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Abstract

Background: Claviceps purpurea is a pathogen that infects most members of Pooideae, a subfamily of Poaceae, and
causes ergot, a floral disease in which the ovary is replaced with a sclerotium. When the ergot body is accidently con-
sumed by either man or animal in high enough quantities, there is extreme pain, limb loss and sometimes death.

Results: This study was initiated to develop simple sequence repeat (SSRs) markers for rapid identification of C. pur-

purea. SSRs were designed from sequence data stored at the National Center for Biotechnology Information database.
The study consisted of 74 ergot isolates, from four different host species, Lolium perenne, Poa pratensis, Bromus inermis,
and Secale cereale plus three additional Claviceps species, C. pusilla, C. paspali and C. fusiformis. Samples were collected

from six different counties in Oregon and Washington over a 5-year period. Thirty-four SSR markers were selected,
which enabled the differentiation of each isolate from one another based solely on their molecular fingerprints.
Discriminant analysis of principle components was used to identify four isolate groups, CA Group 1, 2, 3, and 4, for
subsequent cluster and molecular variance analyses. CA Group 1 consisting of eight isolates from the host species P
pratensis, was separated on the cluster analysis plot from the remaining three groups and this group was later identi-
fied as C. humidiphila. The other three groups were distinct from one another, but closely related. These three groups
contained samples from all four of the host species. These SSRs are simple to use, reliable and allowed clear differen-
tiation of C. humidiphila from C. purpurea. Isolates from the three separate species, C. pusilla, C. paspali and C. fusiformis,

also amplified with these markers.

Conclusions: The SSR markers developed in this study will be helpful in defining the population structure and
genetics of Claviceps strains. They will also provide valuable tools for plant breeders needing to identify resistance in
crops or for researchers examining fungal movements across environments.

Keywords: Claviceps purpurea, Claviceps humidiphila, ERGOT, Simple sequence repeat primers, Perennial ryegrass,

Kentucky bluegrass

Background

Mild winters and warm, dry summers in the Pacific
Northwest of North America, where over 60 % of the
world’s cool season grass seed is produced [1], are ideal
for grass seed production. In Oregon, perennial ryegrass
seed, Lolium perenne, and Kentucky bluegrass seed, Poa
pratensis, are important crops. In 2014, 85 million kilo-
grams of perennial ryegrass seed were produced, with a
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farm gate value of US$ 158 million [2]. Kentucky blue-
grass seed produced in 2014 was over 8 million kilograms
and valued at almost US$ 23 million [2]. Claviceps spe-
cies are important pathogens in the Pacific Northwest,
where Claviceps infection can reduce yields in Kentucky
bluegrass by as much as 47 % by weight [3]. The genus
Claviceps includes about 45 species [4] characterized by
sclerotia which germinate to produce stalked, spheri-
cal fruiting bodies (capitula) embedded with perithecia.
Ascospores produced within and ejected from the peri-
thecia infect ovaries of grasses and sedges, transform-
ing each infected ovary into an elongated or spherical
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sclerotium, depending on the Claviceps species. The best
known species is C. purpurea which infects hundreds
of grasses, primarily in the Pooideae subfamily of the
grass family, including wheat, rye, and barley [5]. Alka-
loids produced in the sclerotia are toxic, and if ingested
by animals or humans result in ergotism. Ergotism is a
condition characterized by constriction of the blood ves-
sels, and can give rise to abortion, gangrenous limbs, and
death from continued ingestion of the alkaloids [5].

Sclerotia of C. purpurea are black to purple-black and
often extend beyond the host lemma and palea. Size of
the sclerotium is proportionate to host seed size, with
sclerotium size increasing with size of the host seed [5].
In addition to ascospores, conidia are produced during
the early stages of infection and can contribute to sec-
ondary spread of the pathogen. Conidia mix with plant
sap and ooze from infected florets in what is commonly
referred to as the honeydew stage of disease development
[5].

Breeding for resistance to C. purpurea or C.
humidiphila requires an efficient means of identifying
Claviceps strains, and improved knowledge of resist-
ance genes in crops such as perennial ryegrass and
Kentucky bluegrass [6—8]. The ability to fingerprint C.
purpurea isolates would allow identification of more
virulent strains and assist plant breeders in the evalua-
tion of the resistance genes that are available in the dif-
ferent cereal or grass gene pools. In 1997, Jungehiilsing
and Tudzynski determined that non-rye ergot isolates
were less aggressive on rye than isolates from rye [9].
Pazoutova [10] also concluded that the genetic resist-
ance of host grasses may vary with the C. purpurea iso-
late used for evaluation. Therefore, the isolate strains
should originate from locations that are similar to those
intended for growth of the resistant cultivar [10]. This
suggests that an appropriate isolate-host pair is required
for identifying resistance in host crops. Isolate identifi-
cation would also allow monitoring fungal movement
in terms of both distance and speed across previously
non-infected fields. SSR markers would then prove to be
a valuable molecular tool for differentiating Claviceps
species and strains for breeding programs and for gain-
ing a better understanding of Claviceps population biol-
ogy and genetics.

Previously, sixteen Randomly Amplified Polymorphic
DNA (RAPD) primer pairs were successfully used to dis-
criminate between 29 field isolates of C. purpurea from
various parts of Europe [9]. In addition to RAPDs, alka-
loid analysis and conidial measurements were also used
to discriminate C. purpurea isolated from or found grow-
ing in three diverse environments: open meadows and
fields, shady or wet grassy areas, and salt marshes [11,
12]. These three populations were originally designated
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as genotypes G1, G2 and G3 respectively but are now
recognized as C. purpurea sensu stricto, C. humidiphila,
and C. spartinae, respectively. The sclerotia of the three
species were found to produce different sets of alkaloids;
C. purpurea sensu stricto sclerotia contains ergotamine,
ergosine, ergocornine, ergocryptine and ergocristine;
C. humidiphila produces ergosine, ergocristine and
ergocryptine; and C. spartinae produced ergocristine
and ergocryptine [11, 13]. In 2015, a new genetic group
was added, G2a (G4), C. arundinis, which inhabited hosts
found growing in very wet areas and produced sclero-
tia that contained the alkaloids, ergosine, ergocristine,
ergocristam and ergosedmam [13, 14].

Amplified Fragment Length Polymorphism (AFLP)
marker patterns and EcoRI restriction site polymorphism
in the 5.85S ribosomal DNA (rDNA) have also been used
[11, 15]. Based on RAPD and AFLP analyses of Spartina
alterniflora ergot, G1, G2, and G3 isolates were each
present in a specific geographical area, but G3 had little
variation, possibly indicating recent introduction [15].
Phylogenetic analyses of C. purpurea populations using
DNA sequences from an internal transcribed spacer
region (ITS) and a portion of the gene encoding p-tubulin
indicated that the GI1 types had diverted significantly
from the G2/G3 types [16]. According to Pazoutova [11],
these populations can only be differentiated by molecular
methods, and are not phenotypically, host or habitat dis-
tinguishable, but do appear to be habitat-specialized.

Additional molecular resources for C. purpurea are
available and include expressed sequence tags (ESTSs)
[17], and a genome sequence, based on Roche/454 chem-
istry [18]. While informative techniques have been used
to differentiate C. purpurea isolates, SSRs were not
developed despite their reported value as co-dominant,
multi-allelic, abundant, easily implemented, and highly
reproducible markers [19]. Existing sequence resources
can be applied for the development of additional SSR
markers in a genus like Claviceps that has few avail-
able SSRs. Given the importance of identifying different
isolates, the objective of this study was to develop SSR
markers to facilitate differentiation of Claviceps purpurea
isolates and its closely related species.

Results and discussion

Twenty-five of the 74 isolates used in this study were pre-
viously characterized by RAPD patterns, ITS sequences
and mating type PCR assays by Scott et al. [20] and iden-
tified as C. purpurea, (G1), isolated from L. perenne and
P, pratensis, and C. humidiphila (G2), from P. pratensis.
Only molecular methods were used to distinguish these
isolates from each other, since they were collected from
similar environments. The SSRs developed in this study
were evaluated in the 74 isolates.



Gilmore et al. Fungal Biol Biotechnol (2016) 3:1

Simple sequence repeats (SSRs)

The microsatellites were mined from 12 assembled
genomic sequences from data stored at NCBI [21]. Prim-
ers were designed for 267 SSR sequences but only the
first 192 primer pairs were evaluated in this study. In the
first screening, 123 of the 192 primers tested in four iso-
lates (Cp03, Cp26, Cp32 and Cp33) (Table 1) appeared
polymorphic, 20 had missing data or null alleles, 17 were
monomorphic and 32 failed to amplify. Eight isolates
(Cp25, Cp26, Cp27, Cp29, Cp30, Cp31, Cp32, and Cp33)
(Table 1) were used in the second screening to evaluate
59 primer pairs that were selected based on polymor-
phism in the first screening and ease of multiplexing. The
criteria for primer selection of the resulting fingerprint-
ing panel were ease of scoring, high polymorphism and
amplicon sizes that permitted multiplexing. The results
from the second screening yielded 34 primer pairs that
were placed into seven multiplex pools post PCR amplifi-
cation for capillary electrophoresis separation.

Fingerprinting and genetic diversity evaluation

The motifs for the 34 SSRs included two dinucleotides
(5.9 %), 22 trinucleotides (64.7 %), six tetranucleotides
(17.6 %), and four pentanucleotides (11.7 %) (Table 2).
The number of alleles in the 77 evaluated isolates varied
from a low of two alleles for primers Cpur20 and Cpur72
to a high of 15 alleles for Cpur56, and averaged 5.8 alleles
per primer pair (Table 2). Twenty-one SSR primer pairs
generated one allele per sample, while 12 primer pairs
yielded up to two alleles for some or all samples, and one
primer pair, Cpur69, amplified three alleles in one indi-
vidual, 14—-040 (Table 2).

The average genetic distance between samples of C.
fusiformis, C. paspali, C. pusilla and the remaining
samples was 0.784, 0.691, and 0.767, respectively. These
relatively large genetic distances indicated that samples
from these three species, C. fusiformis, C. paspali and
C. pusilla, were not closely related to the other samples.
Furthermore, these species had a large number of unique
alleles at many tested SSRs that were not shared with
samples from the other species, supporting their distinct-
ness (Table 1). Consequently, these three species were
not included in subsequent statistical analyses.

Statistical analysis

In order to infer and distinguish an optimal number of
groups within the isolates evaluated, discriminant analy-
sis of principle components was performed. K-means
clustering was performed on 40 principle components
derived from the data. For group sizes ranging from 1 to
40 groups, we examined the Bayesian information crite-
ria (BIC) for each grouping as a function of the number
of clusters, and concluded that a group number of four
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minimized the BIC. These four clusters were referred
to with the CA prefix for cluster analysis to indicate the
groups that were selected for subsequent cluster and
molecular variance analyses. CA Group 1 was comprised
of samples collected from the host, P. pratensis, in Wash-
ington and Oregon. These samples were identified as C.
humidiphila by Scott et al. [20]. CA Group 2 consisted
primarily of eight samples from the P. pratensis host, but
also contained two samples from Bromus inermis and
five from L. perenne. CA Group 3 and CA Group 4 were
solely made up of samples from L. perenne, except for a
single sample of S. cereale that was found in CA Group 3
(Table 1).

The shared allele distances were estimates of genetic
distances. The average genetic distance of CA Group 1 to
the remaining 66 samples was large at 0.915. The average
genetic distance for CA Group 2, Group 3 and, Group 4
were intermediate at 0.522, 0.502, and 0.495, respectively.
These values supported the K-means cluster analysis
results (Fig. 1). It is interesting to note that most of the
Oregon samples isolated from the P. pratensis host were
not far removed from the isolates found on the L. perenne
host.

The CA Group 1 samples were monomorphic at 16 of
the 34 SSRs, but polymorphic in the remaining 18 SSRs
(Table 2). However, 13 of the 34 SSRs (Cpur07, Cpur08,
Cpurl2, Cpurl4, Cpur23, Cpur24, Cpur30, Cpur3l,
Cpur35, Cpur69, Cpur72, Cpurl45, and Cpurl57) con-
tained CA Group 1-specific alleles from P pratensis
grown in Washington that separated isolates of this
group from those of the remaining three CA groups.
Samples from CA Group 2, 3, and 4 were more diverse
than those from Group 1 and had fewer monomorphic
SSRs at 4, 5, and 6 SSRs, respectively.

Surprisingly, samples from CA Groups 3 and 4 sepa-
rated into two clusters despite sharing the same host, and
similar geographical origin in two counties in Oregon.
All five collection years, 2010 through 2014, were rep-
resented in both groups, as were most of the cultivars
(Table 1). Upon further examination of the SSR data we
found that samples from these two groups had distinct
alleles at seven SSRs: Cpur2, Cpur8, Cpur30, Cpur3l,
Cpur32, Cpur34, and Cpur35. Cluster analysis based on
data for these 7 markers separated the samples into two
groups. CA Group 3 and CA Group 4 did not intermin-
gle except for one sample of CA Group 3 (Cp38) that
grouped with the samples from CA Group 4 (not shown).
These seven SSRs can therefore be used for distinguish-
ing samples from each of these two groups isolated from
very similar environments and hosts (Table 2).

Diversity estimates calculated at each SSR in these 74
samples consisted of the number of alleles per primer
pair (A) and Shannon-Wiener’s index coefficient (H)
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Table 1 List of 74 isolates of Claviceps purpurea (Cp) and one each of C. pusilla, C. paspali and C. fusiformis

Sample Host Year Cultivar State Cty CA Group
C. purpurea, CpO1 L. perenne 2012 Pavilion OR um 2
C. purpurea, Cp02 L. perenne 2012 Pavilion OR um 3
C. purpurea, Cp03? L. perenne 2012 Pavilion OR Um 3
C. purpurea, Cp04 L. perenne 2012 Provocative OR Um 2
C. purpurea, Cp05 L. perenne 2012 Provocative OR Um 2
C. purpurea, Cp06 L. perenne 2012 Top Hat I OR Um 4
C. purpurea, Cp07 L. perenne 2012 Top Hat I OR Um 3
C. purpurea, Cp08 L. perenne 2012 Pavilion OR Um 2
C. purpurea, Cp10 L. perenne 2012 Pavilion OR Um 3
C. purpurea, Cp11 L. perenne 2011 Esquire OR Um 3
C. purpurea, Cp12 L. perenne 201 Esquire OR Um 3
C. purpurea, Cp13 L. perenne 2011 Esquire OR Um 3
C.purpurea, Cp14 P, pratensis 2012 Midnight WA Be 1
C. purpurea, Cp15 P pratensis 2012 Midnight WA Be 1
C. purpurea, Cp16 P, pratensis 2012 Midnight WA Be 1
C. purpurea, Cp20 P pratensis 2012 Seed screenings WA Be 1
C. purpurea, Cp21 P. pratensis 2012 Seed screenings WA Be 1
C.purpurea, Cp22 P, pratensis 2012 Arrowhead WA Be 1
C. purpurea, Cp23 P pratensis 2012 Arrowhead WA Be 1
C. purpurea, Cp25° S. cereale 2012 wild OR Um 3
C. purpurea, Cp265"b L. perenne 2011 Seed screenings OR Um 3
C. purpurea, Cp27° L. perenne 2011 Seed screenings OR Um 4
C. purpurea, Cp29° L. perenne 2012 Esquire OR Um 4
C. purpurea, Cp30° B.inermis 2011 wild WA Wh 2
C. purpurea, Cp31° B. inermis 2011 Wild WA Wh 2
C. purpurea, Cp32*° P. pratensis 2013 Seed screenings OR Un 1
C. purpurea, Cp333P P pratensis 2013 Baron OR un 2
C. purpurea, Cp34 L. perenne 2013 Provocative OR Um 3
C. purpurea, Cp35 L. perenne 2013 Provocative OR Um 3
C. purpurea, Cp37 L. perenne 2013 Zoom OR Um 3
C. purpurea, Cp38 L. perenne 2013 Zoom OR Um 3
C. purpurea, Cp39 L. perenne 2013 Zoom OR Um 2
C. purpurea, Cp40 L. perenne 2014 OR Um 4
C. purpurea, Cp41 L. perenne 2014 OR Um 3
C. purpurea, Cp42 L. perenne 2014 OR Um 3
C. purpurea, Cp43 L. perenne 2014 Casper OR Um 3
C. purpurea, Cp44 L. perenne 2014 Casper OR Um 4
C. purpurea, Cp45 L. perenne 2014 Casper OR Um 4
C. purpurea, Cp46 L. perenne 2014 Esquire OR Um 4
C. purpurea, Cp47 L. perenne 2014 Esquire OR Um 4
C. purpurea, Cp48 L. perenne 2014 Esquire OR Um 4
C. purpurea, Cp49 L. perenne 2014 Frontier OR Um 3
C. purpurea, Cp50 L. perenne 2014 Frontier OR Um 3
C. purpurea, Cp51 L. perenne 2014 Frontier OR Um 4
C. purpurea, Cp52 P pratensis 2010 Seed screenings OR Je 2
C. purpurea, Cp53 P. pratensis 2010 Seed screenings OR Je 2
C. purpurea, Cp54 P pratensis 2010 Seed screenings OR Je 2
C. purpurea, Cp55 L. perenne 2013 Esquire OR Be 4
C. purpurea, Cp56 L. perenne 2013 Esquire OR Be 3
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Table 1 continued

Sample Host Year Cultivar State Cty CA Group
C. purpurea, Cp57 L. perenne 2013 Esquire OR Be 4
C. purpurea, Cp58 L. perenne 2014 OR Um 3
C. purpurea, Cp59 L. perenne 2014 OR Um 4
C. purpurea, Cp61 L. perenne 2013 Zoom OR Um 3
C. purpurea, Cp62 L. perenne 2013 Zoom OR Um 3
C. purpurea, Cp63 L. perenne 2013 Zoom OR Um 3
C. purpurea, Cp64 L. perenne 2013 PST-2M20 OR Be 4
C. purpurea, Cp65 P pratensis 2012 Baron OR uUn 2
C. purpurea, Cp66 L. perenne 2012 seed screenings OR Um 4
C. purpurea, Cp67 L. perenne 2012 seed screenings OR Um 4
C. purpurea, Cp69 L. perenne 2014 Pavillion OR Um 4
C. purpurea, Cp70 L. perenne 2014 Pavillion OR Um 3
C. purpurea, Cp71 L. perenne 2014 Pavillion OR Um 3
C. purpurea, Cp72 L. perenne 2013 Provocative OR Um 4
C. purpurea, Cp73 L. perenne 2013 Provocative OR Um 3
C. purpurea, Cp74 L. perenne 2013 Provocative OR Um 3
C. purpurea, Cp78 P, pratensis 2012 Baron OR Un 2
C. purpurea, Cp79 P. pratensis 2012 Baron OR uUn 2
C. purpurea, Cp80 P, pratensis 2012 Baron OR Un 2
C. purpurea, 14-036-F L. perenne 2013 Pavillion OR Um 4
C. purpurea, 14-037-F L. perenne 2013 Pavillion OR Um 4
C. purpurea, 14-038-F L. perenne 2013 Pavillion OR Um 4
C. purpurea, 14-039-F L. perenne 2013 Pavillion OR Um 4
C. purpurea, 14-040-F L. perenne 2013 Pavillion OR Um 4
C. purpurea, 14-041-F L. perenne 2013 Pavillion OR Um 3
C pusilla

C. paspali

C. fusiformis

Host plant species, year of collection, name of host cultivar, state where collected, county (Cty) and cluster analysis (CA) Group are provided

ST State where sample was collected, OR (Oregon), WA (Washington)

Cty County where sample was collected, Be (Benton), Je (Jefferson), Um (Umatilla), Un (Union), and Wh (Whitman)

@ Four samples used for the first screening

b Eight samples used for the second screening

(Table 2). The number of alleles per primer pair ranged
from a low of two at Cpur20 and Cpur72 to a high of 15
alleles at Cpur56 and averaged 5.75. This was higher than
expected since many fungi are very homogeneous with
little polymorphism [22]. The coefficient H was used to
measure the allelic diversity at each locus. Due to the low
number of alleles at each SSR Shannon-Wiener’s index
coefficient (H) values were low for most of the primer
pairs and ranged from 0.34 at primer Cpur72 to a high of
1.85 at Cpur56 with an average of 1.09.

Sample size was more balanced in the four CA Groups
than in the plant hosts P. pratensis, L. perenne, B. iner-
mis and S. cereale. Therefore, the Analysis of Molecular
Variance, AMOVA, (Table 3), was based on the four CA
Groups using 147 (n—1) degrees of freedom (df) to code

the data as diploid in the 74 samples. Where a single allele
was amplified, the sample was considered homozygous at
this locus. The AMOVA confirmed that the molecular
variance between the samples in the groups, 56.7 %, was
higher than the variance between the CA Groups, 41.5 %
(Table 3).

As illustrated in the dendrogram (Fig. 2), each of the 74
samples produced a unique fingerprint. Samples from the
Washington P. pratensis CA Group 1 were isolated from
all other branches of the dendrogram with a high boot-
strap value of 100 %. High bootstrap support of 93 % was
observed in only Cp05 and Cp04 of CA Group 2d sam-
ples consisting of P. pratensis, B. inermis, and L. perenne,
from Oregon. The remaining isolates of CA Group 2 were
found in three branches, CA Group 2a, Group 2b and
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Cluster Analysis Plot
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Fig. 1 Cluster analysis plot. A plot showing the spatial relationship of
our four designated CA Groups. CA Group 1 is C. humidiphila and CA
Groups 3 and 4 are C. purpurea

Group 2c. Isolates of CA Group 3 clustered mainly into
two main branches, CA Group 2a and Group 3b, except
for Cp25 from S. cereale that was grouped with CA
Group 2b samples. A small number of isolates from CA
Group 4 clustered together with high bootstrap support
(86 %) in CA Group 4a while the majority were grouped
together into one branch, CA Group 4b (Fig. 2).

Conclusion

Using 34 microsatellites, we identified each of the 74
isolates of C. purpurea collected from four hosts and
separated them into four separate groups. CA Group 1
isolates contained all the isolates from the P pratensis
host from Washington and were widely separated from
isolates in the remaining three groups. Based on Scott
et al. [20], this group represents C. humidiphila. Iso-
lates from the same P. pratensis host but from the state
of Oregon however grouped separately into CA Group
2 with C. purpurea samples from B. inermis and L. per-
enne. More work needs to be completed to evaluate the
relationship between isolates of P pratensis from Ore-
gon that were in CA Group 2 and those ‘C. humidiphila’
isolates of CA Group 1 to determine if these two groups

Table 3 The AMOVA values
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are both C. humidiphila, or if only CA Group 1 is that
species.

Claviceps purpurea in both CA Group 3 and CA
Group 4 were isolated from a single host species, L. per-
enne, and from the same geographical regions. These
SSR markers easily separated the isolates into two
groups, possibly indicating distinct populations. These
results support the finding of Pazoutova et al. [11] that
molecular are necessary to distinguish separate Clavi-
ceps populations. Multiple populations could arise
through different seed sources, or contamination during
seed harvest, storage, and cleaning. Contamination can
also occur from susceptible weed grasses within fields.
This indicates that proper isolate identification is criti-
cal in a breeding program aimed at developing resistance
to this pathogen in a particular plant species. Repeated
testing with the same isolates is necessary to identify
effective resistance genes and can now be accomplished.
The putative resistant genes can be tested against the
same virulent strains, and resistance can then be intro-
gressed into new cultivars. It will also be possible to
follow C. purpurea and C. humidiphila movements
through geographical areas.

In addition to distinguishing C. purpurea isolates, these
SSRs also amplified in isolates from three other Claviceps
species, C. pusilla, C. paspali and C. fusiformis, indicat-
ing possible usefulness in identifying isolates across this
genus. Therefore, these markers may also be valuable for
species identification.

Methods

Fungal cultures and DNA extraction

The 74 isolates used in this study were collected from P
pratensis and L. perenne in Oregon and Washington over
a period of 5 years (2010-2014). We use the prefix Cp to
refer to each C. purpurea isolate.

Sclerotia were surface sterilized by dipping in 95 %
ethanol for 30 s, soaking in 0.6 % sodium hypochlorite
solution for 1 min, and rinsing in sterile water for 15 s.
Sclerotia were bisected with a flame-sterilized blade and
placed, cut surface down on water agar in a 9.5 cm diam-
eter petri plate. Single hyphal tips were each transferred
to potato dextrose agar to establish hyphal tip cultures.

Source of variation df Sum of squares Mean square Expected mean square % Variance Pvalue
Between groups 3 408.218 136.073 3.61 415 0.001
Between samples within groups 70 701.762 10.025 493 56.71 0.001
Within samples 74 11.500 0.155 0.16 1.79 0.001
Total 147 112148 7.63 87 100 0.001

The AMOVA table is based on an analysis of the groups which resulted from the cluster analysis. Presented p-values are based on one thousand permutations
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Fig. 2 Dendrogram of 74 samples. Shared Allele Neighbor Joining dendrogram of 74 isolates. Bootstrap support of 85 or greater is indicated
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Cultures used for extraction were raised on a Clavi-
ceps medium, containing potato dextrose agar (PDA)
(18 g), yeast extract (1 g), malt extract (5 g), sucrose
(5 g), agar (2.5 g), and water (500 ml). Cultures were
grown at room temperature (22 °C) for three weeks
and then harvested for DNA extraction. The myce-
lial growth was scraped off of the agar, ground in lig-
uid nitrogen using a mortar and pestle and the powder
placed into two 2 ml centrifuge tubes. Then Qiagen Cell
Lysis Solution (Qiagen, Inc., Valencia, CA, Cat. No.
158908), along with RNAse A and Proteinase K were
added and the DNA was isolated with the Qiagen proto-
col as detailed in Gilmore et al. [23].

Microsatellite marker development

We named each SSR locus ‘Cpur’ for C. purpurea fol-
lowed by a number indicating the specific sequence the
SSR was designed from (Table 2). SSR primers for C.
purpurea were designed from the short read genomic
sequence data generated by Schardl et al. [18]. The con-
tig sequence information for 192 contigs, generated with
the Roche/454 Titanium sequencer, was downloaded
from NCBIL Twelve assembled sequences were pasted
into MSATCOMMANDER [24], which identified 267
SSR sequences while Primer3 designed primer pairs for
each SSR [25-27]. Default settings for both programs
were used except that trinucleotide, tetranucleotide
and pentanucleotide repeats were also included on the
SSR search. An M13 sequence (TGTAAAACGACGGC-
CAGT) was added to the 5’ end of the forward primers
to allow for an economic method of fluorescent labeling
of PCR products [28]. A PIG-tail sequence, 5-GTTT-
3/, was added to the 5’ end of the reverse primer, to
promote full adenylation of fragments and reduce the
number of split peaks [29]. A total of 192 M13-tagged
forward primers and corresponding reverse primers,
along with fluorescently labeled universal M13 (—21)
forward primers (WellRED D2, D3, or D4) were ordered
from Integrated DNA Technologies (IDT, San Diego,
CA). The primers were tested for amplification in four
isolates, Cp03, Cp26, Cp32 and Cp33. Fifty-nine primer
pairs were identified as potential candidates for finger-
printing and were subjected to a second round of test-
ing with eight isolates (Cp25, Cp26, Cp27, Cp29, Cp30,
Cp31, Cp32, and Cp33). Thermocycler amplification of
the M13-tagged SSRs was performed with a touchdown
PCR, consisting of an initial denaturing step of 94 °C
for 3 m, then 10 cycles of 94 °C for 40 s, 62 °C for 45 s
(decreasing the annealing temperature by 1.0 °C per
cycle), and 72 °C for 45 s followed by 20 cycles of 94 °C
for 40 s, 52 °C for 45 s, and 72 °C for 45 s; eight cycles
of 94 °C for 40 s, 53 °C for 45 s, and 72 °C for 45 s; and
a final extension of 72 °C for 30 min. The 15-pL PCR
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reaction mix contained: 3 pL of 5X GoTaq DNA Poly-
merase Buffer (Promega Corp., Madison, WI); 1.2 uL of
2.5 mM dNTPs; 1.2 pL of 25 mM MgCl,; 0.075 pL of 5
U/pL GoTaq DNA Polymerase; 0.18 pL of 10 mM for-
ward primer; 0.75 pL of 10 mM reverse primer; 0.75
puL of 10 mM M13-fluorescent tag, WellRED D2, D3,
or D4; and 1.5 pL of 3 nguL. ™" template DNA. Since the
expected size of each amplicon was not known, an equal
number of primer pairs was labeled with the differ-
ent dyes, WellRED D2, D3, and D4 to allow pooling for
capillary electrophoresis separation using the Beckman
Coulter CEQ 8000 (Beckman Coulter, Inc., Brea CA).
PCR products amplified in this first screening in the four
test genotypes were then separated by 1.5 % agarose gel
electrophoresis (1X TBE), and visualized with ethidium
bromide to confirm amplification. PCR products from
three primer pairs labeled with each of the three dyes
were pooled and separated by capillary electrophoresis.
The electropherograms were then scored and multi-
plexes were developed based on amplification and lack
of fragment overlap.

Statistical analysis

In order to infer and distinguish an optimal number of
groups within the sample, discriminant analysis of prin-
ciple components was performed using the R package
adegenet [30-33]. The optimal number of groups was
determined using the function adegenet:find.clusters.
We retained 40 principle components and examined a
plot of Bayesian information criteria (BIC) as a function
of the number of clusters for each analysis and concluded
that a group number of four minimized the BIC. These
groups were then submitted to discriminant analysis
using adegenet::dapc and visualized. Statistical signifi-
cance was determined for these groups using the Poppr
function poppr:poppramova [34] using one thousand
replicates to determine significance. A neighbor-join-
ing tree was created using the function poppr:bruvo.
boot [35] [34] using one thousand bootstrap replicates.
The dendrogram was visualized in MEGA4 [36]. Pow-
erMarker was used to identify markers that had the
greatest impact on forming CA Groups 3 and 4 and to
calculate the shared allele genetic distance [37]. Shan-
non’s-Wiener’s index (H) was calculated using the follow-
ing formula [38].

n
H=—- Zpilnpi.
i=1
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