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ABSTRACT: The ribosomal gene complex is a multi-copy region that is widely used for phyloge-
netic analyses of organisms from all 3 domains of life. In fungi, the copy number of the internal
transcribed spacer (ITS) is used to detect abundance of pathogens causing diseases such as
chytridiomycosis in amphibians and white nose syndrome in bats. Chytridiomycosis is caused by
the fungi Batrachochytrium dendrobatidis (Bd) and B. salamandrivorans (Bsal), and is responsible
for declines and extinctions of amphibians worldwide. Over a decade ago, a qPCR assay was
developed to determine Bd prevalence and pathogen load. Here, we demonstrate the effect that
ITS copy number variation in Bd strains can have on the estimation of prevalence and pathogen
load. We used data sets from different amphibian species to simulate how ITS copy number affects
prevalence and pathogen load. In addition, we tested 2 methods (gBlocks® synthetic standards
and digital PCR) to determine ITS copy number in Bd strains. Our results show that assumptions
about the ITS copy number can lead to under- or overestimation of Bd prevalence and pathogen
load. The use of synthetic standards replicated previously published estimates of ITS copy num-
ber, whereas dPCR resulted in estimates that were consistently lower than previously published
estimates. Standardizing methods will assist with comparison across studies and produce reliable
estimates of prevalence and pathogen load in the wild, while using the same Bd strain for expo-
sure experiments and zoospore standards in gPCR remains the best method for estimating param-
eters used in epidemiological studies.
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INTRODUCTION

The variation in copy number of the ribosomal
gene complex, including the internal transcribed
spacer (ITS) regions and the ribosomal genes, is a
common feature in all 3 domains of life (Acinas et
al. 2004, Weider et al. 2005, Nilsson et al. 2008, Pei
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et al. 2010). In particular, the ITS region has been
routinely used as a phylogenetic marker in fungi
and has been adopted by the Consortium for the
Barcode of Life initiative as the standard marker for
DNA-based fungal identification (Smith et al. 2007,
Begerow et al. 2010, Schoch et al. 2012). Moreover,
the ITS region has been used in the quantification
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of fungal pathogen load both in ecological studies
and epidemiological research (Cuenca-Estrella et
al. 2009, White et al. 2009, Tellenbach et al. 2010,
Horevaj et al. 2011). Although this DNA region has
been widely used, in part because its multi-copy
nature makes it easy to detect pathogens, its use
can cause estimation biases depending on the num-
ber of copies present (Bellemain et al. 2010, Lindner
& Banik 2011, Schloegel et al. 2012, Longo et al.
2013). One relevant case is the amphibian disease
chytridiomycosis, caused by the chytridiomycete
fungi Batrachochytrium dendrobatidis (Bd), and B.
salamandrivorans (Bsal). Chytridiomycosis is an
emerging infectious disease that is responsible for
population declines and extinctions of amphibians
around the world (Skerratt et al. 2007, Fisher et al.
2009, Martel et al. 2014, Yap et al. 2015).

In particular, Bd infects the amphibian skin and
causes ionic imbalances that lead to cardiac failure
(Voyles et al. 2009, 2012). The ability of Bd to deci-
mate populations is enhanced by its ability to elude
the host acquired immune system by secreting a mol-
ecule that inhibits lymphocyte proliferation (Fites et
al. 2013). Bd can cause precipitous population de-
clines once it arrives in a region with susceptible
amphibian populations and optimal conditions for
growth and dispersal of the pathogen (Lips et al.
2006, Skerratt et al. 2007, Crawford et al. 2010, Vre-
denburg et al. 2010).

In the case of chytridiomycosis caused by Bd, a few
areas in the tropics are still considered to be Bd-
naive (Dahl et al. 2012, Vredenburg et al. 2012, Bletz
et al. 20154, Rebollar et al. 2016) and therefore, mon-
itoring protocols in these areas are essential to detect
the presence of Bd when the prevalence and patho-
gen load may be initially low (Lotters et al. 2011, Lips
et al. 2006). In addition, recent studies have identi-
fied low Bd pathogen load levels in several countries
around the world, including South Korea, Vietnam,
Cambodia, French Guiana and Panama, where the
fungus has probably become endemic (Bataille et al.
2013, Rowley et al. 2013, Courtois et al. 2015,
Rodriguez-Brenes et al. 2016).

Boyle et al. (2004) developed a Tagman based
qPCR assay with primers that specifically target ITS1
and the beginning of the 5.8S ribosomal gene of Bd.
This method has been optimized and widely used to
detect Bd from amphibians in the wild given that it is
non-invasive, specific for Bd, highly sensitive, and
quantitative (Hyatt et al. 2007). At the time of that
study, Bd zoospores of the isolate used to develop the
assay (AAHL 98 1810/3) were thought to have 10
copies of the ITS fragment (Boyle et al. 2004).

Recent studies have determined that the genome of
Bd is more complex and dynamic than first assumed.
Bd has several genetic lineages that show multiple
genomic rearrangements due to recombination
events (Farrer et al. 2011). The genetic structure of
these highly polymorphic and recombinant strains
suggests a complex evolutionary history of the patho-
gen, including hybridization events (Rosenblum et al.
2013). Importantly, the number of chromosomes in
Bd strains can change within a few passages in cul-
ture, including isolates that become triploid and
tetraploid at some chromosomes (Farrer et al. 2013).
Compounding this polyploid phenomenon, the ITS
DNA fragment in different Bd strains has an
extremely variable copy number, thought to range
from 10 to 169 copies in a zoospore (Kirshtein et al.
2007, Longo et al. 2013).

Longo et al. (2013) demonstrated that Bd refer-
ence strains used in this qPCR assay can have dif-
ferent ITS copy numbers, and this may impact
pathogen load estimates of Bd infection; prior to
their work, Bd loads had been reported as zoospore
equivalents (zeq). Even though Hyatt et al. (2007)
considered 0.1 zeq as the minimum detection
threshold, most studies consider samples with val-
ues below 1 zeq as negative for Bd (e.g. Kriger et al.
2007, Kilburn et al. 2010, Woodhams et al. 2012b,
2014). However, the presence of a single copy in a
sample can indicate the presence of Bd even if the
estimate of zeq is <1 (Bletz et al. 2015b). Consider-
ing values equivalent to a copy of the ITS region
(zeq values <1) can avoid the underestimation of Bd
prevalence in the wild, and therefore it is essential
to consider the copy number of the reference strain
used in the qPCR standard curve.

In addition to field studies, infection intensity is
also reported from many laboratory experiments,
and it is sometimes used to determine infectious
zoospore shedding rates and the infection threshold
beyond which mortality by chytridiomycosis be-
comes imminent (DiRenzo et al. 2014). In this con-
text, accurate determination of pathogen loads is
critical for epidemiological models and subsequent
disease management recommendations (Briggs et
al. 2010). Carey et al. (2006) may have been the first
to calculate an infection threshold based on dose-
response curves for the number of Bd zoosporangia
that accumulate in boreal toad Anaxyrus boreas
skin before death by chytridiomycosis (~10’-108 zoo-
sporangia). In a related analysis in mountain yel-
low-legged frogs Rana muscosa, Vredenburg et al.
(2010) found that before population declines, frogs
reached infection loads of ~10* zoospores swab™'.
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They used the protocols of Boyle et al. (2004) and
Hyatt et al. (2007), presumably with the zoospore
standards provided by the Australian Animal Health
Laboratory, and not from a field isolate, which are
often not available because they were not previ-
ously isolated. Few studies are available that report
infection thresholds at death (e.g. Kinney et al.
2011), but for some species, the infection threshold
appears to be high (up to 9.6 x 10° zoospores
swab™!; DiRenzo et al. 2014). Using zoospore stan-
dards in gPCR from the same isolate used for exper-
imental exposures is one solution that is rarely
employed (Ellison et al. 2014).

In this study, we address how variation in copy
number of the ITS region from field and reference
strains can impact accuracy in estimates of Bd preva-
lence and intensity, especially when the pathogen
load is low. Here we consider the Bd 'reference
strain' to be the one used to obtain and set the stan-
dard dilution curve used in the qPCR assay to esti-
mate loads for unknown samples, and the Bd 'field
strain’ as the one present in the unknown samples
obtained from the wild. We discuss the consequences
of not knowing the copy number of the reference
strain used in the qPCR. We also address the limita-
tions of not knowing the copy numbers present in
strains from the wild, and the potential issues when
different strains of Bd coexist within a region
(Rodriguez et al. 2014).

In this context, the development of a more accurate
and precise method to determine pathogen loads and
ITS copy number has become necessary. The use of
plasmid or synthetic standards in qPCRs and the
implementation of digital PCR (dPCR) are 2 potential
strategies to achieve a standardized and replicable
method that allows for comparison across studies and
allows for reliable estimates of prevalence and
pathogen load in the wild. In this study, we deter-
mined the copy number of 6 Bd strains using the
2 suggested methods: synthetic standards called
gBlocks® and dPCR.

The problems and solutions discussed here may
have broader implications for applying qPCR results
to other ecological and host-pathogen systems.
Hence, quantifying the pathogen's ITS copy number
for both the reference and field strains is important to
accurately detect chytridiomycosis caused by Bd and
Bsal as well as other fungal and bacterial diseases
including the white nose syndrome in bats, several
plant diseases, and human respiratory diseases
including allergies and asthma (Guillemette et al.
2004, Cuenca-Estrella et al. 2009, Muller et al. 2013,
Shuey et al. 2014, Smith et al. 2014).

MATERIALS AND METHODS

Effect of ITS copy number variation on pathogen
prevalence and pathogen load

Data sets used

To evaluate the effect of ITS copy number on
prevalence and pathogen load, we used 10 data sets,
8 of which have been published previously (Wood-
hams et al. 2008, 2010, 2012a,b, 2014, Rebollar et al.
2014). These study cases comprise 531 individuals
across 10 frog species around the world including
tropical and temperate species, different develop-
mental stages (tadpoles, metamorphs, and adults),
and variable pathogen loads (Table 1). Collections
were made on different dates in various regions, and
analyses used different reference strains with
unknown copy number. It is important to emphasize
that we are not testing hypotheses that compare
among data sets. We are making comparisons within
data sets that were collected under similar condi-
tions. Conclusions based on our analyses should be
considered as indicative of the effects of copy num-
ber variation and not based on among-species com-
parisons. These data sets modeled epizootic and
enzootic situations. For instance, Colostethus pana-
mansis data distribution follows a trend expected in
epizootic high-intensity events, whereas the data dis-
tribution for Agalychnis callidryas, Dendropsophus
ebraccatus, and Craugastor fitzingeri correspond to
enzootic low-intensity events.

DNA extraction and quantitative PCR

We present Bd infection data from 10 amphibian
host species. DNA extraction methods, gPCR condi-
tions, and reference strains used for Colostethus
panamansis, Lithobates pipiens, Litoria genimacu-
lata, Pelophylax esculentus complex, Agalychnis cal-
lidryas, Dendropsophus ebraccatus, Craugastor fitz-
ingeri, and Alytes obstetricans have been reported
previously (Woodhams et al. 2008, 2010, 2012a,b,
2014, Rebollar et al. 2014).

In addition to the 8 data sets published previously,
we included 2 unpublished data sets of Bombina
variegata and Lithobates catesbeianus. In the case of
B. variegata, microbial swabs were extracted with a
Qiagen DNeasy Blood & Tissue Kit according to
the manufacturer's protocol including a lysozyme in-
cubation step. In the case of L. catesbeianus, DNA
extractions were performed using PrepMan®Ultra
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Table 1. Data sets used in this study comprise 10 amphibian species across different continents, developmental stages, and
infection intensities. Mean pathogen loads (expressed in zoospore equivalents, zeq) were obtained considering only infected

individuals
Species Region Country Life stage Habitat Sample size/ Mean Study
infected  pathogen
individuals load (zeq)

Lithobates North USA Tadpole  Temperate 24/24 1466.9 D. C. Woodhams et al.
catesbeianus America wetland (unpubl.)

Lithobates North USA Adult Temperate 28/12 530.58 Woodhams et al. (2012b)
pipiens America wetland

Colostethus Central Panama Adult Tropical 12/12 190003.2 Woodhams et al. (2008)
panamansis America rainforest

Craugastor Central Panama Adult Tropical 37/20 11.56 Rebollar et al. (2014)
fitzingeri America rainforest

Agalychnis Central Panama Adult Tropical 77/40 0.15 Rebollar et al. (2014)
callidryas America rainforest

Dendropsophus  Central Panama Adult Tropical 89/39 0.11 Rebollar et al. (2014)
ebraccatus America rainforest

Pelophylax escu- Europe Switzerland Adult Temperate 100/20 60.19 Woodhams et al. (2012a)
lentus complex wetland

Bombina Europe Switzerland Metamorph Temperate 50740 16.55 D. C. Woodhams et al.
variegata wetland (unpubl.)

Alytes Europe Switzerland Tadpole Temperate 28/27 4.27 Woodhams et al. (2014)
obstetricans wetland

Litoria Oceania  Australia Adult Tropical 86/34 43.58 Woodhams et al. (2010)
genimaculata rainforest

(Applied Biosystems). Samples extracted with Prep-
man®Ultra were diluted 1/10 for the PCR reaction,
and final zoospore estimates took this dilution factor
into account. Cq values for both Prepman®Ultra and
Qiagen-extracted samples were multiplied consider-
ing the final eluted volume (100 pl) in order to obtain
the total number of zoospores present in the whole
extract. All Cq values were included to estimate zoo-
spore estimates even if the values were very small
(values <1).

To determine Bd loads in B. variegata and L. cates-
beianus, a qPCR assay was done using Bd-specific
primers: the ITS1-3 primer (5'-CCT TGA TAT AAT
ACA GTG TGC CAT ATG TC-3') and the 5.8S
primer (5'-AGC CAA GAG ATC CGT TGT CAA A-
3') (Boyle et al. 2004). We performed the qPCR reac-
tions according to Boyle et al. (2004). Each assay con-
sisted of a 25 pl reaction volume containing 20 pl of
master mix and 5 pl of DNA (both for standards and
the sample DNA). Standards included serial dilutions
that ranged from 0.1 to 1000 zoospores nl~'. Protocol
modifications included running 50 cycles and repeat-
ing the analysis when samples run in duplicate
yielded standard deviations greater than 0.5. If only
1 well came up positive, we ran the samples in dupli-

cate again. For B. variegata, the FastStart Universal
Probe Master Mix (ROX) was used with the probe
Chytridprobe (6-FAM-CGA GTC GAA CAA AAT-
MGB; Roche Applied Science). For L. catesbeianus,
the TaqgMan Universal PCR Master Mix with MGB
TagqMan Probe of the same sequence as above
(Applied Biosystems) was used. Use of different
qPCR assays is part of protocol variation among lab-
oratories that is reflected in published prevalence
and pathogen load estimates, but it is a separate
issue from copy number variation. All runs were
quantified based on zoospore standards acquired
from EcoGenics (for B. variegata) or Pisces Molecular
(for L. catesbeianus) and stored at —80°C.

Prevalence analysis

A recent study determined that Bd cultured strains
isolated from sick frogs from different regions can
have a variable number of ITS copies that range from
10 to 144 zoospore™! (Longo et al. 2013). To evaluate
changes in prevalence and pathogen load, we inves-
tigated the interval reported by those authors, i.e.
10-144.
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We simulated the proportion of positive samples
(prevalence or proportion of infected individuals)
based on 3 different thresholds according to different
copy numbers per zoospore: (1) zeq = 1 assuming 1
copy zoospore™}!, (2) zeq > 0.1 assuming 10 copies
zoospore™!, and (3) zeq = 0.0069 assuming 144 copies

zoospore™! (Eq. 1). The threshold detection value is

_1sp (1)

ZspT =
P copRS

where ZspT = zoospore threshold value to consider a
sample positive, sp = zoospore, and copRS = number
of copies zoospore™' in the reference strain. For
prevalence, 95% confidence intervals based on a
binomial distribution were calculated using the Wil-
son Interval as described by Kilburn et al. (2010)
using R (R Core Team 2014).

Pathogen load analyses

We calculated pathogen load based on 3 scenarios:
(A) the field strain having 10 copies and the refer-
ence strain 144 copies, (B) the field strain having the
same copy number as the reference strain, and (C)
the field strain having 144 copies and the reference
strain 10 copies. We assumed Scenario B (field strain
= reference strain) is the traditional assumption in
published studies (Table 1).

The estimated zoospore equivalents are determined
by multiplying the number of zoospores from the field
strain by the number of copies zoospore™ in the field
strain, and dividing this product by the number of
copies zoospore™! in the reference strain (Eq. 2).

(zspR x copFS) 2)

Ezeq=
q copRS

where Ezeq = estimated zoospore equivalents, zspR
= number of zoospores from the raw data, copFES =
number of copies zoospore™ in the field strain, and
copRS = number of copies zoospore™! in the reference
strain.

Dividing by the number of copies in the reference
strain corrects for differences between field and ref-
erence strains. For example, in Scenario A, a higher
copy number in the reference strain would lead to an
underestimate of pathogen load because the Ct val-
ues of the standard curve from the reference strains
will be shifted toward lower values relative to the
field strain Ct value. In Scenario B, the estimation of
pathogen load will be accurate. In Scenario C, a
lower copy number in the reference strain would
lead to an overestimation of pathogen load because

the Ct values of the standard curve from the refer-
ence strains will be shifted toward higher values rel-
ative to the field strain Ct value.

Pathogen load values (quantified as zeq) per spe-
cies per scenario were obtained by calculating the
mean pathogen load from the individuals that were
infected (Table 1). These calculations were obtained
using SAS (version 9.3).

Statistical analysis

For prevalence, we compared the effect of the 3
thresholds within each species fitting a linear model
for categorical data (presence/absence of Bd under 3
thresholds) using PROC CATMOD. This procedure
fits linear models to functions of response frequen-
cies, and it can be used for linear modeling. For
pathogen load, we compared the effect of the 3 sce-
narios (explained above) within each species using
the Wilcoxon non-parametric test since distributions
were not normally distributed. We performed the
Wilcoxon test for all thresholds per species and also
paired comparisons between thresholds within each
species (A-B, B-C, A-C). In the case of the paired
comparison, we corrected for multiple comparisons
using the Bonferroni correction. All statistical tests
were conducted using the 0.05 level of significance
and were performed using SAS (version 9.3).

qPCR using synthetic standards (gBlocks®)
and digital PCR

Bd strain selection

We estimated ITS copy number of 6 Bd stains
(Table 2) including isolates from 3 lineages: the global
panzootic lineage (GPL), Brazilian, and Swiss line-
ages (for details, see Table S1 in the Supplement at
www.int-res.com/articles/suppl/d123p213_supp.pdf).
ITS copy number of strains JEL197 and LFT001 had
been estimated in previous studies using different
methods (Kirshtein et al. 2007, Longo et al. 2013). Iso-
lates were revived from cryopreservation and had
similar passage histories before use in each method
(gBlocks® or dPCR).

Zoospore quantification and extraction

Bd isolates were grown on 1% tryptone agar plates
for 4 to 7 d, until zoospores could be harvested. When
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Table 2. Internal transcribed spacer (ITS) copy number in different isolates of Batrachochytrium dendrobatidis, estimated
using gBlocks® gPCR and digital PCR. nd: not determined; GPL: global panzootic lineage; zsp: zoospore

Isolate Lineage Host species and Mean (SD) ITS copies zsp™! Published ITS copies zsp™!
locality gBlocks® qPCR Digital PCR Longo et al. (2013) Kirshtein et al. (2007)
Campana_H. GPL Hyalinobatrachium 237.2 (94.6) 40.6 (2.1) nd nd
vireovittatum vireoittatum,
_13_JLV Campana, Panama
VMV 813 GPL Lithobates catesbeianus 199.7 (94.8) 11.3 (1.9) nd nd
tadpole, Georgia, USA
JEL 197 GPL  Typeisolate, Dendrobates  169.1 (62.3) 7.1(2.6) nd 169
azureus, National Zoologi-
cal Park, Washington DC
JEL 404 GPL Lithobates catesbeianus 116.8 (61.9) nd 39.0 nd
tadpole, Crocker Pond,
Maine, USA
LFT 001 Brazilian Sao Paulo, Brazil 125.8 (38.0) nd 125 nd
TG 739 Swiss Alytes obstetricans, 96.2 (69.6) 22.0 (3.1) nd nd
Gamlikon, Switzerland

ready, plates were flooded with 3 ml 0.5% tryptone
broth and allowed to sit for 30 min. The solution was
collected and filtered through a cone-shaped filter
funnel (8 ml capacity with 10 pm pore size; Chenrus)
under vacuum to obtain a pure zoospore stock for
each isolate. Zoospores were counted 4 times for
accuracy using a hemocytometer (Boyle et al. 2004)
and diluted to 10° zoospores ml~!. For extractions,
100 pl of the zoospore dilution was added to a 1.5 ml
Eppendorf tube to make a 10° zoospore extraction.
To this, we added 100 pl Prepman® Ultra reagent
(Applied Biosystems), following the DNA extraction
protocol described by Hyatt et al. (2007). Each
extraction was performed in triplicate for each Bd
isolate, and we assumed 100 % extraction efficiency
for each sample. Serial dilutions were performed for
each extraction and ranged from 10* to 102.

qPCR using synthetic standards (gBlocks®)

To analyze samples, qPCR Tagman assays were
conducted using an Agilent Mx3005P system and fol-
lowed the protocol set by Boyle et al. (2004). The
primers used to detect the Bd ITS1 rRNA gene are
listed above. The Tagman probe, Chytr MGB2, used
was 5'-CGA GTC GAA C-3'. The gBlocks® gene
fragments (Integrated DNA Technologies) specific to
the Bd ITS1 rRNA gene sequence by Boyle et al.
(2004) were included in each gPCR plate as synthetic
standards in log;, increments (102 to 10° copies; in
triplicate) for quantification of ITS copies zoospore™
for each Bd isolate. To estimate ITS copies, we took
the copies calculated from the gqPCR, genetic equiva-
lents (GE), and multiplied them by the dilution factor

of 20 to estimate the number of copies in 100 pl. We
then divided the GE number by the number of zoo-
spores from the serial dilutions. We averaged all the
estimated ITS copy numbers (n = 9 samples) together
to get an average copy number per Bd isolate.

Digital PCR

Four isolates were studied by digital PCR (dPCR) on
the QX100 Droplet Digital PCR System (Bio-Rad).
Zoospores from 4 isolates were cultured and quanti-
fied as above. Exactly 100000 zoospores were ex-
tracted using 110 pl Prepman®Ultra reagent. Samples
were diluted 1000-fold, and 4 pl (400 zoospores total)
were used in each 20 pl reaction. Two technical repli-
cates of the 4 biological replicates from each Bdisolate
(8 samples per isolate total) were tested. Samples
were processed according to the manufacturer’s pro-
tocol (QX 100 Droplet Generator, Instruction Manual
Catalogue no. 186-3002, Bio-Rad Laboratories).

Determining infection threshold associated
with mortality

We re-calculated the infection threshold (zoo-
spores swab™!) reported in 3 studies on golden frogs
of the genus Atelopus (Becker et al. 2011, DiRenzo et
al. 2014, Ellison et al. 2014) based on our gBlocks®
standard estimates of ITS copy number (Table S1
in the Supplement) for the isolates used in the re-
ported exposure experiments. Infection thresholds at
mortality were compared across host species and Bd
isolates.
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RESULTS

Copy number variation in the reference strain
affects prevalence estimates

We determined prevalence based on 3 different
scenarios varying the defined threshold to call a
sample positive or negative for Bd (Eq. 1): (1) using
1 zeq as the cut-off, which means the cut-off is the
same as the typically unknown copy number of the
reference strain, (2) assuming 10 copies zoospore™
(0.1 zeq as the cut-off), and (3) assuming 144 copies
(0.0069 zeq as the cut-off). There are no changes in
prevalence using a different cutoff if the intensity of
the infection is high (Table 1, Fig. 1). This is the case
for Lithobates catesbeianus, L. pipiens, Colostethus
panamansis, and Litoria genimaculata, which are the
species with highest loads (Table 1, Fig. 1). However,
if within a data set some of the zoospore values are
<1, then prevalence changes depending on the
threshold used. This is the case for Craugastor fitzin-
geri, Agalychnis callidryas, Dendropsophus ebracca-
tus, Pelophylax esculentus complex, Bombina varie-

100

75

50

25

Prevalence of Bd positive individuals (%)

‘ABC ABC,,ABC ABC ABGC

gata and Alytes obstetricans (Fig. 1). Within each of
these species, with the exception of P. esculentus
complex, the differences among thresholds are sta-
tistically significant: C. fitzingeri (x* = 11.70, df = 2,
p = 0.003), A. callidryas (y? = 58.11, df = 2, p < 0.0001),
D. ebraccatus (xz =44.40, df = 2, p < 0.0001), B. var-
iegata (x* = 8.82, df = 2, p = 0.0121) and A. obstetri-
cans (x* = 11.70, df = 2, p = 0.0029). For instance, the
estimate of prevalence for A. obstetricans increased
40% when comparing the 1 zeq threshold with the
0.0069 zeq threshold. In the case of D. ebraccatus,
the prevalence would change from 0 to 30 %, depend-
ing on the threshold used (Figs. 1 & 2).

Copy number variation in the reference and field
strains affects the estimate of pathogen load

We determined pathogen load simulating 3 differ-
ent scenarios (A, B, C) according to the known span
of ITS copy number that could be present in the field
and in the reference strain (Longo et al. 2013) using
Eq. 2 (Fig. 2).

* Species

. B L. catesbeianus
I L. pipiens

C. panamansis
[ c. fitzingeri
M A caliidryas
B D. ebraccatus
B P. species
| N2 variegata
[ A obstetricans
B L. genimaculata

Thresholds

A =1zeq
B =0.10zeq
C =0.0069 zeq

ABC, ABC ABC ABC, ABC,

North America Central America

Europe Oceania

Fig. 1. Batrachochytrium dendrobatidis (Bd) prevalence of 10 frog species depending on 3 different thresholds to determine
which samples are considered positive: A corresponds to values >1 zoospore equivalent (zeq) (1 copy zoospore™), B cor-
responds to values >0.1 zeq (10 copies zoospore™'), and C corresponds to values >0.0069 zeq (144 copies zoospore™!). Error
bars represent 95 % confidence Intervals. Full genus names are indicated in Table 1. %: overall significant differences across
threshold within each species (p = 0.05). The 'P. species’ label corresponds to the Pelophylax esculentus complex
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) B L. pipiens

C. panamansis
[ C. fitzingeri
B A. callidryas
W D. ebraccatus
[ P. species
W B. variegata
[ A. obstetricans
M L. genimaculata

A. Field strain (10) < Reference strain (144)
B. Field strain = Reference strain
C. Field strain (144) > Reference strain (10
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A B — — —10 copies zeq™" threshold

s B Bl 144 copies zeq ™ threshold

LABC ABC,ABC ABC ABC ABC, ABC ABC ABC,/ABC,

North America Central America

Europe Oceania

Fig. 2. Pathogen load (zoospore equivalents, zeq) of 10 frog species based on 3 scenarios depending on the internal transcribed

spacer (ITS) copy number of the field and the reference strain. Scenario A: field strain = 10 copies and reference strain = 144

copies. Scenario B: field strain = reference strain. Scenario C: field strain = 144 copies and reference strain = 10 copies. Full

genus names are indicated in Table 1. All overall and paired comparisons within each species data set obtained with the

Wilcoxon test were significant (all p < 0.01) with the exception of A-B and B-C comparison in L. pipiens (x* = 5.6033,df =1, p =

0.0537). The 'P. species' label corresponds to the Pelophylax esculentus complex. Dashed horizontal lines indicate the 3
ze( thresholds used to determine Batrachochytrium dendrobatidis (Bd) prevalence

Depending on the ITS copy number ratio of the field
strains to the reference strains, the pathogen load val-
ues can vary 2 orders of magnitude (Fig. 2). Compared
with the situation where the copy number of the field
and the reference strains is the same (i.e. Scenario B),
pathogen load can be 1 order of magnitude higher or
lower depending on which strain has higher copy
numbers (i.e. A and C). The same trends are observed
in all species independently of the intensity and distri-
bution of the data in each species. All species showed
overall significant differences among the 3 different
scenarios (Fig. 2). All paired comparisons within each
species were significantly different, with the exception
of the A-B and B-C comparison in L. pipiens, which af-
ter correcting for multiple comparisons were not sig-
nificant (x% = 5.6033, df = 1, p = 0.0537).

ITS copy number estimation using synthetic
standards (gBlocks®) and digital PCR

We quantified the ITS1/5.8S copy number from 6 Bd
isolates using qPCR with gBlocks® standards, and 4

Bdisolates using dPCR (Table 2). The values for gPCR
with gBlocks® standards ranged from 12.7 to 237.2
copies zoospore~!, while dPCR ranged from 7.1 to 40.6
copies zoospore™!. We determined that the ITS copy
number of 2 strains from 2 lineages estimated using
gBlocks® coincides with the copy number determined
in previous studies (Kirshtein et al. 2007, Longo et
al. 2013), whereas dPCR estimates were consistent-
ly lower. While the copy numbers estimated using
gBlocks® are similar to previous studies, standard de-
viations are larger than values obtained with dPCR.
However, this is likely due to averaging values from 3
extractions of different zoospore dilutions for gBlocks®
compared to only 1 extraction per Bd isolate for dPCR
(see 'Materials and methods'). We provide copy num-
ber estimates for additional Bd strains in Table S1.

Determining infection threshold associated
with mortality

Infection thresholds were recalculated from ex-
perimental exposure studies on harlequin toads in
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the genus Atelopus. Mean pathogen load at death
ranged from 3.2 x 10° to 6.8 x 10°® zoospores swab™},
and they were only slightly reduced from published
estimates for each of the isolates when corrected for
ITS copy number (Fig. S1 in the Supplement). Iso-
lates JEL310 and JEL423 showed similar ranges of
infection, and pathogen load was similar for A. zeteki
and A. glyphus. The highest pathogen load from the
studies listed in Table 2 was from a population of
Panamanian rocket frogs C. panamansis, on the
verge of collapse from an epizootic (Woodhams et al.
2008), reported at 1.9 x 10°, and recalculated in Fig. 2
to show a potential infection threshold up to 2.7 x 10°.
Thus, depending on the ITS copy number in the field
strain, C. panamansis may function similarly to
Atelopus in the field as a zoospore ‘super-shedder’
(DiRenzo et al. 2014).

DISCUSSION

Prevalence and pathogen load can be misestimated
due to variation in the ITS copy number

Our analysis demonstrates that by incorrectly or
arbitrarily assigning a detection threshold, preva-
lence can be underestimated by up to 40% (Fig. 1)
and would be further underestimated if the reference
strain has a higher copy number than 144 (Fig. 3A,
Table 2). In sum, the more copies the reference strain
has, the lower the threshold of detection is when esti-
mating prevalence (Eq. 1). It is quite possible, then,
that Bd prevalence and pathogen loads from around
the world have been incorrectly estimated.

Pathogen load can be under- or overestimated by
at least 2 orders of magnitude depending on the copy
number ratio of the field strain and the reference
strain (Fig. 2). If the copy number of the samples col-
lected in the field is somewhat similar to the copy
number present in the reference strain, then patho-
gen load estimates will be accurate. However, if the
field strain has a lower copy number than the refer-
ence strain, the intensity of the infection will be
underestimated. When the field strain has a higher
copy number than the reference strain, intensity val-
ues will be overestimated (Fig. 3B).

Prevalence can be incorrectly estimated when path-
ogen loads are low (Fig. 1). There are at least 3 situa-
tions where pathogen load is expected to be low and
accurate estimates are needed. First, Bd has been
documented to move in waves and invade naive pop-
ulations (Lips et al. 2006, Briggs et al. 2010, Lips
2016). If there is a chance to invoke disease mitiga-
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Fig. 3. Effect of internal transcribed spacer (ITS) copy num-
ber on Batrachochytrium dendrobatidis (Bd) prevalence and
pathogen load. (A) In the case of prevalence, discrepancies
occur when the assumed or hypothetical copy number of the
reference strain deviates from the real reference strain copy
number. (B) In the case of pathogen load, discrepancies oc-
cur when the copy number of the reference strain deviates
from the copy number of the field strain

tion measures (Woodhams et al. 2011, Bletz et al.
2013, Scheele et al. 2014), it is imperative to have an
early warning system for the emergence of Bd. Thus,
it is critical to avoid underestimating prevalence.
Second, some species seem to be resistant to Bd, and
low pathogen loads have been recorded (Table 1;
Swei et al. 2011, Bataille et al. 2013, Rowley et al.
2013). Similarly, amphibian species in tropical low-
lands tend to have low intensity (e.g. Kielgast et
al. 2010, Rebollar et al. 2014, Courtois et al. 2015,
Rodriguez-Brenes et al. 2016), perhaps due to Bd
being out of its optimal temperature range (Rodder et
al. 2009). In this context, to accurately track the infec-
tion dynamics, it is again necessary to have accurate
estimates of prevalence and pathogen loads. Third,
in the case of describing the effects of experimental



222 Dis Aquat Org 123: 213-226, 2017

treatments of chytridiomycosis, an accurate estimate
of prevalence is essential, otherwise a treatment may
be deemed effective when in reality low infection
loads are present that could with time build up and
cause disease re-emergence. One example of this
case is the study conducted by Woodhams et al.
(2012b), in which Alytes obstetricans tadpoles were
treated with 3 different antifungal agents and Bd
zoopore loads were measured. The threshold used to
detect Bd loads dramatically affects the interpreta-
tion of treatment results. When no threshold was
employed, almost all frogs, regardless of treatment,
were considered infected. At higher thresholds,
treatment appeared to eliminate infections (Wood-
hams et al. 2012b).

In the case of samples with low pathogen loads,
e.g. where fractions of zeq are obtained, gPCR repli-
cates and controls are especially important to make
sure these values are not false positives. On the one
hand, negative controls are essential to rule out the
possibility of background amplification. Since nega-
tive controls do not show any amplification, repli-
cated amplification of unknown samples indicates
pathogen presence, even if the zoospore counts are
very low. This would be the case for zeq values <1
which indicate that Bd is present in the sample. A
recent study comparing different extraction methods
has shown that known zoospore quantities of 1 and
10 can vield consistent values <1 zeq, demonstrating
that these values need to be taken into consideration
in future studies (Bletz et al. 2015b). On the other
hand, the use of positive controls is important since
they will produce a stronger standard curve and
therefore zeq estimates will be more accurate.

As demonstrated above, not knowing the ITS copy
number of the qPCR reference strain can lead to
errors in estimating prevalence and pathogen loads
of Bd. In addition, not knowing the copy number of
the field samples is problematic for estimating Bd
pathogen load (Fig. 3). A further complication is that
more than 1 strain of Bd can co-occur at the same
location and on the same individuals, and therefore
the pathogen load estimated will be affected by the
number of copies present in each of the field strains
(Schloegel et al. 2012, Rodriguez et al. 2014). In addi-
tion to field studies, infection studies will also need
to calculate the ITS copy number of the reference
strains and the strain used for the infections, since
several studies have attempted to determine mortal-
ity thresholds based on zoospore estimates (Carey et
al. 2006, Vredenburg et al. 2010, Kinney et al. 2011,
DiRenzo et al. 2014). However, when the strain used
for the infection study is the same as the strain used

as a standard, it is perfectly acceptable to use ge-
nomic zoospore standards (quantified by microscope
counts) as the standards. In this case (e.g. Ellison et
al. 2014; Fig. S1), ITS copy number does not matter,
and the results will be accurate.

Synthetic standards and dPCR are potential
solutions to the variation in copy number
of Bd strains

We consider that there are 2 potential solutions to
the problem of copy number variation in fungi and
specifically in Bd strains: (1) Synthetic ITS fragments
such as gBlocks® can be used to either correlate a
known concentration of the DNA fragment to the
number of copies present on the reference strain or
to prepare a standardized dilution series that can be
used instead of the reference strain standards. The
use of ITS synthetic templates would allow for con-
sistency across studies since it does not depend on
the changing copy nature of Bd strains. Current
efforts include the use of synthetic templates con-
taining specific ITS sequences that allow for the
detection of Bd and Bsal simultaneously (J. Kerby
pers. comm.). However, this method still lacks a way
to correlate amplicon abundance with zoospore
counts from samples obtained in the wild. (2) Recent
developments in dPCR platforms offer a convenient
way to circumvent the problems associated with
using reference strain standard curves in qPCR. The
dPCR method does not use a standard curve for
quantification and has been particularly successful
in elucidating issues pertaining to variation in the
number of gene copies within a genome (Weaver et
al. 2010, Pinheiro et al. 2012, Whale et al. 2012). In
effect, dPCR removes the problem of mismatching a
reference strain to an unknown strain. The method
is fundamentally different in conceptual approach
to DNA quantification. DNA copies in a sample are
quantified by fractionating it into thousands of inde-
pendent end-point PCR reactions with known vol-
ume. Based on the ratio of individual positive and
negative amplification outcomes, the number of
copies and thereby target concentration can be cal-
culated based on a Poisson distribution (Vogelstein
& Kinzler 1999, Baker 2012, Huggett & Whale 2013).
The standard diagnostic protocol for Bd (Boyle et al.
2004) can be readily implemented on a dPCR plat-
form to quantify the number of ITS target copies in
a field or isolate sample independent of a standard.
The dPCR method has been demonstrated to be
more sensitive and robust for samples of low DNA
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concentration, such as residual HIV and leukemia-
related genes (Ross & Branford 2011, Whale et al.
2012, Hindson et al. 2013, Strain & Richman 2013).
Furthermore, dPCR appears to be notably more
resistant to PCR inhibitors (Hoshino & Inagaki 2012,
Dingle et al. 2013).

Both of these methods were used in this study to
determine the copy number of 6 Bd strains, and our
results support previous studies showing that copy
number variation exists within and between strains
(Kirshtein et al. 2007, Farrer et al. 2013, Longo et al.
2013). We obtained different copy number values
using these different methods: values obtained with
gBlocks® were similar to previous studies, suggest-
ing that this method may be accurate. Differences in
gBlocks® and dPCR results may be caused by differ-
ences in the accuracy and precision of the quantifica-
tion methods or by rapid changes in ITS copy number
of Bd strains with minor differences in passage
through culture. While it is beyond the scope of this
study, we feel that in order to determine which of the
methods is more accurate in determining pathogen
loads, it will be necessary to run gBlocks® standards
using dPCR. Moreover, it will be necessary to in-
crease replications, as well as evaluate both methods
using the same Bd strains with the same culture pas-
sages, using the same extraction methods.

CONCLUSIONS

We tested how changes in copy number of the ITS
region could greatly affect prevalence and pathogen
load estimates of the most widely applied diagnostic
assay for Bd. We performed simulations of variations
in ITS copy number using 10 authentic data sets from
4 different continents spanning multiple species and
levels of infection. We demonstrate that a copy num-
ber discrepancy between reference and field strains
can create a large bias that hampers epidemiological
interpretation (Fig. 3). Both pathogen load and
prevalence may be poorly estimated, and therefore,
not only studies directly pertaining to pathogen
loads, but also results of surveys mapping presence/
absence may have been affected.

We presented evidence that current standards in
Bd diagnostics have important limitations that
likely obscure our understanding of this host—patho-
gen system. We propose ways to move forward by
improving current diagnostics which include the
use of matching strains for zoospore standards and
experimental exposure studies, synthetic standards
(such as gBlocks® or from plasmids), or implement-

ing new assays like dPCR that do not require the
use of reference strains. Our preliminary compa-
rison of gBlocks® and dPCR estimates of patho-
gen load suggest that dPCR estimates are consis-
tently lower and very precise; however, the strains
used on each method had slightly different passage
histories. Both methods represent improvements
of the original qPCR method. Ultimately, conver-
gence onto 1 standard method across laboratories
will facilitate comparison of results. For now, the
use of gBlocks® seems to solve some of the limita-
tions of the traditional qPCR approach, although
this method may lack precision due to the way
gBlocks® are prepared (diluted, stored, and meas-
ured), thus making it a less standardized method.
In contrast, dPCR is a more precise and sensitive
method, but further testing is needed to determine
the accuracy and precision of dPCR in comparison
to gBlocks®. Given that Bd strains can change ITS
copy number with time in culture (Farrer et al.
2011), using genomic standards from the same Bd
strain and prepared at the same time as an expo-
sure experiment will provide the best estimates for
epidemiological parameters based on quantification
of infectious zoospores rather than ITS copies. If
synthetic or plasmid standards or dPCR are used,
determination of the ITS copy number in the Bd
isolate at the time of experimental use is critical for
accurate zoospore quantification.

Assessing Bd prevalence and pathogen load is
essential to understanding the dynamics of chytrid-
iomycosis and its consequences in amphibian com-
munities all over the world. Therefore, the genomic
complexity of fungi and the multi-copy nature of
the ribosomal gene complex needs to be considered
to accurately estimate and characterize the dynam-
ics of fungal diseases in natural populations. In
addition, the development of alternative molecular
methods like dPCR and the design of new molecu-
lar primers for single copy markers have a great
potential for the study of several fungal diseases
that are impacting other organisms, such as bats,
plants, fishes, and corals (Fisher et al. 2012, Muller
et al. 2013, Gozlan et al. 2014).
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