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Phytoremediation of emerging
and traditional contaminants in
environmentally relevant

co-exposure settings: a tool to
reduce environmental hazards?

Kaniz F. Chowdhury®', John H. Nightingale®' and
Laura J. Carter®*

School of Geography, University of Leeds, Leeds, United Kingdom

Water bodies are routinely exposed to a mixture of contaminants via various
anthropogenic exposure mechanisms. Phytoremediation offers a low-cost
nature-based solution to remove contaminants from polluted water bodies. The
ability of the aquatic macrophyte, Lemna minor to accumulate both organic
[antibiotics, plant protection products (PPPs)] and inorganic contaminants
(metals), individually and in co-contaminant mixtures, was evaluated to offer
new insights into its potential for phytoremediation in realistic exposure sce-
narios. When exposed individually, diazinon accumulated to the greatest extent
in L. minor, (95.51 + 2.13%), followed by ciprofloxacin (31.91 + 6.07%), atrazine
(13.04 + 3.44%), trimethoprim (1143 + 5.77%), chromium (4.5 + 2.74%), and cad-
mium (3.08 + 1.36%) These findings highlight that accumulation by L. minor is
highly compound specific. Further results revealed that contaminant co-expo-
sure significantly (p = 0.002-0.029) influenced the uptake of selected contami-
nants. The presence of chromium increased cadmium uptake by a factor of 6.34,
while the combination of multiple contaminants (e.g., metals, PPPs, and antibiot-
ics) reduced uptake. Changes in uptake capacity have potential knock-on effects
for environmental risk assessments, including an assessment of the potential for
antibiotics to contribute to the development of antibiotic resistance. For cipro-
floxacin and diazinon, phytoremediation for 72 h was sufficient to reduce the
concentration of a single antibiotic below concentrations predicted to result in
the development of resistance (PNEC-R) or effects to Daphnia magna. In co-
contaminant mixtures a risk was identified with RQ values being a factor of 17
greater than the toxicity threshold for D. magna. Our results support the need for
a more comprehensive assessment of the impact of co-contaminant mixtures on
L. minor uptake capacity to optimise phytoremediation strategies for improved
water quality and reduced environmental risks.

KEYWORDS

antibiotics, co-contaminants, Lemna minor, metals, pesticides, plant protection
products (PPPs), removal, uptake

01 frontiersin.org


https://www.frontiersin.org/journals/Water
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/frwa.2026.1812220&domain=pdf&date_stamp=2026-04-30
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org/journals/Water#editorial-board
https://www.frontiersin.org/journals/Water#editorial-board
https://doi.org/10.3389/frwa.2026.1812220
mailto:l.j.carter@leeds.ac.uk
https://doi.org/10.3389/frwa.2026.1812220
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/frwa.2026.1812220/full
https://www.frontiersin.org/articles/10.3389/frwa.2026.1812220/full
https://www.frontiersin.org/articles/10.3389/frwa.2026.1812220/full
https://www.frontiersin.org/articles/10.3389/frwa.2026.1812220/full
https://www.frontiersin.org/articles/10.3389/frwa.2026.1812220/full
https://orcid.org/0000-0003-3917-2419
https://orcid.org/0000-0002-8690-0303
https://orcid.org/0000-0002-1146-7920

Chowdhury et al.

10.3389/frwa.2026.1812220

Singular Antibiotics, Plant
+ metals Protection
o Key Products +
Promoted uptake metals

& inhibited uptake
mm Uptake unaffected

Metals
Plant Protection Products
Antibiotics

GRAPHICAL ABSTRACT

ciprofloxacin, trimethoprim, cadmium, chromium) (Supplementary Table 1).

Co-exposure treatments: Organics combined (atrazine, diazinon, ciprofloxacin, trimethoprim), antibiotics/PPPs and metals combined (either
ciprofloxacin, trimethoprim, cadmium and chromium, or atrazine, diazinon, cadmium, and chromium), antibiotics PPPs, and metals (atrazine, diazinon,

Antibiotics + Antibiotics + Metals
Plant Plant combined
Protection Protection
Productrs Products +
metals

1 Introduction

Organic and inorganic contaminants routinely enter freshwa-
ter compartments via the discharge of both treated and untreated
wastewater effluent and to a lesser extent via runoff from agricul-
tural fields receiving organic wastes or wastewater (Robinson et
al., 2023; Wronski and Brooks, 2023). Typically, these contami-
nants are associated with poor removal rates within Wastewater
Treatment Plants (WWTPs) (Gros et al., 2010). For example, a
study conducted in France monitored 261 organic and 25 inor-
ganic contaminants at 760 WWTPs and reported that 86 and 100%
of the assessed organic and inorganic chemicals, respectively were
identified in both the influent and effluent (Aemig et al., 2021).
Furthermore, sewage overspills routinely result in the direct
release of untreated wastewater into rivers (Kay et al., 2017). The
continuous migration and persistence of many organic and inor-
ganic contaminants results in their ubiquity in environmental
aquatic systems with concentrations typically reported to range
from 1 ng/L to 50 pg/L and 0.56 to 1338.99 pg/L, respectively
(Sousa et al., 2018; Zhou et al., 2020).

Concurrently with increasing reports of chemical presence in
global freshwater systems, significant declines in biodiversity are
also being observed (Groh et al., 2022; Vorosmarty et al., 2010).
Biodiversity is a complex system and is well known to be influ-
enced by numerous factors acting in synergy and whilst it is dif-
ficult to specifically link loss of biodiversity to chemical pollution
due to a multitude of other compounding factors recent reports
have outlined that 62% of surface water bodies within the EU are
failing to reach good chemical status for ‘priority substances; and
only 15% of UK rivers are achieving a good ecological status
(Posthuma et al., 2020; The Rivers Trust, 2024). Furthermore, the
United Nations Environment Programme (UNEP) and other
organisations have specifically identified environmental pollution
by anthropogenic chemicals as a major driver of biodiversity loss.
For example, this has been explicitly recognized in the Post-2020
Global Biodiversity Framework discussions in which the current
draft Target 7 addresses pollution and calls for the reduction of
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pesticide and nutrient inputs to the environment (Convention on
Biological Diversity, 2022).

The presence of antibiotics, metals, and plant protection products
(PPPs) in aquatic systems poses a distinct environmental and public
health concern, as these substances can create conditions that promote
the development and spread of antibiotic resistance (ABR). Antibiotics
exert selective pressure on microbial communities, encouraging the
survival and proliferation of resistant strains (Andersson and Hughes,
2014). Similarly, metals, such as heavy metals, can co-select for resis-
tance by inducing stress responses or interacting with genetic mecha-
nisms that confer cross-resistance to antibiotics (Singer et al., 2016).
PPPs, including pesticides and herbicides, may also contribute by
disrupting microbial ecosystems or enhancing horizontal gene trans-
fer of resistance genes (Qiu et al., 2022). Together, these contaminants
create pressures and amplify the risk of resistant pathogens emerging
and persisting in aquatic environments.

Recent scientific advances linking human health and ecosys-
tem effects to the presence of contaminants in the environment
necessitates the need to clean up and remove these pollutants from
freshwater systems. Considerable research focus has been on the
development and use of advanced treatment technologies to treat
wastewater such as activated carbon, ultraviolet (UV) irradiation
or ozonation, and innovative advancements such as Chlorella pyre-
noidosa—bioremediation, NF270-2540 membranes and reverse
osmosis (Ahmed et al., 2017, Angeles et al., 2020). However, even
though advanced treatment options may offer a suitable means of
contaminant removal, they are associated with high running and
implementation costs (Rizzo et al., 2019). The large-scale opera-
tion of advanced wastewater treatment plants is therefore not
always possible due to limited resources (Garrone et al., 2018). As
such, it has been estimated that over 80% of the world’s sewage is
discharged untreated into the environment (World Health
Organization, 2021) where limited remediation technologies can
be employed without disrupting ecological systems.

It is therefore imperative that options to treat contaminated
wastewater and the receiving environment (e.g., rivers and subse-
quently groundwater and terrestrial compartments) include

frontiersin.org


https://doi.org/10.3389/frwa.2026.1812220
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org

Chowdhury et al.

treatment solutions that are sensitive to the needs of the population
and available resources and infrastructure. Phytoremediation is one
such potential solution, which utilises the ability of plants to take up
and accumulate pollutants from the surrounding contaminated envi-
ronment. Hyperaccumulating plants such as duckweed (Lemna spp.),
water hyacinth (Eichhornia crassipes), and water lettuce (Pistia stra-
tiotes) are well known for their ability to tolerate high levels of chemi-
cal pollution whilst having the capacity to take up contaminants via
their roots and translocate these chemicals to above ground parts of
the plant. Plants can act as environmental filters by removing harmful
substances from water and soil, thereby improving environmental
health (Chowdhury et al., 2023). To date, a considerable amount of
research has focused on the capacity of duckweed (Lemna spp.) to
remove pollutants in controlled laboratory settings. For example,
Hanafiah et al. (2021) demonstrated high removal rates of heavy
metals (As, Cd, Cu, Fe, Pb, Zn, Mg, and Hg) by L. minor (<100%) and
Reinhold et al. (2010) observed that 47.5 and 55.6% of ibuprofen and
fluoxetine were removed in 9 d, respectively, by L. minor. The fresh-
water aquatic macrophytes have also been demonstrated to take up
and accumulate PPPs such as isoproturon and glyphosate from con-
taminated river water (25 and 8% removal, respectively, after 4 d of
exposure) (Dosnon-Olette et al., 2011).

Whilst research has also demonstrated the capacity of aquatic
macrophytes to remove pollutants in situ such as acid mine drain-
age sites near the Maden Copper deposit in Turkey (Sasmaz
Kislioglu, 2023) where chemicals are present in complex co-con-
taminant mixtures, assessments typically focus on assessing the
removal capacity of singular chemical or chemical groups.
Neglecting to account for the presence of co-contaminants across
a diverse range of chemical classes provides an incomplete pic-
ture of removal efficiency as competitive interactions with other
pollutants may affect the ability of aquatic macrophytes to
sequester contaminants. There is a clear need to explore how phy-
toremediation is affected by the presence of co-contaminants
given the increasing reliance on more ‘sustainable’ wastewater
treatment options, such as phytoremediation, which are and a
solution to pressing global water quality challenges.

This study contributes novel perspectives on the ability of
L. minor to accumulate chemicals from three distinct chemical classes
in multiple co-contaminant combinations. Given the potential eco-
toxicological implications and suggested contribution to the develop-
ment of ABR, selected contaminants included metals (cadmium and
chromium), antibiotics (ciprofloxacin and trimethoprim), and PPPs
(atrazine and diazinon).

TABLE 1 Physiochemical properties of the selected contaminants and the exposure concentrations.

10.3389/frwa.2026.1812220

2 Materials and methods
2.1 Chemicals and reagents

All chemicals and stocks were of the highest possible purity
(<97%) and purchased from sigma Aldrich and Toronto Research
Chemicals. Methanol and acetonitrile were LCMS grade (<99% pure)
and obtained from Fisher and SLS, respectively, Internal standards
atrazine—D5 and diazinon—D10 and ciprofloxacin—D8 which were
purchased from BioServ UK Limited and Cambridge Bioscience,
respectively. Reagents/buffers (Citric acid, orthophosphate, Na,EDTA,
Hoagland’s No.2 Basal Salt Mixture) were also of the highest available
purity (<98%) and purchased from VWR, Fischer, and SLS.

2.2 Mesocosms and chemical exposure

Lemna minor were obtained from a local freshwater pond (West
Yorkshire, UK) free from contaminant exposure after which L. minor were
cultured in the laboratory in Hoagland’s growth media under controlled
conditions (12 h light, 70% humidity, 23 °C) for 2 weeks prior to use in the
experiments. Hoagland No. 2 Basal Salt Mixture was prepared as per the
manufacturers guidelines (1.6 grams per 1L) (Hoagland and Arnon,
1938). Each treatment consisted of a 72 h exposure in a 250 mL glass
beaker with 100 mL of Hoaglands growth media. Contaminants were
added to the growth media individually (herein referred to as ‘singular’
exposures) to assess uptake capacity on a singular contaminant basis as
well as in co-contaminant combinations as outlined in Supplementary
Table 1. After dosing each beaker, 3 g (ww) of L. minor were transferred
and the beakers kept under controlled conditions for the duration of the
study, replicating the culturing conditions employed as outlined above.
Each treatment was performed in triplicate with exposure concentrations
based on reported environmental concentrations for each contaminant.
These were 1.1 mg/L, 3.2 mg/L for the antibiotic’s ciprofloxacin and trim-
ethoprim, respectively and 10 mg/L and 0.15 mg/L for PPPs atrazine and
diazinon, respectively (Table 1) (Umweltbundesamt, 2022; Manaia et al.,
2024). Controls were also employed where L. minor were kept under simi-
lar exposure conditions but in the absence of contaminants.

2.3 Quantification of contaminant residues

2.3.1 Organics

After 72 h 3 g of L. minor from each treatment were removed from
solution, rinsed in deionised water, gently dried with paper towel

Classification Chemical Molecular pK. (a), log Kow Solubility in water Exposure
weight (g/mol) pK. (b) (mg/L) pH 7 25 °C  concentration (mg/L)
Antibiotics (organic) | Ciprofloxacin 331.34! 6.16 (a), 8.74 (b)? 0.28° 36,000" 1.1
Trimethoprim 290.32! 7.12 (a)° 0.91° 4007 3.2
PPPs (organic) Atrazine 215.68! 1.6 (b)® 2.61° 33° 10
Diazinon 304.35' 2.6% 3.30° 40" 0.15
Metals (inorganic) Cadmium 112.41 Negligible 0.0015
Chromium 151.99 Negligible 0.0015

"PubChem (2025), *Torniainen et al. (1996), *Takdcs-Novék et al. (1992), *“McEvoy (2001), *Perrin (1965), ‘Hansch and Leo (1995), "Yalkowsky and Dannenfelser (1992), *MacBean (2008-

2010), °Yalkowsky et al. (2010), "*Sharom et al. (1980).
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ready for freeze drying. The remaining dried L. minor was weighed
(200-300 mg) and transferred to 15 mL falcon tube prior to extrac-
tion; internal standards were added (100 ng/L) followed by 6 mL of
0.1 M Na? EDTA Mcllvaine buffer (pH 3). Samples were then vortexed
for 20 s, sonicated for 10 min (23 °C), shaken at 200 rpm for 30 min,
and then centrifuged at 3,500 rpm for 20 min. The supernatant was
collected and stored at 3 °C until the extraction procedure was com-
plete. The L. minor pellet was then re extracted using acetonitrile, and
the combined supernatant was diluted with deionized water to achieve
a final solvent concentration of 5%. OASIS HLB cartridges (500 mg)
were conditioned using 6 mL of methanol followed by 6 mL of water.
The entire extracted sample was then loaded at a rate of 5 mL/min,
washed with 10 mL of deionized water and eluted with 3 mL of metha-
nol. After taking the sample to complete dryness, it was reconstituted
in 0.5 mL 10% methanol ready for analyses. Samples were stored
at 20 °C before analysis.

The extraction method for organics was validated to 10 ng/g,
50 ng/g, and 100 ng/g (dw). To evaluate the extractive efficiency of the
method parent compounds were spiked and left for 1 h prior to extrac-
tion. L. minor was extracted as described above, following the addition
of 100 ng/L of the internal standard mixture. Recoveries were found
to be consistent across the assessed concentrations and ranged from
10.21 to 66.79% (Supplementary Table 2). The low recovery of diazi-
non was expected as diazinon hydrophobic, nonpolar with a log Kow
of 3.3, it also has a low solubility in water however the use of internal
standards enabled a correction to be applied which accounted for this.

2.3.2 Inorganics

For the metal analysis, 50 mg of L. minor was removed from each
treatment beaker and freeze dried. The dried L. minor was then trans-
ferred to a microwave furnace, 5 mL of concentrated nitric acid was
added. Samples underwent microwave assisted digestion, the system
settings were as follows, 10-min ramp, 10-min hold, and 30-min cool.
Sample extracts were evaporated to dryness and then diluted in 10 mL
of deionized water. For both the extract and media 10 mL was then
filtered through a 0.45 pm nylon filter and stored at 3 °C prior to
analyses. Metal recovery from digestion was evaluated in plant matter
(tomato and poplar leaves), the assessed concentration was 1 ppm,
and blank matrix was used for accurate quantification.

2.4 Analyses

A Thermo Vanquish coupled with a Quantiva was utilised for the
quantification of the organic residues in the extracted samples. A
reversed phase method was utilized that was comprised of a HST3
acuity column (Waters C18 100 A 1.8 pm, 1.5 mm X 100 mm), the
mobile phases consisted of 0.1% formic acid in ultra-pure deionized
water and 0.1% formic acid in methanol. A 25 pL injection volume
was selected and the column temperature was set to 30 °C and mobile
phase B was applied in the following percentages 0-80% (0.5-8 min),
80-99% (8.5-9.5 min), 99% (9.5-11.5 min), 99-1% (11.5-12 min),
and 1% (12-15 min). Mass spectrometer conditions were set as the
following, ion transfer tube 350 °C, ionisation spray 5000 V, sheath
gas 50.7, Aux gas 18, sweep gas 23, vaporizer temperature
370 °C. Please see Supplementary Table 3 for the further details
[chemical specifics and Limits of Detection (LOD)]. Thermo Xcalibur
(V 4.3) was used to process chromatographic peaks and for quantifi-
cation. Metals (cadmium and chromium) were analysed using an
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ICP-OES (Thermo Scientific ICAP 7600 ICP-OES) following the
manufacturers recommended configuration and parameters. In brief
these were, 1.6 kW of plasma, gas flow 0.6 L/min, auxiliary gas 0.5 L/
min, carrier gas flow 0.6 L/min. Quantification was achieved using
the Certified Reference Material LGC6027, the wavelengths for the
analysis were 228.802 nm and 357.869 nm for cadmium and chro-
mium, respectively.

2.5 Statistical analysis

Minitab 18 V.21 was used for the statistical analyses. The Shapiro—
Wilk test was utilized to test for normality within the datasets and
Kruskal-Wallis followed by Dunns for pair-wise comparisons between
the treatments of the chemicals. Statistically significant differences
between the treatments were reported when p < 0.05.

3 Results and discussion
3.1 Singular uptake organics and inorganics

The accumulation of antibiotics, PPPs and metals on a single com-
pound basis highlighted compound specific in the uptake capacity by
L. minor between the contaminants assessed in this study. Diazinon
was taken up to the greatest extent by L. minor with an average
removal of 95.51 + 2.13%, followed by ciprofloxacin (31.91 + 6.06%),
atrazine (13.04 + 3.44%), trimethoprim (11.43 + 5.77%), chromium
(4.5 +2.74%) and, cadmium (3.08 + 1.3%; see Figure 1).

Notably, the percent uptake of cadmium and chromium was lower
than values previously reported in the literature. For example,
Aslanzadeh et al. (2024) and Megateli et al. (2009) reported uptake of
chromium and cadmium by Lemna species between 90% and 14-26%
(24 h), respectively. Chromium uptake was found to be comparable,
whereas cadmium removal was considerably lower than observed in
our study. Differences in uptake are likely attributed towards the dif-
ferences in the choice of Lemna species (L. minor vs L. gibba) and
dosing concentration as exposure concentrations (0.001-0.1 mg/L and
1-100 mg/L) were between 20 and 4.54-8.56 times higher than used
in our experimental set up. Nevertheless, the pattern of greater cad-
mium uptake over that of chromium mirrors previous findings where
Amna et al. (2015) also observed a higher uptake potential of cad-
mium over chromium in Linum usitatissimum (Flax).

For the organic contaminants, atrazine and ciprofloxacin uptake
by L. minor was consistent with previous studies. For example,
removal percentages of 24-63 and 26.55% were reported at 5 pg/L and
1.5 pg/L (Brain et al., 2012), and 0.15-5.07% at 0.01-10 mg/L for atra-
zine ciprofloxacin, respectively (Kochi et al., 2023). The uptake of tri-
methoprim was 5.34 times lower than reported by Latrou et al. (2017)
over a 24-time period. The uptake of diazinon by Lemna species has
not been previously reported in the literature to enable a comparison
to be made to findings observed in this study but similarly high levels
of uptake have been observed in algae, with percent removal ranging
from 48 to 64% (Khoei et al., 2018).

Inter-laboratory differences are expected to contribute to some of
the variability in the measured uptake capacity of contaminants; the
parameters likely driving this are linked to differences in experimental
design (i.e., water properties, exposure concentration, species, and dura-
tion). This highlights the importance of considering exposure
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FIGURE 1
Percent uptake of metals into L. minor under differing treatments. * Denotes a statistically significant (p < 0.05) difference between a singular exposure
and the co-contaminant mixtures. The box and whisker boxes represent the min—max, 2,575% quartiles, and the median.

concentration and experimental design when evaluating the uptake
capacity of aquatic macrophytes across different studies as these factors
appear to strongly influence accumulative potential. Nevertheless, our
results show that L. minor can take up and accumulate a suite of chemi-
cally diverse contaminants which supports the use of aquatic macro-
phytes as a potential remediation measure which warrants further
evaluation into how the presence of co-contaminants can influence this
uptake capacity. Furthermore, our findings underscore the importance
of understanding chemical specific uptake potential as significant dif-
ferences were observed in the uptake capacity between chemicals
belonging to the same chemical class (e.g., diazinon 95.51% and atra-
zine 13.04%).

3.2 Co-contaminant exposure combinations

3.2.1 Metals uptake

Co-contaminant exposure significantly influenced the uptake
capacity of L. minor within just 72h (p <0.05) (Figures 1;
Supplementary Table 4). For chromium, co-exposure with another
metal or organic contaminant was found to statistically inhibit uptake
(Figure 2) (p < 0.0004-0.035) (Supplementary Table 4). For example,
the removal capacity of chromium by L. minor was reduced by, 83.0,
25.0, 18.5, and 27.7%, respectively, when chromium was in combina-
tion with antibiotics, PPPs or cadmium (Figure 1). This finding was
similar to the pattern observed for cadmium although to a lesser
extent as reductions in percent uptake of cadmium in the antibiot-
ics—metals, and PPPs—metals co-contaminant combinations were
not statistically significant (p = 0.08-0.36), however PPPs, antibiotics,
and metals were found to be statistically significant (p = 0.012). In
these scenarios, cadmium uptake was reduced by 9.7 and 1.4% when
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present in combination with antibiotics and metals and PPPs, respec-
tively (Figure 1). Interestingly, csdmium uptake was however signifi-
cantly inhibited (p=0.012) in the all-contaminants scenario
(antibiotics, PPPs, and metals), with uptake reduced by 1.9%, similarly
to chromium uptake which was reduced by a factor of 27.7 when chro-
mium was present in a combined metal-PPP-antibiotic exposure
(Figure 1).

Interestingly for cadmium, co-exposure with chromium increased
the uptake of cadmium by L. minor by a factor of 2.8 (6.3 < 17.5%)
(Figure 1). An increase in uptake when in the presence of chromium
is likely explained via the enhanced activity of antioxidant enzymes
(superoxide dismutase and catalase) which are known to mitigate the
oxidative stress induced by chromium, thus altering the transporter
activity and cadmium uptake (Gill and Tuteja, 2010; Shanker et al.,
2004). A similar effect was observed via Bah et al. (2011), where cad-
mium uptake in Typha angustifolia was increased by 26-38% when
existing in synergy with chromium (Figure 2).

3.2.2 Organic contaminant uptake

Similarly to the results described above for the metals, co-exposure
of atrazine, diazinon, and ciprofloxacin with metals or other organics
significantly reduced the uptake capacity of the organic contaminants
themselves (p < 0.05); Supplementary Table 4). This finding demon-
strates that metals co-existing with organic contaminants (antibiotics
and PPPs) results in reduced uptake of ciprofloxacin diazinon, and
atrazine (p <0.05) (Supplementary Table 4). For example, when
organic chemicals existed singularly but also with metals uptake was
reduced by a factor of 31.9, 72.7 and 13 for ciprofloxacin, diazinon, and
atrazine, respectively. Antagonistic effects were evident in all of the
mixture treatments for these compounds. For diazinon the
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FIGURE 2
Percent uptake of organics into L. minor under differing treatments. * Denotes a statistically significant (p < 0.05) difference between a singular
exposure and the co-contaminant mixtures. The box and whisker boxes represent the min—max, 25-75% quartiles, and the median.

combination which resulted in the greatest reduction in uptake was
identified when diazinon was present in a mixture with antibiotics and
metals (3% < 95.5%). For ciprofloxacin, all co-contaminant mixtures
significantly reduced ciprofloxacin uptake by factor of 46 (p = 0.003)
which was similar to the results from the atrazine exposure.

Ciprofloxacin is associated with a moderate acid pK, and a moder-
ate basic pK,, (Table 1) limiting its capacity to pass the root cytosol
(Trapp et al,, 2023); these properties are likely why ciprofloxacin has
been shown to accumulate in the roots of other macrophytes such as
E. crassipes (Yan et al., 2021). It is likely the high uptake of ciprofloxa-
cin observed in our study is associated with accumulation in the roots,
but this cannot be confirmed as our analysis did not separate the
L. minor root from the shoot. In recently published research Marques
etal. (2024) evaluated the capability of L. gibba to remove ciprofloxa-
cin (60 ng/L) in treated wastewater containing a mixture of contami-
nants. After 7 days, the authors reported a removal rate below that of
this study (24 + 8.1% < ~74.09%) which could be explained by differ-
ences in Lemna spp. used between the two studies.

In comparison to ciprofloxacin and atrazine, trimethoprim uptake
was not inhibited in the antibiotics and metals scenario (0.9 pg/g (dw) v
1.2 pug/g (dw)) (antibiotics—metals); average trimethoprim concentra-
tions in a singular exposure was 1.2 pg/g (dw). When trimethoprim
existed in a co-contaminant scenario with antibiotics, and PPCPs this
was reduced to 0.002 pg/g (dw), 0.4 pg/g (dw) in the antibiotics — metals
(Supplementary Table 4). One potential explanation of this is that the
metabolism of trimethoprim was increased when exposed with other
organic chemicals which resulted in changes to stress-induced metabolic
processes (Li et al., 2020). When trimethoprim was present with the
other organics and metals the difference in uptake was not significant
indicating that the presence of metals altered uptake mechanisms or did
not trigger stress-induced metabolism. Regardless this finding reiterates
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the notion that uptake mechanisms are complex when considering
numerous contaminants from differing classes.

In previous studies, synergistic effects have been reported where
greater accumulation of formulated dimethomorph in L. minor was
observed when exposed to copper simultaneously (Megateli et al.,
2013). The authors suggested this could be related towards an altered
cuticle structure or subsequent disruptions to plant defences which
may have contributed to enhanced dimethomorph uptake. A similar
phenomenon may have occurred in our study for trimethoprim,
although further mechanistic studies are needed to confirm this.

4 Environmental relevance

Globally, our aquatic environments are increasingly contaminated
with a diverse array of pollutants, including PPPs (i.e., herbicide and
pesticide) used in agriculture (Silva et al., 2019), antibiotics stemming
from human use and livestock operations (Kim et al., 2011; Almeida
et al,, 2014), and heavy metals released from industrial activities,
mining, and urban runoff (Mishra et al., 2019). Individually, these
contaminants pose significant risks to biodiversity, water quality, and
human health. However, in the environment they are typically present
as co-contaminant mixtures which can lead to altered responses,
including the potential for synergistic effects (You et al., 2022). It is
therefore important that environmental risk assessments and associ-
ated mitigation strategies such as phytoremediation account for this.

Although our experiment employed a short-term (72 h) labora-
tory exposure, this approach provides a controlled baseline to isolate
co-contaminant interactions that are difficult to quantify in natural
waters, where contaminant profiles fluctuate with hydrology, seasonal-
ity, microbial degradation, and plant growth dynamics. Numerous
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field-based studies demonstrate that Lemna spp. can effectively reduce
certain contaminants in natural or semi-natural systems; however,
efficiency in real water bodies is highly variable and depends on fac-
tors such as water turnover, nutrient load, competition with other
macrophytes, and environmental stressors. Our findings therefore
offer mechanistic insight into the directionality and magnitude of co-
contaminant effects, which is critical for interpreting, calibrating, and
improving phytoremediation performance in natural settings.

4.1 Ecotoxicological implications

Our results clearly demonstrate that phytoremediation is a viable
method for removing organic and inorganic contaminants from polluted
water. However, the uptake capacity is significantly influenced by the
co-exposure of multiple contaminants in the aqueous media. As a com-
pound-specific effect was observed, and the specific combination of
contaminants (i.e., metal-PPP vs. metal-PPP-antibiotic) strongly influ-
enced the uptake capacity of L. minor this emphasises the need for tai-
lored mixture assessments when evaluating phytoremediation potential.
As co-contaminant exposure typically resulted in a reduced uptake
capacity, failure to account for co-contaminant interactions may lead to
significantly overestimated removal rates, ultimately compromising the
success of planned remediation measures. For example, if the calculated
removal rate for diazinon in a single compound exposure (95%) was
applied to published surface water concentrations for diazinon (0.01-
24.5 mg/L; Table 2), concentrations would be reduced to 0.005-1.2 mg/L
after 72 h. However, as the uptake of diazinon by L. minor was reduced
in the presence of atrazine, and metals, surface water concentrations cal-
culated using removal rates from the co-contaminant scenario would
only be reduced to 0.008-12.3 mg/L. Similar findings have also been
identified for the antibiotic compounds ciprofloxacin and trimethoprim
which confirms that under realistic exposure scenarios contaminant
removal via phytoremediation is reduced (Table 3).

10.3389/frwa.2026.1812220

A reduced capacity for uptake by L. minor raises important concerns
with respect to the true extent of environmental exposure and the effi-
ciency of phytoremediation strategies. For instance, environmental resi-
dues of diazinon are well-documented for their harmful effects on
non-target aquatic organisms (Table 2), prompting significant efforts to
mitigate and remove diazinon from contaminated environments
(Dehghani et al.,, 2019). Pham and Bui (2018), previously reported a
Daphnia magna ECs, value of 2 ug/L for diazinon. Considering a surface
concentration of 24.5 pg/L (Salinas—California, Zhang et al., 2012),
removal via phytoremediation using L. minor in a single-exposure sce-
nario could reduce mortality risk to D. magna (RQ 0.4). It is clear that
reduced contaminant uptake has important implications for environ-
mental risk assessments which warrant further exploration. However, it
is important to note that the LC, values used in this analysis (Anderson
and Lydy, 2002; Pham and Bui, 2018; Husak et al., 2022) were calculated
following exposure to a single compound. Therefore, a comprehensive
evaluation of the impacts on reduced phytoremediation capacity would
utilise an effect measurement also calculated under similar exposure
conditions (i.e., co-contaminant mixtures).

4.2 Implications for the development of
antibiotic resistance

It is not known to what extent environmental pollution from antibi-
otics contributes to the development of resistance, but encountered con-
centrations are frequently above concentrations predicted to select for
resistance. Hence, measures are needed to manage risks (Agerstrand et
al., 2023) and phytoremediation has been discussed as one such potential
to remove environmental divers of AMR including antibiotics, PPPs,
metals (Chowdhury et al.,, 2023). The potential environmental implica-
tions of reduced phytoremediation efficacy are also therefore significant
with respect to the potential implications for the development of antibi-
otic resistance. For example, if the protection goal is to reduce the levels

TABLE 2 Evaluation of co-contaminant impacts on phytoremediation capacity for atrazine and diazinon ecotoxicological risk evaluation.

Percent
removal
(L. minor
(VA

Chemical Treatment Exposure

concentration

(pg/L)

Predicted
concentration
following removal
via L. minor (pg/L)

LCs in
Daphnia
magna
(mg/L)

Risk quotient (RQ)

Atrazine Singular 0.5%, 28, 55, 15¢ 13.04 0.022! 0.44,2.0%, 4.0, 10° 0.02%, 0.08", 0.2, 0.6
PPPs + Antibiotics 0.04 0.54, 2.0, 5.0, 157 0.02%, 0.09%, 0.2, 0.7°
PPPs + Metals 0.053 0.05%, 28, 5, 14 0.02%, 0.09%, 0.2€, 0.7°
PPPs + Antibiotics + 0.063 0.05%, 28, 5, 10° 0.02%, 0.09%, 0.2, 0.7
Metals
No phytoremediation 0 0.05%, 28, 5¢, 15 0.02%, 0.09%, 0.2€, 0.7°
(L. minor)

Diazinon Singular 104, 15", 1.90€, 24,470° | 95 0.002* 0.5%,0.75%, 80C, 1,200° 0.34,0.4% 41.4, 679.7°
PPPs + Antibiotics 22.82 84,108, 1,150¢, 18,890 4.2%,6.4%, 638.9%, 10492.2°
PPPs + Metals 5.77 94, 14%, 1,400, 23,100° 5.24,7.9%, 780, 12810.1°
PPPs + Antibiotics + 29.22 74, 108 1,050¢, 17,320° 3.9%,5.95, 585.95, 9622.2°
Metals
No phytoremediation 0 104, 15%, 1,490, 24,470° 6%, 8.3% 827.8¢, 13594.4°
(L. minor)

*[Acayaba et al. (2021) (atrazine), Dahmardeh Behrooz et al. (2021) (diazinon)], ®[Zhang et al. (2012) (atrazine), (study dose (diazinon)], “[Della-Flora et al. (2018) (atrazine)], and "[study
dose (atrazine), Zhang et al. (2012) (diazinon)], assign the assessed MEC to the range of concentrations reported (Umweltbundesamt, 2022). LCs, data for Daphnia magna (24 h) (Pham and
Bui, 2018; Husak et al., 2022), risk quotients were calculated by comparing the predicted concentration following L. minor concentrations to PNEC values. A bold unit demonstrates a risk was
quantified (RQ<1).
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of known ABR divers in the environment and the capacity of L. minor to
accumulate contaminants is reduced in a co-contaminant exposure, this
may result in an altered assessment of risk. Based on the findings pre-
sented in this study, a 72 h exposure to singular antibiotics (ciprofloxa-
cin) at 0.077 mg/L which was identified as a low’ environmentally
relevant concentration (see Table 2) reduced measured environmental
concentrations of the selected antibiotics in the media to concentrations
lower than the predicted no effect concentration for resistance; PNEC-R
(AMR Alliance, 2016) (Table 3). However, for ciprofloxacin, phytoreme-
diation was not enough to reduce the exposure concentration
(0.21 mg/L) below the PNEC-R when present in the all-contaminant
combination (metals-antibiotics-PPPs) (Table 3).

Whilst it is evident that not employing phytoremediation would
be considered a worst-case scenario, as contaminants are not actively
removed from the exposure media, it is important to consider the
implications of co-contaminant exposure on phytoremediation effi-
ciency to enable an accurate assessment of risk. Furthermore, it is
crucial to evaluate not only the efficiency of aquatic macrophytes in
removing antibiotics but also other known drivers of AMR, such as
metals and pesticides. Even partial removal of antibiotics, without
considering the presence of metals like cadmium and chromium in
the environment, could still promote the proliferation of resistance
genes through enhanced co-selection and cross selection via horizon-
tal gene transfer at lower concentrations (Peltier et al., 2010). This
effect is likely to be exacerbated in the presence of pesticides, which
are known to induce microbial stress.

5 Future considerations

Mixtures are inherently complex to manage and regulate; mul-
tiple potential combinations of chemicals result in thousands of

10.3389/frwa.2026.1812220

potential exposure scenarios. Herein, we assessed the potential
removal capacity of six chemicals, two antibiotics, two metals and
two pesticides by L. minor to chemicals singularly and in co-con-
taminant combinations. While this study represents how environ-
mental complexity can alter phytoremediation potential it is still
not comprehensive enough to facilitate generalised conclusions
across multiple contaminant classes. However, given the widespread
occurrence of both traditional and emerging contaminants includ-
ing organic and inorganic contaminants assessed in this study, it not
feasible to experimentally determine the removal rates for every
potential chemical combination. Therefore, we recommend that
future evaluations of removal efficiencies should be conducted with
a clear remediation goal in mind and be based on effect measure-
ments (e.g., LCs,) which are also determined as part of a mixture
exposure (Anderson and Lydy, 2002). For example, for antimicro-
bial resistance, attention should be given to the co-exposure of
resistance drivers; for ecotoxicological effects, the presence of other
toxic chemicals (e.g., those observed to effect key ecological indica-
tors such as oxidative stress, or carcinogenicity) should be consid-
ered; and for bioaccumulation, focus should be on chemicals with
a known high bioaccumulation capacity. Nevertheless, our findings
support the need to standardise chemical mixture assessment
(Kienzler et al., 2016), these could include prioritising chemicals
from differing groups, or chemicals which contain an array of phys-
iochemical properties and mode of actions. Such a selection would
require careful planning but could be used in regulatory and
research settings to provide a worst-case understanding of effects in
mixtures, as the continuation of singular assessments is clearly not
representative of environmental processes.

Further refinement of the experimental set up employed in this
study is also required to increase the environmental relevance of these
findings. For example, phytoremediation assessments in the labora-
tory are typically conducted in short timeframes. The life cycle of

TABLE 3 Evaluation of co-contaminant impacts on phytoremediation capacity for ciprofloxacin and trimethoprim ecotoxicological risk evaluation.

Chemical Treatment Exposure Percent PNEC (pg/mL) Predicted concentration
concentration  removal antimicrobial  following removal via
(pg/L) (L. minor (%)  resistance! L. minor (pg/L)
Ciprofloxacin Singular 2.5 % 107°W), 7.7 x 31.91 1.7 x 107°®, 0.05%, 0.98C, 750
Antibiotics + Metals 1072, 15, 1,100° 0.01 2.5 x 10, 0.07%, 1°, 1,100°
PPPs + Antibiotics 0.001 2.5 x 10~®, 0.075, 1%, 1,100°
PPPs + Antibiotics + 0.06' 2.5 x 107, 0.00007%, 1°, 1,100°
Metals 0.69
No phytoremediation 2.5 % 107°%, 0.00007", 1€, 1,100°
(L. minor) 0
Trimethoprim Singular 11.43 0.5' 1.8 x 107°W, 7.1 x 1072®, 1€, 2,800°
PPPs + Antibiotics 2x107™, 8 x 1072®, | 0.02 2 x 107%™, 8 x 102, 1.3€, 3,200°
1.3, 3,200°
Antibiotics + Metals 3.43 1.9 x 107°™, 7.7 x 1072® 0.12€, 3,100°
Antibiotics + Metals 1.93 x 10°™), 7.3 x 1072®), 1.8, 2,900"
PPPs 9.23
No phytoremediation 2 x 107°W, 0.08", 1.3€, 3,200°
(L. minor) 0

A[Gao et al. (2012) (Ciprofloxacin)], ®[Loos et al. (2012) (ciprofloxacin), (trimethoprim), Grabic et al. (2012) (trimethoprim)], “[Biel-Maeso et al. (2018) (ciprofloxacin), Rodriguez-Gil et al.
(2010) (trimethoprim)] and P[study dose (ciprofloxacin), study dose (trimethoprim)], assign the assessed MEC to the range of concentrations (minimum, median, maximum, study dose)
(Umweltbundesamt, 2022). PNEC values were obtained from the AMR Industry Alliance (2023)" (Tell et al., 2019; Giebultowicz et al., 2020), risk quotients were calculated by comparing the
predicted concentration following L. minor concentrations to PNEC values. A bold unit demonstrates PECsyrracr warer > PNECy.
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L. minor is around 7-10 days whereas our assessment was only 72 h.
Therefore, key environmental processes which may occur following
longer exposure such as degradation and in-plant metabolism may be
overlooked. Furthermore, additional phytoremediation studies are
needed to capture the natural variability of environmental systems by
utilizing a range of environmental conditions such as temperature,
water properties are well known to influence the speciation of con-
taminants and thus their fate in the environment. For example, the
European Chemicals Agency (2017) guidance document for the risk
assessment of pharmaceuticals underpins the requirement and proce-
dure for the detailed risk assessment of a pharmaceutical or bioactive
compound. Specifically, European Chemicals Agency (2022) details
laboratory procedures and the requirement for tests to be performed
in a range of water properties (such as pelagic pH) as these may influ-
ence the speciation of the chemical itself. As highlighted in
Chowdhury et al. (2023) the use multiple macrophyte species (sub-
merged, floating, and emergent plants) to remove contaminants from
divergent chemical classes offers most promise in terms of maximising
pollutant removal and this was not assessed in this current study
(Chowdhury et al., 2023). Nevertheless, future work can build on the
experimental platform created here to scale the number of compounds
and aquatic macrophytes considered in a co-contaminant exposure to
increase the representativeness of the results to better inform remedia-
tion efforts.

6 Conclusion

This study demonstrates the potential of L. minor as an effective
phytoremediation tool for various organic and inorganic contami-
nants, such as diazinon > trimethoprim > atrazine > ciprofloxacin
> cadmium >chromium. Our results show that the uptake of these
contaminants differ significantly between contaminants, and the
co-exposure of multiple contaminants can significantly alter
removal efficiencies. Specifically, synergistic effects were observed
in some cases, such as the increased uptake of cadmium in the pres-
ence of chromium, or reduced uptake of organic contaminants such
as atrazine, diazinon, and ciprofloxacin in co-contaminant mix-
tures. Our findings highlight the need to account for these complex
interactions between pollutants to avoid overestimating phytoreme-
diation success. Furthermore, whilst L. minor proved effective in
reducing concentrations of certain contaminants below antimicro-
bial predicted no-effect concentrations (PNECs) or ecotoxicological
end points for D. magna, further refinement of phytoremediation
practices is required to optimise their application in real-world sce-
narios. The findings emphasise that while phytoremediation holds
promise, it requires careful consideration of environmental condi-
tions, co-occurring contaminants, and appropriate study designs to
ensure its practical application in mitigating water pollution and the
associated risks.
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