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INTRODUCTION

Kibale National Park (KNP) in Uganda belongs to the Eastern Afromontane, defined as a "Hotspot of biodiversity" [START_REF] Mittermeier | Wilderness Conservation in a Biodiversity Hotspot[END_REF]. With 119 endemic genera, this area has the second highest number of higher vertebrate taxa in the world and plays a critical role in conservation planning because of the irreplaceability and vulnerability of its wildlife [START_REF] Mittermeier | Global Biodiversity Conservation: The Critical Role of Hotspots[END_REF]. The protected area is home of a wide range of species including the red colobus monkeys (Piliocolobus tephrosceles) and chimpanzees (Pan troglodytes), two species of primates identified as endangered by the Red list of the International Union for Conservation of Nature (IUCN) (IUCN, 2019). Primates are also the main attractivity of the region and play a major role in ecotourism and economy of the country. However, habitat loss due to the conversion of natural forests into agricultural land is the main cause of primate extinction in the world [START_REF] Estrada | Impending extinction crisis of the world's primates: Why primates matter[END_REF]. In this area, large mammals including primates are confined in the national park which is surrounded by tea, banana and eucalyptus plantations as well as maize fields and small farms. Associated with such industrial expansion and habitat loss, another often underestimated threat is environmental pollution as the use of pesticides could directly threaten the health of the surrounding wildlife.

Our recently published survey, showed that legacy pesticides, banned but still present due to their persistence such as DDT and its main metabolite p-p'-DDE, or insecticides such as the organophosphate chlorpyrifos are found at levels exceeding tolerable daily intake (TDI) in Sebitoli, the northern part of KNP. Other pesticides such as 2,4-D amine, glyphosate and imidacloprid are used in these surrounding farms and industrial tea plantations and are detected in significant quantities in fresh maize seeds. River contamination in the Sebitoli area is also suspected because chlorpyrifos, p,p'-DDE and imidacloprid have been detected in fish collected in the surrounding area, while fish taken from the central area of the national park contained undetectable levels of the same pesticides [START_REF] Krief | Agricultural expansion as risk to endangered wildlife: Pesticide exposure in wild chimpanzees and baboons displaying facial dysplasia[END_REF].

Plant protection products commonly referred to pesticides, may affect non-target organisms development and can lead to liver and kidney toxicity in fish [START_REF] Lushchak | Pesticide toxicity: a mechanistic approach[END_REF].

Pesticides chronic exposure may affect reproductive fitness in aquatic species both in male and females suggesting hormonal impact [START_REF] Dziewirska | Environmental non-persistent endocrine-disrupting chemicals exposure and reproductive hormones levels in adult men[END_REF][START_REF] Saaristo | Direct and indirect effects of chemical contaminants on the behaviour, ecology and evolution of wildlife[END_REF].

Further, EFSA reported that 103 of 287 pesticides affect thyroid gland or thyroid hormone systems [START_REF] Efsa | Scientific Opinion on the identification of pesticides to be included in cumulative assessment groups on the basis of their toxicological profile: Cumulative Assessment Groups for Pesticides[END_REF]. Consequences of a pesticide residues -induced TH levels modification are both on developmental and neurobehavioral levels as shown for example with chlorpyrifos [START_REF] Juberg | Chlorpyrifos: weight of evidence evaluation of potential interaction with the estrogen, androgen, or thyroid pathways[END_REF][START_REF] Rauh | Brain anomalies in children exposed prenatally to a common organophosphate pesticide[END_REF].

To further test the hypothesis that pesticide exposure is a risk for protected wildlife and flora from the national park and the neighbouring farmland, we investigated environmental pollution inside the protected area and at its edge. We used two complementary approaches. First, we used passive organic chemical integrative samplers (POCIS) made of HLB (hydrophilic-lipophilic balance) synthetic polymer placed in different rivers flowing through cultivated areas in order to identify pesticide occurrence and to identify major hormonal disruptors among them. Second, we analysed water samples collected from the same river sites for their potential to disrupt thyroid and estrogen axis signalling.

Our assumption was that time-integrated POCIS sampling would overcome the numerous limitations of spot sampling, including concentrations of chemicals enabling an improvement of detection levels, lack of representativity of a unique water sampling and lack of stability of substances during transport. These features would be especially pertinent for our field work and thus offer more valid insights into the reality of environmental water contamination.

Considering the type of pressure on the environment and our previous monitoring study, POCIS that have demonstrated their relevance to monitor pesticides in an agricultural context were chosen.

We also took advantage of the accumulation capacity of the POCIS to widen our knowledge of the state of contamination of the territory and exposure of wildlife in order to (1) reveal illegal uses of banned pesticides (2) to characterise the differences in exposure for animals in the Western versus Eastern and Southern parts of the Sebitoli forest and (3) to evaluate potential cocktail effects of the mixture of identified pesticides.

Our second approach used in vivo bioassays to assess the potential thyroid and estrogen disrupting activities of river water samples in order to overcome the limitations of POCIS that only sample polar compounds in flowing water. We added a sampling site where the forest vegetation growing in a swamp area is dying. We used transgenic Tg(thibz:gfp) Xenopus laevis tadpoles which express green fluorescent protein (GFP) in tadpoles' heads in response to thyroid hormone, as well as a transgenic ChgH-gfp medaka (Oryzias latipes) line, which expresses GFP in the liver in response to estrogens . The Xenopus Embryonic Thyroid Assay (XETA) based on Tg(thibz:gfp) is currently under validation as an OECD test guideline. The hypothalamo-pituitary-thyroid and gonadal axis are highly conserved in gnathostomata vertebrates. In addition, we carried out complementary endpoints related to behaviour and morphological development of Xenopus laevis tadpoles exposed to different water samples.

MATERIAL AND METHODS

Study area

Two main rivers cut the Sebitoli area: the Mpanga River coming from the west (Kabarole district) and the Munobwa River coming from the east (Kyenjojo district). The Munobwa River joins the Mpanga River in the southern part of the Sebitoli and the main river (Mpanga River) flows in the central area of the forest, far from agricultural lands (Fig S1). In the northern part of KNP (795 km2; 0°13' to 0°41'N and 0°19' to 30°32'E), the Sebitoli area was commercially logged in the 1970s, leading to damage of about 50% of the trees. Today, a large proportion (70%) of this area of the park is composed of degraded or regenerating forests and only 14% represents old-growth forest [START_REF] Bortolamiol | Suitable habitats for endangered frugivorous mammals: small-scale comparison, regeneration forest and chimpanzee density in Kibale National Park, Uganda[END_REF]. The Sebitoli Chimpanzee Project (SCP) is currently investigating pollution levels in the KNP as part of the research and conservation of apes and their environment. The SCP adheres to the research protocols defined by the guidelines of the Uganda Wildlife Authority (UWA) approved by the Muséum National d'Histoire Naturelle and the research project is conducted under the Memorandum of Understanding SJ 445-12 between MNHN, UWA and Makerere University in Uganda.

Materials

Testosterone (CAS: 58-22-0); 3,3',5-triiodo-L-thyronine (T3; CAS: 6893-02-3), Dimethyl sulfoxide -DMSO (CAS: 67-68-5), Sodium bicarbonate and Ethyl 3aminobenzoate methanosulfate salt (MS222; CAS: 886-86-2) were purchased from Sigma-Aldrich. MS222 solution 1g/L was prepared with the same mass of sodium bicarbonate and adjusted to pH 7.5-8.0. Evian™ water in 75 cL glass bottle was purchased online (www.evianchezvous.com) and used as the reference water.

Polar Organic Chemical Integrative Samplers (POCIS), are composed of 200 mg of a copolymer of poly(divinylbenzene)-N-vinylpyrrolidone, enclosed by two polyether sulfone membranes (diameter 90 mm, pore size 0.1 μm). This corresponds to the pharmaceutical version of the POCIS [START_REF] Vrana | An interlaboratory study on passive sampling of emerging water pollutants[END_REF], but can be used for sampling for polar to mid-polar pesticides adsorption [START_REF] Ahrens | Characterization of five passive sampling devices for monitoring of pesticides in water[END_REF][START_REF] Van Metre | Complex mixtures of Pesticides in Midwest U.S. streams indicated by POCIS time-integrating samplers[END_REF]. Canisters holding three samplers were deployed at each of the three locations (see 2.3.1) for exactly two weeks.

Methods

Sample collection and storage

In order to identify the pesticide residues present in the rivers and to test their biological effects on model organisms, two types of methods were used, POCIS and spot sampling.

Three POCIS were placed for 14 days at each of the three river sites (1) at the edge of the forest near the Nyamagere farmlands, in the Mpanga River (sample named "Mpanga River North" hereafter) (2) at the edge of the forest at the foothill of a tea plantation, in the Munobwa River (sample named "Munobwa River" hereafter) and (3) inside the forest, in the south, in the Mpanga River (sample named "Mpanga River South" hereafter), at 4910 m from the sampling site Mpanga River North (Fig S1). The nine passive samplers were placed in the flowing water at more than 20 cm from the river bed and more than 20 cm from the surface of the water. In parallel, a field POCIS blank was exposed at each site outside of water, in order to guarantee the absence of contamination during all field operations (deployment and removal), as well as during storage and transport.

We collected two litres of water at each site the day when the POCIS were removed from the rivers. In addition because a very large proportion of the trees from different species (Bridelia sp., Nitrogenia sp., Erythrina abyssinica) in a swamp bordering Nyamagere farmlands were dead, we also collected water samples from this location (sample named "Nyamagere swamp" hereafter). POCIS and aliquoted water samples were stored at -20°C. The pH of whole water samples was measured (Table S2).

Analysis of POCIS

The analytical strategy applied to POCIS samples is illustrated in Fig S2 . The POCIS extraction protocol was adapted from [START_REF] Belles | Development of the performance reference compound approach for the calibration of "polar organic chemical integrative sampler" (POCIS)[END_REF]. Briefly, each POCIS was dismantled and the solid phase collected and transferred in a solid phase extraction cartridge (glass, 6 mL). After drying, the phase was eluted with a large volume of solvents of different polarities so as to ensure a large spectrum of elution according to the wide physico-chemicals properties of the studied molecules. More specifically, 10 mL of methanol, 10 mL of methanol/ dichloromethane (v/v) and 10 mL of dichloromethane were successively used.

Extracts for the replicates of a given site were pooled and homogenized before being divided.

One aliquot was dedicated to chemical analysis. Extracts were supplemented with internal standards then concentrated to dryness under controlled vacuum at a temperature of 40°C.

Before injection, extracts were reconstituted in appropriate injection solvent before being analysed by liquid phase chromatography coupled to tandem mass spectrometry and gas phase chromatography coupled to tandem mass spectrometry for a set of 509 pesticides.

Analyses were managed by a laboratory accredited ISO/IEC 17025, the main standard for recognition of the technical competence for testing and calibration. In order to ensure reliable interpretation of MS-based and effect-based measurements, Quality Controls (QC) as blanks and replicates were implemented.

In vivo exposure studies using Xenopus laevis

Transgenic Tg(thibz:gfp) Xenopus laevis

To detect any potential effects of collected whole water samples on the thyroid axis, we carried out an in vivo exposure study using transgenic Tg(thibz:gfp) Xenopus laevis tadpoles.

The regulatory elements of the leucine zipper transcription factor THbZIP drives the expression of the gfp coding sequence in this line. In response to thyroid active compounds the tadpoles express GFP in the head area, primarily the brain. The assay using the Tg(thibz:gfp) line is the XETA (Fini et al., 2007).

Xenopus Embryo Thyroid signalling Assay (XETA)

Two types of samples were used: (1) whole water samples collected from the three river sites and the swamp site and (2) extracts obtained from POCIS from the three river sites.

Exposure solutions were made fresh every day from a water sample aliquot defrosted at the beginning of the assay and stored at 4°C. Water samples were tested in the presence of the most biologically active thyroid hormone (TH) -T3 5nM. Exposure solutions spiked with T3 5nM were prepared by adding 5µL 10 -5 M T3 (from T3 stock 10 -2 M stored at -20°C) in 10 mL of an undiluted and unfiltered water sample or Evian water to prepare the T3 5nM control. In the case of POCIS extracts, a different protocol was used. POCIS extracts (equivalents of 0.3 L/ day) were dried in a SpeedVac and the pellet was re-suspended in 450 µL of DMSO to create 10000x stock solution. To create the 1x exposure solution, 1 µL of stock solution was added to 10 mL of Evian or T3 5nM. Fifteen Nieuwkoop and Faber (NF) stage 45 Tg(thibz:gfp) Xenopus laevis tadpoles were placed per well of 6-well plates. One well corresponded to one exposure group. Then 8 mL of exposure solution was added per well.

Plates were kept in a dark incubator at 23°C for 72 h, with daily renewal using newlyprepared exposure solutions.

Tadpoles were anaesthetized after 72 h of exposure with 0.1% MS222. They were placed into black 96-well plates with conical wells and manually positioned to expose the ventral region of the body, and excess liquid was removed. Coloured images were acquired at a magnification of 25x using an Olympus AX-70 binocular equipped with long pass GFP filters and a Q-Imaging Exi Aqa video camera. To capture the images with an exposure time of 3 s, QC Capture pro (QImaging) software was used. Non-specific signal was excluded with ImageJ [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF] by splitting the image into three channels (red, blue and green). Integrated density of the green channel of each image was then calculated. Values were normalised to control values in Microsoft Excel.

Mobility

To address potential physiological effects of whole river water samples on the mobility of tadpoles after 72 h exposure, one tadpole per well was placed in a 12-well plate, each of the wells containing 4 mL of Evian water. Tadpoles were left for 10 minutes to acclimatize. The Noldus Daniovision system was used to track the movement of the tadpoles during 10 min long trials consisting of ten 30 sec light/30 sec dark cycles. Total distance travelled per 10 sec of each trial was then analyzed using Ethiovision XT 1.5 software and normalized to the total distance travelled by the control group during a 10-20sec interval. Two independent replicates were carried out, with n=12 tadpoles per treatment group per replicate.

Brain/head measurements

Following the 72 h exposure to whole water samples, tadpoles were anaesthetized in 0.1% MS222 and placed on a dark surface. Colour images of the dorsal side of the tadpole illuminated by white light were taken using the Leica MZ16F stereomicroscope equipped with a QImaging Retiga-SRV camera at a magnification of 3.2x. The area of the head, the area of the brain and the length of the olfactory nerve were measured using Image J software.

Calculations of the brain/head ratio as well as normalization of the values to control were carried out in Microsoft Excel. Three independent replicates were performed with n= 15 tadpoles per treatment group per replicate.

In vivo study using medaka

Transgenic ChgH-gfp medaka

An in vivo exposure study using transgenic ChgH-gfp medaka was carried out in order to investigate the estrogen axis activity of collected whole water samples. The genetic construct of the ChgH-gfp medaka line is composed of 2047 bp of the upstream region of the medaka choriogenin H gene driving the coding sequence of gfp [START_REF] Kurauchi | In vivo visual reporter system for detection of estrogen-like substances by transgenic medaka[END_REF][START_REF] Spirhanzlova | Oestrogen reporter transgenic medaka for non-invasive evaluation of aromatase activity[END_REF]. In response to estrogenic compounds, transgenic ChgH-gfp medaka express GFP in the liver.

ChgH-gfp estrogen assay

The (anti-)estrogenic potential of undiluted and non-filtered whole water samples was assessed using transgenic ChgH-gfp medaka in the presence or absence of testosterone 10 -7 M.

Testosterone is converted by the enzyme aromatase into estradiol in vivo, which induces the expression of GFP in the liver of the fry. Testosterone spiked exposure solutions were prepared by adding 8 µL of testosterone 10 -4 M (in DMSO) to 8 mL of water samples or Evian water in the case of testosterone 10 -7 M control group. Non-spiked exposure solutions were prepared by adding 8 µL of DMSO in 8 mL of water samples including the Evian control.

Eight newly hatched (day post hatch zero; dph0) ChgH-gfp fry were placed in one well of a 6well plate. One well corresponded to one exposure group. Then 8 mL of exposure solution were added per well. Plates were kept in an incubator with a 8h dark/16h light period at 26°C for 24h. The experiment was repeated three times with eight fry per exposure group per replicate.

After 24h of exposure, fry were rinsed with Evian water and anaesthetized in 0.1% MS222.

Then, they were manually positioned on a dark surface with ventral side up. Colour images were acquired using Leica MZ10F stereomicroscope (Leica Microsystems, Wetzlar, Germany) equipped with long pass GFP filters (excitation 480/40, emission 510LP) and a Baumer TXD 14-C camera. Images were taken with an 8x magnification and 20 ms exposure time using the micromanager v1.4 software. An Image J macro described in [START_REF] Sébillot | Rapid fluorescent detection of (anti)androgens with spiggin-gfp medaka[END_REF] was used to calculate the integrated density of the manually selected liver region of each photographed fry. All values were normalised to the values of the corresponding control group in Microsoft Excel.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 7. After the D'Agostino and Pearson normality test, a Student t-test (parametric) or Mann-Whitney's test (non-parametric) was used to compare two groups. One way ANOVA (parametric) or Kruskal-Wallis' (nonparametric) tests complemented by Dunn's post-test were carried out to compare more than two groups.

Results

POCIS chemical analysis

Among the 509 pesticides analysed by LC/MS and GC/MS from the POCIS, thirteen herbicides, insecticides fungicides were found in the different sites. More precisely, we detected five herbicides namely 2.4-D amine, ametryn, isoproturon, metolachlor, terbutryn seven insecticides ie carbaryl, carbofuran, DEET, dimethoate, imidacloprid, picaridin and thiamethoxam and one fungicide carbendazim (Fig 1).

All 13 substances were detected in Mpanga River water, at both sampling sites i.e.

Nyamagere (Mpanga River North) as well as in the South of the Sebitoli area (Mpanga River South). In the Munobwa River, only four out of the 13 substances were detected i.e. ametryn, DEET, metolachlor and picaridin. These four compounds were quantified at higher levels in POCIS in Mpanga River South than in north (Mpanga River North) which is consistent with the flowing of the river (direction and faster flow rate). 2,4-D, carbaryl, isopropturon were also abundant in the south of the park. The most abundant substance detected in the POCIS was carbofuran followed by carbendazim in Mpanga River North and 2,4-D in Mpanga River South. The most abundant substance present at the three sites was DEET.

XETA

We tested two kind of samples using the thyroid screening system, first whole water samples and POCIS extracts. No water samples collected exhibited any pro-or anti-thyroid activity in the absence of a T3 5nM challenge. However, all river samples (Mpanga North, Munobwa, Mpanga South) exhibited pro-thyroid activity in the presence of T3 5nM, whereas samples collected in the Nyamagere swamp surrounded by dead trees exhibited anti-thyroid activity (Fig 2A). This suggests a thyroid disrupting activity of all samples tested. Interestingly, analysis of the POCIS extracts revealed slight different picture where we detected anti-thyroid activity of Munobwa River extract in the presence and absence of T3 and only in the presence of T3 for Mpanga River South (Fig 2B). Note that the swamp sample was not used for the passive accumulation as the flow stream is null.

Mobility

Control tadpoles are inactive in the dark periods and active in the light periods [START_REF] Fini | Human amniotic fluid contaminants alter thyroid hormone signalling and early brain development in Xenopus embryos[END_REF]. Samples collected from the Nyamagere areas (Mpanga River North and swamp) did 

Brain measurements

Mean area of the head of the tadpoles was significantly increased in the presence of water samples collected in the Nyamagere Swamp area in the presence and absence of T3 5nM (Fig S3A). No sample affected the brain areas of the tadpoles, nor the head/brain ratios (Fig S3B -C).

In the absence of T3 5nM, the Nyamagere Swamp sample significantly increased the length of the tadpoles' olfactory nerve. Interestingly, in the presence of T3 5nM samples from Mpanga River South and North and Munobwa significantly antagonized the T3 effect whereas the sample from swamp did not affect the length of olfactory nerve (Fig S3D ).

ChgH-gfp estrogen assay

In the absence of testosterone 10 -7 M, no sample exhibited estrogenic activity. However in the presence of testosterone, all three river samples significantly reduced the fluorescence in the liver of the fry compared to the testosterone control group whereas the swamp sample was inactive (Fig 4).

DISCUSSION

We detected a large number of chemical compounds used in agriculture in the water of rivers flowing in the KNP. In this study, we demonstrate that water sampled from these rivers and from a swamp at the edge of the forest induced endocrine disrupting effects on both the estrogenic and thyroid axis. However, we observed differences in endocrine effects which were site-dependant. Some limitations in our results need to be considered. (1) POCIS calibrations (appropriate sampling rates) are not available for all of the targeted compounds and when available depend on water flow rate, the chemicals affinity with the membrane, complicating estimations of concentrations. ( 2) The POCIS provide information about a very large number of polar and mid-polar compounds and the list of substances targeted for chemical analysis was based on the analytical capability of the laboratory and not specifically pre-defined for this study. For example, POCIS Pharma® could not trap glyphosate. Moreover, depending on the measurable compounds, limits of quantifications varied from 0.1 ng.g -1 to 100ng.g -1 .

Nevertheless, the fact that bioassays were conducted with samples collected directly from the rivers and the swamp -and thus take into account the effects of the compounds detected with POCIS but also less polar compounds-compensates this limitation. Despite the fact that some estimations of sampling rates for the substances detected in the POCIS are published, we chose not to estimate the time weighted concentrations in the two investigated rivers, because the estimations would not have accurately reflected the real conditions of exposure (temperature, flow rate) we encountered. Further studies are required to effectively conclude on the full range of pesticides contaminating the Sebitoli area (especially for glyphosate and its metabolite aminomethylphosphonic acid-AMPA) and also for non polar compounds (e.g.

DDT).

We detected less chemicals in Munobwa River located at the foothill of tea plantation which are in the eastern part of the park, than in northern Mpanga River flowing in Nyamagere through the farmlands before reaching the western and southern parts KNP.

Among them the most abundantly detected, the insecticide carbofuran (2, 3-dihydro-2, 2dimethyl-7-benzofuranyl-N-methylcarbamate) has been used worldwide to control pests in crops such as sugarcane, rice, maize and coffee. In Ugandan neighbouring regions, carbofuran is used to safeguard banana trees from wilt disease but is also illegally used by pastoralists to poison lions in the Queen Elisabeth National Park to prevent predation of their cattle, a protected area neighbouring our research site, and to kill monkeys and birds that destroy crops [START_REF] Omoya | An assessment of availability and use of Carbofuran and other agro-vet chemicals used to poison lions, around Queen Elizabeth Conservation Area (QECA) and in Kampala, Uganda[END_REF]. Carbofuran has been banned in Europe since 2008 and has been reported to have relatively high toxicity in mammals (oral LD50 8-11 mg/kg in rats), invertebrates, fish and birds [START_REF] Gupta | Carbofuran toxicity[END_REF]. It should be handled with a lot of care to avoid environmental contamination [START_REF] Eisler | Carbofuran hazards to fish, wildlife, and invertebrates: a synoptic review[END_REF][START_REF] Government Of Canada | The hazard of carbofuran to birds and other vertebrate wildlife / Pierre Mineau[END_REF][START_REF] Hodgson | Pesticides and the future: toxicological studies of risks and benefits[END_REF][START_REF] Mineau | The hazard of carbofuran to birds and other vertebrate wildlife[END_REF][START_REF] Mineau | Pesticide acute toxicity reference values for birds[END_REF][START_REF] Trotter | Aquatic fate and effect of Carbofuran[END_REF]. For example in Western Kenya, a study conducted for only 10 months in a rice growing area within a 5 km radius reported that out of a total of 8659 birds exposed to carbofuran, 37% from 32 species succumbed to poison and were eaten by people who were not aware of the adverse effects of consuming intoxicated meat [START_REF] Odino | Measuring the conservation threat to birds in Kenya from deliberate pesticide poisoning: a case study of suspected carbofuran poisoning using Furadan in Bunyala Rice Irrigation Scheme[END_REF]. Another study linked carbofuran poisoning with the death of primates [START_REF] Botha | Confirmed organophosphorus and carbamate pesticide poisonings in South African wildlife[END_REF]. Moreover acute exposure to carbofuran can cause endocrine disruption in male rats [START_REF] Goad | Carbofuran-induced endocrine disruption in adult male rats[END_REF].

In KNP, river contamination highlighted the use of this chemical in fields neighbouring the protected area and the risk for predators such as the vulnerable golden cat (IUCN, 2019), which feeds on contaminated animals (rats and other small mammals feeding on crops). It also shows that there may be a risk for poachers consuming meat from park wildlife and possibly also from consuming the meat of domestic animals grazing close to the crop fields.

The second compound found with a high concentration in the Mpanga River close to farmers homes is the broad-spectrum fungicide, carbendazim (methyl-2-benzimidazole carbamate).

Carbendazim exhibits reproductive toxicity in male rats [START_REF] Gray | Carbendazim-induced alterations of reproductive development and function in the rat and hamster[END_REF]) and developmental toxicity resulting in developmental abnormalities such as embryonic death and growth retardation when administered to prenatal rats [START_REF] Cummings | Developmental effects of methyl benzimidazolecarbamate following exposure during early pregnancy[END_REF]. Administration of carbendazim's major metabolite benomyl to pregnant rats produced craniocerebral and systemic malformations including cleft palate, hydrocephalus and exencephaly in their offspring [START_REF] Ellis | Benomylinduced craniocerebral anomalies in fetuses of adequately nourished and proteindeprived rats[END_REF]. Those two compounds are found in Mpanga River (north and south locations) but not in Munobwa.

A third compound, DEET, is found in the three sites of water collection. Gestating female rats exposed to a pesticide mixture of DEET and permethrin had significant increases in the disease incidences of their descendants, by promoting epigenetic transgenerational inheritance of adult onset disease and sperm epigenetic biomarkers for ancestral environmental exposures [START_REF] Manikkam | Pesticide and insect repellent mixture (permethrin and DEET) induces epigenetic transgenerational inheritance of disease and sperm epimutations[END_REF].

Among substances reported to be used by farmers and tea growers [START_REF] Krief | Agricultural expansion as risk to endangered wildlife: Pesticide exposure in wild chimpanzees and baboons displaying facial dysplasia[END_REF], only two of them were detected: 2,4-D amine and dimethoate. Other products cited (chlorpyrifos, profenofos, metalaxyl-M, diammonium phosphate mancozeb, cypermethrin, paraquat) were not detected or under the limit of detection in the POCIS extracts. But more importantly, the 11 other compounds detected in the POCIS were not cited or known to be used by local people. This points out that the compounds were either detected due to long term persistence or that they were being used without the knowledge of local people. For example, we discovered that the red coat of what local farmers call "red maize" comprised of imidacloprid. None of the farmers planting "red maize" knew the reason for its colour and the composition of the coating of the maize sold by Kenyaseeds TM is not mentioned on the packet. However, today farmers have no choice but to use it because it is the only type of maize seeds sold in the neighbouring town.

By using bioassays to assess the thyroid or estrogen axis disturbing potential we determined that all of the whole water samples collected displayed significant endocrine disrupting effects.

Interestingly POCIS extracts re-solubilized in Evian water were also assessed in XETA assay resulting in different results -POCIS collected in Mpanga South and Munobwa area exhibited anti-thyroid activity in comparison with pro-thyroid activity of whole water samples from these regions. Taken together these results show that both the water and polar water extracts, exhibited thyroid disrupting activity. The disparities between the two sets of XETA results (whole water samples and POCIS extracts) could be due to the limitation of POCIS which accumulated polar chemicals but missing some chemicals e.g. glyphosate as mentioned above which can exert a more complex mixture (with opposite effects). Apart from endocrine axis activity screening, some of the whole water samples were also active in behavioural and morphological studies, which is not surprising as it has been previously documented that endocrine disruptors affect behaviour and development [START_REF] Frye | Endocrine Disrupters: A Review of Some Sources, Effects, and Mechanisms of Actions on Behaviour and Neuroendocrine Systems[END_REF][START_REF] Masuo | Neurotoxicity of endocrine disruptors: possible involvement in brain development and neurodegeneration[END_REF][START_REF] Patisaul | Endocrine Disruptors, Brain, and Behavior[END_REF][START_REF] Zoeller | Thyroid hormone action in fetal brain development and potential for disruption by environmental chemicals[END_REF]. Water collected from the swamp was not analysed with POCIS because there was no running water at the collection period, thus we do not know which compounds may be responsible for the opposing biological effects compared to the samples from the rivers.

The activity of the river samples and POCIS extracts is most likely driven by the mixture of compounds rather than by a single chemical. The three chemicals found in the POCIS samples at the highest concentrations (DEET, 2,4-D and carbofuran) do not affect estrogen and thyroid axis activity in the same direction as the water samples (based on published data -. Table S1). Among the most concentrated substances found with POCIS in the Mpanga River South, 2,4-D has been documented as an estrogenic compound [START_REF] Blair | The Estrogen Receptor Relative Binding Affinities of 188 Natural and Xenochemicals: Structural Diversity of Ligands[END_REF], however according to another study there is no evidence of interaction of 2,4-D with either the estrogen or thyroid axis [START_REF] Neal | Weight-of-the-evidence evaluation of 2,4-D potential for interactions with the estrogen, androgen and thyroid pathways and steroidogenesis[END_REF]. Carbofuran according to literature exhibits estrogenic [START_REF] Goad | Carbofuran-induced endocrine disruption in adult male rats[END_REF], thyroid [START_REF] Ibrahim | Sublethal toxicity of carbofuran on the African catfish Clarias gariepinus: Hormonal, enzymatic and antioxidant responses[END_REF] or anti-thyroid activity [START_REF] Hadie | The Effect of Carbofuran on Thyroid Gland of Male Rats[END_REF]. To the author's best knowledge, no studies documented adverse effects of DEET on either the thyroid or estrogen axis. However, there is evidence of neurotoxicity of this compound [START_REF] Corbel | Evidence for inhibition of cholinesterases in insect and mammalian nervous systems by the insect repellent deet[END_REF][START_REF] Wright | Reproductive and developmental toxicity of N,N-diethyl-m-toluamide in rats[END_REF]. The anti-estrogenic activity of prothyroid river samples could be also explained by an aromatase inhibiting potential of the mixture of chemicals present in the water. It has been previously demonstrated that thyroid active substances act as anti-estrogens via inhibition of aromatase-the enzyme crucial for the conversion of testosterone to estradiol [START_REF] Simpson | Aromatase Cytochrome P450, The Enzyme Responsible for Estrogen Biosynthesis[END_REF][START_REF] Spirhanzlova | Oestrogen reporter transgenic medaka for non-invasive evaluation of aromatase activity[END_REF].

Because the water of the two rivers (Mpanga and Munobwa) exhibit comparable endocrine disrupting activity, we expect that only compounds found in all three river sites (ametryn, DEET, metolachlor and picaridin) or compounds not detected/sampled by the POCIS may be responsible for the activities detected using the bioassays conducted on the whole water samples. Among them, metolachlor has been reported to exhibit pro-thyroid and estrogenic activity. We did not find any evidence related to the thyroid or estrogen axis disrupting activity of ametryn, picaridin and DEET. Among the compounds found in the Mpanga River samples, only carbaryl, carbendazile and imidacloprid have been reported to exhibit antiestrogenic activity, however published scientific studies regarding the activity of these compounds on the thyroid axis differ (Table S1) and they were not detected in Munobwa. However, this first set of results is of major interest in understanding the consequences and risks of exposure to agricultural chemicals, both for wildlife living in a national park surrounded by human activities and for humans living in such an environment. The thirteen compounds detected in Mpanga River were consistently found in the two sites (north and south) of the river, with some chemicals being even more concentrated in the south of the river. Such results show that even at almost 5 kilometres from the contamination site, the water is carrying agricultural compounds and wildlife may be exposed.

Such results are worrying because a significant proportion (25%) of 100 wild chimpanzees (Pan troglodytes schweinfurthii) living in Sebitoli area, especially immature and young adults, display congenital facial dysplasia (cleft lip, arrhinia) along with reproductive problems [START_REF] Krief | Facial dysplasia in wild chimpanzees[END_REF][START_REF] Krief | Two Cases of Cleft Lip and Other Congenital Anomalies in Wild Chimpanzees Living in Kibale National Park, Uganda. Cleft Palate-Craniofacial J. Off[END_REF] as do 30 baboons (Papio anubis) sharing the same habitat [START_REF] Lacroux | Facial dysplasia in wild forest olive baboons (Papio anubis) in Sebitoli, Kibale National Park, Uganda: Use of camera traps to detect health defects[END_REF]. Facial congenital deformities have never been reported in wild primates in their natural environment prior to our recent publications. Considering that two different species of primates are affected, we can speculate, that environmental factors might be responsible for the occurrence of facial malformations rather than genetics. It is well known, that thyroid hormones are crucial for correct craniofacial development [START_REF] Gamborino | Role of Thyroid Hormone in Craniofacial and Eye Development Using a Rat Model[END_REF]. In this study, we demonstrated, that the mixture of chemicals in Sebitoli rivers exhibit thyroid disrupting activity in Xenopus larvae. As the HPT axis is highly conserved throughout vertebrates, our findings suggest, that the high occurrence of facial malformations in the chimpanzee and baboon population in KNP might be connected to the presence of pesticides with endocrine disrupting properties in the area.

The next steps of the survey will include the quantification of glyphosate and the use of bioassays to determine the effect played by the different compounds in the mixture complemented by the detection of pesticides in chimpanzee hair.

Conclusion

Chemical analysis of POCIS extracts revealed the presence of 13 pesticides amongst them, four (ametryn, DEET, metolachlor and picaridin) were common for all sampling sites in the North part of Kibale national park. Samples collected at the edge of and within the protected area exhibited thyroid and estrogen disrupting activity in two aquatic species and affected the development and the behaviour of Xenopus tadpoles. Our observations should act as an alert to increase monitoring of human health and to reduce and control the use of phytochemicals on crops in the aim of preserving wildlife to this underestimated threat. 

  not affect the mobility of the tadpoles (Fig 3A, C). Tadpoles exposed to water from Mpanga River South behaved normally until the middle of the trial when they stopped reacting to the light stimuli and their mobility significantly decreased (Fig 3B). Tadpoles exposed to samples from Munobwa exhibited decreased mobility during the whole trial and were indifferent to light/dark stimuli (Fig 3D).
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