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            Abstract
Emerging fungal pathogens pose a greater threat to biodiversity than any other parasitic group1, causing declines of many taxa, including bats, corals, bees, snakes and amphibians1,2,3,4. Currently, there is little evidence that wild animals can acquire resistance to these pathogens5. Batrachochytrium dendrobatidis is a pathogenic fungus implicated in the recent global decline of amphibians6. Here we demonstrate that three species of amphibians can acquire behavioural or immunological resistance to B. dendrobatidis. Frogs learned to avoid the fungus after just one B. dendrobatidis exposure and temperature-induced clearance. In subsequent experiments in which B. dendrobatidis avoidance was prevented, the number of previous exposures was a negative predictor of B. dendrobatidis burden on frogs and B. dendrobatidis-induced mortality, and was a positive predictor of lymphocyte abundance and proliferation. These results suggest that amphibians can acquire immunity to B. dendrobatidis that overcomes pathogen-induced immunosuppression7,8,9 and increases their survival. Importantly, exposure to dead fungus induced a similar magnitude of acquired resistance as exposure to live fungus. Exposure of frogs to B. dendrobatidis antigens might offer a practical way to protect pathogen-naive amphibians and facilitate the reintroduction of amphibians to locations in the wild where B. dendrobatidis persists. Moreover, given the conserved nature of vertebrate immune responses to fungi5 and the fact that many animals are capable of learning to avoid natural enemies10, these results offer hope that other wild animal taxa threatened by invasive fungi might be rescued by management approaches based on herd immunity.
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                    Figure 1: Effects of 0, 1 or 2 previous exposures to live Batrachochytrium dendrobatidis (Bd) on the proportion of time that toads (Bufo quercicus) spent on the Bd-positive side of a test chamber in two experiments (Experiment 1: circles, Experiment 2: squares).[image: ]


Figure 2: Effects of 1â€“4 exposures to Batrachochytrium dendrobatidis (Bd) on Bd abundance per gram of frog and frog (Osteopilus septentrionalis) survival.[image: ]


Figure 3: Effects of 0â€“4 exposures to live Batrachochytrium dendrobatidis (Bd) on immune parameters of frogs (Osteopilus septentrionalis).[image: ]
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Extended data figures and tables

Extended Data Figure 1 Cumulative survival of Osteopilus septentrionalis.
a, b, Cuban treefrog survival in the first (a) and second immunological resistance experiments (b) with 1, 2, 3 or 4 exposures (previous infections were cleared with heat) to live Batrachochytrium dendrobatidis (Bd). Mortality was greater in the second immunological resistance experiment because we provided six weeks for Bd to grow on the frogs after the final Bd exposure, whereas the frogs were cleared of Bd after only 11Â days of growth in the first immunological resistance experiment so that we had ample frog survival for subsequent immunological analyses. Naivety was based on the state of the frog before Bd exposure during the fourth exposure period; thus frogs exposed to Bd for the first time during the fourth exposure period were classified as naive because they had not previously been exposed to Bd.


Extended Data Figure 2 Effects of 1â€“4 exposures to Batrachochytrium dendrobatidis (Bd) on Bd abundance on frogs (Osteopilus septentrionalis; not standardized by weight).
a, b, Effects of exposures on mean Bd abundance (zoospore genome equivalents (GE)Â Â±Â s.e.m.) after exposure period 3 in the first immunological resistance experiment (a) and exposure period 4 in the second immunological resistance experiment (live Bd exposures: circles and solid line; dead Bd exposures: squares and dotted line) (b). The best-fit lines are based on predicted values from the implemented zero-inflated negative binomial. Naivety was based on the state of the frog before Bd exposure during the focal exposure period (third or fourth exposure period depending on what is being displayed). Thus, frogs exposed to Bd for the first time during the focal exposure period were classified as naive because they had not previously been exposed to Bd.


Extended Data Figure 3 Effects of 0â€“4 exposures to live Batrachochytrium dendrobatidis (Bd) on the abundance and efficacy of skin peptides extracted from frogs (Osteopilus septentrionalis).
a, Mean (Â±Â s.e.) skin peptide abundance (n = 8, 9, 17, 17, and 18 for 0â€“4 Bd exposures, respectively). b, Mean (Â±Â 95% confidence interval) efficacy of skin peptides at inhibiting Bd, measured as the difference between Bd growth rate in the presence and absence of a standardized concentration of skin peptides (n = 8, 8, 10, 11, and 10 for 0â€“4 Bd exposures, respectively). See Methods for details on how Bd was quantified and growth rates were calculated. Naivety was based on the state of the frog before Bd exposure during the fourth exposure period; thus frogs exposed to Bd for the first time during the fourth exposure period were classified as naive because they had not previously been exposed to Bd.


Extended Data Figure 4 Cumulative survival of Osteopilus septentrionalis in the second immunological resistance experiment with 1, 2, 3 or 4 exposures to dead Batrachochytrium dendrobatidis (Bd) followed by an exposure to live Bd.
Naivety was based on the state of the frog before Bd exposure during the fourth exposure period; thus frogs exposed to Bd for the first time during the fourth exposure period were classified as naive because they had not previously been exposed to Bd.


Extended Data Table 1 Description of when exposure to live or dead Batrachochytrium dendrobatidis (Bd) occurred (designated by x) during the first and second immunological resistance experimentsFull size table


Extended Data Table 2 Number of frogs swabbed for, and infected with, Batrachochytrium dendrobatidis (Bd) before each experiment began, and clearance temperatures, number of frogs cleared of Bd, and number of Bd clearances (includes multiple clearances per frog) in each experimentFull size table


Extended Data Table 3 Sample size, Batrachochytrium dendrobatidis (Bd) prevalence, and mortality from each experimentFull size table
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The fungal pathogen Batrachochytrium dendrobatidis, or Bd, has been implicated in the declines of many amphibian species worldwide. There has been little evidence that amphibians can acquire resistance to this pathogen, but now Jason Rohr and colleagues present experiments on several amphibian species, including the Cuban tree frog Osteopilus septentrionalis, shown here, that demonstrate that frogs can learn to avoid the pathogen, can overcome Bd-induced immunosuppression after repeated exposure, and can be immunized against it using dead pathogen. Conservation projects have removed threatened amphibian species from Bd-positive habitats and are breeding them in captivity. Using vaccines to induce resistance in captive-bred amphibians prior to a return to the wild could make it possible in the future to repopulate areas that have seen catastrophic declines.
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