ca4H3804
(Diethylhexylphthalate)
PC1.3 and Ca9H30017 Malonylapiin is a type of plant metabolite called a flavonoid, functionally related to apiin Flavonoid
PC2.4 (Malonylapiin) (PubChem, 2004-). Flavonoids regulate plant development, pigmentation, UV protection, and
are involved in defence and signalling between plants and microorganisms (Eckey-Kaltenbach
et al., 1993; Mathesius, 2018; Pradas del Real et al., 2017).
PC1.3 and Ca9H30017 6 possible suggestions were provided by ChemSpider (2023b), all of which were different Flavonoid
PC2.4 flavonoids. Due to the ambiguity, these have not been included and instead a classification as
a flavonoid is suggested.
PC1.7 For both separate This chemical formula is likely to be Palmitoyl alanine (PubChem, 2004-), which is a type of Palmitoyl
chemicals C19H37NO3 plant metabolite (Lynch and Fairfield, 1993). It is possibly a sphingolipid or an enzyme that alanine
PC1.20 was suggested catalyses the first step in the synthesis of sphingolipid assembly (Lynch and Fairfield, 1993).
PC1.9 and C35H34016 This is likely a type of glucosiduronic acid called [(2R,3S,4S,5R,6S)-3,4-dihydroxy-6-[5-hydroxy- | Glucosiduronic
PC2.2 2-(4-hydroxyphenyl)-7-oxochromen-3-ylJoxy-5-[(2S,3R,4S,5R)-3,4,5-trihydroxyoxan-2- acid
ylJoxyoxan-2-yl]methyl (E)-3-(4-hydroxyphenyl)prop-2-enoate (ChEBI, 2022a; PubChem, 2004-
). These acids occur in many biological organisms including plants and as such are
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PCA axis and
rank number

Chemical name and/or
Formula suggestions

Confirmation as a plant metabolite and function within plants

Possible
Identifications

fundamental to their existence and so there is little specific information regarding their roles
in plants.

PC1.12 Cs3Hs6014 This chemical is a gingerglycolipid A, which occurs in range of organisms including plants such | Gingerglycolipid
as Guapira graciliflora (PubChem, 2004-). Lipids are essential in plants for maintaining cells,
organelles and acting as hydrophobic barriers in membranes (Kim, 2020). Lipids can also store
energy as seeds and act as a signal molecule to regulate cell metabolism (Kim, 2020).

PC1.13 Ca6H28014 This chemical is a type of plant metabolite called a quinone (PubChem, 2004-). Quinones are | Quinone or

(Glucofrangulin B) a biological pigment found in plants as well as bacteria, fungi, and some animals (Devi and flavonoid
Mehendale, 2014). Quinones may also be released from plant roots, potentially to inhibit the
growth of surrounding plants and their competition (Matvienko et al., 2001).

PC1.13 C26H28014 (Apiin) Apiin is a type of plant metabolite called a flavonoid (Saleh and Yousaf, 2018) and is found in Quinone or
plants such as Crotalaria micans and Limonium axillare (PubChem, 2004-). Flavonoids flavonoid
regulate plant development, pigmentation, UV protection, and are involved in defence and
signalling between plants and microorganisms (Eckey-Kaltenbach et al., 1993; Mathesius,

2018; Pradas del Real et al., 2017).
PC1.13 Ca6H28014 Neoschaftoside and Schaftoside are flavonoids found in plants such as Radula complanate Quinone or
(Neoschaftoside) and Artemisia judaica (PubChem, 2004-) and Glycyrrhiza macedonica and Silene firma flavonoid
(PubChem, 2004-) respectively. Flavonoids regulate plant development, pigmentation, UV
Ca6H25014 (Schaftoside) | protection, and are involved in defence and signalling between plants and microorganisms
(Eckey-Kaltenbach et al., 1993; Mathesius, 2018; Pradas del Real et al., 2017).

PC1.15 and C3sH34017 This chemical formula has two possible plant metabolite identifications; Cyanidin, a type of Cyanidin,

PC2.3 plant pigment found in species such as Salix atrocinerea (Dorman et al. (2016); PubChem, Vitexin
2004-; PubChem, 2004-) and vitexin a flavonoid, with a role as a platelet aggregation inhibitor | (flavonoid) or
(PubChem, 2004-; PubChem, 2004-). Iridoid

glucoside

PC1.15 and C30H40018 This chemical formula is likely depressine, a type of iridoid glucoside, found in Gentiana Cyanidin,

PC2.3 depressa (Chulia et al., 1996; PubChem, 2004-). It is involved in plant defence by giving the Vitexin

plant a bitter taste and potentially has growth inhibitory activities against insects (Liu and
Mander, 2010).

(flavonoid) or
Iridoid
glucoside
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PCA axis and
rank number

Chemical name and/or
Formula suggestions

Confirmation as a plant metabolite and function within plants

Possible
Identifications

PC2.5

CaiH37N

This chemical is a type of Benzylamine called n-Tetradecylbenzylamine, found in plants such
as Moringa oleifera and is involved in regulating the hydrolysis of nitrile compounds
(PubChem, 2004-; PubChem, 2004-).

Benzylamine

PC2.9 C24H3006 (Magnoshinin) | Magnoshinin is a type of plant metabolite found in the plant Magnolia salicifolia (PubChem, Neolignan
2004-). It is a type of neolignan, involved in plant disease resistance defences (de Castro
Oliveira et al., 2017; Kadota et al., 1987).
PC2.17 Ca1H2sF,03 (4,4- This chemical a type of 3-oxo-Delta (5)-steroid found in plants and is involved in regulating Chemical
Difluoropregn-5-ene- the brassinosteroid biosynthesis pathway (Ephritikhine et al., 1999; PubChem, 2004-). involved in
3,20-dione) Brassinosteroids are involved in plant growth and environmental adaptation (Ohnishi, 2018). | regulating

brassinosteroids
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5.3 Discussion

5.3.1. Using the findings of this study to address key questions

Using this study’s findings, two important questions can potentially be answered. Firstly, whether
the Lemna minor in CWs exposed to antibiotics are likely to be experiencing stress according to the
results from growth rate, chlorophyll a content and metabolomic investigations. Due to the
importance of plants including Lemna minor in CW remediation of contaminants both directly with
uptake and indirectly by supporting other ecosystem functions including microbial degradation, it is
of interest to determine whether antibiotic exposures in CWs is likely to be affecting the health of
such plants. Secondly, whether the variables of growth rate and chlorophyll a content alone are
sufficient to accurately determine whether Lemna minor is experiencing stress in toxicity studies,
with metabolomics used in this study to help determine this. Determining whether these variables
are sufficient is of great importance as many toxicity studies using Lemna minor often only use
growth rate and chlorophyll a content as the key indicators of plant health with this practice visible
in studies such as Cascone et al. (2004), Gomes et al. (2020) and the OECD (2006) guidelines for
Lemna minor toxicity tests that focusses on growth rates as a key measure of toxicity. If these
variables alone are not an adequate indicator of overall plant health, this may have implications for
the validity of the findings for many different studies that include an assessment of Lemna minor

health.

5.3.2. Interpretation of the results of this study

With elevated and prolonged x100PEC exposure, the metabolome of Lemna minor was found to be
altered. Potential identification for the chemicals changing in abundance were found to be of great
importance in Lemna minor survival and as such their change in abundance could have a detrimental
effect on the health, growth, and survival of the Lemna minor over time. While elevated and
prolonged exposure to x100PEC of antibiotics may result in changes to the metabolome of Lemna
minor, the data did not suggest that Lemna minor experience metabolomic changes with PECs during
the 9 day exposure period. PEC exposures cluster strongly with controls and quality controls in the
blue group suggesting that the metabolomes of Lemna minor in CWs exposed to WWTP effluent
were not altered. Metabolomic changes could be seen to occur with elevated exposures, giving
greater confidence to the results indicating PEC exposures do not result in metabolomic alterations.
While the results indicate that metabolomic changes do not occur with PEC exposures, this cannot
be stated for certain as changes may have occurred with exposure periods longer than 9 days. As
such PECs may require even longer exposure periods to induce effects. This study also cannot
determine whether antibiotic concentrations accumulate in certain areas of CWs with slow

throughflow, which may alter the metabolome of the Lemna minor over time. While the Lemna
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minor may not show metabolomic changes with PEC exposures, other plant species may experience
effects. However, the findings of this study do indicate that Lemna minor and potentially other plants
in CWs treating WWTP effluent do not experience metabolomic changes at the concentrations
predicted based upon prescription rates in the United Kingdom. This is a positive finding for WWTP

effluent remediation in CWs but also plant ecology and ecosystem services.

5.3.3. Comparison of this study’s findings with the findings of other studies

This study was not alone in finding metabolomic changes in Lemna minor with antibiotic exposures.
The metabolomic changes found (at x100PEC at 5 and 9 day exposures) indicate that the Lemna
minor experienced stress with the exposures, with abundance changes in possible chemicals such as
flavonoids and gingerglycolipids. However, as no effects on growth rate and chlorophyll a content
were found, the Lemna minor may be able to cope with such exposures. But such metabolomic
changes may have long term effects on Lemna minor health and survival, as mentioned previously,
Alkimin et al. (2019) states that additional adaptive efforts due to such exposures may ultimately
compromise plant survival. Furthermore, the findings of metabolomic changes at x100PEC, with 5
days and even more strongly at 9 days indicate that similar metabolic changes could potentially also
occur at PEC exposures with a longer exposure period. The study Wahman et al. (2022) also found
metabolomic changes with pharmaceutical exposures when analysing the full metabolome of Lemna
minor. With diclofenac exposures of 3,000 pg/L and 30,000 pg/L for 96 hours, the profile changed
with key indicators of stress. Alterations including the increase of abundance of several fatty acids
such as oleamide (at 30,000 pg/L) and changes in the abundances of flavonoids such as vicenin-1 and
dipeptides such as N-alanyl-alanine (at 3,000 pg/L) were identified using a mixture of un-targeted
and targeted analysis. While there are not many studies that extract and analysis the full chemical
profile of Lemna minor like this study and Wahman et al. (2022), there are several studies that
analyse the effect of pharmaceuticals and contaminants on certain key chemicals. Kostopoulou et al.
(2020) found that with exposure to the herbicides metribuzin (at concentrations of 500, 1,000,
5,000, 10,000 and 25,000 pg/L) and glyphosate (at concentrations of 5,000, 10,000, 25,000, and
50,000 pg/L) for 72 hours, several effects on key metabolites in Lemna minor were observed,
primarily focussed on amino acids in a targeted analysis. Exposures were found to increase amino
acid abundance including y-aminobutyric acid, salicylate, caffeate, a,a-trehalose, and squalene.
These amino acids are of great importance, playing multiple roles in plant metabolism including

signalling and structure protection (Kostopoulou et al. 2020).
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5.3.4. The implications of this studies findings for Lemna minor in Constructed Wetlands

With regards to the possible health of Lemna minor in CWs treating WWTP effluent with antibiotic
exposures, overall the findings of this study suggest that the Lemna minor is not experiencing stress,
with no physiological or metabolomic changes at the most environmentally relevant concentrations
(PECs). No changes in percentage change in surface area and chlorophyll a content were found.
While metabolomic changes can be seen at x100PEC exposures, no changes were found to occur in
the Lemna minor with PEC exposures for any period. This is a positive finding for the remediation of
pollutants in CWs along with CW plant community structure, diversity, and ecosystem functions.
However, as suggested previously Lemna minor at PEC exposures for longer periods than 9 days may
experience metabolomic changes. A further study investigating growth rate, chlorophyll a content
and metabolomic analysis with a prolonged exposure period with PEC and x100PEC exposures is
required to determine this. Such a study would also be of interest to determine whether chlorophyll
a content stabilises with a longer period and whether over time the Lemna minor would adapt to the

exposures or ultimately the health of the Lemna minor be undermined.

5.3.5. The sensitivity of physiological and metabolomic measurements

This study finds that the variables growth rate and chlorophyll a content may not be adequate to
accurately determine the health of Lemna minor. While no changes to growth rate and chlorophyll a
content could be found with the antibiotic exposures, metabolic changes occurred, with the possible
chemical identifications made indicating plant stress. The results indicate metabolomic changes may
be more sensitive than physiological and chlorophyll content and as such could potentially be used
as an early warning of potential negative effects on plant health, growth and photosynthesis that
may occur over time. Studying metabolomic changes could also be used to indicate whether a plants
performance in CW contaminant remediation may decline. Other studies have also found similar
findings, with metabolomic variables appearing to be more sensitive than growth rate. Gomes et al.
(2020) found that with exposures to amoxicillin and enrofloxacin (at concentrations of 2 ug/L for 14
days), no significant differences on the growth rate of Lemna minor could be seen but significant
decreases in hydrogen peroxide (for both antibiotics) and significant decreases in mitochondrial
electron transport chain enzymes (for enrofloxacin) could be seen, indicating oxidative and
respiratory stress. As Gomes et al. (2020) found significant declines in frond number with
oxytetracycline exposure (at concentration of 1 pg/L for 14 days) along with metabolic changes, this
further emphasises that growth rate and visible changes may not be the most accurate variable to
assess long term plant health and response to antibiotic and pharmaceutical exposures.
Furthermore, Kim et al. (2017) found that with coronatine exposures (of 300 pg/L over 32 days), no

significant differences in the growth rate of Lemna paucicostata could be found with exposures but
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significant changes in metabolite abundances including amino acids, alcohols, fatty acids, phenolics
and sugars were found. However, not all studies find such clear data. Forni et al. (2012) found that
alongside significant metabolic changes to henylalanine ammonia-lyase (key enzyme in shikimic acid
pathway) and guaiacol peroxidase, visible stress symptoms of yellowing leaves and dehydrated
fronds could be seen with a sodium dodecyl sulphate Lemna minor toxicity study. However, such
changes could only be seen at exposures of 50,000 pg/L and 100,000 pg/L for 7 days. With lower
concentrations of 10,000 pg/L and 25,000 pug/L, visible stress symptoms could no longer be seen, but
metabolic still could. Overall, the results of Forni et al. (2012) suggest that metabolic variables are

more sensitive than physiological.

While growth rate may not be as sensitive as metabolomic analysis, chlorophyll a content may be a
useful compromise between these variables, possibly being more reliable than growth rate to
capture stress effects but not requiring as extraction intensive methods as many metabolic variables
and full metabolome extractions. Kummerova et al. (2016) found that while no significant changes in
growth rate could be found for their Lemna minor exposures, chlorophyll a content and other
metabolic changes were found to be more sensitive indicators of stress. With significant differences
in chlorophyll a content with diclofenac exposures, significant increases in malondialdehyde content
(indicating a reduction in plasma membrane integrity) was also found. However, while chlorophyll a
content may be a more sensitive indicator than growth rate, the findings of several studies (including
this study) strongly suggest that alone or only with growth rate results, it may not be a reliable
indicator for long term plant health. Gomes et al. (2017) found that with ciprofloxacin exposures (of
750, 1050, 2250, 3050 pg/L for 5 days), while no significant differences were found for chlorophyl
content, significant differences for several other metabolic variables could be seen at 1050 pg/L and
higher. Changes in variables such as maximal PSIl photochemical efficiency, photochemical
guenching and electron transport rates indicated important changes to photosynthesis that could

have long term impacts on the Lemna minor that chlorophyll content did not capture.

Furthermore, Krupka et al. (2021) investigated the effects of tetracycline exposures (of 4.44 1075,
1.11 1076 and 4.44 1076 pg/L for 7 days with a following recovery time of 7 days) on Lemna minor.
The growth rate and chlorophyll a content were found to recover quickly during the recovery time,
no longer being significantly different to the controls, with growth recovering from inhibition rates
as high as 70%. However, the mitochondrial activity, while it improved never fully recovered. By the
end of the recovery period there was significant reduction in dead mitochondria frequency (23% for
4.44 1076 ug/L) but such exposures were still found to be significantly different to the control, unlike
growth rate and chlorophyll a content. The findings of Krupka et al. (2021) indicated that growth rate

and chlorophyll a content may be sufficient to determine Lemna minor health with antibiotic
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exposures, but that other metabolomic variables such as mitochondrial activity were more sensitive
to exposures. The study by Alkimin et al. (2019) also found similar results. While significant changes
in chlorophyll a content were found with diclofenac exposures (mentioned previously), other
metabolic variables such as enzymatic biomarkers were more sensitive. For example, the biomarkers
catalase, ascorbate peroxidase and glutathione-S-transferases were found to be significantly
different in abundance to the controls with diclofenac exposures as low as 4 pg/L, while chlorophyll
a content only became significantly different with higher exposures of 20 and 100 ug/L. While many
studies such as those mentioned above find that chlorophyll a and other metabolic variables are
more sensitive than growth rate, this has not been found by all studies. Grenni et al. (2019) found
that with sulfamethoxazole exposures (of 500 pg/L for 28 days) no significant differences in
chlorophyll a content in Lemna minor were found, but a significant decline in total frond area was, of
up to -33.7%, indicating stress. Though the findings of this study appear to be an outlier, the
conflicting findings of studies show that more research is required into the adequacy of variables in
establishing short and long term plant health. The findings of both this study and others indicate that
alongside growth rate and chlorophyll a content, other metabolic variables should possibly be

considered to provide a more reliable indicator of overall plant health.

5.4. Conclusion

To determine whether metabolic variables should be included in plant health assessments along side
growth rate and chlorophyll a content, research is necessary regarding if the health and survival of
Lemna minor is detrimentally effected by exposures that result in metabolomic changes but no
significant changes to growth rate and chlorophyll a content. It would be of great interest to
investigate if such effects occur with long term exposures. Some of the variables mentioned
previously such as mitochondrial activity and enzymatic biomarkers could be investigated to
determine the reliability of the growth rate and chlorophyll variables and help us determine whether
they should be incorporated into Lemna minor toxicity studies. Full metabolic extraction and analysis
as carried out by this paper may not be possible for all studies regarding due to the instruments
required to perform such analysis (HPLC-MS may not be widely available to all researchers).
However, such analysis could be of great use to help determine which metabolic variables are most
reliable for determining Lemna minor health. A longer exposure study using Lemna minor
investigating the effects of antibiotics on growth rate, chlorophyll a content, specific metabolic
variables and full metabolomic analysis would be of great value. A longer exposure period would
enable an investigation into whether certain variables stabilise over time indicating an ability of the
Lemna minor to cope with such exposures or if the Lemna minor ultimately begins to show signs of

being undermined with such exposures. A longer exposure study would also enable further
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investigation into whether PEC exposures in CWs may cause metabolomic changes in Lemna minor
over prolonged periods, potentially compromising the survival of Lemna minor in CWs over the long
term. Such findings could potentially have direct applications to CW remediation performance.
Studies into the sufficiency of different variables in determining plant health is required, not just to
inform Lemna minor toxicity studies but also for wider plant assessments and research which then

influence environmental policy across a broad range of areas.
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Chapter 6. General discussion

Key knowledge gaps and potential avenues of research include the design of CW research studies,
the mechanisms and relationships involved in microbial and macrophyte contaminant removal and
the use of new technologies such as microbial fuel cells. Answering such questions is of great

importance, to adequately inform policy and CW design and implementation.

6.1. Scaling of studies (size and time)

Recently published studies over the last decade often use small test scales, both in size (laboratory
and micro/mesocosms) and time scales (days to months) (Liu et al., 2019a; Vymazal et al., 2021).
Reasons behind such decisions range from cost, feasibility, and the desire for a high degree of control
over variables, to allow for strong causal links to be proven or disproven. In the review paper
Vymazal et al. (2021), of the 131 studies published between 2019-2020 investigating the future of
CW design and performance, less than 10 used full scale CWs. Most studies were found to be
laboratory or micro/mesocosm based. While results from such studies are valuable, their
applicability to full scale CW systems around the world may be limited, as such small-scale studies
may struggle to accurately recreate the complex nature of CWs (Liu et al., 2019a; Vymazal et al.,
2021). Vymazal et al. (2021) also found that most studies do not exceed one year, with the majority
lasting only a few months. Due to slow macrophyte growth rates, such short studies often cannot
exceed more than one growth season (Vymazal et al., 2021). The effect of changing plant
development and competition between species over longer time periods (years to decades) that may
affect CW performance are likely to not be captured in such studies. Studies with these time scales
often cannot provide valid information regarding long term CW performance, which is of great
importance as CWs operate for decades (Vymazal et al., 2021). Performing longer, larger scale studies
will help us to create a more accurate picture of CW performance and the many complex and
changeable mechanisms involved. Findings from these studies could then be used to help develop
CW design and technology to improve the removal efficiencies of contaminants, reduce greenhouse

gas emissions and potentially allow for the treatment of a wider range of wastewater.

6.2. Microorganisms, macrophytes and their interactions

Despite the importance of microbes, macrophytes and their relationships in CW performance, these
interactions are still not fully understood (Vymazal et al., 2021). Microbial community composition is
strongly related to macrophyte species presence, for example, a bacteria associated with Phragmites
australis can promote plant growth and increase CW contaminant removal efficiencies (Riva et al.,
2019). However, we do not fully understand all the processes involved in this relationship, which

potentially could be exploited further with human intervention to improve contaminant removal.
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This applies to a range of relationships found between macrophytes and microbial communities in
CWs treating wastewater. The microbial communities present in CWs have not been studied in detail
(Vymazal et al., 2021); there is little research available on why the effects recorded on microbial
community structure by antibiotic exposures are occurring (Liu et al., 2019a; Liu et al., 2019b; Liu et
al., 2019c). While we have found that microbial community richness, diversity and nitrogen related
microorganisms can be affected by specific compounds such as organophosphate flame retardants,
we still do not fully understand all the factors that influence these changes (Liu et al., 20193; Liu et
al., 2019b; Liu et al., 2019c). For example, with antibiotic exposures, plant root exudates can mediate
against antibiotic toxicity on microorganisms in the rhizosphere (Tong et al., 2020). However, we still

do not fully understand the mechanisms involved in these processes.

6.3. Greenhouse gas emissions

Greenhouse gas emissions from CWs have been well studied and current consensus is that they are a
sink for carbon dioxide (Mander et al., 2014; Maucieri et al., 2017; Sgvik et al., 2006). However,
changes to certain conditions, contaminant concentrations and CW design can change certain
emissions greatly. Zheng et al., (2021) found that with the presence of sulfamethoxazole in
integrated vertical flow CWs nitrogen transformation processes shift, favouring anammox. An
intermittent loading regime of wastewater has been found to produce high nitrous oxide emissions
(Filai et al., 2017). Biochar application to CW substrate can reduce nitrogen emissions (ammonia and
nitrous oxide) while simultaneously increasing methane emissions (Feng et al., 2020; Guo et al.,
2020) and in highly aerated and high influent CWs increase nitrous oxide emissions (Feng et al.,
2020). The use of polyethylene biofilm carriers can potentially decrease emissions of nitrous oxide by
7-59% and methane by 11-70% (Sun et al., 2019), but its potential is still disputed. Luo et al. (2020)
found that increasing plant species richness may potentially reduce emissions of nitrous oxide and

methane, while Han et al. (2019) did not find a correlation.

The potential use of microbial fuel cells in antibiotic remediation could have many impacts on the
greenhouse gas emissions of CWs. Xu et al. (2021) investigated microbial fuel cells, finding > 90%
ciprofloxacin removal rates and a decline in methane fluxes of 15.29%. Such data suggests that using
microbial fuel cells in antibiotic remediation in CWs could also reduce methane emissions, a finding
of great potential value to contribute to global efforts to reduce greenhouse gas emissions. However,
such investigations are still in their initial stages and further research regarding the many potential
impacts on CW remediation processes that could occur from the use of microbial fuel cells is
required. With conflicting findings and potentially many factors in CW design that can change
greenhouse gas emissions, contributing to climate change, further investigation is of great

importance for the effects of many different contaminants including antibiotics on greenhouse gas
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emissions in CWs. Thought must also be given to the impact of the specific type of emission, while
also considering quantity to determine if some emission states are preferable to others and perhaps

justifiable to remove certain contaminants from the environment.

6.4. Conclusion of Chapter 5 and thesis

There are many areas of research that can be explored in CWs, as has been outlined by this thesis. As
a result of the findings of this study, further investigations are required to establish whether Lemna
minor experiences physiological and metabolomic effects at PECs over prolonged periods. Such
results could be used to help determine whether plants in CWs treating WWTP effluent are likely to
be experiencing stress. To improve the usefulness of such findings for informing policy, and the use
and design of CWs, careful consideration to experimental design in size and time scale should be
given, with field studies also conducted alongside highly controlled laboratory studies, if possible due
to the limited use of such studies. Determining whether the long-term health and survival of Lemna
minor is detrimentally affected by antibiotic exposures that result in metabolomic changes but no
significant changes to growth rate and chlorophyll a content would also be of great value. Such
findings could provide insight into the adequacy of plant health assessments and inform future
Lemna minor toxicity studies and potentially a wider range of plant assessments. Metabolomics may
offer a unique and valuable tool to identify plant stress prior to signs manifesting physiologically,
providing crucial time to address the underlying causes responsible before potentially irreparable
damage to plants. However, further study is required, with a wider range of plants and pollutants to
determine its usefulness and to establish its potential in plant health assessments, ecotoxicology

research and influence in environmental protection.
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7. Appendix

Table 15. Key notes from several toxicity studies using Lemna minor, including the environmental conditions, growth medium, fronds added to test vessels
in experimental periods, replicate numbers, and variables monitored and analysed.

Study Key Notes

Baciak et al. (2016) Replicate number: 3-5 replicates per treatment

Calculations: percentage growth rate inhibition (by frond number), percentage yield reduction, Chlorophyll a and b content,
carotenoid content, fresh weights, and dry weights.

Test Length: 7 days

Medium: Steinburg

Temperature: 16-20 °C

Light Intensity: fluorescent lights (140 umol photon m-2 s—1 PAR) in a light-to-dark cycle of 16 h/8 h

Cascone et al. (2004) Calculations: fresh and dry weights and Chlorophyll a content

Test Vessel and volumes: Plastic bowls (20cm diameter), 750ml media
Medium: Hoagland (replenished weekly)

pH: 6.7

Light Intensity: 140-200 pE m-2 sec-1 (PAR)

Other variables: Relative Humidity 70-75%

Ebert et al. (2011) Replicate number: 6 concentration treatments with 3 replicates for each and 6 controls.

Calculations: Average frond growth rate and biomass yields

Test length: 7 days

Frond Number per test vessel: 12

Test vessel and volumes: 150ml Beakers (120ml media), randomised position

Medium: Steinburg

pH: 6.4-6.9

Temperature: 22.5 - 24.8°C

Light Intensity: Continuous, top down, light tubes (Osram L 36 W/25 universal white) at 83.0 - 98.8 pE m-2 s-1

Gomes et al. (2017) Acclimatization and Sterilisation: All media sterile, flasks stoppered with cotton wool to minimise evaporation and
contamination and 25 days to acclimate.

Frond Number per test vessel: 15

Test vessel and volumes: 250ml Erlenmeyer flasks

Growth Medium: CHU 10
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Study

Key Notes

Temperature: 18 - 22 °C
Light intensity: continuous light (45 umol photons m-2 s-1), cool white fluorescent lamps

Gomes et al. 2020

Acclimatization and Sterilisation: 25 days to acclimate and all media sterile
Test Length: 14 days

Test vessel and volumes: 250ml Erlenmeyer flasks (100 ml media

Growth Medium: Bold's Basal

Temperature: 22-26 °C

Light intensity: 12 hour photoperiod (100 umol photons m-2 s-1)

Gonzalez-Renteria et al.

(2020)

Acclimatization and Sterilisation: 2 months to acclimate
Temperature: 19.6 - 20 °C

Grenni et al. (2019)

Acclimatization and Sterilisation: Repeated washing and sterilisation with surfactants and NaClO solutions until visible
contamination minimized. Transference into fresh media frequently and only uncontaminated fronds transferred on.
Temperature: 22 - 28 °C

Light intensity: 60—80 umol m-2 s-1, photoperiod of 14-h light/10-h dark.

latrou et al. (2017)

Calculations: Frond growth rate inhibition (based on frond number).
Acclimatization and Sterilisation: 4 weeks to acclimatize

Test Length: 7 days

Frond Number per test vessel: 12

Test vessel and volumes: glass petri dish (100mI media)

Growth Medium: Swedish Standard Sterile

Temperature: 23.5-24.5°C

Light intensity: continuous, fluorescent lamps

Lima et al. (2021)

Calculations: frond mortality rates (dead fronds counted)

Acclimatization and Sterilisation: culture wells sterilized using a UV light for 30 mins.
Test Length: 5 days

Test vessel: culture plates with wells.

Growth Medium: Hoagland

Temperature: 22 °C

Mkandawire et al.
(2014)

pH: 5.6-7.5

Temperature: 18-24°C

Light intensity: 4200 and 6700 (equiv. 85-125 pE m-2 s-1or 400—-700 nm, 14-16, Photoperiod (hr day-1)
Other variables: 20-24 salinity optimal range (g L-1)
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Study

Key Notes

OECD (2006)

Growth Medium: Swedish standard sterile
Temperature: 22 — 26 °C
Light intensity: Continuous, white fluorescent lighting, 85-135 YE-m-2s -1, (400-700 nm)

Radulovic¢ et al. (2020)

Acclimatization and Sterilisation: surface sterilisation for 5 minutes in bleach solution, then washed with sterile distilled water 3
times.

Frond Number per test vessel: up to 4

Growth Medium: Murashige-Skoog

Temperature: 22- 26 °C

Light intensity: fluorescent light of 40 umoL m-2 s-1 with 16 h light/8 h dark photoperiod

Sree et al. (2015)

Calculations: Frond growth rates, dry weights, starch content

Acclimatization and Sterilisation: all media and beakers autoclaved, and beakers covered with glass plates

Test Length: 7 — 14 days

Frond Number per test vessel: 10 -20

Test vessel and volumes: 400ml beaker (300m| media)

Growth Medium: Schenk—Hildebrandt, replenished weekly

Temperature: 24 — 26 °C

Light intensity: continuous white light from fluorescence tubes (TLD 36 W/86, Philips, Eindhoven, Netherlands).

Stout et al. (2010)

Test Length: 14 days
Temperature: 20 °C
Light intensity: photoperiod of 16 h light/8 h dark
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Table 16. All antibiotics prescribed in England in 2019 with antibiotic family, Human excretion value, WWTP removal rates percentage and references (when

applicable).

Family Antibiotic References for Percentage | Percentage of Percentage of | Percentage of antibiotic not
antibiotic of antibiotic | antibiotic antibiotic not | removed by WWTPs
families excreted by | excreted by removed by

humans humans WWTPs
Value Reference Value Reference
Amines Ethambutol DrugBankOnline | 72 DrugBankOnline | 100
hydrochloride (2023) (2023)

Aminosalicylic Aminosalicylic acid DrugBankOnline | 100 100

acids. (2023)

Aminoglycosides | Amikacin Werth (2020) 100 DrugBankOnline | 100

(2023)

Aminoglycosides | Fosfomycin calcium Ronco et al. 100 DrugBankOnline | 100
(2017) (2023)

Aminoglycosides | Fosfomycin trometamol | Ronco et al. 100 DrugBankOnline | 100
(2017) (2023)

Aminoglycosides | Gentamicin sulfate Werth (2020) 70 DrugBankOnline | 100

(2023)
Aminoglycosides | Neomycin sulfate Werth (2020) 100 DrugBankOnline | 100
(2023)
Antifolate Trimethoprim DrugBankOnline | 80 DrugBankOnline | 44 Batt et al., (2006), Ghosh et al.,

(2023)

(2023)

(2009), Gobel et al., (2007),
Gulkowska et al., (2008), Li and
Zhang (2011), Lindberg et al.,
(2005), Lindberg et al., (2006),
Radjenovic et al., (2009), Roberts
and Thomas, (2006), Sahar et al.,
(2011), Verlicchi et al., (2012),
Verlicchi et al., (2013), Watkinson et
al., (2007), Watkinson et al., (2009).
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Family Antibiotic References for Percentage | Percentage of Percentage of | Percentage of antibiotic not
antibiotic of antibiotic | antibiotic antibiotic not | removed by WWTPs
families excreted by | excreted by removed by
humans humans WWTPs
Carbapenems Ertapenem sodium Werth (2020) 80 DrugBankOnline | 100
(2023)
Carbapenems Meropenem Werth (2020) 70 DrugBankOnline | 100
(2023)
Carboxylic acids | Clavulanic acid DrugBankOnline | 90 DrugBankOnline | 100
and derivatives (2023) (2023)
Cephalosporins Cefaclor Werth (2020) 85 DrugBankOnline | 6 Watkinson et al., (2007), Watkinson
(2023) et al., (2009).
Cephalosporins Cefadroxil Werth (2020) 90 DrugBankOnline | 28 Gulkowska et al., (2008), Li and
(2023) Zhang (2011), Verlicchi et al.,
(2012), Watkinson et al., (2007),
Watkinson et al., (2009).
Cephalosporins Cefalexin Werth (2020) 99 DrugBankOnline | 40 Gulkowska et al., (2008), Li and
(2023) Zhang (2011), Verlicchi et al.,
(2012), Watkinson et al., (2007),
Watkinson et al., (2009).
Cephalosporins Cefixime Werth (2020) 50 DrugBankOnline | 28 Gulkowska et al., (2008), Li and
(2023) Zhang (2011), Verlicchi et al., (2012)
Cephalosporins Cefotaxime sodium Werth (2020) 86 DrugBankOnline | 37 Gulkowska et al., (2008), Li and
(2023) Zhang (2011), Verlicchi et al., (2012)
Cephalosporins Cefradine DrugBankOnline | 90 DrugBankOnline | 28 Gulkowska et al., (2008), Li and
(2023) (2023) Zhang (2011), Verlicchi et al.,
(2012), Watkinson et al., (2007),
Watkinson et al., (2009).
Cephalosporins Ceftazidime Werth (2020) 90 DrugBankOnline | 28 Gulkowska et al., (2008), Li and
pentahydrate (2023) Zhang (2011), Verlicchi et al.,

(2012), Watkinson et al., (2007),
Watkinson et al., (2009).
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s / Quinolones

(2023)

Family Antibiotic References for Percentage | Percentage of Percentage of | Percentage of antibiotic not
antibiotic of antibiotic | antibiotic antibiotic not | removed by WWTPs
families excreted by | excreted by removed by
humans humans WWTPs
Cephalosporins Ceftriaxone sodium Werth (2020) 100 DrugBankOnline | 28 Gulkowska et al., (2008), Li and
(2023) Zhang (2011), Verlicchi et al.,
(2012), Watkinson et al., (2007),
Watkinson et al., (2009).
Cephalosporins Cefuroxime axetil Werth (2020) 86 DrugBankOnline | 28 Gulkowska et al., (2008), Li and
(2023) Zhang (2011), Verlicchi et al.,
(2012), Watkinson et al., (2007),
Watkinson et al., (2009).
Cephalosporins Cefuroxime sodium Werth (2020) 86 DrugBankOnline | 28 Gulkowska et al., (2008), Li and
(2023) Zhang (2011), Verlicchi et al.,
(2012), Watkinson et al., (2007),
Watkinson et al., (2009).
Fluoroquinolone | Ciprofloxacin DrugBankOnline | 100 DrugBankOnline | 24 Ghosh et al., (2009), (Golet et al.,
s / Quinolones (2023) (2023) 2003), Li and Zhang (2011),,
Lindberg et al., (2005), Lindberg et
al., (2006), Verlicchi et al., (2012),
Verlicchi et al., (2013), Zorita et al.,
(2009), Watkinson et al., (2007),
Watkinson et al., (2009).
Fluoroquinolone | Levofloxacin Werth (2020) 91 DrugBankOnline | 37 Chang et al., (2008), Ghosh et al.,

(2009), (Golet et al., 2003),
Gulkowska et al., (2008), Li and
Zhang (2011), Lindberg et al., (2005)
, Lindberg et al., (2006),Michael et
al., (2013); Radjenovic, et al.,
(2007), Radjenovic et al., (2009),
Verlicchi et al., (2012), Verlicchi et
al., (2013), Watkinson et al., (2007),
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Family Antibiotic References for Percentage | Percentage of Percentage of | Percentage of antibiotic not
antibiotic of antibiotic | antibiotic antibiotic not | removed by WWTPs
families excreted by | excreted by removed by
humans humans WWTPs
Watkinson et al., (2009). Xu et al.,
(2007), Zorita et al., (2009),
Fluoroquinolone | Moxifloxacin DrugBankOnline | 45 DrugBankOnline | 39 Chang et al., (2008), Michael et al.,
s / Quinolones (2023) (2023) (2013).
Fluoroquinolone | Norfloxacin Werth (2020) 100 DrugBankOnline | 42 Ghosh et al., (2009), Golet et al.,
s / Quinolones (2023) (2003), Gulkowska et al., (2008), Li
and Zhang (2011), Lindberg et al.,
(2005), Lindberg et al., (2006),
Verlicchi et al., (2012), Verlicchi et
al.,, (2013), Watkinson et al., (2007),
Watkinson et al., (2009), Xu et al.,
(2007), Zorita et al., (2009)
Fluoroquinolone | Ofloxacin Werth (2020) 88 DrugBankOnline | 42 Li and Zhang, (2011), Lindberg et al.,
s / Quinolones (2023) 2005), Radjenovic, et al., (2007),
Radjenovic et al., (2009), Verlicchi
et al., (2012), Verlicchi et al., (2013),
Xu et al., (2007), Zorita et al., (2009)
Hydantoins Nitrofurantoin DrugBankOnline | 90 DrugBankOnline | 100
(2023) (2023)
Glycopeptides, Daptomycin DrugBankOnline | 84 DrugBankOnline | 98 Michael et al., (2013), Zuccato et
Polypeptides and (2023) (2023) al., (2010)
Lipopeptides
Glycopeptides, Teicoplanin DrugBankOnline | 92 DrugBankOnline | 98 Michael et al., (2013), Zuccato et
Polypeptides and (2023) (2023) al., (2010)
Lipopeptides
Glycopeptides, Vancomycin DrugBankOnline | 100 DrugBankOnline | 98 Michael et al., (2013), Zuccato et
Polypeptides and | hydrochloride (2023) (2023) al., (2010)

Lipopeptides
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lactobionate

(2023)

Family Antibiotic References for Percentage | Percentage of Percentage of | Percentage of antibiotic not
antibiotic of antibiotic | antibiotic antibiotic not | removed by WWTPs
families excreted by | excreted by removed by
humans humans WWTPs
Lincosamides Clindamycin DrugBankOnline | 14 Federal Drug 60 Watkinson et al., (2007), Watkinson
hydrochloride (2023) Agency (No. et al., (2009).
Date.)
Macrolides Azithromycin Werth (2020) 6 DrugBankOnline | 47 Ghosh et a., (2009), Yasojima et al.,
(2023) (2006), Verlicchi et al., (2012)
Macrolides Clarithromycin Werth (2020) 30 DrugBankOnline | 72 Ghosh et al., (2009), Gobel et al.,
(2023) (2007), Sahar et al., (2011),Yasojima
et al., (2006), Verlicchi et al., (2012),
Verlicchi et al., (2013)
Macrolides Erythromycin Werth (2020) 100 DrugBankOnline | 45 Gobel et al., (2007), Gulkowska et
(2023) al., (2008), Li and Zhang, (2011),
Radjenovic, et al., (2007),
Radjenovic et al., (2009), Sahar et
al.,, (2011), Verlicchi et al., (2012).
Verlicchi et al., (2013)Xu et al.,
(2007)
Macrolides Erythromycin Werth (2020) 100 DrugBankOnline | 45 Ghosh et a., (2009), Verlicchi et al.,
ethylsuccinate (2023) (2012)Gobel et al., (2007),
Gulkowska et al., (2008), Li and
Zhang, (2011), Radjenovic, et al.,
(2007) , Radjenovic et al., (2009),
Sahar et al., (2011), Verlicchi et al.,
(2012), Verlicchi et al.,
(2013)Verlicchi et al., (2013),
Yasojima et al., (2006),
Macrolides Erythromycin Werth (2020) 100 DrugBankOnline | 45 Ghosh et a., (2009), Verlicchi et al.,

(2012)Gobel et al., (2007),
Gulkowska et al., (2008), Li and
Zhang, (2011), Radjenovic, et al.,
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(2023)

(2023)

Family Antibiotic References for Percentage | Percentage of Percentage of | Percentage of antibiotic not
antibiotic of antibiotic | antibiotic antibiotic not | removed by WWTPs
families excreted by | excreted by removed by
humans humans WWTPs
(2007) , Radjenovic et al., (2009),
Sahar et al., (2011), Verlicchi et al.,
(2012), Verlicchi et al.,
(2013)Verlicchi et al., (2013),
Yasojima et al., (2006),
Macrolides Erythromycin stearate Werth (2020) 100 DrugBankOnline | 45 Ghosh et a., (2009), Verlicchi et al.,
(2023) (2012)Gobel et al., (2007),
Gulkowska et al., (2008), Li and
Zhang, (2011), Radjenovic, et al.,
(2007), Radjenovic et al., (2009),
Sahar et al., (2011), Verlicchi et al.,
(2012), Verlicchi et al.,
(2013)Verlicchi et al., (2013),
Yasojima et al., (2006),
Macrolides Fidaxomicin Werth (2020) 93 DrugBankOnline | 50 Ghosh et a., (2009), Verlicchi et al.,
(2023) (2012)Gobel et al., (2007),
Gulkowska et al., (2008), Li and
Zhang, (2011), Radjenovic, et al.,
(2007) , Radjenovic et al., (2009),
Sahar et al., (2011), Verlicchi et al.,
(2012), Verlicchi et al.,
(2013)Verlicchi et al., (2013),
Yasojima et al., (2006),
Monobactams Aztreonam Werth (2020) 100 DrugBankOnline | 100
(2023)
Nitroimidazoles Metronidazole DrugBankOnline | 95 DrugBankOnline | 66 Verlicchi et al., (2013)
(2023) (2023)
Nitroimidazoles Tinidazole DrugBankOnline | 37 DrugBankOnline | 66 Verlicchi et al., (2013)
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derivatives

(2023ac)

(2023ac)

Family Antibiotic References for Percentage | Percentage of Percentage of | Percentage of antibiotic not
antibiotic of antibiotic | antibiotic antibiotic not | removed by WWTPs
families excreted by | excreted by removed by
humans humans WWTPs
Oxazolidinones Cycloserine DrugBankOnline | 90 DrugBankOnline | 100
(2023) (2023)
Oxazolidinones Linezolid Werth (2020) 90 DrugBankOnline | 100
(2023)
Penicillins Amoxicillin Werth (2020) 78 DrugBankOnline | 41 Watkinson et al., (2007), Watkinson
(2023) et al., (2009).
Penicillins Ampicillin DrugBankOnline | 93 DrugBankOnline | 55 Cha et al., (2006), Li et al. (2009),
(2023) (2023) Michael et al., (2013),
Penicillins Benzylpenicillin sodium | DrugBankOnline | 100 DrugBankOnline | 34 Watkinson et al., (2009).
(Penicillin G) (2023) (2023)
Penicillins Flucloxacillin sodium DrugBankOnline | 93 DrugBankOnline | 40 Cha et al., (2006), Li et al. (2009),
(2023) (2023) Michael et al., (2013), Watkinson et
al., (2007), Watkinson et al., (2009).
Penicillins Phenoxymethylpenicillin | Werth (2020) 100 DrugBankOnline | 30 Watkinson et al., (2007), Watkinson
(Penicillin V) (2023) et al., (2009).
Penicillins Pivmecillinam DrugBankOnline | 93 DrugBankOnline | 40 Cha et al., (2006), Li et al. (2009),
hydrochloride (2023) (2023) Michael et al., (2013), Watkinson et
al., (2007), Watkinson et al., (2009).
Penicillins Temocillin sodium Ronco et al. 93 DrugBankOnline | 40 Cha et al., (2006), Li et al. (2009),
(2017) (2023) Michael et al., (2013), Watkinson et
al., (2007), Watkinson et al., (2009).
Phenazines and Clofazimine DrugBankOnline | 100 100
derivatives (2023)
Phthalimides Thalidomide DrugBankOnline | 100 100
(2023)
Pyrazines Pyrazinamide DrugBankOnline | 70 DrugBankOnline | 100
(2023) (2023)
Pyridines and Isoniazid DrugBankOnline | 70 DrugBankOnline | 100
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(2023)

Family Antibiotic References for Percentage | Percentage of Percentage of | Percentage of antibiotic not
antibiotic of antibiotic | antibiotic antibiotic not | removed by WWTPs
families excreted by | excreted by removed by
humans humans WWTPs
Rifamycins Rifabutin Werth (2020) 93 DrugBankOnline | 100
(2023)
Rifamycins Rifampicin DrugBankOnline | 30 DrugBankOnline | 100
(2023) (2023)
Rifamycins Rifaximin Werth (2020) 97 DrugBankOnline | 100
(2023)
Steroids and Sodium fusidate DrugBankOnline | 100 100
steroid (2023)
derivatives
Streptogramins Pristinamycin Rath et al. 100 100
(2010)
Sulphonamides Sulfadiazine Werth (2020) 85 DrugBankOnline | 35 Garcia galan et al., (2011), Li and
(2023) Zhang, (2011), Verlicchi et a.,
(2012), Verlicchi et al., (2013), Xu et
al., (2007),
Sulphonamides Sulfamethoxazole Werth (2020) 85 DrugBankOnline | 37 Clara et al., (2005), Garcia galan et
(2023) al,, (2011), Ghosh et al., (2009),
Gobel et al., (2007), Li and Zhang,
(2011), Lindberg et al., (2005),
Radjenovic et al., (2007), Radjenovic
et al., (2009), Sahar et al., (2011),
Verlicchi et al., (2012), Verlicchi et
al.,, (2013), Watkinson et al., (2007),
Watkinson et al., (2009), Xu et al.,
(2007),
Sulphonamides Sulfapyridine DrugBankOnline | 85 DrugBankOnline | 52 Garcia Galan (2011), Verlicchi et al.,
(2023) (2023) (2012)
Sulfones Dapsone DrugBankOnline | 100 PubChem (2004) | 100
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(2023)

Family Antibiotic References for Percentage | Percentage of Percentage of | Percentage of antibiotic not
antibiotic of antibiotic | antibiotic antibiotic not | removed by WWTPs
families excreted by | excreted by removed by
humans humans WWTPs
Tetracyclines Demeclocycline DrugBankOnline | 90 DrugBankOnline | 11 Choi et al., (2007), Michael et al.,
hydrochloride (2023) (2023) (2013)
Tetracyclines Doxycycline hyclate Werth (2020) 90 DrugBankOnline | 38 Lindberg et al., (2005), Verlicchi et
(2023) al., (2012), watkinson et al., (2007),
Watkinson et al., (2009).
Tetracyclines Doxycycline Werth (2020) 90 DrugBankOnline | 38 Choi et al., (2007), Ghosh et al.,
monohydrate (2023) (2009), Gulkowska et al., (2008), Li
and Zhang (2011),Lindberg et al.,
(2005), Michael et al., (2013)
Verlicchi et al., (2012), Watkinson et
al., (2007), Watkinson et al., (2009).
Tetracyclines Lymecycline DrugBankOnline | 100 DrugBankOnline | 43 Choi et al., (2007), Ghosh et al.,
(2023) (2023) (2009), Gulkowska et al., (2008), Li
and Zhang (2011),Lindberg et al.,
(2005), Michael et al., (2013)
Verlicchi et al., (2012), Watkinson et
al., (2007), Watkinson et al., (2009).
Tetracyclines Oxytetracycline DrugBankOnline | 35 PubChem (2004) | 62 Li and Zhang, (2011), Verlicchi et al.,
(2023) (2012), Watkinson et al., (2009).
Tetracyclines Tetracycline Werth (2020) 100 DrugBankOnline | 64 Li and Zhang (2011), Ghosh et al.,
(2023) (2009), Gulkowska et al., (2008),
Verlicchi et al., (2012), Watkinson et
al., (2007), Watkinson et al., (2009).
Tetracyclines Tigecycline DrugBankOnline | 92 PubChem (2004) | 43 Choi et al., (2007), Ghosh et al.,

(2009), Gulkowska et al., (2008), Li
and Zhang (2011),Lindberg et al.,
(2005), Michael et al., (2013)
Verlicchi et al., (2012), Watkinson et
al., (2007), Watkinson et al., (2009).
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Family Antibiotic References for Percentage | Percentage of Percentage of | Percentage of antibiotic not
antibiotic of antibiotic | antibiotic antibiotic not | removed by WWTPs
families excreted by | excreted by removed by

humans humans WWTPs

Thiazolide Nitazoxanide Fox and 100 DrugBankOnline | 100

Saravolatz (2023)
(2005)
Triazinanes Methenamine DrugBankOnline | 100 100

hippurate

(2023)
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Table 17. All antibiotics prescribed in England in 2019 with their total mass and PNEC-MIC per antibiotic (data was sourced from an NHSdatabase and Tell et

al. 2019, respectively). A worst case scenario, PEC and Risk Quotients for each antibiotic can also be seen.

Antibiotic Total mass prescribed Worst case scenario PECx1000 (ug/L) PNEC-MIC (pg/L) Risk Quotient
per antibiotic (ug peryr) | (ug/L)

Ethambutol hydrochloride 8.98616E+13 0.030756 0.022144535 2 0.011072268
Aminosalicylic acid 2.776E+12 0.00095 0.000950122

Amikacin 90600000000 3.1E-05 3.1009E-05 16 1.93806E-06
Fosfomycin calcium 1.4225E+12 0.000487 0.000486869 2 0.000243435
Fosfomycin trometamol 2.43279E+14 0.083265 0.083265395 2 0.041632698
Gentamicin sulfate 9.07075E+12 0.003105 0.002173208 0.15 0.014488051
Neomycin sulfate 9.69351E+12 0.003318 0.00331773 0.03 0.11059101
Trimethoprim 6.23042E+15 2.132442 0.750619711 0.5 1.501239422
Ertapenem sodium 1.472E+12 0.000504 0.000403049 0.13 0.003100376
Meropenem 3.8985E+12 0.001334 0.000934019 0.06 0.015566976
Clavulanic acid 4.7044E+15 1.610143 1.449129012

Cefaclor 1.48343E+14 0.050772 0.002589393 0.5 0.005178785
Cefadroxil 1.3184E+13 0.004512 0.001137124 2 0.000568562
Cefalexin 8.22053E+15 2.813585 1.114179549 0.08 13.92724436
Cefixime 4.6474E+12 0.001591 0.000222689 0.06 0.003711477
Cefotaxime sodium 2.1E+11 7.19E-05 2.28707E-05 0.1 0.000228707
Cefradine 3.11735E+14 0.106695 0.026887228 0.47 0.057206869
Ceftazidime pentahydrate 3.787E+12 0.001296 0.00032663 0.5 0.00065326
Ceftriaxone sodium 1.10925E+13 0.003797 0.001063035 0.03 0.035434486
Cefuroxime axetil 3.61588E+13 0.012376 0.002980093 0.5 0.005960186
Cefuroxime sodium 1.05756E+12 0.000362 8.71612E-05 0.5 0.000174322
Ciprofloxacin 5.18482E+15 1.774572 0.425897376 0.06 7.098289605
Levofloxacin 1.75512E+14 0.060071 0.020225999 0.25 0.080903996
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Antibiotic Total mass prescribed Worst case scenario PECx1000 (ug/L) PNEC-MIC (pg/L) Risk Quotient
per antibiotic (ug peryr) | (ug/L)
Moxifloxacin 3.89476E+13 0.01333 0.002339471 0.13 0.017995934
Norfloxacin 5.04E+11 0.000173 7.24502E-05 0.5 0.0001449
Ofloxacin 2.70485E+14 0.092577 0.034216413 0.5 0.068432827
Nitrofurantoin 4.87638E+15 1.669004 1.502103987 64 0.023470375
Daptomycin 9700000000 3.32E-06 2.73298E-06 1 2.73298E-06
Teicoplanin 3.0622E+12 0.001048 0.000944947 1 0.000944947
Vancomycin hydrochloride 3.30524E+13 0.011313 0.011086363 1 0.011086363
Clindamycin hydrochloride 1.05891E+15 0.362425 0.030443687 0.5 0.060887375
Azithromycin 3.7358E+15 1.278625 0.036057228 8 0.004507154
Clarithromycin 1.80183E+16 6.166985 1.332068664 0.1 13.32068664
Erythromycin 7.41972E+15 2.539497 1.142773478 0.02 57.1386739
Erythromycin ethylsuccinate 7.31755E+15 2.504525 1.127036179 0.08 14.08795223
Erythromycin lactobionate 32000000000 1.1E-05 4.92859E-06 0.5 9.85717E-06
Erythromycin stearate 4.19287E+14 0.143506 0.064577888 0.5 0.129155776
Fidaxomicin 6.298E+11 0.000216 0.000100234 0.5 0.000200468
Aztreonam 1.6455E+11 5.63E-05 5.63194E-05 0.5 0.000112639
Metronidazole 9.09898E+15 3.114244 1.952630836 0.02 97.63154182
Tinidazole 8.8265E+12 0.003021 0.000737724 0.5 0.001475449
Cycloserine 46500000000 1.59E-05 1.43237E-05 0.13 0.000110182
Linezolid 1.71336E+13 0.005864 0.005277777 0.13 0.040598287
Amoxicillin 1.54603E+17 52.91503 16.92222588 6.7 2.525705355
Ampicillin 8.63958E+13 0.02957 0.015125089 6.7 0.002257476
Benzylpenicillin sodium (Penicillin 6.744E+11 0.000231 7.84795E-05 0.25 0.000313918
G)
Flucloxacillin sodium 6.33527E+16 21.6833 8.06618784 0.25 32.26475136
Phenoxymethylpenicillin (Penicillin | 5.06503E+16 17.33571 5.20071311 0.25 20.80285244

V)
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Antibiotic

Total mass prescribed

Worst case scenario

PECx1000 (pg/L)

PNEC-MIC (pg/L)

Risk Quotient

per antibiotic (ug peryr) | (ug/L)
Pivmecillinam hydrochloride 8.43488E+14 0.288695 0.107394485 0.2 0.536972427
Temocillin sodium 1.53E+11 5.24E-05 1.94802E-05 0.06 0.000324671
Clofazimine 3.311E+11 0.000113 0.000113323 0.2 0.000566616
Thalidomide 18075000000 6.19E-06 6.1864E-06 0.2 3.0932E-05
Pyrazinamide 4.8255E+12 0.001652 0.001156113
Isoniazid 6.73127E+13 0.023039 0.01612704
Rifabutin 1.8252E+12 0.000625 0.00058097 0.095 0.006115468
Rifampicin 3.81476E+14 0.130565 0.039169513 0.13 0.301303948
Rifaximin 1.52728E+15 0.522731 0.507048881 0.06 8.450814676
Sodium fusidate 7.06714E+13 0.024188 0.024188204 0.06 0.403136732
Pristinamycin 3.54E+11 0.000121 0.000121161 0.06 0.002019352
Sulfadiazine 2.1521E+13 0.007366 0.002191338 0.5 0.004382676
Sulfamethoxazole 3.03328E+15 1.038181 0.326507825 6.75 0.04837153
Sulfapyridine 6.46E+11 0.000221 9.7727E-05 13 7.51746E-06
Dapsone 6.54667E+13 0.022407 0.022406842 0.6 0.037344736
Demeclocycline hydrochloride 6.12263E+13 0.020955 0.002074592 6.8 0.000305087
Doxycycline hyclate 4.30284E+15 1.472703 0.503664485 2.32 0.217096761
Doxycycline monohydrate 2.1179E+13 0.007249 0.00247909 13 0.001906992
Lymecycline 2.06502E+16 7.067816 3.039160864 2 1.519580432
Oxytetracycline 8.50277E+15 2.910184 0.631509927 2 0.315754963
Tetracycline 4.91178E+14 0.168112 0.1075916 1.3 0.082762769
Tigecycline 1500000000 5.13E-07 2.03099E-07 0.5 4.06198E-07
Nitazoxanide 6000000000 2.05E-06 2.05358E-06 1 2.05358E-06
Methenamine hippurate 5.02381E+15 1.719465 1.719465207 1 1.719465207
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Table 18. The top 20 priority chemicals from both PC1 and PC2 from the PCA plot responsible for the most chemical variation between treatments, with PC1
accounting for 72.7188% and PC2 10.384%. Which Principal component axis and rank number, mz and retention time have been included for each. Some
chemicals of the top 20 for each PC were not identified by progenesis and chem spider and so their rank numbers cannot be seen).

hydroxyoctradecyl beta-D-
glucopyranoside)

Principal Component mz Retention | Possible chemical name and/or Mass Error Isotope Description of the

Axis and Rank Number time formula (ppm)® Similarity® chemical®

PC1 (rank number 1) 413.2664 | 19.56527 | C4H3504 (Alpha-Apocholic acid) 0.33 98.07 Apocholic acid is a type of

and PC2 (rank number cholanoid (PubChem, 2004-

6) ). There is a lack of data for
further role identification,
however, it may be a type
of bile acid or bile alcohol
found in mammals, fish,
amphibians and reptiles
(Hoshita, 1996).

PC1 (rank number 1) 413.2664 | 19.56527 | CasH3804 (3alpha,12alpha-Dihydroxy- 0.33 98.07 This chemical is likely a type

and PC2 (rank number 5beta-chol-6-en-24-oic acid) of bile acid (PubChem,

6) 2004-).

PC1 (rank number 3) 651.1553 | 7.8999 Ca6H22N10011 1.72 98.6 No reliable data

and PC2 (rank number

4)

PC1 (rank number 3) 651.1553 | 7.8999 C30H26N4013 -2.41 96.2 No reliable data

and PC2 (rank number

4)

PC1 (rank number 5) 464.3582 | 21.5638 C24H49NO7 (2-Amino-3- 0 92 This chemical is possibly a

bacterial metabolite (ChEBI,
2022b)
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Principal Component mz Retention | Possible chemical name and/or Mass Error Isotope Description of the

Axis and Rank Number time formula (ppm)P Similarity® chemical®

PC1 (rank number 9) 711.1915 | 7.8176 C32H26N10010 1.19 98.01 No reliable data

and PC2 (rank number

2)

PC1 (rank number 9) 711.1915 | 7.8176 C36H30N4012 -2.59 95.45 This chemical is possibly

and PC2 (rank number Enduracyclinone A, a

2) natural product found in
Nonomuraea, a type of
bacteria (PubChem, 2004-).

PC1 (rank number 11) | 282.2793 | 21.8016 CisH3sNO ((92)-9-Octadecenamide) 0.46 97.22 No reliable data

and PC2 (rank number

19)

PC1 (rank number 11) | 282.2793 | 21.8016 C1sH3sNO (Dodemorph) 0.46 97.22 This chemical is possibly a

and PC2 (rank number type of fungicide

19) (PubChem, 2004-).

PC1 (rank number 11) | 282.2793 | 21.8016 C1sH3sNO (CM3995000) 0.46 97.22 No reliable data

and PC2 (rank number

19)

PC1 (rank number 11) | 282.2793 | 21.8016 CisH3sNO 0.41 97.22 No reliable data

and PC2 (rank number

19)

PC1 (rank number 12) | 699.3556 | 14.2840 C30H4sN100s 1.02 98.39 No reliable data

PC1 (rank number 12) | 699.3556 | 14.2840 Ca9Hs2N6012 3 97.97 No reliable data

PC1 (rank number 12) | 699.3556 | 14.2840 C34H52N40O10 -2.95 96.08 This chemical is possibly
hirsutatin A, a natural
product found in Hirsutella
nivea, an insect parasitic
fungus (PubChem, 2004-).

PC1 (rank number 13) | 565.155 7.3167 Ca6H28014 ((1S)-1,5-Anhydro-2-0- -0.26 93.35 No reliable data

alpha-L-arabinopyranosyl-1-[5,7-
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and PC2 (rank number
3)

Principal Component mz Retention | Possible chemical name and/or Mass Error Isotope Description of the
Axis and Rank Number time formula (ppm)P Similarity® chemical®
dihydroxy-2-(4-hydroxyphenyl)-4-oxo-
4H-chromen-6-yl]-D-glucitol)
PC1 (rank number 14) | 432.3319 | 9.4690 Ca3HasNOg -0.16 95.57 No reliable data
and PC2 (rank number
10)
PC1 (rank number 15) | 727.1863 | 7.351417 | C3oH34N;019 4.69 96.31 No reliable data
and PC2 (rank number
3)
PC1 (rank number 15) | 727.1863 | 7.351417 | C31H3¢NgO14 0.47 97.59 No reliable data
and PC2 (rank number
3)
PC1 (rank number 15) | 727.1863 | 7.351417 | C3;H3:NgO010 -1.48 97.93 No reliable data
and PC2 (rank number
3)
PC1 (rank number 15) | 727.1863 | 7.351417 | C3H26N10011 1.04 97.31 No reliable data
and PC2 (rank number
3)
PC1 (rank number 15) | 727.1863 | 7.351417 | C34H3;N4013 0.67 96.81 No reliable data
and PC2 (rank number
3)
PC1 (rank number 15) | 727.1863 | 7.351417 | Cs3H36017 2.57 97.61 No reliable data
and PC2 (rank number
3)
PC1 (rank number 15) | 727.1863 | 7.351417 | C31H30NgO1s 2.88 97.95 No reliable data
and PC2 (rank number
3)
PC1 (rank number 15) | 727.1863 | 7.351417 | Cs3sH2sNgOq -1.23 95.35 No reliable data
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Principal Component mz Retention | Possible chemical name and/or Mass Error Isotope Description of the
Axis and Rank Number time formula (ppm)P Similarity® chemical®
PC1 (rank number 19) | 694.4004 | 14.2840 Ca9H61Ns5O11 0.74 97.62 No reliable data
PC1 (rank number 19) | 694.4004 | 14.2840 C30Hs7N90O5 -1.3 98.12 No reliable data
PC1 (rank number 19) | 694.4004 | 14.2840 Cs32Hs7NsO10 0.95 97.31 No reliable data
PC1 (rank number 19) | 694.4004 | 14.2840 C33Hs9NO14 -0.63 96.72 No reliable data
PC1 (rank number 19) | 694.4004 | 14.2840 Cs3Hs3NgOs -1.05 95.84 No reliable data
PC1 (rank number 19) | 694.4004 | 14.2840 C31H61NO14 2.94 97.92 No reliable data
PC1 (rank number 19) | 694.4004 | 14.2840 C34Hs5NsO10 -2.55 95.26 No reliable data
PC2 (rank number 7) 332.2795 | 7.2486 CigH37NO4 -0.07 96.94 No reliable data
PC2 (rank number 9) 415.2116 | 14.77883 | Ca4H3006 (Inspra) 0.22 97.24 No reliable data
PC2 (rank number 9) 415.2116 | 14.77883 | Cy4H300¢ (Estra-1,3,5(10)-triene- 0.22 97.24 No reliable data

3,6beta,17beta-triol triacetate)
PC2 (rank number 9) 415.2116 | 14.77883 | Cy4H300¢ (Estra-1,3,5(10)-triene- 0.22 97.24 No reliable data

3,6alpha,17beta-triol triacetate)
PC2 (rank number 9) 415.2116 | 14.77883 | Ca4H3006 (Methyl 0.22 97.24 No reliable data

(4aS,4bR,5aS,6aS,7R,9aS,9bR,10R)-

4a,6a-dimethyl-2,5'-dioxo-

2,4,4'4a,5',53,6,6a,8,9,9a,9b,10,11-

tetradecahydro-3H,3'H-

spiro[cyclopenta[7,8]phenanthro[4b,5-

bloxirene-7,2'-furan]-10-carboxylate)
PC2 (rank number 9) 415.2116 | 14.77883 | C4H300s6 0.26 97.24 No reliable data
PC2 (rank number 9) 415.2116 | 14.77883 | CasHz6N40; -2.97 95.63 No reliable data
PC2 (rank number 11) | 537.3034 | 16.094 C24H33N 1003 2.56 96.17 No reliable data
PC2 (rank number 14) | 316.2846 | 8.089717 | CisH37NOs 0.02 97.04 No reliable data
PC2 (rank number 17) | 351.2141 | 10.76273 | CisH26NeO3 0.65 97.73 No reliable data
PC2 (rank number 18) | 326.3782 | 18.28685 | Cy;Ha7N 0.09 96.57 This chemical is possibly

Diundecylamine is a natural
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Principal Component mz Retention | Possible chemical name and/or Mass Error Isotope Description of the

Axis and Rank Number time formula (ppm)P Similarity® chemical®
product found in
Trypanosoma brucei (a type
of parasite) (PubChem,
2004-).

PC2 (rank number 20) | 829.5062 | 22.28573 | CsHeeN10O6 0.35 96.28 No reliable data

PC2 (rank number 20) | 829.5062 | 22.28573 | Ca1H70NeO10 2.01 97.56 No reliable data

PC2 (rank number 20) | 829.5062 | 22.28573 | CssH74012 -1.32 95.21 This chemical formula gives

two possible identifications.
Firstly, Macrotetrolide C a
type of macrotetrolide
antibiotic (PubChem, 2004-
). Another identification is
21-Hydroxyl-oligomycin A, a
type of oligomycin
antibiotic (PubChem, 2004-
).

2, All possible identifications (except plant metabolites, shown in section 5.2.2 Table 14) are included below with details on the possible chemical
identification. Where there was a lack of data or no reliable data to use for some chemical identifications, No reliable data was stated. Some chemical
formulas resulted in many potential chemical identifications, with the formula being ambiguous and non unique, No reliable data is also stated due to there
being a lack of confidence in making a likely identification.

®. Only chemicals with a mass error (ppm) between + 5 and -5 were accepted and chemical identifications with low isotope similarity scores (below 90) of
which there were two have been removed.




-95-

Table 19. A list of ARGs considered to be included in the gPCR analysis of Lemna minor samples based on a literature review of the antibiotics used in this
study and the ARGs associated with exposure to the antibiotics. Due to a lack of information regarding ARGs associated with an antibiotic, antibiotics were

grouped into families (for example there was a lack of Penicillin V information resulting in its grouping with amoxicillin under the penicillin family). ARGs for
cefalexin exposures are not included due to a lack of literature.

Antibiotic and class

Associated ARGs

References

Lactam)

Amoxicillin and Penicillin V (Beta | pbplA (Kwon et al., 2017; Tran et al., 2022; Tseng et al., 2009)

Lactam)

Amoxicillin and Penicillin V (Beta | blaTEM-1 Hayward et al. (2019); Sidrach-Cardona et al. (2014); Tseng et al. (2009)
Lactam)

Amoxicillin and Penicillin V (Beta | blaCTX-M Hayward et al. (2019), Sidrach-Cardona et al. (2014)

Lactam)

Amoxicillin and Penicillin V (Beta | blaSHV Sidrach-Cardona et al. (2014)

Lactam)

Amoxicillin and Penicillin V (Beta | blaz-R Ramessar and Olaniran (2019)

Amoxicillin and Penicillin V (Beta
Lactam)

OXA-1, OXA-2, OXA-10

Meng et al. (2017)

clarithromycin (Macrolide-
Lincosamide-Streptogramin B
(MLSB))

23S rRNA gene (variations of A2142G,
A2143GX, A2142C, A2143G, A2143,
A2144G)

Geng et al. (2017), Vala et al. (2016), Hussein et al. (2022), Pina et al.
(1998), Wang et al. (2020), Zhang et al. (2021)

erythromycin and erythromycin
ethylsuccinate (Macrolide-
Lincosamide-Streptogramin B
(MLSB))

ermF and ermF-1

Guo et al. (2015), Schmitz et al. (2021), Shen et al. (2019)

erythromycin and erythromycin
ethylsuccinate (Macrolide-
Lincosamide-Streptogramin B
(MLSB))

ermB, ermB-1, ermB-3

Guo et al. (2015), Hayward et al. (2019), Karaolia et al. (2018), Preethi et
al. (2017), Shen et al. (2019), Wang et al. (2020)
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Antibiotic and class

Associated ARGs

References

erythromycin and erythromycin | ermA Guo et al. (2015), Hummel et al. (2007)

ethylsuccinate (Macrolide-

Lincosamide-Streptogramin B

(MLSB))

erythromycin and erythromycin | ermD Guo et al. (2015)

ethylsuccinate (Macrolide-

Lincosamide-Streptogramin B

(MLSB))

erythromycin and erythromycin | ermT 1 Wang et al. (2015b)

ethylsuccinate (Macrolide-

Lincosamide-Streptogramin B

(MLSB))

ciprofloxacin (fluoroquinolone) | gyrA Kraupner et al. (2018), Rehman et al. (2021), Sidhu et al. (2021), Sproston
et al. (2018)

ciprofloxacin (fluoroquinolone) bla(CTX-M) Lien et al. (2017)

ciprofloxacin (fluoroquinolone) | gepA Cheng et al. (2021), Lien et al. (2017)

ciprofloxacin (fluoroquinolone)

gnrA, gnrB, gnrC, gnrS, qnrD

Rahman et al. (2017), Wang et al. (2020)

metronidazole (nitroimidazole) | nimE genes Alauzet et al. (2019), Baaity et al. (2021), Gal and Brazier (2004)

metronidazole (nitroimidazole) | rdxA Chu et al. (2020), Hanafi et al. (2016), Kargar et al. (2010), Paul et al.
(2001)

metronidazole (nitroimidazole) | frxA Chu et al. (2020), Hanafi et al. (2016)

Trimethoprim (antifolate)

dfrA1l, dfrA5, dfrA7, dfrA8, dfrAl2,
dfrA14, dfrA17, dfrA27

Kraupner et al. (2020), Mukherjee and Chakraborty (2006), Park et al.
(2003), Stange et al. (2016), Suhartono et al. (2016)

Multi drug resistance and
housekeeping genes

16S rRNA sequencing

Hayward et al. (2019), Meng et al. (2017), Wang et al. (2015b), Wang et
al. (2020)

Multi drug resistance and
housekeeping genes

class 1 integron genes (intl1)

Hardwick et al. (2008), Meng et al. (2017), Schmitz et al. (2020), Stange et
al. (2016), Suhartono et al. (2016), Wang et al. (2020)
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Antibiotic and class

Associated ARGs

References

Multi drug resistance and
housekeeping genes

class 2 integrons (intl2)

Stange et al. (2016), Suhartono et al. (2016)

Multi drug resistance and
housekeeping genes

mobP11, mobP14, mobP51, mobF11,
mobF12, mobQ11, mobQu

Suhartono et al. (2016)




-98 -

8. References

Abou-Kandil, A., Shibli, A., Azaizeh, H., Wolff, D., Wick, A., Jadoun, J. Fate and removal of bacteria and
antibiotic resistance genes in horizontal subsurface constructed wetlands: Effect of mixed vegetation
and substrate type. Sci. Total Environ., 759 (2021),
<https://doi.org/10.1016/].scitotenv.2020.144193>,

Adesina, G. 0., Daddy, F., Mohammed, A. H., Uka, P. The Prospects of Duckweed Culturing in
Alleviating Poverty in Nigeria. FISON., (2005), 1-6.

Alauzet, C., Lozniewski, A., Marchandin, H. Metronidazole resistance and nim genes in anaerobes: A

review. Anaerobe., 55 (2019), pp. 40-53.

Ali, S., Abbas, Z., Rizwan, M., Zaheer, I. E., Yavas, |., Unay, A., Abdel-DAIM, M. M., Bin-Jumah, M.,
Hasanuzzaman, M., Kalderis, D. Application of Floating Aquatic Plants in Phytoremediation of Heavy

Metals Polluted Water: A Review. Sustainability., 12 (2020), <https://doi.org/10.3390/su12051927>.

Aliferis, K. A., Materzok, S., Paziotou, G. N., Chrysayi-Tokousbalides, M. C. Lemna minor L. as a model
organism for ecotoxicological studies performing 1H NMR fingerprinting. Chemosphere., 76 (2009),

pp. 967-973.

Alkimin, G. D., Daniel, D., Dionisio, R., Soares, A. M. V. M., Barata, C., Nunes, B. Effects of diclofenac
and salicylic acid exposure on Lemna minor: Is time a factor? Environ. Res., 177 (2019),

<https://doi.org/10.1016/j.envres.2019.108609>.

Almuktar, S. A. A. A. N., Abed, S. N., Scholz, M. Wetlands for wastewater treatment and subsequent

recycling of treated effluent: a review. Environ. Sci. Pollut. Res., 25 (2018), pp. 23595-23623.

Anderson, K. E., Lowman, Z., Stomp, A. M., Chang, J. Duckweed as a feed ingredient in laying hen

diets and its effect on egg production and composition. Int. J. Poult. Sci., 10 (2011), pp. 4-7.

Appenroth, K.J., Borisjuk, N., Lam, E. Telling duckweed apart: Genotyping technologies for the
Lemnaceae. Chin. J. Appl. Environ., 19 (2013), pp. 1-10.

Avila, C., Garcia-Galan, M. J., Borrego, C. M., Rodriguez-Mozaz, S., Garcia, J., Barceld, D. New insights
on the combined removal of antibiotics and ARGs in urban wastewater through the use of two
configurations of vertical subsurface flow constructed wetlands. Sci. Total Environ., 755 (2021),

<https://doi.org/10.1016/].scitotenv.2020.142554>,

Baaity, Z., Jamal, W., Rotimi, V. O., Buridn, K., Leitsch, D., Somogyvari, F., Nagy, E., SokiJ. Antimicrobial

susceptibility of anaerobic bacteria; Molecular characterization of metronidazole resistant



-99-

Bacteroides strains from Kuwait. Anaerobe., 69 (2021),

https://doi.org/10.1016/j.anaerobe.2021.102357>.

Baciak, M., Sikorski, L., Piotrowicz-Cieslak, A. I., Adomas, B. Content of biogenic amines in Lemna
minor (common duckweed) growing in medium contaminated with tetracycline. Aquat. Toxicol., 180

(2016), pp. 95-102.

Balarak, D., Chandrika, K. Batch Studies on Biosorption of Ciprofloxacin on Freshwater Macro Alga

Lemna minor. Int. J. Pharm. Investig., 9 (2019), pp. 117-121.

Batt, A. L., Kim, S., Aga, D.S. Enhanced biodegradation of iopromide and trimethoprim in nitrifying
activated sludge. Environ Sci Technol, 40 (2006), pp. 7367-7373.

Braschia, I., Blasiolia, S., Fellet, C., Lorenzini, R., Garelli, A., Pori, M., Giacomini, D. Persistence and
degradation of new B-lactam antibiotics in the soil and water environment. Chemosphere., 93

(2013), pp. 152-159.

Carvalho, P. N., Basto, M. C. P., Almeida, C. M. R. Potential of Phragmites australis for the removal of

veterinary pharmaceuticals from aquatic media. Bioresour. Technol., 116 (2012), pp. 497-501.

Carvalho, P. N., Basto, M. C. P., Almeida, C. M. R., Brix, H. A review of plant—pharmaceutical
interactions: from uptake and effects in crop plants to phytoremediation in constructed wetlands.

Environ. Sci. Pollut. Res., 21 (2014), pp. 11729-11763.

Cascone, A., Forni, C., Migliore, L. Flumequine uptake and the aquatic duckweed, Lemna minor L.

Water Air Soil Pollut., 156 (2004), pp. 241-249.

Cha, J. M,, Yang, s., Carlson, K. H. Trace determination of B-lactam antibiotics in surface water and
urban wastewater using liquid chromatography combined with electrospray tandem mass

spectrometry. J. Chromatogr. A., 1115 (2006), pp. 46-57.

Chemical Entities of Biological Interest (ChEBI), 2022a. CHEBI:24302 - glucosiduronic acid. [Online].
Available at: <https://www.ebi.ac.uk/chebi/searchld.do?chebild=CHEBI:24302>.

Chemical Entities of Biological Interest (ChEBI), 2022b. CHEBI:76969 - bacterial metabolite. [Online].
Available at: <https://www.ebi.ac.uk/chebi/searchld.do?chebild=CHEBI:76969>.

ChemSpider (2023a). Royal Society of Chemistry. [Online]. Available at:

<http://www.chemspider.com/#>.

ChemSpider (2023b). C29H30017. Royal Society of Chemistry. [Online]. Available at:
<http://www.chemspider.com/Search.aspx?q=C29H30017>.



-100 -

Chen, J., Michel, F. C., Sreevatsan, S, Morrison, M., Yu, Z. Occurrence and Persistence of Erythromycin
Resistance Genes (erm) and Tetracycline Resistance Genes (tet) in Waste Treatment Systems on

Swine Farms. Microb. Ecol., 60 (2010), pp. 479-486.

Chen, J,, Ying, G. G., Wei, X. D,, Liu, Y. S, Liu, S. S., Hu, L. X, He, L. Y., Chen, Z. F,, Chen, F. R, Yang, Y. Q.
Removal of antibiotics and antibiotic resistance genes from domestic sewage by constructed
wetlands: Effect of flow configuration and plant species. Environ. Sci. Pollut. Res., 571 (2016), pp.
974-982.

Chen, J.,, Deng, W. J,, Liy, Y. S, Hu, L. X., He, L. Y., Zhao, J. L., Wang, T. T,, Ying, G. G. Fate and removal
of antibiotics and antibiotic resistance genes in hybrid constructed wetlands. Environ. Pollut., 249

(2019), pp. 894-903.

Cheng, C, Liy, Y., Shehata, E., Feng, Y., Lin, H., Xue, J., Li, Z. In-feed antibiotic use changed the
behaviors of oxytetracycline, sulfamerazine, and ciprofloxacin and related antibiotic resistance genes
during swine manure composting. J. Hazard. Mater., 402 (2021),

<https://doi.org/10.1016/j.jhazmat.2020.123710>.

Choi, K. J., Kim, S.G., Kim, CW., Kim, S.H. Determination of antibiotic compounds in water by on-line

SPE-LC/MSD. Chemosphere, 66 (2007), pp. 977-984.

Chu, A., Wang, D., Guo, Q,, Lv, Z,, Yuan, Y., Gong, Y. Molecular detection of H. pylori antibiotic-
resistant genes and molecular docking analysis. FASEB., 34 (2020), pp. 610-618.

Chulia, A. J., Vercauteren, J., Mariotte, A. M. Iridoids and flavones from Gentiana depressa.

Phytochemistry., 42 (1996), pp. 139-143.

Clara, M., Strenn, B., Gans, O., Martinez, E., Kreuzinger, N., Kroiss, H. Removal of selected
pharmaceuticals, fragrances and endocrine disrupting compounds in a membrane bioreactor and

conventional wastewater treatment plants. Water Res, 39 (2005), pp. 4797-4807.

Cleuvers, M., Ratte, H. Phytotoxicity of coloured substances: is Lemna Duckweed an alternative to

the algal growth inhibition test? Chemosphere., 49 (2002), pp. 9-15.

Cui, W., Cheng, J. J. Growing duckweed for biofuel production: a review. Plant Biol., 17 (2015), pp. 16-
23.

Dawid, C., Hille, K. Functional Metabolomics—A Useful Tool to Characterize Stress-Induced
Metabolome Alterations Opening New Avenues towards Tailoring Food Crop Quality. Agronomy, 8

(2018), pp. 138.



-101 -

De Castro Oliveira, L. G., Moreira Brito, L., de Moraes Alves, M. M., Amorim, L. V., Pereira Costa
Sobrinho-Junior, E., Sousa de Carvalho, C. E., da Franca Rodrigues, K. A., Dias Rufino Arcanjo, D., das
Gragas Lopes Citd, A. M., de Amorim Carvalho, F. A. In Vitro Effects of the Neolignan 2,3-
Dihydrobenzofuran Against Leishmania Amazonensis. Basic Clin. Pharmacol. Toxicol., 120 (2017), pp.

Pages 52-58.

De Vos, R. C. H., Moco, S., Lommen, A., Keurentjes, J. J. B., Bino, R. J., Hall, R. D. Untargeted large-
scale plant metabolomics using liquid chromatography coupled to mass spectrometry. Nat. Protoc., 2

(2007), pp. 778-91.

Department for Environment, Food & Rural Affairs (Defra), (2020). Water supply and demand
management. National Audit Office. [Online]. Available at: <https://www.nao.org.uk/wp-

content/uploads/2020/03/Water-supply-and-demand-management-Summary.pdf>.
Devi, S. S., Mehendale, H. M. Quinones. Encyclopedia of Toxicology, (Third Ed.), (2014).

Dorman, G., Flachner, B., Hajdq, I., Andras, C. D. Chapter 21 - Target Identification and
Polypharmacology of Nutraceuticals. Nutraceuticals; Efficacy, Safety and Toxicity (second Ed.) (2021),
pp. 263-286.

Drost, W., Matzke, M., Backhaus, T. Heavy metal toxicity to Lemna minor: studies on the time
dependence of growth inhibition and the recovery after exposure. Chemosphere., 67 (2007), pp. 36-
43,

DrugBank Online (2023). [Online]. Available at: <https://go.drugbank.com/>.

Du, L., Zhao, Y., Wang, C., Zhang, H., Chen, Q., Zhang, X., Zhang, L., Wu, J., Wu, Z., Zhou, Q. Removal
performance of antibiotics and antibiotic resistance genes in swine wastewater by integrated
vertical-flow constructed wetlands with zeolite substrate. Sci. Total Environ., 721 (2020),

<https://doi.org/10.1016/j.scitotenv.2020.137765>.

Dunn, W.B.; Ellis, D.l. Metabolomics: Current analytical platforms and methodologies. Trends Anal.

Chem., 24 (2005), pp. 285-294.

Durén, A., Monteagudo, J. M., Carnicer, A., Ruiz-Murillo, M. Photo-Fenton mineralization of synthetic
municipal wastewater effluent containing acetaminophen in a pilot plant. Desalination., 270 (2011),

pp. 124-129.

Ebert, I., Bachmann, J., Kilhnen, U., Kiister, A., Kussatz, C., Maletzki, D., Schliter, C. Toxicity of the
fluoroquinolone antibiotics enrofloxacin and ciprofloxacin to photoautotrophic aquatic organisms.

Environ. Toxicol., 30 (2011), pp. 2786-2792.



-102 -

Eckey-Kaltenbach, H.,Heller, W., Sonnenbichler, J., Zetl, I., Schafer, W., Ernst, D., Sandermann, H.
Oxidative stress and plant secondary metabolism: 6”-O-malonylapiin in parsley. Phytochemistry., 34

(1993), pp. 687-691.

Ekperusi, A. O., Sikoki, F. D., Nwachukwu, E. O. Application of common duckweed (Lemna minor) in
phytoremediation of chemicals in the environment: State and future perspective. Chemosphere., 223

(2019), pp. 285-309.

Ephritikhine, G., Pagant, S., Fujioka, S., Takatsuto, S., Lapous, D., Caboche, M., Kendrick, R. E., Barbier-
Brygoo, H. The sax1 mutation defines a new locus involved in the brassinosteroid biosynthesis

pathway in Arabidopsis thaliana. Plant J., 18 (1999), pp. 315-320.

Expdsito, A. J., Monteagudo, J. M., Durdn, A., Ferndndez, A. Dynamic behavior of hydroxyl radical in
sono-photo-Fenton mineralization of synthetic municipal wastewater effluent containing antipyrine.

Ultrason. Sonochem., 35 (2017), pp. 185-195.

Federal Drug Agency (No. Date.), Approved Drug Products: Cleocin (clindamycin hydrochloride) oral
capsules. [Online]. Available at:

<https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/050162s1011bl.pdf.>.

Feng, L., Li, Y., Zhang, J., Li, C., Wu, H. Dynamic variation in nitrogen removal of constructed wetlands
modified by biochar for treating secondary livestock effluent under varying oxygen supplying

conditions. J. Environ. Manage., 260 (2020), <https://doi.org/10.1016/j.jenvman.2020.110152>.

Fiehn, O. Metabolomics—The link between genotypes and phenotypes. Plant Mol Biol., 48 (2002),
pp. 155-71.

Filali, A., Bollon, J., Molle, P., Mander, U., Gillot, S. High-frequency measurement of N20O emissions

from a full-scale vertical subsurface flow constructed wetland. Ecol. Eng., 108 (2017), pp. 240-248.

Forni, C., Braglia, R., Harren, F. J. M., Cristescu, S. M. Stress responses of duckweed (Lemna minor L.)
and water velvet (Azolla filiculoides Lam.) to anionic surfactant sodium-dodecyl-sulphate (SDS).

Aquat. Toxicol., 110-111 (2012), pp. 107-113.

Fox, L. A. M., Saravolatz, L. D. Nitazoxanide: a new thiazolide antiparasitic agent. Clin Infect Dis., 15

(2005), pp. 1173-80.

Gaffney, I., Sallach, J. B., Wilson, J., Bergstrom, E., Thomas-Oates, J. Metabolomic Approaches to
Studying the Response to Drought Stress in Corn (Zea mays) Cobs. Metabolites, 11 (2021),
https://doi.org/10.3390/metabo11070438>.



-103 -

Gaffney, I. R. Novel Applications of Paleometabolomics and Stable Isotope Ratios to Archaeobotanical

Maize. University of York, Chemistry, (2022).

Gal, M., Brazier, J. S. Metronidazole resistance in Bacteroides spp. carrying nim genes and the
selection of slow-growing metronidazole-resistant mutants. J. Antimicrob. Chemother., 54 (2004), pp.

109-116.

Garcia, J., Garcia-Galdn, M. J., Day, J. W., Boopathy, R., White, J. R., Wallace, S., Hunter, R. G. A review
of emerging organic contaminants (EOCs), antibiotic resistant bacteria (ARB), and antibiotic
resistance genes (ARGs) in the environment: Increasing removal with wetlands and reducing
environmental impacts. Bioresour. Technol., 307 (2020),

https://doi.org/10.1016/]j.biortech.2020.123228>.

Garcia-Galan, M. J., Diaz-Cruz, M.S., Barceld, D. Occurrence of sulfonamide residues along the Ebro

River basin. Environ Int, 37 (2011), pp. 462-473.

Geng, X,, Li, W.,, Chen, Z., Gao, S., Hong, W., Ge, X., Hou, G. The Bifunctional Enzyme SpoT Is Involved
in the Clarithromycin Tolerance of Helicobacter pylori by Upregulating the Transporters HP0939,
HP1017, HP0497, and HP0471. Antimicrob. Agents Chemother., 61 (2017),
<https://doi.org/10.1128/aac.02011-16>.

Gerhardt, K. E., Huang, X-D., Glick, B. R., Greenberg, B. M. Phytoremediation and rhizoremediation of

organic soil contaminants: potential and challenges. Plant Sci. 176 (2009), pp. 20-30.

Ghosh, G. C., Okuda, T., Yamashita, N., Tanaka, H. Occurrence, and elimination of antibiotics at four
sewage treatment plants in Japan and their effects on bacterial ammonia oxidation. Water Sci

Technol, 59 (2009), pp. 779-786.

Gobel, A., Mcardell, C. S., Joss, A., Siegrist, H., Giger. W. Fate of sulfonamides, macrolides, and
trimethoprim in different wastewater treatment technologies. Sci Total Environ, 372 (2007), pp. 361-

371.

Golet, E., Xifra, ., Siegrist, H., Alder, A., Giger. W. Environmental exposure assessment of
fluoroquinolone antibacterial agents from sewage to soil. Environ Sci Technol, 37 (2003), pp. 3243-

3249.

Gomes, M. P., Gongalves, C. A., Moreira de Brito, J. C., Souza, A. M., Vieira da Silva Cruz, F., Bicalho, E.
M., Figueredo, C. C., Souza Garcia, Q. Ciprofloxacin induces oxidative stress in duckweed (Lemna
minor L.): Implications for energy metabolism and antibiotic-uptake ability. J. Hazard. Mater. 328

(2017), pp. 140-149.



-104 -

Gomes, M. P,, Brito, J. C., Rocha, D. C., Navarro-Silva, M. A., Juneau, P. Individual and combined
effects of amoxicillin, enrofloxacin, and oxytetracycline on Lemna minor physiology. Ecotoxicol.

Environ. Saf., 203 (2020), < https://doi.org/10.1016/j.ecoenv.2020.111025>.

Gonzalez-Renteria, M., Monroy-Dosta, M. C., Guzman-Garcia, X., Hernandez-Calderas, I. H., Ramos-
Lopez, M. A. Antibacterial activity of Lemna minor extracts against Pseudomonas fluorescens and

safety evaluation in a zebrafish model. Saudi J. Biol. Sci., 27 (2020), pp. 3465-3473.

Grenni, P., Patrolecco, L., Rauseo, J., Spataro, F., Di Lenola, M., Aimola, G., Zacchini, M., Pietrini, F., Di
Baccio, D., Stanton, I. C., Gaze, W. H., Caracciolo, A. B. Sulfamethoxazole persistence in a river water
ecosystem and its effects on the natural microbial community and Lemna minor plant. Microchem. J.,

149 (2019), < https://doi.org/10.1016/j.microc.2019.103999>.

Gulkowska, A., Leung, H. W., So, M. K., Taniyasu, S., Yamashita, N., Yeung, L. W. Y., Richardson, B. J.,
Lei, A. P, Giesy, J. P, Lam, P. K. S. Removal of antibiotics from wastewater by sewage treatment

facilities in Hong Kong and Shenzhen, China. Water Res, 42 (2008), pp. 395-403.

Guo, M. T, Yuan, Q. B., Yang, J. Insights into the amplification of bacterial resistance to erythromycin

in activated sludge. Chemosphere., 136 (2015), pp. 79-85.

Guo, F., Zhang, J., Yang, X., He, Q., Ao, L., Chen, Y. Impact of biochar on greenhouse gas emissions
from constructed wetlands under various influent chemical oxygen demand to nitrogen ratios.

Bioresour. Technol., 303 (2020), <https://doi.org/10.1016/].biortech.2020.122908>.

Gwenzi, W., Musiyiwa, K., Mangori, L. Sources, behaviour and health risks of antimicrobial resistance
genes in wastewaters: A hotspot reservoir. J. Environ. Chem. Eng., 8 (2020),

https://doi.org/10.1016/j.jece.2018.02.028>.

Ha, N. T. H., Sakakibara, M., Sano, S. Accumulation of Indium and other heavy metals by Eleocharis
acicularis: an option for phytoremediation and phytomining. Bioresour. Technol., 102 (2011), pp.

2228-2234.

Hamscher, G., Pawelzick, H. T., Hoper, H., Nau, H. Different behavior of tetracyclines and
sulfonamides in sandy soils after repeated fertilization with liquid manure. Environ. Toxicol. Chem.,

24 (2009), pp. 861-868.

Han, W,, Luo, G., Luo, B., Yu, C., Wang, H., Chang, J., Ge, Y. Effects of plant diversity on greenhouse
gas emissions in microcosms simulating vertical constructed wetlands with high ammonium loading.

J. Environ. Sci., 77 (2019), pp. 229-237.



-105 -

Hanafi, A., Lee, W. C., Loke, M. F,, Teh, X., Shaari, A., Dinarvand, M., Lehours, P., Mégraud, F., Leow, A.
H. R., Vadivelu, J., Goh, K. L. Molecular and Proteomic Analysis of Levofloxacin and Metronidazole
Resistant Helicobacter pylori. Front. Microbiol., 7 (2016),
<https://doi.org/10.3389/fmicb.2016.02015>.

Hardwick, S. A., Stokes, H. W., Findlay, S., Taylor, M. Gillings, M. R. Quantification of class 1 integron
abundance in natural environments using real-time quantitative PCR. FEMS Microbiol. Lett., 278

(2008), pp. 207-212.

Hayward, J. L., Huang, Y., Yost, C. K., Hansen, L. T., Lake, C., Tong, A., Jamieson, R. C. Lateral flow
sand filters are effective for removal of antibiotic resistance genes from domestic wastewater. Water

Res., 162 (2019), pp. 482-491.

Helt, C. D., Weber, K. P., Legge, R. L., Slawson, R.M. Antibiotic resistance profiles of representative
wetland bacteria and faecal indicators following ciprofloxacin exposure in lab-scale constructed

mesocosms. Ecol. Eng., 39 (2012), pp. 113-122.

Hijosa-Valsero, M., Reyes-Contreras, C., Dominguez, C., Bécares, E., Bayona, J. M. Behaviour of
pharmaceuticals and personal care products in constructed wetland compartments: Influent,

effluent, pore water, substrate, and plant roots. Chemosphere, 145 (2016), pp. 508-517.
Hoshita, T. Comparative Biochemical Studies of Cholanoids. Yakugaku Zasshi., 116 (1996), pp. 71-90.

Hou, J., Xia, L., Ma, T., Zhang, Y., Zhou, Y., He, X. Achieving short-cut nitrification and denitrification

in modified intermittently aerated constructed wetland. Bioresour. Technol., 232 (2017), pp. 10-17.

Huang, X, Liu, C., Li, K., Su, J., Zhu, G., Liu, L. Performance of vertical up-flow constructed wetlands

on swine wastewater containing tetracyclines and tet genes. Water Res., 70 (2015), pp. 109-117.

Huang, X., Ye, G.,Yi, N, Lu, L., Zhang, L., Yang, L., Xiao, L., Liu, J. Effect of plant physiological
characteristics on the removal of conventional and emerging pollutants from aquaculture

wastewater by constructed wetlands. Ecol. Eng., 135 (2019), pp. 45-53.

Hummel, A., Holzapfel, W. H., Franz, C. M. A. P. Characterisation and transfer of antibiotic resistance

genes from enterococci isolated from food. Syst. Appl. Microbiol., 30 (2007), pp. 1-7.

Hussein, R. A., Al-Ouqaili, M. T. S., Majeed, Y. H. Detection of clarithromycin resistance and 23SrRNA
point mutations in clinical isolates of Helicobacter pylori isolates: Phenotypic and molecular

methods. Saudi J. Biol. Sci., 29 (2022), pp. 513-520.



-106 -

latrou, E. ., Gatidou, G., Damalas, D., Thomaidis, N. S., Stasinakis, A. S. Fate of antimicrobials in

duckweed Lemna minor wastewater treatment systems. J. Hazard. Mater., 330 (2017), pp. 116-126.
IBM Corp. Released 2021. IBM SPSS Statistics for Windows, Version 28.0. Armonk, NY: IBM Corp.

Igbal, S. Duckweed Aquaculture: Potentials, Possibilities and Limitations for Combined Wastewater
Treatment and Animal Feed Production in Developing Countries. Swiss Federal Institute for

Environmental Science & Technology, Duebendorf, Switzerland., (1999), p. 89.

Jechalke, S., Heuer, H., Siemens, J., Amelung, W., Smalla, K. Review; Fate and effects of veterinary

antibiotics in soil. Trends Microbiol., 22 (2014), pp. 536-545.

Kadota, S., Tsubono, K., Makino, K., Takeshita, M., Kikuchi, T. Convenient synthesis of magnoshinin, an

anti-inflammatory neolignan. Tetrahedron Lett., 28 (1987), pp. 2857-2860.

Kalaji, H. M., Carpentier, R., Allakhverdiey, S. 1., Bosa, K. Fluorescence parameters as early indicators

of light stress in barley. J. Photochem. Photobiol. B, Biol., 112 (2012), pp. 1-6.

Kalaji, H. M., Jajoo, A., Oukarroum, A., Brestic, M., Zivcak, M., Samborska, I. A., Cetner, M. D.,
tukasik, I., Goltsev, V., Ladle, R. J. Chlorophyll a fluorescence as a tool to monitor physiological status
of plants under abiotic stress conditions. Acta Physiol. Plant., 38 (2016),
<https://doi.org/10.1007/s11738-016-2113-y>.

Kapoor, G., Saigal, S., Elongavan, A. Action and resistance mechanisms of antibiotics: A guide for

clinicians. J. Anaesthesiol. Clin. Pharmacol., 33 (2017), pp. 300-305.

Karaolia, P., Michael-Kordatou, I., Hapeshi, E., Drosou, C., Bertakis, Y., Christofilos, D., Armatas, G.S.,
Sygellou, L., Schwartz, T., Xekoukoulotakis, N. P., Fatta-Kassinos, D. Removal of antibiotics, antibiotic-
resistant bacteria and their associated genes by graphene-based TiO2 composite photocatalysts

under solar radiation in urban wastewaters. Appl. Catal., 224 (2018), pp. 810-824.

Kargar, M., Baghernejad, M., Doosti, A. Role of NADPH-insensitive nitroreductase gene to

metronidazole resistance of Helicobacter pylori strains. DARU., 18 (2010), pp. 137-140.

Khan, M. A., Marwat, K. B., Gul, B., Wahid, F., Khan, H., Hashim, S. Pistia stratiotes L. (Araceae):
phytochemistry, use in medicines, phytoremediation, biogas and management options. Pakistan J.

Bot., 46 (2014), pp. 851-860.

Kim, H. U. Lipid Metabolism in Plants. Plants., 9 (2020), <https://doi.org/10.3390/plants9070871>.



-107 -

Kim, J. Y., Kim, H. Y., Jeon, J. Y., Kim, D. M., Zhou, Y,, Lee, J. S., Lee, H., Choi, H. K. Effects of coronatine
elicitation on growth and metabolic profiles of Lemna paucicostata culture. PLoS One., 12 (2017),

<https://doi.org/10.1371/journal.pone.0187622>.

Kostopoulou, S., Ntatsi, G., Arapis, G., Aliferis, K. A. Assessment of the effects of metribuzin,
glyphosate, and their mixtures on the metabolism of the model plant Lemna minor L. applying

metabolomics. Chemosphere., 239 (2020), <https://doi.org/10.1016/j.chemosphere.2019.124582>.

Kraupner, N., Ebmeyer, S., Bengtsson-Palme, J., Fick, J., Kristiansson, E., Flach, C. F,, Larsson, D. G. J.
Selective concentration for ciprofloxacin resistance in Escherichia coli grown in complex aquatic

bacterial biofilms. Environ. Int., 116 (2018), pp. 255-268.

Kraupner, N., Ebmeyer, S., Hutinel, M., Fick, J., Flach, C. F., Larsson, D. G. J. Selective concentrations
for trimethoprim resistance in aquatic environments. Environ. Int., 144 (2020),

<https://doi.org/10.1016/j.envint.2020.106083>.

Krupka, M., Michalczyk, D. J., Zaltauskaite, J., Sujetoviené, G., Gtowacka, K., Grajek, H., Wierzbicka,
M., Piotrowicz-Cieslak, A. I. Physiological and Biochemical Parameters of Common Duckweed Lemna
minor after the Exposure to Tetracycline and the Recovery from This Stress. Molecules., 26 (2021),

<https://doi.org/10.3390/molecules26226765>.

Kummerovd, M., Zezulka, S., Babula, P., Tfiska, J. Possible ecological risk of two pharmaceuticals
diclofenac and paracetamol demonstrated on a model plant Lemna minor. ). Hazard. Mater., 302

(2016), pp. 351-361.

Kwon, Y. H., Kim, J. Y., Kim, N, Park, J. H., Nam, R. H., Lee, S. M., Kim, J. W., Kim, J. M., Park, J. Y., Lee,
D. H. Specific mutations of penicillin-binding protein 1A in 77 clinically acquired amoxicillin-resistant
Helicobacter pylori strains in comparison with 77 amoxicillin-susceptible strains. Heliobacter, 22

(2017), <https://doi.org/10.1111/hel.12437>.

Lemon, G.D., Posluszny, U., Husband, B.C. Potential and realized rates of vegetative reproduction in

Spirodela polyrhiza, Lemna minor, and Wolffia borealis. Aquat. Bot., 70 (2001), pp. 79-87.

Li, B., Zhang, T. Mass flows and removal of antibiotics in two municipal wastewater treatment plants.

Chemosphere, 83 (2011), pp. 1284-1289.

Li, B., Zhang, T., Xua, Z., Fang, H. H. P. Rapid analysis of 21 antibiotics of multiple classes in municipal
wastewater using ultra performance liquid chromatography-tandem mass spectrometry. Anal. Chim.

Acta, 645 (2009), pp. 64-72.



-108 -

Li, F.,, Lu, L., Zheng, X., HaoNgo, H. H., Liang, S., Guo, W., Zhang, X. Enhanced nitrogen removal in
constructed wetlands: Effects of dissolved oxygen and step-feeding. Bioresour. Technol., 169 (2014),

pp. 395-402.

Lien, L. T. Q,, Lan, P. T, Chuc, N. T. K, Hoa, N. Q., Nhung, P. H,, Thoa, N. T. M., Diwan, V., Tamhankar, A.
J., Lundborg, C. S. Antibiotic Resistance and Antibiotic Resistance Genes in Escherichia coli Isolates
from Hospital Wastewater in Vietnam. Int. J. Environ. Res. Public Health., 29 (2017),

<https://doi.org/10.3390/ijerph14070699>.

Lima, A. S., Rocha, R. D. C,, Pereira, E. C., Sikora, M. D. S. Photodegradation of Ciprofloxacin antibiotic
over TiO2 grown by PEO: ecotoxicity response in Lactuca sativa L. and Lemna minor. Int J Environ Sci

Technol., 19 (2021), pp. 2771-2780.

Lindberg, R., Wennberg, P., Johansson, M., Tysklind, M., Andersson, B. Screening of human antibiotic
substances and determination of weekly mass flows in five sewage treatments plants in Sweden.

Environ Sci Technol, 39 (2005), pp. 3421-3429.

Lindberg, R. H., Olofsson, U., Rendahl, P., Johansson, M. |, Tysklind, M., Andersson, B. A. V. Behavior
of Fluoroquinolones and Trimethoprime during mechanical, chemical, and active sludge treatment of

sewage water and digestion of sludge. Environ Sci Technol, 40 (2006), pp. 1042-1048.

Liu, J., Qiu, C., Xiao, B., Cheng, Z. The role of plants in channel-dyke and field irrigation systems for
domestic wastewater treatment in an integrated eco-engineering system. Ecol. Eng., 16 (2000), pp.

235-241.

Liu, H. W., Mander, L. Comprehensive Natural Products Il. Chemistry and Biology. Elsevier Science,

Amsterdam, Netherlands, (First Ed.), (2010).

Liu, L., Liu, Y. H., Liu, C. X., Wang, Z., Dong, J., Zhu, G. F., Huang, X. Potential effect and accumulation
of veterinary antibiotics in Phragmites australis under hydroponic conditions. Ecol. Eng., 53 (2013),

pp. 138-143.

Liu, X., Guo, X., Liu, Y., Lu, S., Xi, B., Zhang, J., Wang, Z., Bi, B. A review on removing antibiotics and
antibiotic resistance genes from wastewater by constructed wetlands: Performance and microbial

response. Environ. Pollut., 254 (2019a), <https://doi.org/10.1016/j.envpol.2019.112996>.

Liu, L., Li, J., Fan, H., Huang, X., Wei, L., Liu, C. Fate of antibiotics from swine wastewater in
constructed wetlands with different flow configurations. Int Biodeterior Biodegradation., 140

(2019b), pp. 119-125.



-109 -

Liu, F.,, Fan, J., Du, J,, Shi, X., Zhang, J., Shen, Y. Intensified nitrogen transformation in intermittently
aerated constructed wetlands: Removal pathways and microbial response mechanism. Sci. Total

Environ., 650 (2019c), pp. 2880-2887.

Luo, B., Du, Y., Han, W., Geng, Y., Wang, Q., Duan, Y., Ren, Y,, Liu, D., Chang, J., Ge, Y. Reduce health
damage cost of greenhouse gas and ammonia emissions by assembling plant diversity in floating
constructed wetlands treating wastewater. J. Clean. Prod., 244 (2020),

<https://doi.org/10.1016/].jclepro.2019.118927>.

Lynch, D. V., Fairfield, S. R. Sphingolipid long chain base synthesis in plants. Plant Physiol., 103 (1993),
pp. 1421-1429.

Mander, U., Dotro, G., Ebie, Y., Towprayoon, S., Chiemchaisri, C., Nogueira, S. F., Jamsranjav, B., Kasak,
K., Truu, J., Tournebize, J., Mitsch, W. J., Greenhouse gas emission in constructed wetlands for

wastewater treatment: A review. Ecol. Eng., 66 (2014), pp. 19-35.

Mao, H., Yang, H., Xu, Z., Yang, Y., Zhang, X., Huang, F., Wei, L., Li, Z. Microplastics and co-pollutant
with ciprofloxacin affect interactions between free-floating macrophytes. Environ. Pollut., 316 (2023),

<https://doi.org/10.1016/j.envpol.2022.120546>.

Matamoros, V., Garcia, J., Bayona, J. M. Behaviour of selected pharmaceuticals in subsurface flow

constructed wetlands: a pilot-scale study. Environ. Sci. Technol., 39 (2005), pp. 5449-5454.

Matamoros, V., Bayona, J. M. Elimination of pharmaceuticals and personal care products in

subsurface flow constructed wetlands. Environ. Sci. Technol., 40 (2006), pp. 5811-5816.

Mathesius, U. Flavonoid Functions in Plants and Their Interactions with Other Organisms. Plants., 7

(2018), pp. 30.

Matvienko, M., Wojtowicz,A., Wrobel, R., Jamison, D., Goldwasser, Y., Yoder, J. |. Quinone
oxidoreductase message levels are differentially regulated in parasitic and non-parasitic plants

exposed to allelopathic quinones. Plant J., 25 (2001), pp. 375-387.

Mauchamp, A., Blanch, S., Grillas, P. Effects of submergence on the growth of Phragmites australis

seedlings. Aquat. Bot., 69 (2001), pp. 147-164.

Maucieri, C., Barbera, A. C., Vymazal, J., Borin, M. A review on the main affecting factors of

greenhouse gases emission in constructed wetlands. Agric For Meteorol., 236 (2017), pp. 175-193.

Mbagwu, G., Adeniji, H. A. The nutritional content of duckweed (Lemna paucicostata hegelm.) in the

Kainji Lake area, Nigeria. Aquat. Bot., 29 (1988), pp. 357-366.



-110 -

Meng, L., Li, X., Wang, X., Ma, K., Liu, G., Zhang, J. Amoxicillin effects on functional microbial
community and spread of antibiotic resistance genes in amoxicillin manufacture wastewater

treatment system. J. Environ. Sci., 61 (2017), pp. 110-117.

Michael, I., Rizzo, L., McArdell, C. S., Manaia, C. M., Merlin, C., Schwartz, T., Dagot, C., Fatta-Kassinos,
D. Urban wastewater treatment plants as hotspots for the release of antibiotics in the environment:

A review. Water Res., 47 (2013), pp. 957-995.

Mkandawire, M., Teixeira da Silva, J. A., Dudel, E. G. The Lemna Bioassay: Contemporary Issues as the
Most Standardized Plant Bioassay for Aquatic Ecotoxicology. Crit Rev Environ Sci Technol., 44 (2014),
pp. 154-197.

Modin, O., Persson, F., Wilén, B, M., Hermansson, M. Nonoxidative removal of organics in the

activated sludge Process. Crit Rev Environ Sci Technol., 46 (2016), pp. 635-672.

Mosleh, M. N., Gharibi, M., Alikhani, M. Y., Saidijam, M., Vakhshiteh, F. Antimicrobial susceptibility
and analysis of macrolide resistance genes in Streptococcus pneumoniae isolated in Hamadan. Iran J.

Basic Med. Sci., 17 (2014), pp. 595-599.

Mukherjee, S., Chakraborty, R. Incidence of class 1 integrons in multiple antibiotic-resistant Gram-

negative copiotrophic bacteria from the River Torsa in India. Res. Microbiol., 157 (2006), pp. 220-226.

Nasseh, I., Khodadadi, M., Khosravi, R., Beirami, A., Nasseh, N. Metronidazole Removal Methods

from Aquatic Media: A Systematic Review. Ann. med. health sci. res., 14 (2016), pp. 13756.

NHSBSA Statistics and Data Science. Prescription Cost Analysis - England 2019 - Statistical summary
tables. Business Services Authority, (2019). [Online]. Available at:
<https://www.nhsbsa.nhs.uk/statistical-collections/prescription-cost-analysis-england/prescription-

cost-analysis-england-2019>.

O’Harrigan, G. G., Stork, L.G., Riordan, S.G., Ridley, W.P., Maclsaac, S., Halls, S.C., Orth, R., Rau, D.,
Smith, R.G., Wen, L., Brown, W. E., Riley, R., Sun, D., Modiano, S., Pester, T., Lund, A., Nelson, D.
Metabolite analyses of grain from maize hybrids grown in the United States under drought and

watered conditions during the 2002 field season. J. Agric. Food Chem., 55 (2007), pp. 6169-6176.

Office for National Statistics (2020). England population mid-year estimate (Mid 2018). [Online].
Available at:
<https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationesti

mates/timeseries/enpop/pop>.



-111 -

Ohnishi, T. Recent advances in brassinosteroid biosynthetic pathway: insight into novel

brassinosteroid shortcut pathway. J Pestic Sci., 43 (2018), pp. 159-167.

Opris, 0., Copaciu, F,, Soran, M. L., Ristoiu, D., Niinemets, U., Copolovici, L. Influence of nine
antibiotics on key secondary metabolites and physiological characteristics in Triticum aestivum: Leaf
volatiles as a promising new tool to assess toxicity. Ecotoxicol. Environ. Saf., 87 (2013), pp. 70-
79allisneria spiralis in mesocosmic wetland. Bioresour. Technol., 323 (2021), <

https://doi.org/10.1016/j.ecoenv.2012.09.019>.

Organisation for Economic Co-operation and Development (OECD). Test No. 303: Simulation Test -

Aerobic Sewage Treatment, OECD Guidelines for the Testing of Chemicals. OECD Publishing, (2001).

Organisation for Economic Co-operation and Development (OECD). Test No. 221: Lemna sp. Growth

Inhibition Test, OECD Guidelines for the Testing of Chemicals, Section 2. OECD Publishing, (2006).

Park, J. C., Lee, J. C., Oh, J. Y, Jeong, Y. W,, Cho, J. W.,Joo, H. S., Lee, W. K., Lee, W. B. Antibiotic
selective pressure for the maintenance of antibiotic resistant genes in coliform bacteria isolated from

the aquatic environment. Water Sci. Technol., 47 (2003), pp. 249-53.

Paul, R., Postius, S., Melchers, K., Schafer, K. P. Mutations of the Helicobacter pylori Genes rdxA and
pbpl1 Cause Resistance against Metronidazole and Amoxicillin. Antimicrob. Agents Chemother., 45

(2001), pp. 962-965.

Pavlovi¢, D., Nikoli¢, B., Burovié, S., Waisi, H., Andelkovi¢, A., Marisavljevi¢, D. Chlorophyll as a

measure of plant health: Agroecological aspects. Pestic. Phytomed., 29 (2014), pp. 21-34.

Pham Phu, S. T. Research on the Correlation Between Chlorophyll-a and Organic Matter BOD, COD,
Phosphorus, and Total Nitrogen in Stagnant Lake Basins. Sustainable Living with Environmental Risks,

pp 177-191. Springer, Tokyo, Japan (First Ed.), (2014).

Philippot, L., Raaijmakers, J.M., Lemanceau, P., Van der Putten, H. M. Going back to the roots: The
microbial ecology of the rhizosphere. Nat. Rev. Microbiol., 11 (2013), pp. 789-799.

Piasecka, A., Kachlicki, P., Stobiecki, M. Analytical Methods for Detection of Plant Metabolomes

Changes in Response to Biotic and Abiotic Stresses. Int. J. Mol. Sci., 20 (2019), pp. 379.

Pina, M., Occhialini, A., Monteiro, L., Doermann, H. P., Mégraud, F. Detection of Point Mutations
Associated with Resistance of Helicobacter pylori to Clarithromycin by Hybridization in Liquid Phase.

J. Clin. Microbiol., 36 (1998), <https://doi.org/10.1128/jcm.36.11.3285-3290.1998>.



-112 -

Polianciuc, S. I., Gurzau, A. E., Kiss, B., Stefan, M. G., Loghin, F. Antibiotics in the environment: causes

and consequences. Med. Pharm. Rep., 93 (2020), pp. 231-240.

Pomati, F., Netting, A. G., Calamari, D., Neilan, B. A. Effects of erythromycin, tetracycline and
ibuprofen on the growth of Synechocystis sp. and Lemna minor. Aquat. Toxicol., 67 (2004), pp. 387-
396.

Pradas del Real, A.E., Silvan, J.M., de Pascual-Teresa, S.,Guerrero, A., Garcia-Gonzalo, P., Lobo, M. C,,
Pérez-Sanz, A. Role of the polycarboxylic compounds in the response of Silene vulgaris to chromium.

Environ. Sci. Pollut. Res., 24 (2017), pp. 5746-5756.

Preethi, C., Rao Thumu, S. C., Halami, P. M. Occurrence and distribution of multiple antibiotic-
resistant Enterococcus and Lactobacillus spp. from Indian poultry: in vivo transferability of their

erythromycin, tetracycline and vancomycin resistance. Ann. Microbiol., 67 (2017), pp. 395-404.

Przybylinska, P. A., Wyszkowski, M. Environmental contamination with phthalates and its impact on

living organisms. Ecol. Chem. Eng., 23 (2016), pp. 347 — 356.

PubChem, National Library of Medicine (US), National Centre for Biotechnology Information (2004-).

[Online]. Available at: <https://pubchem.ncbi.nlm.nih.gov/>.

Qin, Q., Zhao, z., Xia, I, Adam, A,, Li, Y., Chen, D., Mela, S. M., Li, H. The dissipation and risk alleviation
mechanism of PAHs and nitrogen in constructed wetlands: The role of submerged macrophytes and

their biofilms-leaves. Environ. Int., 131 (2019), <https://doi.org/10.1016/j.envint.2019.104940>.

Rabglle, M., Spliid, N. H. Sorption and mobility of metronidazole, olaquindox, oxytetracycline and

tylosin in soil. Chemosphere, 40 (2000), pp. 715-722.

Radjenovic, J., Petrovic, M., Barceld, D. Analysis of pharmaceuticals in wastewater and removal using

a membrane bioreactor. Anal. Bioanal. Chem., 387 (2007), pp. 1365-1377.

Radjenovic, J., Petrovic, M., Barceld, D. Fate and distribution of pharmaceuticals in wastewater and
sewage sludge of the conventional activated sludge (CAS) and advanced membrane bioreactor(MBR)

treatment. Water Res., 43 (2009), pp. 831-841.

Radulovi¢, 0., Stankovi¢, S., Uzelac, B., Tadi¢, V., Trifunovié¢-Momcilov, M., Lozo, J., Markovié, M.
Phenol Removal Capacity of the Common Duckweed (Lemna minor L.) and Six Phenol-Resistant
Bacterial Strains From Its Rhizosphere: In Vitro Evaluation at High Phenol Concentrations. Plants., 9

(2020), pp. 599.



-113 -

Rahman, Z., Islam, A., Rashid, M., Johura, F. T., Monira, S., Watanabe, H., Ahmed, N., Camilli, A.,
Alam, M. Existence of a novel gepA variant in quinolone resistant Escherichia coli from aquatic

habitats of Bangladesh. Gut Pathog., 9 (2017), <https://doi.org/10.1186/s13099-017-0207-8>.

Ramessar, K., Olaniran, A. O. Antibiogram and molecular characterization of methicillin-resistant
Staphylococcus aureus recovered from treated wastewater effluent and receiving surface water in
Durban, South Africa. World J. Microbiol. Biotechnol., 35 (2019), <https://doi.org/10.1007/s11274-
019-2715-9>.

Rasband (No. Date.). W.S., Imagel, U. S. National Institutes of Health, Bethesda, Maryland, USA.

[Online]. Available at: <https://imagej.nih.gov/ij/download.html>.

Rath, C. M., Scaglione, J. B., Kittendorf, J. D., Sherman, D. H. NRPS/PKS Hybrid Enzymes and Their
Natural Products. Chemistry, Molecular Sciences and Chemical Engineering; Comprehensive Natural

Products Il; Chemistry and Biology., 1 (2010), pp. 453-492.

Rehman, A., Jeukens, J., Levesque, R. C., Lamont, |. L. Gene-Gene Interactions Dictate Ciprofloxacin
Resistance in Pseudomonas aeruginosa and Facilitate Prediction of Resistance Phenotype from
Genome Sequence Data. Antimicrob. Agents Chemother., 65 (2021), <
https://doi.org/10.1128/aac.02696-20>.

Richter, J. A., Erban, A., Kopka, J., Zorb, C. Metabolic contribution to salt stress in two maize hybrids

with contrasting resistance. Plant Sci. 233 (2015), pp. 107-115.

Riva, V., Mapelli, F., Syranidou, E., Crotti, E., Choukrallah, R., Kalogerakis, N., Borin, S. Root Bacteria
Recruited by Phragmites australis in Constructed Wetlands Have the Potential to Enhance Azo-Dye

Phytodepuration. Microorganisms., 7 (2019), <https://doi.org/10.3390/microorganisms7100384>.

Roberts, P. H., K.V. Thomas, K. V. The occurrence of selected pharmaceuticals in wastewater effluent

and surface waters of the lower Tyne catchment. Sci. Total Environ., 356 (2006), pp. 143-153.

Rohlig, R. M., Eder, J., Engel, K. H. Metabolite profiling of maize grain: differentiation due to genetics
and environment. Metabolomics., 5 (2009), pp. 459-477.

Ronco, C., Bellomo, R., Kellum, J. A., Ricci, Z. Critical Care Nephrology. Critical Care Nephrology, Third
Edition, (2017).

Rosendahl, I., Siemens, J., Kindler, R., Groeneweg, J., Zimmermann, J., Czerwinski, S., Lamshoft, M.,
Laabs, V., Wilke, B. M., Vereecken, H., Amelung, W. Persistence of the Fluoroquinolone Antibiotic
Difloxacin in Soil and Lacking Effects on Nitrogen Turnover. J. Environ. Qual., 41 (2012), pp. 1275-
1283.



-114 -

Saccenti, E., Hoefsloot, H. C. J., Smilde, A. K., Westerhuis, J. A., Hendriks, M. M. W. B. Reflections on
univariate and multivariate analysis of metabolomics data. Metabolomics., (2014),

<https://doi.org/10.1007/s11306-013-0598-6>.

Saeed, T., Sun, G. A review on nitrogen and organics removal mechanisms in subsurface flow
constructed wetlands: dependency on environmental parameters, operating conditions and

supporting media. J. Environ. Manage., 112 (2012), pp. 429-448.

Sahar, E., Ernst, M., Godehardt, M., Hein, A., Herr, J., Melin, T., Cikurel, H., Aharoni, A., Messalem, R.,
Brenner, A., Jekel, M. Comparison of two treatments for the removal of selected organic
micropollutants and bulk organic matter: conventional activated sludge followed by ultrafiltration

versus membrane bioreactor. Water Sci. Technol., 63 (2011), pp. 733-740.

Saleem, M., Nazir, M., Akhtar, N., Onocha, P. A., Riaz, N., Jabbar, A., Ali, M. S., Sultana, N. New
phthalates from Phyllanthus muellerianus (Euphorbiaceae). J. Asian Nat. Prod. Res., 11 (2009), pp.
974-7.

Saleh, N., Yousaf, Z. Chapter 3 - Tools and techniques for the optimized synthesis, reproducibility and
scale up of desired nanoparticles from plant derived material and their role in pharmaceutical
properties. Nanoscale Fabrication, Optimization, Scale-Up and Biological Aspects of Pharmaceutical

Nanotechnology, (2018), pp. 85-131.

Schmitz, B. W., Innes, G. K., Xue, J., Gerba, C. P., Pepper, I. L., Sherchan, S. Reduction of erythromycin
resistance gene erm(F) and class 1 integron-integrase genes in wastewater by Bardenpho treatment.

Water Environ. Res., 92 (2020), pp. 1042-1050.

Shelef, 0., Gross, A., Rachmilevitch, S. Role of Plants in a Constructed Wetland: Current and New

Perspectives. Water., 5 (2013), pp. 405-419.

Shen, Y., Zhuan, R., Chu, L., Xiang, X., Sun, H., Wang, J. Inactivation of antibiotic resistance genes in
antibiotic fermentation residues by ionizing radiation: Exploring the development of recycling

economy in antibiotic pharmaceutical factory. Waste Manag., 84 (2019), pp. 141-146.

Sidhu, H., Bae, H. S., Ogram, A., O'Connor, G., Yu, F. Azithromycin and Ciprofloxacin Can Promote
Antibiotic Resistance in Biosolids and Biosolids-Amended Soils. Appl. Environ. Microbiol., 87 (2021),
<https://doi.org/10.1128/AEM.00373-21>.

Sidrach-Cardona, R., Hijosa-Valsero, M., Marti, E., Balcazar, J. L., Becares, E. Prevalence of antibiotic-
resistant fecal bacteria in a river impacted by both an antibiotic production plant and urban treated

discharges. Sci. Total Environ., 488—-489 (2014), pp. 220-227.



-115-

Sevik, A. K., Augustin, J., Heikkinen, K., Huttunen, J. T., Necki, J. M., Karjalainen, S. M., Klgve, B.,
Liikanen, A., Mander, U., Puustinen, M., Teiter, S., Wachniew, P. Emission of the Greenhouse Gases

Nitrous Oxide and Methane from Constructed Wetlands in Europe. 35 (2006), pp. 2360-2373.

Sproston, E. L., Wimalarathna, H. M. L., Sheppard, S. K. Trends in fluoroquinolone resistance in

Campylobacter. Microb. Genom., 4 (2018), <https://doi.org/10.1099/mgen.0.000198>.

Sree, K. S., Adelmann, K., Garcia, C., Lam, E., Appenroth, K. J. Natural variance in salt tolerance and

induction of starch accumulation in duckweeds. Planta., 241 (2015), pp. 1395-1404.

Stange, C,, Sidhu, J. P. S., Tiehm, A., Toze, S. Antibiotic resistance and virulence genes in coliform

water isolates. J. Hyg. Environ. Health., 219 (2016), pp. 823-831.

Stout, L. M., Dodova, E. N., Tyson, J.F., Nisslein, K. Phytoprotective influence of bacteria on growth

and cadmium accumulation in the aquatic plant Lemna minor. Water Res., 44 (2010), pp. 4970-4979.

Suhartono, S., Savin, M., Gbur, E. E. Genetic redundancy and persistence of plasmid-mediated
trimethoprim/sulfamethoxazole resistant effluent and stream water Escherichia coli. Water Res., 103

(2016), pp. 197-204.

Sun, C., Gao, X, Fu, J., Zhou, J., Wu, X. Metabolic response of maize (Zea mays L.) plants to combined

drought and salt stress. Plant and Soil., 388 (2015), 99-117.

Sun, S, Liu, J., Zhang, M., He, S. Simultaneous improving nitrogen removal and decreasing
greenhouse gas emission with biofilm carriers addition in ecological floating bed. Bioresour. Technol.,

292 (2019), < https://doi.org/10.1016/].biortech.2019.121944>.

Susarla, S., Medina, V. F., McCutcheon, S. C. Phytoremediation: an ecological solution to organic

chemical contamination. Ecol. Eng., 18 (2002), pp. 647-658.

Teixeira, S., Vieira, M. N., Marques, J. E., Pereira, R. Bioremediation of an iron-rich mine effluent by

Lemna minor. Int. J. Phytoremed., 16 (2014), pp. 1228-1240.

Tell, J., Caldwell, D. J., H., Haner, A., Hellstern, J., Hoeger, B., Journel, R., Mastrocco, F., Ryan, J. J.,
Snape, J., Straub, J. O., Vestel. J. Science-based Targets for Antibiotics in Receiving Waters from

Pharmaceutical Manufacturing Operations. Integr. Environ. Assess. Manag., 15 (2019), pp. 312-319.

Thuy Hoang, T, T.,, Cam Tu, L, T., Phi Le, N., Phu Dao, Q., Hong Trinh, P. Fate of fluoroquinolone

antibiotics in Vietnamese coastal wetland ecosystem. Wetl Ecol Manag., 20 (2012), pp. 399-408.

Tiwari, J., Tarale, P, Sivanesan, S., Bafana, A. Environmental persistence, hazard, and mitigation

challenges of nitroaromatic compounds. Environ. Sci. Pollut. Res., 26 (2019), pp. 28650-28667.



-116 -

Tong, X., Wang, X., He, X., Wang, Z., Li, W. Effects of antibiotics on microbial community structure and
microbial functions in constructed wetlands treated with artificial root exudates. Environ. Sci.:

Processes Impacts., 22 (2020), pp. 217-226.

Topp, E., Renaud, J., Sumarah, M., Sabourin, L. Reduced persistence of the macrolide antibiotics
erythromycin, clarithromycin and azithromycin in agricultural soil following several years of exposure

in the field. Sci. Total Environ., 562 (2016), pp. 136-144.

Tran, T. T., Nguyen, A. T., Quach, D. T., Pham, D. T. H., Cao, N. M., Nguyen, U. T. H., Dang, A.N. T,
Tran, M. A,, Quach, L. H., Tran, K. T., Le, N. Q., Ung, V. V., Vo, M. N. Q., Nguyen, D. T.,, Ngo, K. D., Tran,
T. L., Nguyen, V. T. Emergence of amoxicillin resistance and identification of novel mutations of the
pbplA gene in Helicobacter pylori in Vietham. BMC Microbiol., 22 (2022),
<https://doi.org/10.1186/s12866-022-02463-8>.

Tseng, Y. S., Wu, D. C., Chang, C. Y., Kuo, C. H., Yang, Y. C,, Jan, C. M., Su, Y. C., Kuo, F. C., Chang, L. L.
Amoxicillin resistance with B-lactamase production in Helicobacter pylori. Eur. J. Clin. Invest., 39

(2009), pp. 807-812.

Vala, M. H., Eyvazi, s., Goudarzi, H., Reza Sarie, H., Gholami, M. Evaluation of Clarithromycin
Resistance Among Iranian Helicobacter pylori Isolates by E-Test and Real-Time Polymerase Chain

Reaction Methods. Jundishapur J Microbiol., 9 (2016) <https://doi.org/10.5812/jjm.29839.>.

Varma, M., Kumar Gupta, A., Sarathi Ghosal, P., Majumder, A. A review on performance of
constructed wetlands in tropical and cold climate: Insights of mechanism, role of influencing factors,
and system modification in low temperature. Sci. Total Environ., 755 (2021),

<https://doi.org/10.1016/].scitotenv.2020.142540>.

Veraart, A. J., de Bruijne, W. J. J., de Klein, J. J. M., Peeters, E. T. H. M., Scheffer, M. Effects of aquatic

vegetation type on denitrification. Biogeochemistry., 104 (2011), pp. 267-274.

Verlicchi, P., Al Aukidy, M., Zambello, E. Occurrence of pharmaceutical compounds in urban
wastewater: removal, mass load and environmental risk after a secondary treatment--a review. Sci.

Total Environ., 429 (2012), pp. 123-155.

Verlicchi, P., Galletti, A., Petrovic, M., Barceld, D., Al Aukidy, M., Zambello, E. Removal of selected
pharmaceuticals from domestic wastewater in an activated sludge system followed by a horizontal
subsurface flow bed — Analysis of their respective contributions. Sci. Total Environ., 454—455 (2013),
pp. 411-425.



-117 -

Vymazal, J. The use of sub-surface constructed wetlands for wastewater treatment in the Czech

Republic: 10 years experience. Ecol. Eng., 18 (2002), pp. 633-646.

Vymazal, J. Removal of nutrients in various types of constructed wetlands. Sci. Total Environ., 380

(2007), pp. 48-65.

Vymazal, J. The use constructed wetlands with horizontal sub-surface flow for various types of

wastewater. Ecol. Eng., 35 (2009), pp. 1-17.

Vymazal, J. Plants used in constructed wetlands with horizontal subsurface flow: a review.

Hydrobiologia., 674 (2011), pp. 133-156.

Vymazal, J. Emergent plants used in free water surface constructed wetlands: a review. Ecol. Eng., 61

(2013), pp. 582-592.

Vymazal, J. Constructed wetlands for treatment of industrial wastewaters: a review. Ecol. Eng., 73

(2014), pp. 724-751.

Vymazal, J., Zhao, Y., Mander, U. Recent research challenges in constructed wetlands for wastewater

treatment: A review. Ecol. Eng., 169 (2021), < https://doi.org/10.1016/j.ecoleng.2021.106318>.

Wahman, R., Cruzeiro, C., GraBmann, J., Schroder, P., Letzel., T. The changes in Lemna minor
metabolomic profile: A response to diclofenac incubation. Chemosphere., 287 (2022), <

https://doi.org/10.1016/j.chemosphere.2021.132078>.

Wang, X., Ryu, D., Houtkooper, R. H., Auwerx, J. Antibiotic use and abuse: A threat to mitochondria
and chloroplasts with impact on research, health, and environment. BioEssays., 37 (2015a), pp. 1045-

1053.

Wang, L., Gutek, A., Grewal, S., Michel Jr, F. C., Yu, Z. Changes in diversity of cultured bacteria
resistant to erythromycin and tetracycline in swine manure during simulated composting and lagoon

storage. Appl. Microbiol., 61 (2015b), pp. 245-251.

Wang, J., Chu, L., Wojnarovits, L., Takacs, E. Occurrence and fate of antibiotics, antibiotic resistant
genes (ARGs) and antibiotic resistant bacteria (ARB) in municipal wastewater treatment plant: An

overview. Sci. Total Environ., 744 (2020), < https://doi.org/10.1016/].scitotenv.2020.140997>.

Waters Corporation (No. Date.). Progenesis Ql Software for Windows, Nonlinear Dynamics. Milford,

MA, USA: Waters Corporation.



-118 -

Watkinson, A. J., Murby, E. J., Costanzo, S. D. Removal of antibiotics in conventional and advanced
wastewater treatment: Implications for environmental discharge and wastewater recycling. Water

Res., 4 (2007), pp. 4164-4176.

Watkinson, A. J., Murby, E. J., D.W.Kolpin, D. W., Costanzof, S. D. The occurrence of antibiotics in an

urban watershed: From wastewater to drinking water. Sci. Total Environ., 407 (2009), pp. 2711-2723.

Werth, B. J. (2020). Antibiotics; MSD Manual; Consumer Version. [Online]. Available at:

<https://www.msdmanuals.com/en-gb/home/infections/antibiotics>.

White, J. R., Belmont, M. A., Metcalfe, C. D. Pharmaceutical Compounds in Wastewater: Wetland
Treatment as a Potential Solution. Sci. World J., 6 (2006), pp. 1731-1736.

Witt, S., Galicia, L., Lisec, J., Cairns, J., Tiessen, A., Araus, J. L., Palacios-Rojas, N. P., Fernie, A. R.
Metabolic and phenotypic responses of greenhouse grown maize hybrids to experimentally

controlled drought stress. Mol. Plant., 5 (2012), pp. 401-417.

Worley, B., Powers, R. Multivariate Analysis in Metabolomics. Curr. Metabolomics., 1 (2013), pp. 92—
107.

Wu, S., Carvalho, P. N., Muller, J. A., Manoj, V. R., Dong, R. Sanitation in constructed wetlands: a
review on the removal of human pathogens and fecal indicators. Sci. Total Environ., 541 (2016), pp.

8-22.

Xu, W., Zhang, G., Li, X., Zou, S., Li, P.,, Hu, Z., Li, J. Occurrence, and elimination of antibiotics at four
sewage treatment plants in the Pearl River Delta (PRD), South China. Water Res., 41 (2007), pp. 4526-
4534,

Xu, H., Song, H., Singh, R. P, Yang, Y., Xu, J., Yang, X. Simultaneous reduction of antibiotics leakage
and methane emission from constructed wetland by integrating microbial fuel cell. Bioresour.

Technol., 320 (2021) <https://doi.org/10.1016/j.biortech.2020.124285>.

Xue, W.,, Yang, C., Liu, M., Lin, X., Wang, M., Wang, X. Metabolomics Approach on Non-Targeted
Screening of 50 PPCPs in Lettuce and Maize. Molecules., 27 (2022), pp. 4711.

Yasojima, M., Nakada, N., Komori, K., Suzuki, Y., H. Tanaka. H. Occurrence of levofloxacin,
clarithromycin and azithromycin in wastewater treatment plant in Japan. Water Sci. Technol., 53

(2006), pp. 227-233.



-119 -

Zhang, S., Ly, Y. X,, Zhang, J. J., Liu, S., Song, H. L., Yang, X. L. Constructed Wetland Revealed Efficient
Sulfamethoxazole Removal but Enhanced the Spread of Antibiotic Resistance Genes. Molecules., 25

(2020), pp. 834.

Zhang, C.,, Cao, M., Lv, T., Wang, H., Liu, X,, Xie, Y., Lv, N., Chen, H., Cram, D. S., Zhong, J., Zhou, L.
Molecular testing for H. pylori clarithromycin and quinolone resistance: a prospective Chinese study.

Eur. J. Clin. Microbiol. Infect., 40 (2021), pp. 1599-1608.

Zheng, Y., Liu, Y., Qu, M., Hao, M., Yang, D., Yang, Q., Wang, X. C., Dzakpasu, M. Fate of an antibiotic
and its effects on nitrogen transformation functional bacteria in integrated vertical flow constructed

wetlands. Chem. Eng., 417 (2021), <https://doi.org/10.1016/j.cej.2021.129272>.

Zhou, H., Liu, X., Chen, X., Ying, T., Ying, Z. Characteristics of removal of waste-water marking
pharmaceuticals with typical hydrophytes in the urban rivers. Sci. Total Environ., 636 (2018), pp.
1291-1302.

Ziegler, P., Adelmann, K., Zimmer, S., Schmidt, C., Appenroth, K.J. Relative in vitro growth rates of

duckweeds (Lemnaceae)—the most rapidly growing higher plants. Plant Biol., 17 (2015), pp. 33-41.

Ziegler, P, Sree, K.S., Appenroth, K.J. Duckweeds for water remediation and toxicity testing. Toxicol.

Environ. Chem., 98 (2016), pp. 1127-1154.

Ziegler, P., Sree, K. S., Appenroth, K. J. The uses of duckweed in relation to water remediation.

Desalin. Water Treat., 63 (2017), pp. 327-342.

Zorita, S., Martensson, L., Mathiasson, L. Occurrence and removal of pharmaceuticals in municipal

sewage treatment system in the south of Sweden. Sci. Total Environ., 407 (2009), pp. 2760-2770.

Zuccato, E., Castiglioni, E., Bagnati, R., Melis, M., Fanelli, R. Source, occurrence and fate of antibiotics

in the Italian aquatic environment. J. Hazard. Mater., 179 (2010), pp. 1042-1048.



