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KEYWORDS Abstract The levels of emerging chemicals have increased dramatically during the last two decades
Drugs; posing problems for human and environmental health. Pain-killers such as ibuprofen and antibi-
Life table; otics such as amoxicillin are generally consumed together and hence are discharged into waterbod-
Sublethal effects; ies as effluents. The lack of a rigorous control of pharmaceutical discharges into natural
Zooplankton waterbodies is a concern for limnologists and ecotoxicologists because of their possible effects on

non-target organisms. Rotifers, due to their sensitivity, short generation time and high reproductive
rates, are widely used as bioassay organisms in testing the effects of different substances including
pharmaceuticals. Here we quantified the demographic responses of Brachionus calyciflorus and Bra-
chionus havanaensis exposed to three sublethal concentrations of ibuprofen (25, 12.5 and
6.25mg L") and amoxicillin (200, 100 and 50 pg L™"). Our data showed that both survivorship-
and reproduction-related variables were negatively affected with increasing concentrations of both
pharmaceuticals. The rate of population increase of B. calyciflorus (0.63-0.72 d ') was not affected
by amoxicillin or by ibuprofen but for B. havanaensis, it was decreased significantly (from 0.89 to
0.38 d~"). Compared to ibuprofen, amoxicillin had more adverse effects on both the rotifer species.
© 2016 National Institute of Oceanography and Fisheries. Hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction (Burkhardt-Holm, 2010). Personal care products, endocrine

disruptors and pharmaceuticals are abundant in domestic efflu-
During the last two decades, levels of emerging chemicals ents (Halling-Serensen et al., 1998a,b; Daughton and Ternes,
including pharmaceuticals have increased dramatically and 1999). Since most of these substances are sold without a medical
these pose a threat to environmental and human health ~ Prescription, their production, availability and use are a source

of concern for effective management of freshwater ecosystems.
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consumed in large quantities. For example, Latin America
accounts for more than 3% of the global production of these
substances (Pérez Zazueta, 2013). In spite of their high produc-
tion, consumption and inadvertent release into aquatic bodies,
there is no rigorous control over these substances for safe dis-
posal. Therefore, they are found in many water bodies at con-
centrations ranging from ng to pg per litre. At these
concentrations, it is difficult to detect and quantify them in
effluent waters (Daughton and Ternes, 1999; Bila and
Dezotti, 2003).

Among the commonly used pharmaceuticals in Mexico for
treating bacterial infections and for pain-killing the broad-
based antibiotics and nonsteroidal anti-inflammatory drugs
(NSAIDs), respectively, are important. Although for purchas-
ing the antibiotics such as amoxicillin a medical prescription is
needed, for common pain-killers such as ibuprofen no such
requirement exists due to their possibly low risk from side
effects to humans (Dresser et al., 2008). In Mexico ibuprofen
is one of the pharmaceuticals mentioned in the Essential Drug
List (CSG, 2014). Amoxicillin is one of the most widely admin-
istered antibiotics in Mexico (Vargas-Jiménez et al., 2011).

The occurrence of pharmaceuticals in aquatic environments
and their possible ecotoxicological effects to the non-target
species has received much less attention compared to other
chemicals such as pesticides and heavy metals (Daughton
and Ternes, 1999; Cleuvers, 2004; Ali and Al-Qahtani, 2012).
Effluents from hospitals, industries, domestic and veterinary
sources contain pharmaceuticals which eventually reach treat-
ment plants or rivers and in most cases without pre-treatment
(Araujo and McNair, 2007). The presence of ibuprofen and
amoxicillin in freshwaters and in effluents of sewage treatment
plants has been frequently detected in many countries
(Andreozzi et al., 2004; Brun et al., 2006; Gomez et al.,
2007; Kim et al., 2007, Kasprzyk-Hordern et al., 2008). In
Mexico too, ibuprofen in wastewaters from the Valley of Tula
(State of Hidalgo), at concentrations ranging from 0.7 to
1.4 pg L™', has been documented (Gibson et al., 2010).

Zooplankton forms an important component of freshwater
ecosystems including shallow waterbodies (Moss, 2007). Roti-
fers, which are a numerically dominant group of zooplankton,
have been widely used in aquatic risk assessments of pharma-
ceuticals and their metabolites due to their great sensitivity and
high reproductive rates (Snell and Joaquim-Justo, 2007). Spe-
cies of Brachionus, mainly B. plicatilis, B. havanaensis and B.
calyciflorus have already been used as bioassay organisms for
testing various chemicals (Snell and Janssen, 1995).

Life table demography is useful to monitor the sublethal
effects of different chemicals including pharmaceuticals. Using
this approach it is possible to derive both survivorship- and
reproduction-related variables, which are considered as sensi-
tive indicators of stress (Calow, 1995; Forbes and Calow,
1999). This study focuses on the chronic effects of two
common pharmaceuticals, ibuprofen and amoxicillin on the
life table demography of two rotifers B. calyciflorus and B.
havanaensis.

Material and methods

B. calyciflorus and B. havanaensis were isolated from Lake
Xochimilco (Mexico City). Monoclonal cultures were sepa-
rately established using the single-celled green alga, Chlorella

vulgaris, as exclusive food. The rotifers were cultured using a
synthetic medium, moderately hardwater (here after EPA med-
ium), which was daily prepared by dissolving 96 mg of
NaHCO3, 60 mg of CaSO4, 60 mg of MgSO4 and 4 mg of
KClin 1 L of distilled water (Weber, 1993). Chlorella vulgaris
was batch-cultured using standard medium (Bold’s basal,
Borowitzka and Borowitzka, 1988). Log phase algae were har-
vested and concentrated by centrifugation at 3000 rpm for
5 min. The concentrated algae were then resuspended in 5 ml
of distilled water. The algal density was estimated using a
haemocytometer.

For the rotifers, in the stock cultures and in the experi-
ments, the temperature was set at 22 + 1 °C, pH 7.0-7.4,
and fluorescent illumination was continuous but diffuse. To
obtain neonates of a known age, we separated a large number
of egg-bearing individuals from the mass cultures in the expo-
nential phase of growth. Neonates hatched within 3 h were
used in the experiments. Ibuprofen and amoxicillin were first
dissolved separately in distilled water following Hussein et al.
(2008). Based on LCs, data available in literature
(Heckmann et al., 2007), we chose the respective sublethal con-
centrations for both the drugs, prepared daily. For ibuprofen
we considered 25, 12.5 and 6.25mg L™" and for amoxicillin
we chose 200, 100 and 50 pg L™, in addition to controls (con-
taining alga but no drug).

Standard cohort life table experiments were separately con-
ducted for each pharmaceutical (ibuprofen and amoxicillin)
(Krebs, 1985). The rotifers in the test jars were fed Chlorella
vulgaris at a density of 1 x 10° cells mL ™" per day. The exper-
imental design consisted of 16 transparent jars of 50 mL capac-
ity, each with 20 mL of test medium. For each treatment we
used 4 replicates. Using a finely drawn Pasteur pipette under
a stereomicroscope, we individually introduced 20 neonates
(i.e., initial density 1ind. mL™") of each rotifer species into
the test jars containing Chlorella of the chosen density and
one of the selected concentrations of each pharmaceutical.

Following the initiation of the life table experiment, in each
replicate the number of neonates produced and dead adults, if
any, were counted and discarded after every 12h interval.
Daily, the surviving individuals of the original cohort were
transferred to fresh jars containing appropriate pharmaceuti-
cal and food concentration. The experiments for B. calyciflorus
and B. havanaensis were discontinued when every individual
from each cohort had died. We used standard formulae to
derive the life table variables (survivorship, fecundity, average
lifespan and gross, net reproductive rates, generation time and
rate of population increase) (Krebs, 1985).

. = Proportion of surviving at the start of age x

m, = Offspring produced per female at age x

Life expectancy at birth x: e, = I

where T, = cumulative number of individuals from the

age x

n, = number living at the age x (days)

Net reproductive rate R, = Y 1, - m,

Generation time: 7' = %

Rate of population increase per day, r 1 = Xe "™ .m,

(Euler-Lotka equation, solved iteratively).

In order to test if the differences among the treatments were
significant, we used a one-way analysis of variance (ANOVA)
and for multiple comparisons, we used post hoc (Tukey tests)
following standard statistical methods (Sokal and Rohlf, 2000).
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Results

The age-specific survivorship (/) of B. calyciflorus and B.
havanaensis exposed to ibuprofen and amoxicillin declined
with increasing drug concentrations (Fig. 1). The age-specific
fecundity (m.) curves for B. calyciflorus and B. havanaensis
in controls showed higher offspring production (3 neonates
per female per day) than in treatments containing amoxicillin
or ibuprofen (2 offspring per female per day). The fecundity
was lowest for both rotifer species at the highest concentra-
tions of ibuprofen or amoxicillin (Fig. 2). Although both phar-
maceuticals adversely affected the fecundity of the brachionid
species, amoxicillin had a far greater effect on B. calyciflorus
and B. havanaensis.
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The average lifespan in controls of both B. calyciflorus and
B. havanaensis was about 12 days and at the highest amoxi-
cillin level, it was reduced by about 20% for either rotifer spe-
cies. When exposed to ibuprofen, the decrease in the lifespan,
compared to the controls, of B. havanaensis was much greater
than that of B. calyciflorus (Table 1). Statistically, the average
lifespan of either rotifer species was significantly different from
controls and at the two highest concentrations of amoxicillin
or ibuprofen for B. calyciflorus and for B. havanaensis
(<0.001, Tukey, Table 1). Gross (GRR) and net reproductive
(Ry) rates of B. calyciflorus in controls were 33 and 21 oft-
spring female™" and for B. havanaensis in controls, they were
40 and 23 offspring female™!, respectively. The GRR and
Ry, for both species, decreased with an increase in the level
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Age-specific survivorship (/) curves of Brachionus calyciflorus and B.

havanaensis in controls (triangle) and exposed to three

sublethal concentrations of amoxicillin (closed (black) circle and closed (green) square) (50, 100 and 200 pg L™") and ibuprofen (open
circle and closed (red) squares) (6.25, 12.5 and 25 mg L™"). Shown are the mean + SE of 4 replicates.
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Figure 2 Fecundity (m,) (offspring female™" lifespan~') curves of Brachionus calyciflorus and B. havanaensis in controls (triangle) and
exposed to three sublethal concentrations of amoxicillin (closed (black) circle and closed (green) square) (50, 100 and 200 ug L™") and
ibuprofen (open circle and closed (red) squares) (6.25, 12.5 and 25 mg L™"). Shown are the mean + SE of 4 replicates.

of amoxicillin or ibuprofen. There were also significant differ-
ences (p < 0.001, Tukey) in the reproductive rates of B.
havanaensis even at the lowest drug concentrations; reproduc-
tion in B. calyciflorus, on the other hand, was not significantly
influenced by either drug at the lowest tested concentration
(p > 0.05, Tukey).

In general, the generation time (T) of both the rotifer spe-
cies was significantly lower at the highest pharmaceutical con-
centrations when compared to controls. The shortest T was
observed for either rotifer species at the highest concentration
of amoxicillin or ibuprofen. Depending on the concentration
or drug type, the generation time of B. calyciflorus and B.
havanaensis varied from 4-8 days. Under the higher ibuprofen

levels, the generation time of B. havanaensis was more
adversely affected than under lower drug concentrations.

In treatments containing no drugs (controls), the rate of pop-
ulation increase () of B. havanaensis (0.89 d~') was higher than
that of B. calyciflorus (0.68d™"). When B. havanaensis was
exposed to amoxicillin and ibuprofen, the r values ranged from
0.38 to 0.43 and 0.71 to 0.85 d !, respectively. However, r of B.
calyciflorus when exposed to amoxicillin (0.63-0.67 d™") or
ibuprofen (0.71-0.72 d™") showed no significant differences
compared to control. With reference to the sensitivity of r for
both rotifer species to amoxicillin or ibuprofen, there were some
differences; B. havanaensis was more sensitive to the antibiotic
and ibuprofen (p < 0.001, Tukey) while B. calyciflorus was not.
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Table 1 Selected life history traits of B. calyciflorus and B. havanaensis in relation to three sublethal concentrations (Conc.) of
amoxicillin (50, 100 and 200 pg L") and ibuprofen (6.25, 12.5 and 25 mg L~ amoxicillin. ALS: Average lifespan, GRR: Gross
reproductive rate, Ryp: Net reproductive rate, T: Generational time, r: Rate of population increase. Gross reproductive rate
(offspring female™"), net reproductive rate (offspring female™"), generation time (days) and rate of population increase day~'. For a
given variable of B. calyciflorus or B. havanaensis, data carrying similar alphabet are not significant (p > 0.05, Tukey test) in treatment

with Amoxicillin or Ibuprofen. For each rotifer species, the superscripts (a—d) indicate the results of Tukey test.

Treatment Conc. Life history variable

Species ALS GRR Ry T r

B. calyciflorus

Control 0 12.3 £ 0.3% 332 + 2.2° 218 £ 1.6 7.4 + 0.1° 0.68 =+ 0.0

Amoxicillin 50 10.6 %+ 0.3° 30.3 + 1.0° 17.4 + 0.6° 6.6 £ 0.1° 0.63 + 0.0
100 9.4 £ 0.2° 252 + 2.0° 14.6 + 0.8 6.1 +0.1° 0.64 + 0.0°
200 8.6 + 2.5° 234 +09° 13.5 £ 0.9° 5.6 + 0.3° 0.67 + 0.01*

Ibuprofen 6.25 11.8 £ 0.3% 35.1 £ 0.9 19.9 + 0.72 7.3 + 0.2° 0.72 + 0.0
12.5 10.7 £ 0.1° 29.9 + 2.6° 172 £ 0.7° 6.7 + 0.2° 0.72 + 0.0°
25 9.9 £02° 24.8 + 1.6° 154 + 0.6° 6.1 +0.1° 0.71 + 0.02°

B. havanaensis

Control 0 11.5 + 0.1* 39.8 + 0.3 23.1 + 0.3 7.1 + 0.1* 0.89 =+ 0.0*

Amoxicillin 50 11.8 + 0.2° 247 + 1.7° 13.5 + 0.8° 8.2 + 0.3° 0.43 + 0.0°
100 10.5 + 0.1° 233 +23b 11.0 + 0.6° 8.1+ 0.1 0.38 + 0.0°
200 9 + 0.1° 18.6 + 0.9° 8.3 + 0.1¢ 6.9 £ 0.05° 0.38 + 0.0°

Ibuprofen 6.25 8.8 + 1.1° 31.5 £ 2.4° 13.9 + 0.8° 52+ 0.8° 0.85 & 0.0
12.5 6.8 + 0.1 26.7 + 0.7° 10.3 + 0.7° 5.0 + 0.2° 0.71 + 0.0°
25 5.5+ 0.1° 19.4 + 2.2° 9.0 + 0.24 3.8 +0.1° 0.78 % 0.0°

Discussion reproduction of both the rotifer species were affected by

There are few studies, which quantify the effects of different
drugs including painkillers and antibiotics such as ibuprofen
and amoxicillin to rotifers (Snell and Janssen, 1995; Araujo
and McNair, 2007; Iannacone and Alvarifio, 2009; Sarma
et al., 2014). Here we observed that both ibuprofen and amox-
icillin affected the survivorship and reproductive variables of
B. calyciflorus and B. havanaensis, especially when exposed
to or above 100 ug L™" of amoxicillin or 12.5 mg L™" ibupro-
fen. Amoxicillin was much more toxic than ibuprofen for both
the species. This is supported by previous works where Han
et al. (2010) and Sanderson and Thomsen (2004) used higher
doses for ibuprofen than for the antibiotics during the toxicity
evaluations. The concentrations tested here are not considered
high since humans are administered with these drugs at doses
of 1000-7000 times (3,200,000 pug d~"! per person for ibuprofen
and 1,500,000 pg d~" of amoxicillin). In addition, a high per-
centage of these drugs (60-95%) is excreted out within a few
hours into urine and then into aquatic systems. Though the
half-life of these drugs in nature may just be a few minutes
to a few hours, their continuous consumption and excretion
ensure their permanent presence in untreated domestic and
hospital effluents, later generally discharged into freshwater
bodies.

Acute toxicity tests are helpful to select the range of concen-
trations of a given chemical needed for testing chronic effects.
For example, the ECs, value of ibuprofen for Daphnia magna
is 51.4mgL~' (Han et al., 2006) and for amoxicillin is
0.25mg L™" (Sanderson and Thomsen, 2004). In this work,
for sublethal concentrations, we chose the range that varied
from half to one-tenth of ECsy as the highest level. Demo-
graphic variables are highly sensitive to stress (Kammenga
and Laskowski, 2000) and in this work, both survival and

ibuprofen and amoxicillin.

Depending on the chemical nature and mode of action, cer-
tain substances affect mainly survival while others reproduc-
tion and yet a few others both these variables (Forbes and
Calow, 1999; Roex et al., 2000). In addition, the same chemical
may affect differentially depending on the sensitivity and the
nature of the species. For example, amoxicillin inactivates
the enzymes responsible for the synthesis of cell walls in bacte-
ria and this leads to bacterial cell lysis from autolytic enzymes
(Kaur et al., 2011). However, in zooplankton, this mode of
action can be completely different since they do not have cell
walls. In addition, the exposure route to zooplankton is differ-
ent from that in bacterial systems. For example, rotifers in the
test jars are exposed to the amoxicillin in the medium directly
and/or indirectly through algal cells via bioaccumulation of the
antibiotic. This may also be the case for ibuprofen, which is
mainly investigated using the mammalian system, where this
non-steroidal anti-inflammatory drug lowers the levels of pros-
taglandins thus affecting the body sensations (Vane and
Botting, 1995). Therefore, the effects of drugs as well as their
mode of action on non-target aquatic species need to be stud-
ied more extensively than to extend the mechanisms known
from mammalian systems. In this work, for both the rotifer
species amoxicillin had a far greater effect on reproduction
than on survival. In addition, the lifespan of B. havanaensis
was significantly reduced due to ibuprofen. Similarly, the
reproductive rates of B. calyciflorus and B. havanaensis were
decreased with an increase in the level of amoxicillin or ibupro-
fen. The r is considered to be one of the most sensitive vari-
ables in demographic studies as it integrates survival with
reproduction (Stearns, 1992; Forbes and Calow, 1999). How-
ever, species-related differences influence this parameter
(Araujo and McNair, 2007). Thus, the r of B. havanaensis
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was sensitive to the antibiotic and ibuprofen while that of B.
calyciflorus was not. These results suggest the need to consider
as many life history variables as possible for quantifying the
impact of pharmaceuticals to zooplankton.

The selection of the test rotifer species in this work is based
on their ecological relevance and sensitivity. Both B. calyci-
forus and B. havanaensis are common in most Mexican fresh-
waters (Nandini et al., 2005). While a large set of information
is available for B. calyciflorus as a bioassay organism by the
American Society for Testing and Materials (ASTM, 1991),
B. havanaensis is also becoming popular for toxicity tests of
various toxic substances (Gama-Flores et al., 2007; Juarez-
Franco et al., 2007). The current Mexican official norms rec-
ommend the use of Daphnia magna as a bioassay organism.
Nevertheless, it may be equally important, if not more, to
study locally available species because D. magna is not present
naturally in Mexican waterbodies (Pica-Granada et al., 2000).
Our results also showed that B. havanaensis was more sensitive
compared to B. calyciflorus when exposed to both drugs. Con-
sidering the wide distribution of this rotifer species in Mexican
freshwaters, and its sensitivity to these pharmaceuticals, it
deserves to be included as a bioassay organism in the future
Mexican official norms.

Organizations such as the US EPA (EDSTAC, 1996), the
European Union and the Water Quality Guidelines of Canada
are dedicated to determine the concentrations in which these
pharmaceuticals can alter the normal metabolic processes of
various organisms but mainly the fish and mammalian species.
Thus, they have established maximum permissible limits for
emerging chemicals and pharmaceuticals to protect aquatic
ecosystems. For example, substances such as 4-nonylphenol
and bisphenol A, are not to exceed 1 pg L™' (ISTS, 2002).
There are also some attempts by the independent researchers
from different countries urging the EU to improve the laws
related to the release of certain chemicals into the environment
(Gore et al., 2014). In the US, the FDA requires an assessment
only if the concentration of the pharmaceutical being dis-
charged is >1pgL™' (FDA, 1998). In Mexico there are no
such rigorous laws that control or determine the maximum
permissible limits of pharmaceuticals in aquatic systems.
However, the Mexican Official Standard NOM- 001-
SEMARNAT- 1996 establishes the maximum permissible
limits of some pollutants for wastewater discharge.

Conclusions

Ibuprofen and amoxicillin are the drugs administered together
for curing bacterial infections. However, their effects to non-
target species, especially the aquatic organisms are not well-
known. Our results showed that though both these drugs
had an adverse effect on B. calyciflorus and B. havanaensis,
amoxicillin had far greater negative impact on the demo-
graphic variables of the latter. Due to the adverse effects
observed on the population parameters of both rotifer species
exposed to amoxicillin and ibuprofen, these drugs can be con-
sidered as ecologically harmful to zooplankton. Future studies
need to consider the combined effect of both these pharmaceu-
tical since they are often consumed together by the patients
suffering from bacterial infections. Since drugs are generally
discharged into water bodies, the Mexican governmental agen-
cies responsible for the environmental law need to establish the

minimal permissible limits for each of these drugs before they
are discharged from industries and hospitals.
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