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a b s t r a c t

The use of pharmaceuticals in the food production industry as prophylatic and therapeutic agents is nec-
essary to promote animal health, but may entail significant consequences to natural ecosystems, espe-
cially in the cases of overdosing and use of banned pharmaceuticals. The vast effects that antibiotics
released into the environment have on non-target organisms are already under the scope of researchers
but little attention has been given to primary producers such as macroalgae. The present study assessed
furaltadone’s, an antibacterial agent illegally used for veterinary purposes, uptake capacity by Ulva lact-
uca and its effect in the growth of this cosmopolitan macroalgae. Differences in macroalgal growth were
shown when submitted to prophylactic and therapeutic concentrations of furaltadone in the water (16
and 32 lg mL�1, respectively). The therapeutic concentration caused higher growth impairment than
the prophylactic treatment did, with 87.5% and 58% reductions respectively. Furthermore, together with
data collected from the accumulation assays, with values of internal concentrations as high as
18.84 lg g�1 WW, suggest that the macroalgae U. lactuca should be included in field surveys as a biomon-
itor for the detection of nitrofurans.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Environmental chemical contamination can occur as a result of
human activities, carrying with it potential adverse ecological im-
pacts (Olette et al., 2008). To assess such effects it has become nec-
essary to understand which chemical stressors are present and
their likelihood to impact exposed receptors. A vast array of veter-
inary medicinal products (VMP) is used in animal production serv-
ing several purposes from growth-promotion to the treatment of
diseases (Stolker et al., 2007). In the last decades the avian industry
grew considerably and even though there have been significant
improvements and a higher sanitary control, there is still a concern
with the leakage of VMPs into the environment (Halling-Sørensen
et al., 1998; Wollenberger et al., 2000; Boyd, 2003; Lalumera et al.,
2004). Antibiotics are among these potentially harmful substances
since they are especially tailored to be biologically active (Halling-
ll rights reserved.
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Sørensen et al., 1998; Wollenberger et al., 2000; Edhlund et al.,
2006; Kümmerer, 2009). Among these is furaltadone (FTD)
(Fig. 1), a nitrofuran derivative and a highly effective chemothera-
peutic drug, used as an antibacterial agent to fight common bacte-
rial and protozoan infections, which acts by inhibiting microbial
enzymes involved in the carbohydrate metabolism (Balizs and He-
witt, 2003; Vass et al., 2008). It is rapidly metabolized resulting in
very stable metabolites which have been linked with carcinogenic,
mutagenic and teratogenic effects in humans (Jager et al., 1997;
Chadfield and Hinton, 2003; Barbosa et al., 2007; Bartel et al.,
2009). For this reason the use of FTD together with three other
nitrofurans was banned from use in livestock in the EU in 2004
(Barbosa et al., 2007; Verdon et al., 2007; Vass et al., 2008; Euro-
pean Commission Regulation 37/2010). In spite of this, since it is
very inexpensive and has a high success rate, in many countries
it is illegally used as it can be found on the blackmarket (Report
of a Joint FAO/OIE/WHO Expert Consultation on Antimicrobial
Use in Aquaculture and Antimicrobial Resistance, 2006; Vass
et al., 2008). According to data predicted by a model (unpublished),
it will likely be found in an eventual discharge up to 50 lg mL�1,
corresponding to the commonly used therapeutic dosage (prophy-
lactic concentration: 25 lg mL�1).

http://dx.doi.org/10.1016/j.chemosphere.2010.10.067
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Fig. 1. Structure of furaltadone [5-morpholinomethyl-3-(5-nitrofurfurylidereami-
no)-2-oxazolidinone].
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The prediction of distribution patterns of a given chemical
through the different compartments of an ecosystem is often diffi-
cult, thus the pharmacokinetics and effects on individual groups of
organisms constituting the system is often preferred (McCarty
et al., 2004; Walker et al., 2006), despite the importance of assess-
ing indirect and mixture effects (Geiszinger et al., 2009). Macroal-
gae represent an ecologically important group serving many
relevant functions that include an extensive contribution to the
primary production of estuarine ecosystems, a role in nutrient cy-
cling and a source of food and habitat for aquatic biota (Conti and
Cecchetti, 2003; Melville and Pulkownik, 2006; Torres et al., 2008).

In aquatic systems macroalgae are continuously exposed to the
contaminants present and as they represent a very large biomass
they can act as a sink for xenobiotics (Sandermann, 1992; Pflugm-
acher et al., 1999; Walker et al., 2006) becoming a gateway for
higher trophic levels (Walker et al., 2006). They also possess char-
acteristics that allow them to be considered as bioindicators as
they are relatively sedentary, easy to identify and with a wide geo-
graphic distribution (Melville and Pulkownik, 2006; Torres et al.,
2008). Nevertheless, little information is available on bioconcen-
tration and effects of xenobiotics (including antibiotics) on macro-
algae (Macrì and Sbardella, 1984; Bierkens et al., 1998;
Pflugmacher et al., 1999; La Barre et al., 2004; Carafa et al., 2007;
Lai et al., 2009; Torres et al., 2008). In order to better understand
the consequences of antibiotics present in estuarine macroalgae,
Ulva lactuca was selected. The aims of this research were (i) to
investigate the behavior of FTD in seawater, (ii) to ascertain the
capacity of the macroalgae to uptake nitrofuran from the water,
(iii) to assess the influence on growth of U. lactuca at two concen-
trations simulating the prophylactic and therapeutic use, (iv) to
investigate the probability of the bioaccumulation in the trophic
web, and (v) to evaluate the suitability of using macroalgae as a
bioindicator for the presence of nitrofurans.
2. Experimental

2.1. Reagents

The FTD analytical standard and the internal standard nifurox-
azide were obtained from Sigma–Aldrich (St. Louis, USA). Metha-
nol, ethyl acetate, acetonitrile and N-hexan were purchased from
Merck (Darmstadt, Germany). All chemicals were of analytical-re-
agent grade except solvents used in mobile phase that were HPLC
grade.
2.2. Macroalgae

The green macroalgae U. lactuca was collected during low tide
in the Mondego estuary (Portugal, 40�800N, 8�500W). After being
washed and rinsed to remove possible epibionts present on the
surface, macroalgae were placed in a refrigerated container along
with seawater and transported to the laboratory. After a thorough
inspection of the fronds to assure the absence of organisms, 2 kg
WW of U. lactuca were placed in 40 L glass fiber tanks, which
had been previously filled with filtered natural seawater (pore Ø
0.45 lm) and Provasoli’s Enriched Medium (PES; L. Provasoli,
1963) modified by Bold and Wynne (1978), and acclimated for
48 h under 80 lmol photons m�2 s�1 of white fluorescent light,
14:10-h LD photoperiod, 25 �C and 35 psu. Macroalgae were main-
tained in the same conditions for 4 weeks prior to the beginning of
the experiment. Natural seawater was collected 1 week before, fil-
tered through sterile Ø 0.45 lm filters and stored at 4 �C before
use.

2.3. Experimental design

The same conditions set during acclimation were kept during all
experiments but aeration was replaced by constant and gentle hor-
izontal stir. The day prior to the start of the trial, glass containers
were filled with 250 mL of filtered seawater and 5 mL of PES,
placed on orbital shakers and left to acclimate for 24 h. Just before
beginning, healthy algal disks with Ø 5 cm (approx. 20 cm2) were
cut and a stock solution of FTD was prepared in methanol. The con-
centrations were then adjusted from the stock solution and added
to the flasks to obtain two test concentrations: 16 lg mL�1 (hypo-
thetical prophylactic concentration) and 32 lg mL�1 (hypothetical
therapeutic concentration) designated as groups P and T respec-
tively. These concentrations correspond to 60% of the concentra-
tions used for prophylaxis (25 lg mL�1) and therapy
(50 lg mL�1). Each group had three replicates for each sampling
time and each replicate contained three algal disks. Additionally
four control groups designated as A, B, C and D were prepared. Con-
trol A followed the same preparation as for P and T without addi-
tion of FTD, to establish the natural growth of U. lactuca. Control B
was used to verify the natural degradation of the nitrofuran and
consisted of seawater with antibiotic for both concentrations P
and T. Control C was set to exclude the possible effects of methanol
on the macroalgae and the same volumes used in P and T were
added to the respective flasks [1.6% and 3.2% (v/v) respectively]. Fi-
nally, since the solution has a very strong yellow color which could
theoretically interfere with growth, two solutions with yellow dye
were prepared with the same wavelengths, corresponding to con-
trol D. To avoid evaporation but still allow gas exchange, all con-
tainers were loosely covered with glass lids.

Sampling times were as follows: 0, 1, 2, 5, 8, 12, 16, 24, 48, 72,
96 and 120 h.

2.3.1. Water
At each sampling time, after the algae had been removed, tem-

perature, salinity and pH were measured, water was filtered
through glass fiber filters (Ø 0.22 mm) and immediately frozen at
�20 �C until extraction and kept from light to prevent
photodegradation.

To determine the concentration of FTD present in the water, the
samples were filtered through 0.22 lm pore filters and transferred
into amber vials equipped with inserts for high-performance liquid
chromatography with UV detection (HPLC–UV) analysis. The
equipment consisted of a Dionex HPLC-system with a degasser,
quaternary pump (P580), autosampler (ASI-100), column thermo-
stat and a diode array detector (UVD340U). The columns used were
a New Guard Perkin Elmer C18 pre-column and a Merck RT 250-4
Lichrospher 100 RP-18 column, both with 5 lm particle size. The
mobile phase consisted of ammonium acetate and acetonitrile
delivered isocratically. Analyses were performed in the dark to pre-
vent possible degradation due to light.

2.3.2. Furaltadone uptake
To determine the concentration of FTD taken up from the water

column, macroalgae were analyzed by liquid chromatography with
tandem mass spectrometry (LC–MS/MS) using a method adapted
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Fig. 2. (A) Stability test of furaltadone in aqueous solution with (dark line) and
without (grey line) the presence of U. lactuca at 16 lg mL�1, during the course of the
experiment. Data represent mean values of three independent replicates. (B)
Stability test of furaltadone in aqueous solution with (dark line) and without (grey
line) the presence of U. lactuca at 32 lg mL�1 during the course of the experiment.
Data represent mean values of three independent replicates.
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from McCracken and Kennedy (2007). After removal from the
water, algae were paper-dried, weighed and stored at �20 �C, until
further analysis. To extract FTD’s residues, the samples were
minced individually and placed in centrifuge tubes to which
40 lL of nifuroxazide and 10 mL of ethyl acetate were added. After
centrifugation, the supernatant was collected and evaporated, fol-
lowed by addition of 10 mL of acetonitrile and 3 mL of N-hexan.
Samples were then left to stand and N-hexan was discarded. The
sample was again evaporated to dryness under a nitrogen stream
and the resulting residue reconstituted in 500 lL of methanol:
water solution. Samples were then transferred to amber vials and
placed in the LC autosampler. The equipment was composed of
an Agilent 1100 Series HPLC system coupled to a Triple Quadrupole
System Sciex API 2000 tandem mass detector with a TurboIon-
Spray ion source, operating under the Sciex Analyst 1.4.1 software.
The LC columns consisted of a guard column Zorbax Eclipse XDB-
C8 and a Zorbax Eclipse XDB-C18 column, with 5 lm particle size.

2.3.3. Growth
To determine the effects of FTD on macroalgal growth, disks

were photographed at the beginning and end of each time point.
Disk areas were determined using computer-assisted software
(Photoshop CS3-extended) and variations calculated. Macroalgal
death was considered whenever there were clear signs of decay.

2.4. Statistics

All data were checked for normality and homoscedascity. The
effect of the concentration of FTD on growth and the differences
in uptake were assessed using the t test to determine significant
differences between the control and the treatments. When applica-
ble, results are presented as mean ± SE. The significance level was
inferred at P 6 0.05 for all statistical tests. All calculations were
performed using GraphPad Prism� 5 software (Graph Pad Software,
Inc.).
3. Results

3.1. Water

The nominal concentrations used in the trial were 16 lg mL�1

and 32 lg mL�1, which were confirmed in control B (Fig. 2).
The stability of FTD in saline aqueous solution for both concen-

trations was determined with control group B, so that it could be
compared with the degradation in the presence of U. lactuca
(Fig. 2). The patterns were similar with and without the algae
according to the findings of Edhlund and colleagues (2006) for
the natural photolysis of the compound. Nonetheless, the concen-
trations in the water were much lower in the presence of the plant.
For group P the minimum concentration at 120 h was
0.22 lg mL�1, whereas the correspondent control B was much
higher with a concentration of 3.48 lg mL�1. Group T followed
the same pattern decreasing to 2.11 lg mL�1 while the lowest con-
trol concentration was 9.64 lg mL�1.

3.2. Furaltadone uptake

In group P, removal of FTD from the water column was rela-
tively slow during the first 2 h after which it peaked attaining a
maximum value of 18.84 lg g�1 WW within the first 5 h. Subse-
quently, the uptake decreased gradually until it reached the mini-
mum value of 0.03 lg g�1 WW after 72 h, remaining constant
thereafter (Fig. 3A).

In group T the maximum internal concentration of 12.18 lg g�1

WW was reached within the first hour (Fig. 4A). In the proceeding
hours there was a slight decrease to concentrations around
9 lg g�1 WW which were constant for 12 h. Following this time,
concentrations decreased again to 3.68 lg g�1 WW after 48 h
which was still much higher than the values found for the same
interval of time in group P. Although algal death was determined
at 48 h, macroalgae were still left in the water and analyzed to as-
sess their ability to maintain internal amounts of FTD, which was
confirmed. Concentrations were higher than those presented by
group P until the end of the trial.
3.3. Growth

The results provide evidence that the growth of U. lactuca was
significantly affected by the presence of FTD in the water.
Figs. 3B and 4B present the variations in growth during the 5-d
exposure to the antibiotic at both concentrations and in compari-
son with the control. In the prophylactic treatment the variation
followed the same increasing pattern as the control for the first
24 h (P > 0.05) and significantly different thereafter (P < 0.05).
Growth still continued however, although less pronounced than
the control group, suggesting that the presence of FTD inhibited
growth (Fig. 2A). On the contrary, group T exhibited a very distinct
growth pattern. During the first 12 h it showed a variation in disk
area slightly higher than the control however not statistically dif-
ferent (P > 0.05). After 16 h a decrease in growth rates was ob-
served, coinciding with the first signs of algal decay, becoming
statistically different from the control group (P < 0.05). Regarding
growth, the test was terminated after 48 h, but macroalgae were
still maintained for the length of the experiment to determine
water and internal concentrations.
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Fig. 3. (A) Internal concentrations of furaltadone (lg g�1 WW) for U. lactuca at each sampling time for the prophylactic group P. Data represent mean values of three
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4. Discussion

Antibiotics can easily enter aquatic environments mainly
through wastewater runoffs, representing a potential threat to
aquatic biota. The present study focuses on the behavior of the
nitrofuran FTD in seawater and its effects on the green macroalgae
U. lactuca.

Based on the results from this experiment, FTD has a very low-
persistency in seawater when compared to other drugs that can re-
main for weeks and even years (Lai et al., 2009). This was expected
since other studies have referred the fast metabolism of the mole-
cule itself (Zuidema et al., 2005; Edhlund et al., 2006; Verdon et al.,
2007; Pimpitak et al., 2009). Moreover, Edhlund and colleagues
(2006) found that FTD, as well as other nitrofuran antibiotics, is
photochemically degraded to nitrofuraldehyde (NFA) in aqueous
solution, predominantly via photolysis which is due to the overlap
of the absorption spectrum with the solar spectral output (Edhlund
et al., 2006). Also, according to these authors there is a pH depen-
dence with higher degradation occurring at acidic values (Edhlund
et al., 2006). However, the pH values for the experiment were in
the alkaline range to ensure the optimum conditions for growth
and to be in accordance with the environmental range, which
means that in natural ecosystems FTD photodegradation rate is
probably slower than in other mediums. In this scenario, this nitro-
furan could be available for longer periods and be absorbed in
higher concentrations.

The ability of the macroalgae to remove FTD from the water
was tested at two different concentrations, 16 and 32 lg mL�1.
FTD is a lipophilic compound with an additional morpholino-
methyl ring that enhances its water solubility (Stammati et al.,
1997), presenting a Kow of 0.2 (Moffat et al., 2004) indicating that
it may be efficiently taken up by plants, as is the case with many
other xenobiotics (Coleman et al., 1997; Walker et al., 2006). The
tested green macroalgae showed an efficient removal of the nitro-
furan, involving absorption and/or adsorption processes. U. lactuca
was able to take up FTD in both treatments and this uptake would
account for the differences in concentration of the antibiotic in
solution found between the controls and groups P and T. One
important aspect to be discussed is the fact that both groups re-
flected the concentration present in solution. The continuous de-
cline of FTD in both solutions was accompanied by a gradual
decrease in the internal concentration. It is unclear however,
whether this reduction in the amount taken up is due to passive
diffusion to the water or if there is a mechanism by which the



1414

12

1010

8

66

4

W
)

g-1
W

W
(µ

g
g

at
io

n 
ce

nt
ra

C
on

c
C

2

0

2

0

2

4

6

(c
m

2 )
ar

ea
 (

di
sk

 a
n 

in
 d

ria
tio

n
Va

r 8

-10
C l Th i

-

Control Therapeutic

-12
0 1 2 5 8 12 16 24 48 72 96 120

Time (hours)

A

B

Fig. 4. (A) Internal concentrations of furaltadone (lg g�1 WW) for U. lactuca at each sampling time for the therapeutic group T. Data represent mean values of three
independent replicates. (B) Growth measured as variation in disk area (cm2) at each sampling time for group T, plotted against the control. Data represent mean values of
three independent replicates. Asterisk (�) indicates results significantly different from the control.

1014 S. Leston et al. / Chemosphere 82 (2011) 1010–1016
nitrofuran is broken down into its metabolite, 5-methylmorfolino-
3-amino-2-oxazolidinone (AMOZ) being the primary metabolite
and the most toxic. According to the concept of the ‘‘green liver’’
introduced by Sandermann (1992), plants possess a set of enzymes
very similar to those found in animals that are able to metabolize
xenobiotics (Sandermann, 1992, 1994; Coleman et al., 1997; Sur-
esh and Ravishankar, 2004; Torres et al., 2008). The process con-
sists of three phases divided in transformation (I) mostly in
cytochrome P-450 monooxygenases, conjugation (II) under the
activity of glutathione S-transferases and glucosyltransferases,
and compartmentation (III) either in vacuoles or in the cell wall
fraction (Sandermann, 1992, 1994; Coleman et al., 1997; Mitsou
et al., 2006; Suresh and Ravishankar, 2004). Although there are
currently few studies, this detoxification mechanism was already
confirmed for other xenobiotics in marine macroalgae including
U. lactuca (Mehrtens, 1994; Pflugmacher and Sandermann,
1998a,b; Pflugmacher et al., 1999; Lewis et al., 2001; Mitsou
et al., 2006). To establish which mechanism is involved, further
studies focusing on enzymatic variation are required since data
on the metabolism of nitrofurans in plants are not actually avail-
able. Also, the determination of AMOZ should be conducted for
both macroalgae and water.
The effects of FTD on growth were also analyzed in this study.
Based on the results, U. lactuca showed different sensitivities to
FTD dependent on the concentrations present. At the lowest con-
centration, macroalgae were able to grow although less than the
control which indicates inhibition. As for the higher concentration,
macroalgae died after 48 h. The outcome of the trial points to se-
vere inhibition of growth and also to lethal toxicity. Growth inhibi-
tion and toxicity are therefore dependent on the concentrations of
FTD present with values in the range of 25 lg mL�1 being tolerated
by U. lactuca whereas higher concentrations proved to be lethal.
Similar findings were reported for the microalgae Selenastrum cap-
ricornutum which presented a value of EC90 after 96 h for concen-
trations of FTD higher than 34 lg mL�1 (Macrì and Sbardella,
1984). Lai and colleagues (2009) used three different phenicol anti-
biotics to test the effects on growth of three algae and the results
indicate different sensitivities dependent on the concentrations
present. In the same study the growth rate during the first 24 h
was similar to the control but after that, it decreased as the concen-
trations increased, a situation very similar to what was reported in
this experiment.

Antibiotics in general are considered as potential micropollu-
tants as the concentrations in which they may occur in natural
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environments are very low, in the ppb range (Halling-Sørensen
et al., 1998; Le Bris and Pouliquen, 2004). The concentrations used
in this study were much higher (ppm range) and may occur only in
exceptional conditions in the environment as a result of inade-
quate treatment of effluents or neglect of the safety rules regarding
wastewater disposal (Hektoen et al., 1995; Wollenberger et al.,
2000; Boyd, 2003; Radjenović et al., 2007). Still, the possibility of
the presence of nitrofurans in the ecosystems is very high. Since
U. lactuca can sustain growth at nominal concentrations of
25 lg mL�1 it is not anticipated that it will be severely affected
in natural ecosystems (Walker et al., 2006). Furthermore, since U.
lactuca is able to lower the internal concentration of FTD it is not
likely that it will be passed along the food chain in high amounts.
However, if the compound is being metabolized by the macroalgae
then the resulting metabolites (predominantly AMOZ) can be bio-
accumulated into higher trophic levels, as their stability is much
higher (Leitner et al., 2001; Barbosa et al., 2007; Verdon et al.,
2007).

The potential accumulation of FTD by green macroalgae could
represent a potential risk of biomagnification of nitrofurans
through the trophic web, but in the present case a decrease in
internal concentration in U. lactuca was observed. Nevertheless, fu-
ture studies about the mechanism of depuration and metabolism
of FTD could give a more clear picture of the environmental risk
associated to this compound. As a primary producer, it represents
an important link in the food web as it is consumed by organisms
in higher trophic levels which in many cases represent economi-
cally important species. Moreover, the probability of metabolism
of FTD to AMOZ increases with the higher levels which represents
an additional and serious risk to the trophic web. Furthermore, the
fact that U. lactuca is a free-floating species may play an important
role in transport of these substances from contaminated to non-
contaminated sites.
5. Conclusions

Since green macroalgae can reflect the concentrations present
in the water they can be considered as potential indicator tools
for the presence of FTD in natural ecosystems. Nevertheless, the
use of macroalgae as bioindicator and/or biomonitor of FTD con-
tamination will entail more work. The mechanism of depuration
and metabolism are still not clarified and the coupling of labora-
tory and field experiment will be required to validate green macro-
algae as a prospective tool in environmental risk assessment.
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