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H I G H L I G H T S
• Amoxicillin, ibuprofen and paracetamol
acute effects on Lactuca sativa were
tested.

• Germination and early plant growth
were evaluated after a 5-day exposure.

• The exposure to single pharmaceuticals
boosted the length of L. sativa.

• Mixtures of pharmaceuticals prevent
the effects of isolated compounds.
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1. Introduction

The increasing global population and ever higher average life expec-
tancies, cause pharmaceuticals to be continuously released into the en-
vironment, so they do not need to be persistent to jeopardize
ecosystems (Santos et al., 2010; Arnold et al., 2013; Vasquez et al.,
2014; Christou et al., 2019). Pharmaceuticals can be discharged into
the environment through different sources, such as inappropriate dis-
posal or via wastewater after excretion (Singh et al., 2018). As the re-
moval of these substances in wastewater treatment plants (WWTPs)
is not complete, pharmaceuticals and their metabolites can be released
straight into the aquatic environment and ultimately they may reach
drinking water (Petrie et al., 2015). In addition, either biosolids gener-
ated inWWTPs ormanure produced by animals can be applied as fertil-
izers in agriculture, and reclaimed water can be used for crop irrigation.
Moreover, pharmaceuticals may be part of the runoff from soils during
rainfall reaching surfacewater or they can also infiltrate into groundwa-
ter (Edwards et al., 2009; Bártíková et al., 2016; Hurtado et al., 2016).

Trace concentrations of pharmaceuticals have been detected in a
wide range of ecosystems, and show potential to bioaccumulate in or-
ganisms, which has raised concerns over the possible adverse effects
from long-term exposure (Ruhí et al., 2016; de Solla et al., 2016;
Moreno-González et al., 2016; Paíga et al., 2017; Christou et al., 2019).
Most of the published data on ecotoxicology has focused on aquatic or-
ganisms (e.g. phytoplankton,marine bacteria, algae, crustaceans or fish)
and only a few on soil inhabiting organisms (e.g. invertebrates, plants,
soil bacteria and fungi). There are studies for phytoremediation pur-
poses or in order to ascertain potential humanexposure through trophic
transfer (Carvalho et al., 2014). However, documented toxicity effects of
pharmaceuticals in terrestrial plants are sparse (Hillis et al., 2011;
Carvalho et al., 2014; Bártíková et al., 2016). As these emerging pollut-
ants do not occur in the environment as isolated substances, studies
on mixtures are important to investigate the potential for combined ef-
fects, such as antagonistic, synergistic or additive (Trombini et al.,
2016).

Analgesics, non-steroidal anti-inflammatory drugs (NSAIDs) and an-
tibiotics are among themost prescribed and consumed pharmaceuticals
all over the world. Paracetamol (PCT), ibuprofen (IBU) and amoxicillin
(AMX) are examples of pharmaceuticals representative of the afore-
mentioned therapeutic classes. Their presence has been reported in dif-
ferent environmental compartments, namely wastewaters (Guillén
et al., 2012; Gros et al., 2013; Santos et al., 2013), surface waters
(Zuccato et al., 2010; Paíga et al., 2016), drinking water (Morasch
et al., 2010; Carmona et al., 2014) and soils (Gibson et al., 2010;
Gottschall et al., 2012; Vazquez-Roig et al., 2012; Li, 2014; Aznar et al.,
2014). It was shown that these pharmaceuticals might have a potential
toxic effect for non-target organisms, but it must be taken into account
that the concentrations of exposure not always correspond to the ones
found in environment (Pino et al., 2016). Paracetamol was classified
as harmful to the copepod Tisbe battagliai (Trombini et al., 2016), and
exhibited toxicity to a variety of other aquatic species such as: the uni-
cellular algae Pseudokirchneriella subcapitata, the cyanobacterium
Cylindrospermopsis raciborskii, the duckweed Lemnaminor or the crusta-
ceanDaphniamagna (Nunes et al., 2014a). IBUwas described as harmful
to T. battagliai (Trombini et al., 2016) and to the crustacean Atyaephyra
desmaresti (Nieto et al., 2016). It also caused a significant decrease in the
reproduction and population growth rate ofD. magna (Heckmann et al.,
2007). Acute toxic effects have also been described for terrestrial
organisms as the earthworm Eisenia fetida (Pino et al., 2015) and the
crop plant L. sativa (Schmidt and Redshaw, 2015). On the other hand,
AMX stimulated the photosynthesis activity and the production of
microcystins of Microcystis aeruginosa (Liu et al., 2016). This pharma-
ceutical was also able to induce oxidative stress in the zebrafish
(Dania rerio) (Oliveira et al., 2013) and seemed to affect the haemocyte
parameters of the clam Ruditapes philippinarum and the musselMytilus
galloprovincialis (Matozzo et al., 2016). AMX also showed toxicity to ter-
restrial organism, affecting the photosynthetic processes in wheat
(Triticum aestivum) (Opri̧ et al., 2013). Although the toxic effects of sin-
gle pharmaceuticals have been described at different trophic levels, the
current knowledge on the effects of their mixtures is still sparse, espe-
cially in terrestrial organisms (Vasquez et al., 2014).

In this study three widely consumed pharmaceuticals from different
therapeutic groups (PCT, IBU and AMX) were selected to evaluate their
possible phytotoxic effects on the germination, development and
growth of Lactuca sativa seeds (lettuce). Based on direct contact,
L. sativawas chosen, because it is a standard species recommended for
ecotoxicological studies involving terrestrial plants due to their simplic-
ity, low cost, and suitability to quickly react to the exposure to chemicals
(OECD, 2006; D'Abrosca et al., 2008; Bragança et al., 2018). Single and
mixture (binary and ternary) trials were conducted to assess the phyto-
toxic impact of individual pharmaceuticals and their mixtures in differ-
ent endpoints, namely seed germination percentage and the length of
each organ of the plant (root, shoot and leaf) after an exposure time of
five days.

2. Materials and methods

2.1. Test organisms, soil and chemicals

Lettuce seeds (Lactuca sativa var. Buttercrunch; lot no. PTXT13413)
were obtained from Alípio Dias & Irmão (Porto, Portugal) and stored
in the dark at 4 °C. Acute toxicity tests were performed on a certified ar-
tificial sandy soil from MIBAL - Minas de Barqueiros S.A. (Apúlia,
Portugal). This soil was slightly acid (pH = 5) without organic matter
content, a water holding capacity of 50%, and a silica content of approx-
imately 90%, which 99.9% is sand and 0.1% is silt (Rede et al., 2016).

IBU (purity ≥ 99%), AMX (potency ≥ 900 μg mg−1) and PCT (purity
≥ 98%) were purchased from Sigma-Aldrich, Steinheim, Germany.
Fresh stock solutions of pharmaceuticals were prepared in deionised
water (resistivity = 15.2 MΩ·cm) obtained from an Elix 3 Advanced
system (Millipore; Molsheim; France). The solutions were renewed
every 7 days and stored in the dark at 4 °C to avoid photodegradation.

2.2. Experimental design

Experimental procedure for acute ecotoxicity tests was set up ac-
cording to Rede et al. (2016) (Rede et al., 2016), which was based on
section A.8.6 “Lettuce seed germination (Lactuca sativa)” from EPA
600/3-88-029 (Greene et al., 1996) and EPS 1/RM/45 Report (Biological
test method: test for measuring emergence and growth of terrestrial
plants exposed to contaminants in soil) (Canada, 2005). Briefly, twenty
seeds of L. sativa were placed onto 100 g of pre-dried (104 °C, 24 h)
sandy soil in polystyrene petri dishes (Ø = 140 mm). Each seed was
placed in a hole, covered with sand and 10 mL of deionised water/con-
taminant were added in the top of the soil using a Pasteur pipette. Petri
dishes were sealed with parafilm and placed inside a germination



chamber (Binder; KBWF 240; USA), equippedwith day light fluorescent
lamps, during 120 h at 24± 2 °C. The first 48 hwere carried out in dark-
ness, followed by 16:8 h of light:dark cycles with a light intensity of
10,000 lx.

After five days of exposure, plants were harvested, and root, shoot
and leaf length was measured using a certified Digimatic Caliper
(Mitutoyo; Absolute Series 500; USA). The germination percentage
was calculated, and tests were considered valid if the germination of
control test was ≥90% and the root length was up to 5 mm.

The ecotoxicity of three pharmaceuticals (IBU, AMX and PCT) was
evaluated using L. sativa seeds, considering either their individual phy-
totoxicity or the toxic effects of different mixture ratios. Each assay
wasmade in triplicate and repeated three times, and the average germi-
nation percentage was calculated as well as the mean length of root,
shoot and leaf.

2.2.1. Artificial soil contamination with single pharmaceuticals
Trials with each individual pharmaceutical were performed, cover-

ing a wide range of concentrations and their solubility in water. Assays
with IBU were conducted in a concentration range between 0.01 and
100 ng g−1 (0.01, 0.05, 0.1, 0.2, 1, 2, 5, 10, 20, 50, and 100 ng g−1). For
AMX, it was used a concentration range between 0.01 and
10,000 ng g−1 (0.01, 0.05, 0.1, 1, 10, 100, 1000, 5000, and
10,000 ng g−1), and the ecotoxicity of PCT was studied in a concentra-
tion range between 0.001 and 10,000 ng g−1 (0.001, 0.01, 0.1, 1, 10,
100, 1000, 5000, and 10,000 ng g−1). The concentration of the stock so-
lutions was confirmed by liquid chromatography. Rigorous dilutions
were prepared in deionised water and 100 g of artificial soil was con-
taminated with 10 mL of diluted solution.

2.2.2. Artificial soil contamination with mixtures of pharmaceuticals
To study amore realistic scenario, L. sativa seedswere exposed to ten

different mixtures of pharmaceuticals. For the 9 binary mixtures, the
nominal concentration of each pharmaceutical was 10, 50 or
90 ng g−1 , and for the ternarymixture each pharmaceutical had a nom-
inal concentration of 33.3 ng g−1 (Table S1, Supplementarymaterial). In
these experiments 100 g of soil were hydrated with 10mL of each mix-
ture, obtaining a final contamination of 100 ng of pollutant per gram of
artificial soil.

2.3. Statistical analysis

Tests were done triplicate, repeated in three distinct occasions and
statistical analysis was performed using SPSS software, version 20.0
(SPSS Inc., Chicago, Illinois). Univariate descriptive statistics analysis
was applied to the four studied endpoints, more specifically percentage
of seed germination, root elongation, shoot length and leaf length. Data
from acute ecotoxicity assays was analyzed through the application of a
Kruskal-Wallis one-way ANOVA by rank test with Bonferroni correc-
tion. Subsequently a post-hoc comparison of mean rank of all pairs of
groups was applied using Dunn test. A two-tailed pvalue b 0.05 was con-
sidered to indicate statistical significance.

3. Results and discussion

3.1. Effect of individual pharmaceuticals in L. sativa seeds

Fig. 1 shows the effect of the individual pharmaceuticals (PCT, IBU
and AMX) in L. sativa seed germination and seedling growth after expo-
sure to different concentrations forfive days. In this study, no significant
effects on seed germination were found for the three pharmaceuticals.
This is in agreement with previous studies (Hillis et al., 2011; Pino
et al., 2016), since the seed germination is a conservative process and
the seed coat works as a protective barrier that protects the plant em-
bryo from the negative impact of environmental contaminants like
pharmaceuticals (An et al., 2009; Hillis et al., 2011; Vazquez-Roig
et al., 2012). A small inhibition of the seed germination was described
for wheat when exposed to pharmaceuticals (An et al., 2009).

The exposure of L. sativa seeds to PCT in a range of concentrations
between 0.01 and 10,000 ng g−1 (equivalent to 0.1 to 100,000
μg L−1) did not cause statistically significant effects on percentage
of seed germination, root elongation, shoot length and leaf length
(Fig. 1AI–AIV), comparatively to the control. Pino et al. (2016)
reported an EC50 of 2820 mg L−1 for the inhibition of root elongation
of L. sativa after a five-day exposure to PCT (Pino et al., 2016), but
Triticum aestivum (common wheat) was more affected by this
pharmaceutical, exhibiting an EC50 of 668.8 mg L−1 after a
fourteen-day exposure (An et al., 2009).

Within the range of IBU concentrations tested (0.01 to 100 ng g−1 ,
equivalent to 0.1 to 1000 μg L−1) no impact in the germination percent-
age and leaf length was observed. In fact, it was possible to see leaves in
all the germinated seeds of lettuce after a five-day exposure, contrary to
whatwas described by Schmidt and Redshaw (2015)who reported that
only 20% of L. sativa seeds reached the cotyledon opening stage after a
seven-day exposure period to IBU, at environmentally relevant concen-
trations (10 μg L−1 and 1 mg L−1) (Schmidt and Redshaw, 2015). Once
more, these results were obtained for a longer exposure time than the
one presented in EPA 600/3–88-029 (Greene et al., 1996). For the
shoot length there were statistically significant differences between
control and 0.05 ng g−1 (p= 0.017) and 0.1 ng g−1 (p= 0.004). In ad-
dition, statistically significant difference was also detected between
0.1 ng g−1 and 10 ng g−1 (p= 0.027), which represented an increment
in the length of about 38%. Concerning root elongation, roots became
thinner and longer compared to the controls, but these differences
were not statistically significant (Fig. 1BI–BIV). Schmidt and Redshaw
(2015) observed an enhancement in L. sativa and R. sativus roots for a
similar concentration of IBU (1 mg L−1) (Schmidt and Redshaw,
2015). However, for 250mg L−1 of IBU Pino et al. (2016) describedmor-
phological changes in the radicles of L. sativa as they became yellow,
with necrotic tips, underdeveloped hairs, and with thinner and longer
roots than in controls (Pino et al., 2016). When the concentration of
IBU increased to 500 or 1000 mg L−1 , it was also observed necrotic tis-
sue in the root tips, that for the highest concentration could extend to
the radicle (Pino et al., 2016).

The exposure of L. sativa seeds to AMX in a concentration range be-
tween 0.01 and 10,000 ng g−1 (equivalent to 0.1 to 100,000 μg L−1) did
not provoke statistically significant effects in germination percentage,
root elongation, shoot and leaf length (Fig. 1CI–CIV). The slight change
in the root elongation (from −21% to +25%) comparatively to control
agrees with the low toxicity described in the literature for L. sativa
when exposed to a concentration range of AMX between 1 and 10,000
μg L−1 (Hillis et al., 2011). Nevertheless, other species appear to be
more sensitive to this pharmaceutical as is the case of Daucus carota
which showed a significant decrease in the root and total length when
exposed to AMX concentrations between 1 and 10,000 μg L−1 (Hillis
et al., 2011). The root elongation of Medicago sativa was significantly
stimulated when exposed to 1 μg L−1 of AMX (Hillis et al., 2011). More-
over, concentrations of 0.5 and 1.5mg L−1 of AMX seemed to reduce the
capacity of light reactions of photosynthesis in T. aestivum, and conse-
quently the resistance to stress conditions could be compromised
(Opri̧ et al., 2013).

No consistent differences or trends were observed in the concentra-
tion ranges of PCT, IBU and AMX tested, which allow the conclusion that
if exposure occurs at environmentally relevant concentrations the
threat to germination and development of L. sativa seeds is negligible.
However as plants can uptake pharmaceuticals (by diffusion through
cell walls and membranes), and accumulate them in their tissues, the
presence of these pollutants in soil can pose a potential risk to the qual-
ity of agricultural products or even promote antibiotic resistance
(Sabourin et al., 2012; Calderón-Preciado et al., 2013; Vasquez et al.,
2014; Schroeder et al., 2015; Azanu et al., 2016; Christou et al., 2017b,
2019; Di Baccio et al., 2017).



Fig. 1. A - Effect of paracetamol (0.01 to 10,000 ng g-1) on L. sativa AI – Percentage of seed germination (%); AII – Root length (mm); AIII – Shoot length (mm); AIV – Leaf length (mm). B -
Effect of ibuprofen (0.01 to 100 ng g-1) on L. sativa. BI – Percentage of seed germination (%); BII – Root length (mm); BIII – Shoot length (mm); BIV – Leaf length (mm). C - Effect of
amoxicillin (0.01 to 10,000 ng g-1) on L. sativa. CI – Percentage of seed germination (%); CII – Root length (mm); CIII – Shoot length (mm); CIV – Leaf length (mm). Statistically
significant differences for a p value b 0.05; , , , and , correspond to 25–75 %, median, non-outlier range, and outliers, respectively.



3.2. Effect of pharmaceuticals mixtures in L. sativa seeds

The toxic effects ofmixtures of PCT, IBU andAMX in the germination,
and early growth of L. sativa seeds were also assessed. For that, a sum of
concentrations of pharmaceuticals of 100 ng g−1 was considered in all
tested mixtures, though different proportions of the pharmaceuticals
were considered as an attempt to establish their possible impact in
the observed phytotoxic effects. Therefore, several binary combinations
of the three pharmaceuticals were made (see Table S1, Supplementary
material), namely: for mixture I (MAI, MBI, MCI), a proportion of
10 ng g−1 of a pharmaceutical and 90 ng g−1 of the other; mixture II
(MAII, MBII, MCII), both pharmaceuticals at the same concentration
(50 ng g−1); and mixture III (MAIII, MBIII, MCIII), the opposite propor-
tion of the pharmaceuticals considered in the mixture I. A ternary mix-
ture (MD), combining PCT, IBU and AMX at the same concentration
(33.3 ng g−1) was also tested. In addition, isolated pharmaceuticals
were also tested at a concentration of 100 ng g−1 , whichwas considered
the worst case scenario imposed by the solubility limit of the IBU in
aqueous solutions.

When L. sativawas exposed to themixtures of AMX and IBU the four
endpoints (% seed germination, root elongation, shoot length and leaf
length) did not show statistically significant differences relative to the
control (pN 0.05). Nevertheless, therewere some statistically significant
differences between individual pharmaceuticals and their combination.
For the germination percentage, as it can be seen in Fig. 2-AI, therewere
statistically significant differences between IBU and the mixture MAIII
(p = 0.043). Concerning root elongation statistically significant differ-
ences were observed relative to AMX, namely for the mixtures MAI (p
= 0.012) and MAII (p = 0.017). The effect was more pronounced for
the mixture MAI (median = 24.49 mm), which presented the highest
amount of IBU (Fig. 2-AII). Moreover, it was noticed an increment in
the shoot length of mixtures comparatively to the individual pharma-
ceuticals, that was significantly different from IBU (MAI: p = 0.004;
MAII: p = 0.004; MAIII: p = 0.002). This effect was more pronounced
for the mixture MAIII with an increment of about 174% and 73% to IBU
and AMX, respectively (Fig. 2-AIII). For leaf length (Fig. 2-AIV) all mix-
tures of AMX and IBU showed an increase in the leaf length thatwas sta-
tistically significant different relative to IBU (MAI: p= 0.045;MAII: p=
0.0004; MAIII: p = 0.004).

The exposure of L. sativa to themixtures of AMX and PCT did not in-
duce statistically significant differences relative to the control (p N 0.05)
in the four endpoints. Thought, therewere statistically significant differ-
ences when mixtures were compared with individual pharmaceuticals.
In the case of germination percentage, as it can be seen in Fig. 2-BI, mix-
ture MBI was statistically significant different from AMX (p = 0.037).
All mixtures showed an increment in the root elongation relatively to
the individual pharmaceuticals (maximum increase of 41 and 85% com-
pared to individual PCT and AMX, respectively). Moreover, mixtures
MBI and MBII presented statistically significant differences compared
to the individual exposure to AMX (MBI: p = 0.023; MBII: p = 0.015),
mixture MBIII presented statistically significant differences compared
to both individual pharmaceuticals (AMX: p b 0.001; PCT: p = 0.009)
(Fig. 2-BII). Shoot length had the highest increase in the mixture MBIII
(median = 12.18 mm), which was statistically significant different
from both individual pharmaceuticals (AMX: p = 0.002; PCT: p =
0.046). Furthermore, statistically significant differences in the shoot
length was also observed in mixture MBI relative to AMX (p = 0.033)
(Fig. 2-BIII). In relation to leaf length, mixtures showed an increase as
well, being statistically significant different for MBII and MBIII relative
to AMX (p = 0.018 and p = 0.009, respectively) (Fig. 2-BIV).

Regarding the three mixtures of IBU and PCT no statistically signifi-
cant differences were observed in any studied endpoint when com-
pared to the control (p N 0.05). In the germination percentage (Fig. 2-
CI) there were statistically significant differences between IBU and the
control (p = 0.041). Additionally, it can be said that the germination
percentage increased in the mixtures (median = 95,0–97.5%) in
relation to IBU (median = 75.0%). Root elongation tended to increase
for all the mixtures (median = 19.96–25.56 mm) relative to PCT
(median = 16.49 mm) (Fig. 2-CII). The effect was more pronounced
when high proportions of IBU were present in the mixture as was the
case of MCIII, that showed statistically significant differences from PCT
(p = 0.001). As it can be seen in Fig. 2-CIII all the mixtures of IBU and
PCT show an increment in the shoot length, that is significantly different
relative to IBU (MCI: p=0.0008;MCII: p=0.010;MCIII: p b 0.001). The
same behaviourwas observed for leaf length and once again all themix-
tures presented statistically significant differences relatively to the indi-
vidual exposure to IBU (MCI: p b 0.001; MCII: p = 0.004; MCIII: p =
0.0009) (Fig. 2-CIV).

The combination of the three pharmaceuticals did not affect end-
points when results were compared to control (p N 0.05), but there
were statistically significant differences when compared with individ-
ual pharmaceuticals (Fig. 3). Root elongation of L. sativa increased com-
pared to the individual pharmaceuticals, showing statistically
significant differences relative to AMX (p=0.003)which corresponded
to an increment of about 120% (Fig. 3-B). The shoot length of the mix-
ture presented an increase of 21%, 51% and 138% compared to PCT,
AMX and IBU (p b 0.001) (Fig. 3-C), respectively. Leaf length showed
an identical tendency as shoot length, and statistically significant differ-
ences relative to IBU were noticed (p b 0.001), corresponding to an in-
crement of about 86% (Fig. 3-D).

In general, for the same total concentration (100 ng g−1), an en-
hancement in the root elongation, shoot and leaf length of the lettuce
exposed to the pharmaceutical mixtures was observed relative to the
individual pharmaceuticals. The inhibitory effect on early growth de-
tected on exposure to isolated pharmaceuticals tends to be cancelled
in the mixtures, which might be due to interactions between com-
pounds or even to the plant's own metabolism. It is known that the
presence of isolated pharmaceuticals in the soil can induce oxidative
stress in plants and then, their antioxidant defenses can be induced
(Gómez-Oliván et al., 2014), leading to different responses (phytotoxic
effects) depending on the pharmaceutical, its concentration and the
sensitivity of the plant species (Carvalho et al., 2014; Marsoni et al.,
2014; Minden et al., 2017). For instance, IBU acts by inhibiting
cyclooxygenases, enzymes that are responsible for the catalysis of the
prostaglandins synthesis. In higher plants, prostaglandins are involved
in defense mechanisms (Cleuvers, 2004), therefore the exposure to
this pharmaceuticalmight compromise the response of plants to the ox-
idative stress induced by pollutants present in soils. Furthermore, PCT
induces oxidative stress in cells, leading to an increase in the reactive
oxygen species (ROS) produced, which might damage the antioxidant
defense system of the plant (An et al., 2009; Nunes et al., 2014b). PCT,
IBU and AMX are widely consumed pharmaceuticals and have been de-
tected in soils (Gottschall et al., 2012; Vazquez-Roig et al., 2012). It is not
expected that the environmental concentrations of these pharmaceuti-
cals could induce toxicity in the germination and development of let-
tuce seeds. Under real environmental conditions it is more likely to
find mixtures of contaminants that continuously change composition
and concentrations over time (Paíga et al., 2017; Christou et al., 2019).
The bioaccumulation of contaminants in plant tissues depends on the
type of soil, contaminants' physico-chemical properties and interac-
tions, and also on the plant species (Christou et al., 2019). Toxic effects
that long-time exposure to mixtures pose to non-target organisms are
still poorly understood and should be considered to generate data
(Cleuvers, 2003; Trombini et al., 2016; Pino et al., 2016; Christou et al.,
2017a, 2019).

4. Conclusions

The individual and mixture phytotoxic effects of PCT, IBU and AMX
in L. sativa seeds were assessed using four endpoints: percentage of
seed germination, root elongation, shoot length and leaf length. Tests
with isolated pharmaceuticals were conducted in a wide range of



Fig. 2. A - Comparison between pharmaceutical mixturesMA (amoxicillin and ibuprofen) and individual pharmaceuticals and control. AI – Percentage of seed germination (%); AII – Root
length (mm); AIII – Shoot length (mm); AIV – Leaf length (mm). B - Comparison between pharmaceuticalmixturesMB (amoxicillin and paracetamol) and individual pharmaceuticals and
control. BI – Percentage of seed germination (%); BII – Root length (mm); BIII – Shoot length (mm); BIV – Leaf length (mm). C - Comparison between pharmaceutical mixtures MC
(ibuprofen and paracetamol) and individual pharmaceuticals and control. CI – Percentage of seed germination (%); CII – Root length (mm); CIII – Shoot length (mm); CIV – Leaf length
(mm). Statistically significant differences for a p value b 0.05; , , , and , correspond to 25–75 %, median, non-outlier range, and outliers, respectively.



Fig. 3. Comparison between pharmaceutical ternarymixture (ibuprofen, paracetamol and amoxicillin) and individual pharmaceuticals and control. and correspond to 25–75%,median
non-outlier range, and outliers, respectively. A – Percentage of seed germination (%); B – root length (mm); C – shoot length (mm); D – leaf length (mm). Statistically significan
differences for a p value b 0.05.
concentrations (PCT: 0.001–10,000 ng g−1; IBU: 0.01–100 ng g−1;
AMX: 0.01–10,000 ng g−1). Ten mixtures with different proportions of
the pharmaceuticals and a final concentration of 100 ng g−1 were
tested.

For the tests with individual pharmaceuticals, the observed en-
hancement in L. sativa early seedling growth has no consistent statistical
significance. When mixtures were evaluated, the inhibition in the early
growth induced by isolated pharmaceuticals was not verified.

It is not expected that the environmental concentrations of PCT, IBU
or AMX could induce toxicity in the early growth of lettuce seeds,
though, in real environmental conditions, contaminants can be found
asmixtures whose effects are not accurately determined by the analysis
of individual compounds. To better understand the potential impact of
pharmaceuticals and their mixtures on plants (either on their sustain-
ability or on their productivity and food security), further
phytotoxicological studies, mainly chronic tests, should be considered.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.03.432.
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