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In brief

Clemons and Yacoub et al. describe a
novel CRESS DNA virus, BdDV-1, of the
amphibian pathogen Batrachochytrium
dendrobatidis. BdDV-1 is endogenized in
the fungal genome and found primarily
within less-virulent, non-GPL lineages of
the fungus. BdDV-1 presence is
associated with reduced in vitro growth
and increased virulence in an amphibian
model.
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SUMMARY

The global panzootic lineage (GPL) of the pathogenic fungus Batrachochytrium dendrobatidis (Bd) has
caused severe amphibian population declines, yet the drivers underlying the high frequency of GPL in regions
of amphibian decline are unclear. Using publicly available Bd genome sequences, we identified multiple non-
GPL Bd isolates that contain a circular Rep-encoding single-stranded (CRESS)-like DNA virus, which we
named Bd DNA virus 1 (BdDV-1). We further sequenced and constructed genome assemblies with long
read sequences to find that the virus is integrated into the nuclear genome in some strains. Attempts to
cure virus-positive isolates were unsuccessful; however, phenotypic differences between naturally virus-
positive and virus-negative Bd isolates suggested that BdDV-1 decreases the growth of its host in vitro
but increases the virulence of its host in vivo. BdDV-1 is the first-described CRESS DNA mycovirus of zoo-
sporic true fungi, with a distribution inversely associated with the emergence of the panzootic lineage.

INTRODUCTION

Recent observations of the decline in global amphibian diversity
coincide with population genetic evidence of the global spread
and emergence of the fungal pathogen Batrachochytrium den-
drobatidis (Bd).'™ The pathogen causes the disease chytridio-
mycosis in susceptible amphibian species through heavy skin
infection that can cause mortality due to osmolyte imbalance
and electrolyte depletion.® Bd is a generalist pathogen and is
associated with the decline of over 500 amphibian species,
with most of these declines attributed to the invasion of a low-di-
versity, rapidly expanded global panzootic lineage of Bd
(Bd-GPL).*®" Other Bd lineages (such as Bd-BRAZIL and Bd-
CAPE) are mostly enzootic to limited geographic regions and
generally do not cause large amphibian declines as has been
observed with Bd-GPL.%%° Yet, the drivers that have facilitated
the recent expansion of Bd and Bd-GPL are currently unknown.
One possibility is that Bd has escaped from its natural enemies,
such as hyperparasitic viruses or other fungi. Release from pop-
ulation control by natural enemies is hypothesized to be behind
the recent emergence of other emergent fungal diseases.'®""
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However, no such enemies of Bd have been found to date.
Here, we describe the discovery of a novel DNA mycovirus of
Bd, recovered almost exclusively from the less-virulent, non-
GPL Bd lineages.

Mycoviruses, which most commonly have a double-stranded
RNA (dsRNA) genome, are common hyperparasites of fungi and
are known to impact host fitness and virulence.''® Perhaps the
best-known example of a mycovirus that impacts host virulence
is CHV1, which infects the agent of chestnut blight, Cryphonec-
tria parasitica. CHV1 reduces the virulence of its host and has
been used with limited success as a biocontrol agent against
chestnut blight in some parts of Europe.'* Bd is a member of
the Chytridiomycota, a phylum that is primarily aquatic and re-
produces with motile zoospores. There is minimal knowledge
about the prevalence and diversity of mycoviruses in the zoo-
sporic lineages of fungi. Previous attempts to screen Bd isolates
for the presence of dsRNA mycoviruses have yielded negative
results.'®'® Recently, mycoviruses with small single-stranded
DNA (ssDNA) genomes, related to circular Rep-encoding sin-
gle-stranded (CRESS) DNA viruses, have been described from
Ascomycete fungi and shown to have a negative impact on
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Figure 1. BdDV-1 is mostly absent in Bd-GPL
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(A) Barplot showing percent of infected strains of sampled Bd lineages. n indicates the number of genome sequence isolates analyzed.
(B) Phylogeny of Bd strains constructed from single nucleotide polymorphisms (left; x axis indicates genetic distance based on SNPs) and barplot showing the
ratio of virus to fungus sequence reads found in each genome sequencing set (right), colored by Bd lineage.

host virulence.””~'® The characterized CRESS viruses in fungi
are members of family Genomoviridae; however, all character-
ized viruses infect Ascomycota, yet there is genomic evidence
from endogenized CRESS virus genes that the distribution of
this group is phylogenetically more widespread in fungi.?® This
demonstration that CRESS viruses are more common than
appreciated in fungi® prompted us to screen for similar mycovi-
ruses in Bd. Upon the discovery of such a virus in multiple iso-
lates, we tested for the potential impact of these viruses on
fungal phenotypes, including virulence toward a model
amphibian host.

RESULTS

Viral discovery

To test how common CRESS viruses are in Bd, we screened
publicly available Bd strain genome sequences from all existing
lineages™®?" for DNA mycoviruses by de novo assembling reads
that did not align to the reference genome JEL423. We found that
numerous isolates contain viral genes—Rep, encoding a replica-
tion-associated protein, and Cap, encoding a capsid protein—
indicative of a CRESS DNA mycovirus infection. These virus-
positive (v+) isolates almost exclusively lie within less-virulent
enzootic Bd lineages (Figure 1A): despite Bd-GPL being the
most-sampled lineage, only 1 out of 211 sequences had
matches to viral genes (Figure 1A). The enzootic Bd-BRAZIL line-
age is distinctive because less than half of the genome data from
these isolates are positive for CRESS virus genes. The other
enzootic lineages of Bd-ASIA1 and Bd-CAPE have a higher pro-
portion of isolates with copies of the viral genome, in some cases
up to 100% of screened isolates. Notably, the copy number of
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the virus relative to the genome average varied between strains
(ranging from 0.08 to 2.49) and was lower in Bd-BRAZIL and Bd-
CAPE compared with Bd-ASIA1 (Figure 1B). Additional DNA and
protein sequence searches of available B. salamandrivorans, the
sister species of Bd, genomic data did not identify any CRESS-
like viral sequences.

Viral phylogeny and assembly

We have named this mycovirus Bd DNA virus 1 (BdDV-1). The
viral phylogeny constructed from the Rep protein places
BdDV-1 in the family Circoviridae (Figure 2A). The BdDV-1 line-
age is distinct from other identified fungal CRESS viruses and
has a sister relationship to those recovered from environmental
sequencing of water, sewage, or viruses associated with ani-
mals. The structure of the BdDV-1 genomes recovered from
Bd isolates has three or four open reading frames (ORFs) de-
pending on the strain, including Cap- and Rep-encoding ORFs
that are ubiquitous in other CRESS viruses. Comparing the phy-
logeny of BdDV-1 with a dendrogram of Bd strains shows a
general fidelity of the virus between Bd lineages (Baker’s congru-
ency = 0.94), although there appears to be little co-phylogeny
within individual lineages (Figure 2B). Interestingly, the Bd-GPL
strain MAD-FR appears to have acquired its BdDV-1 infection
from the Bd-CAPE lineage that has been introduced into
Europe.*?'

The lllumina-based genome assemblies of the virus produced
2-4 kb of linear viral contigs, with some direct repeats and over-
lap in the assembly graph indicative of a possible circular
genome (Figures S1A-S1D). Assuming the repeats could repre-
sent a circular viral genome, then the genome would be 2.2 kb in
length with a single capsid gene and a replication-associated
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Figure 2. BdDV-1 belongs to the family Circoviridae and shares a close evolutionary relationship with Bd
(A) A cladogram of the maximum likelihood tree estimated from Rep amino acid sequence of BdDV-1 shows it as a member of family Circoviridae and distinct from
and other mycoviruses (red). Tips are color coded based on viral hosts, and branches are colored by SH-like support values. BdDV-1 is highlighted with a red

arrow.

(B) A tanglegram demonstrating co-phylogeny between infected Bd strains (left) and BdDV-1 (right). BADV-1 maximum likelihood phylogenetic tree constructed
based on nucleotide sequences of the Cap gene. Branch weight indicates common sub-branches between the two trees. See also Figure S2.

protein gene (Figure S1C), however, lacking the canonical stem-
loop motif associated with a nonanucleotide that is character-
istic of CRESS viruses and required for replication.’” PCR with
outward-facing primers was consistent with the presence of a
circular form of the virus (Figure S1B). However, attempts to
amplify the circular version of the virus using a modified rolling
circle amplification protocol®® using multiple approaches were
unsuccessful. These data suggest that if there is a circular
form, it should be rare, not the dominant structure of the
BdDV-1 genome, and unable to undergo normal rolling circle
replication due to lack of appropriate motifs.

Viral integration
To test whether BdDV-1 infection impacts the phenotype of its
host, as is the case with other DNA mycoviruses,'"'® we at-
tempted to generate a virus-free isolate using antivirals. A paired
infected and virus-cured Bd isolate would allow for the direct
comparison of the effects of BADV-1 on host fungal phenotypes.
We tested 71 single zoosporangia isolations from a v+ Bd isolate
(CLFT139) grown in control media or in presence of the antivirals
cycloheximide or ribavirin. As each zoosporangium develops
from a single zoospore, a single zoosporangium isolate should
derive from a single cell. However, all these curing attempts
were unsuccessful, as determined by a PCR test for the pres-
ence of the Rep gene after sub-culturing.

Due to the inability to clear the virus, the failure to amplify the
genome via rolling circle replication, and low coverage of the vi-
rus in the genome sequencing data (Figure 1B), we investigated

whether the virus may integrate into the genome. We achieved
this by sequencing multiple virus-infected strains using long-
read Oxford Nanopore Technology (ONT). Our assembled Bd-
BRAZIL isolate CLFT044 genome contained a 4.405-kb locus
with the BdDV-1 genome integrated adjacent to an rDNA locus
in a sub-telomeric region of scaffold_10. The total viral locus is
4.4-kb long and encodes four putative ORFs, a Cap and Rep
gene followed by ORF3 and ORF4, which are homologs of a
Rep gene. ORF3 and ORF4 are similar to Rep proteins from other
CRESS viruses but are both phylogenetically distinct from
BdDV-1 Rep protein (Figure S2). Additionally, ORF3 and ORF4
share nearly 100% sequence similarity with each other, indi-
cating that they may have originated from a duplication or partial
integration event.

The viral genome was integrated into a locus 21.2-kb proximal
to the telomere, upstream of a GAG pre-integrase gene
and downstream of an rDNA sequence (Figure 3A). Although
the ~1-Mb scaffold where BdDV-1 integrated is shared among
Bd strains, the 21.12-kb region between the telomere and
BdDV-1 locus was not found in virus-negative (v—) strains,
including the reference genome JEL423. This sub-telomeric
region in CLFT044 did not contain any predicted protein
coding genes (Figure 3B). We used PCR primers targeting the
rDNA region to the BdDV-1 Rep ORF in virus-positive Bd-
BRAZIL strains (CLFT044, CLFT061, and CLFT067) and viral
negative strains (CLFT071, CLFT085, and JEL423). All virus-pos-
itive strains also tested positive for the same integration locus
(adjacent to the rDNA sequence).

Current Biology 34, 1469-1478, April 8, 2024 1471
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Figure 3. BdDV-1 is integrated into the Bd genome and remains transcriptionally active

(A) View of integration supercontigs from 3 Bd strains: v+ strain, CLFT044 (green) and v— strains, CLFT071 (blue) and JEL423 (violet). Shaded linkage shows
regions of synteny between the scaffolds. The BdDV-1 integration site is indicated in the CLFT044 scaffold by red shading.

(B) BdDV-1 integration locus in CLFT044 at the end of scaffold 10, including immediate downstream genes (green arrows). Locus IDs in CLFT044 annotation and
functional annotations are indicated. Genes of unknown function are labeled with their highest BLAST hit in reference genomes JEL423 or JAM81. The region
spanning the telomere to the ~100-kb region is not shared between infected and uninfected strains. Figure S1 provides PCR confirmation of presence and

genome structure.

(C) BdDV-1 locus structure with log transformed expression at each position indicated using black bars. The average log transformed expression across all Bd
genes is depicted by the green horizontal line. The Rep gene alone is highly expressed compared with fungal genes. Figure S4 provides a summary of differentially

expressed genes between infected and uninfected strains.

To further explore the localization of BdDV-1, we designed
fluorescence in situ hybridization (FISH) probes to detect the viral
genome as well as a probe to the actin gene as an endogenous
Bd gene as a control. We used these probes to localize BdDV-1
and actin genes in both v— JEL423 and v+ CLFT044 (Figure 4A).
We quantified the number of hybridization signal spots and
found that the actin control probe localized to either one or two
spots in 58% of JEL423 and 32% of CLFT044 cells, while the
BdDV-1 probe localized to only 3% of JEL423 cells but 46% of
CLFTO044 cells (Figure 4B). The vast majority of these localization
spots co-localized with nuclear DNA signal. The number of foci
and the localization of the BdDV-1 compared with the actin
gene are consistent with chromosomal integration of the
BdDV-1 virus in CLFT044. A BdDV-1 localization primarily within
the Bd genome would explain why attempts to cure the virus
have been unsuccessful. We also compared the subcellular
structure of zoospores from a v+ and a v— strain using transmis-
sion electron microscopy. We did not detect obvious virions in
the cytoplasm or nucleus of the v+ strains, nor did we observe
changes to the organization of the cell (Figure S3), again, consis-
tent with an endogenous localization of BdDV-1.

To determine whether BdDV-1 ORFs are expressed, we ex-
tracted and sequenced mRNA from the v+ strain CLFT044 and
found RNA sequencing (RNA-seq) reads that matched the viral
ORFs (Figure 3C). The Rep gene was the most transcriptionally
active viral gene and more highly expressed than the average
expression observed in all Bd genes.

To identify differentially expressed genes (DEGs) between v+
and v— Bd-BRAZIL, we extracted and sequenced mRNA from
three samples of the v+ strain, CLFT067, and three samples of
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the v— strain, CLFTO71, all grown in 1% tryptone media. These
strains were selected due to their close phylogenetic relationship
and their shared geographic location.*®” We identified 97 DEGs
between CLFT067 and CLFT071; among them, 46 DEGs were
upregulated in the v+ strain. Additionally, we detected multiple
M36-domain-containing genes, putative virulence genes of Bd,
exhibiting decreased expression in the v+ strain (Figure S4).

Growth assays of infected fungal host

Because we were unable to generate isogenic v+ and v— isolates,
we took advantage of the variation within the Bd-BRAZIL lineage
to determine how the virus may impact its host. We hypothesized
that because the Rep gene was present in primarily less-virulent,
non-GPL lineages, BdDV-1 could reduce the virulence of Bd
strains. The Bd-BRAZIL lineage contains a mixture of isolates,
some carrying BdDV-1, as detected in genome sequences and
validated by PCR of the Rep gene. We selected 8 phylogenetically
distinct isolates of Bd-BRAZIL—4 naturally v+ and 4 naturally v—
(Figure 1B)—for growth and experimental infection assays.

We conducted two experiments to measure in vitro growth dif-
ferences between v+ and v— Bd isolates. The first experiment
consisted of three growth curve optical density (OD) assays
that differed only in the total number of isolates and replicates.
In all assays, zoospores were harvested from v+ and v— Bd iso-
lates and diluted at equal concentrations into fresh media. OD
readings were recorded for each isolate and averaged between
replicates for the duration of the growth period (Figure 5A). In
all three assays, the growth rate was not different between v+
(1: M =1.73, SD = 0.44, 2: M = 0.47, SD = 0.25, 3: M = 1.40,
SD = 0.11) and v— (1: M = 237, SD = 1.34, 2: M = 0.71,
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(A) Zoospores from v— strain JEL423 and v+ strain CLFT044 were fixed and stained with DNA probes targeting the Bd actin locus (left) or a region of the BdDV-1
genome (right). Images show overlays of DNA probe (green) and DAPI (magenta) fluorescence, dashed lines indicate cell boundaries and flagella. The brightness
and contrast of probe signals were increased in the actin/CLFT044 image to improve visibility of foci. Scale bars: 5 um.

(B) Quantification of hybridization signal spots per cell. Numbers of cells analyzed are indicated in parentheses. See also Figure S3.

SD =0.34, 3: M =1.25, SD = 0.14) isolates, ¢(6) = 0.87, p = 0.416,
t(4)=0.95,p=0.396, t(4)=1.71, p=0.163 for assays 1, 2, and 3,
respectively (Figure 5B). However, the efficiency of growth (EOG)
or carrying capacity, measured as the difference between the
endpoint OD and initial OD, was higher among v— (1: M = 0.19,
SD = 0.06, M = 0.12, SD = 0.04) compared with v+ (1: M =
0.11, SD = 0.02, 2: M = 0.08, SD = 0.02) isolates for the first
two assays, t(6) = 4.22, p < 0.001 and t(4) = 3.33, p = 0.029 for
assays 1and 2, respectively (Figure 5B). There was no significant
difference in EOG between v+ (M =0.11,SD = 0.03) and v— (M =
0.11, SD = 0.03) isolates in the third assay, t(4) = 0.42, p = 0.698.
In our second experiment, we inoculated media with zoospores
of v+ and v— strains and tracked four replicates over 16 days us-
ing gPCR of the internal transcribed spacer (ITS) region to mea-
sure Bd cell numbers, or zoospore equivalents (ZSEs). Due to
natural variation in ITS copy number among the strains used in
this study, which ranged from 28 to 56 copies per genome, we
adjusted growth curves to account for differences in relative ri-
bosomal RNA copy number. Growth peaked at day 7 of 10 for
most strains (Figure 5C). Differences in ZSE were significant at
day 7, with v— strains reaching a higher peak than v+ strains,
(M,_ = 8.5e+5, SD,_ = 2.6e+5, M,, = 3.8e+5, SD,, = 2.4e+5,
t(6) = 2.65, p < 0.05; Figure 5D). The relative ratio of fungal ITS
rDNA (ZSE) to viral Rep gene copies was also monitored in
experiment 2 for the v+ strains. We found that ratios of virus/
ZSE varied between 0.4 and 11.2, with a median of 1.1 (Fig-
ure S5). These results indicate that BdDV-1 is stably present
and impacts the growth of Bd in vitro by reducing cell density
at carrying capacity in both OD and gPCR experiments.

Experimental infection of amphibians

To determine the effects of BdDV-1 on Bd virulence, we infected
dwarf clawed frogs (Hymenochirus boettgeri) and monitored
survivorship, Bd load in ZSE, and BdDV-1 copies per zoospore.
Nine groups of 10 frogs each were individually infected
with zoospore suspensions from 4 v+ Bd-BRAZIL isolates, 4

v— Bd-BRAZIL isolates, or received no infection as a control.
The frogs were monitored daily for mortality and morbidity for
the duration of the 60-day experiment. All 40 frogs infected
with v+ isolates died of their infections by day 43. By contrast,
only 28 of 40 frogs infected with v— isolates died of their infection
by the end of the 60 days. All 10 control frogs and 12 of 40 frogs
infected with v— isolates survived the experiment (Figure 6A).
Only one v— Bd isolate (CLFT144) had 100% mortality. Despite
this outlier, we tested for an effect of BADV-1 on virulence using
a Cox proportional hazards model. Frogs infected with v+ iso-
lates had a significantly higher risk of death compared with those
infected with v— isolates (HR = 6.81, 95% confidence interval [Cl]
1.74-26.64, p = 0.006). There was no correlation between initial
body size and survival (r(78) = 0.022, p = 0.847). These results
indicate that, contrary to our expectations, BdDV-1 is associated
with increased Bd virulence.

During the experiment, living frogs were also skin swabbed to
monitor Bd zoospore load via qPCR on days 10, 30, and 60 post
Bd exposure. A final skin swab was also taken at the time of
death. For living frogs, high early time-point zoospore loads
correlated to higher probabilities of mortality during the experi-
ment (Figure S6A). Among frogs that succumbed, those infected
with v— isolates had a higher zoospore load at death (M =4.16 x
10°%, SD = 5.16 x 10%) compared with those infected with v+ iso-
lates (M = 7.66 x 10%, SD = 7.53 x 10%, whether adjusting or not
for differences in ITS copy number among strains, t(6) = 3.54, p =
0.01 (Figure 6B) and t(6) = 5.5, p < 0.001) (Figure S6B), respec-
tively. The number of zoospores at death was not related to sur-
vival time, as individuals infected with the most virulent v— isolate
(CLFT144) had similar mean zoospore loads at death to the least
virulent v— isolate (CLFTO71). This suggests that v+ Bd isolates
may be associated with a higher virulence than v— isolates for
an equivalent infection burden.

To determine the relationship between viral titer and infection
outcome, we monitored the relative number of BdDV-1 copies
per infected animal via gPCR on collected skin swabs. We found
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Figure 5. Bd isolates naturally infected with BdDV-1 (v+) show reduced growth efficiency compared with virus-free strains (v-)

(A) Growth curves are shown for infected (v+, green) and uninfected (v—, purple) strains. Gray shading indicates the 95% confidence interval.

(B) Comparisons of averages between all v— and v+ isolates for efficiency of growth (EOG) and rate of growth over three independent assays.

(C) Growth of infected (v+, green) and uninfected (v—, purple) strains in vitro estimated using gPCR. Values are shown in zoospore equivalents (ZSEs), adjusted for

differences in ribosomal ITS copy numbers using genome sequences.

(D) Comparison of growth curves at 5 time points estimated by gPCR aggregated across v+ (green) and v— (purple) strains. Bars indicate 1 standard deviation.
Significant differences between groups are indicated as * (p < 0.05) and *** (p < 0.001). See also Figure S5.

that viral titer, as measured by the ratio of viral copies to fungal
nuclear genome copies, varied over time during the infection. Af-
ter 10 days of infection, the ratio of viral copies to fungal nuclear
genome copies was one or higher and could be much higher
(Figure S6C). For example, for strain CLFT061, the mean ratio
of virus:fungus nuclear copies was 65.1. For all 4 v+ Bd isolates,
the ratio decreased among living frogs from day 10 to 30 post
exposure and was lowest among deceased frogs (Figure S6D).
This may indicate that although viral presence is significant for
the relative virulence of the isolate, it is not necessarily the accu-
mulation of viral genomes in these isolates that leads to
increased virulence. Additionally, although virus-to-fungus ratios
did vary between v+ isolates, it is unclear how this relates to viru-
lence. It is notable that CLFT044 had the highest mortality rate
and the lowest ratio of virus to fungus (Figure S6C). Causes
and consequences of BdDV-1 variation in apparent titer are un-
clear and an area needing further work.

DISCUSSION

BdDV-1 is the first full-length (containing both Rep and Cap
genes) CRESS virus in the Circoviridae known to infect fungi.
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The co-phylogeny and genome sequencing data suggest that
the viral sequence has a deep history mirroring the diversification
of the fungus, which may be explained by an endogenization
event into the Bd genome. Although genome sequence data
had been present for the strains used in these studies for over
a decade, the presence of BdDV-1 had been overlooked for
two reasons. First, most efforts to study mycoviruses have
focused on RNA viruses, but DNA mycoviruses may be more
prominent than realized.'®?° Second, analysis, which only
maps DNA sequence to a single reference genome, limits exam-
ination to elements found in the assembly; a pangenome
approach for the diverse Bd lineages is needed to better
describe the total diversity of genetic elements of the chytrid
fungus.?*2°

Our results suggest that BdDV-1 may be associated with
decreased growth of its host in vitro but may also be associated
with increased virulence of its host in an animal infection model
in vivo. These seemingly contradictory results have only been
observed in one other mycovirus system,® to our knowledge.
In most mycovirus infections, effects on in vitro growth are corre-
lated with effects on host virulence, with both overall positive
and negative impacts being described.® %27 Although rare,
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Figure 6. Frogs infected with v+ isolates have higher mortality rates but lower zoospore loads at death

(A) Frog host survival for the 60-day experimental infection. Frogs infected with virus-positive Bd strains (green) have a higher chance of mortality compared with
frogs infected with virus-negative Bd strains (purple). There was no mortality in the control group (gray).

(B) gPCR data showing the zoospore quantity (in zoospore equivalents [ZSEs]) at time of death for all frogs that died during the experiment. Frogs infected with
virus-negative strains (purple) had higher zoospore loads at death. ZSE values were adjusted to account for different numbers of ribosomal ITS copy numbers, as

determined from genome sequences. See also Figure S6.

increased fungal virulence due to mycovirus infection could lead
to increased spread and transmission of both host and mycovi-
rus,'>*® depending on lifetime output of zoospores. However,
in vitro growth may not correlate with growth in the wild. It is
possible that the specific culture media used contributes to a
substrate-specific negative impact of BdDV-1 on its host, as
has been described with mycoviruses BbPMV-1 and BbPMV-
3.2 On the other hand, the relatively low zoospore loads
observed in deceased frogs infected with v+ isolates may indi-
cate that BdDV-1 negatively impacts Bd growth both in vitro
and in vivo. If this is the case, then BdDV-1 may be altering the
Bd phenotype in a way that increases virulence without
increasing host growth. This could be through the increased
production of virulence factors, which in Bd are hypothesized
to include metalloproteases and Crinkler necrosis (CRN)
genes.'"*%*! We observed that, in vitro, a strain with the endo-
genized virus (CLFT067) differentially expressed 4 M36 metallo-
proteases relative to the v— strain, CLFTO71. Surprisingly, the
M36 metalloproteases were all downregulated in the v+ strain
relative to the v—. It is conceivable that the expression of metal-
loproteases during infection triggers the frog immune system,
with downregulation associated with immune evasion. Resolving
this issue will require understanding the expression of the M36
metalloproteases and other virulence-associated genes, which
are known to have upregulated expression on the frog host.*?
The broad pattern of vertical inheritance of BdDV-1 in Bd line-
ages may relate to its integration in the fungal chromosome.
Rather than a means of genome replication, the endogenization
of CRESS viruses is thought to be “accidentally” mediated by
the Rep protein during viral replication in the host nucleus.** If
BdDV-1 inserted itself in the genome early in the origin of Bd, it
has been maintained as a non-pseudogenized, expressed clus-
ter of genes located in a dynamic region of the genome —sub-te-
lomeric and between a high copy-number locus (ribosomal RNA)
and a DNA integrase. Our PCR results targeting the flanks of the
viral integration locus indicate that all virus-positive Bd-BRAZIL
strains share the same integration locus. The co-evolution of

Bd and BdDV-1 and their shared integration locus suggests a
single integration event and subsequent vertical transmission
of BADV-1. Although BdDV-1 may be primarily expressed from
a chromosomal location and inherited through the fungal DNA,
its presence is variable across Bd-BRAZIL isolates, and its nu-
clear location would not limit its ability to cause a profound effect
on host phenotype. For example, the hypovirulence caused by
CHV1 of C. parasitica can be recapitulated by expression from
an integrated cDNA version of the virus.®>* Moreover, CRESS
and other viruses are capable of maintaining both sequence con-
servation and gene expression following endogenization.®>*®
Additional studies are underway to develop a transfection
system to provide a more controlled environment to test the
phenotypic effects of BdDV-1.

The demonstration that Bd harbors CRESS viruses opens up
the potential for exploiting their unique biology for use in genetic
engineering and biocontrol of the fungus. A DNA virus of chytrid
fungi may allow the development of viral-based vectors to genet-
ically transform chytrids, a much-needed research tool. CRESS
viruses also have potential to be used as a form of sprayed
biocontrol, as the ssDNA viruses may show environmental trans-
mission.'®*” Before any efforts to undertake virus-based reme-
diation or biocontrol strategies, it is imperative to know more
about the distribution and potential impact of BdDV-1 and
related viruses across amphibian hosts and their parasites.
Pointedly, in the case of BADV-1, our results show an association
of the virus with increased rather than decreased fungal viru-
lence, making its application in this area unlikely. Instead, the
Bd-mycovirus system may reinforce the emerging notion that
hyperparasites can optimize host virulence to increase their
Darwinian fitness.*®

In conclusion, we describe a novel CRESS virus discovered in
Bd that is primarily present as endogenous copies in the ge-
nomes of enzootic lineages and which may influence the growth
and virulence of the host. Because of this phylogenetic pattern,
we hypothesize that defense against or escape from a natural
enemy such as BdDV-1 could be related to the emergence of
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Bd-GPL as the dominant genotype across the world. The deep
phylogenetic history of the virus, which is found at an even higher
prevalence in CAPE and ASIA1 clades sister to the GPL +
BRAZIL lineages, suggests that the common ancestor of most
Bd lineages would have been infected by BdDV-1, with losses
of the virus common in the Bd-BRAZIL lineage and before the
global dispersal of Bd-GPL. By comparing naturally infected
Bd-BRAZIL isolates with uninfected isolates, we showed that
the virus is associated with increased virulence, though the
experimental infection and in vitro conditions provide only a
small snapshot of the true environmental conditions experienced
by Bd. Finally, BdDV-1 occurs in the wild in regions in which
active hybridization of Bd is occurring.”*° The threat that hybrid-
ization could bring BdDV-1 into a GPL background and increase
the virulence of hybrid genotypes is a serious concern. In fact,
experimental trials have shown that Bd hybrid strains (between
Bd-GPL and Bd-BRAZIL) could be more virulent than parental
lineages when infecting Brazilian and African frog hosts.***" Viral
spillover from hybrids into Bd-GPL could have severe implica-
tions for amphibian population declines by increasing the viru-
lence of already hypervirulent Bd lineages.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Culture acquisition
O Amphibian infection model
o METHOD DETAILS
Viral discovery from screening Bd sequences
CRESS Rep phylogeny
Strain phylogeny
BdDV-1 tanglegram
lllumina assembly of strain CLFT044
RNA extraction and sequencing of CLFT044
Nanopore assembly and annotation of Bd-BRAZIL
Identification of the viral locus
Genomic integration comparison
Tests of viral presence and circularity
Fluorescence in situ hybridization (FISH)
Confirmation of viral integration
Curing attempts
Transmission electron microscopy
In vitro growth assays
qPCR for Bd and BdDV-1
Experimental infection
o QUANTIFICATION AND STATISTICAL ANALYSIS

@)

OO0 0000000000000 O0

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
cub.2024.02.062.

1476 Current Biology 34, 1469-1478, April 8, 2024

Current Biology

ACKNOWLEDGMENTS

L.K.F.-L., T.Y.J., and J.E.S. are fellows in the CIFAR program Fungal Kingdom:
Threats and Opportunities. This work was partially supported by a catalyst
grant from CIFAR and CIFAR fellowship funds. The Gordon and Betty Moore
Foundation Award no. 9337 (10.37807/GBMF9337) to L.K.F.-L., T.Y.J., and
J.E.S. supported R.A.C., E.K., and M.N.Y. L.K.F.-L. was also supported by a
Pew Scholar award from the Pew Charitable Trusts. L.F.T. was granted fund-
ing by the Sao Paulo Research Foundation (FAPESP #2016/25358-3) and the
National Council for Scientific and Technological Development (CNPqg no.
302834/2020-6).

AUTHOR CONTRIBUTIONS

Conceptualization, R.A.C., M.N.Y., T.Y.J., and J.E.S.; methodology, R.A.C.,
M.N.Y, T.C,, T.Y.J., LK.F.-L., and J.E.S.; formal analysis, R.A.C., M.N.Y.,
T.Y.J, LK.F.-L,, and J.E.S,; investigation, T.C., E.F., and E.K.; access to sam-
ples and sequencing data, T.S.J., L.F.T., and T.Y.J.; writing — original draft,
R.A.C., M.N.Y,, T.Y.J,, and J.E.S.; writing — review & editing, L.K.F.-L., E.K,,
T.C., D.R.S,, and L.F.T.; data and microscopy visualization, M.N.Y., E.K.,
R.A.C,, D.R.S,, T.C., and L.K.F.-L.; supervision, T.Y.J., J.E.S., and L.K.F.-L,;
project administration, T.Y.J. and J.E.S.; funding acquisition, L.K.F.-L.,
L.F.T., T.Y.J. and J.E.S.

DECLARATION OF INTERESTS
The authors declare no competing interests.

Received: April 4, 2023
Revised: December 18, 2023
Accepted: February 26, 2024
Published: March 14, 2024

REFERENCES

1. James, T.Y., Litvintseva, A.P., Vilgalys, R., Morgan, J.A.T., Taylor, JW.,
Fisher, M.C., Berger, L., Weldon, C., du Preez, L., and Longcore, J.E.
(2009). Rapid global expansion of the fungal disease chytridiomycosis
into declining and healthy amphibian populations. PLoS Pathog. 5,
e€1000458.

2. Fisher, M.C., Garner, T.W.J., and Walker, S.F. (2009). Global emergence of
Batrachochytrium dendrobatidis and amphibian chytridiomycosis in
space, time, and host. Annu. Rev. Microbiol. 63, 291-310.

3. Scheele, B.C., Pasmans, F., Skerratt, L.F., Berger, L., Martel, A,
Beukema, W., Acevedo, A.A., Burrowes, P.A., Carvalho, T., Catenazzi,
A., et al. (2019). Amphibian fungal panzootic causes catastrophic and
ongoing loss of biodiversity. Science 363, 1459-1463.

4. O’Hanlon, S.J., Rieux, A., Farrer, R.A., Rosa, G.M., Waldman, B., Bataille,
A., Kosch, T.A., Murray, K.A., Brankovics, B., Fumagalli, M., et al. (2018).
Recent Asian origin of chytrid fungi causing global amphibian declines.
Science 360, 621-627.

5. Voyles, J., Berger, L., Young, S., Speare, R., Webb, R., Warner, J., Rudd,
D., Campbell, R., and Skerratt, L.F. (2007). Electrolyte depletion and os-
motic imbalance in amphibians with chytridiomycosis. Dis. Aquat.
Organ. 77, 113-118.

6. Rosenblum, E.B., James, T.Y., Zamudio, K.R., Poorten, T.J., llut, D.,
Rodriguez, D., Eastman, J.M., Richards-Hrdlicka, K., Joneson, S.,
Jenkinson, T.S., et al. (2013). Complex history of the amphibian-killing
chytrid fungus revealed with genome resequencing data. Proc. Natl.
Acad. Sci. USA 770, 9385-9390.

7. Farrer, R.A., Martel, A., Verbrugghe, E., Abouelleil, A., Ducatelle, R.,
Longcore, J.E., James, T.Y., Pasmans, F., Fisher, M.C., and Cuomo,
C.A. (2017). Genomic innovations linked to infection strategies across
emerging pathogenic chytrid fungi. Nat. Commun. 8, 14742.

8. Rodriguez, D., Becker, C.G., Pupin, N.C., Haddad, C.F.B., and Zamudio,
K.R. (2014). Long-term endemism of two highly divergent lineages of the



Current Biology

Article

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

amphibian-killing fungus in the Atlantic Forest of Brazil. Mol. Ecol. 23,
774-787.

. Belasen, A.M., Russell, I.D., Zamudio, K.R., and Bletz, M.C. (2022).

Endemic lineages of Batrachochytrium dendrobatidis are associated
with reduced chytridiomycosis-induced mortality in amphibians:
Evidence from a meta-analysis of experimental infection studies. Front.
Vet. Sci. 9, 756686.

Milgroom, M.G., and Cortesi, P. (2004). Biological control of chestnut
blight with hypovirulence: a critical analysis. Annu. Rev. Phytopathol. 42,
311-338.

Kiss, L. (1998). Natural occurrence of Ampelomyces intracellular mycopar-
asites in mycelia of powdery mildew fungi. New Phytol. 740, 709-714.

Parratt, S.R., and Laine, A.L. (2016). The role of hyperparasitism in micro-
bial pathogen ecology and evolution. ISME J. 710, 1815-1822.

Kondo, H., Botella, L., and Suzuki, N. (2022). Mycovirus Diversity
and Evolution Revealed/Inferred from Recent Studies. Annu. Rev.
Phytopathol. 60, 307-336.

Rigling, D., and Prospero, S. (2018). Cryphonectria parasitica, the causal
agent of chestnut blight: invasion history, population biology and disease
control. Mol. Plant Pathol. 79, 7-20.

Myers, J.M., Bonds, A.E., Clemons, R.A., Thapa, N.A., Simmons, D.R.,
Carter-House, D., Ortafiez, J., Liu, P., Miralles-Duran, A., Desiro, A.,
et al. (2020). Survey of early-diverging lineages of fungi reveals abundant
and diverse mycoviruses. mBio 77, e02027-20.

Webb, R.J., Roberts, A.A., Wylie, S., Kosch, T., Toledo, L.F., Merces, M.,
Skerratt, L.F., and Berger, L. (2022). Non-detection of mycoviruses in
amphibian chytrid fungus (Batrachochytrium dendrobatidis) from
Australia. Fungal Biol. 726, 75-81.

Li, P., Wang, S., Zhang, L., Qiu, D., Zhou, X., and Guo, L. (2020). A tripartite
ssDNA mycovirus from a plant pathogenic fungus is infectious as cloned
DNA and purified virions. Sci. Adv. 6, eaay9634.

Yu, X., Li, B, Fu, Y., Jiang, D., Ghabrial, S.A., Li, G., Peng, Y., Xie, J.,
Cheng, J., Huang, J., et al. (2010). A geminivirus-related DNA mycovirus
that confers hypovirulence to a plant pathogenic fungus. Proc. Natl.
Acad. Sci. USA 707, 8387-8392.

Khalifa, M.E., and MacDiarmid, R.M. (2021). A mechanically transmitted
DNA mycovirus is targeted by the defence machinery of its host,
Botrytis cinerea. Viruses 13, 1315.

Zhao, L., Lavington, E., and Duffy, S. (2021). Truly ubiquitous CRESS DNA
viruses scattered across the eukaryotic tree of life. J. Evol. Biol. 34,
1901-1916.

Farrer, R.A., Weinert, L.A., Bielby, J., Garner, T.W.J., Balloux, F., Clare, F.,
Bosch, J., Cunningham, A.A., Weldon, C., du Preez, L.H., et al. (2011).
Multiple emergences of genetically diverse amphibian-infecting chytrids
include a globalized hypervirulent recombinant lineage. Proc. Natl.
Acad. Sci. USA 108, 18732-18736.

Rosario, K., Duffy, S., and Breitbart, M. (2012). A field guide to eukaryotic
circular single-stranded DNA viruses: insights gained from metagenomics.
Arch. Virol. 157, 1851-1871.

James, A.P., Geijskes, R.J., Dale, J.L., and Harding, R.M. (2011).
Development of a novel rolling-circle amplification technique to detect ba-
nana streak virus that also discriminates between integrated and episomal
virus sequences. Plant Dis. 95, 57-62.

Plissonneau, C., Hartmann, F.E., and Croll, D. (2018). Pangenome ana-
lyses of the wheat pathogen Zymoseptoria tritici reveal the structural basis
of a highly plastic eukaryotic genome. BMC Biol. 16, 5.

Lofgren, L.A., Ross, B.S., Cramer, R.A., and Stajich, J.E. (2022). The pan-
genome of Aspergillus fumigatus provides a high-resolution view of its
population structure revealing high levels of lineage-specific diversity
driven by recombination. PLoS Biol. 20, €3001890.

Okada, R., Ichinose, S., Takeshita, K., Urayama, S.l., Fukuhara, T.,
Komatsu, K., Arie, T., Ishihara, A., Egusa, M., Kodama, M., et al. (2018).
Molecular characterization of a novel mycovirus in Alternaria alternata

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42,

43.

44,

45.

¢? CellPress

OPEN ACCESS

manifesting two-sided effects: Down-regulation of host growth and up-
regulation of host plant pathogenicity. Virology 579, 23-32.

Lima, S.S., Abadio, A.K.R., Aradjo, E.F., Kitajima, E.W., Sartorato, A., and
de Queiroz, M.V. (2010). Mycovirus in Pseudocercospora griseola, the
causal agent of angular leaf spot in common bean. Can. J. Microbiol.
56, 359-365.

Sandhu, S.K., Morozov, A.Y., Holt, R.D., and Barfield, M. (2021). Revisiting
the role of hyperparasitism in the evolution of virulence. Am. Nat. 197,
216-235.

Filippou, C., Diss, R.M., Daudu, J.O., Coutts, R.H.A., and Kotta-Loizou, I.
(2021). The Polymycovirus-mediated growth enhancement of the entomo-
pathogenic fungus Beauveria bassiana is dependent on Carbon and
Nitrogen metabolism. Front. Microbiol. 72, 606366.

Fisher, M.C., Pasmans, F., and Martel, A. (2021). Virulence and pathoge-
nicity of chytrid fungi causing amphibian extinctions. Annu. Rev.
Microbiol. 75, 673-693.

Joneson, S., Stajich, J.E., Shiu, S.H., and Rosenblum, E.B. (2011).
Genomic transition to pathogenicity in chytrid fungi. PLoS Pathog. 7,
e1002338.

Torres-Sanchez, M., Villate, J., McGrath-Blaser, S., and Longo, A.V.
(2022). Panzootic chytrid fungus exploits diverse amphibian host environ-
ments through plastic infection strategies. Mol. Ecol. 37, 4558-4570.

Krupovic, M., and Forterre, P. (2015). Single-stranded DNA viruses employ
a variety of mechanisms for integration into host genomes. Ann. N. Y.
Acad. Sci. 1341, 41-53.

Choi, G.H., and Nuss, D.L. (1992). Hypovirulence of chestnut blight fungus
conferred by an infectious viral cDNA. Science 257, 800-803.

Filloux, D., Murrell, S., Koohapitagtam, M., Golden, M., Julian, C., Galzi, S.,
Uzest, M., Rodier-Goud, M., D’Hont, A., Vernerey, M.S., et al. (2015). The
genomes of many yam species contain transcriptionally active endoge-
nous geminiviral sequences that may be functionally expressed. Virus
Evol. 7, vev002.

Skirmuntt, E.C., Escalera-Zamudio, M., Teeling, E.C., Smith, A., and
Katzourakis, A. (2020). The potential role of endogenous viral elements
in the evolution of bats as reservoirs for zoonotic viruses. Annu. Rev.
Virol. 7, 103-119.

Yu, X., Li, B, Fu, Y., Xie, J., Cheng, J., Ghabrial, S.A., Li, G., Yi, X., and
Jiang, D. (2013). Extracellular transmission of a DNA mycovirus and its
use as a natural fungicide. Proc. Natl. Acad. Sci. USA 170, 1452-1457.

Myers, J.M., and James, T.Y. (2022). Mycoviruses. Curr. Biol. 32,
R150-R155.

Schloegel, L.M., Toledo, L.F., Longcore, J.E., Greenspan, S.E., Vieira,
C.A., Lee, M., Zhao, S., Wangen, C., Ferreira, C.M., Hipolito, M., et al.
(2012). Novel, panzootic and hybrid genotypes of amphibian chytridiomy-
cosis associated with the bullfrog trade. Mol. Ecol. 27, 5162-5177.
Greenspan, S.E., Lambertini, C., Carvalho, T., James, T.Y., Toledo, L.F.,
Haddad, C.F.B., and Becker, C.G. (2018). Hybrids of amphibian chytrid
show high virulence in native hosts. Sci. Rep. 8, 9600.

Carvalho, T., Si, C., Clemons, R.A., Faust, E., and James, T.Y. (2023).
Amphibian Hymenochirus boettgeri as an experimental model for infection
studies with the chytrid fungus Batrachochytrium dendrobatidis. Virulence
14, 2270252.

Pedersen, B.S., and Quinlan, A.R. (2018). Mosdepth: quick coverage
calculation for genomes and exomes. Bioinformatics 34, 867-868.
Prjibelski, A., Antipov, D., Meleshko, D., Lapidus, A., and Korobeynikov, A.
(2020). Using SPAdes de novo assembler. Curr. Protoc. Bioinformatics
70, e102.

Hyatt, D., Chen, G.L., Locascio, P.F., Land, M.L., Larimer, F.W., and
Hauser, L.J. (2010). Prodigal: prokaryotic gene recognition and translation
initiation site identification. BMC Bioinformatics 77, 119.

Edgar, R.C. (2022). Muscle5: High-accuracy alignment ensembles enable
unbiased assessments of sequence homology and phylogeny. Nat.
Commun. 73, 6968.

Current Biology 34, 1469-1478, April 8, 2024 1477




¢? CellPress

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

OPEN ACCESS

Minh, B.Q., Schmidt, H.A., Chernomor, O., Schrempf, D., Woodhams,
M.D., von Haeseler, A., and Lanfear, R. (2020). IQ-TREE 2: New models
and efficient methods for phylogenetic inference in the genomic era.
Mol. Biol. Evol. 37, 1530-1534.

Yu, G. (2022). Data Integration, Manipulation and Visualization of
Phylogenetic Trees (CRC Press, Taylor & Francis Group).

Bray, N.L., Pimentel, H., Melsted, P., and Pachter, L. (2016). Near-optimal
probabilistic RNA-seq quantification. Nat. Biotechnol. 34, 525-527.
Love, M.1., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeg2. Genome Biol.
15, 550.

Kamvar, Z.N., Tabima, J.F., and Griinwald, N.J. (2014). Poppr: an R pack-
age for genetic analysis of populations with clonal, partially clonal, and/or
sexual reproduction. PeerJ 2, e281.

Noé, L., and Kucherov, G. (2005). YASS: enhancing the sensitivity of DNA
similarity search. Nucleic Acids Res. 33, W540-\W543.

Wick, R.R., Schultz, M.B., Zobel, J., and Holt, K.E. (2015). Bandage: inter-
active visualization of de novo genome assemblies. Bioinformatics 37,
3350-3352.

Koren, S., Walenz, B.P., Berlin, K., Miller, J.R., Bergman, N.H., and
Phillippy, A.M. (2017). Canu: scalable and accurate long-read assembly
via adaptive k-mer weighting and repeat separation. Genome Res. 27,
722-736.

Palmer, J.M., and Stajich, J. (2020). Funannotate v1.8.1: Eukaryotic
genome annotation. Zenodo. https://zenodo.org/records/4054262.
Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z., Miller,
W., and Lipman, D.J. (1997). Gapped BLAST and PSI-BLAST: a new gen-
eration of protein database search programs. Nucleic Acids Res. 25,
3389-3402.

Li, H. (2018). Minimap2: pairwise alignment for nucleotide sequences.
Bioinformatics 34, 3094-3100.

Hackl, T., Ankenbrand, M.J., and van Adrichem, B. (2023). gggenomes: A
Grammar of Graphics for Comparative Genomics. GitHub. https://thackl.
github.io/gggenomes/.

Galili, T. (2015). dendextend: an R package for visualizing, adjusting and
comparing trees of hierarchical clustering. Bioinformatics 37, 3718-3720.
Walker, B.J., Abeel, T., Shea, T., Priest, M., Abouelliel, A., Sakthikumar, S.,
Cuomo, C.A., Zeng, Q., Wortman, J., Young, S.K., et al. (2014). Pilon: an
integrated tool for comprehensive microbial variant detection and genome
assembly improvement. PLoS One 9, e112963.

Simmons, D.R., Bonds, A.E., Castillo, B.T., Clemons, R.A., Glasco, A.D.,
Myers, J.M., Thapa, N., Letcher, P.M., Powell, M.J., Longcore, J.E.,
et al. (2020). The Collection of Zoosporic Eufungi at the University of
Michigan (CZEUM): introducing a new repository of barcoded
Chytridiomyceta and Blastocladiomycota cultures. IMA Fungus 77, 20.

1478 Current Biology 34, 1469-1478, April 8, 2024

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Current Biology

Article

Jenkinson, T.S., Betancourt Roman, C.M., Lambertini, C., Valencia-
Aguilar, A., Rodriguez, D., Nunes-de-Almeida, C.H.L., Ruggeri, J.,
Belasen, A.M., da Silva Leite, D., Zamudio, K.R., et al. (2016).
Amphibian-killing chytrid in Brazil comprises both locally endemic and
globally expanding populations. Mol. Ecol. 25, 2978-2996.

Jenkinson, T.S., Rodriguez, D., Clemons, R.A., Michelotti, L.A., Zamudio,
K.R., Toledo, L.F., Longcore, J.E., and James, T.Y. (2018). Globally inva-
sive genotypes of the amphibian chytrid outcompete an enzootic lineage
in coinfections. Proc. Biol. Sci. 285, 20181894.

Li, H., and Durbin, R. (2010). Fast and accurate long-read alignment with
Burrows-Wheeler transform. Bioinformatics 26, 589-595.

DePristo, M.A., Banks, E., Poplin, R., Garimella, K.V., Maguire, J.R., Hartl,
C., Philippakis, A.A., del Angel, G., Rivas, M.A., Hanna, M., et al. (2011). A
framework for variation discovery and genotyping using next-generation
DNA sequencing data. Nat. Genet. 43, 491-498.

Van der Auwera, G.A., Carneiro, M.O., Hartl, C., Poplin, R., Del Angel, G.,
Levy-Moonshine, A., Jordan, T., Shakir, K., Roazen, D., Thibault, J., et al.
(2013). From FastQ data to high confidence variant calls: the Genome
Analysis Toolkit best practices pipeline. Curr. Protoc. Bioinformatics 43,
11.10.1-11.10.33.

Bolger, A.M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible
trimmer for lllumina sequence data. Bioinformatics 30, 2114-2120.

Carter-House, D., Stajich, J.E., Unruh, S., and Kurbessoian, T. (2020).
Fungal CTAB DNA Extraction v1. protocols.io. https://www.protocols.io/
view/fungal-ctab-dna-extraction-bp2l6n64dgqge/v1.

Schindelin, J., Arganda-Carreras, |., Frise, E., Kaynig, V., Longair, M.,
Pietzsch, T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al.
(2012). Fiji: an open-source platform for biological-image analysis. Nat.
Methods 9, 676-682.

Inkspace Contributors.
inkscape.org.

Longcore, J.E. (1992). Morphology, Occurrence,
Ultrastructure of Podochytrium dentatum sp. nov.
Mycologia 84, 183-192.

Inkspace. Inkspace Project. 2020. https://

and Zoospore
(Chytridiales).

Brewster, J.D. (2003). A simple micro-growth assay for enumerating bac-
teria. J. Microbiol. Methods 53, 77-86.

Boyle, D.G., Boyle, D.B., Olsen, V., Morgan, J.A.T., and Hyatt, A.D. (2004).
Rapid quantitative detection of chytridiomycosis (Batrachochytrium den-
drobatidis) in amphibian samples using real-time Tagman PCR assay.
Dis. Aquat. Organ. 60, 141-148.

Warringer, J., and Blomberg, A. (2003). Automated screening in environ-
mental arrays allows analysis of quantitative phenotypic profiles in
Saccharomyces cerevisiae. Yeast 20, 53-67.



Current Biology

STARXxMETHODS

KEY RESOURCES TABLE

¢? CellPress

OPEN ACCESS

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Batrachochytrium dendrobatidis

CZEUM (https://czeum.herb.

Isa.umich.edu/)

CLFT061; CLFT067; CLFT044;
CLFT148; CLFT139; CLFT068;
CLFTO070; CLFTO71; CLFT144

Chemicals, peptides, and recombinant proteins

Triton X-100 Sigma-Aldrich Cat# X100
Critical commercial assays

DNeasy Blood and Tissue Extraction Kit Qiagen Cat# 69504
TRIzol Reagent Invitrogen Cat# 15596026
Phusion High Fidelity Polymerase New England Biolabs Cat# M0530
NucleoSpin Gel and PCR Clean-up Kit Machery-Nagel Cat# 740609

FISH Tag DNA Orange Kit
TOPO TA cloning kit
Zyppy Plasmid Miniprep kit

Prepman™ Ultra Sample
Preparation Reagent

ThermoFisher Scientific
Invitrogen

Zymo Research
Applied Biosystems

Cat# F32948
Cat# K4575J10
Cat# D4019
Cat# 4318930

Deposited data

CLFT044 and CLFT071 annotated genomes

CLFT044 and CLFT071 Nanopore and
lllumina DNA and RNA

Bd-BRAZIL strain sequence data

Viral phylogeny analysis

Bd phylogeny analysis

DDBJ/ENA/GenBank,
this paper
NCBI, this paper

NCBI, this paper

GitHub, this paper

GitHub, this paper

GenBank: JAQIHF000000000; GenBank:
JAQQXB000000000

BioProject: PRUNA821523; BioProject PRUNA913953

BioProject: PRUINA595972; SRA:
SRR10698403 (CLFT044); SRA:
SRR10698397 (CLFT139); SRA:
SRR10698396 (CLFT148); SRA:
SRR10698381 (CLFT068); SRA:
SRR10698424 (CLFT070)

https://github.com/myacoub005/BdDV1_Discovery;
https://doi.org/10.5281/zenodo.10662592
https://github.com/stajichlab/PopGenomics_Bd;
https://doi.org/10.5281/zenodo.10662979

Experimental models: Organisms/strains

Hymenochirus boettgeri

Live Aquaria and VWR

Cat# CN-114693;
Cat# 470180-584

Oligonucleotides

BdDV-1 primers (See Table S2
for sequences)

FISH probes (See Table S2
for sequences)

Invitrogen, this paper

This paper

N/A

N/A

Software and algorithms

bwa v0.7.17
mosdepth v0.3.3
SPAdes v3.15.2
prodigal v2.6.3
MUSCLE v5.1
IQTREE v2.2.1
Rv4.3.1

Scheele et al.®
Pedersen and Quinlan*?
Priibelski et al.*®

Hyatt et al.**

Edgar*®

Minh et al.“®

R Core Team

https://github.com/Ih3/bwa
https://github.com/brentp/mosdepth
https://github.com/ablab/spades
https://github.com/hyattpd/Prodigal
https://github.com/rcedgar/muscle
https://github.com/igtree/igtree2
https://www.r-project.org/
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ggtree v3.8.2 Yu*’ https://bioconductor.org/packages/
release/bioc/html/ggtree.html

kallisto v0.48.0 Bray et al.*® https://github.com/pachterlab/kallisto

DESEQ2 v.1.40.2 Love et al.*® https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

Poppr v2.9.3 Kamvar et al.*° https://github.com/grunwaldlab/poppr

YASS v1.16 Noé and Kucherov®' https://github.com/paninski-lab/yass

Bandage v0.8.1 Wick et al.*? https://github.com/rrwick/Bandage

Canuv2.2 Koren et al.>® https://github.com/marbl/canu/

Funnanotate v1.8.14

BLASTP v2.13.0+

minimap2 v2.24

gggenomes v0.9.9.9000
dendextend v1.17.1
GraphPad Prism v10.1.0
Pilon v1.24

Palmer and Stajich®*
Altschul et al.*®
Li56

Hackl et al.®”

Galili*®

Graphpad by Dotmatics

Walker et al.>®

releases/tag/v2.2

https://funannotate.readthedocs.io/
en/stable/

https://ncbiinsights.ncbi.nim.nih.gov/
2022/03/29/blast-2-13-0/

https://github.com/Ih3/minimap2/
releases/tag/v2.24

https://github.com/thackl/gggenomes
https://talgalili.github.io/dendextend/
https://www.graphpad.com/
https://github.com/broadinstitute/pilon

Other

Multisizer 4e Coulter Counter
Epoch 2 Microplate Spectrophotometer
QuantStudio 3 Real-Time PCR System

Beckman Coulter, Inc.
BioTek Instruments
Applied Biosystems

Cat# B43905
Cat# EPOCH2NSC
Cat# A28567

Fine tip rayon swabs Medical Wire & Equipment Cat# MW113

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jason E.
Stajich (jason.stajich@ucr.edu).

Materials availability
No unique reagents were generated in this study.

Data and code availability

® Genome sequence and annotation for CLFT044 and CLFTQ071 have been deposited at DDBJ/ENA/GenBank. The primary
sequence data for Nanopore and lllumina DNA and RNA sequence have been deposited as NCBI BioProjects. Bd-BRAZIL
strain sequence data have been deposited under an NCBI BioProject, and individual strain data have been deposited to the
NCBI Sequence Read Archive. All accession numbers are listed in the key resources table and all data are publicly available
as of the date of publication.

o All original code for phylogenetic analyses has been deposited at GitHub and is publicly available as of the date of publication.
DOls are listed in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Culture acquisition

All Bd isolates are deposited in CZEUM (Collection of Zoosporic Eufungi at the University of Michigan)®° and maintained on 1% tryp-
tone (1%T) growth medium at room temperature (approximately 21°C). All isolates used belong to the non-GPL Bd-BRAZIL lineage
and were genetically characterized.®' Five isolates were determined to be virus positive through genome sequence analysis
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(CLFTO61, CLFT067, CLFT044, CLFT148, CLFT139), and four additional isolates were determined to be virus negative (CLFT068,
CLFT070, CLFTO71, CLFT144).

Amphibian infection model

We performed all investigations involving live vertebrate animals following published protocols*’ approved by the University of
Michigan Institutional Animal Care and Use Committee (IACUC protocol PRO00009614). Adult Dwarf Clawed frogs (Hymenochirus
boettgeri) were acquired from vendors Live Aquaria and VWR. Upon arrival, the frogs were group-housed in 37-liter aquaria at a
maximum of 20 frogs per tank. After a 3-5 day acclimation period, the frogs were heat treated to remove any incoming Bd infection
following previous work.%® The tank temperature was raised 1°C per day until reaching a maximum temperature of 30°C. The tanks
were maintained at 30°C for 7 days, and then lowered by 1°C per day until returning to 21°C ambient room temperature. Frogs were
not sexed prior to the infection experiment and were randomly sorted into treatment groups.

METHOD DETAILS

Viral discovery from screening Bd sequences

Published isolate DNA sequence lllumina reads were downloaded from the National Center for Biotechnology Information (NCBI)
Sequence Read Archive (SRA) and additional Bd-BRAZIL strains (Tables S1 and S3). lllumina sequence reads were aligned to the
Bd JEL423 genome with bwa v0.7.17°% and processed with samtools to identify those reads which did not align to the genome (sam-
tools fastq -f 4 BAMFILE). BdDV-1 genomic coverage from the lllumina sequence reads was calculated using mosdepth v0.3.3.%2
BdDV-1 coverage and Bd phylogeny visualizations were made using ggtree v3.8.2.%” These reads were further assembled with
SPAdes v3.15.2.*° The resulting contigs were screened by translated searches against UniProt databases which identified regions
of assembled contigs as homologous to viral Rep genes. The ORFs were further predicted from the contig assembly with prodigal
v2.6.3.%

CRESS Rep phylogeny

Virus Rep proteins from representatives of the major families of CRESS viruses (Geminiviridae, Genomoviridae, Circoviridae) were
obtained from the UniProt database. The Rep proteins from these viruses and BdDV-1 were aligned with MUSCLE v5.1,*° and a phy-
logeny was constructed with IQTREE v2.2.1%® using 1000 bootstrap replicates. Phylogenetic tree visualization was rendered with
ggtree v3.8.2.*7 Software scripts for these analyses are archived at https:/github.com/myacoub005/BdDV1_Discovery; https:/
doi.org/10.5281/zenodo.10662592. These methods were repeated to include the two Rep-like proteins from BdDV-1 in the phylog-
eny to assess their relationship to the primary Rep protein.

Strain phylogeny

A phylogeny of the Bd strains was constructed from raw alignments of the reads to JEL423 genome following GATK best practices
and assuming diploid genomes.®*%> A NJ phylogenetic tree of the strains constructed with Poppr v2.9.3.%° Software and scripts to
run the variant calling, mapping of reads, detection of unmapped reads, and tree construction are archived in https://github.com/
stajichlab/PopGenomics_Bd; https://doi.org/10.5281/zenodo.10662979.

BdDV-1 tanglegram

The Cap gene nucleotide sequences from the lllumina genomes were aligned using MUSCLE v5.1 and the phylogeny was con-
structed with IQTREE v2.2.14® with 1000 bootstrap replicates. A tanglegram was constructed against the Bd strain phylogeny using
the R package dendextend v1.17.1.%8

Illumina assembly of strain CLFT044

The genomes of strain CLFT044 and additional Bd-BRAZIL strains (Table S1) were sequenced using paired-end (2x125 bp)
sequencing on an lllumina NextSeq HiSeqg-2500 v4 platform. Reads were trimmed for adapters and quality using Trimmomatic®®
and de novo assembled with SPAdes v3.15.5.*® After identification of a single contig of 3,647 bp in CLFT044 that contained blast
matches to the Rep gene, the putative viral contig was compared to itself using the BLAST algorithm implemented in YASS
v1.16.°" We also inspected the assembly graph produced by spades for evidence of loops indicating circularity using the software
Bandage v0.8.1.°

RNA extraction and sequencing of CLFT044

RNA was extracted from 7-day old cultures of CLFT044, CLFT067 and CLFTO71 grown on 1% Tryptone Agar at 18°C using TRIzol
(Invitrogen, Mulgrave, VIC, Australia) following manufacturer’s instructions and incorporating a 12-h isopropanol precipitation to in-
crease yields. Total RNA was sent to Novogene (Davis, CA) for polyA enrichment and lllumina NovaSeq PE 2x150 sequencing to
obtain 6G raw data per sample. Reads from CLFT044 were aligned to the assembled CLFT044 genome using bwa v0.7.17° to deter-
mine transcriptional activity of BdDV-1.
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Reads from CLFT067 (v+) and CLFTQO71 (v-) were aligned against the JEL423 reference genome concatenated with the BdDV-1
gene using the R package kallisto v.0.48.0.“ Differential expression analysis was performed using the R package DESEQ2
v.1.40.2%° with a minimum log2fold change > 2 and Bonferroni adjusted p value < 0.05.

Nanopore assembly and annotation of Bd-BRAZIL

Tissue was collected from 7-day old cultures of CLFT044 and CLFTO71 grown on 1% tryptone agar at 21°C by flooding plates with
1 mL of sterile RO water, scraping colonies with an L-spreader, and collecting into a 2 mL sterile tube. Tubes were centrifuged at 6500
rcf to remove supernatant and flash frozen with liquid nitrogen. DNA was extracted from tissue using a Cetyltrimethylammonium Bro-
mide (CTAB) extraction protocol.®” The DNA was sent to MiGS (now SeqCenter; Pittsburgh, PA, United States) to obtain 900 Mb
(~30X coverage) of Oxford Nanopore sequence reads for CLFT044 and CLFTO71. The reads were de novo assembled using
Canu v2.2°° followed by 10 iterations of polishing with Pilon v1.24°° with Illumina sequence data. Annotation was performed using
Funnanotate v1.8.14°* which trained de novo gene predictors using RNAseq data combine with alignment of homologous proteins to
achieve high annotation accuracy.

Identification of the viral locus

The BdDV-1 locus was identified through BLASTP v2.13.0+°° searches using the viral Rep gene obtained from the lllumina Bd ge-
nomes against the CLFT044 ONT genome annotation. The raw lllumina FASTQ data from v+ and v- strains were aligned against the
CLFT044 ONT genome using bwa v0.7.17%° to identify the full length 4.405 kb region that comprises BdDV-1. This region was
covered only by v+ strains and absent in all v- strains. The 4 proteins in this region were searched against the UniProt and NCBI da-
tabases to confirm they were viral in origin.

Genomic integration comparison

Scaffold_10, possessing BdDV-1 in Bd-BRAZIL strain CLFT044, was compared to the homologous scaffolds in virus-negative Bd-
BRAZIL strain CLFT071 and Bd-GPL strain JEL423. Homologous scaffolds were identified using minimap2 v2.24°° with scaffold_10
as the query against both virus-negative assemblies. We generated the scaffold comparison visualizations with gggenomes
v0.9.9.9000°” using the results from minimap2 to plot linkages between assemblies.

Tests of viral presence and circularity

Viral presence was confirmed using PCR with BdDV-1 specific primers to amplify a 591 bp fragment. The circularity of the virus was
confirmed on a subset of samples by using 2 BdDV-1 specific primer sets that were reverse complements of one another. One primer
set amplified a ~800 bp region, and the other set amplified the remaining ~1400 bp of the 2.2kb circular viral genome. See Table S2
for primer sequences. All PCR reactions followed the manufacturer recommended recipe for Phusion High Fidelity Polymerase (New
England BioLabs, Inc.) with these PCR conditions: 98°C 30 s, 40 cycles (98°C 10 s, 60°C 20 s, 72°C 30 s), 72°C 7 min.

Rolling circle amplification (RCA) was attempted on a subset of samples that were confirmed to be virus positive through PCR
testing. A TempliPhi 100 Amplification Kit (Cytiva) was used, following a slightly modified protocol.?® BdV-2F and BdV-3R PCR
primers were added to the reaction to target BdDV-1. RCA products were digested with a Scal restriction enzyme (Thermo Fisher
Scientific) following manufacturer instructions. Additional attempts were made using only a single virus specific primer, following
manufacturer protocol, and using the restriction enzyme Dral.

Fluorescence in situ hybridization (FISH)

Probe synthesis and labeling

Polynucleotides were synthesized by PCR using Phusion High-Fidelity DNA polymerase (NEB) and locus-specific primers (see
Table S2 for sequences). To target the BdDV-1 genome, a 2143 bp region was amplified from CLFT044 total DNA. For the Bd actin
locus, a 2058 bp probe was synthesized from JEL423 total DNA.

Following spin column purification (Macherey-Nagel), the PCR products were directly labeled with Alexa Fluor 555 dye and purified
using the FISH Tag DNA Orange Kit (ThermoFisher Scientific). Labeling was performed according to the manufacturer’s instructions,
with the following modification: 0.95 uL DNase | working solution and 1.2 nug of template DNA were used in the nick translation re-
action. Labeled probe concentrations were determined spectrophotometrically using a NanoDrop 2000 (Thermo Scientific).

Cell fixation and staining

Bd strains JEL423 and CLFT044 were grown in 1% tryptone (w/v) at 24°C in tissue culture-treated flasks (Fisher), washed once and
resuspended in Bonner’s salts (10.27 mM NaCl, 10.06 mM KCI, 2.7 mM CaCl, in MilliQ water) to a final concentration of 1x10” zoo-
spores/mL. 96-well glass bottom plates (Eppendorf) were plasma cleaned, immediately coated with a 1 mg/mL Concanavalin A
(Sigma) solution for 8 min, washed thrice with Bonner’s salts, and overlaid with 120 uL of the resuspended Bd zoospores. Cells
were allowed to adhere to the Concanavalin A for 5 min before fixation with 200 pL of 4% paraformaldehyde in 50 mM cacodylate
buffer (pH 7.2). Cells were fixed on ice for 20 min, then for 10 min at room temperature before being washed three times with PBS
(137 mM NaCl, 2.7 mM KClI, 10 mM Na,HPOy, 1.8 mM KH,PQO,) for 5 min. Samples were then permeabilized in 0.2 % Triton X-100 in
PBS for 12 min at room temperature (about 23°C) and washed thrice with PBS.

Cells were then rinsed once with prehybridization buffer (50 % deionized formamide [Invitrogen], 2xSSC [0.3 M NaCl, 0.03 M so-
dium citrate, pH 7.0], 10 % dextran sulfate [Sigma-Aldrich]). 75 uL prehybridization buffer was then added to each well, the plate was
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sealed with adhesive aluminum foil and incubated for 30 min at 37°C and subsequently transferred to a preheated lab oven set at
85°C for 12.5 min to denature cellular DNA. During this time, FISH probes were prepared by diluting labeled probes in prehybridiza-
tion buffer to a final concentration of 1.5 ng/uL, denatured at 93°C for 5 min, placed on ice for 1 min, and then kept at room temper-
ature (about 25°C).

Following oven incubation, the 96 well plate was briefly centrifuged, the prehybridization buffer was gently aspirated with a micro-
pipette and 75 puL denatured probe mix was added to each well. Inmediately afterwards, the plate was resealed, moved to a humid
hybridization chamber, and incubated for 38-42 h at 37°C. Unbound probes were removed by low-stringency washes at room tem-
perature. Specifically, cells were rinsed briefly once with 2xSSC, twice for 5 min in 2xSSC, twice in 0.4xSSC for 5 min, once for 5 min
in 4xSSC, twice in PBS and then counterstained with 1ug/mL DAPI in PBS for 10 min, rinsed twice with PBS, and then overlaid with
PBS for imaging.

Microscopy and image analysis

Cells were imaged on a Nikon Ti2-E inverted microscope equipped with a 100x oil PlanApo objective and sCMOS 4mp camera (PCO
Panda). Images were acquired at room temperature using both DIC microscopy, and epifluorescence microscopy with excitation
light at 400 nm to visualize DAPI and 550 nm to visualize the Alexa Fluor 555 dye-conjugated probes. Images were further processed
in Fiji.°® The number of hybridization signal spots per cell was determined from overlays of DAPI and FISH probe micrographs by
manual counting. A total of 4-9 pictures were analyzed for each sample. Final micrographs for Figure 4A were composed in Inkscape
(Inkscape Project, 2020%°).

Confirmation of viral integration
Viral integration was confirmed using PCR primers to amplify the 1023 bp region spanning the right flank of the integration locus: Rep
gene (BdVIf-F) to Bd ITS1_SSU region (BdVIf-R). See Table S2 for primer sequences.

Curing attempts

Virus positive isolates were streaked onto 1% tryptone plates. After 3—-4 days of growth single zoosporangia were isolated onto fresh
1%T plates with a sterile wire tool. The virus positive isolates were also grown on 0.1 mg/L cycloheximide 1%T plates. After streaking,
cultures onto media with cycloheximide, single zoosporangia were transferred to fresh 0.1 mg/L cycloheximide 1%T plates. After 3—
4 days of growth, single zoosporangia were isolated to fresh 1%T plates. The same method was used with 80 uM ribavirin instead of
cycloheximide. All single zoosporangia isolations were allowed to grow to saturation then tested for viral presence by PCR.

Transmission electron microscopy

Isolates CLFT044 v+ and CLFT068 v- were grown to saturation on 1%T plates. Zoospores were harvested from the plates by flooding
them with 1 mL of sterile water. Zoospores were chemically fixed, infiltrated, and embedded for transmission electron microscopy.”®
Ultrathin serial sections of zoospores were examined and imaged on a JEOL JEM-1400 at the University of Michigan Microscopy
Core, Ann Arbor, MI, USA.

In vitro growth assays

Four virus positive and four virus negative isolates were grown independently on 1%T plates. After 7 days, each plate was flooded
with 2 mL of liquid 1%T media and left to incubate at room temperature (approximately 21°C) for 30 min. Zoospores were then har-
vested from each plate. The zoospore concentration of each isolate was estimated using a Multisizer 4e Coulter Counter (Beckman
Coulter, Inc.).

For the first assay, each isolate was diluted into 1 mL of liquid 1%T media at a concentration of 10° zoospores/mL in a 24-well plate
with 2 replicates per isolate. The isolates were allowed to grow at room temperature (approximately 21°C) for 5 days, and the optical
density (OD) was recorded every hour using an Epoch 2 Microplate Spectrophotometer (BioTek Instruments).

For the second assay, zoospore dilutions were prepared as described above, except in a total volume of 0.8 mL 1%T media in a
48-well plate with 5 replicates per isolate. Only 6 of the isolates were used (3 virus positive and 3 virus negative). The lid of the plate
was treated with Triton X-100"" to prevent condensation on the underside of the lid. The isolates were allowed to grow for 12 days
with an OD measurement every hour. The plates were agitated by gentle shaking for 5 s before each OD measurement. The third
assay was prepared as described for the second assay.

qPCR for Bd and BdDV-1

Real-time quantitative PCR was performed on DNA extracted swabs to determine Bd zoospore equivalents (ZSE).”? Swabs from
control frogs and frogs infected with virus negative isolates of Bd were single-plexed using only a Bd specific gPCR assay. Swabs
from frogs infected with virus positive isolates of Bd were multiplexed using both a Bd specific assay and a BdDV-1 specific assay.
See Table S2 for primer and probe sequences. Standards for viral copy number were created by cloning PCR product using custom
BdDV-1 primers into the pCR 2.1-TOPO vector using the TOPO TA cloning kit (Invitrogen). Transformed Escherichia coli colonies with
successful insert were plasmid extracted using the Zyppy Plasmid Miniprep kit (Zymo Research). Plasmid copy numbers were esti-
mated using the formula:

Number of copies per pL = [(g/uL) / plasmid length in bp = 650)] * (6.022 x 10%)
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Ten-fold dilutions of viral standards were created with 108 plasmid copies through 10° plasmid copies. Ten-fold dilutions of Bd
standards were created starting with DNA extracted from 10° zoospore suspensions. All qPCR reactions were run on a
QuantStudio 3 gPCR machine (Applied Biosystems).

A growth assay was performed using gPCR to quantify Bd zoospore equivalents and BdDV-1 viral copies through the growth
period. The growth assay was set up as described above, using 12-well plates with 2 mL working volumes and 4 replicates per
isolate. Initial concentrations of each isolate were normalized to a 0.001 OD reading instead of a zoospore count. Starting after
1 day and measuring every 3 days for a 16-day growth period, 100 uL of each replicate was removed and added to a microcentrifuge
tube containing 400 pL of 100% ethanol and stored at -20°C. To prepare for extraction, each sample was spun down at 13,000 rcf for
10 min, then all liquid was removed by pipette. Samples were then DNA extracted using Prepman™ Ultra (Applied Biosystems)
following manufacturer protocols. gPCR for Bd zoospores and BdDV-1 viral copies was performed as described above.

Experimental infection

To prepare inoculum, zoospores were harvested and concentrations estimated for each of the 8 Bd isolates using a Coulter counter
as described above for the growth assays. However, instead of flooding with liquid 1%T media, plates were flooded instead with
sterile water. The zoospore suspensions were diluted to a concentration of 2.5x10° zoospores/mL in autoclave sterilized RO water
with aquarium salt. 10 mL of each suspension were aliquoted into sterile 50 ml conical tubes.

Post-heat treatment, 90 frogs were chosen at random and sorted into randomized experimental groups with 10 frogs per group.
Each frog was weighed as a proxy for body size, and then immediately placed in an individual 50 mL tube with the zoospore suspen-
sion. Ten frogs were placed into 50 mL tubes with Bd-free autoclave sterilized RO water with aquarium salt as a control group. The
frogs remained in the tubes for a 6-h inoculation, then the frog and the entire zoospore suspension were added to individual 0.9 L
aquaria.

The frogs were housed and cared for in the individual aquaria for the remainder of the 60-day experiment with daily monitoring for
mortality and morbidity. Frogs were removed from the tanks and swabbed using Medical Wire & Equipment fine tip rayon swabs at
day 10, day 30, day 60, and at death or euthanasia. Swabs were DNA extracted using a DNeasy blood and tissue kit (Qiagen). Living
frogs were weighed at day 30 and day 60 to estimate health and body condition.

QUANTIFICATION AND STATISTICAL ANALYSIS

A Baker’s Gamma Correlation Coefficient was calculated to determine the congruency of the Bd genome and the BdDV-1 Cap phy-
logenies using the R v4.3.1 package dendextend v1.17.1. The correlation coefficient was calculated as 0.95, suggesting congruent
phylogenies between fungus and virus.

RNAseq transcripts from three replicates of CLFT067 (v+) and CLFTO71 (v-) were aligned against the JEL423 reference genome
concatenated with the BdDV-1 genes using the R package kallisto v0.48.0.%® Differential expression analysis was performed using
the R v4.3.1 package DESEQ2 v.1.40.2*° with a minimum log2fold change > 2 and Bonferroni adjusted p value < 0.05.

The results of all statistical analyses described here are present in the results section. For all spectrophotometer in vitro growth
assays, efficiency of growth was measured as the difference between the average OD at the final three time points and the average
OD at the first three time points. The growth rate was determined using the means of the highest positive slopes during the growth
period.”® For each assay, a nested t test was performed in GraphPad Prism v10.1.0 (https://www.graphpad.com/) to determine dif-
ferences in the efficiency of growth or growth rate between virus positive and virus negative isolates.

To account for the differences in ITS copy numbers between Bd strains, the zoospore equivalents determined by gPCR assay for
each strain were adjusted relative to the strain with the highest ITS copy number. We assessed the ITS copy number of each Bd strain
by aligning the raw lllumina FASTQ data for each strain against the 18S and 28S sequences adjacent to BdDV-1 in the CLFT044 as-
sembly using bwa v0.7.17.5° We then divided the 18S and 28S coverage by the overall genome coverage to estimate the ITS copy
number. After this estimation, we adjusted the gPCR results of each strain by dividing by the ratio of the stain ITS copy number to the
ITS copy number of the highest strain (CLFT148 v+) to correct for ITS variation. A nested t test was performed in GraphPad Prism to
determine if there was a difference between average zoospore load on dead frogs infected with virus positive or virus negative Bd
isolates.

A Cox proportional hazards model, clustered by isolate, was used to determine differences in hazard ratios between v+ and v-
infected frogs. A Spearman correlation test was performed to determine if initial body weight influenced the probability of survival
of Bd-infected frogs. These tests were performed in Rv 4.3.1.
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