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At least 32% of amphibian species are threatened or extinct (Stuart et al., 2004; IUNC, 2017). Amphibians are thought to be especially sensitive to a milieu of stressors because they rely on their skin to regulate fluid balance, ion transport, and respiration. The important role that amphibian skin plays in these critical physiological processes makes them vulnerable to desiccation and environmental pollutants (McCoy and Guillette, 2009). Amphibian skin, also plays a critical role in regulating health by producing antioxidants (Liu et al., 2010), antimicrobial peptides (reviewed in Rollins-Smith et al., 2005, 2011), and by harboring diverse microbial communities that protect against pathogens (Harris et al., 2006). The symbiotic skin bacteria that persist in the presence of antimicrobial mucosal peptides can inhibit pathogen colonization and infection of the skin (Woodhams et al., 2007; Piovia-Scott et al., 2017). Thus, the skin microbiome is an essential part of the amphibian's innate immune system, and changes to the skin microbiome can lead to higher mortality (Harris et al., 2009a).

It is thought that host-mediated microbiome selection can result in disease resistant phenotypes (reviewed in Mueller and Sachs, 2015). The infectious skin disease, chytridiomycosis, caused by the fungal species Batrachochytrium dendrobatidis (Bd) is responsible for more than 200 amphibian population declines and extinctions (Skerratt et al., 2007). Importantly, those amphibian populations that successfully persist in the presence of this fungal pathogen include more individuals with (culturable) skin bacterial isolates that produce antifungal compounds compared to amphibian populations that experience major BD-induced declines (Woodhams et al., 2007; Harris et al., 2009a; Rebollare et al., 2016).

Colonization of skin-associated microbes varies over the amphibian life stage, especially before and after metamorphosis (Kueneman et al., 2014, 2016). Changes in microbiome composition over amphibian life stages influences disease suppression. Resident skin bacteria are known to compete for available space and nutrients leading to Bd inhibition and play a critical role in limiting the colonization and establishment of Bd zoospores of various amphibian species (reviewed in Bletz et al., 2013). For example, in Colorado's boreal toads Anaxyrus boreas early life stages depended on the skin microbiome to enhance immune function (Kueneman et al., 2016). Specifically, during the tadpole life stage, microbiomes were enriched in Bd-inhibitory bacteria and reduced in fungal taxa (Kueneman et al., 2016). How early microbiome communities influence the structure of later (metamorph and adult) microbiomes and resistance to Bd is unknown, but data presented below suggests that priority effects might control susceptibility. Determining the environmental factors that alter amphibian microbiomes will inform strategies for mitigating the devastating effects of infectious skin diseases such as Bd (Jiménez and Sommer, 2016).

Pollution influences microbial communities across many contexts, and could be influencing amphibian skin microbiomes leaving species more vulnerable to infectious diseases. In fact, microbial communities are typically the first taxa to respond to synthetic chemicals (Lew et al., 2009). For example, polychlorinated biphenyls (PCBs) and heavy metals are known to alter amphibian gut microbiomes (Kohl et al., 2015; Zhang et al., 2016). In fact, pesticides cause significant shifts in the composition of the GI microbiota across diverse taxa from honey bees to humans (Kakumanu et al., 2016; Velmurugan et al., 2017). Pesticides are also known to decrease soil microbial activity, alter microbial metabolic potential, and alter soil bacteria diversity (Lupwayi et al., 2009; Muñoz-Leoz et al., 2013; Jiao et al., 2017). Repeated annual application of the herbicide glyphosate over 4 years reduced beneficial soil organisms (i.e., free-living diazotrophs, arbuscular mycorrhizal fungi, and dark septate endophytes) in a warm-season grassland community (Druille et al., 2016). Pesticides also reduce microbial diversity and alter microbial community structure in aquatic systems (Muturi et al., 2017). In addition to pollutants affecting bacteria, microbes are also capable of metabolizing pollutants which can lead to variation in host responses (reviewed in Claus et al., 2016).

Here, we argue that if pollutants can directly alter gut, soil, and aquatic microbial communities, and microbial communities can alter toxicity, then environmental contaminants could play an important role in altering the amphibian skin microbiome and disease susceptibility (briefly reviewed in Rollins-Smith et al., 2011). Pollutants have contributed to amphibian declines, and agrochemicals are thought to be especially problematic in a number of contexts (Davidson et al., 2002; Hayes et al., 2006; Davidson and Knapp, 2007; McCoy et al., 2008). Pesticides are globally distributed, transported atmospherically, and are deposited and accumulate in areas where amphibian populations have suffered massive declines or extinctions (Daly et al., 2007a,b; Wania et al., 2007). For example, population declines, and extinctions of several California (USA) amphibian species are associated with wind-borne agricultural chemicals (Davidson et al., 2001, 2002; Sparling et al., 2001; Davidson, 2004; Davidson and Knapp, 2007).

Initially, the idea that pesticides were playing a role in amphibian declines seemed unlikely. Many amphibian declines occurred in natural ecosystems that had not experienced obvious human modification and were considered “pristine” environments. However, we now know that many remote ecosystems, such as the artic and relatively isolated montane forests, are contaminated with synthetic pollutants from distant origins (Sonne et al., 2004; Daly et al., 2007a,b; Wania et al., 2007). Soils in some neotropical montane forests in Costa Rica have much higher concentrations of pesticides than what is found elsewhere in the country (Daly et al., 2007a). Some of the pollutants accumulating in remote montane regions of Costa Rica are known to disrupt the endocrine system and can lead to reproductive feminization [e.g., organochlorines (reviewed in Hayes and Hansen, 2017)]. The unusual female-biased sex ratios observed before devastating chytridiomycosis-induced declines that occurred in Costa Rica suggest that endocrine disrupting pesticides in conjunction with skin infectious disease, could have played an important role in the species declines and extinctions occurring in the region (Lips, 1998).

Many pesticides are known immunotoxins and increase host susceptibility to disease (Hayes et al., 2006; Coors et al., 2008), and this link has been known for more than two decades (e.g., reviewed in Banerjee et al., 1996). For example, exposure to the organochlorine DDT suppresses the humoral immune response, and atrazine exposure suppresses thioglycolate-stimulated recruitment of white blood cells and decreases phagocytic activity (Koner et al., 1998; Brodkin et al., 2007). Pollutants can also contribute to host stress and alter host microbiomes resulting in more disease susceptible hosts (reviewed in Alverdy and Luo, 2017).

Although the mechanisms are rarely determined, an increasing number of studies show interactions between pesticides and disease susceptibility. Although, some studies do not find this connection (Gaietto et al., 2014; Wise et al., 2014; Buck et al., 2015; Rumschlag and Boone, 2015), others have argued that these chemicals can facilitate emergence of infectious disease (e.g., Ross, 2002). For example, sublethal exposure of Rana clamitans to pesticides increased their susceptibility to trematode infection (Rohr et al., 2013). Some anti-fungal agents (e.g., itraconazole) have been used as therapeutics in hopes of clearing Bd infections (Garner et al., 2009; Berger et al., 2010; Cashins et al., 2013). The herbicide glyphosate and insecticide carbaryl reduce Bd growth in culture, but host-associated Bd growth was not tested (Hanlon and Parris, 2012). The herbicide atrazine and fungicide chlorothalonil were found to inhibit Bd growth in culture, and when associated with tadpoles (McMahon et al., 2013). Although, Bd infections were reduced they were not completely cleared, and atrazine is a reproductive toxicant that feminizes male frogs, and thus will not aid amphibian conservation efforts (McCoy and Guillette, 2009 reviewed in Hayes et al., 2011).

Pesticide exposure can have long lasting effects and influence vulnerability to disease later in life. Frogs that were exposed to atrazine as tadpoles experienced higher mortality when exposed to chytrid fungus post-metamorphosis relative to non-atrazine exposed animals with the same pathogen loads (Rohr et al., 2013), showing that early pesticide exposure influences later disease susceptibility. In another study, tadpoles that were exposed to one of three fungicides along with Bd showed similar Bd loads relative to the no-fungicide control. In contrast, individuals exposed to pesticides as tadpoles and then exposed to Bd as metamorphs (~2 months after fungicide exposure) had significantly greater Bd abundance and Bd-induced mortality than frogs similarly exposed to Bd but with no previous pesticide exposure (Rohr et al., 2017). Importantly, the fungicides used in these studies are all directly toxic to Bd, but paradoxically increased future Bd infections. One hypothesis that could explain the enhanced mortality induced by early pesticide exposure is that toxicants might alter the community shift that occurs during metamorphosis that establishes a healthy skin microbiome making exposed individuals less well protected against future infections. Indeed, Blanchard's Cricket Frog (Acris blanchardi) larvae exposed to 2.5 mg/L of the glyphosate containing pesticide Rodeo correlated with distinct skin bacterial communities compared to control Cricket Frogs (Krynak et al., 2017). Additional studies that investigate the effects of pesticide exposure on amphibian skin microbiome form and function are, in our opinion, desperately needed.

Here we argue that pesticides might exacerbate disease progression, transmission, and mortality by altering host-associated microbiomes in ways that enhance successful colonization of pathogenic microorganisms and increase virulence of colonizers. Environmental pollutants can also directly impact soil and aquatic environmental microbial communities (Lupwayi et al., 2009; Muñoz-Leoz et al., 2013; Karimi et al., 2017), which changes the microbial species pool available to colonize amphibian skin microbiomes. For example, microbial community richness and phylogenetic diversity were lowest at a coal ash contaminated site compared to reference sites (Hughey et al., 2016). Although, the skin microbiomes of the frogs from these sites were not compared, it is known that the microbial species pool in the environment are important for maintaining a diverse skin bacterial community (Loudon et al., 2014). It is possible that the coal ash-induced changes in the environmental microbial pool could alter the resident amphibian skin microbiome leaving them more susceptible to pathogens. However, a brief 12 h exposure of adult spring peepers (Pseudacris crucifer) to coal ash, which mimics a single night's breeding event, did not induce noticeable changes in skin microbiota (Hughey et al., 2016). The effects of chronic exposure to coal ash, or exposure at earlier life stages on the structure and function of the adult microbiome are still unknown.

Few studies have directly tested how pesticides, or other pollutants, affect the microbiome of amphibian skin or have determined how those alterations scale up to affect colonization by and virulence of pathogens. However, adult frogs that have reduced bacterial diversity as tadpoles have three times more parasitic worms than adults with unmanipulated microbiota as tadpoles. (Knutie et al., 2017). The identity of the pollutant or mixture, dose, and the life history stage in which the animal is exposed will determine the how the chemicals interact with the microbiome, specific disease organisms and host immune system (Jones et al., 2017). For example, skin peptide defenses were significantly reduced in newly metamorphosed foothill yellow-legged frogs (Rana boylii) after exposure to carbaryl. However, these changes did not result in altered survival, growth, or antimicrobial defenses in froglets that were also exposed to chytrid (Davidson et al., 2007). Not all pesticides, will induce immunotoxicity or interact with disease organisms (Buck et al., 2012), nor will we always identify effects if we focus on single concentrations of contaminants. Our challenge is to determine the contexts under which environmental contaminants are interacting with disease organisms.

We focus on pesticides as they are globally distributed and are known to induce amphibian population declines, but other types of pollutants affect microbial and amphibian communities. Before we can fully understand the interaction between toxicant exposure, disease, and their combined role in driving amphibian declines, we must understand how pollutants directly affect the amphibian skin (and gut) microbiome, the disease-causing microorganisms, and how those effects scale up to play a critical role in amphibian disease dynamics (Harris et al., 2006, 2009a,b). Pollutant-disease-microbiome interactions are critically understudied aspects of amphibian disease ecology.

AUTHOR CONTRIBUTIONS

KM and AP contributed to the development of the ideas, writing, and final approval of this manuscript. KM handled incorporating reviewers comments.

ACKNOWLEDGMENTS

We thank the reviewers for their thoughtful comments.

REFERENCES

 Alverdy, J. C., and Luo, J. N. (2017). The influence of host stress on the mechanism of infection: lost microbiomes, emergent pathobiomes, and the role of interkingdom signaling. Front. Microbiol. 8:322. doi: 10.3389/fmicb.2017.00322

 Banerjee, B. D., Koner, B. C., and Ray, A. (1996). Immunotoxicity of pesticides: perspectives and trends. Indian J. Exp. Biol. 34, 723–733.

 Berger, L., Speare, R., Pessier, A., Voyles, J., and Skerratt, L. F. (2010). Treatment of chytridiomycosis requires urgent clinical trials. Dis. Aquat. Org. 92, 165–174. doi: 10.3354/dao02238

 Bletz, M. C., Loudon, A. H., Becker, M. H., Bell, S. C., Woodhams, D. C., Minbiole, K. P., et al. (2013). Mitigating amphibian chytridiomycosis with bioaugmentation: characteristics of effective probiotics and strategies for their selection and use. Ecol. Lett. 16, 807–820. doi: 10.1111/ele.12099

 Brodkin, M. A., Madhoun, H., Rameswaran, M., and Vatnick, I. (2007). Atrazine is an immune disruptor in adult Northern Leaopard Frogs (Rana pipiens). Environ. Toxicol. Chem. 26, 80–84. doi: 10.1897/05-469.1

 Buck, J. C., Hua, J., Brogan Iii, W. R., Dang, T. D., Urbina, J., Bendis, R. J., et al. (2015). Effects of pesticide mixtures on host-pathogen dynamics of the amphibian chytrid fungus. PLoS ONE 10:e0132832. doi: 10.1371/journal.pone.0132832

 Buck, J. C., Scheessele, E. A., Relyea, R. A., and Blaustein, A. R. (2012) The effects of multiple stressors on wetland communities:pesticides, pathogens competing amphibians. J. Freshw. Biol. 57, 61–73. doi: 10.1111/j.1365-2427.2011.02695.x

 Cashins, S. D., Grogan, L. F., Mcfadden, M., Hunter, D., Harlow, P. S., Berger, L., et al. (2013). Prior infection does not improve survival against the amphibian disease chytridiomycosis. PLoS ONE 8:e56747. doi: 10.1371/journal.pone.0056747

 Claus, S. P., Guillou, H., and Simatos-Ellero, S. (2016). The gut microbiota: a major player in the toxicity of environmental pollutants? Biofilms Microbiomes 2:16003. doi: 10.1038/npjbiofilms.2016.3

 Coors, A., Decaestecker, E., Jansen, M., and De Meester, L. (2008). Pesticide exposure strongly enhances parasite virulence in an invertebrate host model. Oikos 117, 1840–1846. doi: 10.1111/j.1600-0706.2008.17028.x

 Daly, G. L., Lei, Y. D., Teixeira, C., Muir, D. C. G., Castillo, L. E., Jantunen, L. M. M., et al. (2007a). Organochlorine pesticides in the soils and atmosphere of costa rica. Environ. Toxicol. Chem. 41, 1124–1130. doi: 10.1021/es062349d

 Daly, G. L., Lei, Y. D., Teixeira, C., Muir, D. C. G., and Wania, F. (2007b). Pesticides in western Canadian mountain air and soil. Environ. Sci. Technol 41, 6020–6025. doi: 10.1021/es070848o

 Davidson, C. (2004). Declining downwind: amphibian population declines in California and historical pesticide use. Ecol. Appl. 17, 1892–1902. doi: 10.1890/03-5224

 Davidson, C., Benard, M. F., Shaffer, H. B., Parker, J. M., O'Leary, C., Conlon, M. J. (2007) Effects of chytrid carbaryl exposure on survival, growth skin peptide defenses in foothill yellow-legged frogs. Environ. Sci. Technol. 41, 1771–1776. doi: 10.1021/es0611947, et al.

 Davidson, C., and Knapp, R. A. (2007). Multiple stressors and amphibian declines- Dual impacts of pesticides and fish on yellow-legged frogs. Ecol. Appl. 17, 587–597. doi: 10.1890/06-0181

 Davidson, C., Shafer, H. B., and Jennings, M. R. (2002). Spatial tests of the pesticide drift, habitat destruction, UV-B, and climate-change hypotheses for California amphibian declines. Conserv. Biol. 16, 1588–1601. doi: 10.1046/j.1523-1739.2002.01030.x

 Davidson, C., Shaffer, H. B., and Jennings, M. R. (2001). Declines of the California red-legged frog- Climate, UV-B, habitat, and pesticides hypotheses. Ecol. Appl. 11, 464–479. doi: 10.1890/1051-0761(2001)011[0464:DOTCRL]2.0.CO;2

 Druille, M., García-Parisi, P., Golluscio, R., Cavagnaro, F., and Omacini, M. (2016). Repeated annual glyphosate applications may impair beneficial soil microorganisms in temperate grassland. Agric. Ecosyst. Environ. 230, 184–190. doi: 10.1016/j.agee.2016.06.011

 Gaietto, K. M., Rumschlag, S. L., and Boone, M. D. (2014). Effects of pesticide exposure and the amphibian chytrid fungus on gray treefrog (Hyla chrysoscelis) metamorphosis. Environ. Toxicol. Chem. 33, 2358–2362. doi: 10.1002/etc.2689

 Garner, T., Garcia, G., Carroll, B., and Fisher, M. (2009). Using itraconazole to clear Batrachochytrium dendrobatidis infection, and subsequent depigmentation of Alytes muletensis tadpoles. Dis. Aquat. Org. 83, 257–260. doi: 10.3354/dao02008

 Hanlon, S. M., and Parris, M. J. (2012). The impact of pesticides on the pathogen Batrachochytrium dendrobatidis independent of potential hosts. Arch. Environ. Contam. Toxicol. 63, 137–143. doi: 10.1007/s00244-011-9744-1

 Harris, R. N., James, T. Y., Lauer, A., Simon, M. A., and Patel, A. (2006). Amphibian pathogen Batrachochytrium dendrobatidis is inhibited by the cutaneous bacteria of amphibian species. Ecohealth 3, 53–56. doi: 10.1007/s10393-005-0009-1

 Harris, R. N., Brucker, R. M., Walke, J. B., Becker, M. H., Schwantes, C. R., Flaherty, D. C., et al. (2009a). Skin microbes on frogs prevent morbidity and mortality caused by a lethal skin fungus. ISME J. 3, 818–824. doi: 10.1038/ismej.2009.27

 Harris, R. N., Lauer, A., Simon, M. A., Banning, J. L., and Alford, R. A. (2009b). Addition of antifungal skin bacteria to salamanders ameliorates the effects of chytridiomycosis. Dis. Aquat. Organ. 83, 11–16. doi: 10.3354/dao02004

 Hayes, T. B., Anderson, L. L., Beasley, V. R., de Solla, S. R., Iguchi, T., Ingraham, H. Willingham, E., et al. (2011). Demasculinization and feminization of male gonads by atrazine: consistent effects across vertebrate classes. J. Steroid Biochem. Mol. Biol. 127, 64–73. doi: 10.1016/j.jsbmb.2011.03.015

 Hayes, T. B., Case, P., Chui, S., Chung, D., Haeffele, C., Haston, K., et al. (2006). Pesticide mixtures, endocrine disruption, and amphibian declines: are we underestimating the impact? Environ. Health Perspect. 114, 40–50. doi: 10.1289/ehp.8051

 Hayes, T. B., and Hansen, M. (2017). From silent spring to silent night: agrochemicals and the anthropocene. Elementa Sci. Anthropocene 5, 1–24. doi: 10.1525/elementa.246

 Hughey, M. C., Walke, J. B., Becker, M. H., Umile, T. P., Burzynski, E. A., Minbiole, K. P. C., et al. (2016). Short-term exposure to coal combustion waste has little impact on the skin microbiome of adult sprin. Appl. Mol. Microbiol. 82, 3493–3502. doi: 10.1128/AEM.00045-16

 IUNC (2017). The IUCN Red List of Threatened Species [Online]. Available online at: http://www.iucnredlist.org/initiatives/amphibians/analysis (Accessed Ocober 30, 2017).

 Jiao, S., Luo, Y., Lu, M., Xiao, X., Lin, Y., Chen, W., et al. (2017). Distinct succession patterns of abundant and rare bacteria in temporal microcosms with pollutants. Environ. Pollut. 225, 497–505. doi: 10.1016/j.envpol.2017.03.015

 Jiménez, R. R., and Sommer, S. (2016). The amphibian microbiome: natural range of variation, pathogenic dysbiosis, and role in conservation. Biodivers. Conserv. 26, 763–786. doi: 10.1007/s10531-016-1272-x

 Jones, D. K., Dang, D. T., Urbina, J., and Bend, R. J. (2017) Effect of Simultaneous amphibian exposure to pesticides an emerging fungal pathogen, Batrachochytrium dendrobatidis. Environ. Sci. Technol. 51, 671–679. doi: 10.1021/acs.est.6b06055

 Kakumanu, M. L., Reeves, A. M., Anderson, T. D., Rodrigues, R. R., and Williams, M. A. (2016). Honey Bee gut microbiome is altered by in-hive pesticide exposures. Front. Microbiol. 7:1255. doi: 10.3389/fmicb.2016.01255

 Karimi, B., Maron, P. A., Chemidlin-Prevost Boure, N., Bernard, N., Gilbert, D., and Ranjard, L. (2017). Microbial diversity and ecological networks as indicators of environmental quality. Environ. Chem. Lett. 15, 265–281. doi: 10.1007/s10311-017-0614-6

 Knutie, S. A., Gabor, C., Kohl, K. D., and Rohr, J. R. (2017). Do host-associated gut microbiota mediate the effect of an herbicide on disease risk in frogs? J. Anim. Ecol. 87, 489–499. doi: 10.1111/1365-2656.12769

 Kohl, K. D., Cary, T. L., Karasov, W. H., and Dearing, M. D. (2015). Larval exposure to polychlorinated biphenyl 126 (PCB-126) causes persistent alteration of the amphibian gut microbiota. Environ. Toxicol. Chem. 34, 1113–1118. doi: 10.1002/etc.2905

 Koner, B. C., Banerjee, B. D., and Ray, A. (1998). Organochlorine pesticide-induced oxidative stress and immune suppression in rats. Indian J. Exp. Biol. 36, 395–398.

 Krynak, K. L., Burke, D. J., and Benard, M. F. (2017). Rodeo™ Herbicide negatively affects blanchard's cricket frogs (Acris blanchardi) survival and alters the skin-associated bacterial community. J. Herpetol. 51, 402–410. doi: 10.1670/16-092

 Kueneman, J. G., Parfrey, L. W., Woodhams, D. C., Archer, H. M., Knight, R., and Mckenzie, V. J. (2014). The amphibian skin-associated microbiome across species, space and life history stages. Mol. Ecol. 23, 1238–1250. doi: 10.1111/mec.12510

 Kueneman, J. G., Woodhams, D. C., Van Treuren, W., Archer, H. M., Knight, R., and Mckenzie, V. J. (2016). Inhibitory bacteria reduce fungi on early life stages of endangered Colorado boreal toads (Anaxyrus boreas). ISME J. 10, 934–944. doi: 10.1038/ismej.2015.168

 Lew, S., Lew, M., Szarek, J., and Mieszczynski, T. (2009). Effect of pesticides on soil and aquatic environmental microorganisms—a short review. Fresenius Environ. Bull. 18, 1390–1395.

 Lips, K. (1998). Decline of a tropical montane amphibian fauna. Conserv. Biol. 12, 106–117. doi: 10.1046/j.1523-1739.1998.96359.x

 Liu, C., Hong, J., Yang, H., Wu, J., Ma, D., Li, D., et al. (2010). Frog skins keep redox homeostasis by antioxidant peptides with rapid radical scavenging ability. Free Radic. Biol. Med. 48, 1173–1181. doi: 10.1016/j.freeradbiomed.2010.01.036

 Loudon, A. H., Woodhams, D. C., Parfrey, L. W., Archer, H., Knight, R., Mckenzie, V., et al. (2014). Microbial community dynamics and effect of environmental microbial reservoirs on red-backed salamanders (Plethodon cinereus). ISME J. 8, 830–840. doi: 10.1038/ismej.2013.200

 Lupwayi, N. Z., Harker, K. N., Dosdall, L. M., Turkington, T. K., Blackshaw, R. E., O'donovan, J. T., et al. (2009). Changes in functional structure of soil bacterial communities due to fungicide and insecticide applications in canola. Agric. Ecosyst. Environ. 130, 109–114. doi: 10.1016/j.agee.2008.12.002

 McCoy, K. A., Bortnick, L. J., Campbell, C. M., Hamlin, H. J., Guillette, L. J., and St Mary, C. M. (2008). Agriculture alters gonadal form and function in the toad Bufo marinus. Environ. Health Perspect. 116, 1526–1532. doi: 10.1289/ehp.11536

 McCoy, K. A., and Guillette, L. J. (2009). “Endocrine disruptors,” in Amphibian Decline: Diseases, Parasites, Maladies, and Pollution, eds H. F. Heatwole and J. W. Wilkinson (Baulkham Hills, NSW: Surrey Beatty and Sons), 3208–3238.

 McMahon, T. A., Romansic, J. M., and Rohr, J. R. (2013). Nonmonotonic and monotonic effects of pesticides on the pathogenic fungus Batrachochytrium dendrobatidis in culture and on tadpoles. Environ. Sci. Technol. 47, 7958–7964. doi: 10.1021/es401725s

 Mueller, U. G., and Sachs, J. L. (2015). Engineering microbiomes to improve plant and animal health. Trends Microbiol. 23, 606–617. doi: 10.1016/j.tim.2015.07.009

 Muñoz-Leoz, B., Garbisu, C., Charcosset, J.-Y., Sánchez-Pérez, J. M., Antigüedad, I., and Ruiz-Romera, E. (2013). Non-target effects of three formulated pesticides on microbially-mediated processes in a clay-loam soil. Sci. Total Environ. 449, 345–354. doi: 10.1016/j.scitotenv.2013.01.079

 Muturi, E. J., Donthu, R. K., Fields, C. J., Moise, I. K., and Kim, C.-H. (2017). Effect of pesticides on microbial communities in container aquatic habitats. Sci. Rep. 7:44565. doi: 10.1038/srep44565

 Piovia-Scott, J., Rejmanek, D., Woodhams, D. C., Worth, S. J., Kenny, H., Mckenzie, V., et al. (2017). Greater species richness of bacterial skin symbionts better suppresses the amphibian fungal pathogen Batrachochytrium dendrobatidis. Microb. Ecol. 74, 217–226. doi: 10.1007/s00248-016-0916-4

 Rebollare, E. A., Hughey, M. C., Medina, D., Harris, R. N., Ibáñez, R., and Belden, L. K. (2016). Skin bacterial diversity of Panamanian frogs is associated with host susceptibility and presence of Batrachochytrium dendrobatidis. ISME J. 10, 1682–1695. doi: 10.1038/ismej.2015.234

 Rohr, J. R., Brown, J., Battaglin, W. A., Mcmahon, T. A., and Relyea, R. A. (2017). A pesticide paradox: fungicides indirectly increase fungal infections. Ecol. Appl. 27, 2290–2302. doi: 10.1002/eap.1607

 Rohr, J. R., Raffel, T. R., Halstead, N. T., Mcmahon, T. A., Johnson, S. A., Boughton, R. K., et al. (2013). Early-life exposure to a herbicide has enduring effects on pathogen-induced mortality. Proc. R. Soc. B Biol. Sci. 280, 20131502–20131502. doi: 10.1098/rspb.2013.1502

 Rollins-Smith, L. A., Ramsey, J. P., Pask, J. D., Reinert, L. K., and Woodhams, D. C. (2011). Amphibian immune defenses against chytridiomycosis: impacts of changing environments. Integr. Comp. Biol. 51, 552–562. doi: 10.1093/icb/icr095

 Rollins-Smith, L. A., Reinert, L. K., O'leary, C. J., Houston, L. E., and Woodhams, D. C. (2005). Antimicrobial peptide defenses in amphibian skin. Integr. Comp. Biol. 45, 137–142. doi: 10.1093/icb/45.1.137

 Ross, P. S. (2002). The role of immunotoxic environmental contaminants in facilitating the emergence of infectious diseases in marine mammals. Hum. Ecol. Risk Assess. 8, 277–292. doi: 10.1080/20028091056917

 Rumschlag, S. L., and Boone, M. D. (2015). How time of exposure to the amphibian chytrid fungus affects Hyla chrysoscelis in the presence of an insecticide. Herpetologica 71, 169–176. doi: 10.1655/HERPETOLOGICA-D-13-00070

 Skerratt, L. F., Berger, L., Speare, R., Cashins, S., McDonald, K. R., Phillott, A. D., et al. (2007). Spread of chytridiomycosis has caused the rapid global decline and extinction of frogs. EcoHealth 4:125. doi: 10.1007/s10393-007-0093-5

 Sonne, C., Dietz, R., Born, E. W., Riget, F. F., Kirkegaard, M., Hyldstrup, L., et al. (2004). Is bone mineral composition disrupted by organochlorines in east greenland polar bears (Ursus maritimus)? Environ. Health Perspect. 112, 1711–1716. doi: 10.1289/ehp.7293

 Sparling, D. W., Fellers, G. M., and McConnell, L. L. (2001). Pesticides and amphibian population declines in California, USA. Environ. Toxicol. Chem. 20, 1591–1595. doi: 10.1002/etc.5620200725

 Stuart, S. N., Chanson, J. S., Cox, N. A., Young, B. E., Rodrigues, A. S. L., Fischman, D. L., et al. (2004). Status and trends of amphibian declines and extinctions worldwide. Science 306, 1783–1786. doi: 10.1126/science.1103538

 Velmurugan, G., Ramprasath, T., Gilles, M., Swaminathan, K., and Ramasamy, S. (2017). Gut microbiota, endocrine-disrupting chemicals, and the diabetes epidemic. Trends Endocrinol. Metabol. doi: 10.1016/j.tem.2017.05.001

 Wania, F., Shen, L., Teixeira, C., and Muir, D.C.G. (2007). Accumulation of current-use pesticides in neotropical montane forests. Environ. Sci. Technol. 41, 1118–1123. doi: 10.1021/es0622709

 Wise, R. S., Rumschlag, S. L., and Boone, M. D. (2014). Effects of amphibian chytrid fungus exposure on American toads in the presence of an insecticide. Environ. Toxicol. Chem. 33, 2541–2544. doi: 10.1002/etc.2709

 Woodhams, D. C., Vredenburg, V. T., Simon, M.-A., Billheimer, D., Shakhtour, B., Shyr, Y., et al. (2007). Symbiotic bacteria contribute to innate immune defenses of the threatened mountain yellow-legged frog, Rana muscosa. Biol. Conserv. 138, 390–398. doi: 10.1016/j.biocon.2007.05.004

 Zhang, W., Guo, R., Yang, Y., Ding, J., and Zhang, Y. (2016). Long-term effect of heavy-metal pollution on diversity of gastrointestinal microbial community of Bufo raddei. Toxicol. Lett. 258, 192–197. doi: 10.1016/j.toxlet.2016.07.003

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 McCoy and Peralta. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers
in Microbiology

Pesticides Could Alter Amphibian
Skin Microbiomes and the Effects of
Batrachochytrium dendrobatidis









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Microbiology





