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Abstract: The chytrid fungus, Batrachochytrium dendrobatidis (Bd), is implicated in worldwide amphibian
declines. Bd has been shown to qualitatively transition from the mouthparts of tadpoles to the hindlimbs
during metamorphosis, but we lack evidence of consistency in the timing of this transition across amphibian
species. We also do not have predictive functions for the abundance of Bd in mouthparts and limbs as tadpoles
develop or for the relationship between keratin and Bd abundance. Hence, researchers presently have little
guidance on where to sample developing amphibians to maximize Bd detection, which could affect the
accuracy of prevalence and abundance estimates for this deadly pathogen. Here, we show consistency in the
timing of the transition of Bd from mouthparts to hind limbs across two frog species (Osteopilus septentrionalis
and Mixophyes fasciolatus). Keratin and Bd simultaneously declined from the mouthparts starting at
approximately Gosner stage 40. However, keratin on the hindlimbs began to appear at approximately stage 38
but, on average, Bd was not detectable on the hindlimbs until approximately stage 40, suggesting a lag between
keratin and Bd arrival. Predictive functions for the relationships between developmental stage and keratin and
developmental stage and Bd for mouthparts and hind limbs are provided so that researchers can optimize
sampling designs and minimize erroneous conclusions associated with missing Bd infections or misestimating

Bd abundance.
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The pathogenic chytrid fungus, Batrachochytrium dendro-
batidis (Bd), is associated with the extinction and extirpa-
tion of hundreds of amphibian species. Its distribution and
transmission appear to be affected by several factors
(Venesky et al. 2013), including the densities of amphibian
and non-amphibian hosts (Briggs et al. 2010; Vredenburg
et al. 2010; McMahon et al. 2013a), climate (Rohr et al.
2008; Rohr and Raffel 2010; Liu et al. 2013; Raffel et al.

Published online: November 11, 2014

Correspondence to: Taegan A. McMahon, e-mail: tmcmahon@ut.edu

2013), habitat (Raffel et al. 2010; Becker and Zamudio
2011; Murray et al. 2011; Liu et al. 2013), and pollution
(McMahon et al. 2013b). Because of the devastating effects
of Bd on amphibians, several researchers have suggested
that Bd and amphibians require zealous management
action (Woodhams et al. 2011; Venesky et al. 2012).

Bd infects keratinized or keratinizing tissue of
amphibians (Altig 2007; Voyles et al. 2011), which are
found in the mouthparts of tadpoles and the skin of
metamorphic and adult frogs (Fellers et al. 2001). Maran-
telli et al. (2004) demonstrated that, as tadpoles approach
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metamorphosis, keratin degrades from tadpole mouthparts
and develops on the hind limbs and Bd transitions from the
mouthparts to the hind limbs. In this seminal study,
however, Marantelli et al. (2004) only quantified Bd pre-
sence and absence on a single species using histology.
Hence, it is unknown whether the timing of the transition
of Bd from mouthparts to hindlimbs is consistent across
amphibian species. Additionally, we also are without pre-
dictive functions for the prevalence and abundance of Bd
(average number of Bd zoospores on infected and unin-
fected hosts) in mouthparts and limbs as tadpoles develop
and for the relationship between keratin and Bd abun-
dance. Knowing where Bd is located on the body at dif-
ferent points in development, especially near and through
metamorphosis, should facilitate optimizing sampling
design and efficiency. If researchers sample the wrong body
location as Bd transitions from mouthparts to hind limbs,
they could possibly miss infections completely or misesti-
mate Bd abundance. This could result in erroneous con-
clusions, misconceptions, and lost time and money.

Here, we exposed Osteopilus septentrionalis tadpoles
that varied in Gosner stage to Bd and then quantified Bd
abundance in both the mouthparts and hind limbs of the
same individuals. We then compared the timing of
the transition of Bd from mouthparts to hind limbs in
O. septentrionalis to Mixophyes fasciolatus, the species
studied by Marantelli et al. (2004). We fit functions to the
data to characterize the relationships among keratin, Bd,
and developmental stage for the mouthparts and hind
limbs of both species. We hypothesized that the two species
would show similar timing for the transition of Bd from
their mouthparts to hind limbs and that the decline of Bd
in the mouthparts would occur simultaneously with the
decline of mouthpart keratin. However, given that the
keratin in the hindlimbs must develop before the Bd can
infect and that it should take time for Bd in the mouthparts
to locate keratin in the hindlimbs, we predicted a lag in the
relationship between keratin and Bd on the hindlimbs.
Once Bd arrives in the hindlimbs, we expected exponential
Bd growth because of the abundant keratin resources.

In 2009, 35 O. septentrionalis tadpoles, from 5 mixed
clutches, were collected from the University of South
Florida campus (Gosner stages 25-28; Gosner 1960). Bd
inoculum was prepared by growing 1 mL of Bd stock
(strain SRS 812 isolated from Rana catesbeiana [Lithobates
catesbeianus]) on 1% tryptone agar plates for 8 days at
23°C. Each plate was flooded with 3 mL of deionized water
and the water from each plate was homogenized. This
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solution was passed through a 20-um nylon filter (Spec-
trum Laboratories, Inc., Rancho Dominguez, CA) to isolate
infective zoospores (3 x 10* zoospores/mL, counted on a
hemocytometer).

Individual O. septentrionalis was exposed to 2 mL of
the zoospore inoculum in 80 mL of artificial spring water
(ASW; Cohen et al. 1980) for 2 days. Each O. septentrionalis
and the inoculated water were then transferred to 1-L cups
filled with fresh ASW and the frogs were maintained on a
12-h light cycle at 23°C and fed organic spinach ad libitum.
Survival was monitored daily for 14 days, after which the
animals were euthanized with an overdose of MS-222,
Gosner stage was quantified, and mouthparts and one hind
limb were removed using sterile scissors (scissors were
sterilized after each tissue extraction) and preserved in
separate vials containing 70% ethanol. To prevent cross-
contamination of Bd DNA during handling, vinyl gloves
used to handle each frog were rinsed sequentially in 10%

® to neutralize the bleach, and

bleach, 1% Novaqua
deionized water before handling the next frog.

We quantified Bd from amphibian mouthparts and
hind limbs using the quantitative PCR (qPCR) procedures
described by Kriger et al. (2006a, b). Samples were run once
as recommended by Kriger et al. (2006a), and we added
TaqMan® Exogenous Internal Positive Control (Exo IPC)
Reagents (Applied Biosystems, Foster City, CA) to every
reaction well to assess inhibition of the qPCR reaction
(Kriger et al. 2006b). All samples were analyzed initially
with a 1:100 dilution, and no samples were inhibited.

In our statistical analyses, we only included animals that
had Bd detected on at least one of the two sampled body
parts (n = 30). For the species M. fasciolatus, data were
obtained from Marantelli et al. (2004). Keratin data are only
available for M. fasciolatus. Statistics were analyzed with R
statistical software (R Development Core Team 2010).

We first conducted logistic regression analyses on the
M. fasciolatus data to generate predictive functions for the
relationship between Gosner developmental stage and
keratin and Bd presence. For the O. septentrionalis data, we
generated predictive functions for the relationship between
Gosner developmental stage and keratin presence (keratin
data was from M. fasciolatus) using logistic regression and
for developmental stage and Bd abundance using the fol-
lowing non-linear equation:

Log,,Bd = a /(1 + exp(—b*(Gosner stage — c))).

The logistic models for M. fasciolatus revealed that
nearly 0% of the tadpoles were predicted to have keratin on
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Fig. 1. The relationship between Gosner developmental stage and
keratin and Batrachochytrium dendrobatidis (Bd) prevalence in the
mouthparts and hind limbs of the tadpole Myophyes fasciolatus (a),
and the relationship between Gosner developmental stage and Bd
abundance (zoospore genome equivalents) in the mouthparts and
hind limbs of the tadpole O. septentrionalis (n = 30) (b). For M.
fasciolatus, the logistic regression best-fit curves are for the keratin
data. Logistic regression could not be successfully conducted on the
Bd data for this species because there was too little variation (all the
proportions were either 0 or 1). Data for M. fasciolatus were acquired
from Marantelli et al. (2004)

their hind limbs at stage 37, whereas ~100% were
predicted to have keratin on their hind limbs by
stage 42 (intercept + SE = —66.224 £ 40.096, slope £+ SE =
1.677 + 1.013; Fig. la). Keratin on M. fasciolatus began to
decline in the mouthparts well after it began appearing in the
hind limbs (2004). Nearly, 100% of the tadpoles were predicted
to have keratin on their mouthparts at stage 39, whereas ~ 0%
were predicted to have keratin on their mouthparts by stage 44
(intercept &= SE = 84.241 + 45.414, slope &+ SE = —2.035 +
1.095; Fig. 1a). The Bd prevalence data generally matched the
location of keratin (Fig. 1a). We could not fit logistic functions
to the prevalence data because of the lack of variability (all
proportions were 0 or 1). However, what is striking is that Bd
in the mouthparts seems to decline concurrently with the

decline in mouthpart keratin but appears on the hind limbs
2-3 Gosner stages after keratin is detected there (Fig. 1a).

The non-linear models fit the O. septentrionalis data well
for both the mouthparts (a & SE = 2.97452 £+ 0.15857,
b £ SE = —1.53965 + 1.05962, ¢ & SE = 41.56376 + 0.51600;
Fig. 1Ib) and hind limbs (a £ SE = 3.63493 £+
0.18411, b £ SE = 2.45352 + 3.31990, ¢ + SE = 41.27424 +
0.45164; Fig. 1b), accounting for 85.8 and 89.7% of the vari-
ation, respectively. The timing of the transition of Bd in O.
septentrionalis from the mouthparts to the hind limbs generally
matched the timing of the transition in M. fasciolatus (Fig. 1a,
b). For both species, the decline of Bd in the mouthparts
generally occurred between stages 40 and 44 and Bd increased
on the hind limbs between stages 40 and 43, despite keratin
appearing on the hindlimbs of M. fasciolatus between stages 38
and 41 (Fig. 1).

There was substantial time when both the mouthparts
and hind limbs had keratin (Fig. 2a), but much smaller
overlap when they both had Bd (Fig. 2b). Plotting the
predicted values of keratin versus Bd abundance as func-
tions of Gosner stage provides the most salient view of
these dynamics. As predicted, a decline in mouthpart ker-
atin caused an immediate loss of mouthpart Bd as reflected
by the tight linear relationship between the predicted values
for mouthpart keratin and Bd abundance on the mouth-
parts (y = 9.7327x, R? = 0.996; Fig. 3a). In contrast and
also as predicted, the keratin was present on the hind limbs
for some time before Bd arrived and then grew exponen-
tially (y = 1E—04¢>**°7%, Fig. 3b). Indeed, the exponential
fit accounted for 96.6% of the variation between the pre-
dicted values for hind limbs keratin and Bd abundance on
the hind limbs (Fig. 3b).

We show that M. fasciolatus and O. septentrionalis
tadpoles, which occupy two continents, exhibit almost
identical timing in the transition of Bd from their
mouthparts to their hind limbs as a function of Gosner
developmental stage. Moreover, the amount of keratin in
the mouthparts and hind limbs of M. fasciolatus was highly
predictive of the transition of Bd from the mouthparts to
the hind limbs of O. septentrionalis. These results suggest
that the transition of keratin from the mouthparts to the
hind limbs is likely a conserved trait of tadpole develop-
ment that drives the shift in body location of Bd infections.
However, examining these patterns in more than two
species will be necessary to better evaluate the generality of
our findings.
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Fig. 2. Relationships between the predicted values for keratin on
tadpole mouthparts and hindlimbs as a function of Gosner
developmental stage (a) and for Bd abundance on tadpole
mouthparts and hind limbs as a function of Gosner developmental
stage (b)

As predicted, the loss of keratin in the mouthparts was
associated with a concurrent loss of Bd there. This is
probably because Bd is at some equilibrium level, and the
loss of resources and substrate directly reduces the amount
of Bd that can be supported. In contrast, the development
of keratin on the hind limbs does not simultaneously result
in Bd detection there. This is likely because zoospores from
the mouthparts need to (1) locate the new keratin on the
hind limbs, (2) successfully infect the hind limbs, and (3)
replicate sufficiently for the swabbing and qPCR to detect
the Bd. On average, there appears to be a delay of
approximately 2-3 Gosner stages between keratin on the

Chytrid Fungus Transitions from Mouthparts to Hind Limbs 191

3.5 -

y=9.7327x
3.0 1 R2=0.9959
2.5 4

2.0 1
1.5 1

Gosner stage

1.0 1

0.5 -

Predicted log,oBd abundance on 3>
mouthparts as a function of

0.0

0 0.1 0.2 0.3 0.4
Log, (predicted proportion of tadpoles

with keratin on mouthparts as a function
of Gosner stage +1)

4.0 1
3.5 4

y= 1E-O4e34‘697"
R%?=0.9657

stage

Predicted log,o Bd abundance on 0
hind limbs as a function of Gosner

0 0.1 0.2 0.3 0.4
Log, (predicted proportion of tadpoles
with keratin on hind limbs as a function of
Gosnerstage +1)

Fig. 3. Relationships between the predicted values for keratin and
Bd abundance on tadpole mouthparts as a function of Gosner
developmental stage (a) and for keratin and Bd abundance on
tadpole hind limbs as a function of Gosner developmental stage (b).
Shown are best-fit lines, best-fit equations, and the proportion of

variance for which the equation accounts

hind limbs and Bd detection. Once Bd arrives, the abun-
dance, as expected, fits an exponential growth function.
Understanding the transition of Bd from the mouth-
parts to the limbs is crucial to preventing misconceptions.
For example, if we sampled only the mouthparts, we could
have erroneously concluded that tadpoles lost their infec-
tions during metamorphosis. Alternatively, if we sampled
only limbs, we could have erroneously concluded that
tadpoles were more resistant to Bd than metamorphs.
Additionally, prevalence and Bd loads would have been
misestimated if we only sampled one of the two body
locations. Importantly, several studies have documented
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presumed costs of exposure to Bd in the absence of either
detectable infections or sufficient time for Bd to reach densities
high enough to typically cause pathology (e.g., see: Blaustein
etal. 2005; Garner et al. 2009; Venesky et al. 2009; Luquet et al.
2012). However, it is unclear in these experiments whether the
authors simply missed infections by sampling the wrong body
locations. This is critical because we now have confirmed
evidence that Bd can release a chemical that can cause
pathology in the absence of infections (McMahon et al. 2013a,
2013b). Missed infections because of sampling the wrong body
location may have also led to unpublished research. Given the
findings of this study, it might be worth re-sampling preserved
amphibian specimens.

In summary, we recommend that researchers sample
both the mouthparts and limbs of amphibians if they
expect to be taking Bd measurements from amphibians
between Gosner stages 38 and 46. If this is cost prohibitive
and assuming our results are consistent across species, we
recommend using the provided functions to estimate where
on the body is the best location to sample. A crude rec-
ommendation based on these functions is to sample the
mouthparts of amphibians less than Gosner stage 41 and
the hind limbs of amphibians greater than Gosner stage 41.
The provided functions should offer the best chances of
accurately determining if there is a Bd infection present and
the true abundance of the infection. These recommenda-
tions should increase sampling efficiency, diminish the
likelihood that infections will be missed, reduce the likeli-
hood of drawing erroneous conclusions, might reduce
qPCR costs (> $25/sample if done in triplicate and labor is
included), and should help ensure that limited conserva-
tion resources are used wisely.
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