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Inhibition of Photosynthesis by a
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Received September 2, 2009. Revised manuscript received
November 30, 2009. Accepted December 7, 2009.

Recent microcosm studies have revealed that fluoroquinolone
(FQ) antibiotics can have ecotoxicological impacts on
photosynthetic organisms, but little is known about the
mechanisms of toxicity. We employed a combination of modeling
and experimental techniques to explore how FQs may have
these unintended secondary toxic effects. Structure-activity
analysis revealed that the quinolone ring and secondary amino
group typically present in FQ antibiotics may mediate their
action as quinone site inhibitors in photosystem II (PS-II), a key
enzyme in photosynthetic electron transport. Follow-up
molecular simulations involving nalidixic acid (Naldx), a
nonfluorinated quinolone with a demonstrated adverse impact
on photosynthesis, and ciprofloxacin (Cipro), the most
commonly used FQ antibiotic, showed that both may interfere
stereochemically with the catalytic activity of reaction
center II (RC-II), the pheophytin-quinone-type center present
in PS-II. Naldx can occupy the same binding site as the
secondary quinone acceptor (QB) in RC-II and interact with
amino acid residues required for the enzymatic reduction of QB.
Cipro binds in a somewhat different manner, suggesting a
different mechanism of interference. Fluorescence induction
kinetics, a common method of screening for PS-II inhibition,
recorded for photoexcited thylakoid membranes isolated
from Cipro-exposed spinach chloroplasts, indicated that Cipro
interferes with the transfer of energy from excited antenna
chlorophyll molecules to the reaction center in RC-II ([Cipro] g
5 µM in vitro and g10 µM in vivo) and thus delays the
kinetics of photoreduction of the primary quinone acceptor
(QA; [Cipro] g 0.6 µM in vitro). Spinach plants exposed to Cipro
exhibited severe growth inhibition characterized by a decrease
in both the synthesis of leaves and growth of the roots
([Cipro] g 0.5 µM in vivo). Our results thus demonstrate that
Cipro and related FQ antibiotics may interfere with photosynthetic
pathways, in addition to causing morphological deformities in
higher plants.

Introduction
Fluoroquinolone (FQ) antibiotics, an important class of
synthetic antibacterial agents, were developed through

structural modifications of the nonfluorinated quinolone
nalidixic acid (Naldx; Figure 1A) to act against both Gram-
negative and Gram-positive pathogenic bacteria (1). Due to
this broad-spectrum antibacterial activity, the FQs are widely
prescribed in both human and veterinary medicine. However,
as a result of incomplete metabolism and the relative
ineffectiveness of conventional water treatment technologies
in removing them (2–4), they are now detected frequently in
both receiving and surface waters (3, 5–7). Although FQs
were developed to have specific mechanisms of action against
pathogens through the inhibition of bacterial DNA replication
and repair (1), they can exhibit unintended toxicological
effects on indigenous bacteria and other sensitive organisms
when released into the environment (3, 8–12). Of special
interest are some recent aquatic microcosm studies indicating
that photosynthetic species are perturbed when exposed to
FQs (11, 12). For instance, ciprofloxacin (Cipro; Figure 1B),
the dominant FQ antibiotic in current use, has been shown
to affect both the structure and richness of algal communities
exposed to environmentally relevant concentrations (11).

The ability of Euglena gracilis, a facultative photosynthetic
protozoan, to form green colonies was vitiated as a result of
exposure to Naldx (13, 14), which also was shown to be a
specific inhibitor of chloroplast DNA synthesis. In a key study
of seedlings of the higher plant Arabidopsis thaliana, grown
in media containing Cipro, Wall et al. (15) reported that DNA
gyrase is a chloroplast-specific enzyme in addition to being
a bacterial enzyme, thus revealing a specific target of FQs in
photosynthetic organisms that is similar to their bacterial
target. The FQs may have other chloroplast-specific targets.
For instance, exposure to Naldx led to an inhibition of
photosynthetic electron transport (PET) that was an order
of magnitude greater than the inhibition of chloroplast DNA
synthesis and replication in isolated pea chloroplasts (16)
and to a reduction in the production of both ATP and NADPH
in carrot cell cultures (17). These important findings have
motivated the proposal (16) that Naldx may be acting as a
significant inhibitor of photosynthesis, interfering with the
generation of reduced electron carriers, which then can
impede the production of both ATP and NAD(P)H (17, 18).
In agreement with the hypothesis of Mills et al. (16), in vitro
exposure of spinach chloroplasts to nonfluorinated qui-
nolone-containing compounds (19) resulted in the inhibition
of photosystem II (PS-II) and the cytochrome b6f complexes,
which are key enzymes involved in PET. In sum, these
disconcerting results suggest that quinolones, the moieties
upon which the broad-spectrum antibacterial activity of FQs
largely depends (1), may have a toxicological impact on PET
similar to that of herbicides (19). However, there appear to
be no published investigations of the most widely used FQs
as to their specific targets in PET.

* Corresponding author present address: Department of Geo-
sciences, 158 Guyot Hall, Princeton University, Princeton, NJ 08540;
phone: (609) 258-2489; fax: (609) 258-1274; e-mail: ludmilla@
princeton.edu.

† Molecular Toxicology Group.
‡ Department of Plant and Microbial Biology.
§ Division of Ecosystem Sciences.

FIGURE 1. Molecular structures of (A) nalidixic acid and (B)
ciprofloxacin.
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In the present study, we employed a combination of
modeling and experimental techniques in an effort to probe
how FQs may have secondary toxic effects on photosynthetic
organisms by interfering with the functioning of PET. We
identified the structural components of FQs that may be
responsible for photosynthetic inhibition and the possible
targeted enzymes by performing a structure-activity rela-
tionship (SAR) analysis using well-known protein substrates
in and inhibitors of PET. This was followed by molecular
modeling of the interactions of Naldx and Cipro with the
most likely site of PET inhibition as predicted by the SAR
analysis. Guided by these modeling outcomes, we used intact
thylakoids isolated from spinach chloroplasts to characterize
the effects of Cipro on PET following both in vitro and in vivo
exposure at Cipro concentrations up to 50 µM, corresponding
to the levels that may be found near industrial effluents (20).

Materials and Methods
Materials. Ciprofloxacin (1-cyclopropyl-6-fluoro-4-oxo-7-
piperazin-1-ylquinoline-3-carboxylic acid) hydrochloride
(>98% purity) was obtained from MP Biomedicals (Solon,
OH). All other chemicals were analytical or reagent grade
obtained from Sigma-Aldrich.

Modeling FQ Interactions with PS-II. Quinones, and in
particular proteins containing quinone sites (Q sites), play
an important role in mediating electron transport within the
bioenergetic membranes of photosynthetic bacteria, mito-
chondria, and chloroplasts. To evaluate FQ antibiotics as
potential Q site antagonists in PET, 50 known Q site inhibitors
which target 8 different proteins involved in photosynthetic
and mitochondrial electron transport were subjected to SAR
analysis using the LeadScope software package. This software
package (21) employs a database of molecular structures
that are typical in medicinal chemistry to build correlations
between important chemical substructures in a selected set
of compounds and the biological effects of the compounds.
Validation studies of the software to ensure structure-activity
correlations specific to each protein target were performed
before using it for SAR analysis of the FQs. The principal
result of the SAR analysis (for details, see ref 22) was that four
unique chemical substructures (urea, halide aryl, secondary
amino group, and 1,4-benzoquinone-2-halo) were identified
in about 80% of the compounds that target reaction center
II (RC-II), the pheophytin-quinone-type center present in
PS-II, wherein photoexcited chlorophyll (Chl) molecules
facilitate the flow of electrons from an electron donor
chlorophyll to a pheophytin molecule, which then transfers
electrons to a primary quinone (QA) site (a protein-bound
quinone) to reduce subsequently mobile quinone molecules
at a secondary quinone (QB) site (20). Two of the four chemical
substructures, namely, secondary amine and halide aryl, are
found in the FQ antibiotics pipemidic acid, norfloxacin,
enoxacin, lomefloxaicn, and ciprofloxacin. This structural
correlation encouraged us to apply molecular docking
simulations to explore in more detail the interactions of Naldx
and Cipro with the QB site in RC-II, a common target of PS-II
inhibitors. The quinolone antibiotic Naldx was used for
comparison because, as previously noted, it exhibits her-
bicidal activity by inhibiting PET and possesses fragments of
two of the substructures targeting RC-II that are not found
in the FQs.

The software package Autodock4 (23, 24) was used to
generate favorable binding configurations of Naldx and Cipro
at RC-II in Rheudopseudomonas viridis [PDB ID 2prc (25)),
which is homologous to RC-II systems found in other
photosynthetic organisms (26). The docking procedure (24)
employs a grid map of a three-dimensional lattice (0.2 Å
spacing) to store both van der Waals and electrostatic
potential energies that would result from the interaction of
each atom of the antibiotic (“ligand”) with the atoms of the

R. viridis RC-II (“receptor”) located in a specified region
considered to be a possible target site of the antibiotic.
Accordingly, the L and M subunits of the R. viridis RC-II (25),
which respectively house the binding sites for the protein-
bound quinone menaquinone (QA) and the soluble quinone
ubiquinone (QB), were considered in the docking simulations
(22). A simulation cell having 20 Å sides centered on the QB

site served to isolate the atoms of the receptor to be included
in the grid map. Docking was optimized by allowing the ligand
6 degrees of freedom (rotation and translation) within the
cell and by taking into account rotatable bonds of the ligand
to include torsional degrees of freedom.

Thermodynamically favorable binding conformations
were identified by sequentially implementing random changes
in each of the degrees of freedom mentioned above,
calculating the intermolecular interaction energies, and
subjecting each configuration to an annealing step to remove
those that are energetically unfavorable (22–24). Visualiza-
tions of the lowest energy docking configurations were
created using the Maestro software package (27). Simulations
of the structure of R. viridis RC-II cocrystallized with QB

(Figure 2A) were performed to validate the docking procedure;
the conformation of the docked ligand predicted by the
simulation was in good agreement with that determined
experimentally from crystal structure analysis (22). Docking
simulations of Naldx and Cipro within the L and M subunits
were then performed similarly, with a 20 Å × 20 Å cell centered
on the QB site; the resulting lowest energy docking realizations
were analyzed in detail.

Growth of Spinach Plants. Upon appearance of cotyle-
dons, spinach (Spinacia oleracea) seedlings started in 1 in.
deep vermiculite pots were grown hydroponically in con-
tinuously aerated Hoagland’s solution (28) in a greenhouse
(20 ( 2 °C) under 8 h of daylight. Plants were typically grown
to full size in 6-8 weeks.

Isolation of Thylakoid Membranes. Thylakoids were
isolated from the spinach leaves (29) at 4 °C. Fresh chloroplast
isolation buffer solutions (25 mM Tris buffer and 5 mM
K2HPO4 (pH 7.5), 200 mM sucrose, 10 mM NaCl, 5 mM MgCl2)
and thylakoid membrane hypotonic buffer solutions (25 mM
Tris buffer and 5 mM K2HPO4 (pH 7.5), 10 mM NaCl, 5 mM
MgCl2) were prepared daily. Spinach leaves (150 g) in 400 mL
of chloroplast buffer solution were blended gradually using
a Waring blender until the green tissue of the leaves was
entirely in the liquid phase. The resulting slurry was filtered
through 16 sheets of cheesecloth and then centrifuged at
500g for 2 min. The supernatant solution was centrifuged at
5000g for 10 min, and the resulting pellet was resuspended
in the chloroplast isolation buffer, homogenized using a tissue
homogenizer, and stored in ice until needed. An aliquot of
the thylakoid suspension, diluted in 80% acetone and then
filtered, was used to quantify the Chl content of the thylakoid
suspension via absorbance (30). The desired Chl concentra-
tion (50 µg of Chl/mL) was obtained by diluting the thylakoid
suspension with hypotonic buffer solution prior to the
measurements of fluorescence induction during PET.

Fluorescence Induction Measurements. Recording Chl
fluorescence induction kinetics (29) is a common method of
screening for PS-II-inhibiting herbicides (31, 32), wherein
the shape and rate of the kinetic curves are dependent on
the redox state of the electron-accepting protein-bound
quinone (QA) molecules, which are reduced (to QA

-) in the
reaction center upon receiving energy from photoexcited
Chl (20). The shape of these curves is quantified by three
parameters (31): Fm (the maximum fluorescence intensity
following excitation of PS-II, which represents the total
amount of QA), Fv (the variable fluorescence intensity,
representing the amount of QA that was photoreduced to
QA

-), and Fo (the initial fluorescence intensity, which
represents the residual amount of QA, i.e., QA that has not
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been photoreduced). Fluorescence induction kinetics were
recorded at 690 nm (33) after the thylakoid suspensions were
treated with 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU),
which blocks the reoxidation of QA

- by QB, to facilitate the
accumulation and thus better measurement of QA

- (34).
In Vitro Exposure. To assess the effects of in vitro exposure

to Cipro on PET, the quinone photoreduction process in
PS-II was monitored using thylakoid membranes isolated
from 4-6 week old spinach plants grown in nutrient solution
in the absence of Cipro. Thylakoid suspensions prepared
from these plants were exposed to Cipro ([Cipro]) 0, 0.0006,
0.001, 0.1, 0.6, 1, 6, 10, 20, or 50 µM) for 20 or 30 min before
their fluorescence induction kinetics were recorded.

In Vivo Exposure. After 8 days following the time of
transplantation, spinach plants were transferred into fresh
nutrient solutions with [Cipro] ) 0, 0.5, 5, or 50 µM. The
plants were grown for 26 days before being harvested, after
which both the length of the roots and the characteristics of
the leaves were assessed. To determine short-term in vivo
effects of Cipro on PS-II photochemistry, spinach plants
grown 22 days following the time of transplantation were
transferred into fresh nutrient solutions that contained
[Cipro] ) 0, 1, 10, or 50 µM. Thylakoid membranes were
isolated from the plants after 8 days of exposure to record
their fluorescence induction kinetics using thylakoid sus-
pensions with the same Chl content (50 ( 4 µg/mL).

For both in vitro and in vivo exposures, nominal con-
centrations of Cipro in solution are reported because there
was minimal loss (<10%) to the reaction vessels used in the
experiments. For the in vivo experiments, there may be small
losses caused by Cipro that is sorbed on the roots but not

necessarily taken up by the plant. Both the in vitro and in
vivo experiments were carefully replicated.

Statistical Analysis. In each set of replicate experiments,
unpaired two-tailed t test analyses of the experimental data
were performed to assess significant differences between
values obtained in the presence of Cipro at several concen-
trations and data obtained in the absence of Cipro. The
concentration-response relationship of the in vivo effects
was modeled according to Brain et al. (35), where significant
differences from the control were determined by subjecting
the data to analysis of variance (ANOVA) with subsequent
posthoc pairwise comparisons using Dunnett’s test as
implemented in the SYSTAT statistical computer package
(36). The lowest concentration with response determined to
be significantly different from the control was designated
the lowest observable effect concentration (LOEC). Nonlinear
regression as implemented in Sigmaplot 9.0 was employed
to develop models of significant in vivo effects, from which
EC50 (the concentration producing a 50% response in the
end point as compared to the control) was estimated.

Results and Discussion
Modeling Interactions with Reaction Center II. Both Ile
L224 and His L190, two amino acid residues within the L
subunit of RC-II, are required to facilitate the binding of QB

and mediate the enzymatic action of RC-II, i.e., the reduction
of bound QB (25) (Figure 2A). Xenobiotic compounds that
react with these and surrounding residues can produce
inhibition of PET and the eventual impairment of plant
metabolic activity. Many well-known inhibitors of RC-II bind
at the QB site, notably the herbicide atrazine, which interacts

FIGURE 2. Visualizations of molecular docking results for ubiquinone (A, C, E), Naldx (B, C), and Cipro (D, E) in RC-II of R. viridis.
The amino acid residues in the QB binding pocket (A, B, D) are shown in a cylinder motif, while ubiquinone, Naldx, and Cipro are
shown in a ball-and-stick motif, and the H-bonds between the amino acids and the docked molecules are shown as dotted lines. In
(C) and (E), ubiquinone is shown in black and both Naldx and Cipro are shown in orange (see the text for details). Color legend for
the atoms in (A), (B), and (D): O (red), N (blue), F (green), H (white), C (gray).
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with four residues there, including Gly L225, Ile L224, and,
via a bridging water molecule, His L190 (37). It is important
to note that, while the docking-search target for the antibiotics
was situated over a 20 Å × 20 Å grid centered on the QB

binding pocket, the favorable docking configuration obtained
with both Naldx and Cipro was within the specific QB binding
site (Figure 2), suggesting that the antibiotics have a high
affinity for this region of the L subunit. This specific affinity
for the QB site is in agreement with the outcome of the SAR
analysis wherein the quinolone antibiotics were found to
possess chemical substructures typical of RC-II Q site
inhibitors.

Both the intermolecular H-bonding interactions of each
antibiotic with the amino acid residues in the QB pocket and
the potential interference of the docked antibiotic with the
binding of QB were examined (Figure 2). The docked Naldx
formed two intermolecular H-bonds in the QB site: one
between the Naldx carbonyl O and Ile L224 and another
between its secondary amino group and His L190 (Figure
2B). Comparison of the location of the docked Naldx to that
of the bound QB (Figure 2C) indicates that Naldx occupies
the same binding site as QB; i.e., the Naldx carbonyl O (labeled

a, in orange) is located near the QB carbonyl O (labeled a, in
black) that interacts with Ile L224, and the Naldx amino group
(labeled b, in orange) is situated near the other carbonyl O
in QB (labeled b, in black), which interacts with His L190. It
was shown previously that exposure of spinach thylakoid
membranes to Naldx results in a significant inhibition of O2

production, a consequence of impaired PET (16). We show
here, apparently for the first time, specifically how Naldx
may bind to the QB site of RC-II, including the interactions
which may be responsible for the observed inhibition of PS-
II by quinolone antibiotics (18). By contrast, while the
carbonyl O atom from the quinolone ring of Cipro, the
prototypical FQ antibiotic, interacts with Ile L224, there was
no interaction between Cipro and His L190. Instead, the Cipro
F atom forms a H bond with Gly L225 (Figure 2D).
Furthermore, comparison of the location of the docked Cipro
to that of the bound QB (Figure 2E) reveals that Cipro binds
in a slightly different region of the QB site wherein the Cipro
carbonyl O atom (labeled a, in orange) is not as near to the
QB carbonyl O atom (labeled a, in black) as was the Naldx
carbonyl O and the Cipro F atom (labeled b, in orange) was
not in the vicinity of the other carbonyl O atom in the QB site
(labeled b, in black) since, as mentioned above, Cipro did
not interfere with the binding of QB with His L190. It is
important to note that the F atom, in addition to the
cyclopropyl and secondary amino groups in Cipro, can be
removed as a result of degradation of the antibiotic (38) and
typical metabolites of Cipro in the environment likely contain
only the carbonyl moiety that interacts directly with Ile L224
in RC-II. Therefore, it is conceivable that Cipro may not inhibit
PET similarly to Naldx in exposed photosynthetic organisms.

Effects on Photosynthesis. The rate of O2 production in
spinach thylakoids following in vitro exposure to Cipro was
not inhibited (22), a distinct contrast from previous results
obtained with Naldx (16), further suggesting that Cipro may
have a mode of action different from that of Naldx. This
finding is consistent with our modeling results that Cipro
may not exhibit a strong binding competition with the
secondary quinone (QB) at its PS-II target site.

Since Cipro was shown to be structurally similar to known
inhibitors of the oxidizing site of PS-II (22), which can induce
disruption of the redox states required in PS-II for PET, we
monitored the redox state of the primary quinone (QA) in the
presence of Cipro. After in vitro exposure to [Cipro] < 10 µM,
there was no statistically significant change in the fraction
of QA photoreduced, as indicated by the Fv/Fm values (Figure
3B), although an appreciable decrease in Fv/Fm at [Cipro] )
10 µM suggests that Cipro may exert in vitro inhibition of
catalytic activity at the QA site. Moreover, a statistically
significant increase in the Fo/Fm values (Figure 3C) indicates
a corresponding increase in the amount of photoexcited Chl

FIGURE 3. (A) Typical fluorescence induction kinetics, showing
the relative yield of parameters Fo, Fv, and Fm. Relative
measured amounts of FV (B) and Fo (C) with respect to Fm in
spinach thylakoids following 20 min of in vitro exposure to
Cipro at several concentrations. Error bars represent standard
deviations; p < 0.03 (*).

FIGURE 4. Kinetics of photoreduction in spinach thylakoids
following 30 min of in vitro exposure to Cipro at several
concentrations. Error bars represent standard deviations; p <
0.05 (*).
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molecules that are not translating to photoreduction of the
quinone molecules. In accordance with this phenomenon,
the kinetics of QA photoreduction were affected significantly
as a function of [Cipro] (Figure 4). The calculated time to
reach half the maximum value of Fv, i.e., the time to produce
half the total amount of photoreduced QA, was 0.081 ( 0.001
s in the control experiment, but rose to 0.141 ( 0.004 s at
[Cipro] ) 50 µM, i.e., a major delay in the kinetics of QA

photoreduction under our experimental conditions. Taken
collectively, these in vitro results led us to propose that Cipro

interferes with PET indirectly, by decreasing the rate of energy
transfer from antenna Chl molecules to the reaction center
in the spinach thylakoids.

The above conclusions were strengthened by results
obtained following in vivo exposure of spinach leaves to Cipro.
After in vivo exposure, the maximal fluorescence yield (Fm)
did not change appreciably, but there were pronounced
changes in the relative yields of Fo and Fv (Figure 5). Increasing
concentrations of Cipro caused an increase in the parameter
Fo, representing the amount of excited Chl that is blocked

FIGURE 5. Fluorescence induction kinetic parameters as defined in Figure 3 following short-term in vivo exposure of spinach
thylakoids to several concentrations of Cipro (A) and Fo relative to the control (2.24 ( 0.05 au) with the calculated
response-concentration model for the increase in Fo (B). Error bars represent standard deviations; p < 0.02 (*). The line represents
the fitted nonlinear regression model obtained with average values of the model coefficients (Table 1).

FIGURE 6. Morphological effects of longer term in vivo exposure of spinach plants to Cipro at several concentrations: representative
images of leaves (A) and roots (B) of the exposed plants; (C) length of the roots as a function of increasing [Cipro]; (D) length of the
roots relative to the control (39.37 ( 6.29 cm) with the calculated response-concentration model for the decrease in the length of
the roots. Error bars represent standard deviations; p < 0.05 (*). The line represents the fitted nonlinear regression model obtained
with average values of the model coefficients (Table 1).
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from or otherwise incapable of transferring energy to the
PSII reaction center (Figure 5). Conversely, the fluorescence
parameter Fv decreased systematically with increasing [Cipro]
(Figure 5), reflecting the lower levels of excitation energy
reaching the PSII reaction center molecule from the antenna
chlorophyll. We should point out that this in vivo biochemical
effect was observed after a short 8 day exposure to Cipro in
the growth media, wherein the plants still appeared to be
healthy, with no observable decrease in the green pigment
of the leaves, in the amount of newly synthesized leaves, or
in the growth of the plant roots. More adverse effects may
result from longer exposures.

Following growth of the spinach plants in Cipro-contain-
ing nutrient solution for 26 days, we observed stunted growth
as evidenced by a significant decrease in the number of newly
synthesized leaves and the length of the roots (Figure 6).
Similarly, the synthesis of new chloroplasts and mitochondria
in both seedlings and cell cultures of A. thaliana was severely
impaired as a result of exposure to Cipro-containing growth
media, with Cipro shown to target DNA gyrase (15), just as
it does in its antibacterial action. A comparable mechanism
may be responsible for the longer term adverse effects of
Cipro on the morphology of the spinach plants investigated
in the present study; the observable decrease in the amount
of both new leaves ([Cipro]g 0.5 µM) and the green pigment
of the leaves ([Cipro] ) 50 µM) is in agreement with this
mechanism (Figure 6A) (15).

Both in vitro and in vivo effects of Cipro on QA photore-
duction underscore that the observed Cipro-induced de-
crease in the fraction of photoreduced QA is not likely due
to direct chemical inhibition at the quinone binding site, but
instead is a downstream effect of Cipro toxicity in the PS-II
units characterized by an increase in inactive antenna Chl
molecules. Our experimental results demonstrate that Cipro
may interfere with the photosynthetic bioenergetic pathway,
in addition to causing morphological deformities in higher
plants. The range of EC50 values (based on the standard error)
estimated from concentration-response models of the
increase in inactive excited PSII Chl units (i.e., excited Chl
units not involved in mediating quinone photoreduction)
and the decrease in root length are, respectively, 10.3-111.7
and 0.532-0.776 µM, both of which are higher than the
respective LOEC values (Table 1). Although these concentra-
tions are higher than those typically found in surface waters
(6), they are comparable with those found near industrial
effluents (20). Therefore, the observed adverse in vivo
response demonstrated here may be relevant to sensitive
plants located near high-FQ-containing waters. Finally, the
present study not only stresses the need, as pointed out
previously (39), to consider sublethal molecular targets as
potential meaningful phytotoxicity end points, but also takes
a step toward the evaluation of FQ cumulative effects, a
current challenge in the environmental risk assessment of
pharmaceuticals (35), by providing correlations between FQ
structures and specific molecular mechanisms of toxic action.
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