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a  b  s  t  r  a  c  t

Although  it  is  believed  that  glyphosate-based  herbicides  are  relatively  nontoxic  to  humans,  its  broad  use
in agriculture  and  consequent  contamination  of  aquatic  systems  is a concern.  In the present  study,  repro-
ductive  (sperm  quality)  and  biochemical  parameters  (acetylcholinesterase  and  glutathione  S-transferase
activity,  lipoperoxidation,  and  antioxidant  capacity  against  peroxyl  radicals)  were  evaluated  in  adult
guppies  (Poecilia  vivipara)  acclimated  to fresh  water  and  exposed  (96  h) to  environmentally  realistic  con-
centrations  of glyphosate  (130  and  700  �g L−1) as the commercial  formulation  Roundup.  Male  guppies
exposed  to  Roundup  showed  a poorer  sperm  quality,  measured  as  reduced  plasmatic  membrane  integrity,
mitochondrial  functionality,  DNA integrity,  motility,  motility  period  and  concentration  of  spermatic  cells,
than  those  kept under  control  condition  (no  Roundup  addition  to  the water).  Most  of the  spermatic  param-
oundup eters  analyzed  showed  strong  association  to each  other,  which  may  help  to understand  the  mechanisms
underlying  the  observed  reduction  in sperm  quality.  Exposure  to  Roundup  did  not  alter  the biochemical
parameters  analyzed,  though  differences  between  genders  were  observed  and  deserve  further  investiga-
tions. Findings  from  the  present  study  suggest  that  exposure  to  environmentally  relevant  concentrations
of  Roundup  may  negatively  affect  at long-term  the  reproduction  of  P.  vivipara,  with  consequent  changes
in  fish  populations  inhabiting  environments  contaminated  with  the  herbicide.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Roundup is a commercial formulation of glyphosate presented
s the isopropylamine salt added by surfactants, usually poly-
xyethylene amine (POEA), and inert compounds (WHO, 1994).
espite the potential effects of the other chemicals present in

he Roundup formulation, glyphosate itself is a broad-spectrum
ost-emergent, systemic and non-selective herbicide. These char-

cteristics led to a fast increase in the use of this herbicide in both
gricultural and non-agricultural areas around the world (WHO,
994, 2005). The indiscriminate use of Roundup associated with
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orcinicd@gmail.com (C.D. Corcini).
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careless handling, accidental spillage, or discharge of untreated
effluents into natural waterways has caused harmful effects on
aquatic life and may  have contributed to long-term biological
effects (Jiraungkoorskul et al., 2002).

In a recent review, concentrations of Roundup, measured as
glyphosate acid equivalents, in natural water bodies were reported
to range between 0.01 and 0.7 mg  L−1, reaching the maximum value
of 1.7 mg  L−1 in extreme situations after direct application of the
herbicide into the water (Guilherme et al., 2010). Although it is
believed that glyphosate-based herbicides are relatively nontoxic
to humans (WHO, 1994; Zouaoui et al., 2013), the contamination of
aquatic systems associated with the wide and indiscriminate use of

these chemicals is now of great ecotoxicological concern (Lushchak
et al., 2009).

In light of the described above, the identification of appro-
priated biomonitors and biomarkers related to the toxic effects

dx.doi.org/10.1016/j.aquatox.2013.08.006
http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquatox.2013.08.006&domain=pdf
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f glyphosate-based herbicides is needed. In this context, fish
pecies are described as suitable monitors of the effects of noxious
ompounds because of their ecological and economical relevance
Jiraungkoorskul et al., 2002). Additionally, changes at cellular
nd biochemical levels are among the most sensitive biologi-
al responses reported after fish exposure to aquatic pollutants
Glusczak et al., 2007; Sandrini et al., 2013). Therefore, studies
ocused on the biochemical and physiological effects of glyphosate-
ased herbicides in fish can provide not only useful toxicological

nformation, but also help to select adequate biomonitors and
iomarkers of glyphosate exposure and effect.

In Brazil, glyphosate has been used since 1978 (Galli and
ontezuma, 2005). According to the National Health Surveillance

gency (ANVISA) (2010), since 2008 Brazil is the largest consumer
f agrichemicals in the world. In fact, Silva et al. (2003) detected
igh concentrations of glyphosate in samples collected in water
odies near to areas of intense plantation in southern Brazil.

Although the intense use of glyphosate in Brazil, there is a lack
f investigations using Brazilian native species to investigate the
ublethal effects of this herbicide (Albinati et al., 2009).

With this background in mind, the sublethal effects of Roundup,
 commercial formulation of glyphosate, were evaluated on a suite
f physiological and biochemical parameters in the Brazilian guppy
oecilia vivipara (Bloch and Schneider, 1801). This fish species has
een described as a promising biomonitor of aquatic pollution that
as been employed recently in ecotoxicological studies with both

norganic and organic contaminants (Ferreira et al., 2012; Machado
t al., 2013). Endpoints evaluated were selected based on their asso-
iation with the short and long-term stability of fish populations
s well as on the information they could provide to improve our
nowledge on the mechanism involved in biological disturbances
nduced by glyphosate exposure and fish ability to counteract the
ffects and to detoxify the contaminant.

Considering the aspects above, the first endpoint evaluated in
he present study was related to the response of sperm cell qual-
ty after fish exposure to sublethal concentrations of Roundup. In
act, reproduction is considered one of the most relevant biologi-
al functions related to long-term stability of fish populations. In
his context, the effects of Roundup on several indicators of sperm
uality, an early warning biomarker of reproductive disturbance,
ere evaluated. The potential impact of the herbicide exposure on
sh behavior associated with change in neurotransmission func-
ion, measured through the brain and muscle acetylcholinesterase
AChE) activity, was also evaluated. Finally, some aspects related to
he fish ability to detoxify the herbicide and its capacity to deal with
he exposure to the contaminant were also considered. Therefore,
he activity of glutathione S-transferase (GST), an enzyme involved
n detoxification of organic contaminants, was analyzed as a mea-
urement of detoxification ability. In turn, the total antioxidant
apacity against peroxy-radicals (ACAP) and lipid peroxidation
LPO) were used as measurements of fish tissue capacity to protect
gainst the oxidant effect of Roundup and the potential oxida-
ive damage induced by exposure to the herbicide. The effects of
oundup on sperm quality and biochemical parameters (AChE, GST,
CAP and LPO) were evaluated in P. vivipara acclimated to fresh
ater and exposed to environmentally realistic concentrations of

lyphosate (130 and 700 �g L−1) as the commercial formulation
oundup.

. Material and methods

.1. Fish biology, collection and acclimation
P. vivipara is a guppy that belongs to the Poeciliidae family, being
haracterized as benthopelagic and non-migratory fish, behavior
hat allow its environmental exposure to several substances. It is
gy 142– 143 (2013) 176– 184 177

euryhaline, being found in fresh water and estuarine environments
along the coast of South America, from Venezuela to Argentina
(Froese and Pauly, 2011). Indeed, it is one of the most common
species of fish found in small ponds, rivers and coastal lagoon
ecosystems of Brazil (Santos et al., 2011). For that reason, the
National Institute of Science and Technology-Aquatic Toxicology
(INCT-TA) recently has pointed P. vivipara as one of the priority
species to access environmental health in Brazilian aquatic environ-
ments. Thus the findings of present work contribute simultaneously
to better understand glyphosate effects on fishes as well as to estab-
lish standards biomonitors to South America.

Adults of P. vivipara were collected at the Gelo Creek (Cassino
Beach, Rio Grande, RS, Southern Brazil) with nets and minnow traps.
They were transferred to the animal care room of the Institute of
Biological Sciences at the Federal University of Rio Grande (FURG)
and acclimated for at least 7 days in continuously aerated and
dechlorinated tap water. Room photoperiod (12L:12D) and tem-
perature (28 ◦C) were fixed. Fish were daily fed with commercial
food until apparent satiation. Feeding was stopped 24 h prior to
the beginning of the experiments. Fish were fastening during the
experimental period.

2.2. Fish exposure to Roundup

Due to the sexual dimorphism, 24 males [body length
(mean ± standard deviation): 3.8 ± 1.2 cm; body weight:
0.54 ± 0.06 g; n = 8 fish per treatment] and 21 females (body
length: 3.5 ± 0.9 cm;  body weight: 0.41 ± 0.03 g; n = 7 fish per
treatment) were individually kept under control condition (no
Roundup addition into the water) or exposed (96 h) to Roundup
(130 and 700 �g L−1 of glyphosate). Both concentrations tested
can be found in natural water bodies. According to Guilherme
et al. (2010), the concentration of 700 �g L−1 was  the highest
concentration detected in the environment. Considering that the
lowest concentration found in natural water bodies (10 �g L−1)
was considered too low to induce a significant biological effect,
an intermediary concentration (130 �g L−1) potentially capable of
inducing such effect, but considerably lower than the maximum
concentration reported in the environment was tested. Other
experimental conditions were kept as described above for the
acclimation period (Section 2.1).

Every 24 h, exposure media were completely renewed. Before
and after fish transfer to the experimental tank, water sam-
ples (n = 24) from control and treatments were collected, filtered
(0.2 �m-mesh filter; Millipore, Merck; São Paulo, SP, Brazil), and
stored at 4 ◦C in glass bottles until analysis.

After exposure, fish were euthanized by decapitation (AVMA,
2001) and tissue (brain, muscle, gills and liver) were dissected and
stored at −80 ◦C for biochemical assays (Section 2.4). In males,
testes were also dissected and immersed in Hanks balanced-salt
solution (HBSS; 0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4,
0.44 mM KH2PO4, 1.3 mM CaCl2, 1.0 mM MgSO4 and 4.2 mM
NaHCO3) for sperm analysis (Section 2.3).

The present work was  approved by the Ethics Committee on
Animal Use of Federal University of Rio Grande (CEUA – FURG;
reference # P054/2011).

2.3. Sperm analysis

Testis samples were placed in 1.5 mL  bullet tubes containing
HBSS and shaken for the release of spermatozeugmatas (sperm
bundles). Sperm was  released by gently and repeatedly disrupting

spermatozeugmatas with a 10-�L pipette tip (Sun et al., 2010). The
sperm suspension was  used for analyses described below.

For estimation of sperm motility and motility period, 10 �L of
sperm suspension was placed on a glass microscope slide with a
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over slip. Sperm motility was estimated visually at 200× magnifi-
ation using a phase contrast microscope (Olympus BX 51; América,
ão Paulo, SP, Brazil). Results of sperm motility were expressed
s percentage of cells actively moving forward. Sperm vibration
ithout effectively moving forward was not considered as being
otile (Sun et al., 2010). The evaluation of the motility period,
hich is the period to achieve the complete lack of sperm motil-

ty, was performed in parallel with the sperm motility estimation.
t was determined using a digital chronometer and expressed in
econds (Varela Junior et al., 2012). The sperm concentration was
etermined using a Neubauer chamber (Varela Junior et al., 2012).

Garner et al. (1986) have described the use of carboxyfluores-
ein diacetate (CFDA) and propidium iodide (PI), which are two
uorescent probes, to assess the plasma membrane integrity. A
tock solution was prepared with 950 �L sodium citrate 3%, 20 �L
I (≥95%, Sigma–Aldrich, São Paulo, SP, Brazil), 20 �L CFDA (∼95%,
igma–Aldrich, São Paulo, SP, Brazil) and 10 �L formaldehyde made
p not more than 1 h before use. An aliquot (10 �L) of sperm sus-
ension and 40 �L of stock solution were incubated for 10 min
t 20 ◦C. After incubation, 10 �L of the mixture were placed on

 glass microscope slide with a cover slip and the membrane
ntegrity was verified under 400× magnification using an epifluore-
cence microscope (Olympus BX 51, América, São Paulo, SP, Brazil).
or quantitative analysis of membrane integrity, 200 cells were
ounted and classified according to their color. Green cells indi-
ated cells with intact plasma membrane while red or green/red
ells were classified as injured cells (Harrison and Vickers, 1990).

Rhodamine 123 (Rh123) (≥95%, Sigma–Aldrich, São Paulo, SP,
razil) was used to evaluate mitochondrial functionality. An aliquot
10 �L) of sperm suspension and 40 �L of Rh123 solution (13 �M)
ere incubated for 10 min  at 20 ◦C. Evaluation was performed using

n aliquot (1 �L) of the mixture placed on glass microscope slide
ith a cover slip. For quantitative assessment of mitochondrial

unctionality, 200 cells were counted under 400× magnification
ith an epifluorescence microscope (Olympus BX 51, América,

ão Paulo, SP, Brazil). Data were expressed as percentage. Cells
xhibiting green fluorescence were classified as presenting func-
ional mitochondria while sperm showing no fluorescence was
lassified as containing cells with dysfunctional mitochondria (He
nd Woods, 2004). The rate of mitochondrial functionality was
etermined by considering the proportion of sperm emitting green
uorescence compared with the total sperm analyzed (Varela

unior et al., 2012).
The acridine orange (AO) fluorescence method described by

ejada et al. (1984) was used to assess the DNA integrity of sper-
atic cells. Sperm smears were dried in air and fixed in Carnoy

olution (3 parts of methanol and 1 part of glacial acetic acid). Slides
ere rinsed several times with distilled water after being dipped

n citric acid solution (0.1 M;  pH 2.5) and stained with AO solution
0.2 mg  mL−1 in distilled water) during 5 min. Smears were washed
gain with distilled water and covered with a cover slip (Gandini
t al., 2006). For quantitative analysis, 200 cells were counted under
00× magnification using an epifluorescence microscope (Olym-
us BX 51, América, São Paulo, SP, Brazil) without exceeding 1 min
f slide exposure. Data were expressed as percentage. Sperm with
reen fluorescence were considered with normal DNA (bicatenary
NA) and those showing red, orange or yellow fluorescence were
onsidered as having damaged DNA (monocatenary DNA, dena-
ured).

.4. Biochemical analyses
Tissue (brain, muscle, gill and liver) samples were homogenized
n phosphate buffer (0.1 M;  pH 7.75) and divided into aliquots for
ChE activity in muscle and brain samples, and for LPO, ACAP and
ST activity in muscle, gill and liver samples. Protein content in
gy 142– 143 (2013) 176– 184

tissue homogenates was  determined using a commercial reagent
kit (Sigma–Aldrich, São Paulo, SP, Brazil) based on the Bradford’s
method (Bradford, 1976).

AChE activity was  measured in brain and muscle samples using
a spectrophotometric method following the yellow color yielded
by thiocholine after reaction with the dithiobisnitrobenzoate ion
(Ellman et al., 1961). Data were normalized considering the protein
content in the tissue homogenate.

LPO was determined based on the reaction between the malon-
dialdehyde (MDA) resulting from damage caused to lipids by free
radicals and the 2-thiobarbituric acid (TBA) under conditions of
high temperature and acidity. The chromogen generated was mea-
sured by spectrofluorometry (Oakes and Van Der Kraak, 2003). Data
were normalized considering the wet  mass (mg) of the tissue sam-
ple employed for analysis.

ACAP determination and data expression were performed as
described by Amado et al. (2009). The method employed is based
on the fluorometric detection of reactive oxygen species using 2′,7′-
dichlorofluorescein diacetate (H2DCF-DA) as substrate.

GST activity was  determined by the conjugation of reduced
glutathione (GSH) with 1-chloro-2,4-dinitrobenzene (CDNB) fol-
lowing procedures described by Keen et al. (1976). Data
were normalized considered the protein content in the tissue
homogenate.

2.5. Glyphosate concentration in water samples

Glyphosate concentration in filtered water samples was deter-
mined by ion chromatograph (IC Compact 881, Metrohm, Herisau,
Switzerland) with conductometric detector, using an ion exchange
column (Metrosep A Supp 5 150/4.0) and a chemical suppressor.
The mobile phase was made with 9.6 mmol  L−1 of Na2CO3 and
3 mmol  L−1 of NaHCO3 degassed for 30 min  in an ultrasound bath.
The solution for suppressor regeneration was  prepared with ultra-
pure water and 0.1 mol  L−1 of sulfuric acid. A calibration curve
(0.05–2.0 mg  L−1 glyphosate) was built and used for glyphosate
concentration determination in water samples from the experi-
mental media. All injections were performed with a loop injection
of 20 �L. The quantification and detection limit were 0.05 and
0.01 mg  L−1, respectively. The method showed good linearity for
the calibration curve in both ultrapure water (r2 = 0.999) and the
matrix (dechlorinated tap water) (r2 = 0.998) (Amarante et al.,
2002; Queiroz et al., 2011). The selectivity was determined by
injecting major anions (fluoride, chloride, bromide, sulfate and
phosphate) in water, none of them showing overlaping with the
retention time of glyphosate. Data collection and treatment was
performed using the Software MagicNet 2.3 (Metrohm, Herisau,
Switzerland).

2.6. Statistical analyses

Data were expressed as mean ± standard error (SEM). All sta-
tistical analyses were done using the software BioEstat 5.0. Data
normality was verified using the Shapiro–Wilk test. Parametric data
were analyzed using analysis of variance (ANOVA) followed by the
Tukey test. In turn, non-parametric data were analyzed using the
Kruskal–Wallis ANOVA followed by the Dunn test. For all analyses,
the significance level adopted was 95% (p < 0.05). Also, the Spear-
man  correlation coefficient was  used for semen data analysis in
order to determine the level of association among the parameters
analyzed (Ayres et al., 2007).
3. Results

Water analysis data showed that control water used to
prepare the exposure media did not contain detectable levels of
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Fig. 1. Sperm quality in the guppy Poecilia vivipara kept under control conditions or exposed (96 h) to Roundup. Values are means ± SEM. (A) Membrane integrity; (B)
mitochondrial functionality; (C) DNA integrity; (D) motility; (E) motility period; and (F) cell density. Different letters represent significant difference among treatments
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p  < 0.05).

lyphosate (<0.05 mg  L−1). The concentration measured for the
ominal 130 and 700 �g L−1 treatments were 144.8 ± 14.1 and
23.9 ± 21.8 �g L−1, respectively. No fish mortality was observed
ver the experimental period.

Regarding spermatic responses, a decrease in the integrity of
perm plasma membrane was observed in fish exposed to any of
he concentrations of Roundup tested when compared with fish
rom the control group. The effect observed was similar in both
erbicide concentrations (Fig. 1A). Sperm mitochondrial function-
lity decreased with increasing concentrations of Roundup, being
ignificantly lower in fish exposed to 700 �g L−1 of glyphosate than
n control ones (Fig. 1B). Sperm DNA integrity was also reduced in

ale fish exposed to the highest concentration of Roundup tested

Fig. 1C). As observed for mitochondrial functionality, sperm motil-
ty was also reduced in fish exposed to 700 �g L−1 of glyphosate
Fig. 1D). Motility period showed a trend of reduction with increas-
ng concentrations of Roundup, but no significant change was
observed (Fig. 1E). Also, the spermatic cells density was  not signif-
icantly altered by exposure to the concentrations of the herbicide
and the experimental period tested (Fig. 1F).

Spearman correlation analysis showed an association between
most of the sperm quality parameters analyzed, which may  help to
understand the mechanisms underlying the observed reduction in
sperm quality. Roundup exposure was  correlated with membrane
integrity (r2 = 0.44), mitochondrial functionality (r2 = 0.92), DNA
integrity (r2 = 0.38), sperm motility (r2 = 0.66) and motility period
(r2 = 0.32). In turn, membrane integrity was  correlated with mito-
chondrial functionality (r2 = 0.37) and sperm motility (r2 = 0.44),
while mitochondrial functionality showed association with DNA
integrity (r2 = 0.39), sperm motility (r2 = 0.56) and motility period

(r2 = 0.32). Finally, sperm motility was correlated with the motility
period (r2 = 0.42) (Fig. 2).

With respect to biochemical parameters, no significant differ-
ences in AChE activity were observed in muscle (Fig. 3A) and brain
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Fig. 2. Spearman correlation analysis for sperm quality data obtained with the guppy Poecilia vivipara exposed (96 h) to Roundup in fresh water. Only results showing
statistical significance (p < 0.05) are shown.

Fig. 3. AChE activity in (A) muscle and (B) brain of the guppy Poecilia vivipara kept
under control conditions or exposed (96 h) to Roundup in fresh water. Values are
means ± SEM. Different lowercase and uppercase letters represent significant dif-
ference among treatments (p < 0.05) in males and females, respectively. *Significant
difference (p < 0.05) between genders.
(Fig. 3B) of guppies kept under control conditions or exposed to
Roundup. A similar result was observed for both male and female
fish. However, the enzyme activity was  lower in muscle of female
fish exposed to 700 �g L−1 of glyphosate than in those exposed to
130 �g L−1 of glyphosate (Fig. 3A). Males showed higher levels of
muscle AChE activity than females (Fig. 3A) while no significant
difference in brain AChE activity was  observed between genders
(Fig. 3B).

No significant difference was  observed in ACAP between control
and Roundup-exposed fish. This lack of response was observed for
muscle (Fig. 4A), gills (Fig. 4B), and liver (Fig. 4C) of both male and
female fish. Control males showed higher gill ACAP than females
(Fig. 4B). Females exposed to 130 �g L−1 of glyphosate showed
higher muscle ACAP than males (Fig. 4A), while males exposed
to 700 �g L−1 of glyphosate showed higher gill ACAP than females
(Fig. 4B).

No significant effect of Roundup exposure was observed in
muscle (Fig. 5A) and gill (Fig. 5B) LPO of male guppies. How-
ever, liver LPO was  lower in male fish exposed to 700 �g L−1 of
glyphosate than in control male fish (Fig. 5C). In females, no signif-
icant difference was observed in tissue LPO between control and
Roundup-exposed fish (Fig. 5). In all cases (control or Roundup-
exposed fish), males showed higher liver LPO levels than females
(Fig. 5C).

No significant effect of Roundup exposure was observed in GST
activity in muscle (Fig. 6A), gills (Fig. 6B) and liver (Fig. 6C) of
male and female guppies. In all groups (control and Roundup-

exposed fish), females showed higher muscle GST  activity than
males (Fig. 6A). Also, control females showed higher gill GST activ-
ity than control males (Fig. 6B). No significant gender difference
was observed in liver GST activity (Fig. 6C).
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Fig. 4. ACAP in (A) muscle, (B) gill and (C) liver of the guppy Poecilia vivipara kept
under control conditions or exposed (96 h) to Roundup in fresh water. Values are
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Fig. 5. LPO in (A) muscle, (B) gill and (C) liver of the guppy Poecilia vivipara kept
under control conditions or exposed (96 h) to Roundup in fresh water. Values are
means ± SEM. Different lowercase and uppercase letters represent significant dif-
eans ± SEM. Different lowercase and uppercase letters represent significant dif-
erence among treatments (p < 0.05) in males and females, respectively. *Significant
ifference between genders.

. Discussion

As reviewed by Guilherme et al. (2010), the herbicide Roundup
measured as glyphosate acid equivalents) has been detected
n natural water bodies at concentrations ranging from 0.01 to
.7 mg  L−1, reaching up to 1.7 mg  L−1 in extreme situations after
irect application of the herbicide into the water. It is important to
ote that no fish mortality was observed in the present study after

xposure of male and female guppies (P. vivipara) to Roundup at
30 and 700 �g L−1 for 96 h. Therefore, these concentrations can be
onsidered as being sublethal to P. vivipara and of ecotoxicological
nterest.
ference among treatments (p < 0.05) in males and females, respectively. *Significant
difference between genders.

Findings from the present study showed that sperm of P.
vivipara acutely (96 h) exposed to Roundup showed a lower qual-
ity, measured as a reduction in the following parameters: integrity
of sperm plasma membrane, mitochondrial functionality, DNA
integrity, sperm motility and motility period. An effect of the her-
bicide on all of these parameters was homogeneously observed
in male fish exposed to the highest concentration of Roundup
tested (700 �g L−1 of glyphosate). This herbicide concentration also
induced a slight but not significant increase in spermatic cells
density, which could be a response to the poorer sperm quality

observed in fish exposed to this condition.

Concerning the association among the different sperm param-
eters analyzed, there was a correlation between the reduced
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Fig. 6. GST activity in (A) muscle, (B) gill and (C) liver of the guppy Poecilia vivipara
kept under control conditions or exposed (96 h) to Roundup in fresh water. Values
are means ± SEM. Different lowercase and uppercase letters represent difference
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(2007) reported higher levels of LPO in liver of male Girardinichthys
mong treatments (p < 0.05) in males and females, respectively. *Significant differ-
nce between genders.

embrane integrity and the reduced mitochondrial functionality.
his is consistent with a possible damage induced by exposure
o Roundup and/or its metabolites on sperm membrane, which
ould likely imply the impairment of the mitochondria function-

lity. In turn, the reduced mitochondrial functionality paralleled
ith the reduced membrane integrity could explain the observed
ecrease in sperm motility. Additionally, the observed damage
o the mitochondria induced by Roundup exposure can be also
esponsible for the increased DNA damage and reduced motil-

ty period of fish sperm. In fact it is reported that mitochondrial
ysfunction can lead simultaneously to production of reactive oxy-
en species and lower energy availability in mammalian cancer
gy 142– 143 (2013) 176– 184

cells (Pelicano et al., 2009). It is important to note that changes
in the structural and functional integrity of plasma membrane and
mitochondria, as well as reduced sperm motility, are critical end-
points of the fertilization process in teleost fish eggs (He and Woods,
2004).

At our best knowledge, there is no report on the direct effect of
Roundup on sperm plasma membrane in fish. It is important to con-
sider that this herbicide is made of organic compounds, which could
interact with the sperm plasma membrane and directly affects its
integrity and functions. If these compounds enter the cell after
crossing the cell membrane, they could potentially interact with
intracellular elements and affect the normal cell functioning. For
example, DNA damage was  observed in sperm cells of fish exposed
to Roundup in the present study. This condition could compromise
the expression of protein and others biomolecules, thus indirectly
contributing for the reduced cell membrane integrity observed in
fish exposed to Roundup. Considering that no significant correla-
tion between DNA damage and membrane integrity was  observed
in the present study, the first hypothesis is more likely to occur.

Finally, the strong correlation observed between the exposure
concentration of Roundup and fish sperm quality reinforces the
idea that realistic environmental levels of Roundup could cause rel-
evant damages to fish reproduction. It is worth to mention that fish
sperm quality can be indirectly affected by disruption of steroid
hormones regulation after a longer period of exposure than that
employed in the present study. For example, Walsh et al. (2000)
reported that Roundup decreases steroidogenesis in Leydig cells by
reducing the level of Steroidogenic Acute Regulatory Substances
(StARS), thus contributing for the development of a reproductive
dysfunction.

The findings described above point out to the potential effects
of Roundup on male fish reproduction. In this context, it is impor-
tant to note that Soso et al. (2007) reported that females of the
catfish Rhamdia quelen exposed to Roundup showed a disruption
in steroidogenesis characterized by a decreased level of 17�-
estradiol. This hormone is produced by the ovarian follicular layer
and stimulates vitellogenin production and secretion. Besides the
impairment in ovarian follicle function, these authors also reported
a reduction in egg viability, since a low number of viable swim-up
fries were obtained. Moreover, Hued et al. (2012) reported a lower
sexual activity, measured by a decreased number of copulations
and matching success in the guppy Jenynsia multidentata, another
viviparous fish, after exposure to Roundup. It is worth to note that
this guppy species also show internal fertilization, as observed in
P. vivipara.

In summary, findings from the present study along with those
already described in the literature support the idea that fish repro-
duction could be impaired in aquatic environments contaminated
with Roundup. Furthermore, parameters analyzed in the present
study to assess the semen quality can be considered as potential
biomarkers of fish exposure to this herbicide.

Male and female P. vivipara showed differential levels of some
of the biochemical parameters analyzed. In viviparous fish, males
tend to be more mobile than females (Magurran and Maciás Garcia,
2000). The higher swimming activity increases the metabolic rate,
which could explain the higher muscle AChE activity found in males
of P. vivipara in the present study. In turn, an elevated metabolic
rate stimulates the production of reactive oxygen species (ROS),
demanding a higher tissue ACAP to protect cells against the oxida-
tive damage induced to macromolecules. The higher levels of ACAP
in gills and LPO in liver of male P. vivipara reported in the present
study are consistent with this idea. Similarly, Vega-López et al.
viviparous,  another viviparous fish. They explained the observed
gender difference considering a higher cytochrome P450 content
and CYP1A catalytic activity in males than in females. This would
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ead to an increased generation of ROS and consequent higher
PO levels. In fact, a positive response of the enzymatic antiox-
dant defenses (superoxide dismutase and catalase activities) in
esponse to the increased LPO level was observed in liver of males
. viviparous,  indicating that they were more subjected to oxida-

ive stress than females. In turn, GSTs are detoxifying enzymes of
hase II that catalyze the conjugation of GSH with a variety of elec-
rophilic compounds (Ferreira et al., 2010). The higher GST activity
ound in female P. vivipara can be associated with its viviparous
eproduction, once during gestation the maternal system must
rovide oxygen to and remove metabolic wastes from the embryo
Timmerman and Chapman, 2003).

In the present study, none of the biochemical parameters ana-
yzed was significantly affected by Roundup exposure, except for a
educed LPO level observed in liver of male P. vivipara exposed to
he highest concentration of Roundup. This response would indi-
ate that LPO level, as discussed below for biochemical responses
n general, is quite dependent on fish species sensitivity and the
oncentration of herbicide tested. The lower LPO level observed
n liver of Roundup-exposed fish could be explained considering
n stimulation of the total antioxidant scavenging capacity of the
issue induced by the herbicide exposure without a significant
ncrease in the generation of reactive oxygen species, thus favoring
he antioxidant system and leading to a reduced LPO. Regarding
he other biochemical parameters, similar result was  reported by
endón-von Osten et al. (2005) for the mosquitofish Gambusia
ucatana after exposure to Rival, a commercial formulation of a
lyphosate-based herbicide like Roundup. These authors reported
o significant effects of the herbicide on GST and AChE activity,
nd suggested that GSTs are not involved in the detoxification of
he agrichemical.

Biochemical responses in fish exposed to Roundup were already
escribed and were shown to vary depending on the species and
he tissue analyzed (Glusczak et al., 2007, 2006; Langiano and

artinez, 2008; Ferreira et al., 2010; Modesto and Martinez, 2010;
albego et al., 2010; Cattaneo et al., 2011; Menezes et al., 2011).
t is important to note that concentrations tested in these studies

ere higher (ranging from 0.95 to 20 mg  L−1) than those employed
n the present study (0.13 and 0.70 mg  L−1), except for that tested
y Menezes et al. (2011) who using an intermediate concentration
0.45 mg  L−1) were able to demonstrate significant changes in the
esponse of biochemical parameters in the catfish R. quelen exposed
o Roundup.

Based on the discussed above, it is possible that concentrations
mployed in the present study were not high enough to induce
ignificant increases in the response of the biochemical parame-
ers analyzed in P. vivipara. This suggests that this guppy is likely

ore tolerant to Roundup than the catfish R. quelen.  In fact, the 96-
 LC50 value of Roundup for R. quelen is 10 mg  L−1 (Albinati et al.,
007), being lower than that described for G. yucatana exposed to
ival (17.79 mg  L−1). It is important to note that G yucatana is a fish
pecies belonging to the Poecillidae family like P. vivipara. There-
ore, the lack of biochemical responses in P. vivipara after exposure
o Roundup could be due to the comparatively low concentrations
ested in the present study. Nevertheless, it is also possible that
he herbicide was not effectively absorbed by guppies or they were
ble to detoxify it quickly before it could cause deleterious effects.

. Conclusion

Findings reported in the present study show that exposure to

oundup reduces the sperm quality in the guppy P. vivipara, an
ffect likely associated with changes in plasma membrane integrity
nd mitochondrial functionality in spermatic cells. They suggest
hat exposure to environmentally realistic concentrations of this
gy 142– 143 (2013) 176– 184 183

herbicide may  negatively affect at long-term the reproduction of
P. vivipara, with consequent changes in fish populations inhabiting
environments contaminated with Roundup.

Finally, although both concentrations of Roundup tested did not
affect the biochemical parameters analyzed in adults of P. vivipara,
data from the present study indicated gender-related differences
in the response of these parameters. These different biochemical
patterns certainly deserve further future investigation, especially
in the context of the increasing use of P. vivipara in ecotoxicological
studies.
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Aperfeiç oamento de Pessoal de Ensino Superior’ (CAPES, Pro-
grama Ciências do Mar, Brasília, DF, Brazil) and ‘Conselho Nacional
de Desenvolvimento Científico e Tecnológico’ (CNPq, Instituto
Nacional de Ciência e Tecnologia de Toxicologia Aquática, Brasília,
DF, Brazil). Authors thank the assistance provided by Dr. Elton
P. Colares (Universidade Federal do Rio Grande, Rio Grande,
RS, Brazil). A. Bianchini is a research fellow from the Brazilian
CNPq (Proc. #304430/2009-9) and supported by the International
Canada Research Chair Program from the International Develop-
ment Research Centre (IDRC, Ottawa, ON, Canada). E.G. Primel was
a research fellow from the Brazilian CNPq (DT 311605/2009-5).

References

Agência Nacional de Vigilância Sanitária (ANVISA), 2010. Gestão 2005–2010: Prin-
cipais realizaç ões, first ed. Agência Nacional de Vigilância Sanitária, Brasília.

Albinati, A.C.L., Moreira, E.L.T., Albinati, R.C.B., Carvalho, J.V., Santos, G.B., Lira, A.D.,
2007. Toxicidade aguda do herbicida roundup® para piauç u (Leporinus macro-
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Quím. Nova 34, 190–195.
gy 142– 143 (2013) 176– 184

Rendón-von Osten, J., Ortíz-Arana, A., Guilhermino, L., Soares, A.M.V.M., 2005.
In vivo evaluation of three biomarkers in the mosquitofish (Gambusia yucatana)
exposed to pesticides. Chemosphere 58, 627–636.

Salbego, J., Pretto, A., Gioda, C.R., Menezes, C.C., Lazzari, R., Neto, J.R., Baldisserotto, B.,
Loro, V.L., 2010. Herbicide formulation with glyphosate affects growth acetyl-
cholinesterase activity, and metabolic and hematological parameters in piava
(Leporinus obtusidens). Arch. Environ. Contam. Toxicol. 58, 740–745.

Sandrini, J.Z., Rola, R.C., Lopes, F.M., Buffon, H.F., Freitas, M.M., Martins, C.M.G., Rosa,
C.E.,  2013. Effects of glyphosate on cholinesterase activity of the mussel Perna
perna and the fish Danio rerio and Jenynsia multidentata: in vitro studies. Aquat.
Toxicol. 130, 171–173.

Santos, E.G.N., Cunha, R.A., Santos, C.P., 2011. Behavioral responses of Poecilia
vivipara (Osteichthyies: Cyprinodontiformes) to experimental infections of
Acanthocollaritrema umbilicatum (Digenea: Cryptogonimidae). Exp. Parasitol.
127, 522–526.

Silva, M.D., Peralba, M.C.R., Mattos, M.L.T., 2003. Determinação de glifosato e ácido
aminometilfosfônico em águas superficiais do Arroio Passo do Pilão. Pesticidas
13,  19–28.

Soso, A.B., Barcellos, L.J.G., Ranzani-Paiva, M.J., Kreutz, L.C., Quevedo, R.M., Anziliero,
D., Lima, M.,  Silva, L.B., Ritter, F., Bedin, A.C., Finco, J.A., 2007. Chronic expo-
sure to sub-lethal concentration of a glyphosate-based herbicide alters hormone
profiles and affects reproduction of female Jundiá (Rhamdia quelen). Environ.
Toxicol. Pharmacol. 23, 308–313.

Sun, C., Huang, C., Su, X., Zhao, X., Dong, Q., 2010. Optimization of handling and
refrigerated storage of guppy Poecilia reticulata sperm. J. Fish Biol. 77, 54–66.

Tejada, R.I., Mitchell, J.C., Norman, A., Marik, J.J., Friedman, S., 1984. A test for the prac-
tical evaluation of males fertility by acridine orange (AO) fluorescence. Fertil.
Steril. 42, 87–91.

Timmerman, C.M., Chapman, L.J., 2003. The effect of gestational state on oxygen
consumption and response to hypoxia in the sailfin molly, Poecilia latipinna.
Environ. Biol. Fishes 68, 293–299.

Varela Junior, A.S., Corcini, C.D., Gheller, S.M.M., Jardim, R.D., Lucia Jr., T., Streit
Jr.,  D.P., Figueiredo, M.R.C., 2012. Use of amides as cryoprotectants in extend-
ers  for frozen sperm of tambaqui, Colossoma macropomum. Theriogenology 78,
244–251.

Vega-López, A., Galar-Martínez, M.,  Jiménez-Orozco, F.A., García-Latorre, E.,
Domínguez-López, M.L., 2007. Gender related differences in the oxidative
stress response to PCB exposure in an endangered goodeid fish (Girardinichthys
viviparus).  Comp. Biochem. Physiol. A Mol. Integr. Physiol. 146, 672–678.

Walsh, L.P., McCormick, C., Marin, C., Stocco, D.M., 2000. Roundup inhibits steroido-
genesis by disrupting steroidogenic acute regulatory (StAR) protein expression.
Environ. Health Perspect. 108, 769–776.

World Health Organization (WHO), 1994. Glyphosate. Environmental Health Crite-
ria, Publication n◦ 159, Geneva, Switzerland.

World Health Organization (WHO), 2005. Glyphosate and AMPA in Drinking-Water.
Quality. WHO, Geneva, Switzerland.
Zouaoui, K., Dulaurent, S., Gaulier, J.M., Moesch, C., Lachâtre, G.,  2013. Determination

of  glyphosate and AMPA in blood and urine from humans: about 13 cases of acute
intoxication. Forensic Sci. Int. 226, e20–e25.

http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0085
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0090
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0095
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0100
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0105
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0110
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0115
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0120
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0125
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0130
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0135
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0140
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0145
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0150
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0155
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0160
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0165
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0170
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0175
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0180
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0185
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0190
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0195
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0200
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0205
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0210
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0215
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0220
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0225
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0230
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0235
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240
http://refhub.elsevier.com/S0166-445X(13)00213-0/sbref0240

	Toxic effects of the herbicide Roundup in the guppy Poecilia vivipara acclimated to fresh water
	1 Introduction
	2 Material and methods
	2.1 Fish biology, collection and acclimation
	2.2 Fish exposure to Roundup
	2.3 Sperm analysis
	2.4 Biochemical analyses
	2.5 Glyphosate concentration in water samples
	2.6 Statistical analyses

	3 Results
	4 Discussion
	5 Conclusion
	Acknowledgements
	References


