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89 One Sentence SummaryEastAsia is the source of amphibian panzootic chytrid fungi
90 causingglobal amphibian d#inesthathave emergeduringthe 23" century
91
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92 Abstract:
93 Globalizedinfectious diseases are causing species declines worldwide but their source often
94 remains elusive. We uséhole-genome sequencirig solve the spatiotemporal origins of the
95 mog devastating panzootic to datawused by the fungiatrachochytrium dendrobdis, a
96 proximate driver of global amphibian declines. We trace the souBedehdrobatidido the
97 Korean peninsula whemnelineage BdASIA-1, exhibits thegenetichallmarks of an
98 ancestral population thaeeded the panzoaotid/e date themergencef this pathogeto the
99 early 24 century coinciding with the global expansion of commercial tra@enphibiars
100 andshowthatintercontinental transmissiosongoing Our findings point to East Asia as a
101 geographic hotspot fd. dendrobatidisbiodiversity, and theoriginal source of theelineages

102 that now parasitize amphibians worldwide.
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103 Main Text:

104 Discoveryof the amphibiaskilling fungusBatrachochytriundendrobatidig1, 2) was a

105 turning point in understanding why amphibian spewgieddwide are in steep decline.

106 Amphibian declines and extinctishad beemecordedoy herpetologists as early as the
107 1970sbutwereonly recognized at landmark meeting in990 as a global phenomenon
108 which could not be explained by environmental chamge anthropogenic factor@one B).
109 Theemergence 0B. dendrobatidisand the disease that it caussasphibian

110 chytridiomycosisas a causative agent of declines Ibsn documented across six different
111 regions Australia(~1970sand 19905(4), Centrd America (~190s)(5), South America

112 (~1970s and 1980$®, 7), the Caribbean islands (~20008), theNorth AmericarSierra

113 Nevada(~1980s and 990s)(9), and thdberian Peninsula (~1990&)0). The panzootic has
114 Dbeenattributed to the emergence of a singledendrobatididineage known asBdGPL

115 (Global Panzootic Lineag€)l). Howevertwenty years after identification of the disease,
116 the timing of its worldwide expansion remains unknown amdipus estimates faime to
117 mostrecentcommonancestor (TMRCA) foBdGPL span two orders of magnitude, from 100
118 ybp(11) to 26,000 ybg12). The geographic origin of thgathogens similarly contested,
119 with the source of the disease variously suggested to be AtAaNorth America(14),

120 South Americq15), Japar(16) and East Asi#l7).

121 Global diversity of B. dendrobatidis

122  To resolve thesmconsistencigswe isolated. dendrobatidigrom all the candidate source

123 continents and sequenced the genomes of 177 isoldtegtdepth then combined our data

124  with published genomes from three prior studigs 12, 18) to generate a globally

125 representative panel of 234 isolates (Fig. 1A). This dataset covers all continents from which

126 B. dendrobatididras been detected to dadad spans infections of all thregtantorders of
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Amphibia (Fig. S1 an@ableS1). Mapped against tlige dendrobatidiseference genome
JEL423, our sequencing recovered 586,005 segregating single nucleotide polymorphisms
(SNPs). Phylogenetic analysis recoveaigreviously detectedivergentlineageqFig. 1B
andFig. S2). The previouslgccepted lineagd3dGPL (global), BACAPE (African),BdCH
(European) an8dBRAZIL (Brazilian), were all detected9), but our discovery of a new
hyperdiversdineagein amphibiansativeto the Korean peninsulBgASIA-1) redefined
these lineages and their relationshifise BACH lineagewhich was previously thought to be
enzootic to Switzerlan@lL1) now groups with thdBdASIA-1 lineage A second Asian
associated lineagB¢ASIA-2) was recovered from invasive North American bullfrogs in
Korea and is closely related to the lineage thahmootic to the Brazilian Atlantic forest
(BABRAZIL) (20). It was not possible to infer the directioninffercontinentaspread
betweensolateswithin this lineagesoit was nameddASIA-2/BABRAZIL. Conditional on
the midpoint rooting of the phylogeny fig. 1B, we now definelie main divergetineages
asBdGPL, BdCAPE,BdASIA-1 (which includes the singlBdCH isolate)andBdASIA-
2/BABRAZIL. Previous phylogenetic relationships developed usingvitiely used

ribosomal intragenic spacBrS-1 regiondo not accurately distinguisB. dendrobatidis
lineages (Fig. S3) and this likely explains much of the ptdesrigin conflict in the literature

(15-17).

Pairwise comparisons among isolates within each lineage show that the average number of
segregating siteis threefold greater foBdASIA-1 than for any other lineage (FigA And

Table 1) and that nucleotide diversity' Eig. S4) is two to foufold greater. Seven of our
eightBdASIA-1 isolates were recentbulturedfrom wild South Korean frogs while ¢hother
came from the petrade in Belgium, all of which weraclinicalinfections. These isolates

show that the Korean peninsula is a global centi& dendrobatidigliversity and that East

Asia may contain the ancestral populatiolBotlendrobatidisas suggested by Bataik¢ al
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152 (17). We investigated this hypothesis further using Bayelses®ed haplotype clusteriigl)
153 and found the greatest haplotype sharing among isolates BdABIA-1 and between

154 BdASIA-1 and all other lineage$his provideglirect genetic evidence thBOASIA-1 shares
155 more diversity with the global population Bf dendrobatidishan any other lineage (Fig.
156 S5). In an independent test of ancestry, we used Orthof@®}lto root aB. dendrobatidis
157 phylogeny to its closest knowelativeB. salamandrivorangvhich currentlythreatens

158 salamander@3). This tree indicates that the Asian and Brazilian isolat& déndrobatidis
159 lie outside a clade comprising all other isolates (Figarfg6Table SR To identify the

160 signature of dmographic histories across lineages we used Tajié#43. Genome scans
161 of most lineages showed highly variable positive and negative valllewibh maxima

162 exhibited byBdGPL (-2.6 to +6.2; Fig. 2F), indicating that these lineadg=ASIA-

163 2/BABRAZIL, BACAPE andBdGPL) have undergone episodes of population fluctuation
164 strong natural selectigpor both,that are consistent with a history of spatial and host

165 radiations. In striking contrasBdASIA-1 shows a flat profile for TajimaOgFig. 2F)

166 indicating mutationrdrift equilibriumlikely reflective ofpathogen endemism in this region.

167 Dating the emergence oBdGPL

168 The broad range of previous estimates for the TMRCBd®@PL spanning @000 yearg11,

169 12) can be explained by two sources of inaccuracy: (1) unaccowggechbination and (2)

170 the application of unrealistic evolutionary rates. To address these, we first interrogated the
171 178,280kbp mitochondrial genome (MtDNAyhich has high copy number andvoates of

172 recombination compared to the nuclear genome. To resolve the structure of the mtDNA
173 genome we resorted to lomgad sequencing using a MinlON device (Oxford Nanopore

174 Technologies, Cambridge, UKyhich allowed us to describe this moleculesisal

175 configuration;Batrachochytriundendrobatidiscarries three linear mitochondrial segments,

176 each having inverted repeats at the termini with conserved mitochondrial genes spread over
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two of the segments (Fig. S7). Additionally, we sought regions ofutos@mal genome with

low rates of recombination to obtain an independent estimate of the TMRBAGHTL.

Detection of crossover events in BBedendrobatidisutosomal genom@s8) using a subset

of the isolates in this study revealed a large (1.66Mbpdmenf Supercontig_1.2 iBAGPL
thatexhibitsseverafeatures that ident#d it as a recombination OpdtO: (1) a continuous
region of reduced TajimaOgFig. 2D); (2) sustained high valuesFg; when compared

with all other lineages (Fig. 3A); () continuous region of reduced nucleotide diversit(
Fig. S4) and (4) shared losd-heterozygosity (Fig. S8). We expanded sampling to infer the
temporal range of pathogen introductions using a broad panel of isolates with known date of
isolation o = 184, ranging from 1998 to 2016) and whgknome RNAbaiting to obtain

reads from preserved amphibians that had died of chytridiomycosis. We then investigated
whether our dataset contained sufficient signal to perforadimg inferences by building
phylogenetic trees using PhyMPR5) (Fig. 2A and 2C) then fitting rodb-tip distances to
collection dates both at the whdlee and withidineage scales. We observed a positive and
significant correlation withi8dGPL only, for both the mitochondrial dmuclear genomes,
demonstrating sufficient temporal signal to perform thoroughdimng inferences at this

evolutionary scale (Fig. 2B and 2D).

Tip-dating in BEAST was used to-&stimate ancestral divergence times and the rate at
which mutations accuntate within theBdGPL lineage. The mean mitochondrial substitution
rate was 1.01 x IDsubstitutions/site/year (95%ghest posterior densitiPD) 4.29 x 10’
1.62 x 1¢). The mean nuclear substitution rate Wa9 x 10’ substitutions/site/year (95%
HPD 3.41 x 10 B1.14 x 10°), which is comparable a recent report of an evolutionary rate
of 2.4D2.6 x 10° substitutionssite/year formnother unicellular yeasbaccharomyces

cerevisiaebeer straing26). These estimates are over 30@l fasterthan the rate used in a
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previous study12) to obtain a TMRCA of 26,400 years fBdGPL Accordingly, we
estimate the ancestor of the amphibian panz@&u&PL originated between 120 and 50
years ago (Fig. 2E), with HPD estimates of 1898 [95% HPD-18d9] and 1962 [95%

HPD 18591988] for the nuclear and mitochondrial dating analyses respective\2[Hig

We considered aadditionalcalibration approacfor the TMRCA of the mitochondrial
genome where we includeéaformative priors on nodesround the dats for the first
historical descriptionsf BAGPL detectionin Australia (198), Central America (1972),
Sierra de Guadarrama (Europe) (19@nd the Pyrenees (Europ2P00. We did not
includepriors for nodes where observed declihage beemeported, butvherethe lineage
responsible for those declines is unknoivnis mixed dating methodlased on tips and nodes
calibrationyielded very similar estimates (TMRCA estimated4975[95% HPD 1939D
1989 (Fig. S9), further strengthening our cadénce in a recent date of emergence for
BAdGPL. An expansion oBdGPL in the 20" century coincides with the global expansion in
amphibians traded for exotic pets, medical and food purg@gea8). Within our phylogeny,
we foundrepresentativeom all lineageamongtraded animal (Figs. S1014), and
identifiedteneventswhere traded amphibians were ictied with norenzootic isolate§Fig.
4). This finding demonstrates tloagoing failure ofnternationabiosecuritydespite the

listing of B. dendrobatididy the World Organisation for Animal Health (the OlER008

Hybridisation between recontacting lineage®f B. dendrobatidis

To determine the extetd which the four main lineages Bf dendrobatididhave undergone
recent genetic exchange, we used thelsiteite based approach implemented in
STRUCTURE(29). Although most isolates could be assigned unambiguously to one of the
four main lineages, we identified three hybrid genotypes @BY.including one previously

reported hybrid (isolate CLFT024/@0), and discovered two newly identified hybrids of
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BdGPL andBdCAPEIin South Africa FurthermoreBdCH (isolate 0739) appears to be a
chimera of multiple lineagebatmay represent unsampled genomigdsity that resides in
East Asia, rather tharue hybridisation. These hybrid genomes demonstrateBthat
dendrobatidigs continuing to exchange haplotypes among lineadre they interact
following continental invasions, generating novel genomic diversity. We analysed isolate
clustering using principle components analysis on a filtered subs&0&f SNPs in linkage
equilibrium, revealing an overall population structure that is consistéhtour phylogenetic
analysegFig 30). In addition, the putatively identified hybrid isolatesBofdendrobatidis
were shown to fall between main lineage clusters (Fig. 3C) further strengthening our

hypothesis of haplotype exchange occ@dnring secadary contact betwedimeages.

Associatiors amonglineage,virulence and declines

Genotypic diversification of pathogens is commonly associated with diversification of traits
associated with host exploitatig®0), and is most commonly measured as thitalbo infect

a host and to cause disease fofsction.We tested for variation of these two phenotypic
traits across fouB. dendrobatididineages by exposing larval and posttamorphic

common toadsBufo bufg. Larvae are highly susceptible to infiea but do not die before
metamorphosis, in contrast to poasétamorphic juvenilesvhich are susceptible to infection
and fatal chytridiomycosi1). In tadpoles, botBdGPL andBdASIA-1 were significantly

more infectious thaBdCAPE andBdCH (Fig. S15 and Tables $& S4). In metamorphs

BdGPL wassignificantly morenfectiousthan theother treatments, compared to ttwatrol

group and significantly more lethal in experimental challenge, than the geographically more
restrictedBdCAPE,BdASIA-1 andBdCH (Fig. 2G). We further tested for differersaa

virulence among lineages by using our global dataset to examine whether chytridiomycosis

was norrandomly associated witB. dendrobatididineage. We detected a significant

10
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difference p < 0.001) in the pportion of isolates associated with chytridiomycosis among
the three parental lineagd3dASIA-1 andBdASIA-2/BABRAZIL were grouped due to low
sample sizes), anubsthoctests indicated significant excess in virulence in [BdGPL and
BACAPE lineages tative to the combineBdASIA-1 andBdASIA-2/BABRAZIL (all p <
0.05). However, we did not detect a significant difference betBd&®PL andBdCAPE

(Fig. S16 and Table S). These datauggesthat althougtBdGPL is highly virulent,
populationlevel outcomes aralsocontext depender(82); under some conditions other

lineages can also be responsiblelébinal amphibiardisease angdopulation declineg33).

Historical and contemporary implications of panzootc chytridiomycosis

Ourresults point tendemism oB. dendrobatidisn Asia, out of which multiplepanzootic
lineageshave emerged. These emergent diasporas include the virulent and highly
transmissibldBdGPL which spread during the early”?rﬁbnturyvia ayetunknown routdo
infectclose to D0 amphibianspecieout of~1300thus far teste@34). With over 7800
amphibian species currentligscribedthe numberof affected specieis likely to rise.The
international trade inmaphibiars hasundoubtety contributeddirectly to vectoing this
pathogerworldwide (Fig. 4;35,36), and within our phylogeny wielentifiedmanyhighly
supported!( 90% bootstrap support)ades on short branchdst linked isolates collected
from wild amphibian populations acrodiferent continents (Figd; Fig. S16S14).
However, theole of globalised traden passively contributing to the spreaidthis disease
cannot be ruled oult is likely nocoincidence that our estimated dater the emergence of
BdGPL spanthe globalsation Obig bangfe rapidproliferationin intercontinental trade,
capital and technologyhat startedn the 1820s37). The recent invasion of Madagascar by
Asian common toads hidden within mining equipm@8) emonstrates the capacity for

amphibians to escape detection at borders and exemplifies howititendedanthropogenic

11
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dispersal of amphibiartgsalsolikely contributed tdhe worldwide spread gfathogenic

chytrids.

The hyperdiverse hotspot identified in Korea likely represefraction of the
Batrachochytriungeneticdiversity in Asiaand further sampling across this region is
urgently needebtlecausehe substantial global trade in Asian amphibig8®3 presents a risk
of seeding future outbredikeagesUnique ribosomal DNA halotypes ofB. dendrobatidis
have been detected mativeamphibian species in Indid@ 41), Japan16) and China42).
Althoughcaution should be observed when drawing conclusions about Isleaggd on
short sequence alignments (F88), other endemic lineaggsobablyremainundetected
within Asia Significantly, thenorthernEuropean countryside is witnessithg emergence of
B. salamandrivoranswhichalso has its origin in Asialheemergence dB.
salamandrivoranss linked to the amipibian pet tradé43), and he broad expansion of
virulencefactorsthat are found in the genomestloése two pathogermse testament to the
evolutionary innovation that has occurredhese AsiamBatrachochytriunfungi (23). Our
findings show that thglobal trade in amphibians continues to be associated with the
translocation othytrid lineagesvith panzmtic potential Ultimately, our work confirms that
panzooticof emerging fungal diseasgsamphibians are caused agcient patterns of
pathaen plylogeography being redrawn as largely unrestricted global trade moves
pathogensnto newregions infectingnew hosts and ignitindiseaseutbreaksWithin this
context, he continuedstrengthening of transcontinental biosecuistgritical tothe survival

of amphibianspecies in the wild44).

12
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Tables:
Average Total AV.e“?‘ge
Total L pairwise- L
. Number of . pairwise- homozygous TajimaOs
Lineage segregating . . homozygous '$
Isolates : segregating segregating . D
sites ) - segregating
sites sites :
sites
BdASIA-1 8 327,996 142,437 108,353 21,716 0.0044 0.2540
BdASIA-2 /
BUBRAZIL 12 148,021 51,069 48,722 6,216 0.0018 0.9825
BACAPE 24 146,466 38,881 53,884 4,977 0.0016 0.3143
BdGPL 187 127,770 26,546 68,493 3,101 0.0009 0.9792

Table 1.Comparison of common genetic diversity measures arBatrgchochytrium

dendrobatididineagesTotal segregating sites for each lineage include all segregating sites
where genotype calls were made in at least half of the isolates. Average pairwisetisggrega

sitesis the average number of sites with different genotypes between all pairs of isolates

within a lineage. Total homozygous segregating sites includes all sites withingelimkare

there is at least one homozygous difference between isolates. Average pairwise homozygous

segregating sites is the average number of sites with different homozygous genotypes

between all pairs of isolates within a lineage. Nucleotide divelsjtis themeanof the per-

site nucleotide diversity. TajimaDss reported as th@eanover 1 kbp bins.
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623 Figures:

624

625 Fig. 1: Genetic diversity and phylogenetic tree of a global panel oBa3#achochytrium

626 dendrobatidigsolatesA. Map overlaid with bar charts showing the relative diversity of

627 isolates found in each continent and by each major lineage (excluding isolatésatted

628 animals). The bar heights are the average number of segregating sites between all pairwise
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combinations of isolates of each lineage in each continent (therefore only lineages with two
or more isolates from a continent are shovjtlined points athe base of each bar are

scaled by the number of isolates for each lineage in that continent. The numbers around the
outside of the globe are the average number of segregating sites between all pairwise
combinatiors of isolates grouped by contine@olours denote lineage as given by the legend

in Fig 1B.B. Midpoint rootedradial phylogeny supports four deeply diverged lineag&s of
dendrobatidisBdASIA-1; BAASIA-2/BABRAZIL ; BACAPEandBdGPL. All major splits

within the phylogeny are supported by 1009500 bootstrap replicates. See Fig. S2 for tree
with full bootstrap support values on all internal branches.
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Fig. 2: Dating the emergence BOGPL. A. Maximum likelihood (ML) tree constructed from
1,150 high quality SNPs found within the 1ki@ mitochadrial genomeB. Linear

regression of roeto-tip distance against year of isolation BiGPL isolates in

mitochondrial DNA phylogeny in panel Ahowing significant temporal trerf#-statistic =
14.35, p = 0.00024%. ML tree constructed from a 1.88bp region of low recombination in
Supercontig_1.2. TwBdGPL isolates, BABE3 and M@8ll on long brancheawayfrom

the rest of thddGPL isolates (see inset zoordye tointrogression from another lineage
(BACAPE; see Fig. 3B) and were excluded from the dating analydisnear regression of
root-to-tip distance against year of isolation RdGPL isolates from phylogeny in par@|

with significant temporal tren¢F-statistic = 15.92, wvalue = 0.0001)E. Topfigure shows
BdGPL and outgroupdCH, with the 95% HPD estimates for MRCA B8dGPL from

mtDNA dating (blue) and nuclear DNA dating (red). Lower figure shows full posterior
distributions from tip dating models for mtDNA (blue) and partial nuclear Dig4)(
genomes. Solid vertical lines are limits of the 95% HPD. Dashed vertical lines denote the
maximal density of the posterior distributiofs.Sliding 10kb, norroverlapping window
estimates of TajimaOs D for each of the BaitendrobatidisineagesThe region

highlighted in red is the low recombination segment of SupercontigG1Survival curves

for Bufo bufometamorphsor differentB. dendrobatidigreatment groupBdASIA-1 (blue);
BACAPE (orange)BdCH (yellow); BdGPL (green) and Control (grey). Confidence intervals
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are shown foBdGPL andBdASIA-1, showing no overlap by the end of the experiment.
Instances of mortalities in each treatment group are plotted alonepttig, xvith points
scaled by number of mortaks at each interval (day).
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Fig. 3: Fstand siteby-site STRUCTURE analysi&. Non-overlapping, 1&b sliding

window of Fst between lineages. The region highlighted in red is Supercontig_1.2:500,000
2,160,000ow recombination regiarB. Site-by-site analysis of population ancestry for a
random selection of 9,905 SNPs. Results show those isolates found to be either hybrid (SA
EC3, SAECS5 and CLFT024/2), or with significant introgression from-parental lineages
(isolates BABE3 and MG8Y @ chimera of wwsampled diversity, likely originating from East
Asia (0739, théBdCH isolate). Each column represents-alllic SNP position. The column

is coloured according to the joiptobability of either allele copy arising from one of four
distinct populations. Colours represent assumed parental lineages as given@ €ig. 3
Principle Components Analysis (PCA) of 3,900 SNPs in linkage equilibrium. Each point
represents an isolate, coloured by phylogenetic lineage. The isolates sepacdéarty

defined clusters. The axes plot the first and second principle components.

30



679
680

681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696

aarl965

Fig. 4: Genotypes oBdisolated fromnfected amphibians in the international traahel
phylogenetically linked genotypes from segregated geographic localitieseddiamonds

on the phylogeny indicate isolates recovered from traded animals. Their geographic location
is displayed by the red diamonds on the map. Thauwatbers link each trade isolate to the
relevant picture of the donor host spe@espthe figure paal and their placement in the
phylogeny The arrows on the map link geographically separated isolates which form closely
related phylogenetic clades with high bootstrap supp8%). Each clade is denoted by a
different shape point on the map with thenes of isolates within each clade displayed on

the map. The dates displayed indicate the samplingftamnee for each clade. The

phylogenetic position of each clade is displayed in Figs131dhe colours of points and
arrows on the map indicate lineagearding to the legend in Fig A.browsable version of

this phylogeny can be accessed at https://microreact.org/project/GloBai@®d credits(1)
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