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To determine the impact of agricultural pesticides used in cotton cultivation on the health status of fish living in a
Beninese cotton basin, we compared the reproductive and hepatic systems of fish sampled from rivers located in
both contaminated and pristine conditions. Different types of biomarkers, including biometric indices (a condi-
tion factor K, a gonadosomatic index GSI, and a hepatosomatic index HSI), plasma levels of sex steroids (11-
ketotestosterone 11-KT, testosterone T and estradiol-17β E2) and the histopathology of the gonads and liver,
were investigated for two different trophic levels of the following two fish species: the Guinean tilapia Tilapia
guineensis and the African catfish Clarias gariepinus. The fish were captured during both the rainy season
(when there is heavy use of pesticides on cotton fields) and the dry season from one site, in Pendjari River (ref-
erence site), which is located outside the cotton-producing basin, and from three other sites on the Alibori River
within the cotton-producing basin. Comparing fish that were sampled from contaminated (high levels of endo-
sulfan, heptachlor and DDT and metabolites) and reference sites, the results clearly indicated that agricultural
pesticides significantly decreased K and GSI while they increased HSI, regardless of the season, species and sex
of the fish. These pesticides also induced a decrease in the plasma levels of 11-KT and T and increased those of
E2. The histopathology of the testes revealed, in both species, a high rate of testicular oocytes, up to 50% in the
African catfish, downstream of the Alibori River, which indicated estrogenic effects from the pesticides. The dis-
ruption of male spermatogenesis primarily included necrosis, fibrosis and the presence of foam cells in the lob-
ular lumen. The histopathology of the ovaries revealed high levels of pre-ovulatory follicular atresia, impaired
oogenesis, a decrease in the oocyte vitellogenic diameter and other lesions, such as fibrosis, vacuolation and
melano-macrophagic centers. The histopathology of the liver revealed the presence of necrosis, hypertrophic he-
patocytes, foci of vacuolation, glycogen depletion and hemosiderin. An assessment of the general health of the
fish indicated that all of the sampled fish from the polluted sites were in poorer health compared with those
from the reference site but that the African catfish appearedmuchmore affected than theGuinean tilapia, regard-
less of the sex and season. In conclusion, the overall results indicated that agricultural pesticides significantly im-
pair the endocrine regulation of fish living in the Beninese cotton basin and that this would most likely be one of
the causes of the severe damage observed in the liver and gonads and the reduced health condition.

© 2014 Elsevier B.V. All rights reserved.
ental and Evolutionary Biology,
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1. Introduction

An increasing number of widely used chemicals are reported to pos-
sess endocrine activity that is capable of affecting the reproduction of
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Fig. 1. Hydrographic map of Benin showing the study sites (S1: reference site on the Pendjari River, S2–S4: contaminated sites on the Alibori River).

568 P.T. Agbohessi et al. / Science of the Total Environment 506–507 (2015) 567–584
wildlife populations (Rotchell and Ostrander, 2003). Among these
chemicals, there are various types of agricultural pesticides that are ap-
plied in large quantities on field crops to ward against plant pests. Sev-
eral studies have shown that only 0.1% of the applied pesticides reached
the target pests (Primentel and Levitain, 1986; Grébil et al., 2001).
Aquatic ecosystems are generally the final destination of pesticides
used in agricultural production (Gillium, 2007; Chao et al., 2009).
Other studies (Purdom et al., 1994; Gimeno et al., 1996; Barse et al.,
2007; Micheletti et al., 2007; Singh and Singh, 2007; Mckinlay et al.,
2008; Palma et al., 2008, 2009a and b) have reported on the interactions
of certain pesticides on the hypothalamic–pituitary–gonadal axis, dem-
onstrating that these pollutants behave as endocrine disruptors that po-
tentially alter fish reproduction and growth.

Among West African countries, Benin (Fig. 1) is known as the main
producer of cotton. Large quantities of pesticides belonging to different
chemical families (e.g., organochlorines, organophosphates, pyre-
throids, neonicotinoids) have been and are still widely used, legally or
not, by cotton producers (e.g., DDT, lindane, heptachlor, endrin,
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endosulfan, deltamethrin, acetamiprid) since 1960 to fight against cot-
ton pests; they have also been used by fishermen (e.g., endosulfan,
DDT, heptachlor) directly in thewater to catch fish during lowwater pe-
riods (CENAGREF, 2004; Katary, 2004; Yèhouénou A. Pazou, 2005;
Agbohessi et al., 2011; CeRPA Borgou-Alibori, 2013). Consequently,
these agricultural pesticides are viewed as a major source of pollution
in aquatic ecosystems, particularly in the sections of north Benin,
where the most cotton is produced (up to 90% of national production
according to the AIC (2009)). High levels of DDT (6.45–100 μg/L), endo-
sulfan (58–746 μg/L), dieldrin (1–48 μg/L) and heptachlor (34–83 μg/L)
were detected in thewaters of Agbado (Savalou), Atacora, Djona andW
Park Rivers (CENAGREF, 2004; Agagbé, 2008; Agbohessi et al., 2012).
High concentrations of pollutants were detected in species of fish
caught on the Ouémé River, including DDT levels up to 1642 ng/g in
the lipids of African catfish Clarias gariepinus and dieldrin levels up to
750 ng/g in the lipids of West African longfish Protopterus annectens
and 215 ng/g in the lipids of Silver catfish Schilbe intermedius
(Yehouénou A. Pazou et al., 2006; Agbohessi et al., 2012). An investiga-
tion by Okounmassoun et al. (2002) in males of Blackchin tilapia
Sarotherodon melanotheron from Ouémé River, revealed the presence
of lindane (105 μg/g), dieldrin (75 μg/g), heptachlor (30 μg/g), pp′-TDE
(28.5 μg/g) and a plasma vitellogenin concentration of 38 μg/mL, sug-
gesting possible endocrine disruption of fish in this River. Organochlo-
rine pesticides that have contaminated these ecosystems in the
remote past could still be present because of their high persistence
(OMS, 1991). An investigation by Agbohessi et al. (2011) revealed
that the pesticides recommendedby the authorities in charge of agricul-
ture in Benin are not those used by cotton producers. This survey indi-
cated that the insecticides used at Banikoara, the highest cotton-
producing municipality in Benin, included endosulfan (75.0% of total
volume) to the detriment of Tihan 175 O-TEQ (1.70%) containing
flubendiamide (100 g/L) and spirotetramat (75 g/L) as active matter,
Nurelle D (21.0%) with cypermethrin and chlorpyrifos-ethyl as active
matter, and Thunder 145 O-TEQ (2.5%) with betacyfluthrin (45 g/L)
and imidacloprid (100 g/L) as active matter. The herbicides Kalach
360 SL, containing glyphosate (360 g/L) as active matter, and Callifor
G, with promethrin, fluameturon and glyphosate as active ingredients,
were the most widely used compounds. Although forbidden in Benin
since 2007, endosulfan is still the most widely used insecticide in the
Beninese cotton basin (Agbohessi et al., 2011). Considered an endocrine
disruptor (WWF, 2011; OMS-PNUE, 2013), this insecticide inhibits the
testes of male fish followed by morphological changes (e.g., atrophy of
the lobules and degeneration of the spermatids and spermatozoa)
(Srivastava and Srivastava, 1991; Wester, 1991; Foerson et al., 2001;
Mckinlay et al., 2007; Palma et al., 2009a, 2009b). According to the
Australian Pesticides and Veterinary Medicines Authority (2009),
flubendiamide would also disrupt the endocrine glands and could bio-
accumulate in fatty tissues. This pesticide has a harmful effect on the
hatchability, fry survival and growth of the fatheadminnow, Pimephales
promelas. The toxicity of chlorpyrifos has been reported in fish such as
the South European toothcarp, Aphanius fasciatus, (Boumaiza et al.,
1979), Guinean tilapia, Tilapia guineensis, (Chinah et al., 2004), Nile tila-
pia, Oreochromis niloticus, (Gul, 2005; Oruç, 2010) and Asian stinging
catfish, Heteropneustes fossilis, (Tripathi and Shasmal, 2011). Further-
more, in recent work, Oruç (2010) exhibited how chlorpyrifos, in addi-
tion to oxidative stress, acts as an endocrine disruptor in Nile tilapia.
Although glyphosate did not induce estrogenic or androgenic effects
in the early life stages of stickleback (Gasterosteus aculeatus) at environ-
mentally significant concentrations (LeMer et al., 2013), its presence at
3.6 mg/L in water was deleterious to female jundia (Rhandia quelen) re-
production, altering steroid profiles and egg viability (Soso et al., 2007).
It was also proved that cypermethrin has estrogenic effects (Chen et al.,
2002; McCarthy et al., 2006). Several other types of active matter used
in the Beninese cotton basin also have harmful effects on the reproduc-
tion and growth of fish. Aquatic organisms, includingfish, are immersed
in a mixture of chemicals that may have other effects when combined
(cocktail effect) and are different from their individual effects
(Rajapakse et al., 2002; Hayes et al., 2006; WWF, 2011; OMS-PNUE,
2013). Despite the widespread pollution of aquatic ecosystems by agri-
cultural pesticides, and the disappearance of many fish species from
contaminated rivers (MEPN, 2009), there are only a few studies
about the impact of these biocides on fish reproduction. The purpose
of this study was to assess the impact of agricultural pesticides on
fish inhabiting a cotton basin in Benin using biometric measure-
ments, plasma sex steroid levels and gonad and liver histology as
endpoints.

2. Materials and methods

2.1. Site selection and characterization

Four sites (Fig. 1) were investigated in northern Benin. The first site,
S1, was located in the Pendjari River within the Pendjari National Park
and was assigned to be the reference site because it is outside of the
cotton-producing basin. This site does not dry up during the dry season
and the fishing is regulated. The Pendjari River (length 380 km) is
a tributary of the Volta River (Ghana) and originates at Pèporiakou
(Natitingou, Benin) in the Atacoramountains (Idieti, 2009). It is a fresh-
water river. The Pendjari River is the natural northern limit of the
Pendjari National Park, around which agricultural cultivation is strictly
forbidden. The three other sites, S2, S3 and S4, were located along the
Alibori River in Sori (Gogounou), Alibori K (Kandi) and Batran
(Banikoara), respectively. These three sites never dry and fishing is
allowed. The Alibori River (length 338 km) is themost important fresh-
water river crossing in the six largest cotton-producing (Malanville,
Karimama, Banikoara, Kandi, Gogounou, Sinendé), with Banikoara
being the greatest cotton-producing municipality at 40% of national
production (Gounou, 2009; Agbohessi et al., 2011). Therefore, the
Alibori River collects the drainage from most of the agricultural areas
in the cotton-producing basin. The river originates in the central plateau
of Benin and moves northwards into the Niger River. The three sites
were selected based on the expected levels of pesticides while also
being representative of the cotton-producing basin rivers in northern
Benin. These sites are areas of the river where the tributaries converge
and provide sufficient organic matter, where there is a large cotton pro-
ductionwith the associated use of different pesticides andwhere a steep
slope to the river allows the drainage of pesticides by leaching of cotton
farms. The Alibori River is located within the same geographical area as
the Pendjari River and has similar climatic conditions. The study was
conducted during the rainy season (September 2010 and 2011), period
of floodingwith intense use of pesticides in cotton fields, and during the
dry season (February 2011 and 2012), period of no agricultural activity
but limited use of pesticides to catch fish.

2.2. Pesticide analysis

Two stations were selected at each site to collect surface water
±45 cm deep to determine organochlorine pesticide (OCP) residues.
These water samples were collected during two critical periods of the
hydrological cycle in northern Benin, i.e., the rainy season and the dry
season, using 2 L green glass bottles that were pre-treated with a
sulfochromic mixture (100 g of potassium dichromate, water, and
1.5 L of sulfuric acid). These samples were stored at 4 °C and were
taken to the Central Laboratory of Control of the Food Safety (Cotonou,
Benin) where OCP assays were performed using a GC–MS (gas
chromatography–mass spectrometry). The dosage of the OCP was per-
formed in two steps: extraction of OCP from water and quantification.

2.2.1. Extraction from water
One liter of water was filtered into an acid washed reagent bottle.

C18 solid phase extraction (SPE) cartridges (Waters-Microsep) were
conditioned with water, methanol, and water. The samples were then
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allowed to pass through the cartridge and it was dried and eluted with
12 mL of hexane–diethyl-ether (85:15, v/v). The samples were evapo-
rated until dry in nitrogen andwere reconstituted in 200 μL ofmethanol
before 1 μL was injected. A Hewlett Packard (HP 7890) gas chromatog-
raphy system equipped with an HP 7683 auto injector and an HP 5975
mass selective detector (MSD) (Agilent Technologies, Palo Alto, CA,
USA) was used for the chromatographic separation and recording of
mass spectra.

2.2.2. Organochlorine pesticide quantification
The column temperature increased from 90 to 200 °C at a rate of

40 °C/min. The temperature values of the injector and detector were
250 and 200 °C, respectively. A helium carrier gas (high pure helium)
was used at a flow rate of 0.84 mL/min. Samples were injected with a
splitless injection mode (Villaverde et al., 2008). Confirmation was per-
formed using selected ionmonitoring (SIM). Themass spectrawere col-
lected at an electron impact mode of 70 eV, and the mass-to-charge
ratios (m/z) of the ions were used for quantification in the SIM mode.

2.3. Fish sampling

Immediately following the water sample collection, wild fish
(Guinean tilapia, T. guineensis, and African catfish, C. gariepinus) were
caught by professional fishermen using gill nets. These species were
chosen for the following reasons: i) they are residents and live their
whole life cycle in the river; ii) they are sufficiently robust to serve as
bio-indicators; iii) they occupy two different trophic levels: Guinean ti-
lapia have a wide trophic spectrum but it is mostly a detritivorous spe-
cies, whereas the African catfish is omnivorous with a carnivorous
trend; and iv) Guinean tilapia reproduce all year, whereas African cat-
fish reproduce only during the rainy season. In addition, these two spe-
cies are well distributed in the cotton-producing basin rivers of Benin
and could be used as indicator species. The total length and weight of
each sampled fish were recorded to calculate the Fulton conditioning
factor according to the following formula: K = 100 ∗ W/L3, where
W = body weight (g) and L = total length (cm). Each fish was then
macroscopically examined to identify external and internal abnormali-
ties, parasites, or lesions.

2.4. Tissue sampling and processing

After sampling and measurement, blood samples were taken from
the fishwith a heparinized 1mL injection syringewith adapted 22G hy-
podermic needles that were inserted into the caudal vein. In the labora-
tory, the samples were centrifuged for 15 min at 4500 rpm and the
supernatant was stored at−20 °C until a hormone assay was conduct-
ed. After blood sampling, the fishwere killed by severing the spinal cord
anterior to the dorsal fin. A standard necropsy was performed and the
liver and gonad weights were recorded to calculate the hepatosomatic
index (liver weight/body weight × 100) and gonadosomatic index
(gonad weight/body weight × 100).

2.5. Sex steroid analyses

Plasma concentrations of estradiol-17β (E2), 11-keto-testosterone
(11-KT) and testosterone (T) were assayed using a radioimmunoassay
(RIA) after two extractions with cyclohexane–ethyl acetate according
to Fostier and Jalabert (1986) and adapted by Mandiki et al. (2004).
All of the samples and standards were assayed in duplicate. Radioac-
tive hormones were purchased from the Amersham Pharmacia
(Buckinghamshire, England), T and E2 antibodies were obtained from
the Laboratoire d'Hormonologie de Marloie (Belgium), and an anti-
11-KT was provided by Dr. A. Fostier (INRA, Rennes France). Only one
set of assays was performed for each hormone, and the intra-assay co-
efficients of variation were 4.8, 5.7, and 4.2% for T, E2 and 11-KT,
respectively. The detection limits for the three steroid assays ranged
from 5 to 10 pg/mL.

2.6. Gonad histology

The mid-sections of the left gonads (male and female) were fixed in
a Bouin's solution for up to 72 h andwere then transferred to a 4% acetic
formaldehyde solution. The tissues were then dehydrated through a
graded series of methanol, cleared with toluene, and embedded in
paraffin.

In males, the testes were cut into a series of 5 μm sections and a par-
affin sectionwasmounted on every 50 μm. For the histological analyses,
slides were stainedwith hematoxylin, eosin, and safran (HES) andwere
examined using lightmicroscopy at a range ofmagnifications (10–40×).
The sectionswere observed to detect oocyteswithin the testicular tissue
(ovotestis) as an indication of feminization. In feminized testes, the oo-
cyte stages were described and the diameters were measured. Stages of
spermatogenesis were determined according to Cek and Yilmaz (2007)
and Van Dyk and Pieterse (2008), and quantified by counting cells in a
delimited surface under a light microscope. The counting was repeated
three times randomly in each testis section.

In females, 5 μmsectionsweremounted on glass slides, stainedwith
trichrome hematoxylin, phloxine B and light green (Tri-green) or with
HES (depending on the histological observation objectives) and exam-
ined under light microscopy at a range of magnification (10–40×). Six
oocyte maturation stages were estimated according to Rinchard and
Kestemont (1996) with some modifications. The percentage of each
stage was determined for 100 cells per ovary. The diameters of 50
vitellogenic oocytes (stage 4) per ovary were measured, considering
only those oocytes cut through the nucleus.

For both sexes, a qualitative histopathological assessment was con-
ducted using a multi-headed Olympus light microscope aimed at creat-
ing more objective results. The recorded pathologies were also semi-
quantitatively assessed using a scoring system, which was modified
from a protocol by Bernet et al. (1999). For each histological alteration,
a score value (indicative of the extent of the lesion throughout the tis-
sue) and an importance factor (indicative of the degree of reversibility
of the lesion) were multiplied, and the results for all the alterations
identified were then summed to give a gonad index, namely testis
index (It) and ovary index (Io), for each male and female specimen, re-
spectively. According to Bernet et al. (1999), the formula used to calcu-
late these indices is

Iorg¼
X
rp

X
alt

αorg rp alt �ωorg rp alt

� �

where org = organ (constant), rp = reaction pattern, alt = alteration,
α = score value and ω = importance factor.

These indices were used to compare the occurrence severity of go-
nadal histological alterations between the fish from each site. To classify
the It and Io results according to the severity of the histological re-
sponse, the results were evaluated according to a classification system
(Van Dyk et al., 2009a,b) based on a scoring scheme by Zimmerli et al.
(2007).

Class 1 (index b10): Normal tissue structure with slight histological
alterations.

Class 2 (index 10–25): Normal tissue structurewithmoderate histo-
logical alterations.

Class 3 (index 26–35): Pronounced alteration of organ tissues.
Class 4 (index N35): Severe alteration of organ tissues.
In addition to the indices calculated for the extent (score value)

and pathological importance (importance factor) of the lesions, a
further point of interest was the prevalence of histopathological fea-
tures. The prevalence of every alteration was calculated as a percent-
age occurrence of an alteration within all of the fish at each site:



571P.T. Agbohessi et al. / Science of the Total Environment 506–507 (2015) 567–584
Prevalence of histological alteration = (number of fish with
the alteration/total number of fish) × 100.

2.7. Liver histology

A sample (mid-section) of each liver was fixed and treated as a sec-
tion of the gonads, but was cut at 6 μm. The sections were mounted on
glass slides and stained with HES. To assess the effect of the pollutants
on the degree of utilization of glycogen (energy) in the liver in response
to this chemical stress, the slides were stained with periodic acid–schiff
and hematoxylin safran (PAS + HS). Analyses of the intracellular de-
posits were performed for selected tissue samples using a Perl's iron
stain. A positive reaction indicates the presence of hemosiderin. The
procedure for evaluation of liver samples was similar to that used for
the gonads.

To compare the overall health status based on the histological le-
sions, a Total Index (IT) was calculated according to Bernet et al.
(1999), by adding up all of the organ indices of individual fish. This
index had the general formula:

IT¼
X
org

X
alt

X
rp

αorg alt rp�ωorg alt rp

� �
:

For abbreviations, see the organ Index Iorg formula. In our study, the
IT for each fish was calculated as follows:

IT¼IgþIl

where Ig = the gonad (testis or ovary) index and Il = the liver index.
We can then determine the average Total Index per sex, species and site.

2.8. Data analysis

The results were expressed as themean± standard deviation of the
mean. For each studied parameter, the data were tested separately for
each species. Tominimize the effect of gender, the data were also tested
separately for males and females. The differences between the means
were evaluated with a two-way analysis of variance (ANOVA II) using
the season and site as factors. An ANOVA II was followed by Dunnett's
comparison as the post hoc test to compare themeans for each exposed
site with those of the reference site for biometric indices (K, GSI, HSI)
and for the plasma sex steroid levels (11-KT, T, E2, E2/T). For the pesti-
cide concentrations, an ANOVA II test was followed by Duncan's multi-
ple range tests because no pesticide was detected at S1. Histological
descriptions of tissues were qualitative and Bernet et al. (1999),
Zimmerli et al. (2007) and Van Dyk et al. (2009a,b) were used as com-
parison methods. However, we used an ANOVA II and Dunnett's test
Table 1
OCP residue concentrations (μg/L) in surface water samples from Pendjari River (S1) and Alibo

Organochlorine pesticides Flooding season

S1 S2 S3 S4

o,p ′-DDT bLD bLD bLD bLD
p,p′-DDT bLD bLD bLD 0.105
o,p′-DDE bLD 0.167 ± 0.037a 0.191 ± 0.011a 0.089
p,p′-DDE bLD 0.128 ± 0.009aA 0.095 ± 0.007a 0.178
o,p′-DDD bLD 0.069 ± 0.011 0.093 ± 0.023 0.086
p,p′-DDD bLD 0.094 ± 0.002 bLD 0.076
DDE/DDT – N1 N1 N1
∑ endosulfan bLD 8.22 ± 0.90aA 8.82 ± 1.93aA 13.83
Lindane bLD bLD bLD bLD
Dieldrin bLD bLD bLD bLD
Heptachlor bLD 0.450 ± 0.226aA 0.495 ± 0.092aA 0.580

LD = limit of detection = 0.05 μg/L; – = non available; DDE = o,p′-DDE + p,p′-DDE, DDT =
tween sites (p b 0.05). For each site the capital letter indicates significant differences between
for the Total Index.We investigated the relationship between each pes-
ticide concentration and the E2 level for both species by determining
the Pearson's correlation coefficient. To determine whether there was
a relationship between the plasma E2 levels and the general health of
males in both species, we determined the linear correlations between
the E2 and IT. Calculationsweremade using Statistica forWindows, ver-
sion 5.0 Software. p value of 0.05 or less was considered significant. For
means expressed in percentages, a statistical analysis dataset was log
transformed (log[x + 1]) for normalization.
3. Results

3.1. Pesticide loads

None of the detected pesticides at the contaminated sites were de-
tected at the reference site, regardless of the season (Table 1). The endo-
sulfan was by far the most abundant OCP detected at the S2 to S4 sites.
For all of sites belonging to the Alibori River, the levels measured during
the rainy season were significantly higher than those found during the
dry season (p b 0.05), with significantly higher values observed up-
stream than downstream in the river during the rainy season.Unlike en-
dosulfan, heptachlor was detected in higher concentrations during the
dry season (almost 3-fold) than during the flooding period (p b 0.05).
With the exception of S4 during the dry season, the levels of heptachlor
significantly increased from upstream to downstream: o,p′-DDT, lin-
dane and dieldrin were not detected, even at the contaminated sites.
The DDE/DDT ratio was greater than 1 in all contaminated sites for
both seasons.
3.2. Biometric indices

3.2.1. Length, weight and condition factor
Selected fish were sexually mature. As shown in Table 2, whatever

the season and species, the average total length of fish at each polluted
site of Alibori Riverwas similar to that obtained at the reference site (p N

0.05), except for Guinean tilapia in S3 during the dry season, for which
the length was greater than in S1, and for African catfish in S4, for
which it was lower than in S1whatever the season (p b 0.05).Whatever
the species, the fish length did not vary with the season except for
African catfish in S4, where the value obtained in the dry season was
higher than that in the rainy season (p b 0.05). The fish weight at each
site of the Alibori River, whatever the season and the species, was
lower than that of S1, with very low values in S4. These weights were
higher in the rainy season than in the dry season, except for Guinean ti-
lapia in S4 and African catfish in S3 and S4.
ri River (S2, S3, S4). Values are expressed as mean ± standard error (n = 2).

Dry season

S1 S2 S3 S4

bLD bLD bLD bLD
± 0.018A bLD bLD bLD 0.065 ± 0.001B

± 0.004bA bLD 0.176 ± 0.031 0.139 ± 0.023 0.174 ± 0.045B

± 0.001b bLD 0.074 ± 0.006aB 0.083 ± 0.004a 0.137 ± 0.018b

± 0.005 bLD bLD bLD bLD
± 0.003 bLD bLD bLD 0.084 ± 0.006

– N1 N1 N1
± 1.53bA bLD 2.92 ± 1.27aB 3.35 ± 0.26abB 3.72 ± 0.09bB

bLD bLD bLD bLD
bLD bLD bLD bLD

± 0.127bA bLD 1.444 ± 0.612aB 1.502 ± 0.573bB 1.323 ± 0.190cB

o,p′-DDT + p,p′-DDT. For each season the small letter indicates significant differences be-
seasons (p b 0.05).



Table 2
Catch dates, number of fish, length, weight and condition factor (K) of Guinean tilapia and African catfish caught in contaminated sites S2 to S4 (Alibori River) and reference site S1
(Pendjari River).

Species Sites Flooding season Dry season

Catch dates n Length
(cm)

Weight
(g)

K Catch dates n Length
(cm)

Weight
(g)

K

Guinean tilapia S1 18-09-2011
10-11-2012

20 22.8 ± 4.77aA 235.86 ± 8.32aA 1.99 ± 0.25aA 28-02-2012 15 21.9 ± 6.8IaA 100.83 ± 8.9aB 0.96 ± 0.18aB

S2 20-09-2010
09-11-2012

32 21.5 ± 3.9aA 112.3 ± 3.5bA 1.13 ± 0.20bA 28-02-2011 19 22.6 ± 3.9aA 70.41 ± 12.1bB 0.61 ± 0.21aB

S3 32 23.1 ± 2.93aA 155.31 ± 1.76bA 1.26 ± 0.03bA 29 25.1 ± 4.7bA 75.90 ± 9.8bB 0.48 ± 0.24bB

S4 36 19.1 ± 3.2aA 42.5 ± 3.41cA 0.61 ± 0.14cA 36 18.3 ± 4.7aA 31.87 ± 9.3cA 0.52 ± 0.17bA

African catfish S1 18-09-2011
10-11-2012

44 46.0 ± 7.7aA 1284.84 ± 4.51aA 1.32 ± 0.08aA 28-02-2012 33 45.71 ± 9.1aA 1031.47 ± 21.9aB 1.08 ± 0.11aA

S2 20-09-2010
09-11-2012

32 47.5 ± 10.1aA 1050.28 ± 7.9bA 0.98 ± 0.01aA 28-02-2011 18 48.01 ± 7.7aA 841.02 ± 7.2bB 0.76 ± 0.07aA

S3 32 45.3 ± 6.98aA 911.0 ± 5.9bA 0.97 ± 0.07aA 16 46.71 ± 9.0aA 825.5 ± 6.9bA 0.81 ± 0.31aA

S4 38 35.0 ± 3.9bA 373.01 ± 9.11cA 0.87 ± 0.36aA 16 42.9 ± 4.6bB 331.61 ± 11.1cA 0.42 ± 0.17bB

Values for length, weight and K are expressed as mean ± SD (with n different according to the site). For each season, different small letters indicate significant differences between each
polluted site (S2–S4) and the reference site (S1) (p b 0.05, p b 0.01, line comparison). For each site, different capital letters indicate significant difference between seasons (p b 0.05, col-
umn comparison).
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Significant differences in the Kwere observed between fish sampled
at S1 and those sampled at S2–S4. This is valid only for Guinean tilapia.
For African catfish, the difference was only significant between S1 and
S4. In this case, the results for Clarias should be presented as exhibiting
a similar tendency as tilapia in K reduction at polluted sites, although it
was not statistically significant. In tilapia, the K valueswere significantly
higher during the rainy season, whereas no significant differences were
observed between the flooding and dry periods in African catfish, ex-
cept at S4.
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Fig. 2. Profiles of plasma T levels in male (A) and female (B) Guinean tilapia andmale (C) and f
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3.2.2. Gonadosomatic index (GSI)
For females, GSIwere higher (p b 0.05) at S1 than at S2–S4,whatever

the season and species. The same pattern was observed inmales during
the dry season but not during the rainy season. African catfish devel-
oped larger gonads during the rainy season, with a maximal GSI of
10.11% in females at S1. In Guinean tilapia, the difference between the
two seasons was significant only for males in S2, but the trend for
both sexes was that the GSI at the rainy season were higher than that
at the dry season, with a maximal GSI of 2.76% in females at S1.
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3.2.3. Hepatosomatic index (HSI)
With few exceptions, the HSI values of the fish sampled at S1 were

lower (p b 0.05) than in fish from the contaminated sites, regardless
of the season, species and sex. In Guinean tilapia, the highest HSI values
were recorded at S4 for both sexes and seasons, with values ranging
from 1.74 ± 0.56% in males (dry season) and 2.34 ± 0.17% in females
(dry season) (p b 0.01). In African catfish, the highest HSI (p b 0.05)
was observed at the Alibori River sites (S2, S3 and S4), with the excep-
tion ofmales at S3 during the flooding season and for females at S2 dur-
ing the flooding and dry seasons.

3.3. Levels of plasma sex steroids

3.3.1. Plasma concentrations of testosterone (T)
Whatever the season, plasma T levels were significantly lower in

male Guinean tilapia captured in Alibori River sites S2, S3 (p b 0.05)
and S4 (p b 0.01) than in the reference site S1, except for S3 in the
flooding period where the difference was not significant (Fig. 2A). The
lowest T values were found in males from S4 both during the rainy sea-
son (2.61± 0.88 ng/mL) and the dry season (2.11± 1.21 ng/mL). In fe-
males, T levels did not significantly differ between the Alibori river and
reference sites (Fig. 2B).

In male African catfish (Fig. 2C), the T levels were lower in fish from
the Alibori River sites compared to fish from the reference site, particu-
larly at S2, S3 (p b 0.05) or S4 (p b 0.01) during the rainy season or at S4
(p b 0.05) during the dry season. The T values in males during the rainy
season were significantly higher than those found in the dry season at
sites S1 and S2 (p b 0.05). In females (Fig. 2D), the T values did not sig-
nificantly differ regardless of the site or season.

3.3.2. Plasma concentrations of 11-ketotestosterone (11-KT)
In male Guinean tilapia (Fig. 3A) captured in the Alibori River, 11-KT

valueswere significantly reduced during the rainy season in sites S2 and
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Fig. 3. Profiles of plasma 11-KT levels in male (A) and female (B) Guinean tilapia and male (C)
inated sites S2–S4 (Alibori River). Data are mean ± SD (with n different according to the site)
between S1 and S2–S4 (*p b 0.05, **p b 0.01). In the same way, different letters denote signific
S4 (p b 0.05). During the dry season, such reduction in plasma 11-KT
was observed only in fish from site S4 (p b 0.05). The lowest 11-KT
values were found in males captured at site S4, both during the rainy
season (4.02 ± 1.11 ng/mL) and the dry season (3.13 ± 1.14 ng/mL).
In contrast to males, 11-KT levels in females (Fig. 3B) captured in the
Alibori River sites did not significantly differ from those of fish collected
at the reference site, whatever the season.

As for Guinean tilapia, 11-KT levels were lower in male African cat-
fish (Fig. 3C) captured in the Alibori River sites compared to those
found in fish from reference site, differences being significant for fish
from S3 (5.68 ± 0.53 ng/mL) and S4 (4.71 ± 0.51 ng/mL) during the
rainy season or those from S3 (2.62 ± 1.91 ng/mL) and S4 (3.81 ±
1.34 ng/mL) during the dry season (p b 0.05). Similarly, 11-KT levels
were significantly lower in female African catfish (Fig. 3D) captured in
the Alibori River sites than in fish from reference site (p b 0.05), except
in S2 during the flooding period.

3.3.3. Plasma concentrations of estradiol-17β (E2) and E2/T ratio
In contrast to 11-KT and T, E2 levels (Fig. 4A) were significantly ele-

vated (p b 0.01) inmaleGuinean tilapia captured in theAlibori River site
releases compared to levels in fish from to the reference site during the
two seasons. The highest values were obtained in fish from site S4 dur-
ing the rainy season (1.79 ± 0.23 ng/mL) and the dry season (1.37 ±
0.34 ng/mL). The same trend of elevation was also observed in females
(Fig. 4B) captured in Alibori River sites but significant differences were
calculated only for fish from sites S3 and S4 (p b 0.05) during the
rainy season.

As for Guinean tilapia, E2 levels were also higher in male catfish
(Fig. 4C) captured in Alibori River, reaching the highest values in sites
S2 (2.98 ± 0.87 ng/mL) and S4 (3.21 ± 0.61 ng/mL) during the rainy
season (p b 0.01) and dry season (p b 0.05), respectively. Similarly to
males, significantly elevated E2 levels were observed in females
from the polluted river (Fig. 4D) with highest levels in fish from
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site S2 (4.11 ± 0.65 ng/mL) during the rainy season (p b 0.05). Dur-
ing the dry season, E2 levels did not differ significantly whatever the
site, although a trend of increase was observed for fish caught at
Alibori River.

The effect of agricultural pesticide releases on the production of sex
steroids was also evaluated using an E2/T ratio. The plasma E2/T ratios
in males and females of both fish species were higher at S4 than at S1
(p b 0.05) during both seasons.
3.4. Gonad histology

3.4.1. Males

3.4.1.1. Maturation stages. Sections of Guinean tilapia testis exhibited all
stages of spermatogenesis at all sites but not in all fish during the dry
season. Spermatids and spermatozoa were poorly represented (0.3–
1.7% and 3.0–7.0%, respectively) in the testes of fish from the contami-
nated sites compared to those from the reference site (4.8% and 45.2%,
respectively). The spermatozoa were found in only 11.1, 11.1 and 10%
of the males sampled at S2, S3 and S4, respectively, compared with
57.1% of the fish sampled at S1. Similar results were observed during
the rainy season, such that all stages were represented at all sites but
not in all fish. All fish from all sites released sperm, but those from the
contaminated sites contained low levels of spermatids and spermatozoa
(0.1–0.6% and 12.7–26.3%, respectively) compared with fish from S1
(9.9 and 61.6%, respectively).
In African catfish, the spermatids and spermatozoa were not
present in the testes of fish sampled during the dry season, regard-
less of the site. The proportion of type II spermatocytes (Scyt II)
was lower in the fish from the Alibori River sites (17.0–24.0%) com-
pared with those of the reference site (40.0%). Only 25 to 66.7% of
males from S2–S4 reached the Scyt II stage, compared with 98.3% of
the males sampled in S1. Contrarily to the dry season, all stages of
spermatogenesis were recorded in all sites during the flooding
period, although not in all fish sampled. The proportion of spermato-
zoa in testes of fish from contaminated sites (11.4–21.3%) was signif-
icantly lower than in those from reference site (78.2%). All fish from
S1 were releasing sperm versus 87.5, 75 and 77.8% in S2, S3 and S4,
respectively.

3.4.1.2. The prevalence of histological alterations in the testes. Alterations
of the testes are exhibited in Fig. 5. The fish (Guinean tilapia and
African catfish) sampled at S1 displayed the lowest percentages of
gonad alterations (2–6 alterations), whereas the fish sampled at S4
displayed the highest (8–9 alterations). The highest degree of histolog-
ical alterations was observed for both species and for almost all sites
during the rainy season. Regressive changes (i.e., fibrosis, necrosis, vac-
uolation of the testicular parenchyma, presence of immature cells in the
lobular lumen, detachment of lobe basal membrane, disorganization of
lobular and cyst structures, and presence of foam cells in the lobe
lumen) were found to be more prevalent in both species and seasons
from all of the sampling sites, compared with any of the other reaction
patterns. For all of the sampling sites and seasons, with the exception
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Fig. 5. Light micrographs of testis sections (stainedwith HES) of: (A) African catfish from S1 showing infiltration of adipocytes (arrows) and the different stages of spermatogenesis (1) Sg
A, (2) Sg B, (3) Scyt I, (4) Scyt II, (5) Spd, and (6) Spz; (B) Guinean tilapia from S3 showing two testicular oocytes; (C) African catfish from S4 showing one testicular oocyte; (D) Guinean
tilapia (S4) showing detachment of the basalmembrane (arrows); (E) Guinean tilapia (S4) showing foam cells (arrow); (F) Guinean tilapia (S4) showing disorganization of lobular struc-
ture; (G) African catfish (S4) showing interstitialfibrosis (arrows); (H) African catfish (S2) showing immature cells in the lobular lumen (arrow).Magnifications: 10× (D, F, G), 20×(A, C, E,
H), 40× (B).

Table 3
Diameters (μm) of testicular oocytes and vitellogenic oocytes in males and females of Guinean tilapia and African catfish according to the season and site.

Oocytes Species S1 S2 S3 S4

Flooding Dry season Flooding Dry season Flooding Dry season Flooding Dry season

Testicular oocytes Guinean tilapia – – 91.3 ± 8.8a 75.0 ± 7.1a 90.0 ± 3.5a 102.5 ± 24.8a 91.5 ± 19.1a 81.3 ± 5.3a

African catfish 45.0 – 106.8 ± 19.5a* 118.0 ± 37.1b 116.3 ± 37.1*b 128.8 ± 33.6b 135.0 ± 63.6**b 100.0 ± 3.5b

Vitellogenic oocytes Guinean tilapia 368.2 ± 28.6a 229.4 ± 34.8 278.5 ± 68.8*a 175.0 ± 77.1* 289.7 ± 53.5*a 182.5 ± 22.5* 261.1 ± 17.1*a 159.3 ± 35.3*
African catfish 627.1 ± 18.3b – 487.5 ± 19.2*b – 509.4 ± 8.9*b – 375.0 ± 87.4*b –

Values are presented asmean ± SD. Asterisks indicate significant differences from the reference group (*p b 0.05, **p b 0.01). For each site, different letters indicate significant difference
between species (p b 0.05). – no testicular oocytes or vitellogenic oocytes.
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of S3 during flood recession, vacuolation was more prevalent than any
of the other types of identified alterations.With the exception of the ref-
erence site, vacuolationwas present inmore than 60% of the testis sam-
pling from each contaminated site. The cyst disorganization was more
frequently observed in African catfish sampled at the contaminated
sites than in Guinean tilapia (only found in 30% of the tissue during
the flooding period at S4). The presence of testicular oocytes
(previtellogenic oocytes) was detected in fish sampled at the Alibori
River sites, ranging from 12.5 to 40% of the Guinean tilapia and from
25 to 50% of the African catfish; the highest prevalence was recorded
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Fig. 6. Light micrographs of representative ovary sections of: (A) Guinean tilapia and (B) Afri
vitellogenic oocytes; (C) Guinean tilapia (S3) showing vacuolation of follicles (arrows), EVO =
(D) African catfish (S4) showing pre-ovulatory atretic follicles (arrows, HES); (E) African
melanomacrophagic centers (arrow, tri-green); (G) African catfish (S2) showing necrosis (arro
of the cytoplasmic membrane of perinucleolar oocytes (arrows, tri-green). Magnification: 10×
at S4 for both species. One case of a testicular oocyte was also identi-
fied in African catfish sampled in the Pendjari River during the rainy
season.

3.4.1.3. Semi-quantitative analysis. The testis alterations observed in the
fish sampled at the contaminated sites were much more pronounced
than those found in fish from the reference site. During the rainy season,
the testis alterations reached a class of 3 (26 ≤ It≤ 35) in Guinean tila-
pia sampled at the contaminated sites, compared to at S1 where they
reached class 2 (10 ≤ It ≤ 25). In African catfish, testis alterations
VO

can catfish from S1 showing normal ovarian organization (stained with tri-green), VO =
early vitellogenic oocytes and LVO = late vitellogenic oocytes (stained with tri-green);
catfish (S4) showing fibrosis (arrow, HE); (F) African catfish (S2) showing MMC =
w, tri-green); (H) African catfish (S4) showing retraction of the cytoplasm or detachment
.
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reached class 4 (It N 35) in fish from S4 and class 3 in S2 and S3, com-
pared to S1 where they were only classified as class 2. During the dry
season, pronounced class 3 alterations of testicular tissue were re-
corded only in Guinean tilapia from S4 while class 3 was reached in
African catfish from all contaminated sites. In males exhibiting tes-
ticular oocytes, it was verified that the oocyte diameter was higher
in African catfish than in Guinean tilapia (p b 0.05), regardless of
site and season, except for S2. For both species, no significant differ-
ences of oocyte diameters were observed between seasons (p N 0.05)
(Table 3).

3.4.2. Females

3.4.2.1. Maturation stages. Ovary sections of female Guinean tilapia sam-
pled during the dry season indicated the presence of all stages of oogen-
esis in all sites with a marked preponderance of the perinucleolar stage
(59.7–72.8%). Higher rates of oocytes at cortical alveolar (14.1–20.1%)
and early vitellogenic (12.9–17.1%) stages and lower rates of late
vitellogenic oocyte stages (2.95–6.0%) were observed in fish sampled
in contaminated sites compared to the reference one. During the dry
season, ovaries contained very few oocytes exceeding the late
vitellogenic stage. During floods, all stages were present in the ovaries
of Guinean tilapia sampled at all sites, with a marked preponderance
of perinucleolar oocytes (55.1–56.6%). A higher proportion of oocytes
at the cortical alveolar (16.9–18.2%) and early vitellogenic (16.3–
18.8%) stages, and a lower proportion of late vitellogenic oocytes (5.2–
8.7%) and few oocytes in final maturation were recorded in fish from
Alibori River sites compared to those sampled in S1.

In African catfish, ovary sections from fish sampled during the dry
season indicate the presence of the first three stages of oocyte develop-
ment with a higher proportion of perinucleolar oocytes (71.1–78.5%)
and lower proportions of cortical alveolar oocytes (11.8–16.1%) and
early vitellogenic oocytes (9.7–13.7%) in fish from contaminated sites
compared to those from the reference site. On the other hand, during
the flooding period, the first four stages were observed in ovaries from
fish sampled in S2 to S4,with a rather lowpercentage of late vitellogenic
oocytes (6.1–7.9%) and very few stage 5 and 6 oocytes, in comparison
with those from the reference site.

3.4.2.2. Prevalence of ovarian alterations. Five types of alterations, all
classified as regressive changes (RC) were identified in Guinean tilapia
and African catfish females (Fig. 6). These are necrosis, fibrosis, pre-
ovulatory atretic follicles,melano-macrophage centers (MMC), vacuola-
tion and detachment of the cytoplasmicmembrane in perinucleolar oo-
cytes. Regardless of the species and season, fish from S1 displayed a
lowest number of alterations (0–4 damage). The most prevalent alter-
ation in fish sampled at S1 was the presence of MMC (33.3%), which
was observed in African catfish during the dry season. Necrosis was
also identified in 16.7% of African catfish sampled during both seasons.
Regardless of the species and season, all of the alteration types de-
scribed above were more frequently found in S2–S4. Among the high-
importance alterations (factor 3), the atretic pre-ovulatory follicles
were the most prevalent in both species, with higher percentages dur-
ing the rainy season in fish from contaminated sites.

3.4.2.3. Semi-quantitative analysis of ovarian alterations. The same classes
of ovarian alterations (class 2)were determined at all sites, regardless of
the species and season, with the exception of Guinean tilapia that were
sampled at S1 during the dry season and exhibited fewer histological al-
terations. However, a more detailed analysis showed that Io of African
catfish captured at contaminated sites were closer to class 3 than Io at
the reference site, whatever the season. For both species, Io of fish
from polluted sites was higher than that of S1. A comparison between
the testes and ovary alterations in both species at each site indicated
that the testis structures were more impacted than the ovarian
structures.
For both species, the vitellogenic oocytes of fish sampled in contam-
inated sites S2–S4 were significantly smaller (p b 0.05) than their coun-
terparts in fish captured in the reference site (Table 3). As expected,
vitellogenic oocytes of Guinean tilapia were larger during the rainy sea-
son. In addition, they were smaller than those of African catfish
(Table 3).

3.5. Liver histology

3.5.1. Prevalence of liver alterations
In males, the highest numbers of liver alterations (13 alterations)

were observed in Guinean tilapia sampled at S4 during the rainy season,
in African catfish sampled at S2 during the rainy season, and at S4 dur-
ing the dry season (Figs. 7 and 8). Fish sampled from the Pendjari River
displayed the lowest number of liver alterations (≤6 alterations). Re-
gressive changes were found to be more prevalent in both species
fromall of the sampling sites, compared to any other of the reaction pat-
terns. The MMC and glycogen depletion were highly present in more
than 42.9 and 33.3% of liver sampling, respectively, regardless of the
species and season. In all of the samples, the MMC were, in most cases
(52%), characterized by multiple small structures dispersed throughout
the liver parenchyma (Fig. 8F).

In females (Figs. 7 and 8), the highest number of liver alterationswas
observed in African catfish at S3 and S4 during the rainy season. The fish
sampled at S1 displayed the lowest number of alterations (≤7 alter-
ations). Regressive changes were more prevalent than progressive
ones. MMC, simple cell necrosis and glycogen depletion, were present
at all sites, regardless of the species and season. As a general statement,
liver alterations in males weremuchmore pronounced than in females.
Therewas a higher prevalence of liver alterations at S2–S4 than at S1, for
both species and both sexes.

3.5.2. Semi-quantitative analysis
Liver index (Il) ofmale African catfishwas higher in all contaminated

sites, reaching the class 4 (Il ≥ 35) while Il of fish from S1 remained in
class 2 (10 ≤ Il ≤ 25). In general, Il was higher during the rainy season
than during the dry season. In Guinean tilapia, only males sampled in
S2 and S3 during the rainy season and in S4 during the dry season
reached the class 4. As in males, Il of female African catfish was higher
during the rainy season than during the dry one, the class 4 being
reached only in S4 during the flood, while Il of females sampled in the
other contaminated sites never exceeded class 3. Similar observations
were done for Guinean tilapia, with Il of females in class 2, except in
S4 (class 3). In fish sampled in the Pendjari River (S1), Il was similar in
males and females.

3.6. Overall health status of fish

The total indexwas calculated for both species, sex and season for all
sampling sites (Table 4) in order to determine and compare the general
health status of fish. In both species, IT of males from contaminated sites
was highly significantly greater than that of S1 whatever a season
(p b 0.05 or p b 0.01). In females, IT of fish from Alibori River was signif-
icantly higher than that of S1 (p b 0.05 or p b 0.01), except for Tilapia in
S3 and Clarias in S2 during the rainy season, and Clarias in S3 during the
dry season, for which IT was similar to that of S1 (p N 0.05).

In females, IT of Clarias was significantly higher than that of Tilapia
(p b 0.05), except in S1 where the difference was not significant (p N

0.05) during the rainy season. Similarly, the trend for males at all sites
was that IT of Clarias was higher than that of Tilapia. In both species, IT
of males from Alibori River sites was significantly higher than IT of fe-
males (p b 0.05).

To determine whether there was a relationship between plasma
levels of E2 and the general health of males of both species, we deter-
mined the linear correlations between E2 and IT. The results revealed
high correlations between the health status of males and E2 levels.
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Fig. 7. Lightmicrographs of representative liver section of: (A)Guinean tilapia and (B) African catfish fromS1 showing normal use of glycogen in the liver in the breeding season (PAS+HS
stain); (C) Guinean tilapia and (D) African catfish from contaminated site S4 showing use of glycogen in the liver in breeding season (PAS+ HS stain). Clear zones are areas with no gly-
cogen; (E) Guinean tilapia and (F) African catfish from S1 showing normal liver with hemosiderin in breeding season (Perl's iron stain); (G) Guinean tilapia and (H) African catfish from
contaminated site S4 showing accumulation of hemosiderin in liver in breeding season (Perl's iron stain). Blue intracellular deposits are hemosiderin. Magnifications: 20× (E, F, G, H), 40×
(A, B, C, D).
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This correlationwas highly significant for African catfish (r=0.998, p=
0.001) and significant for Guinean tilapia (r = 0.898, p = 0.02) in the
rainy season (period of intense use of pesticides) while lower correla-
tions were observed in the dry season (r = 0.832, p = 0.03 for Clarias
and r = 0.741, p = 0.04 for tilapia).

4. Discussion

4.1. Pesticide levels

No organochlorine pesticides were found at the control site within
the detection limit of 0.05 μg/L. Endosulfan was detected in
contaminated sites at lower concentrations during the dry season
(2.92–3.72 μg/L) than during the rainy season (8.22–13.83 μg/L).
These relatively high concentrations were recorded during a season
with a heavy use of pesticides in the fields that confirmed our results
based on which endosulfan is the most extensively used (75% of total
volume of pesticide) in this cotton-producing basin of Benin
(Agbohessi et al., 2011). However, these values were much lower than
those found by Assongba (1996) (58–746 μg/L) in the waters within
natural area hunting zones in the W Park, which is located in the
same geographical region (between north Benin, Burkina Faso and
Niger). These values were higher than those obtained by Agagbé
(2008) (0.293–0.471 μg/L) in the waters of the Agbado River (Savalou,

image of Fig.�7
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Fig. 8. Light micrographs of representative liver sections showing histopathological alterations identified in Guinean tilapia or African catfish from Alibori river sites (HES). (A) Macro-
vesicular steatosis; (B) hepatocytes with micro-vesicular steatosis; (C) focal area of hepatocyte hypertrophy (hydropic change); (D) single nuclear hypertrophy (arrow); (E) necrotic
liver cells (arrows), (F) MMC. Magnification: 40×.
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Benin) (0.29–0.47 μg/L), and higher than those found in the cotton-
producing areas of Mali (b1 μg/L) (Dem et al., 2007) or those in the
Anié River (Togo) (0.57 μg/L) (Mawussi, 2008). The highest value of
13.8 μg/L assayed during the rainy season was higher than the LC50 of
12.8 μg/L that was identified in Nile Tilapia by Tellez-Banuelos et al.
(2009) and of 0.77 μg/L, determined in African catfish by Ezemonye
and Ikpesu (2011). This observation can explain the abundance of
dead fish found along the riverbanks, especially at site S4 on the Alibori
River during this time-period. Regardless of the season, site S4 was the
Table 4
Total Index in Guinean tilapia and African catfish for each sampling site and season.

Seasons Sites Total Index

Males

Guinean tilapia

Flooding season S1 28.8 ± 11.1
S2 60.3 ± 17.7⁎⁎a

S3 67.2 ± 13.5⁎⁎a

S4 72.3 ± 4.9⁎⁎Aa

Dry season S1 18.7 ± 9.5A

S2 40.5 ± 16.4⁎Aa

S3 37.8 ± 16.3⁎Aa

S4 63.5 ± 3.4⁎⁎a

Values represent mean ± SD. Asterisks indicate a significant difference from the reference gro
ences between species (p b 0.05) while different small letters indicate significant differences b
most contaminated, most likely because of its position downstream
from all other sites on the river, thereby receiving pollutants from them.

Contrary to endosulfan, heptachlor was detected at higher concen-
trations during the dry season than during the rainy one. This could be
explained by the heavy use of pesticides by the local fishermen to cap-
ture the different fish (CENAGREF, 2004).

Metabolites of DDT were found at relatively low levels compared to
those of endosulfan and heptachlor, and the DDE/DDT N1 ratios indicat-
ed that this pesticide was used in the distant past (Iwata et al., 1993).
Females

African catfish Guinean tilapia African catfish

32.0 ± 7.7 29.2 ± 8.0 35.8 ± 7.7
66.3 ± 8.5⁎⁎a 38.3 ± 9.0⁎Ab 49.7 ± 14.6Bb

64.0 ± 30.2⁎⁎a 36.3 ± 4.2Ab 52.6 ± 10.9⁎Bb

83.9 ± 21.3⁎⁎Ba 43.8 ± 8.8⁎Ab 62.4 ± 11.2⁎Bb

28.3 ± 8.2B 17.0 ± 8.7A 31.4 ± 14.3B

62.9 ± 15.2⁎⁎Ba 28.3 ± 10.3⁎Ab 42.0 ± 12.0⁎Bb

67.0 ± 19.2⁎⁎Ba 28.7 ± 5.9⁎b 37.2 ± 8.9b

68.4 ± 13.2⁎⁎a 40.4 ± 11.9⁎⁎Ab 54.8 ± 5.1⁎Bb

up (*p b 0.05, **p b 0.01). For each site, different capital letters indicate significant differ-
etween sexes.

image of Fig.�8
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Because of its high persistence, this pesticide was still present at the dif-
ferent sites in the Alibori River. The low levels found in the river water
are also due to its low solubility. Values of pp′-DDT (0.065–0.105 μg/L)
assayed from theAlibori site S4were higher than those found in the bio-
sphere reserve at the W Park (0.004–0.018 μg/L) (CENAGREF, 2004).

4.2. Reproductive biomarkers

4.2.1. Plasma sex steroids
Many authors have investigated the effects of agricultural pesticides

on the hormonal regulation of fish reproduction (Gimeno et al., 1996;
Mckinlay et al., 2008; Palma et al., 2009a, 2009b; Sayed et al., 2012;
Da Cuña et al, 2013). In this study, the plasma levels of androgens (T
and 11-KT) were generally lower in fish from contaminated sites (espe-
cially in fish from S4), whereas the levels of E2were significantly higher
at this site compared with fish from the reference site, regardless of the
species, sex or season. Comparable variations in sex steroids have been
observed in goldfish, Carassius auratus, by Spano et al. (2004) who
found an increase in the plasma E2 levels together with a decrease in
the T of males exposed to 1000 ppb of the herbicide atrazine. A similar
elevation of E2 was reported by Rajakumar et al. (2012) and
Chakrabarty et al. (2012) in walking catfish, Clarias batrachus, exposed
to 2.5 ppb of endosulfan. However, in contrast to our study, these au-
thors did not detect a decrease in the 11-KT. Singh and Singh (2008a)
also found a significant decline in the 11-KT levels in Asian stinging cat-
fish that were exposed to sub-lethal concentrations of cypermethrin
over 45 days, whereas the plasma levels of E2 were not modified. In
our study the simultaneous variations of E2 and T plasma levels could
be explained by a stimulatory effect from pesticides on the aromatase
activity, increasing the conversion of T to E2 (Simpson et al., 1994;
Soverchia et al., 2005), as was suggested by the increase in the E2/T
ratio in fish from the contaminated sites. Consequently, the reduction
in the 11-KT could be explained by the decrease in the T levels, which
would be preferably used for the biosynthesis of E2.

In both species, the levels of sex steroids tended to be higher during
flooding than during the dry season. This is most likely because the pe-
riod of highwaters usually coincideswith thebreeding season of African
catfish. AlthoughGuinean tilapia breed continuously, their reproductive
activity is alsomore intense during the rainy season (deVlaming, 1983).

By comparing the values of the reference and contaminated sites, the
changes to the plasma sex steroidswere higher in African catfish than in
Guinean tilapia. A possible explanation could be found in the respective
position of these two fish species within the trophic chain. As a carniv-
orous species, African catfish are susceptible to accumulatingmore pes-
ticides that effect steroidogenesis than the Guinean tilapia, which is
detritivorous. Moreover, African catfish are more benthic than tilapia
and are thus in close contact with sediments where large quantities of
organochlorine residues have been deposited (Yèhouénou Azéhoun
Pazou et al., 2006; Singh and Singh, 2008b). Both fish exhibit different
behaviors and reproductive strategies.

4.2.2. Histopathology of gonads
A low GSI was observed in fish from the different sites from the

Alibori River, particularly at S4, compared to those sampled from the
Pendjari River, regardless of the season, sex and species. According to
Mills et al. (2001), the decrease in the GSI is usually explained by the
presence of histopathological changes in the gonads (gonad regression).
In this study, the lower GSI observed in males from the contaminated
sites may be related to the presence of histopathological alterations
most likely resulting from exposure to agricultural pesticides as previ-
ously reported by other authors (Jobling et al., 1996; Christiansen
et al., 1998; Gimeno et al., 1998; Mdegela et al., 2010; Sayed et al.,
2012). In the females, the decrease in the GSI could be attributed to
the degeneration of the ovaries, particularly in the downstream site of
the Alibori River (S4) (Scholz and Gutzeit, 2000). Such a reduced GSI
has also been observed in walking catfish that were exposed to
malathion (Lal et al., 2013); in several species exposed to OCP: catfish
from Guinea, Mystus tengara, common carp, Cyprinus carpio, caught in
the Gomti River, and rohu, Labeo rohita, caught in the Ganga River
(Singh and Singh, 2008b); and in zebrafish, Danio rerio, exposed to
high doses of Butachlor (Chang et al., 2011).

The histopathological causes of testis regression identified in fish
sampled from contaminated sites were primarily fibrosis, necrosis, vac-
uolation, immature cell release in lobular lumen, disorganization of lob-
ular structures, and cyst disorganization and the presence of foam cells
in the lobular lumen.DaCuña et al. (2013) recently reported similar alter-
ations in male Cichlasoma dimerus exposed to endosulfan, i.e. the release
of immature cells in the lobular lumen, presence of foam cells and inter-
stitial fibrosis, and disorganization of the lobular structure. Flammarion
et al. (2000) also observed necrotic cells in the testicular tissues of chub
Leuciscus (recently renamed Squalus) cephalus exposed to E2.Many his-
tological alterations identified in males sampled in the Alibori River
were also found by Louiz et al. (2009) in Black goby, Gobius niger, in
Tunisia, or by Mlambo et al. (2009) in Mozambican tilapia, Oreochromis
mossambicus, exposed to DDT. However, the most significant alteration
in males of the species analyzed in this study was the high frequency of
testicular oocytes (12.5–50% of male samples) in fish from contaminat-
ed sites, clearly indicating the feminization process of those males. The
presence of ovotestis in African catfish has been reported in males ex-
posed to xenoestrogens (Barnhoorn et al., 2004) or in fish captured
from polluted rivers in South Africa (Pieterse et al., 2010). Testicular oo-
cyteswere also found in tilapiaOreochromis spp. sampled from a pollut-
ed river in Taiwan (Sun and Tsai, 2009), inMozambican tilapia caught in
a river contaminated with DDT in South Africa (Marchand et al., 2008)
aswell as in spottail task, Notropis hudsonius, exposed to xenoestrogens
(Aravindakshan et al., 2004). The molecular mechanisms underlying
the appearance of testicular oocytes in fish are not fully understood;
however, several authors have argued that the excess of estrogens are
capable of inhibiting spermatogenesis in males and cause the formation
of oocytes from spermatogonia (Gimeno et al., 1998; Nadzialek and
Kestemont, 2010). These latter authors demonstrated that xenoestrogens
(17α-ethinylestradiol) induced an in-vitro imbalance between apoptosis
and cell proliferation in the testes of gudgeon, Gobio gobio, through their
effects on some target genes such as Bcl-2 and caspase 3 (Nadzialek et al.,
2010).

All ovotestis observed in this study, regardless of site, contained
previtellogenic oocytes. Oocyte diameter was higher in male African
catfish than in Guinean tilapia but the number of testicular oocytes
per testis section was higher in male tilapia.

Spermatogenesis was rather limited in male tilapia sampled from
the contaminated sites, because their testes contained only a few sper-
matids and spermatozoa. The testes of African catfish sampled from the
Alibori River contained less spermatocytes (I and II) than the fish from
the Pendjari River during the dry season and less spermatozoa during
the rainy period, which corresponds to the reproductive season of this
species. This regression of spermatogenesis was also observed in Sum-
mer flounder, Paralichthys dentatus, exposed to E2 and DDT, corroborat-
ing earlier findings about various fish species (Gimeno et al., 1996;
Christiansen et al., 1998). The inhibition or delay of spermatogenesis is
viewed as an indicator of exposure to xenoestrogens (Gimeno et al.,
1996). During both seasons, the plasma E2 levels were relatively high
inmales from contaminated sites, whereas their 11-KT levelswere rath-
er low. 11-KT and E2 induce the mitotic division of spermatogonia but
diverge in their properties (Miura et al., 2005). The mitosis induced by
E2 produces only type A spermatogonia, whereas 11-KT produces late
type B spermatogonia which evolve further to spermatogenesis. These
changes are indicative of spermatogenesis impairment and testis
functionality.

Regardless of the species and season, females displayed less histo-
logical alteration than males. The most prevalent alteration in S1 was
the presence ofMMC. TheMMC act as focal depositories for resistant in-
tracellular bacteria, from which chronic infections may develop (Agius
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and Roberts, 2003). At S1, these alterations were most likely due to the
normal slight regression of the gonads during the low flow period
(when the reproductive effort was limited), whereas alterations ob-
served in fish from the Alibori River were most probably due to agricul-
tural runoff during the rainy season, particularly at S4. An increase in the
prevalence of MMC in Alibori River sites, however, may indicate oocyte
degeneration (Roberts, 2001). Ovaries of female African catfish were
more impaired and more frequently impaired than those of Guinean ti-
lapia, most likely because of their trophic position and benthic prefer-
ences, putting them in close contact with pollutants in the sediments.
There are also very different behaviors and reproductive strategies of
each species. Among the high importance alterations, factor (3), the
atretic pre-ovulatory follicles, was the most prevalent in both species
and had the highest percentages during the rainy season at the polluted
sites. Pre-ovulatory atretic follicles have been identified as key histolog-
ical features indicative of endocrine disruption induced by chemicals
(Van den Belt et al., 2002; Leino et al., 2005). Several authors have
shown the regression of ovaries in fish treated with estrogenic pesti-
cides. Goldfish exposed to 1000 μg/L of atrazine for 21 days displayed
atretic oocytes (Spano et al., 2004). The presence of pre-ovulatory atret-
ic oocytes was reported in Asian stinging catfish exposed to
cypermethrin (Singh and Singh, 2008a), in African catfish sampled
from an urban nature reserve in South Africa (Pieterse et al., 2010)
and in Mozambique tilapia exposed to DDT (Mlambo et al., 2009).

In Guinean tilapia (during the rainy and dry seasons) and African
catfish (during the rainy season only), lower proportions of late
vitellogenic oocytes were observed in fish from the Alibori River com-
pared to those from the Pendjari River. Based on the diameter of atretic
follicles, we can assume thatmost of themwere regressing from the late
vitellogenic stage, whereas the size of non-regressed vitellogenic oo-
cytes wasmuch smaller than those from the reference site. A similar re-
gression of the vitellogenic oocytes was reported in Atlantic cod, Gadus
morhua, exposed to E2 by Meier et al. (2007).

Moreover, the variation in the different parameters depended on the
different seasons at the various sites, particularly at the reference site,
which indicates that the seasonality of reproduction is evident for
African catfish, not only in the sex steroid levels but also in the GSI
and in the stages of spermatogenesis and oogenesis found in the testes
and ovaries, respectively.

4.2.3. Histopathology of liver
The liver plays a crucial role in detoxification and biotransformation

processes. Moreover, due to their function, position and blood supply,
the liver is one of the organsmost affected by the presence of water pol-
lutants (Roberts, 2001; Vander Oost et al., 2003), and it has been used as
a reference for analysis of tissue damage caused by environmental toxic
compounds (Amaral et al., 2002). The hepatosomatic index is the first
macroscopic parameter that reflects the condition of the liver. In our
study, unlike the GSI, the HSI increased in fish sampled at the different
sites in the Alibori River compared to those in the Pendjari River. This in-
crease was more notable at S4, which was located downstream in the
Alibori River. Similar elevations of HSI were also observed by Van Dyk
et al. (2012) in African catfish caught in rivers impacted by mining, in-
dustrial and urban effluents in South Africa, or by Corsi et al. (2003) in
Grass goby, Zosterisessor ophiocephalus, caught in the Orbetello Lagoon
(Italy) and exposed to chlorinated and aromatic hydrocarbons. The
HSI increase can be linked, on the one hand, to macroscopic abnormal-
ities such as stones and nodules of fat (Van Dyk et al., 2012); on the
other hand, theymay be attributed to the increased synthesis of vitello-
genin from the stimulation of high plasma E2 levels (Mills et al., 2001).
When toxic compounds exceed the detoxification level of the liver, high
concentrations of a toxicant induced liver bio-transformer activity and
provoked modifications in the normal hepatic structure. In this study
13 types of alterations have been identified in males and females.
These lesions mainly had a regressive nature and were observed in
fish from contaminated sites, especially in males of both species and
females of African catfish from S4 during the rainy season. The MMC
were the most prevalent alteration. The MMC have detoxification and
recycling functions because they break down endogenous and exoge-
nous materials, thereby acting as metabolic dumps. The presence of
MMC is normal, but an increase in their size and frequency can be
caused by environmental stressors. There are distinct clusters of
pigment-containing cells found in a number of organs in fish (Agius
and Roberts, 2003). These structures usually contain a variety of pig-
ments, including melanin, lipofuscin, hemosiderin (Vigliano et al.,
2006) and ceroid (Wolkea, 1992). In this study, Perl's iron staining ex-
hibited the presence of hemosiderin in all of theMMC and in themacro-
phages. The predominant occurrence of hemosiderin in the MMC was
reported previously in common dab, Limanda limanda (Bucke et al.,
1984), Eurasian perch, Perca fluviatilis, roach, Rutilus rutilus,
(Haaparanta et al., 1996), southern platyfish, Xiphophorus maculatus
(Leknes, 2004) and African catfish (Van Dyk et al., 2012). The accumu-
lation of hemosiderin in the liver leads to hepatic hemosiderosis, due
to a high intake or release of iron. Liver damage may result in an eleva-
tion of aminotransferase levels (ALAT and ASAT), fibrosis and cirrhosis
in humans (Lavergne-Slove and Mosnier, 2005). The presence of iron
in the liver of Guinean tilapia and African catfish could be explained
by the predominance of ferruginous soils in the study area. The second
prevalent lesion was glycogen depletion that was observed at all sites,
butmoremarkedly in fish that were sampled from the Alibori River, es-
pecially duringfish reproduction. Glycogen depletion could be due to an
increase in energy expenditure in response to the increased metabolic
demands caused by exposure to pesticides, as reported by different au-
thors in fish exposed to endosulfan, organophosphates, heavymetals or
to bacterial infections (Murty and Devi, 1982; Handy and Depledge,
1999; Fanta et al., 2003; Petri et al., 2006). It is usually considered as a
general response tometabolic demands in the liver rather than as an in-
dication of pollutant exposure. Another prevalent alteration, especially
in females, was the presence of single necrotic cells. Cell necrosis indi-
cates irreversible morphological changes coinciding with cell death.
These changes affect both the nucleus and the cytoplasm. They are ob-
servablewhen the dead cell remains in a living environment and should
be distinguished from autolysis (Hibiya, 1982). Most of the alterations
cited above, aswell as vacuolation, foci vacuolation, hypertrophy and fi-
brosis cells, were observed in the livers of fish sampled in the Pendjari
River, but in much lower proportions. The presence of these lesions
when no pesticides were applied within the watershed area and their
absence in the analyzed specimens suggests that these liver alterations
are occurring quite naturally within fish populations and are not neces-
sarily induced by pollutants, but an increase in their size and frequency
at the Alibori River sites can be caused by exposure to agricultural pes-
ticides (Agius and Roberts, 2003). The degeneration observed in the
case of our study is peri-lobular. Additional liver alterations detected
in males and females of both species sampled in the Alibori River
were hepatocellular pleomorphism, foci of clear cells, foci of necrosis,
and cell hypertrophy. Similar lesions were observed in African catfish
sampled from polluted rivers in South Africa by Van Dyk et al. (2012).
Several investigators reported degenerative changes, lipid
vacuolization, and hyaline droplets in hepatocytes of fish exposed to
commercial formulations of glyphosate (Szarek et al., 2000;
Jiraungkoorskul et al., 2002, 2003; Langiano and Martinez, 2008;
Albinati et al., 2007 and 2009). In Nigeria, Olarinmoye et al. (2011) de-
scribed hydropic degeneration, hepatic necrosis, hemosiderosis and
the foci of cell alterations in the liver of brackish water catfish,
Chrysitchtys nigrodigitatus that were exposed to organochlorine pesti-
cides. In mosquitofish, Gambusia affinis, exposed to Thiodan (33.7% of
endosulfan), a significant dose and time-dependent increase of liver hy-
pertrophy, dilatation of sinusoids and hepatocyte vacuolization was ob-
served by Cengiz et al. (2001). Increased hepatocyte vacuolization and
eosinophil granular cell aggregates were also reported after dietary ex-
posure of endosulfan in Nile tilapia (Coimbra et al., 2007). Several other
recent studies (Barja-Fernandez et al., 2013; Binkowski et al., 2013;
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Vasanthi et al., 2013) also exhibited the relationship between toxicity
and lesions similar to those identified in our study in various species
of fish. For these authors, the cellular and nuclear hypertrophy of hepa-
tocytes occurred as a consequence of increased detoxification activity
when fish were exposed to pollutants. Noyes et al. (2011) attributed
the vacuolated nuclei to impingements caused by enlarged intrahepatic
biliary passageways, a process that could also bemediating similar BDE-
47 effects in turbot, Psetta maxima. Nuclear vacuolization is considered
to be a sign of cellular degeneration prior to necrosis (Safahieh et al.,
2012). For Gingerich (1982), the vacuolization of hepatocytes might in-
dicate an imbalance between the rate of synthesis of substances and the
rate of their release into circulation. Lipid vacuolation of hepatocytes has
been identified in fish as a result of fat imbalances andnutrient deficien-
cies (Coz-Rakovac et al., 2008). This alteration correlates with macro-
scopic fatty nodules identified during necropsy.

4.3. Health indicators

The quantitative fish health indicators used in this study (total
length, weight, condition factor, It, Io and IT) have been widely used
and discussed in the literature and were selected to reflect the overall
organismhealth of thefish. In general, theweight and the condition fac-
tor K of fish sampled from the Alibori River were lower than those from
the Pendjari River. A decrease in the K of fish exposed to pollutants was
also reported by Alvarez et al. (2005) in red drum (Sciaenops ocellatus),
byHanson et al. (2007) in Nile tilapia, brackishwater catfish and African
catfish, and by Cook et al. (2005) in zebrafish. Several hypotheses could
explain the decrease in the condition factor, but the most influencing
one is most likely the bioenergetic one. In fact, the presence of environ-
mental pollutants can affect food intake and absorption by fish
(Marchand et al., 2008). Even if the fish are fed properly, a significant
portion of nutrients from the catabolism of food could be converted
into energy to cope with the energy demand caused by the chemical
stress induced by the xenobiotics (Arunachalam et al., 1980).

During the rainy season, the testis index of Guinean tilapia and
African catfish from contaminated sites ranged between 26 and 35;
these values are considered by Van Dyk et al. (2009a,b) as indicators
of profound alterations of the testes. The It was even greater than 35
in African catfish at S4, indicating that the testes experienced severe
damage. Van Dyk et al. (2012) also found a similar liver index in
African catfish sampled from the polluted Roodeplaat River in South
Africa. During the dry season, the severity of testicular lesions in
African catfish from the Alibori River sites was lower, whereas the
liver of corresponding fish displayed pronounced damage. In Guinean
tilapia, only fish from S4 exhibited severe hepatic damage during the
dry season. A comparison between the seasons clearly indicated that al-
terations in both organs increased during the rainy season, and this pe-
riod corresponded to the intensive use of pesticides in the Alibori River
basin. African catfish experienced more damage than Guinean tilapia.
This can be explained, to some extent, by its trophic position and ben-
thic feeding habits and, as a corollary, its ability to bioaccumulate lipo-
philic pesticides. However, no fish body concentration data are
available to confirm such a hypothesis.

Although fish from contaminated sites (Guinean tilapia from S2 and
S3, and African catfish from S4) displayed some severe damage in the
ovaries, the alterations of female gonads were generally lower than
those observed in testes and were more pronounced during the rainy
season than during the dry one. Regardless of the species, sex and sea-
son, the liver was more impaired than the gonads.

Based on the histopathology of the liver and gonads, the total index
IT, calculated according to Bernet et al. (1999), indicated that the general
health status of fish sampled in the Alibori River was much lower than
for fish sampled in the Pendjari River, particularly during the rainy sea-
son,which is a period of intense reproduction formost species including
African catfish and, to a lesser extent, Guinean tilapia. African catfish ap-
pears to bemore affected than Guinean tilapia, and, for both species, the
males are more affected than females. Strong correlations between the
E2 levels inmales and the IT have been established during the rainy sea-
son, indicating a huge impact from estrogenic pesticides on the general
health status of these species.

In conclusion, these results indicate that agricultural pesticides
significantly impair the endocrine regulation of fish living in the
Beninese cotton basin, inducing severe damage to the liver and gonads
and impaired health in fish populations. The effects of pesticides would
most likely be one of the causes of fish stock declines and the disappear-
ance of certain species (MEPN, 2009). However, the pesticide tissue
content was not measured, and the effects reported in fish from pollut-
ed sites indicate possible contamination of their tissues. Eating fish from
contaminated rivers such as the Alibori River may pose a serious risk to
human health due to the negative effects associated with the bioaccu-
mulation of pesticides in the body.
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