University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Grogan, LF;Cashins, SD;Skerratt, LF;Berger, L;McFadden, MS;Harlow, P;Hunter,
DA;Scheele, BC;Mulvenna, J

Title:
Evolution of resistance to chytridiomycosis is associated with a robust early immune
response

Date:
2018-02-01

Citation:

Grogan, L. F.,, Cashins, S. D., Skerratt, L. F., Berger, L., McFadden, M. S., Harlow, P., Hunter,
D. A, Scheele, B. C. & Mulvenna, J. (2018). Evolution of resistance to chytridiomycosis is
associated with a robust early immune response. Molecular Ecology, 27 (4), pp.919-934.
https://doi.org/10.1111/mec.14493.

Persistent Link:
https://hdl.handle.net/11343/284955



N o g b~ WN P

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

DR. LAURA FRANCES GROGAN (Orcid ID : 00600022553 7598)

Article type™ : Original Article

Evolution of resistanceto chytridiomycosisis associated with a

robust early immune response

Laura.F. Grogal?”, Scott D. CashifdsLeeF. Skerratt, LeeBergef, Michael S.
McFaddefi, Peter Harlow; David A. Huntet, Ben C. Scheelé & Jason Mulvenrfd

! One Health Research Groufollege ofPublic HealthMedical and Veterinarciences,
James Cook University, Angus Smith Drive, Townsville, Queensland 4811, Australia.

2 Griffith Wildlife Disease Ecology Group, Environmental Futures Researdituiies School
of Envirenment;Griffith University, Nathan, Queensland 4111, Australia.

®Taronga Conhservation Society AustraBaadleys Head Road, MosmanSW 2088,
Australia.

*Ecosystems and Threatened Species, South West Region, Office of Environment and
Heritage, NSW-Department of Premier and Cabihkt-arrer Street, QueanbeyaligW
2620, Australia.

®Fenner Scheel of Environment and Society, Australian National University, Canb€ffa, A
0200, Australia.

®School of Biomedical ScienceBhe University of Queensland, Brisbane, QLD 4072,
Australia.

"Genetics and Computational BiologylMR Berghofer Medical Research Institug0
Herston RoadygBrisban®ueensland 4006, Australia

This is the author manuscript accepted for publication and has undergone full peer review but
has not been through the copyediting, typesetting, pagination and proofreading process, which
may lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1111/mec.14493

This article is protected by copyright. All rights reserved


https://doi.org/10.1111/mec.14493�
https://doi.org/10.1111/mec.14493�

31
32
33
34
35
36
37
38
39
40
41
42
43
44

45

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

Keywords:Batrachochytrium dendrobatidishytridiomycosis, next generation sequencing,

resistance, transcriptomics, gene expression

" Correspondingsauthor

Name: Laura"Grogan

Current address: Griffith Wildlife Disease Ecolo@youp, Environmental Futures Research
Institute;'Sehoolof Environment, Griffith University, Nathan, Queensland, 4111, Aastrali
Tel: (+61 4)'0225 5204

Email:l.grogan@agriffith.edu.au

Running title:Chytridiomycosis and immune gene expression

Word count6;753 (Introduction, Materials and Methods, Results, and Discussion)

ABSTRACT

Potentiating.the.evolution of immunity is a promising strategy for addressing b&itiver
diseases. Assisted selection for infection resistance may enable the recovery and persistence
of amphibians:threatened by chytridiomycosis; a devastating fekgadlisease threatening
hundreds of species globally. However, knowledge of the mechanisms involved in the natural
evolution efimmunity to chytridiomycosis is limited. Understanding the mechanisrstof s
resistance/may help speed asskstel@ction. Using a transcriptomics approach we examined
gene expression responses of endangered alpine treelfitogs (verreauxii alping to

subclinical infection, comparing two long-exposed populations with a naive population. We
performed a blinded, randomized and controlled exposure experiment, colleatingysk

and spleenissuesat4, 8 and 14 days post-exposure from 51 wild-caagptivelyreared
infectionrnaive adult frogs for transcriptome assembly and differential gene expression
analyses. We.analysed our results in conjunction with infection intefesiand the results

of a largeelinical survival experiment run concurremtlth individuals from the same

clutches. Here we show that frogs from an evolutionarily long-exposed and phenotypically
more resistant population of the highly susceptible alpine tree frog demonstrate a more robust
innate and adaptive immune responsdairitical early subclinical stage of infection when
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compared with two more susceptible populations. These results are consistent with the
occurrence of evolution of resistance against chytridiomycosis, help to explaityungder
resistance mechanismsdaprovidegenes of potential interest and sequence dafatime
research. We reecommend further investigation ofroelliated immunity pathways, the role
of interferonsrand mechanismoslymphocyte suppression.

INTRODUCTION

The emergence of biodivergitliseases that worséme conservation status wildlife species
is of increasing.global concer@ oganet al. 2014). Spread of chytridiomycosis, a skin
disease caused/by fungal pathoBatrachochytrium dendrobatid{8d), has devastated
amphibian 'species around the worl8kirrattet al. 2007), but is now endemic in most
climatically*suitable region@~isheret al.2009; Kinneyet al.2011; Murrayet al. 2011).
Despite endemism, many populations continue to be threatened by chytridiomytosas/ (
et al.2009; Phillottet al. 2013; Scheelet al. 2015; Scheelet al.2017; Skerratét al. 2016).
Development and implementationiofsituinterventions for managg these populations are
still in theirinfancy(Boschet al. 2015; Scheelet al.2014b) Selection for evolved resistance
or tolerance to'diseasedtzeen suggested as a possible styategpromoting longeerm
population-persistence and assisting the successful repatriagarsibficaptive colonies
(Scheeleet al. 2014b; Skerratet al. 2016; Veneskyet al. 2012). The evolution of resistance
or toleranceshas:been denstrated in other wilidfe (Atkinsonet al.2013),such aghe
resistance/acterial infection wittMycoplasma gallisepturm the North American house
finch (Carpodacuc mexicanygBonneaucet al. 2011).

Individual, population and speciésrel differences in susceptibility to chytridiomycosis
suggest immunologic management strategieossibléScheeleet al. 2014b; Searlet al.
2011). However, many nammune factors also determine disease manifestatamations

in autecology,behaviour, environment and pathogen sBangeret al. 2005a; Koprivnikar

et al.2011uMurray & Skerratt 201Rowley & Alford 2007). The broad host and geographic
range of chytridiomycosis hassomade itdifficult to draw parallels across species and
systemsand hence find generic solutior@@lgonet al. 2013) The ampibian immune

response to pathogens, similar to other vertebrates, is extremely complex, involvergusim
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93 cell types and hundreds of interacting molecular path\ysphy 2012; Robert & Ohta
94  2009) This complexiy makes it difficult not only to isolate the effects of individual
95 components, but also to understand their relative importance within the whoha syste
96 (Ramse)et:al.2010). &veral immunealeterminants of susceptibility have been identified to
97 date, includingsantmicrobialskin defense peptidesymbiotic skin bacteria and their anti
98 fungal metabolitesmmune cellsand their responses to Bairess metaboliteandexpression
99  of major‘histecompatibility complex (MHC) gendBataille et al. 2015; Bergeet al. 2005b;
100 Cashinset al'2013; Fiteset al. 2013; Holden & Rollins-Smith 2014; McMahet al. 2014;
101 Pasket al.2013; Ramsewgt al. 2010; Savage & Zamudio 2011; Youeal.2014).
102
103 Key elements of selény for evolved resistande chytridiomycosis involve 1¢videncefor
104 the evolution"ofresistance in amphibian populations, 2) understanding the underlying
105 mechanismsssociated witlevolved resistance, and 3) identification of molecular and genetic
106 targets for'markeassisted setgion (MAS) —an approach thditas been successfully used for
107 selecting disease resistance in plant and animal agric(lieeeset al. 2010; Ragimekulat
108 al. 2013). Two studiebave madenitial progress towardhese goals bgxaminng MHC
109 gene expression and celating this withsurvivalin clinical experimerg and in wild
110 populations Batailleet al. 2015; Savage & Zamudio 201 1ndicating likelyselection for
111 resistance.atithe, MHC locus. While sudnetargeted approachean yield important
112 information about the pential evolution of resistand®eyer & Thomson 2001), thapay
113 overlookthespetentially multifactorial nature of protective immuratyd other key
114 components of the immune system that provide protection.
115
116 Dynamic gene expression in response to afigimycosis has beanvestigated with
117  alternativenontargeted approachesseveralktudies(Ellison et al.2014; Ellisoret al. 2015;
118 Priceet al.2015; Riba®t al. 2009; Rosenblurat al. 2012; Rosenblurat al.2009), however
119 none have examined the potential for evolution of resistance within speciesatent gene
120 expression responsesdemonstrated clinical survivdtarly wholegenome microarray
121 studies found little evidence for a robust immune response in skin, liver and sgdeeof
122 exposed frogat various times since exposure (samplegl @ 16 and 42 days post exposure;
123 DPE) in three susceptible speciggfopus (Silurana) tropicalikana muscosandR.
124  sierrag (Ribaset al. 2009; Rosenblurat al.2012; Rosenblurat al. 2009). In contrast, a
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recent trascriptomis study found high expression of immuamesociated transcripts in the
skin and spleen of moribundgmpled aR2-33 DPE)Atelopus zeteKa highly susceptible
species) in conjunction with decreased expression of lymphasgtziated transcripts in the
spleen(Ellison et;al. 2014). Furthermore, when compared with two tastsCraugastor
fitzingeri andAncallidryag and one other susceptible specikesglyphu$, Ellisonet al.

(2015) found.omparativelylower levels of immune response in skin and spleen tissues of
resistant’'species at peak infection loads (sampla8-&2 DPE), although only susceptible

species demonstrated suppression of spletuelllgenes.

These apparently conflicting levels of immune response observed between the different
studies may.be associated with differencesemsitivity of theanethodology (the former three
used microarrayRibaset al.2009; Rosenblurat al. 2012; Rosenblunet al. 2009;while the
latter two usedhighly sensitiveRNA-seq Ellisonet al.2014; Ellisoret al. 2019, differences

in the inherent susceptibility dlost species investigaté8earleet al. 2011), or thdikely
presencén the latter two studiesf confoundingmmungathology thamayoccur in late
stage infectior{de Graakt al. 2015) Hostpathogen infection interactions are highly
temporally dynamicHuanget al.2011) and are often characterized by many pratective
processes including escalating pathophysiology (disruptibomiostasis, tissue damage and
bacterial’Canfections) with increasing infection intensityrat may confound late stage
observationsRergeret al. 2005b). Thus, while investigating putative immune mechanisms
underlying clinically protective resistance itirmportantto consider early subclinical
responsesA'recent RNAseq studyy Priceet al. (2015) found a strongéalbeit small)
transcriptionalresponsd 4 DPEto Bd than tdRanavirusin liver tissue olRana temporaria

(a specieselativelyresistant to Bdbut susceptible tRanaviru3, however these results were
not linked with clinical evidence for resistance and greater sumvivatiividuals. hese
findingsshowthatcomparing thearly transcriptomic response between frogs with differing
clinical resistance to Bd has potential to identigwel andeffectiveimmunological changes

that are not confounded by late stage immunopathology.
In this study we used a non-targeted transcriptomics approach to investigatgingder!

immune mechanismbat may be associated with the evolution of resistance to

chytridiomycosisand may manifest in the early subclinical phase of infectémexamined
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157 infection responses thealpine tree frodLitoria verreauxiialpina) comparing frogs from a
158 naive population (Grey Mare) and fromva populations that had been exposed to the fungus
159 for approximately 20 years through many generations (Kiandra and Eucumbene).

160 Unfortunately, atsthe time of our study there were no other known naive populations

161 available, sdahesdlack of replication of the naive population was beyond our coweol.

162 characterized differential gene expression betweenagildyht captiveaisedadult frogs

163 comparingexerimentallyinfected and uninfected frogs between populations, samiplieg
164 different immuneassociated tissues (skin, spleen and liver) at various subclinicaboimis
165 post exposure (4, 8 and 14 day)e examinednfection intensities, and comparedr results
166  with survival curves from a large experiment undertaken concurrently with frogs from
167 identicalclutchesg(Batailleet al.2015; Grogan 2014; Groga&t al. 2018) The novelty of our
168 approach lies‘intanalysing gene expression in frogs raised from naive and long-exposed
169 populations*(@approximately-80 generations) that were concurrently assessed for

170 susceptibility by an infection experiment.

171

172 MATERIARLSAND METHODS

173  Study subjectsand husbandry

174  Fifty-oneBd-nave adult alpine tree frog& . alping were raised in Bahegative quarantine
175 conditionsgfrom wild-caught egg-masses until eight monthsmestmorphosis (Scientific

176 License number: S12848). The frogs were sourced from three geographically distinct

177 popdations around&osciuszko National Park, New South Wales, Australia (Gregah

178 2018). Twosefithe populations (Kiandra and Eucumbene) had beeexpoged to Bénd

179 had experienced marked declines associated with the spread of Bd in the 1980s (@sborne
180 al. 1999;:Scheelet al. 2014a), while a third population (Grey Mare) was naive to the

181 pathogen (Hunteet al. 2009; Scheelet al. 2016).The tissueresponsexperiment descrilue

182 herewas performed concurrent with, under identical conditions, and using frogs from the
183 same cohort as a larger exposure study examining survival respoimsesirvival

184 experiment invelved an additional 355 animals from 3-4 clutches from each of four

185 populations (99 frogs from Eucumbene, 80 frogs from Grey Mare, 100 frogs from Kiandra,
186 and 76 frogs from an additional site Ogilvies).

187
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Frogs were transferred to individual tubs several weeks prior to commertcatiee

exposire experimerstto allow for acclimatization. Prior to and during the experimatit

frogs were housed individually under clean and controlled laboratory conditioras fed
libitum, and observed daily by an experienced animal handler and/or veterinarian for health
status and elinicadigns of diseas&ull methodological detailfor bothtissueresponse and
survivalexperiments are presenteg Groganet al. (2018) @lsoseeBatailleet al. 2015 and
Grogan'2014).

Exposur e experiment

Frogs were confirmed negative to Bd prior to the commencement of the expsninaent
gPCR(seebelow). The tissuesponsexperiment consisted of 18 frogs from eath
Eucumbenerand Kiandra populations (including 6 negative control animals from each
population), and 15 frogs from Grey Mare (including 3 negative control animals; Table 3).
These frogs were sourced from Kiandra clutch B, Eucumbene clutch D and GregiMcie

B (seeGroganet al.2018).A Bd strain isolatedchearbyapproximately two years before was
used for inoculations (AbercrombieNPbooroolongens9-LB-P7), being maintained as
described previeusly (Cashiesal.2013). Thirtysix experimental animalsa the tissue
response experiment and 278 frogs in the survival experiment were individually exposed to
750,000 zoospores in 25ml dilute salts solu{fidb8S) Negative control groufsrogs were
treated similarly,. but we sham exposed with onSS Details of the survival experiment
exposurare described bgroganet al. (2018).Animal experiments were approved by James
Cook University Animal Ethics Committee (A1589), and were performed in accordahce w

the welfare requirements of the funding grant provided by Morris Animal Foundation.

Euthanasia, sampling and deter mining infection intensity via gPCR

A randomized_ block design was used to select 17 fbscatedamongst populations and
treatment.groupdpr each of three sampling sessions (performed at 4, 8 and 14 DPE
corresponding with subclinical infections). Immediately prior to euthanasia, iregs
swabbed to confirm infection status and quantify Bd infection intensity via gR@Rnass

and snoutirostyle length were recorded. Frogs were then humanely euthanized via double
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pithing, and a midline coeliotomy was performed for tissue collection. Tissllested
included ventral abdominal and thigh skin, liver and spleen, and these were imiypediate
trarsferred to RNAlater (Qiagen) and refrigerated overnight at 4 °C before beied st
longerterm at-80,°C. Gender was ascertained via examination of coelomic reproductive
organs andsforelimb nuptial pads on males. In brief, for the concurrent survival exggerime
frogs were ebservedhily and euthanized when they demonstrafedcal signs of disease
(describedin‘detally Grogaret al.2018). Bd infection intensity data (in zoospore
equivalents,;”ZSE) was collected via swabbing with a sterile dry swab, whichevastored
dry at 4 °C before being analyzed for Bd DNA with the TagMan real-time gPCR girotoc
(following Garlandet al. 2009; Hyattet al. 2007). Individual swabs were analyzed in

triplicate and each run includeah internal positive control.

RNA extractions.and Illumina sequencing

Total RNA was isolated from skin, liver and spleen tissue samples followimgahefacturer
protocolsfar 5-Prime PerfectPure RNA Tissue kits for liver and skin samples and Qiagen
RNeasy_mini Kits for spleen samples (the spleens were considerably smaller in volume), as
described byareganet al. (2018) RNAstable plates (Biomatrica) were used to ship total

RNA samples.dry and at room temperature. Total RNA quality and quewetieydetermined

via (1) Nanodrop 1000 (Thermo, DE, USgyectrophotometer, (2) fluorimetric RiboGreen
assay(Thermo,.DE, USA), and (3) capillary electrophoresis with Agilent BioAnal2260
(Agilent Technologies, CA, USA). Samples containing > 1 ug total RNA and having an RNA
Integrity Number (RIN) > 8 passed quality control. Library preparation and seqgeveia
performedat theMinnesota BioMedical Genomics Centre, US4p to 12 samples were
multiplexed on each flow cell lane, and sequencing was npeefd with the lllumina HiSeq

2000 (Illumina, San Diego, CA) generating > 10 million 100 bp pasretireads for each
sample. Base call data weremealtiplexed with CASAVA software 1.8.2 (lllumina, San

Diego, CA), generating .fastq files for each sample (Gregah 2018.

Data preparation, transcriptome assembly and functional annotation
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Sequenceead from each sample were examined for read quality using FastQC.
Trimmomatic 0.3QBolgeret al.2014)wasused tarim adapter sequences, crop random
hexamergHanseret al. 2010), perform sliding window trimming (window size 4, required
quality 15); trimflanking low quality bases, and remove reads with length < 75 bases, while
retaining widowed reads.i@ital normalization (DigiNormBrown et al. 2012 was used to
remove read.redundancy, aBdwtie (Langmeackt al. 2009) removed reads aligning to the
Bd genomeWethen generatede novaissuespecific transcriptome assembliggh Trinity
(Haaset alr2013 tissuespecific forlogistical reasors To reduce partial or erroneous
contigs, we mapped reads baclkite assembly and removed contigs with < 4 reads per
million mappable read$H@rrisonet al. 2012; Moghadaret al. 2013).Identification of the
protein coding regions in the assembled transcripts was performgdiuaimsDecoder
(Trinity). We'then used BLAST2GO version 3.3 (Conesal. 2009, with basic linear
alignment search tool (BLASTX) to assign sequences to-aause anuradatabase
consisting/of the Amphibia subset of the National Center for Biotechnology Informati
(NCBI) nontredundant protein database. We functionally annotatedasseimbledranscript
(gene)via BLAST2GOwith data from the Gene Ontology [GO] consortium, Enzyme Code
and Inter Pro (Jones al. 2014 database@letaikd by Grogaret al. 2018). For the purposes
of downstreamuinterpretations, we considered BLASTx annotations with a minimailteeV

of < 1x10%and.mean sequence similarityl0%.

Statistical analysis - differential gene expression, clustering and GO enrichment analyses

The R package’RSENLi & Dewey 2011) was used to quantify the abundance of genes and
isoforms in individual frog tissue samples in combination with the adegeribed tissue
specific assembled transcriptomes, generating tables of transcript couiihdadata for the
three populations and three tissue types were analysed independently. EdgeR from the
Bioconductor suite (Robinsaat al.2010) was then used to identsiatisticallydifferentially
expressed genes between experimental grongspendently for the various within-
population,comparisonsjising raw gene read counts as recommertgigaificantly
dysregulated transcripts were identified as those with FDR < 0.05 using Ba&rjtouhberg
multiple testing correction. Wiirst compared the withipopulation pooled unexposed

controlfrog samples with respective exposed frog samples taken at 4, 8 and 14 DPE within
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the three populations, to identify genes that were either up- or cexyatated relative to the
control baselin@f homeostatic gene expression. We then performete@enrichment
analysis (using Fisher's exact test and FDR < 0.05) on these sets of genes identified as
differentially expressed from each time comparison in order to determiclezhfunctional
profiles. Wesused thiellly annotated tissugpecific transcriptomsas the reference sefior
these analyse#s a quality control measure, we performed batch effect analysis on
unexposed eontrol frog samples from the three tissue types to identify any underlying

systematic-differences between sampling sessions (Suppiem Note S1, Fig. S1).

In a separate analysise performedtuclidean distance clustering identify broad

expression patterns of differentially expressed genes (categorized by populdtionigstie
type), incorporatingienes with FDR < 0.05 and lpfpld-change (log-C) > 1 (using Trinity

and customrseripts). After manual selection of major clusierglottedheatmaps with
individual frog samples (columns of the heatmaps) ordered by increasing infection intensity
within sampling period groups time-series fashion (‘heatmap.3' from R package GMD;
Zhao & Sandelin 20)2We similarly performed GO functional enrichment analgsighe
resulting cluster group®lus the full set of genes from all clustersy aboveagainst the

respective tissuspecific transcriptome reference set.

In order to specifidéy examine the expression mhmuneassociated gesgewe manually

extracted and.curated a list of differentially expressed genes with pumatiuene functions
for each papulation and sampling session. For this list, we searchedafqrian defined Ist
of termsrelatedto expected immune functions from among annotations for each gene

(derived from the BLASTx gene name/description and GO terms).

RESULTS

Experimental results

All 51 alpine tredrogs survivedhe duration of théssue responsexperiment (up to 14
DPE)without demonstrating clinical sigmd chytridiomycosis (muscle weakness, lethargy,
peripheral erythema or inability to maintain normal upright postireinographic data on

the sampled frogs including infection intensities assessegP@drpre-euthanasiat time of
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309 sampling are listed in Table Unexposed control group frogs remained uninfected for the
310 duration of the experiment except for one indeterminate result (one well posifive, <

311 zoospore equivalents, ZSE [Lva010 from Kiandra sampled at 8 DPE]). Exposed froge becam
312 infected Consistently testing positivexceptone indeterminate resultva399 from Kiandra
313 sampled at4*DRPEnd one negative result [Lva076 from Grey Mare sampled at 8 DPE]),
314 demonstrating.variable but increasiBd intensities through time. Mean capped intensities
315 (when the results curve was truncated corresponding to the highest gPCR staadaf),
316 2,200 and117261 ZSE for 4, 8 and 14 DPE respectively (without truncating floigtiest

317 gPCRstandard the 14 BPEaverage increased #1,482 ZSE). These infection intensities are
318 comparable to.those obsed/from wild alpine tree frog&cheeleet al. 2015).Frogs from

319 different populations did not differ significantly in their mean mass or smastyle length

320 (SUL) (one-way"ANOVA not assuming equal variances, F = 0.938, p = 0.398, 2 df for mean
321 mass; F =124283, p = 0.099, 2 df for SUL). Howewes,detected a significant difference in
322 log-transfarmed uncapped Bd infection intensities between exposed frogs from ¢he thre
323 populations at 14 DP®&ith samples fronbong-exposediandra demonstrating the lowest
324 intensities(F = 6.5924, p = 0.044, 2 df for lg§Z SE+1]; Table 1). In addition, an observable
325 (but nonsignifican) trend indicaéd lower infection intensities throbgut the thee sampling
326 sessiongn frogssfrom the Kiandra population (Fig. 1).

327

328 Intheconcurrentargesurvival experiment using other animals from these and additional
329 clutches(Batailleet al. 2015; Grogan 2014; Groga al. 2018) all frogsfrom the respective
330 clutchesdied by'86 DPE except for one frog from Kiandra. Howemezansurvival timefor

331 frogsfrom Kiandra was greater thémom populations Grey Mare and Eucumbene (Fig. 2).
332  Frogs from Kiandra (ClutcB; N = 2Q mean time to death for the 19 that died = 36 fays
333 survived forsignificantlylonger when compared with the other long-exposed population
334 Eucumbene (Clutch D; N = 19; mean time to death = 28;gays19, df = 1, p < 0.0001;

335 using theManteltHaenszel tesHarrington & Fleming 1982), and the naive population Grey
336 Mare (Clutch ByN =20; mean time to death = 27 day$;= 29.9, df = 1, p < 0.0001).

337 However;here was no evidence for a significant differencinie to deattbetween frogs

338  from Eucumbene and Grey Mare (3* = 0.7, df = 1, p = 0.41Comprehensive raw data records
339 for both these experiments are presentgdivoganet al. (2018)(also sedatailleet al. 2015
340 and Grogan 2014).
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RNA-seq data, transcriptome assembly and annotation

Total RNA:wassuccessfully extractedom all 152 skin, liver and spleen tisssamples

collected froamsfrogsThe amount of totdRNA extracted varied by tissue type and size; mean
total RNA extracted was 81.27 ug for liver samples (SD 45.58 ug; N = 51), 19.76 ug for skin
samples’(SD*8:51 ug; N = 51), and 5.47 ug for spleen samples (SD 1.69 ug; N = 50). Of these
samplesl48passed quality control with a quantity > 1 ug, and RINShgping at room
temperature using RNAstable plates did notesslely impact RNA quality or resuspended

mass. All 16 lllumina HiSeq 2000 flow cell lanes generated > 160 million ptessréhds (>

10 million reads/per sample). Average number of raw reads per sample for liver was
15,819,807,'SD1,940,924, N = 50; for skin was 15,220,337, SD 4,778,641, N = 51, for

spleen was*16y997,724, SD 2,302,778, N = 50; and overall total number of reads =
2,417,113,729. Phred quality scores were high within individual reads and across the data set
(average @bcore = 34.7; 99.9-999% base call accuracy). Trinity transcriptomes were
assemblede novofor each tissue, yielding 21,26%inity 'transcript clusters' (hereafter

referred to as genes) for livéd$,894 genes for skin; and 28,8¥énes for spleen tissues
(SupplementaryfableS1). These gene numbers are comparable with similanmaatel
amphibianspeciestie novaranscriptome assembli€sllison et al. 2015). Approximately

two thirdsof assembled genes were annotatét at least one significant hita BLASTXx

against the anuran non-redundant protein database (69.6% of total assembled genes from liver
tissues, 66¢7% skin, 64.9% spleen), and full gene ontology (GO) annotations were assigned to
marginally fewer (57.3% of total assembled genes from liver tissues, 54.4% skin, 52.5%

spleen)

General differential gene expression trends

Comparison of.gene expression levels betwesgativecontrol (uninfected) and exposed

frog groups revealed distinct grouping by population for all three tissue types uding m
dimensional scaling plots (Robinsenal.2010) (Fig. 3). @Gmpaing exposed with control

samples on a timseries basis (samples from 4, 8 and 14 D@&Sus ontrols within

population and tissue type group®vealedhe highest numbers dffferentialy expressed
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genesat the late subclinical infection time point (14 DRB&)ticularly in skin sample$ig. 4,
Supplementary Tables $&4). In addition, weobseved a trenaf decreasing gene
dysregulation in the skin samples at 14 DPE in frogs from Grey Mare, Eucumbene and
Kiandra respectivelyThe range of gene expression fold changefGgvalues varied
between approeximately 13 (upgulated relative to comtis) and -13 (dowmegulated) for all

differentially.expressed genes from all tissue $yffupplementary Tables S2-4).

We found little"overlapf differentially expressed genbstween population@vith control

samples taken as baselimepoth the live and spleen tissues, with greatest number of genes
shared between the two long-exposed populations Eucumbene and Kiandra (Figs. 5a and 5c¢
Micallef & Roadgers 2014)However, nany differentially expressed genes were foundeto b
shared between populations in the skin samples, particularly between samplde fram t
mostsusceptible populations Grey Mare and Eucumbene (total ofgeits shared between
Grey Mare and Eucumbene samples; Fig. ¥lenn diagrams for differentiallgxpressed

genes that were sharbdtween populations separated by sampling time post exposure can be
found in SupfementaryFigs. S2-S4.

Clustering and"gene ontology enrichment analysis

We identified 29 gene expressiariusters for each tissymopulation combination, anduster
expression patterns were most distinct in skin samples from Eucumbene and Gréyifida
6a and 6b)Heatmaps and clustgroupfold-change averag€fkig. 6, Table 2, and
SupplementaryFig. S5 and Table) &vealed a graduglincreasing timeseries trend in
gene expression iBucumbene and Grey Magkusters SkEucl and SkGre2, and a
correspondingly decreasing trend in SkEuc2 and SkGrel (Figs. 6a, 6b, and Tabisogy. A
distinct jump in expression was observed for skin sasifstbm Kiandra, whereby expressi
of genes in SkKia5 increaseaid SkKiaddecreased at 4 DPE relative to contr@kKial,
SkKia2 and SkKia3 containgdlatively few genes; Fig. 6and Table 2 This occurred
despite one frog sampled in the 4 DPE group recording only a low and indeterminantly

positive infection intensity (Lva399).
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401 GO enrichment analysis anajor skin clusters increasing expression through time from the
402 three populations (SkEucl, SkGre2 and SkKraSgaledsignificantoverfepresentatio of a
403 relatively large group of immunassociated processegiether with terms related to collagen
404 metabolism, ion transport, molecule biosynthesis, and a variety of degenerative and salvage
405 pathways (Fige6, Supplementary Fig, $able S§. Significantly enrichedmmune

406 associate@O_ biclogical process ternis these clustercluded for exampl&lefense

407 response’ “inflammatory response’, ‘immune response’ (Supplementary Fig. S5 aed Tabl
408 S6). In contrastrimmuneelated processes were not represeintédemainclusters with

409 decreasing expression through time post expoSkEy@, SkGrelSkKiad). Other major

410 groups of GO process terms were associated with epithelial homeostdasiand ion

411 transporiand/homeostasiand nusculoskeletal system process&gnificantly enriched GO
412  biological process terms includéal exampl€e'intercellular transport®intracellular

413 transport’, *cellular water homeostasis’ and ‘muscle contrac{i®applementary Table S6).
414

415 Although expression patterns were getigriess clear in liver and spleen samples,

416 significantly enrichedmmuneassociated GO biological process terms were foustusters
417 that demonstrated a trend of increasing expression with time post exposure (LiKui@2, Li
418 SpEuc2and SpEuc5)}owever unexpectedly,mmuneassociated terms were also

419 significantly.enriched iniEucl (low expression at 14 DPHE)Grel (peak in expression at 8
420 DPE), LiKial (lowexpression at 4 DPE) and SpEuc3 (kexpression at 14 DRE

421  (Supplementary.Fig. S5).

422

423 Differential.expression of immune-associated genes

424  Functional annotation of the differentially expressed gene lists (Suppleméatdes S2S4)
425 revealednanygenes with putative annotatioredated tathe immune response (80 unique
426  genes in liver629 in skin, and 159 in spleen samples usimgsearch term lisEig. 7 and

427  Suppementarylables S7S9). Gene functional homologies to all major recognized

428 components of both the innate and adaptive vertebrate immune systems weieddentif
429 Genes associated with B amdymphocytes including immunoglobulifys), MHC, Fc

430 receptors and NkB were dysregulated in exposed frogen@s associated with the classical,

431 alternative and lectin complement pathwagsvell aslysozyme were found differentially
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expressedWe also identified many dysregulaigehes related to agénpresenting,
phagocytic, and cytotoxic cells including macrophages and neutrophils, as well as major
groups of pattern recognition receptors including liké-and mannoseeceptors. There were
also manyexamples of differentially expressed eicosamoihmmatory mediators including
leukotrienesynitric oxide, as well as cytokines and chemokines including iotesfd=-Ns),
interleukins(lLs); and tumor necrosis factafBNFs). Log,FC values for immunessociated
genes variefrom’-8.6 to 7.8for liver, from-10.1 to 9.0 for skin, and -8.9 to 10.2 for spleen

sampleqSupplementary Tables &B).

Similarly to_ general gene expression trends, greatest numbers of inasao®ated genes
were expressed at the late subclinical infection time point (14 p&fgularly in skin
samples, with"a'Similar trend observed of decreasing gene dysregulation in frogaéwm
Mare, Eucumbene and Kiandra respecti(€lig. 7). Manymore immuneassociated genes
were found to be upegulated than dowregulatedvhencomparedwith unexposed control
frogs (approximately three to fotimes for example, 671 up-regulated compared with 200
down-regulated immunassociated genes in the skiig. 7), andat least in the skin tissues,
most of these dowregulated genes weoaly distantly functionallyelated tammune
processegSupplementary Table S39). Of particularnote however a comparatively large
numberof.leell.associated genes were identified as dosgulated in the skin of Grey Mare
frog samples at 14 DPE, and the skin and spleen of Eucumbene frog samples at 14 DPE (Fig.
7).

Of interest, thefimmunassociated genes with highestJJeg values in the skin (highly up-
regulated compared with controls; &€ > 4) were found predominantly in the two more
susceptiblgopulations, Eucumbene and Grey Mare at 14 DPE (60 genes). The most highly
up+egulated of thesmcluded heat shock proteins (& 9.0),IFN-induced genedKN-

induced very large GTPasdike [log,FC 8.8 and 7.8]), and antigen presentation genes
(logoFC 8.7. Centrastingly, Kiandra frogs demonstrated marked up-regulation only of MHC
class Il alpha'chain genes in the skin at all time points post exptsyed 6.3, 6.2 and

5.9].
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Differential expression of immune-associated genesin early subclinical infection
associated with lower infection intensitiesand improved survival

Frogs from Kiandra demonstrated a broader representation of dysregulated immune-
associated genes than frogs from the other two populations at 4 DPE (see Suppldvotatar
S2 fordetalls) These included upegulated genggredominantly in skin samplea$sociated
with antigen processing and presentation (MHC classytbkines (TNF, IL), members of
the alternative complement pathway (factor B and a c3b analogue), the humanakeimm
response (lgs)mand general inflammation and wound hgaioogsses. -Eell differentiation
genes antFN.associated GTPase genes were dozgulatedn all three tissuefor
example]FEN-induced very large GTPafleg,FC-7.3] in the liver).Contrastingly, frogs

from Grey Mare demonstrated markedregulation of thesé=N-induced GTPasédn all
three tissues at 4 DPE ([egg.FC 8.8] in skin) interestingly these genes weedsoup-
regulated a8.and 14 DPE)Otherwisefrogs from Grey Mare and Eucumbene exhibited
minimal early immune response to Bd infection compared with Kiandra. Some antigen
processingsgenes and cytokines were upregulated in the skin of Grey Mare frogs, while

Eucumbene fregs had a strong early alternative complement pathway responsién. the |

Only a mild_immune response was observed across tissues from Eucumbene and Kiandra
frogs at the miesubclinical infection time point (8 DPE), with uipgulated genes including
antigen precessing and presentation genes and cytokines from both populations, and
alternative complement pathway and immunoglobulins from Kiandra frogs. Conmleme
pathways were contrastingly down-regulated in the skin and spleen of frogs from Eucumbene
at 8 DPE. Erogs.from Grey Mare demonstrated a comparativaly substantial immune
response.at.8 DPE, including upgulated genes associated with antigen processing and
presentations(MHC) anldFNs (total of 26 unique immunassociated genes identified in the

skin samples).

DISCUSSION

Frogs from a long-exposed populatigtiandra) of the alpine tree fragitoria verreauxii
alpina) with a more diseaseesistant phenotype displayed a more robust eadyay4 post

exposure; DPE) immune response at the level of gene expression in comparison with a
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susceptible Bahaive populatiofiGrey Mare) and a susceptible long-exposed population
(Eucumbene). Components of this early immune response may be vital for conferring
chytridiomycosis resistancAlthough themore susceptiblpopulations exhibitedarger
immuneresponseat the late subclinical stage of infectid® (DPE), thidinding is consistent
with previoussstudies and suggests this-stage responsgas non-protectiveH]lisonet al.
2014; Ellisoret.al.2015).

In our experiment we investigatedection intensitiess well agunctional immune response
to subclinical chytridiomycosis (at 4, 8 and 14 DPE) at the site of infection (skahjn &wo
immunerelated.organs (spleen and liver). Frogs from Kiandra demonstrated a trendrof lowe
infection intensitiess early as 4 DPE onwards (significant at 14 DPE) when compared with
frogs from'the“other two populations suggestimgy early manifestation aglinically
protectiveresistancgFig. 1). Protective immune responses in amphibians are usually
activated early in the infection process. For example, pathiogeced antibodies to Frog
Virus 3 were reported at one week post-exposure andnegliated infection clearance
occurred within 2-3 week$@antres®t al.2003; Roberet al. 2005).Frogs from Kianda
demonstrated a more robust immune response in early stage infection comglatbd two
more susceptible populations. Immuamesociated genes that wereregulated relativeot
controlssin.the,skin of frogs from Kiandra included representatives of both funcfiomate

and adaptivémmune system@&ntigen processing and presentation genes, cytokines,
alternative.complement pathwggnesimmunoglobulinsgenes related to theimoral

immune response, and general inflammatory gehrtesyever, there was some early evidence

for the downregulation ofT-cell differentiation genes anBN-induced GTPase genes

Overall, thebaseline transcriptional response was divergent betweehrdeepopulations,

and although uestedthis could be a result dbng-term geographic isolation accompanied
by a degree of parapatric speciatigigs. 3-5 Gavriletset al. 2000).As expected from
previous studiesH]lison et al.2014; Ellisoret al. 2015; Rosenblurat al. 2009) our gene
expressionresults from the late subclinical infection stage (14 DPE) warssghdighly
dysregulated, particularly so in skin sampleswever the trend in the numbers of
dysregulated geneg 14 DPEvasnegatively associated with survival and infection intensity

resultsamong populations.k$r samples from Grey Mare, the B@dive and mostusceptible
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population demonstratethe highest numbef differentially expressed genes at the late
subclinical time point withhe greatest number of dysregulat@dhuneassociated genes
(Fig. 7). In contrast, skin samples from Kiandra, the most resistant and oneafghe |
exposed populations, demonstrated the lowest levelfefelitially expressed genes
(includingimmuneassociated genes) at 14 DPE. These findangsonsistent with the
results fromEllison et al. (2015)where more susceptible species were faortave a more
dysregulatedimmune response than resistant sp@dater stageof infection Indeed,
Ellison et al.(2024) found a marked transcriptional response of imnasseciated genes in
moribund frogs even in the highly susceptible spediesdppus zetekWe speculatghat the
observed highly. dysregulated gene expression at 14 DPEubartty in highly infectedGrey
Mare and Eucumbene populations, may either represent immunopathology (a dysregulated
and damagingimmune response), or a protectisponse tonarked eqhelial disruption
Epidermal'damage occurs as Bd burdens increasmendes erosionsnicro-vesiclesand
less frequently ulcerations and bacterial infectithaémay be associated with cellular

inflammation(Bergeret al. 2005b; Brutyret al. 2012).

Dysregulated genes with functional homology to all major components of the vertebrate
immune systemywere identified by gene ontological annotation of our tissue tramsespt
The majority.of these genes werenggulated in skin samples from the late subclinical stage
of infection in the most susceptible populations Grey Mare and Eucumbene (Fig. 7). A
correspondingly.-broad range of immuagsociated GO biological process terms was
identified from skin samples in association with distinct gene clusters that exhibited increased
expression with'time post exposure. Notably, where heatmaps revealed a gradaagiint
gene expression in these clusters from Grey Mare (2§@rel Eucumbene (SkEucl), the
corresponding cluster from Kiandra (SkKjascreasednore noticeably from 4 DPE

indicating an earlier immune response to Bd consistent with our trend of lower infection
intensities and improved survival times (Fig. 6, Table 2, Supplementary Fig. S5 and Table
S6).

Skin clusters that exhibited decreased expression with time post exfrosugl three

populations were significantly enriched for predominantly homeostatic misals, water

and iontransport, musculoskeletal system processes and cardiovascular system processes
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related to conduction, contraction and regulation of heart rate (Supplemegta®p Rind
Table S6) These findings likely constitute essential mechanisms underlying the observed late
stage clinical signs of chytridiomycosis which include skin ulceration anglsing, ion loss,
dehydration|ethargyand bradycardiajltimately leading to asystolic cardiac arrest and
mortality (Veyleset al. 2012; Voyleset al. 2009) Clusterexpression patterrfseom liver and
spleen tissues.were much less distinct in all three populatiomanaere clusters identified,
andfewer significantly enriched GO terms. While some liver and spleen clusters with
increasingrexpression through time also demonstrated significant enrichmiemtniane-
associated GO terms, several other clusters with imiteurmes exhibited peaks or dips in
expression at various time-points post exposure, indicating that immune gene erpsessi
comprised of a complex and dynamic network of immune sigraajsng between tissues

over time.

Interestingly, we observed the down-regulation of many lymphasgeciated (particularly
T-cell related) genes in the skin samples of infected Grey Mare frogs at 14 DPE, and the skin
and spleen of infected Eucumbene frogs at 14 DPE (Fig.ng spleen sample cluster

(SpEuc3 that exhibied decreased expression over time was significantly enriched for
numerous Teelkassociated processes (Supplementary Fig. $bgje was also some

evidence for.T-cell suppression in frogs from Kiandi@ese findings are consistent with the
results ofEllison et al. (2014) and previous findings of vitro lymphocyte suppression

mediated By.a.putative Bskcreted virulence fact@Fiteset al. 2013). Teell associated cell
mediated immunity is likely to be especially important for intracellular pathogens such as Bd
(Rollins-Smithet al. 2009), and involves differentiation of T lymphocytes into cytotoxic T-
cells which recognise and stimulate apoptosis of infected host cells, or phagocytosis by cells
of the innate Immune systemown-regulation of Teell associated genes likely cripples the
longer-term amphibian adaptive immune response to chytridiomycosis, despiteramsethe
highly up+egulated immune syste@ur result is also consistent with 1) the lackelular
inflammation_areund sites of Bd infectioBdrgeret al. 2005b), and 2) reinfection

experiments where highly effective adaptimmunity was not demonstrated in the species
tested (Cashinst al. 2013; McMahoret al.2014).We speculate thatlthough frogs from the
Kiandra population demonstrated a robust early immune response to Bffichey of celt

mediated immunity makiave beerstifled by Bdassociated suppression of the adaptive
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590 immune system, preventing resolution of infection in the longer term (in the swsiudsl all

591 but one of the frogs from Kiandra Clutch B died by 86 days post exposure although they
592 survived on average longer than frogs from the other two populatB®atsilfe et al. 2015;

593 Grogan 2014).

594

595 Of particular.interest, dowatream processes BiN weredown-regulated imll three tissues

596 of frogs from"Kiandra at 4 DPE. This finding is in direct contrast to the marked umtiegul

597 of IFN-induced'genes in all three tissues of Grey Mare frogs throughout infection [severa
598 genes with logFC >5], and the study biriceet al. (2015)wherell of 29 annotated up-

599 regulated transcripts in liver samples from the Bd vs control comparison at 4 DPE represented
600 similar IFNsinduced genes. Frogs from Eucumbene demonstrated no such cleaiBigqyal

601 is of centralimportance for na@pecific macrophagassociated celinediated immunity,

602 although ittmayalso be involved with antibody-associated cytotoxicity and has been linked
603 with somelautoimmune processEarfar & Schreiber 1993Interferoninduced GTPases

604 play an important role in autonomous somatic cell immunity and may promote autophagy of
605 intracellularmicrobial pathogenK{m et al.2012) The marked early upegulation of IFN

606 induced pathways (this study aRdceet al. 2015) in conjunction with lymphocyte

607 suppression and clinical evidence o$eeptibility in frogs from Grey Mare suggesiatl)

608 these responses, are rdisected and insufficiently protective against Bd, and 2) these

609 pathways may play a more fundamental role in pathogenesis. Otherwise, frogar&pm

610 Mare exhibiteconly mild evidence of an early immune response to Bd infection compared
611 with those from'Kiandra, while frogs from Eucumbene demonsteatedrly classical

612 complementiresponse in the liver (Supplementary Note S2 dnesTarS9).

613

614 In theconcurrenclinical survivalstudy (Batdlle et al.2015; Grogan 2014; Grogan al.

615 2018), frogs from long-exposédandra(including those from Clutch B) survived

616 significantly longer than frogs frothe two other populations (Fig. 2), which may be

617 consistent withsthe evolution of resistamedrogs from Kiandra over approximately 20 years
618 of intergenerational exposure to Bd. Interestingly, the Eucumbene population was also long-
619 exposed, however frogs from Eucumbene were found to be comparatively susceptible to Bd.
620 We acknowledge the cavedtworking with a small number of populations, which was

621 necessary for logistic feasibility. We also acknowledge the lack of replicatmur ofaive
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622 population, a limitation that was beyond our control, but that potentially confounds infection
623 history withunidentified causes giopulation variationn immunity. However these caveats
624 do not negate the value of our study because our finditate the degree observed

625 clinical resistance to the underlying transcriptomic responses of the respectivdipopula
626 rather thanselying on lontgrm infection historyas the explanatory factor

627

628 An accompanying field studystheeleet al. 2015)suggests that a likely mechanism for

629 continued persistence of these populations despite higis8utiate@ddult mortalityis high

630 compensating recruitmercheeleet al. (2015) found a predominance of two year old adults
631 in the longexposed populations, indicating that the majority of adults die during their first
632 breeding seasoBehavioural and lifdhistory charactestics of juvenilelL. v. alpinamean that
633 frogs don't‘cemmonly become infected prior to returning to the pond to bfeetlits

634 typically breed'successfully prior to succumbing to chytridiomycosis, this may rétkice
635 selection pressurcting on diseasresistance traits, resulting in poor evolution of immunity
636 in this species.

637

638 This is the first study to identify underlying immune mechanisms at the earlyrscéicstage
639 of infection thatimay be related to evolved resistance to Bitiple lines ofevidence

640 demonstrated,th@moreresistanmphibian phenotypieom an evolutionarily long-exposed
641 population, had aearly immune response at the level of gene expressiarh likely

642 explains theeduced early Bd infection intensities and extended wainAdditionally, our

643 results were consistent with Bxdsociated lymphocyte suppressiand raise questions about
644 the role of IENinduced pathways in Bd pathogene¥i%&e recommendéuture studies target
645 pathways involved in cell-mediated immunity to etlatethe mechanisms underlying early
646 responses to infection, tihele of cytokines such as IFNand hostmediated ¥cell

647  suppression.

648
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TABLES

Table 1. Demographic characteristics of study subjects (including sastgdetreatment group, gender ratios, mean massythanasia, mean

snouturostylelength preuthanasia and mean and median infection intensitgyttexnasia).

Kiandra Eucumbene Grey Mare Fvalué Pvalué df?

Exposed Control Exposed Control Exposed Control
Sample size 12 6 12 6 12 3
Gende? 2M, 4F, 6U  2M, 4U 4M, 5F, 3U  5F, 1M 4M, 6F, 2U 1M, 2F
Mean mass preuthanasia 2.99 3.02 3.02 4.05 3.51 3.19 0.938 0.398 2
Mean SUL'‘presuthanasfa  29.97 30.72 28.80 32.1 32.27 32.03 2.423 0.099 2
Mean ZSE pr@uthanasfh 2158.82 0.28 9442.36 0.00 12114.72 0.00 6.597 0.044 2°
Median ZSE preeuthanasia 290.00 0.00 715.00 0.00 910.00 0.00

®Statistics§ comparing means between populations (pooling exposed and control frogugiihgesnesvay ANOVA, P value and df degrees of
freedom;?>Genders represented by M for males, F for females and U for unknown d&tdleis snout-urostyle length measured with Vernier
callipers;"ZSE is zoosporegeiivalents as measured by qPCRatistics refer to log-transformed uncapped Bd infection intensities

(log10[ZSE*1]) between exposed frogs from the three populations at 14 DPE. Other samg@iogrtiparisons were not significant.

Table 2#Summary of mean expression patterns for the genes in each clustdr ttnegpoint, and corresponding example significantly
enriched GO biological process terms for these clusters, among skin samples (see Suppleatat® yor correspondingables representing

results from liver and spleen samples).
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Cluste? Mean centered lafpkm+1) by sample grolit  No. of  No. GO terms
ID control 4days 8days 1l4days genes (FDR <0.05)

Example GO biological process tefms

SkEucl = ==0:60 -0.19 -0.03 1.12 1285 335 Collagen metabolic process; collagen catabolic process;
multicellular organism metabolic process; multicellular organism

catabolic process

SkEuc2 044 0.15 0.13 -0.95 1325 176 Single-organism intercellular transport; intercellular transport;
gap junctionmediated intercellular transport; glycerol transport

SkGrel 0.48 0.53 0.01 -0.90 1430 196 Intracellular transport; singlerganism intercellular transport;
intercellular transport; gap junctionediated intercellular
transport

SkGre2 ==-0.73 -0.38 0.05 0.88 1861 277 Collagen metabolic process; collagen catabolic process;

multicellular organism metabolic process; multicellular organism

catabolic process
SkKial -2.43 1.80 0.22 1.63 6 0 N/A

SkKia2 0.21 0.39 -0.20 -0.50 216 86 Cellular potassium ion homeostasis; sodium ion export from
establishment or maintenance of transmembrane electrochemical

gradient; sodium ion export
SkKia3 <0.29 0.45 -0.64 0.63 31 0 N/A
SkKia4 0.52 -0.55 0.13 -0.35 394 9 Peptide crossinking
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Cluste? Mean centered lo¢fpkm+1) by sample grofe  No. of No. GO terms
1D Control 4days 8days 14days genes (FDR <0.05)

Example GO biological process tefms

SkKia5 -0.68 0.03 0.12 0.87 647 200 Collagen metabolic process; collagen catabolic process;
multicellular organism metabolic process; multicellular organism

catabolic process

874

875 “Clustersare defined by Euclidean distance clustering and manually seleste@nirsty scriptvanual | y_defi ne_cl ust ers. Rand

876 labelled (see Fig. 6 and Supplementary Fig. S5daesponding visual representatiorig)ithmetic mean of the centered lgfpkm+1)

877 expressionValues grouped by sampling time in days post exposure, from the output of Tiptiascral | y _defi ne_cl usters. R

878 (‘Controlgroup includes all samples fromexposed frogs):Top four most significantly enriched GO Biological Process terms (where
879 applicable).(full list of overrepresented GO terms available in Table'$5Y;indicates that there were no GO Biological Process terms that

880 were significantly enriobd with FDR < 0.05 for the respective cluster.

881
882 Table 3. Experimental design outlining the number of frogs from each population and treatmentByf@xpdsed or unexposed control)
883 sampled at each time point post exposure.

884
Exposure -bay 0 Day 4 Day 8 Day 14
Populations Total # exposed # exposed sampled # exposed sampled # exposed sampled
(total # controlf (# control sampled) (# control sampled) (# control sampled)
Grey Mare (clutch B) 12 (3) 4 (1) 4 (1) 4 (1)
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Eucumbene (clutch D) 12 (6) 4 (2) 4 (2) 4(2)
Kiandra (clutch B) 12 (6) 4 (2) 4 (2) 4 (2)

Total 36 (15) 12 (5) 12 (5) 12 (5)

885

886 °Total number of unexposed control frogs shown in parenth@sesiber of unexposed control frogs sampled shown in parentheses.
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FIGURES

Figure 1. Box and whiskeplot (with data points overlaid) of lggtransformed uncapped Bd
infection intensities (log[ZSE+1]) for all 51 frogs at time of sampling (days post exposure;
DPE), by‘population (usingeom boxpl ot from ggplot2 R package). Data from uninfected
controlfrogs has been plotted as 'zero' DPE (regardless of actual sampling date), for ease of
comparison. Box hinges represent first and third quartiles, and middiseefs¢he median
Whiskers extend 1.5 times the inter-quartile range of the hinge. Visually idérgrbup outliers

have beenabeled with frog lfior ease of comparisqthey were not removed from analyses).

Population

—— 0| —

Log,,(ZSE +1)
8]

L] e |va388

Lva401

e Lva010

Lva076
. Lva399

0 4 8 14
Sampling period in days post exposure
Figure 2. L.v. alpinapopulation survival curves by population and clutch for the larger clinical
experiment Batailleet al. 2015; Grogan 2014; Grogah al. 2018).These animals were from
the same respegtive clutches as the frogs used in the tespanse experimenthe horizontal

axis indicates survival in days post exposure (the experwwenterminated at 86 DPE for all

groups).
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905 Figure 3. Unsupervisedlassical (metricinulti-dimensional scaling plots (usimpd ot MDS and recommended settings from the Bioconductor
906 package EdgeRjemonstrating leading lelpld changes between pairs of samples. Uninfected negative control frog séukplBsl-exposed
907 frog samples«). Samples predominantly cluster by source population (colour groups: Eucumbene, Grey Mare, and Kiandra). (a) Liver samples,
908 (b) skin samples, and (c) spleen samplsually identifiedgroup outliers have been labeled with frog and tissueiBase of comparison

909 (they were.not removed from analyses)
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921

Figure 4. Numbers of up- and down-regulated genes comparing uninfected negative control frog
samples and Béxposed frog samplestwin-population at sampling periods post exposure, for
all populations and tissues. Gene expression in skin samples from all threeipopalial 4

DPE were most highly dysregulated.
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930
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932
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934

Figure5. Venn diagrams comparing numbers of genes that were found to be dysregulated between papithatidssue groups (A) liver,
(B) skin, and (C) spleen (overlap indicates genes that were dysregulated in more than one population). Genes wess dgsssiipdated if
they were.found to be significty differentially expressed between uninfected negative control frog samples angh@&kd frog samples

within-population among tissue samples.

5 Grey Mare

Kiandra

Grey Mare
184

‘ Eucumbene
GreyMare | Eucumbene 1082
2394 : 1814

Figure 6. Heatmaps summarizing clusters (labelled at left) of differentially expdegenes (rows) clustered (via Euclidean distance algorithm)
by expressien pattern between samples within sample groups (days post exposure in cobimes&)n samples from frogs ginating from
(a) Eucumbene, (b) Grey Mare, and (c) Kiandra. Control samples have been grouped abgfeeheft, and samples within sample groups are
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935 arranged from left to right by increasing infection intensity at time of sampling (ZSE). Heatmaps for liveleandsample can be found in
936 Supplementary Fig. S5.
937

Negative controls 2 days 8days 14 days Megative controls 4 days Bdays 14 days Negative controls 4 days 8days 14 days

938
939 Figure 7/ Numbers of up- and dowregulated immunassociated genes comparing uninfected negative control frog samples-arpoBdd

940 frog samples withirpopulation at sampling periods post exposure, for all populations and tissues. Majoekassociated gene groups have
941 been labeled (using gene search terms; see Supplementary TaBke$oBPnore details), with numbers of differentially expressed genes in
942 parentheses;(where > 10 genes identified). Imrasseciated genes were predominantlyegulated, particularly in skin samples from all

943 three populations at 14 DPE.
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Table 1. Demographic characteristics of study subjects (including sample size, treatment group, gender ratios, mean mass pre-euthanasia, mean
snout-urostyle length pre-euthanasia and mean and median infection intensity pre-euthanasia).

Kiandra Eucumbene Grey Mare Fvalué¢ Pvalué df

Exposed Control Exposed Control Exposed Control
Sample size 12 6 12 6 12 3
Gende? 2M, 4F, 6U  2M, 4U 4M, 5F, 3U  5F, 1M 4M, 6F, 2U 1M, 2F
Mean mass pre-euthanasia 2.99 3.02 3.02 4.05 3.51 3.19 0.938 0.398 2
Mean SUL-pre-euthanaSia 29.97 30.72 28.80 32.1 32.27 32.03 2.423 0.099 2
Mean ZSE pte-euthanaSia 2158.82 0.28 9442.36 0.00 12114.72 0.00 6.592 0.044 2°
Median ZSE pre-euthanasia 290.00 0.00 715.00 0.00 910.00 0.00

®Statistics'comparing means between populations (pooling exposed and control frog values) using one-way ANOVA, P value and df degrees of
freedom’Genders represented by M for males, F for females and U for unknown d&tdleis snout-urostyle length measured with Vernier
callipersiZSE is zoospore equivalents as measured by ¢fSI&istics refer to log-transformed uncapped Bd infection intensities

(log1dZSE+1]) between exposed frogs from the three populations at 14 DPE. Other sampling time comparisons were not significant.
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Table 2. Summary of mean expression patterns for the genes in each cluster at each time point, and corresponding example significantly

enriched.GOsbiological process terms for these clusters, among skin samples (see Supplementary Table S6 for corresponding tables representin:

results from liver and spleen samples).

Cluste? Mean centered loffpkm+1) by sample grodp  No. of No. GO terms o

Example GO biological process tefms
ID Control 4days 8days 14days genes (FDR <0.05)

SkEucl _-0.60 -0.19 -0.03 1.12 1285 335 Collagen metabolic process; collagen catabolic process;
multicellular organism metabolic process; multicellular organ
catabolic process

SkEuc2 0.44 0.15 0.13 -0.95 1325 176 Single-organism intercellular transport; intercellular transport
gap junction-mediated intercellular transport; glycerol transpc

SkGrel 0.48 0.53 0.01 -0.90 1430 196 Intracellular transport; single-organism intercellular transport
intercellular transport; gap junction-mediated intercellular
transport

SkGre2 -0.73 -0.38 0.05 0.88 1861 277 Collagen metabolic process; collagen catabolic process;
multicellular organism metabolic process; multicellular organ
catabolic process

SkKial -2.43 1.80 0.22 1.63 6 0 N/A

SkKia2 0.21 0.39 -0.20 -0.50 216 86 Cellular potassium ion homeostasis; sodium ion export from
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Cluste? Mean centered la¢fpkm+1) by sample grodp  No. of No. GO terms

Example GO biological process tefms
1D Control 4days 8days 14days genes (FDR <0.05)

gradient; sodium ion export

SkKia3 <029 0.45 -0.64 0.63 31 0 N/A
SkKia4 0:52 -0.55 0.13 -0.35 394 9 Peptide cross-linking
SkKia5 -0468 0.03 0.12 0.87 647 200 Collagen metabolic process; collagen catabolic process;

multicellular organism metabolic process; multicellular organ

catabolic process

© 00 N O

10
11

®Clusters are defined by Euclidean distance clustering and manually selected using Trinitjascript 1y define clusters.R and
labelled (see Fig. 6 and Supplementary Fig. S5 for corresponding visual representatiiths)etic mean of the centered lg¢fpkm+1)
expression values grouped by sampling time in days post exposure, from the output of Trinijascrigtly define clusters.R
(‘Control*group includes all samples from unexposed frogs); “Top four most significantly enriched GO Biological Process terms (where
applicable) (full list of overrepresented GO terms available in Tabl€'$58);indicates that there were no GO Biological Process terms that

were significantly enriched with FDR < 0.05 for the respective cluster.

This article is protected by copyright. All rights reserved



N

Table 3. Experimental design outlining the number of frogs from each population and treatment group (Bd exposed or unexposed control)
sampled at each time point post exposure.

Exposure- Day O Day 4 Day 8 Day 14
Populations Total # exposed # exposed sampled # exposed sampled # exposed sampled
(total # controlf (# control sampled) (# control sampled) (# control sampled)
Grey Mare (clutch B) 12 (3) 4 (1) 4 (1) 4 (1)
Eucumbene (clutch D) 12 (6) 4(2) 4 (2) 4(2)
Kiandra (clutch B) 12 (6) 4 (2) 4 (2) 4 (2)
Total 36 (15) 12 (5) 12 (5) 12 (5)

®Total number of unexposed control frogs shown in parenth¥$esiber of unexposed control frogs sampled shown in parentheses.
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Numbers of differentially expressed genes
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Numbers of differentially expressed immune genes
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