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Environmental factors can limit the distribution of organisms if they are not able to respond through
phenotypic plasticity or local adaptation. Batrachochytrium dendrobatidis (Bd) is a broadly distributed
pathogen, which shows spatially patterned genotypic and phenotypic variation; however, information
on the functional consequences of this variation on disease dynamics in natural hosts is limited. We
genotyped and quantified variation in Bd phenotypes across an elevational gradient and quantified host
infection dynamics at each site. All Bd strains were members of the global panzootic lineage yet differed
in phenotype. We hypothesize that this phenotypic variance results from adaptive processes due to the
interaction between pathogen, hosts, and environment. We detected a correlation between zoospore and
zoosporangia sizes and a positive association between zoosporangia size and Bd prevalence. Given that
Bd phenotype predicted disease status in our wild populations, we developed an index to identify critical
environments where the fungus could be more deleterious.

© 2015 Elsevier Ltd and The British Mycological Society. All rights reserved.
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1. Introduction

Organisms that have broad distributions must contend with
highly variable environmental factors that affect their fitness
(Thoday, 1953; Hall et al., 1992; Travis, 1994). Depending on their
degree of tolerance, many environmental factors such as temper-
ature, seasonality, precipitation, humidity, and elevation can limit
organismal distributions or directly affect their performance and
probability of persistence (Ignoffo, 1992; Inglis and Sagripanti,
2006). Organisms use a number of mechanisms to respond to
these environmental challenges that fall along a continuum from
phenotypic plasticity to microevolution (Reed et al., 2010). Inde-
pendent of the mechanism, the result is phenotypic or genetic
variation that has functional consequences not only for species
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persistence, but also for interactions with other species in the
community (Agrawal, 2001; Smits et al., 2006). Functionally sig-
nificant phenotypic changes will be especially important in in-
teractions between hosts and pathogens, because they can change
patterns of disease dynamics in populations. For example, the
pathogenic fungus Cryptococcus neoformans is capable of producing
significantly larger cells when infecting particular hosts as a means
of evading host immune responses (Zaragoza et al., 2010), thus
altering infection rates in host populations. While we know that
pathogens often vary in phenotype (Brown and Barker, 1999;
Drenkard and Ausubel, 2002; Matz et al., 2005; Smits et al,,
2006), we know less about how those phenotypes translate into
patterns of disease in natural populations.

The amphibian-killing fungus, Batrachochytrium dendrobatidis
(hereafter Bd), causes chytridiomycosis, which is a main factor
contributing to amphibian population declines and extinctions
worldwide (Wake and Vredenburg, 2008; Fisher et al., 2012). Bd is
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broadly distributed, infects a wide range of hosts (Olson et al., 2013;
Valencia-Aguilar et al., 2015), and persists across a broad temper-
ature range (Piotrowski et al., 2004; Woodhams et al., 2008; Becker
and Zamudio, 2011). These characteristics increase its success as a
host-generalist pathogen. Distribution models based on climatic
and topographic variables have been used to predict the current
and future (Ron, 2005; Rodder et al., 2008, 2009, 2010; Puschendorf
et al., 2009; Murray et al., 2011; Rohr et al,, 2011; Liu et al., 2013;
James et al.,, 2015) ranges of this pathogen. These models infer
the potential occurrence of Bd at continental and global scales but
only indirectly predict the likelihood of disease outcomes. Addi-
tionally, we know that phenotypic variation in Bd can be explained
by life history trade-offs (Woodhams et al., 2008) and potential
changes in gene expression conferred by aneuploidy or other
genomic features (Rosenblum et al., 2013), but rarely are we able to
link these changes in phenotype to community level disease
epidemiology. These interactions between environmental and ge-
netic control are evident in the many field surveys of pathogen
prevalence in wild populations (Burdon, 1977; Vercelli, 2004;
Hunter, 2005). For example, models predict that Bd has a higher
probability of occurrence at high elevations, where mean temper-
atures and cloud cover provide better (or ideal) conditions for its
growth (Piotrowski et al., 2004; Pounds et al., 2006). However, not
all high elevation sites appear to respond equally to Bd infection
(Lips, 1998; La Marca et al., 2005; Brem and Lips, 2008; Kriger and
Hero, 2008; Griindler et al., 2012).

Bd strains can be genetically subdivided into enzootic and
panzootic lineages (Farrer et al., 2011; Schloegel et al., 2012;
Rosenblum et al., 2013) that differ in chromosomal copy number
and virulence (Farrer et al., 2013; Rosenblum et al., 2013). Bd strains
also vary in phenotypes related to transmission. For example,
among strains, zoospore sizes vary from 2 to 6 um (Longcore et al.,
1999; Fisher et al., 2009; Schloegel et al., 2012), and zoosporangium
sizes vary from 15 to 68 pum in diameter (Fisher et al., 2009; Farrer
et al., 2011; Flechas et al., 2013). Further, zoosporangium size is
correlated to virulence (Fisher et al., 2009), and zoospore size is
correlated to DNA content (Schloegel et al., 2012), suggesting that
phenotype and virulence may also be related.

Knowledge of phenotypic variation in Bd and its functional
consequences for disease dynamics is limited; thus, understand-
ing variance in Bd phenotypes across varying environments could
be key to investigating the evolution of Bd virulence at multiple
spatial scales (Farrer et al., 2013). Here, we genotyped and quan-
tified phenotypes of Bd strains isolated across a 500 m elevational
range in the Brazilian Atlantic Forest. First, we predicted that
environmental variation across the elevational gradient would
explain infection dynamics across populations. Second we hy-
pothesized that Bd would vary predictably in phenotypes (such as
zoospore and zoosporangium sizes) that are important for disease
transmission. Finally, we predicted that those changes in pheno-
type would affect community disease outcomes. Our study stan-
dardized host amphibian species, breeding habitat, latitude, and
season, reducing extrinsic factors that might confound the asso-
ciation between the environment, pathogen phenotypes, and
infection dynamics in these populations. We discuss the impli-
cations of our results using a predictive index that could be
applied in disease monitoring of other amphibian communities
infected by Bd.

2. Methods
2.1. Study site and field sampling

We sampled five Atlantic Coastal Forest streams along an ele-
vational gradient (from 200 to 700 m above sea level [a.s.l])

(Table 1) at the Parque Estadual da Serra do Mar, Nucleo Itutinga-
Piloes. The sampled streams were located in the municipalities of
Biritiba-Mirim and Bertioga, Sao Paulo state, in southeastern Brazil.
All streams were located in pristine forest and had approximately
the same width, water flow, and canopy cover. We collected 129
adults of our focal host species, Hylodes phyllodes, with a minimum
of 14 adults per site (Table 1). We also collected up to 10 H. phyllodes
tadpoles at each elevation for Bd isolation. All field collections were
approved by Instituto Chico Mendes de Conservagao da Bio-
diversidade (ICMBio: 26972-1) and Instituto Florestal (COTEC/SMA:
260106—011.309/2011).

2.2. Bd infection intensity and prevalence

For Bd detection and quantification of local prevalence and
infection intensity, we collected adult H. phyllodes and maintained
them individually in plastic bags to avoid cross-contamination. At
least five individuals per locality were kept as voucher specimens
and deposited at the Museu de Zoologia “prof. Adao José Cardoso”
(ZUEQ), Instituto de Biologia, Universidade Estadual de Campinas
(UNICAMP), Sao Paulo, Brazil. At the time of capture, we swabbed
all adult H. phyllodes following standard field sampling protocols
for Bd detection (Hyatt et al., 2007). Each swab was placed in a dry
and sterile 1.5 ml cryovial in the field and stored at —20 °C in the
laboratory until diagnostic analyses were conducted. For detection
and quantification of Bd zoospores, we first extracted DNA from
swabs using 50 pl of PrepMan ULTRA® (Life Technologies) and then
quantified infection intensities for each frog using a TagMan® qPCR
Assay (Life Technologies) (Boyle et al., 2004), with modifications
described in Kriger et al. (2006) and Lambertini et al. (2013). Briefly,
we used strain CLFT 023 as a quantitative standard for the qPCR
reactions (Longo et al., 2013). The strain was grown in 1% tryptone
in Petri dishes. After growth plates were flooded with distilled
water, zoospores were collected and counted with a hemocytom-
eter, before DNA extraction with 100 pl of PrepMan ULTRA® (Boyle
et al.,, 2004; Lambertini et al., 2013). We serially diluted (1:10) the
genomic extract to generate the standard curve for our qPCR re-
actions (10% to 10~! genomic equivalents — g.e.). We considered
field collected samples positive for Bd results when at least one g.e.
was detected (Kriger et al., 2007).

2.3. Bd phenotypes and genotypes

We screened up to ten H. phyllodes tadpoles from each elevation
for possible Bd infection by examining their mouthparts (Knapp
and Morgan, 2006; Lambertini et al., 2013). We used only tad-
poles for Bd isolation because it is easier to identify infected in-
dividuals in the field by examining mouthpart depigmentation, and
also because they typically carry higher Bd infection loads than
adults (Vieira and Toledo, 2012). Animals showing signs of Bd
infection were euthanized and oral tissues excised for confirmation
of infection by the presence of zoosporangia using compound mi-
croscopy (Vieira and Toledo, 2012). The number of euthanized
tadpoles varied depending on the number of infected individuals,
but we had success in Bd isolation with five to ten euthanized
tadpoles per locality. Mouthparts containing zoosporangia were
dissected and mechanically cleaned by dragging in 1% tryptone
culture medium and transferred to sterile plates containing 1%
tryptone culture medium with G-penicillin (200 mg 1"!) and
streptomycin sulfate (350 mg 1-1) (Vieira and Toledo, 2012). We
grew Bd colonies for 1 week and then extracted the DNA from each
pure culture for genotyping.

We genotyped five isolated strains, one from each elevation.
DNA extraction followed published protocols (James et al., 2008)
and we genotyped each individual by sequencing ten SNP markers
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Table 1

Batrachochytrium dendrobatidis strains isolated along a 500 m elevational gradient, with the number of adult Hylodes phyllodes sampled at each elevation, prevalence, infection
intensity, zoospores and zoosporangia sizes, and final zoospore number in culture during the growth experiment. Values are mean + standard deviation (range).

Strain Elevation (m) N adults Prevalence (%) Infection intensity Zoospore size (um) Zoosporangia size (um) Zoospore number
(zoospore equivalents) day 9 (x107)
CLFT 034 271 20 70.00 466.09 + 1097.04 3.87 + 0.63 21.54 + 6.06 39+5
(1.68—3330.08) (2.90-5.24) (10.80—35.76) (3.2-4.5)
CLFT 033 309 20 90.00 862.63 + 1889.18 4.08 + 0.67 22.29 + 496 1.0+3
(5.58—6633.34) (2.84-5.54) (14.73—38.58) (6-1.3)
CLFT 031 440 39 58.97 64.75 + 266.10 2.85 + 0.95 15.06 + 3.14 112 2.1
(1.32-1543.71) (1.30-4.05) (10.38—27.82) (9.1-13.3)
CLFT 030 558 36 58.33 167.43 + 810.64 3.56 + 0.67 16.18 + 3.01 22+3
(1.05-4574.47) (2.01-5.03) (10.94-26.52) (1.7-2.6)
CLFT 032 670 14 92.86 798.46 + 1888.40 437 + 091 24.42 + 8.00 42+20
(10.37-6933.59) (2.69-6.34) (14.09-45.05) (2.8-7.2)
using previously described primers and PCR protocols (Schloegel - o
et al., 2012). Marker sequences were aligned by assembling con- Size Index (SI) : SI = XZ +10Xz
tigs to reference sequences (Schloegel et al., 2012) and visually ' 2

screened for polymorphisms using Sequencher 4.10.0. We specif-
ically chose SNP markers that are diagnostic for the panzootic Bd-
GPL and the endemic Bd-Brazil strains, the two major lineages that
occur in southeastern Brazil. We also included markers 8009X2 and
R6046, which differentiate panzootic strains of the Bd-GPL clade
into clades 1 or 2 (Schloegel et al., 2012; Rosenblum et al., 2013).
DNA sequencing was conducted at the University of Michigan
Sequencing Core Lab.

We measured three phenotypes from the five Bd strains
collected from our elevational gradient: zoospore size, zoosporan-
gium size, and growth rate (quantified by zoospore production in
culture) (Fisher et al., 2009; Flechas et al., 2013). Each strain was
inoculated into 15 ml Falcon® tubes containing 5 ml of liquid media
composed of 1% tryptone. All cultures were placed in a Biological
Oxygen Demand (B.0.D.) incubator set at 21 °C for 7 d. At seven
days, we photographed aliquots of each Bd strain in culture (two
aliquots per slide) using optical microscopy at 1000x magnification
with immersion oil. We took 60 photographs of each strain (30
photographs of each aliquot or more depending on the resolution of
the pictures) and selected the largest zoospores and zoosporangia
from each photograph. We then measured the diameter of the 60
largest zoospores and 60 largest zoosporangia in um, using the
software TSView®.

To quantify strain-specific growth rate, we plotted zoospore
production curves at a constant temperature (17 °C), with four
replicates for each of the five Bd strains. We flooded plates with
10 mL of 1% tryptone liquid media; we then standardized the initial
zoospore number at 450,000 zoospores by counting with a he-
mocytometer and diluting liquid cultures as necessary. We inocu-
lated each strain in 50 mL Falcon® tubes with 25 mL of liquid media
(tryptone 1%) and incubated all strains in a B.O.D. incubator at 17 °C.
Bd growth rate was quantified by qPCR every three days over a
period of nine days. At each sampling period, 100 pl of each inoc-
ulum was centrifuged at 11,269 g for 10 min, and the supernatant
removed. DNA extractions were performed on the remaining
zoospore pellets by using 100 pul of PrepMan® ULTRA. DNA extrac-
tion and qPCR analyses followed standard protocols (Boyle et al.,
2004; Lambertini et al., 2013).

2.4. Disease indices

We developed two formulae to compare strain-specific pheno-
types (zoospore and zoosporangium sizes) for each site where a Bd
strain was collected, with measures of local disease dynamics at
those same sites (i.e. prevalence, % of infected individuals, and
infection intensity, number of zoospore DNA equivalents):

Where, Z = Zoosporangium size, z = Zoospore size.

XLoad
Prev + (%)

Infection Index (Il) : Il = 3

Where, Prev = Prevalence (%), Load = Infection Intensity.

We multiplied the Xz by 10 and divided the X Load by 2 to
standardize the observed values for both indices, so the estimated
values were at the same order of magnitude.

2.5. Statistical analyses

We used linear regressions to test for the effect of elevation on
host Bd infection prevalence and intensity. We used a Pearson
correlation to test for an association between Bd prevalence and
infection intensity, as well as between zoospore size and zoospo-
rangium size. To test if zoospores and zoosporangia varied signifi-
cantly in size among strains, we performed analyses of variance
(ANOVA). We followed these analyses by comparing how zoospores
and zoosporangia varied in average size across the elevation
gradient using General Linear Models with ordinary least squares
(hereafter GLM).

We used MANOVA to test whether Bd growth rates differed
among strains across time. We used stepwise GLMs (exclusion
cutoff P < 0.10; inclusion cutoff P < 0.25) to test for factors
(elevation, absolute Bd growth at day 9, and zoosporangia sizes)
and one-level interactions among those variables, that potentially
predict Bd infection prevalence and intensity. Finally, we per-
formed a linear regression to test for the effect of size index on
infection index and visually inspected the residuals for normal
distribution. We used JMP-SAS v.10. to perform statistical analyses
(SAS, 2010).

3. Results

Overall Bd prevalence in wild collected frogs across all five
populations ranged between 58.33 and 92.85%, with mean infec-
tion intensity ranging between 64.75 and 862.63 zoospore equiv-
alents (Table 1). We found no significant influence of elevation on
either Bd infection prevalence (Fj13] = 0.028, R?>=0.009, P = 0.877;
Fig S1A) or intensity (F{;,3) = 0.006, R? = 0.002, P = 0.942; Fig S1B).
Field estimates showed a significant positive correlation between
Bd prevalence and infection intensity at our five sites (r = 0.977,
P = 0.004) (Fig 1).

Genotyping across the elevational gradient revealed that the
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Fig. 1. Correlation between field estimates of prevalence and infection intensity at our
five focal sites. The line is only for visualization, not indicating regression adjustment.

five strains were genetically distinct but all belonged to the global
pandemic lineage, clade 2 (Bd-GPL-2), the globally dispersed and
hypervirulent lineage (Schloegel et al., 2012; Rosenblum et al.,
2013) (Table S1). Zoospores ranged between 1.30 and 6.34 pm in
diameter (Table 1) and zoospore sizes differed significantly among
strains (Fj42905) = 33.855, P < 0.001; Fig S2A). Zoosporangia ranged
between 10.38 and 45.05 um in diameter (Table 1), and also
differed among strains (Fj4,295] = 35.000, P < 0.001; Fig S2B). Even
though Bd strains varied in zoospore size and zoosporangium size,
elevation did not predict these differences in phenotypes
(zoospore size: Fj13) = 0.065, P = 0.815; zoosporangium size:
Fj1,3)=0.001, P=0.995). We detected a strong correlation between
zoospore size and zoosporangium size (r = 0.936, P = 0.019; Fig 2);
therefore, we decided to only use zoosporangium size in down-
stream analyses. None of the other explanatory variables were
cross-correlated.

Our stepwise GLM indicated that Bd infection prevalence and Bd
infection loads are best explained by the sole effect of zoosporan-
gium size (Bd prevalence: Fj13) = 16.518, R? = 0.846, P = 0.027, Fig
3A; Bd load: Fj13; = 23.085, R? = 0.885, P = 0.017 Fig 3B). Both
prevalence and load were not explained by any other combination
of explanatory variables, including their interactions. Even though
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Fig. 2. Correlation between mean zoospore and zoosporangium sizes for five Batra-
chochytrium dendrobatidis strains isolated from a 500 m elevational range in the Bra-
zilian Atlantic Forest. The line represents only a tendency without any model
adjustment.
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Fig. 3. Positive association of Batrachochytrium dendrobatidis mean zoosporangium
size with prevalence (A) and infection intensity (B) along an elevational range. The line
represents only a tendency without any model adjustment.

growth rate among Bd strains did not explain prevalence and
infection intensity, we found significant variation in growth curves
among the five focal strains (Repeated Measures ANOVA: Wilk's
A = 0.010, df = 12, F = 13.259, P < 0.0001; Fig S3).

To explore a predictive tool that could potentially be used to
identify critical areas of Bd pathogenesis, we produced a linear
regression between Size Index and Infection Index at each site and
detected a positive association (F{13; = 19.713, R? = 0.867, P = 0.021;
Fig 4).
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Fig. 4. Size Index and Infection Index are positively related across five focal sites in the
Brazilian Atlantic Forest. The line represents only a tendency without any model
adjustment.
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4. Discussion

The phenotypic diversity we found among field-collected Bd
strains is surprisingly high given that genotypes of the five strains
show that they are all members of the same clade (GPL 2), recently
derived from a common ancestor (Rosenblum et al., 2013), and
were collected along a 500 m gradient (approximately 100 m ele-
vational difference among populations). Nonetheless, the variation
that we observed in zoospore and zoosporangium sizes falls within
the range measured globally (Longcore et al., 1999; Fisher et al,,
2009; Farrer et al., 2011; Schloegel et al., 2012; Flechas et al,,
2013). This high phenotypic diversity among closely-related pop-
ulations in near proximity could be due to intrinsic plasticity or
adaptive change. However, the strains were brought to the lab and
cultured under identical conditions, with no noticeable change in
phenotypes over time. Therefore, we infer that the observed
phenotypic variation is likely genetically based.

Although some studies have found increased Bd infections at
higher elevations (Walker et al., 2010; Piovia-Scott et al., 2011;
Griindler et al., 2012), our stepwise regressions showed that
elevation is not a significant explanatory factor for either preva-
lence or infection intensity. Thus our data do not corroborate our
first hypothesis. In the tropics, the proposed mechanism for this
positive relationship between disease and elevation has been that
cooler temperatures at higher elevations provide optimal condi-
tions for fungal growth (Longcore et al., 1999; Piotrowski et al.,
2004; Kriger and Hero, 2008), which then increases host expo-
sure leading to higher prevalence (Griindler et al., 2012). Clearly,
infection prevalence and intensity are complex measures, likely
affected by many interrelated variables, and thus a simple rela-
tionship between elevation and disease should not be expected.

Our data also do not support our second hypothesis that
elevation impacts specific phenotypes that are important for dis-
ease outcomes. Although we found significant variation among our
five strains in growth rate, zoospore size, and zoosporangium size,
none of these variables were significantly correlated with elevation.
Fisher et al. (2009) suggested that morphological traits of Bd strains
are under selection to adapt to environmental conditions. The
phenotypic variation that we found could be explained by some
unmeasured environmental factor (e.g., temperature, cloud cover,
humidity) or could be attributed to microevolutionary changes in
the chytrid itself. Morphological adaptations are common in
pathogenic microorganisms, which can rapidly evolve changes in
cell size, shape and volume to ensure their survival (Lambowitz
et al,, 1983; Hajek and Leger, 1994; Ballou et al.,, 2010; Voyles
et al, 2014). Such adaptive mechanisms may facilitate the sur-
vival and spread of the pathogen in local hosts (Kronstad et al.,
2011).

Our data do support our third hypothesis in that we found a
significant correlation between pathogen phenotype and local host
infection dynamics. This correlation must be at some level medi-
ated by pathogen performance (e.g., virulence, resilience, longevity,
or transmission ability) (Fisher et al., 2009), which increases host
infection rates in nature. We know that zoospore size is correlated
with DNA content and potentially ploidy (Schloegel et al., 2012);
thus it is possible that higher overall zoospore size is correlated
with underlying genomic changes which influence the infection
ability of the fungus (Pavelka et al., 2010). A second potentially
advantageous functional characteristic of larger zoospores is
increased lifespan. A model by Mitchell et al. (2008) showed that
longer zoospore lifespan was a positive predictor of virulence and
increased likelihood of host extinction. Additionally, Fisher et al.
(2009) detected significantly lower virulence in one Bd isolate
that showed smaller zoosporangium size, and they inferred that
larger zoosporangia may also cause greater damage to host skin

than smaller ones, thus increasing the negative effects on hosts. Our
results support the hypothesis that having a larger zoospore and
zoosporangia size confers advantages in the host infection process.

Growth rate is another phenotypic trait linked with Bd virulence
(Fisher et al., 2009; Pavelka et al., 2010; Schloegel et al., 2012;
Langhammer et al., 2013). In a study of a highly susceptible host,
Rana cascadae, a virulent Bd strain showed high optical density but
lower exponential growth, indicating that the capacity of growing
in high density can be an important aspect of Bd virulence (Piovia-
Scott et al., 2014). However, Bd growth in vitro was not consistent
with the observed growth in susceptible hosts (Piovia-Scott et al.,
2014). This factor may have influenced our results, as we also did
not find associations between growth rate and host infection dy-
namics. We do not know how many zoospores a single zoospo-
rangium releases. However, we did not find a correlation between
the growth rate of the strains and zoosporangium size, therefore we
did not observe a direct trade-off between zoospore size and
zoospore number. Combined, these data indicate that the aspect of
virulence that is selected for in populations is not the growth rate,
but quality of the zoospores given the selective environment for
each population.

To date, no other study has related population-level phenotypic
variation in Bd with disease outcomes in wild anuran populations.
We demonstrated a relationship between pathogen morphology
and epidemiological variables, and we hypothesize that phenotypic
variation among Bd strains reflects adaptation to local environ-
ments that enhances Bd transmission in those populations. We
propose two indices that incorporate these variables, as a potential
tool for identifying areas where amphibians may be more threat-
ened by Bd. The indices are based on Bd prevalence, infection in-
tensity, and phenotype, all easily obtainable measures in studies of
Bd in natural populations. The indices reflect correlations that we
found between phenotype and host infection dynamics in wild
populations; therefore, they may aid in identifying areas with
higher prevalence and infection intensity through morphometric
analyses. Such mapping could be readily applied towards conser-
vation actions worldwide.

In Central and South America, Bd shows the genetic signature of
recent range expansion of a clonal lineage, the global pandemic
lineage (GPL) (James et al., 2009; Farrer et al., 2011). Though all of
the strains in the current study are closely related GPL genotypes
(Jenkinson et al. in review), the strains we isolated show dramatic
differences in gross morphology and growth rate. The Bd GPL
lineage also has a highly dynamic genome with variation in chro-
mosomal copy number, aneuploidy, and loss of heterozygosity
(Farrer et al., 2013; Rosenblum et al., 2013), characteristics that are
linked to high virulence in Bd strains in North American frog pop-
ulations (Piovia-Scott et al., 2014). This variation, in turn, can be
expressed through high phenotypic variation and may be a
consequence of local selective processes leading to increases in
pathogen fitness, thus contributing to the success of a highly
generalist pathogen. Future work should be directed at under-
standing how the underlying phenotypic variation we observed is
related to genomic changes in strains.

Our results support the hypothesis that interactions between
pathogen morphological traits and host infection can shape disease
dynamics and outcome, and they highlight the importance of
future studies focused on the functional consequences of pathogen
phenotypic variability in natural host populations.
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