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Abstract The antiviral drug Tamiflu has received par-
ticular attention because of its recommended use against
the influenza A H5N1 and HINI viruses. Given its resis-
tance to degradation and its hydrophilicity the active
metabolite, Oseltamivir Carboxylate (OC), is expected to
enter the aquatic ecosystem from sewage treatment plants.
In the present paper the bacterial community of surface
water samples, treated with OC (1.5 mg L™"), was char-
acterized by Fluorescence In Situ Hybridization (FISH) in
microcosm experiments. The o-, - and y-Proteobacteria
increased in OC-treated versus non-treated water samples
during the incubation period, suggesting these bacterial
groups had an active role in OC degradation.

Keywords Pharmaceuticals - Tamiflu - Surface water -
FISH

The recent influenza A HIN1 and H5N1 virus pandemics
have obliged health agencies to adopt strategies to contain
them. Although vaccination is the primary step in pre-
vention, the World Health Organization (WHO) has
recommended the treatment of people at risk with the
antiviral drug Tamiflu (Oseltamivir Phosphate). Hundreds
of millions of courses of the prodrug Oseltamivir Phos-
phate (chemical name (3R,4R,55)-4-acetylamino-5-amino-
3-(1-ethylpropoxy)-1-cyclohexene-1-carboxylic acid ethyl
ester) have been deployed worldwide. After administration,
the prodrug Oseltamivir Phosphate (OP) is hydrolyzed to
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its active metabolite, Oseltamivir Carboxylate (OC).
Pharmacological studies have demonstrated that over 80%
of the oral dose of OC is excreted renally and fecally (Ward
et al. 2005). Fick et al. (2007) highlighted that OC is not
completely removed in sewage treatment plants, and,
considering its low sorption into sewage sludge (low Log
P), its high water solubility (Straub 2009) and its negligible
degradation in river water in the absence of an active
bacterial community (Accinelli et al. 2007; Sacca et al.
2009; Accinelli et al. 2010), it could potentially contami-
nate aquatic ecosystems. Widespread use of Tamiflu could
lead to considerable pollution of surface water, leading to
the development of OC-resistant strains of the viruses (Fick
et al. 2007; Singer et al. 2007), and a mass administration
of Tamiflu could pose a risk for drinking water safety and
ecological health.

Previous studies indicated that the fate of OC in surface
water is mainly governed by microbial and photochemical
processes (Accinelli et al. 2007; Bartels and von Tiimpling
2008). The main objective of this study was to assess the
effect of OC on the bacterial community structure of a
surface water ecosystem (an irrigation canal in Northern
Italy) by applying the main fluorescent oligonucleotide
probes with which it is possible to identify most known
freshwater species (Zwart et al. 2002).

Materials and Methods

Samples were collected from a 150-km-long irrigation
canal which receives water from the Po River. The main
physico-chemical water characteristics were: pH 8§,
13.1 mg L™" dissolved oxygen (DO), and 4.7 mg L'
dissolved organic carbon (DOC). The canal provides water
to a 3,000 km? area for agricultural, urban and industrial
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uses. Sampling operations were conducted manually in
April by immersing 2-L sterile glass bottles approximately
10 cm below the water surface. The water from the canal
had never been exposed previously to OC.

Microcosms (2 replicates for each conditions) were set
up by transferring samples (80 mL) into 250-mL sterile
Erlenmeyer flasks under aseptic conditions, and treating
them with oseltamivir carboxylate (OC) dissolved in
50 mM NaH,PO, to give a final concentration of 1.5 mg
mL~'. This concentration was chosen because it was
comparable with the Predicted Environmental Concentra-
tion (PEC) of common use drugs (Singer et al. 2007).
Moreover, control microcosms were set up with the same
amount of non-treated water. Flasks were sealed and
incubated at 20°C on an orbital shaker (125 rpm) in the
dark, as described in detail in a previous work (Accinelli
et al. 2007).

The main chemical-physical characteristics of Tamiflu
(OP) and its active metabolite OC are shown in Table 1.

In order to investigate if microbial populations can be
affected by the antiviral drug and if they can be involved in
its degradation, Fluorescence In Situ Hybridization (FISH)
was performed on OC-treated (1.5 mg L™") and untreated
sub-samples collected from degradation microcosms. The
phylogenetic composition of the OC-treated and control
samples was analyzed at different sampling times (0, 14, 21
and 36 days). For each condition four sub-samples (1 mL
each) were fixed (1:1) with a solution composed of phos-
phate-buffered saline: 130 mM NaCl; 7 mM Na,HPO,,
3 mM NaH,POy; 2% formaldehyde; 0.5% Tween 20 and
100 mM Sodium Pyrophosphate. In order to separate the
bacterial aggregates found in this water, a gentle sonication
(10 s, 15 W using a Microson XL2000 ultrasonic liquid
processor) was performed on each sub-sample, which was
then filtered on a 0.2 pm polycarbonate membrane. The
filters were stored at —20°C until further processing.

Fluorescence In Situ Hybridization (FISH) of the har-
vested cells, counterstained with DAPI, was performed

using fluorescent probes for the identification, under the
epifluorescence microscope, of the major bacterial divi-
sions found in freshwater (Zwart et al. 2002), such as
o-Proteobacteria, [3-Proteobacteria, y-Proteobacteria, Plan-
ctomycetes, the Cytophaga-Flavobacterium cluster of the
Cytophaga-Flavobacter-Bacteroides phylum, and Gram-
positive low G + C-content bacteria. For this purpose the
following Cy3-labelled oligonucleotide probes were
applied: EUB338, EUB338 II, EUB338 III (for Bacteria)
and inside this domain ALF1b, BET42a, GAM42a, PLA46
together with PLA886, CF319a and LGC354a. Further
details of these probes are available at http://www.
microbial-ecology.net/probebase (Loy et al. 2007).

Averages of the cells binding the bacterial probes were
calculated as a percentage of the total DAPI-positive cells
from 10 to 20 randomly selected fields on each filter sec-
tion (corresponding to 500—1,000 stained cells). The slides
were mounted with a drop of Vectashield Mounting
Medium and the preparation examined and counted with a
Leica DM 4000B epifluorescence microscope at 1,000x
magnification.

The protocols for both FISH and bacterial abundance by
DAPI counts are described in detail in our previous works
(Barra Caracciolo et al. 2005, 2010; Grenni et al. 2009).
The FISH experimental data are reported as the number of
each bacterial group obtained from the mean of four sub-
samples. We calculated this number (expressed as No. cells
mL™") by multiplying the total cell abundance (previously
determined by DAPI direct counts) and the percentage of
cells detected by each specific probe.

Moreover, in order to know the number of actually
viable bacteria, we assessed cell viability (% of live cells/
live + dead), at each sampling time and for each experi-
mental condition assessed by FISH (in two replicates),
using a two-dye fluorescence bacterial viability kit (Kit
Live/Dead® Bacterial Viability Kit, BacLight™), which
distinguishes between viable (green) and dead (red) cells
under a fluorescence microscope (Alonso et al. 2002). Then

Table 1 Chemical structure

and main chemical-physical Pharmaceutical

Prodrug Tamiflu (OP)

Active form OC

characteristics of Tamiflu (OP)
and of its active form OC

TN
‘é | ‘_{ —\/:\>_<O

- OC,H, O NH,
O NH, H,PO,
Molecular weight 31241 284.35
Solubility (water) >200 mg L™! >500 mg L™*
Melting point ~193°C (OP-PO3)
Vapour pressure ~<l4x107? ~<73 x 107 Pa

@ Springer


http://www.microbial-ecology.net/probebase
http://www.microbial-ecology.net/probebase

Bull Environ Contam Toxicol (2010) 85:443-446

we calculated live cell abundance (No. live bacteria mL™")
from the total cell abundance, obtained by DAPI counts,
multiplied by % of live cells/live + dead.

Statistical analysis of the overall bacterial group data
was done using Kruskal-Wallis One Way Analysis of
Variance on Ranks, with significant differences at the
p < 0.01 level. The comparison of data for each Bacteria
group at 21 days was done using the Mann-Whitney Rank
Sum Test. The PC Program used was SIGMASTAT
Statistical software.

Results and Discussion

The addition of OC led to an initial decrease in the number
of Bacteria cells detected by the EUB probes. However, at
day 21 a significant peak (p < 0.01) in the Bacteria cell
number was observed in the OC-treated samples (Fig. 1a).
This trend was observed not only with the general probes
for Bacteria, but also inside this domain (p < 0.01) for
o-Proteobacteria, [-Proteobacteria and y-Proteobacteria
(Fig. 1b, ¢, d). In particular, the fS-Proteobacteria group
was the most abundant and constituted 40% of the Bacteria
domain, suggesting an active role in the OC degradation.
These results are in line with the transient decrease in live
cell abundance (No. live bacteria mL_l) at day 14, fol-
lowed by a significant increase at day 21 in OC-treated
samples (Fig. 2).

The other bacterial groups investigated by FISH were not
significantly affected by the presence of OC, and represented
about 1-2% of the Bacteria domain; in particular Cytophaga-
Flavobacterium was the relatively most abundant group (the
average number mL ™" during the experimental period was
about 1.39E4-04 + 4.02E4-03) followed by Gram-positive
low G + C-content bacteria (about 2.8E4+03 £+ 1.67E+03)
and finally Planctomycetes (about 1.22E+04 £ 7.3E+03).

The results of the analysis of the bacterial community
show that the decrease at day 14 in bacterial abundance of
the main phylogenetic groups in the presence of OC was
transient; this initial negative effect was subsequently more
than offset by a significant increase in their presence and
presumably activity. This hypothesis is confirmed by the
fact that in the presence of the bacterial community about
65% of the OC applied was degraded in 36 days, as shown
in a previous work using the same water (Accinelli et al.
2007; Singer et al. 2008), while in the same experimental
time just 5% of it was degraded in the sterilized water.

Consequently the overall results not only confirm the
key role of the bacterial community in OC degradation, but
also suggest which bacterial groups, i.e. a-Proteobacteria,
y-Proteobacteria and above all 3-Proteobacteria could be
directly involved. The presence of OC in the environment
is a relatively recent issue, and to our knowledge no
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Fig. 1 Bacterial community structure detected by FISH in surface
water at different times: 0, 14, 21 and 36 days, in presence of
Oseltamivir Carboxylate (OC) and Control. Vertical bar represents
standard errors. a Bacteria; b f-Proteobacteria; ¢ y-Proteobacteria;
d a-Proteobacteria
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Fig. 2 Live cell abundances (No. live bacteria mL™!) at different
sampling times in OC-treated and Control in surface water samples.
Vertical bar represents standard errors

OC-degrading bacteria belonging to the f3-Proteobacteria
have been identified until now.

These results encourage the performance of further
studies to better investigate the bacterial metabolism
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(metabolism and/or co-metabolism) of this compound and
the formation of its transformation products prior to its
possible mineralization. The presence/absence of bacterial
populations with a natural attenuation capacity versus
pharmaceuticals is a crucial factor in assessing their actual
environmental fate in aquatic ecosystems.
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