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Abstract

Emerging diseases caused by fungi are increasing at an alarming rate. Exobasidium

leaf and fruit spot of blueberry, caused by the fungus Exobasidium maculosum, is an emerg-
ing disease that has rapidly increased in prevalence throughout the southeastern USA,
severely reducing fruit quality in some plantings. The objectives of this study were to deter-
mine the genetic diversity of E. maculosum in the southeastern USA to elucidate the basis
of disease emergence and to investigate if populations of E. maculosum are structured by
geography, host species, or tissue type. We sequenced three conserved loci from 82 iso-
lates collected from leaves and fruit of rabbiteye blueberry (Vaccinium virgatum), highbush
blueberry (V. corymbosum), and southern highbush blueberry (V. corymbosum hybrids)
from commerecial fields in Georgia and North Carolina, USA, and 6 isolates from lowbush
blueberry (V. angustifolium) from Maine, USA, and Nova Scotia, Canada. Populations of E.
maculosum from the southeastern USA and from lowbush blueberry in Maine and Nova
Scotia are distinct, but do not represent unique species. No difference in genetic structure
was detected between different host tissues or among different host species within the
southeastern USA; however, differentiation was detected between populations in Georgia
and North Carolina. Overall, E. maculosum showed extreme genetic diversity within the
conserved loci with 286 segregating sites among the 1,775 sequenced nucleotides and
each isolate representing a unique multilocus haplotype. However, 94% of the nucleotide
substitutions were silent, so despite the high number of mutations, selective constraints
have limited changes to the amino acid sequences of the housekeeping genes. Overall,
these results suggest that the emergence of Exobasidium leaf and fruit spot is not due to a
recent introduction or host shift, or the recent evolution of aggressive genotypes of E. macu-
losum, but more likely as a result of an increasing host population or an environmental
change.
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Introduction

Many emerging plant diseases are caused by pathogens that have found new hosts or have been
introduced to new areas, often as a result of human-mediated movement [1]. Other plant dis-
eases are emerging as a result of the evolution of more aggressive genotypes of the pathogen
[2], or genotypes that have evolved to overcome host resistance [3] or resist fungicides or anti-
biotics [4,5]. However, emerging diseases can also be the result of environmental changes that
impact the pathogen’s habitat, including changes in climate or host populations [6]. Population
genetic studies can elucidate whether emerging pathogens are introduced or native. Invasive
populations will often show signatures of a population bottleneck with a reduction in genetic
diversity compared to the source population due to founder effects [7,8]. However, a loss of
genetic diversity can be moderated by multiple introductions [9,10]. Additionally, pathogens
that emerge as the result of a recent adaptation, such as fungicide resistance, often exhibit a
reduction in genetic diversity due to positive selection acting on one or a few genotypes that
spread rapidly [11]. Conversely, emerging pathogens that result from changing environmental
conditions or expanding host populations may not show a reduction in genetic diversity [12],
and show signatures of recent population expansions. Causes for disease emergence can be
understood by establishing the demographic history and genetic diversity of emerging patho-
gen populations [13].

Exobasidium leaf and fruit spot of blueberry is an emerging disease that has rapidly
increased in prevalence since 2011 throughout the southeastern USA in the commercial blue-
berry production regions of Georgia, North Carolina, and Mississippi [14,15]. The disease
occurs on rabbiteye blueberry (Vaccinium virgatum), highbush blueberry (V. corymbosum)
and southern highbush blueberry (V. corymbosum hybrids), but cultivars of rabbiteye blue-
berry seem to be the most susceptible. The fruit stage of the disease can result in losses of 60—
70% in some plantings [16]. The causal pathogen was recently described as a new species, Exo-
basidium maculosum [14]. Although Exobasidium leaf and fruit spot was first documented in
the southeastern USA on highbush blueberry in North Carolina in 1997 [16], it was sporadic
and occurred in isolated fields. The factors leading to emergence of this disease in the south-
eastern USA are not clear. However, a similar Exobasidium leaf spot disease was reported in
1997 on lowbush blueberry (V. angustifolium) in Nova Scotia, Canada [17], and Burt [18]
described Exobasidium on lowbush blueberry in New Brunswick, suggesting the presence of
the pathogen in northeast North America for at least 100 years [17]. However, E. maculosum
populations from the southeastern USA are genetically distinct from populations from low-
bush blueberry in northeastern North America based on the large subunit of the rDNA (LSU)
[14]; but, reciprocal monophyly between populations, which would provide support for dis-
tinct species based on a phylogenetic species recognition concept [19], was not observed.
Sequences from additional loci are necessary to use genealogical concordance to identify if
these are distinct species or genetically different populations of the same species. Cross-inocu-
lation studies with the genetically distinct populations onto different Vaccinium hosts have not
been successful due to difficulty in reproducing disease symptoms [14], so it is difficult to
determine if these populations are host specialized or geographically isolated.

The genus Exobasidium includes a diverse group of biotrophic plant pathogens that infect
members of the Ericales, including Symplocus, Rhododendron, Camellia, and Vaccinium,
including wild and commercial blueberry and cranberry species within Vaccinium section Cya-
nococcus. Exobasidium species cause a variety of plant deformities including localized leaf and
fruit spots, systemic shoot infections characterized by reddened leaves, or tumors (galls) on
leaves, stems, flowers, shoots, and buds [16,18,20-22]. Infections can be annual or perennial
and local or systemic, with both types of infections occurring on blueberry and cranberry. A
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felt-like layer that forms on the underside of leaves or on the entire surface of plant organs is an
exposed hymenium where the sexual reproductive structures (basidia) and sexually produced
spores (basidiospores) are produced. Most members of the genus are dimorphic with a yeast-
like growth form in culture and hyphal growth inside plant tissues [23]. Asexual reproduction
occurs when yeast-like conidia bud from basidiospores or other conidia. However, basidio-
spores of some Exobasidium species germinate to produce hyphae in culture [21]. E. maculo-
sum produces annual, localized infections that are characterized by chlorotic, circular, and
sunken lesions with white, felt-like spots on the abaxial side. Basidiospores are produced from
the felt-like hymenial layer. In culture, basidiospores of E. maculosum bud to form abundant
yeast-like conidia [14]. Currently, the lifecycle of E. maculosum and the disease cycle of Exoba-
sidium leaf and fruit spot of blueberry are not well understood.

Our goals are to understand why Exobasidium leaf and fruit spot is emerging in the south-
eastern USA, to identify factors that may be driving population divergence, and to determine if
E. maculosum in the southeastern USA represents a different population or a distinct species
from the isolates causing disease on lowbush blueberry in northeastern North America. The
objectives of this study were to use a multilocus sequencing approach to estimate genetic diver-
sity in E. maculosum to characterize demographic processes (founder effect vs. population
expansion) underlying disease emergence, and to determine if populations are structured
based on geography, blueberry host species, or host tissue (leaf or fruit) type.

Materials and Methods
Fungal isolation and cultures

Symptomatic leaf and fruit tissues infected with E. maculosum were collected from cultivars of
rabbiteye blueberry (V. virgatum), highbush blueberry (V. corymbosum) and southern high-
bush blueberry (V. corymbosum hybrids) from commercial fields in Georgia and North Caro-
lina, USA. Isolates of Exobasidium causing leaf spot on lowbush blueberry (V. angustifolium)
and isolates of E. rostrupii causing leaf spot on cranberry (V. macrocarpon) were obtained from
infected leaves sent from Maine and New Jersey, USA, respectively. Leaf spots were excised
with a sterile scalpel and tissue was affixed to the lid of a Petri dish with petroleum jelly, allow-
ing basidiospores to fall or eject onto potato dextrose agar (PDA). After 8-12 hrs incubation in
the dark at 23°C, single basidiospores were collected using a sterile dissecting needle and trans-
ferred to a new dish of PDA. Fruit spots were excised and surface sterilized in 10% sodium
hypochlorite, plated on PDA, and incubated in the dark at 23°C. Single colony forming units
likely derived from a single conidium (yeast cell) of Exobasidium isolates were obtained using a
quadrant streaking protocol [24]. Additional isolates of Exobasidium causing leaf spot on low-
bush blueberry in Nova Scotia, Canada were obtained from the collection of Nancy Nickerson
(Atlantic Food and Horticulture Research Centre, Kentville, Nova Scotia, Canada). For this
study there were 82 isolates of E. maculosum from blueberry from the southeastern USA
(Georgia and North Carolina), 6 isolates of Exobasidium from lowbush blueberry from north-
eastern North America (Maine and Nova Scotia), and an isolate of E. rostrupii from cranberry
for use as an outgroup for phylogenetic analyses (Table 1). Field studies were conducted on pri-
vate land with permission granted from the owner or public land where permission was not
required because our studies did not involve endangered or protected species. All isolates were
stored in 30% glycerol at -80°C.

Genomic DNA isolation, sequencing and alignment

Genomic DNA was extracted from yeast colonies grown on PDA for 10 to 14 days at 23°C in
the dark following a standard protocol for fresh fungal tissue [25] or using a DNeasy Plant
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Table 1. Original Vaccinium host, tissue type, and geographic location for Exobasidium maculosum and E. rostrupii isolates.

Exobasidium
species?®
E. maculosum

E. maculosum
E. maculosum
E. maculosum
E. maculosum
E. maculosum

E. maculosum

E. maculosum
E. maculosum
E. maculosum

E. maculosum
E. maculosum
E. maculosum

E. maculosum
E. maculosum

E. maculosum
E. maculosum

E. maculosum
E. maculosum*

E. maculosum*

E. maculosum*
E. rostrupii

Vaccinium host of
origin®

V. virgatum (R) Premier

V. virgatum (R) Climax
V. virgatum (R) Tifblue
V. virgatum (R) Brightwell
V. virgatum (R) Woodard

V. virgatum (R) Powder
Blue

V. virgatum (R) Premier

V. virgatum (R) Premier
V. virgatum (R) Premier

V. corymbosum hybrid
(S) Star

V. corymbosum hybrid
(S) Star

V. virgatum (R)
Columbus

V. virgatum (R) Powder
Blue

V. virgatum (R) Premier

V. corymbosum hybrid
(S) Legacy

V. corymbosum hybrid
(S) Blue Ridge

V. corymbosum hybrid
(S) Star

V. corymbosum (H) Duke
V. angustifolium (L)

V. angustifolium (L)

V. angustifolium (L)
V. macrocarpon (C)

Tissue Location

leaf

leaf
leaf
leaf
leaf
leaf

leaf

fruit
fruit
leaf

fruit

leaf

leaf

leaf
leaf

leaf

fruit

leaf
leaf

leaf

leaf
leaf

Bacon Co., GA

Bacon Co., GA
Bacon Co., GA
Bacon Co., GA
Bacon Co., GA
Bacon Co., GA

Coffee Co., GA

Clinch Co., GA
Ware Co., GA
Bacon Co., GA

Bacon Co., GA
Sampson Co., NC
Sampson Co., NC

Sampson Co., NC
Sampson Co., NC

Sampson Co., NC
Sampson Co., NC

Sampson Co., NC

Kings Co., Nova
Scotia

Lunenburg Co.,
Nova Scotia

Waldo Co., ME
Burlington Co., NJ

Isolates (total number)

A1-1, A1-2, A1-3, A1-4, A2-13, A3-2, A3-3, A3-4, A4-1, A4-2, A5-1, A5-
2, A5-3, A5-15, A6-17, A6-2, A6-4, A8-1 D2-6, D2-8, D5-2, D2-7 (22)

A7-3, A7-4, E3-1 (3)

B2, E1-1, E1-2, E1-3, E1-7 (5)

B24, B26, B28, B3, B31, E4-4, E4-1 (7)

E2-2, E2-5 (2)

E5-2, E5-3, D1-1, D1-2, D1-5 (5)

C1-1, C1-14, C1-16, C1-2, C1-4, C2-1, C2-16, C2-4, C3-2, C3-3, C3-4,
C4-1, C4-16 (13)

FP1-1 (1)

FP2-2 (1)

E6-2 (1)

FS2-1, FS2-4, FS2-8, FS2-9, FS3-1, FS3-2, FS3-2, FS2-9 (8)
NCLC1-22, NCLC1-23 (2)
NCLC1-37 (1)

NCPC1-1, NCPC1-2, NCPC1-8 (3)
NCLC1-14, NCLC1-15 (2)

NCLC1-33, NCLC1-35 (2)
FS1-10 (1)

NCLC1-41, NCLC1-44, NCLC1-45 (3)
E86-1, E88-9, E89-5, E92-26 (4)

E92-50 (1)

ME1-13 (1)
CNJ1-1 (1)

@ |solates from lowbush blueberry marked by an asterisk (*) were previously identifed as Exobasidium sp. A (14). Isolates from Nova Scotia were collected
by N. Nickerson and kindly provided by P. Hildebrand, Atlantic Food and Horticulture Research Centre, Kentville, Nova Scotia, Canada. The isolate from
Maine was obtained from an infected leaf kindly provided by S. Annis, University of Maine, Orono, ME. Isolates of E. rostrupii from cranberry were
obtained from infected leaves kindly provided by J. Polashock, USDA-ARS, Genetic Improvement of Fruits and Vegetables Laboratory, Chatsworth, NJ.

b Species include: V. virgatum or rabbiteye blueberry (R), V. corymbosum hybrid or southern highbush blueberry (S), V. corymbosum or highbush
blueberry (H), V. angustifolium or lowbush blueberry (L), and V. macrocarpon or cranberry (C). Cultivar is listed, if known.

doi:10.1371/journal.pone.0132545.1001

Mini Kit following the manufacturer’s protocol (Qiagen Sciences). Using the standard protocol,
approximately 80 to 100 mg (fresh weight) of yeast cells were incubated in lysis buffer (50 mm
EDTA pH 8, 100 mm Tris pH 8, 3.5% SDS, 250 ug/mL proteinase K, 1% sodium bisulfate) for

15 min at 65°C. After centrifugation for 5 min at 12,200 rpm, 200 pL 7.5 m ammonium acetate

was added to the supernatant, vortexed, placed on ice for 15 min, then centrifuged again for 3
min. The supernatant was precipitated with isopropanol and the pellet was rinsed twice with
70% ethanol, dried and resuspended in H,O.
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Three nuclear loci were PCR amplified and sequenced from each isolate. Regions sequenced
included the internal transcribed spacer region (ITS) of the ribosomal DNA, elongation factor
1-alpha (EF-1a), and calmodulin (CAL). For ITS, the primers used were ITS1 (5'- TCCGTA
GGTGAACCTGCGG-3") and ITS4 (5'-TCCTCCGCTTATTGATATGC-3") [26]; for EF-1a,
the primers used were EF1-728F (5'-CATCGAGAAGTTCGAGAAGG-3") and EF1-986R (5' -
TACTTGAAGGAACCCTTACC-3") [27]; and for CAL, the primers used were CAL-228F (5' -
GAGTTCAAG GAGGCCTTCTCC C -3'") and CAL-737R (5'-CATCTTTCTGGCCATCATGG-
3') [27]. The PCR reactions were carried out in a total volume of 25 uL. Reaction components
included 2.5 pL of 10x PCR buffer (Takara Bio, Inc.), 2.5 pL dNTPs, 1.25 pL of 10 uM forward
and reverse primers, 0.15 pL ExTaq (Takara Bio, Inc.), and 1 uL DNA template. Cycling condi-
tions included an initial denaturation step at 94°C for 2 minutes followed by 40 cycles with a
denaturation step at 94°C for 30 s, annealing at 55°C (EF-1o at 60°C) for 30 s, extension at
72°C for 5 min, followed by a final extension at 72°C for 5 min. PCR products were purified
with QIAquick spin columns (Qiagen Sciences). All DNA fragments were sequenced at the
Georgia Genomics Facility, University of Georgia, Athens, GA using the Applied Biosystems
Automated 3730 DNA Analyzer with Big Dye Terminator chemistry and Ampli-Taq-FS DNA
Polymerase. All gene regions were sequenced in both directions. Sequences were aligned and
manually edited in Geneious v6 (Biomatters, Inc.). There was a large amount of sequence varia-
tion among isolates so we tested the consistency of our sequencing results by randomly choos-
ing six isolates for resequencing and comparison with the initial results. Sequences of ITS, EF-
la, and CAL were deposited in GenBank under accession numbers KR262338-KR262425,
KR262258-KR262337, and KR262175-KR262257, respectively.

Identification of conserved regions, coding regions, and synonymous
and nonsynonymous substitutions

For E. maculosum and E. rostrupii sequences, the conserved 5.8S region of the ITS rDNA and
coding regions of CAL and EF-1a were identified by aligning a representative sequence of each
region by BLAST in the NCBI database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Searches were
made using the blastn (for ITS) and blastx (for CAL and EF-1a) algorithms that search a nucle-
otide database and a protein database using a translated nucleotide query, respectively. The
two best fungal species hits were aligned to each gene region and used to identify the conserved
or coding regions for each locus. For EF-1a and CAL, translation of the coding regions was per-
formed in Geneious v6. For the entire E. maculosum population, the number of segregating
sites in each locus, the number of substitutions in the 5.8S rDNA, the number of synonymous
substitutions and nonsynonymous substitutions in coding regions of EF-1¢r and CAL, and dy/
dg ratios for EF-1a and CAL were determined in DnaSP v5 [28].

Phylogenetic analyses

Phylogenies were inferred for each locus using maximum likelihood (ML) in PAUP*4b v10
[29] and Bayesian inference (BI) in MrBayes v3.0 [30]. E. rostrupii was used as the outgroup.
DT-ModSel [31] was used to estimate the best-fit nucleotide substitution models for each data-
set. Robustness and support for clades for the ML phylogeny were assessed using 200 boot-
straps. The Shimodaira-Hasegawa (SH) tests of topological congruence were conducted on the
ML phylogenies as implemented in PAUP with RELL 1000 resampling replicates using modi-
fied datasets to include 76 isolates that contained data for all three gene regions that were
included in the combined dataset and E. rostrupii. BI was performed with parameter settings
suggested by the best-fit nucleotide substitution models. The Markov chain Monte Carlo
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(MCMC) search was run with four chains for 3,000,000 generations generating 30,001 trees;
the first 6,000 trees were discarded as "burn-in" of the chains.

Haplotype network, nucleotide diversity, and tests of neutrality and
recombination

Haplotype networks were constructed for each locus using parsimony in the program TCS
v1.21 with a 92% similarity cutoff [32]. Isolates were assigned to populations based on geo-
graphic origin including: Exobasidium from Maine and Nova Scotia (northeastern North
America or NE), E. maculosum from Georgia and North Carolina (southeastern USA or SE), E.
maculosum from Georgia (GA), E. maculosum from North Carolina (NC), and E. maculosum
and Exobasidium from lowbush blueberry (NE+SE). The number of unique haplotypes, haplo-
type diversity (hp), pairwise nucleotide diversity () [33], Watterson’s Theta (8,,) [34], and the
number of segregating sites (S) for each locus and the combined dataset in each population sep-
arately (NE, SE, GA, NC) and in the total population (Total) were estimated. Neutrality of each
locus was estimated by Tajima’s D [35] and Fu and Li’s F [36] in DnaSP v5. Permutation tests,
with 1000 randomizations, were used to test for significant departures from neutrality [37].
The minimum number of recombination events [38] that occurred for each locus and for the
combined dataset within each geographically assigned population, were estimated using coales-
cent simulations within DnaSP v5.

Divergence among populations

Two measures of genetic differentiation, Ksr* [39] and S,,,, [40] were used to determine if pop-
ulations were structured by geographic origin (NE, n = 4; SE, n = 72; NC, n = 12; GA, n = 60),
original host within the southeastern USA (rabbiteye, n = 57; southern highbush, n = 13; high-
bush, n = 2), or tissue type (fruit, n = 9 or leaf, n = 63, excluding NE isolates). The statistics
were determined using the combined loci dataset. Kgr* is estimated by determining the propor-
tion of genetic diversity within populations compared to the diversity in the total population.
Hudson’s nearest-neighbor statistic (S,,) is a measure of how frequently the most similar
sequence or "nearest neighbor" is from the same assigned population. S,,, approaches one
when populations are highly differentiated and near one-half when populations are panmictic
[40]. Significance for both tests was estimated by 1000 permutations of the data as imple-
mented in DnaSP v5.

Results
Genetic diversity

A total of 1775 nucleotides were sequenced for 82 isolates of E. maculosum from the southeast-
ern USA, 6 isolates from V. angustifolium in northeastern North America, and an isolate of E.
rostrupii from V. macrocarpon (cranberry) collected from New Jersey, USA that was used as an
outgroup. Haplotype diversity (hp) was very high across all loci for all populations. In the com-
bined dataset, each of the 76 isolates had unique multilocus haplotypes with a haplotype diver-
sity (hp) of 1.00 (Table 2). The most diverse locus for the total population was EF-1a with
nucleotide diversity (7) of 0.024 and 182 segregating sites among the 949 sequenced nucleo-
tides (Table 2). However, CAL and ITS provided similar levels of diversity for the total popula-
tion with 77 of 0.022 and 0.012, respectively. Significant levels of recombination were detected
for EF-1a, with a minimum of 42 unique events (R,,;,) occurring within the entire population.
Lower levels of recombination were observed for ITS and CAL with 7 and 8 unique recombina-
tion events occurring within the combined population, respectively.
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Table 2. Number of haplotypes, haplotype diversity, segregating sites, nucleotide diversity, population mutation rate, neutrality estimates, and
minimum number of recombination events for each locus in the total population of Exobasidium maculosum collected from blueberry and from
each geographic subpopulation.

Locus (nucleotides) population® haplotypes (n)®  hp° s Py 0,° o Tajima’s D® FuandLi’'s F®  Rmin"
ITS (575) Total 61 (85) 098 77 (68) 0029 0012 -1.79* - 4.45% 7
NE 3 (4) 083  4(4) 0.004 0004 -0.78 -0.78 0
SE 58 (81) 098  75(67) 0028 0011  -1.88* - 4.00% 7
GA 53 (69) 099 67 (59) 0026 0011 -173 - 3.66* 6
NC 1(12) 099 25 (25) 0015 0011  -1.32 -157 1
EF-1a (949) Total 70 (81) 0.99  182(163) 0038  0.024 -1.02 -2.19 42
NE 5 (5) 1.00 41 (40) 0.020 0.021 -0.18 -0.15 P
SE 65 (76) 0.99 160 (145) 0.034 0.023 -0.87 -2.29 38
GA 51 (62) 0.99 138 (127) 0.031 0.023 -0.73 -2.33 35
NC 14 (14) 1.00 91 (85) 0.030 0.030 -0.56 -0.83 21
CAL (251) Total 52 (79) 0.98 0 (38) 0033 0022 -093 -1.22 8
NE 6 (6) 1.00  13(13) 0023  0.025 0.68 0.44 3
SE 46 (73) 097  33(30) 0027 0021 -0.63 -1.32 5
GA 37 (61) 0.96 1(30) 0027 0021 -067 -1.28 5
NC 2(12) 1.00 14 (14) 0.020  0.02 0.11 0.55 5
Combined (1775) Total 76 (76) 1.00 286(259) 0031 002 - - 57
NE 4 (4) 1.00 55 (54) 0017 0017 - - 4
SE 72 (72) 1.00 267 (244) 0.032 0.019 - - 50
GA 60 (60) 100  225(207) 0028 0019 - - 47
NC 12 (12) 1.00 121 (116) 0.023 0.018 - - 26

@ Populations consist of the total population of E. maculosum (n = 88), isolates from Nova Scotia, Canada and Maine, USA (NE, n = 6), isolates from the
southeastern USA (SE, n = 82), and isolates from Georgia (GA, n = 68) and North Carolina (NC, n = 14).

® Number of haplotypes and total number of individuals included in the analyses shown within parentheses

¢ Haplotype diversity calculated in DnaSP (28)

9 Segregating sites and number of parsimonious sites shown within parentheses calculated in DnaSP

¢ Watterson’s theta calculated in DnaSP

f Nucleotide diversity calculated in DnaSP

9 Tajima’s D and Fu and Li’s F calculated in DnaSP. Values that significantly differ from neutrality (P < 0.05) based on 1000 permutations of the data are
indicated by an asterisk (*)

" Minimum number of recombination events calculated in DnaSP

doi:10.1371/journal.pone.0132545.1002

Signatures of purifying selection

Tajima’s D and Fu and Li’s F were estimated for ITS, EF-1a, and CAL (Table 2) to determine if
selection was acting on any of the loci or if demographic processes in the populations were
affecting neutrality. Estimates for ITS were significantly negative (p < 0.05), indicating positive
selection at or near this locus. Most estimates for the other loci in each population were nega-
tive. The slightly negative, non-significant values observed at all other loci are indicative of
purifying selection. Selection was further investigated by determining if substitutions within
coding regions of EF-1a and CAL were synonymous or non-synonymous and if the 5.8S region
between ITS1 and ITS2 was conserved. BLASTn analysis of the ITS nucleotide sequence from
E. maculosum against the GenBank database resulted in two best hits of E. inconspicuum (e-
value: 0.0, Genbank: ABG72749) and E. arescens (e-value: 0.0, Genbank: ABG53988). BLASTn
analysis of EF-Ia nucleotide sequence from E. maculosum against the GenBank database
resulted in two best hits of E. rhododendri (e-value: 1 x 107*”!, Genbank: ABG72749) and E.
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gracile (e value: 1 x 107'7°, Genbank: ABG53988). Only two non-parsimonious segregating
sites were observed within the 5.8S region among all isolates. The putative coding regions and
translated amino acid sequences of E. rhododendri and E. gracile were used to determine the
putative coding regions and amino acid sequence of EF-1a for E. maculosum. Out of the total
182 segregating sites within the coding region, 176 were synonymous, and only 6 resulted in an
amino acid change (S1 Fig). Further, the putative coding regions and translated amino acid
sequences of CAL from Mortierella verticillata (e-value: 7 x 107, Genbank: KFH70124) and
Rhizoctonia solani AG-3 (e-value: 31 x 10727, Genbank: EUC57218) were used to identify the
putative coding regions and amino acid sequence for CAL in E. maculosum. Out of 40 segregat-
ing sites in the coding region, only 8 resulted in amino acid changes. The dy/ds ratios for EF-
Iorand CAL were 0.03 and 0.20, respectively, which indicates that although nucleotide diversity
is high, purifying selection is acting on these genes to conserve the amino acid sequence of the
proteins.

Phylogenetic analyses

To determine if the Exobasidium population from lowbush blueberry in northeastern North
America represents a distinct species, ML and BI phylogenies were generated for each of the
three loci. The best-fit model of DNA evolution for ITS and EF-1a was equal-frequency
Tamura-Nei with invariable sites and a gamma distribution (TrNef+I+G) [41], and for CAL
was the generalized time reversible with a gamma distribution (GTR+G) [42]. Based on the
results of the SH tests, the gene tree topologies were incongruent (P = 0.001), thus loci were not
combined for phylogenetic analyses. For ITS, isolates from lowbush blueberry in northeastern
North America (NE) clustered in a well-supported clade with 0.99 posterior probability (pp)
and 100% bootstrap support (bs); however, two isolates from Georgia (GA) also clustered with
this group (Fig 1A). Additionally, this clade was nested within a larger clade including most of
the isolates from the southeastern USA (SE) making the SE population paraphyletic. For EF-
Io, NE isolates formed a well-supported monophyletic clade (0.99 pp and 100% bs) (Fig 1B).
For CAL, NE isolates were polyphyletic (Fig 1C). Only the EF-1a locus showed reciprocal
monophyly for the NE and SE populations. Clade placement across loci was inconsistent
among the SE isolates as well, indicating signatures of recombination or incomplete lineage
sorting. For example, isolates FS2-4, NCLC1-35, NCLC1-14, NCLC1-15, and FP2-2 formed a
well-supported clade for ITS, but these isolates were not clustered for EF-1a or CAL (Fig 1).
Further, no consistent clustering occurred across all three loci for isolates collected from leaf or
fruit spots, or from isolates collected from similar hosts (rabbiteye, southern highbush, and
highbush). However, for ITS and EF-1a isolates from lowbush blueberry (NE) clustered into a
single clade (Fig 1).

Population structure and recombination

Haplotype networks of the three loci highlighted the extreme genetic diversity in E. maculosum.
Each network contained an extensive number of haplotypes with very few repeated haplotypes
(Fig 2). The ITS and EF-1a networks (Fig 2A and 2B) revealed clustering of isolates from the
NE, but a single cluster was not evident in the CAL network (Fig 2C). Significant genetic differ-
entiation was detected (P < 0.001) between the NE and SE populations based on estimates of
population structure Kg1* and S,,,, on the combined dataset (Table 3). However, genetic differ-
entiation between GA and NC populations showed significant structure for only one of the
estimates (S,, = 0.810; P = 0.060, Kst* = 0.005; P < 0.006). Isolates collected from fruit and leaf
spots were not genetically distinct based on gene trees, haplotype networks or estimates of pop-
ulation structure (Figs 1 and 2, Table 3).
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Fig 1. Bayesian inferred phylogenies for isolates of Exobasidium maculosum for the loci A. ITS, B. EF-1a, C. CAL. Phylogenies were rooted with E.
rostrupii. Bold nodes indicate bootstrap support values obtained by maximum likelihood and Bayesian posterior probabilities greater than 70 and 0.90,
respectively. Isolate names are colored by geographic location: blue = Georgia; green = North Carolina; red = northeastern North America. The first column
of boxes to the right of each phylogeny indicates isolates that were collected from leaf (white) or fruit (black) plant tissues. The second column indicates the
host from which isolates were collected: violet = rabbiteye blueberry (Vaccinium virgatum); blue = southern highbush blueberry (Vaccinium corymbosum
hybrid); red = highbush blueberry (V. corymbosum); yellow = lowbush blueberry (V. angustifolium). Isolates of E. rostrupii were collected from leaf spots on
cranberry (V. macrocarpon).

doi:10.1371/journal.pone.0132545.g001

Abundant reticulation was present in the haplotype networks for all three loci, indicating
recurrent recombination among the SE isolates. For CAL, reticulation was observed among iso-
lates from the NE and SE indicating contemporary or historical recombination (Fig 2C). Esti-
mates of minimal recombination events (R,,;,) indicated recombination between the NE and
SE populations within each locus (R, = 42 and 8 for EF-1a and CAL, respectively) and within
the combined dataset (R,,,;, = 58). There was also extensive recombination within each popula-
tion (NE, SE, GA, and NC) for each locus and the combined dataset (Table 2).

Discussion

The extremely high genetic diversity observed for E. maculosum is uncommon for fungi and
unexpected for an emerging pathogen. The two factors contributing to high genetic diversity
include a high population mutation rate (6y = 0.031 for the combined dataset in the total pop-
ulation) and a high level of recombination within and among loci (R, = 57 for the combined
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Fig 2. Multilocus haplotype networks (92% criterion) of Exobasidium maculosum isolates constructed
in TCS v1.21 (32) for the loci A. ITS, B. EF-1a, C. CAL. Each haplotype is represented as a circle
proportional in size to the number of isolates in each haplotype. Inferred intermediate haplotypes are
represented by a small solid dot. Each line segment represents a single mutation. The number of isolates in
each haplotype collected from Georgia (blue) and North Carolina (green) and leaf (dark color shades) and
fruit (light color shades) plant tissue are proportionally represented in pie charts. Haplotypes in red represent
isolates from northeastern North America.

doi:10.1371/journal.pone.0132545.9002
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Table 3. Measures of genetic differentiation for populations of Exobasidium maculosum collected
from blueberry.

Populations compared? Spn? Ksr*P
NE vs. SE 1.00 P < 0:001 0.013 P < 0:001
GA vs. NC 0.810 0.005 P < 0008
Rvs.Svs. H 0.755 0.004
fruit vs. leaf 0.830 0.002

& Geographic populations consist of isolates from Nova Scotia, Canada and Maine, USA (NE), isolates
from the southeastern USA (SE), and isolates from Georgia (GA) and North Carolina (NC). Comparison of
populations based on host species within SE include: V. virgatum or rabbiteye blueberry (R), V.
corymbosum hybrid or southern highbush blueberry (S), V. corymbosum or highbush blueberry (H).
Comparison of populations based on host tissue within SE include fruit spots and leaf spots

PS.» and Ksr* calculated in DnaSP (28). Values that significantly differ from neutrality (P < 0.05) based on
1000 permutations of the data are indicated

doi:10.1371/journal.pone.0132545.t003

dataset in the total population). Within ITS, we identified 77 segregating sites for E. maculo-
sum, whereas there are very few, if any, segregating sites for the ITS region for most fungal spe-
cies [43,44]. In fact, ITS shows such little variation within most species of fungi that it was
selected as the barcode sequence to identify individuals to the species level [45]. Though few
examples exist, high diversity within ITS was observed for populations of the amphibian chytri-
diomycosis fungus, Batrachochytrium dendrobatidis, collected from South Korea and other
parts of Asia where at least 50 ITS haplotypes have been identified [46]. Similar to ITS, we
found uncommonly high genetic diversity for E. maculosum within the housekeeping genes
EF-1a and CAL. Although the sequences were diverse, we found purifying selection was acting
within the coding regions. Historically, synonymous substitutions that do not change the
amino acid sequence of proteins were thought to have no functional consequences, and thus
were neutral and of little biological significance [47]. Recent research has shown, however, that
synonymous mutations can impact cellular processes including gene regulation, mRNA struc-
ture and processing, and protein synthesis, conformation and functionality [48]. Synonymous
substitution rates can be locus specific, driven by changes in adaptive or relaxed selection
affecting certain genes [49]. Selection, mutation, and drift can act on synonymous sites altering
codon usage patterns of genes within an organism [50]. Mechanisms including faulty DNA
repair machinery or repeat-induced point mutation (RIP) could be the source of the high
diversity we observe in E. maculosum populations [51,52]. With the limited loci sequenced
here it is not possible to tease apart the mechanism(s); however, genomic and population geno-
mic tools will allow us to search the E. maculosum genome for the presence of DNA repair and
RIP machinery and to identify if this high level of diversity occurs within segments of the
genome or whether it is widespread. The extreme genetic diversity we observe in E. maculosum
indicates that the species has a high evolutionary potential providing it with an adaptive advan-
tage [53].

In addition to a high population mutation rate, recombination contributes to the high
genetic diversity in E. maculosum. The number of recombination events that occurred both
within and among loci for the entire population suggests that E. maculosum populations are
outcrossing. Most Exobasidium species produce both sexually-derived basidiospores, through
a thick-walled basidium that is formed on the tissues of their hosts, and asexually-derived,
yeast-like conidia [54]. Sundstrém [55] showed that within the genus Exobasidium some
species have a homothallic, or self-compatible, mating system, rather than a heterothallic, or

PLOS ONE | DOI:10.1371/journal.pone.0132545 July 24,2015 11/17



@’PLOS ‘ ONE

Diversity of Exobasidium maculosum

self-incompatible, mating system. Single-conidial isolates of E. vaccinii and E. japonicum inoc-
ulated onto V. vitis-idaea and Azalea indices, respectively, formed the sexually derived basidia
and basidiospores [55,56]. However, it is not currently known if all species within Exobasidium
are homothallic. We know that E. maculosum undergoes sexual reproduction because it pro-
duces basidia and basidiospores [14,16], but we hypothesize that the high levels of recombina-
tion and genotypic diversity are the result of outcrossing within populations. However,
successful inoculations of single-conidial isolates onto blueberry hosts and a better understand-
ing of the lifecycle will help determine if E. maculosum is homothallic or heterothallic, as fungi
with both homothallic and heterothallic mating systems have the ability to outcross [57,58].

Exobasidium species have been studied primarily at the genus level using morphological
and molecular systematics [22,54,59,60]. To our knowledge this is the first study of an Exobasi-
dium species at the population level, which has allowed for a better examination of the
phylogeography and evolutionary history of E. maculosum. One aim of this research was to
understand why Exobasidium leaf and fruit spot is emerging on commercial blueberry in the
southeastern USA. Often, emerging diseases arise when pathogen populations become more
aggressive, are found on novel hosts, or occur in new geographic locations [61]. When disease
emergence results from the introduction of a pathogen into a new area or the development of
novel genotypes, typically pathogen populations exhibit low genetic diversity or few genetically
diverse non-recombining haplotypes [62]. In populations of E. maculosum, haplotype diversity
reached the highest value possible (hp = 1) with each isolate represented by a unique multilocus
haplotype, demonstrating extremely high genetic diversity [63]. These results suggest that the
emergence of Exobasidium leaf and fruit spot within the southeastern USA is not the result of a
recently introduced population or the evolution of a more aggressive genotype. Rather, this
high genetic diversity suggests that large populations of E. maculosum have been established in
the southeastern USA for much longer than the recent emergence. Additionally, the geographic
population structure detected within the southeastern USA suggests that E. maculosum has
had a historical presence in this region. Causes for the recent emergence of this disease are not
clear, but could be the result of increasing populations of blueberry hosts within North Caro-
lina and Georgia. Acreage of commercial blueberry plantings within the southeastern USA has
increased rapidly within the last 15 years. In 1999, the area of harvested blueberry in Georgia
was 4,400 ha and increased to 5,463 ha in 2013, with a similar trend occurring in North Caro-
lina (National Agricultural Statistics Service 1999, 2014). Another explanation for disease
emergence is a change in the environment, such as increasing winter temperatures or greater
precipitation. Since E. maculosum can exist in a yeast form, populations could have persisted
for years on the leaf phylloplane or as endophytes of Vaccinium hosts without causing symp-
toms, but became pathogenic when environmental or host plant conditions became conducive.
This switch from non-pathogen to pathogen has been hypothesized for fungi that are able to
exist as both endophytes and pathogens, such as those collected from grasses [64,65].

To better understand the demographic history of this pathogen, we used the neutrality esti-
mates Tajima’s D and Fu and Li’s F to determine if populations had undergone population bot-
tlenecks or expansions. In populations where bottlenecks have occurred, there is a reduction in
low-frequency polymorphisms that generates positive Tajima’s D values [66,67], whereas in
populations that have recently expanded, values of Tajima’s D and Fu and Li’s F will be signifi-
cantly negative across multiple loci, which is caused by an excess of recent mutations that pro-
duce a star phylogeny [68,69]. Tajima’s D and Fu and Li’s F estimates showed no evidence for
population bottlenecks or expansions in E. maculosum as most estimates did not significantly
deviate from neutrality. It has been shown, however, that inferring demographic history in the
presence of mutation rate heterogeneity is difficult [70]. Overall, these results suggest that the
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population size of E. maculosum has remained constant further supporting our conclusion that
disease emergence is the result of an environmental change or a change in the host population.

Exobasidium leaf and fruit spot disease is found in the eastern Canadian provinces of Nova
Scotia, New Brunswick, Quebec, and Ontario [17] and Maine, USA on V. angustifolium and in
the southeastern USA on commercially produced blueberry hosts including V. virgatum, V.
corymbosum, and V. corymbosum hybrids [14]. Exobasidium collected from V. angustifolium
in northeastern North America and E. maculosum from commercial species in the southeast-
ern USA were genetically distinct [14], but it was not previously clear if these represented dis-
tinct species. The genealogical concordance phylogenetic species recognition (GCPSR) concept
[19] is increasingly being employed to determine species groups among closely-related basidio-
mycete fungi [71-74]. Using GCPSR as our species concept, the lack of reciprocal monophyly
for most gene trees for populations from northeastern North America (NE) and populations
from the southeastern USA (SE) showed that these are genetically distinct populations of E.
maculosum, but not distinct species. Well-supported reciprocal monophyly of the NE popula-
tion was observed for EF-Io but not for CAL or ITS, possibly due to incomplete lineage sorting
or hybridization. The haplotype network for CAL showed reticulation between the NE and SE
population suggesting historic or contemporary recombination. Ongoing gene flow between
populations may be preventing speciation between the populations, or the populations are
undergoing speciation or have recently speciated, but not enough time has passed for recipro-
cal monophyly to occur for the majority of gene trees.

To better understand the emergence and spread of this disease we determined if populations
of E. maculosum were genetically structured by original blueberry host species, host tissue (leaf
or fruit), or geography. We found that the main driver of population structure in E. maculosum
is geography. Within the southeastern USA, genetic differentiation was not detected based on
original blueberry host species or host tissue type suggesting that these factors are not driving
population structure. This is also supported by the gene trees and haplotype networks. How-
ever, significant differentiation was detected between E. maculosum populations from north-
eastern North America and the southeastern USA. The genetic structure between these
populations was suggested by previous results [14]. Differences in blueberry host species in
these regions could be contributing to population structure, but this is not clear because geog-
raphy and host species are confounded when comparing northeastern North America and
southeastern USA populations of E. maculosum. All isolates from northeastern North America
were collected from lowbush blueberry (V. angustifolium), which is genetically distinct from
the blueberry species sampled in the southeastern USA [75,76]. Interestingly, Kgr* was signifi-
cant between E. maculosum isolates from Georgia and North Carolina suggesting that geogra-
phy is a main driver for population divergence within the southeastern USA and that there is
limited dispersal of E. maculosum between these regions.

Supporting Information

S1 Fig. Amino acid alignment of a portion of the EF-1a of Exobasidium maculosum.
Changes of amino acids at a single position are highlighted in red, and sites highlighted in
shades of grey indicated amino acid variation.

(PDF)
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