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Chapter 4

Characterization of the complete internal transcribed spacer region of the
nuclear ribosomal DNA of Typhula incarnata, the T. ishikariensis complex and

T. phacorrhiza
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ABSTRACT

Isolates of the Typhula ishikariensis complex, T.incarnata and T. phacorrhiza from
around the world were characterized by sequence analyses of the complete intemal transcribed
spacer region (CITS) of nuclear ribosomal DNA. The hypotheses tested were that the
sequence could be used (i) to identify the Typhula spp. and (ii) to distinguish the two biological
species of the T. ishikariensis complex (BSI and BSII). DNA was extracted from the isolates,
the CITS region was amplified by PCR and then cloned into a plasmid. Next, the plasmid was
transformed into E. coli and allowed to multiply, thus amplifying the plasmid containing the
CITS region. The plasmid was isolated from the bacteria and then the CITS region was
sequenced. Percentage of sequence identity for the 44 sequences from the 30 Typhula spp.
isolates ranged from 59 to 100% with a 0 to 30% divergence. The 26 sequences from the 20
T. ishikariensis isolates were 87 to 100% identical to each other with a 0 to 8% divergence.
The 26 sequences from the 20 T. ishikariensis isolates were 59 to 78% identical to 11
sequences of five T. incarnata isolates, three sequences (rom two T. phacorrhiza isolates and
four sequences from three unidentified Typhula-like isolates with a 22 to 30% divergence.
These results indicated that the CITS region can be used to differentiate the Typhula spp.
“Signature sequences” were identified that differentiate BSI and BSII of the T. ishikariensis

complex, however, sequence analyses infer they are the same species undergoing speciation.



119

INTRODUCTION

Conventional methods for the identification and characterization of fungal plant
pathogens sometimes fail when such fungal isolates exhibit atypical phenotypic profiles or
morphological characteristics that overlap fungal species concepts. Recent advancements in
DNA sequencing technology have greatly enhanced the ability of plant pathologists to identify

fungal isolates. DNA sequence information is relatively objective and sequence databases' are

readily available via the intemet (Maidak et al., 1999; Benson et al., 1999). Nucleotide
sequences of target DNA genes can be rapidly and accurately obtained from fungal plant
pathogens (Hillis, 1996). However, DNA of known genes have not been a primary source of
data for Typhula species characterization. This study will determine if DNA sequencing of the
complete internal transcribed spacer region (CITS) of the nuciear ribosomal DNA (nrDNA) can
aid in identifying Typhula species.

Rapid and accurate identification of Typhula species pathogenic to turfgrasses is an
important part of managing the diseases that they cause. The sclerotia of the Typhula spp. are
the primary diagnostic feature in the taxonomy of the genus (Remsberg, 1940; Comer, 1950;
MacDonald, 1961). Unfortunately, at optimal in vitro conditions, sclerotia start to form 6 to |6
days for T.incarnata and 4 to 20 days for 7. ishikariensis and both species only grow 2 mm
per day (Sweets and Steinstra, 1980). Molecular based identification has the potential to
expedite disease diagnosis, improve pathogen characterization and perhaps aid in disease
management.

Furthermore, it is not easy to identify the T. ishikariensis complex, and the taxonomy
of these fungi remains unclear (Smith et al., 1989). The dikaryon-monokaryon mating
experiments (Chapter 3) revealed that there are at least two genetically different groups of the
T. ishikariensis complex in Wisconsin golf courses (Wisconsin group | and Wisconsin group

2). Unfortunately, the dikaryon-monokaryon mating experiments are tedious and time
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consuming. A rapid and accurate fungal identification technique is needed to expedite
identification of the T. ishikariensis complex isolates.

Studies of the genotypic differences between Typhula species have centered on mating
experiments involving compatibility groups (Bruehl et al., 1975; Arsvall and Smith, 1978;
Bruehl and Machtmes, 1979; Matsumoto et al., 1996). However, the only investigations
utilizing molecular markers to identify snow mold pathogens are the application of randomly
amplified polymorphic DNA (RAPDs) markers to detect genets belonging to 7. ishikariensis
biotype A (Matsumoto et al., 1996) and to analyze Coprinus psychromorbidus (sclerotial low
temperature basidiomycete, SLTB) strains (Larouche et al., 1995).

An appropriate and effective method for analysis and characterization of closely related
species and their boundaries is DNA sequencing of a rapidly evolving nuclear gene target
(Hillis et al., 1996). As of yet, no ane has characterized DNA sequences of known genes of
Typhula species. One such target is the complete internal transcribed spacer regions (CITS) of
the nuclear nbosomal RNA gene array (nrDNA, Fig. 4.1) which has proven useful for fine
scale comparisons (Hillis et al., 1996). Sequences of ntDNA have been used 10 compare
various plant taxa (Zhang et al., 1997; Alice and Campbell, 1999; Steane et al., 1999), bacterial
axa (Lee et al., [998; Kolbertand Persing, 1999), fungal taxa (Olsen et al., 1986; White et af |
1990; Rafin et al., 1995; Chen et al., 1996), nematode taxa (Al-Banna et al., 1997), fish taxa
(Sajdak and Phillips, 1997) and insect taxa (Black et al., 1997).

Also, the characlerization of the CITS of nrDNA has been a useful molecular tool in
plant pathogen detection and identification. Recently, this technique was used to differentiate
Fusarium spp. (ODonnell and Cigelinik, 1997), to detect Phialophoragregaa in soybean
tissues (Chen et al., 1996), to detect Monosporascus spp. (Lovic et al., 1995), 1o identify
Magnaporthe poae (Bunting et al., 1996) and to characterize Rhizactonia solani (Kanematsy
and Naito, 1995; Salazar et al., 1999). The PCR-mediated analysis of the CITS region of

nrDNA bas illustrated, “a convenieat approach to developing ‘molecular tools’ for detection of
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plant pathogenic fungi without necessarily having any detailed knowledge of their genome
organization” (Lovic et al., 1995). Sequence analyses of the CITS region has been particularly
useful in species identification (van Herwerden et al., 1999). This molecular method might
offer advances in describing the genotypic differences between T. ishikariensis, T.incarnara
and T. phacorrhiza while also clarifying the taxonomic classification of the T. ishikariensis
complex.

The objective of this research was to genetically characterize the T. ishikariensis
complex, T. incarnata and T. phacorrhiza isolates by utilizing sequence analysis of the CITS
region of the nrDNA. Specifically, the hypotheses being tested were (i) the nucleotide
sequence of the CITS of the nrDNA will vary among isolates of T.incarnata, the T
ishikariensis complex and T. phacorrhiza and can be used to infer phylogenelic relationships
and (ii) the T. ishikariensis complex isolates can be separated into two groups based on
nucleotide sequence of the CITS region of the ntTDNA.

First, DNA was extracted from Typhula isolates from Wisconsin and (ester isolates
from around the world. The CITS region of the nrDNA was then amplified by the PCR-
reaction with the CITS universal primers (Fig. 4.1, White et al., 1990). The PCR product was
then inserted into a plasmid and transformed into E. coli. The bacteria were allowed to grow
thus amplifying the plasmid DNA containing the PCR product insert. The plasmid DNA was
then isolated from the bacteria. Finally, the PCR insert within the plasmid DNA was
sequenced. Phylogeneltic inferences were made based upon the DNA sequence of the CITS
region.

Percentage of sequence identity of the CITS for the 44 sequences from the 30 Typhula
spp. or Typhula-like isolates ranged from 59 to 100% with a O to 30% divergence. The 26
CITS sequences from the 20 T. ishikariensis isolates were 87 to 100% identical with a0t 8%
divergence. The 26 sequences from the 20 T. ishikariensis isolates were 59 to 78% identical to

11 sequences of five T.incarnata isolates, three sequences from two T. phacorrhiza isolates
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and four sequences from three unidentified Typhula-like isolates with a 22 to 30% divergence.
The results of the molecular identification experiments indicate that the CITS region of
the nrDNA can be used to differentiate T.incarnata, T. ishikariensis and T. phacorrhiza.
However, analysis of the CITS and the ITS 1 region of the ntDNA infer that isolates of the two
T. ishikariensis groups (WIG1-BSI and WIG2-BSII) are the same species but perhaps are
undergoing speciation or lineage divergence. Signature sequences were found within the ITS 1
region that could possibly be used to differentiate between biological species [ and biological

species [I of the T. ishikariensis complex.

1. A few DNA sequence internet sites include: the DNA Data Baank of Japan (DDBJ). Mishima, Japan at
ppTrwww-ddb g ac.jp’] European Molecular Biology Laboratory, Nucleotide Sequence Database, Hinxton,
UK (EMBLYEBI) at flipTwww.chi.ac.uk/; GeaBank] National Center for Biotechnology [nformation, Bethesda,
Maryland at [Ep7TWwWw.ncbi.olm.nitigov} and the Ribosomal Database Project II, National Science
Foundation, U. 8. Departmeant of Energy and Michigan State University at htfp7Twww.cme.msu.edwRDP]}



http://hup:/Iwww.ddbj.n.ig.ac.jpl~
http://hUp:/lwww.eti.:1c.ukJ;Gen&nk.
http://bup:/Iwww.ncbi.nlm.nih.gov;
http://bttp:J/www,cme.msu.eduJRDP/.
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MATERIALS AND METHODS
Fungal Isolates

The Typhula isolates used in this work are listed in Table 4.1. All imported isolates
were obtained according to the USDA permit PPQ-526 requirements. The isolates 7.
ishikariensis biotype A (isolates PR9-4-3 and PR7-6-7, Matusmoto and Tajimi, 1993), T.
ishikariensis Norway group I (isolate 2-5BS-1, Matsumoto et al., 1996), T. ishikariensis
var. ishikariensis (isolate 92-32-MI, Tkachenko et al., 1997) T. ishikariensis biotype B
(isolate 35-8, Matsumoto and Tajimi, 1991), T. ishikariensis Norway group I (isolate 4-3S-
S, Matsumoto et al., 1996) and T. ishikariensis var. canadensis (isolate Can21m, Arsvoll and
Smith, 1978) were obtained from N. Matsumoto, National Institute of’ Agro-Environmental
Sciences, Tsukuba, Japan. The isolate T. ishikariensis var. canadensis (isolate JD13) was
obtained from J. D. Smith, Canada, which he collected {rom North Battleford golf course,
Prince Albert, Canada in 1992. The isolates T. ishikariensis biotype A (isolate 56263,
Matsumoto et al.. 1982), T. ishikariensis var. ishikariensis (isolate 38649, Arsvoll and Smith,
1978), T. ishikariensis biotype B (isolate 56264, Matsumoto et al., 1982) and 7. idahoensis
(isolate 32642, Bruehl et al., 1975) were obtained from American Type Culture Collection,
Manassas, Virginia [httpZlwww.atcc.org/} Two unidentified Typhula isolates, G2 (from
Gaillardia sp.) and G4 (from Chenopodium alba), were collected by C. R. Grau, University of
Wisconsin, Madison in the spring of 1998. The other isolates were collected {rom the survey
of Wisconsin golf courses (Chapter 2). Also, the isolates T. ishikariensis WIG2-2.136 and
WIG2-2.105 were dedikaryotized by growing them on PDA amended with 2% oxgall
(Matsumoto and Tronsmo, 1995) to determine if there were differences in DNA sequence of
the CITS region between dikaryons and monokaryons of the same isolate.
DNA Extraction

Typhula spp. isolates were grown in [.5-ml microcentrifuge tubes with 1 ml of potato

dextrose broth for one month and the DNA was extracted as described in Protocol #3 (for small


http://www.atcc.orgl.
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Table 4.1. Subspecies appellations, identification codes and geographical origins of thirty
Typhula species used in the CITS region of nfDNA characterization experiment.

Typhula species Subspecies Identification = Geographical
appellations code origin

Typhula ishikariensis ~ WIG1a 1.93 Wisconsin Dells, WI

Typhula ishikariensis ~ WIGI 2.183 Ogdensburg, W1

Typhula ishikariensis WIG1 3.120 Woodruff, W1

Typhula ishikariensis  Biotype A PR9-4-3 Japan

Typhula ishikariensis ~ Biotype A PR7-6-7 Japan

Typhula ishikariensis  Biotype A 56263 Japan-ATCCb

Typhula ishikariensis ~ Norway Group  2-5BS-1 Norway

Typhula ishikariensis ~ var. ishikariensis 38649 Norway-ATCC

Typhula ishikariensis ~ var. ishikariensis ~ 92-32-MI Russia

Typhula ishikariensis ~ WIG22 1.31 Jefferson, WI

Typhula ishikariensis ~ WIG2 2.97 Stevens Point, WI

Typhula ishikariensis ~ WIG2 2.105 Stevens Point, W1

Typhula ishikariensis ~ WI1G2 3.122 Woodruff, WI

Typhula ishikariensis  Biotype B 35-8 Japan

Typhula ishikariensis  Biotype B 56264 Japan-ATCC

Typhula ishikariensis ~ Norway Group I 4-3S-5 Norway

Typhula ishikariensis  var. canadensis D13 Canada

Typhula ishikariensis ~ var. canadensis Can2lm Canada

Typhula ishikariensis ~ WIG2 2.100A Stevens Point, W1

Typhula idahoensis NAc 32642 Washington-ATCC

Typhulaincarnata NA 1.35 Jefferson, WI

Typhulaincarnata NA 2.100B Stevens Point, W1

Typhulaincarnata NA 2.136 Wautoma, W1

Typlulaincarnata NA 3.279 Hurley, W1

Typhulaincarnata NA 3.114 Woodruff, W1

Typhulaphacorrhiza NA 3.120B Woodruff, WI

Typhulaphacorrhiza NA 2.230A Marshfield, W1

Unidentified Typhula  NA G2 Verona, WI

Unidentified Typhula  NA G4 Arlington, W1

Unidentified Typhula  NA 3.129 Woodruff, Wi

aWIG1 = Wisconsin group 1, WIG2 = Wisconsin group 2.

b ATCC = American Type Culture Collection.

€ NA = not applicable.
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amounts of cells, tissues, or plant leaves) of the Easy-DNA™ Kit (Invitrogen®, Carlsbad,
CA; Anonymous a, 1998). Briefly, mycelia were crushed in liquid nitrogen, the cells were
lysed by the addition of Solution A and subsequeat incubation at 65° C. Proteins and lipids
were precipitated and extracted by the addition of Solution B and chloroform. The solution
was then centrifuged to separate it into two phases with a solid interface separating the two
phases. The DNA was in the upper, clear aqueous phase, the proteins and lipids were in the
solid interface, and the chloroform formed the lower phase. The DNA was then removed,
precipitated with ethanol, and resuspended in TE buffer. In general, the total time for DNA
extraction per isolate took approximately 90 minutes. The DNA was then ready for PCR or
stored at +4° C for less than 12 hours.
DNA amplification

The polymerase chain reaction was performed with some modifications from a standard
protocol (Anonymous, 1996). An automated thermal cycler The Rapid Cycier™ (Idaho
Technologies [nc., [daho Falls, ID) was used for the amplification reaction. Primers used for
the amplification of the CITS region were ITS-1 and [TS-4, Fig. 4.1 (White et al., 1990).
Amplification reactants from The Rapid Cylcer Optimizer Kit #1761 were used to make 26 ul
mixtures in individual wells of a microtiter plate. The 26 pl mixtures contained 2.5 ul of Low

Mg buffer [10 mM MgCl,; 50 mM Tris; and 250 ug/ml bovine serum albumin (BSA)], 1 4l

Ficoll, 2.5 ul dNTPs (200 yM dNTP), 2.5 pl ITS-1 primer (0.5 pM), 2.5 ul [TS-4 primer
(0.5 uM), 2.5 ul genomic DNA (S ng/ul), 2.5 pl diluted Taq DNA polymerase (0.4 U/10
Tagq DNA polymerase (Promega, Madison, W1); and 250 ug/ml BSA) and 10 pl of distilied
sterilized water (Anonymous, 1992). The 26 ul mixtures were loaded into 30 pl borosilicate
capillary tubes (Idaho Technology Inc., Part #1706) and flame scaled at both ends
(Anonymous, 1996). The preprogrammed Rapid Cycler™ protocol C57 was used as the

cycling parameters. Protocol C57 includes 30 cycles of denaturation for 10 sec. at 94° C,
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annealing for 10 sec. at 55” C and elongation for 35 sec. at 72° C (approximaltely 28 total
min.). Each PCR product was visualized by 1.2% agarose gel electrophoresis. The minigel
apparatus voltage was setat 110 mV for 20 to 30 min. Ethidium bromide was used to stain the
DNA bands and then the DNA fragments were visualized by UV illumination.
Cloning

The TOPO™ TA Cloning® kit (Invitrogen, Carlsbad, CA) was used to directly insert
the Tag pOIymcmse-ampliﬁed PCR products into a plasmid vector. The TOPO TA Cloning Kit
uses the pCR® 2.1-TOPO vector with covalently bound topoisomerase [ enzyme for fast and
efficient PCR cloning (total time is approximately 5 min.) (Anonymous, 1998b). Briefly, a 5
ul cloning reaction was set up containing | ul of fresh PCR product (10 ng/ul), 3 ul of sterile
distilled water and 1 pl of pPCR®-TOPO vector. The reaction was mixed gently and incubated
for 5 min. at room temperature. The tube was then placed on ice while vials of TOPO10F’ One
Shot™ (Invitrogen, Carlsbad, CA) competent Escherichiacoli cells were thawed on ice.
Transformation

For the transformation reaction, 2 ul of 0.5 M B-mercaptoethanol was added to each
vial of TOPOIO0F" One Shot™ cells of E. coli and gently mixed. Then 2 pl of the TOPO-
cloning reaction was added to a vial of TOPO10F’ One Shot™ cells and gently mixed. The
vial was then incubated on ice for 30 min. The TOPOI10F’ One Shot™ transformation reaction
was then heat shocked for 30 sec. at 42° C without shaking, followed by incubation on ice for
2 min. To grow the competent cells, 250 ul of room temperature SOC medium was placed in
the vials and gently mixed. The vials were tightly capped and shaken horizontally at 37° C for
30 min. Then 50,75 and 100 ul from each transformation was spread evenly on Luria-Bertani
(LB) agar plates containing 50 ug/m! ampicillin, 40 ul of 40 mg/ml X-Gal (5-Bromo-4-chloro-
3-indolyl-B-D-galactopyranoside) and 40 ul of 100 mM IPTG (isopropyl-8-D-
thiogalactopyranoside) that had been warmed to 37" C for at least 1 hr. (Anonymous, 1998b).

The LB agar plates were inverted and incubated overnight at 37° C. The next day, 10 white
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colonies were selected for analysis. The white colonies were cultured in 2 mi of LB broth
(Anonymous, 1998b) containing 50 ug/ml ampicillin (LBa) and shaken in a 37° C water bath
for 2 to 4 hours. For stored samples of the clones, 100 ul of the culture was placed in 1 ml of
LBa and incubated overnight in a 37° C water bath. The next day, 220 ul of sterile glycerol
was added to the tube, briefly vortexed and then stored immediately in a -80° C freezer. To
multiply the competent cells containing the PCR inserts, 100 u! of each culture was placed in
10 tubes containing 1.5 ml of LBa and incubated and shaken overnight ina 37° C water bath.
Plasmid DNA isolation

The plasmid DNA was isolated from the cultures by using the S. N, A. P.™ Miniprep
Kit (Invitrogen, Carlsbad, CA). The S. N. A. P. Miniprep Kit is a plasmid DNA purification
system designed to yield ultra-pure plasmid DNA for automated sequencing in 25 min.
(Anonymous, 1998c). Briefly, the ten overnight cultures of each clone were centrifuged for 5
min. at 4,000 rpm at room temperature (RT) into two 1.5-ml microcentrifuge tubes (5 culture
tubes per microcentrifuge tube). The supernatant was removed and the pellet was resuspended
in 150 ul of Resuspension Buffer by briefly vortexing. Then 150 ul of Lysis Buffer was
added and the tube was gently inverted 5 to 6 times and incubated for 3 minutes at RT. Next,
150 ul of ice-cold Precipitation Salt was added and then the tube was inverted 6 to 8 times to
mix components. The tube was then centrifuged at RT at 14,000 rpm for 5 min. The
supernatant from the two microcentrifuge tubes were then pipetted into one stenle
microcentrifuge tube while the pellets were discarded. To the supematant, 600 ul of Binding
Buffer was added and the tube inverted 5 to 6 times. The entire solution was then poured onto
the S. N. A. P.™ Mini-prep Column/Collection Tube. The S. N. A. P.™ Mini-prep
Column/Collection Tube was then centrifuged at RT at 1,000 rpm for 30 sec. The column
flow through liquid was discarded. To the column, 500 ul of Wash Buffer was added and
again centrifuged RT at 1,000 rpm for 30 sec. Following this step, 900 ul of Final Wash
Buffer was added and then centrifuged at RT at 1,000 rpm for 30 sec. The resin in the column
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was dried by centnfuging at maximum speed for one min. To elute the plasmid DNA, the resin
column was transferred to a sterile microcentrifuge tube and 60 ul of sterile distilled water was
added onto the column. The wet resin column was then incubated at RT for at least 3 min.
Finally, the plasmid DNA was eluted by centrifugation at maximum speed for 30 sec.

To check the plasmid DNA for the PCR inserts, an EcoR! digestion was performed on
the S. N. A. P. minipreped DNA. This reaction mixture contained 6.5 pl of sterile distilled
water, 1 ul of Dellaporta buffer (Dellaporta et al., 1983), 2 ul of S. N. A. P. Minipreped
DNA, and 0.5 pl of EcoRI enzyme. The digestion reaction was incubated and shaken at 37° C
overnight. Gel electrophoresis (as described previously) was used to visualize the presence of
the PCR insert. A TKO 100 Dedicated Mini Fluorometer (Hoefer Scientific [nstruments, San
Francisco, CA) was used to determine and/or adjust the plasmid DNA concentration to 200 to
250 ng/ml. Automated (fluorescence) DNA sequence analysis was performed on 10 ul of 200
to 250 ng/ml plasmid DNA at the DNA Sequence Laboratory in the Nucleic Acid and Protein
Facility at the University of Wisconsin Biotechnology Center (UWBC), University of
Wisconsin-Madison, WI. The M13F and M13R primers were used to sequence the 700 to 800
bp PCR product insert.

Sequence Analysis

Sequence files from the UWBC were viewed, evaluated and corrected within the
EditView™ Version 1.0 (Automated DNA Sequence Viewer) and SeqEd™ Version 1.03
(DNA Sequence Editor) software (Applied Biosystem Inc., Perkin-Elmer Corp.) according to
on-line help and the manuals provided by the UWBC (Anonymous, 1995; Ancnymous,
1958d). Corrected SeqEd™ sequences were exported as Genetics Computer Group™ files
{(GCG, Madison, WT) and the percent idenuly comparisons were determined by the GAP
function within the GCG software. The GCG files were then imported into EditSeq™
software (DNAStar, Madison, WT) and saved as EditSeq™ files. The EditSeq™ files were
then imported into the Megalign™ software (DNAStar, Madison, WI). The sequence files
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were aligned using the Clustal method and the percentages of sequence divergence were
calculated (Table 4.9). The alignment was exported as a NEXUS file and phylogenetic trees
were constructed with PAUP Version 4.0 sofiware (Center for Biodiversity, [Ilinois Natural
History Survey, Champaign, IL). Two types of tree-making methods were employed: distance
matrix methods and maximum parsimony methods (Felsenstein, 1988). In the distance matrix
methads, evolutionary distances (the number of nucleotide substitutions separating two
taxonomic units) were computed for all pairs of taxa, and a phylogenetic tree was constructed
from the total character differences. In maximum parsimony methods, the nucleotides at each
site were used, and the shortest pathway leading 1o these character states was chosen as the

phylogenetic tree.
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RESULTS

The CITS region of the nrDNA region of the Typhula species ranged in size from 719
to 832 base pairs (bp) in length (Tables 4.2, 4.3 and 4.4). The CITS region length for T.
ishikariensis ranged from 772-803 bp (Fig. 4.2), for T.incarnata 814-832 bp (Fig. 4.3), for
T. phacorrhiza (Fig. 4.4) and for the unidentified Typhula-like fungi 709-798 bp (Fig. 4.4).
There was a small difference (2-3 bp) between the dikaryotic isolate T. ishikariensis 2.105D
(sequence 16 = 772 bp) and the monokaryotic isolates 2.105M1 (sequence 17 = 774 bp) and
2.105M2 (sequence 18 = 775 bp), Fig. 4.2. Also, there was a larger difference (4 to 13 bp)
between the dikaryotic 7. incarnata 2.136D.1 (sequence 33 = 828 bp) and the monokaryotic T.
incarnata 2.136.2 (sequence 34 = 832 bp) and 2.136.3 (sequence 35 = 815 bp), Fig. 4.3.
Furthermore, there were small differences in CITS region bp length between clones of the
same isolate (Tables 4.2 and 4.4): sequence 8 and 9 =3 bp difference; sequence [0and 11 =1
bp difference; sequence 12 and 13 =4 bp difference; and sequence 41 and 42 (3 bp difference).
The sequences 39 and 40 were both 721 bp in length (Table 4.4). There were greater
differences between different DNA extractions of the same isolate (Tables 4.2 and 4.3):
sequences 5 and 6 varied by 13 bp; sequences 16, 17 and 18 varied from 1 to 3 bp; sequences
27, 28 and 29 varied from 1 to 3 bp; and sequences 33, 34 and 35 varied from 4 to 17 bp.

Also, there were bp length differences of the three parts of the CITS region (ITS 1, 5.8
S and ITS 2 regions; Tables 4.5, 4.6 and 4.7). The ITS 1 region bp length ranged from 282 to
307 bp for the T. ishikariensis complex sequences, 270 to 286 bp for the T. incarnata
sequences, 240 to 241 bp for the T. phacorrhize sequences and 246 to 271 bp for the
unidentified Typhula spp. The 5.8 S region ranged [rom 147 to 159 bp for the T. ishikariensis
complex sequences, 149 to 156 bp for the T. incarnata sequences, 155 bp for the T.
phacorrhiza sequences and 142 to 155 bp for the unidentified Typhula spp. sequences. The
ITS 2 region ranged from 239 to 254 bp for the T. ishikariensis complex sequences, 302 to



Table 4.2. Sequence number, karyotic state, sequence length and Genbank accession number
of the complete internal transcribed spacer regions (CITS) of the nuclear ribosomal DNA of
Typhula ishikariensis from Wisconsin, Canada, Japan, Norway and Russia.

Sequence Genbank
Sequence Identification length of accession
Number Typhula ishikariensis isolate Code CITS (bp) number 2
01 T. ishikariensis WIG1 1.93*%b 785 AF193347
02 T. ishikariensis WIG! 2.183*= 789 AF193348
o3 T. ishikariensis WIG1 3.120** 790 AF193349
04 T. ishikariensis Biotype A PR9-4-3* 793 AF193350
05 T. ishikariensis Biotype A PR7-6-7.1¢* 790 AF193351
06 T. ishikariensis Biotype A PR7-6-7.2¢* 803 AF193352
a7 T. ishikariensis Biotype A 56263** 803 AF193353
08 T. ishikariensis Norway group [  2-5BS-1.}d* 785 AF193354
09 T. ishikariensis Norway groupl  2.5BS-].2¢* 785 AF1933ss
10 T. ishikariensis var. ishikariensis 38649.[¢* 783 AF193356
1 T. ishikariensis var. ishikariensis 38649 2d% 784 AF193357
12 T. ishikariensis var. ishikariensis 92-32-MJ.]1d** 789 AF193358
13- T. ishikariensis var. ishikariensis 92.32-M].2d¢* 785 AF193359
14 T. ishikariensis W1G2 131** 765 AF193360
15 T. ishikariensis W1G2 2.97*= 77 AF193361
16 T. ishikariensis WI1G2 2.105De*=* T AF193362
17 T. ishikariensis W1G2 2.105M¢* 774 AF193363
18 T. ishikariensis W1G2 2.105M2¢=* 775 AF193364
19 T. ishikariensis WIG2 3.122%= 776 AF193365
20 T. ishikariensis Biotype B 35-8¢ 794 AF193366
21 T. ishikariensis Biotype B 56264*= 795 AF193367
22 T. ishikariensis Norway groupll 4-3S-5* 774 AF193368
23 T. ishikariensis var. canadensis ~ JD 13** 774 AF193369
24 T. ishikariensis var. canadensis ~ Can2lm* 75 AF193370
25 T. ishikariensis WIG2 2.100A** 775 AF19337]
26 T. idahgensis 32642% 784 AF193372

a2 Genbank: [iffp:/7Www.ncbi.alm.nih. gov]

b *= monokaryotic isolate, ** = dikaryotic isolate.

< DNA sequence obtained from different DNA extractions of the same isolate.
d DNA sequence obtained from different clones of the same DNA extraction.


http://hnp:/lwww.ncbi.nlm.nih.gov.
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Table 4.3. Sequence number, Karyotic state, sequence length and Genbank accession number
of the complete internal transcribed spacer regions (CITS) of the nuclear ribosomal DNA of
Typhula incarnata isolates from Wisconsin.

Sequence Genbank

Sequence Identification length of accession
Number Typhula incarnata Code CITS (bp) number®

27 T.incarnata 1.35.1b%ac 820 AF193373
28 T.incarnata 1.35.2b%= 821 AF193374
29 T.incarnata 1.35.3b*= 818 AF193375
30 T.incarnata 2.100B.1b** 821 AF193376
31 T.incarnata - 2.100B.2b*x 826 AF193377
32 T.incarnata 2.100B.3b*=  Bl4 AF193378
33 T.incarnata 2.136D.1b*= 828 AF193379
34 T.incarnata 2.136M.2b% 832 AF193380
35 T.incarnata 2.136M.3b* 815 AF193381
36 T.incarnata 3.279** 818 AF193382
37 T.incarnala 3.114*= 819 AF193383

37  _l.mcamala
2 Genbank: http:77Wwww_ncbi.nlm.mh.gov]
b DNA sequence obtained from different DNA extractions of the same isolate.
¢ * = monokaryotic isolate, ** = dikaryotic isolate.
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Table 4.4. Sequence number, karyotic state, sequence length and Genbank accession number
of the complete internal transcribed spacer regions (CITS) of the auclear ribosomal DNA of
Typhula phacorrhiza and unidentified Typhula species from Wisconsin.

Sequence Genbank

Sequence Identification length of accession
Number Typhula isolate Codes CITS (bp) numbers®
38 T. phacorrhiza 3.120B 720 AF1933
39 T. phacorrhiza 2.230A.1¢ 721 AF1933
40 T. phacorrhiza 2.230A.2¢ 721 AF1933
41 Unidentified Typhula ~ G2.1¢ 798 AF1933
4? Unidentified Typhula G2.2¢ 795 AF1933
43 Unidentified Typhula G4 709 AF1933
44 Unidentified Typhula __ 3.129 79 AF1933

a All isolates were dikaryaotic.
b Genbank: ftfp:77www_ncbi.nlm.nil. gov]

c DNA sequence obtained from different clones of the same DNA extraction.
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Table 4.5. Base pair length of the complete internal transcribed spacer region (CITS), the
internal transcribed spacer region 1 (ITS 1), the 5.8 S region and the internal transcribed spacer
region 2 (ITS 2) of the Typhula ishikariensis complex sequences.

Sequence CITS Complete Complete Complete
numberd length ITS llength 58Slength ITS2length
1 85 298 150 246
2 89 298 153 247
3 790 297 155 247
4 793 300 155 247
5 790 298 154 247
6 803 301 159 252
7 803 307 158 247
8 85 297 147 247
9 785 208 154 247
10 783 291 152 249
11 84 204 152 247
12 789 296 155 247
13 785 297 151 246
14 769 28 151 244
15 T 286 157 243
16 7 %4 154 243
17 T4 282 158 243
18 775 285 156 243
19 776 290 156 239
20 794 294 155 254
21 795 295 155 254

22 T4 285 155 243
n 774 285 155 243
24 775 286 155 243
25 775 287 155 242
26 84 296 153 244
range 772-803 282-307 147-159 239-254

a See Table 4.2 for specific information about each sequence.
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Table 4.6. Base pair length of the complete internal transcribed spacer region (CITS), the
internal transcribed spacer region 1 (ITS 1), the 5.8 S region and the internal transcribed spacer
region 2 (ITS 2) of the T. incarnata isolates (sequences 27 10 37).

Sequence CITS Complete Complete Complete
number® length ITS 1 length 58S length  ITS2length
27 820 m 154 304
28 821 m 155 304
29 818 m 153 303
30 81 27 155 304
31 826 276 156 303
32 814 270 150 303
33 828 n 156 304
34 832 286 152 303
35 815 n 149 303
36 818 o) 154 302
37 819 2 154 303
range 814-832 270-286 149-156 302-304

a See Table 4.3 for specific information about each sequence.
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Table 4.7. Base pair length of the complete intemal transcribed spacer region (CITS), the
internal transcribed spacer region 1 (ITS 1), the 5.8 S region and the internal transcribed spacer
region 2 (ITS 2) of the T. phacorrhiza isolates (sequences 38 to 40) and unidentified Typhula
isolates (sequences 41-44).

Sequence CITS Complete Complete Complete
number® length ITS 1 length 5.8Slength  ITS 2length
38 720 240 155 234
39 721 241 155 234
40 721 241 155 234
41 798 N 144 292
42 795 271 142 291
443 709 246 145 229
4 719 246 155 230
range 709-795 240-271 142-155 230-292

a See Table 4.4 for specific information about each sequence.
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304 bp for the T. incarnata sequences, 234 bp for the T. phacorrhiza sequences and 229 to 292
bp for the unidentified Typhula spp. sequences.

The range of percentage of sequence identities of the CITS between the 44 Typhula
sequences are presented in Table 4.8 and the matrices are presented in Appendix C (Tables
C.1, C.2, C3 and C.4. The percent identities of the 7. incarnara sequences for pairwise
comparison ranged from 92 to 100% within the species and from 61 to 78% oulside the
species. Sequences 41 and 42 were 91 t0 97% identical to the T.incarnata sequences (Table
4.8), this indicates that the unidentified isolate G.2 is (or closely related t0) 7. incarnata. The
T. ishikariensis sequences were separated into two biological species (TISH [ and TISH II)
and analyzed. The percent identities of the TISH [ and TISH II sequences ranged from 87 to
100% within the species and from 65 to 74% outside the species. The three T. phacorrhiza
sequences (38, 39 and 40) were 99 to 100% identical for pairwise comparisons within the
species and 63 to 72% outside the species. The unidentified Typhula sequences (43 and 44)
were 59 to 71% percent identical to all the other sequences.

The percent divergence of the sequence pair distances of the Typhula spp. using the
clustal method with weighted residue weight table is presented in Table 4.9. The percent
divergence ranged from 0 to 8% within each species and from 22 to 31% for outside species
comparisons. Sequences 41 and 42 were | to 2% divergent from the T. incarnata sequences
(27-37), and thus these unknown Typhula spp. are T.incarnata.

The sequences of the CITS were aligned by the clustal method within the DNAStar
software and are presented in Figs. 4.2 to 4.16. Unique sequence differences between the two
biclogical species of the T. ishikariensis complex are apparent within the [TS | region and will
be discussed later (Figs. 4.4 and 4.5). The partial sequences of the 18 S (Fig. 4.2) and the 28
S region (Figs. 4.15 and 4.16) are identical for all sequences, while the 5.8 S region is highly
conserved but not identical (Figs. 4.7 to 4.10). For the species T.incarnata and T.

phacorrhiza, there are some unique sequence areas within the ITS 1 and ITS 2 regions.
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Table 4.8. Percentage of sequence identity in the complete internal transcribed spacer region
(CITS) between Typhula ishikariensis biological species I, T. ishikariensis biological species
11, T.incarnata, T. phacorrhiza and the unidentified Typhula spp.

Typhula  Sequence TISHI TISHII TIN TP T? T?

isolatest  numbers (41-42) (43-44)
TISHI  1-13,26 89-100 87-98 6176 67-72 6573 6068
TISHII 1425 X 95-100 SO-78 6872 6874 59-67
TIN 2737 X X 92-100 6571 9197 62.71
TP 3840 X X X 99-100 63-68 63-69
T 41-42 X X X X 99 64-67
T 4$344 X X X X X )

a TISH | = Typhula ishikariensis biological species I, TISH I = T. ishikariensis biological
species II, TIN = T. incarnata, TP = T. phacorrhiza and T? = unidentified Typhula species.

Table 4.9. Percentage of divergence in the complete internal transcribed spacer region (CITS)
between Typhula ishikariensis biological species I, T. ishikariensis biological species 11, T.
incarnata, T. phacorrhiza and the unidentified Typhula spp.

Typhuh Sequence TISHI TISHII TIN TP T? ™

isolatess  numbers (41-42) (43-44)
TISHI  1-13,26 08 38 228 2225 2327 2730
TISHII 1435 X 05 M35 Mag 2325 2730
TIN 2737 X X 02 2932 12 283]
TP 3840 X X X -1 30 7731
T? 4142 X X X X 0-1 2830
™ 844 X X X X X 04

2 TISH [ = Typhula ishikariensis biological species [, TISH Il = T. ishikariensis biological
species I1, TIN = T.incarnata, TP =T. phacorrhiza and T? = unidentified Typhula species.
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Figure 42. Alignment of the complete internal transcribed spacer region (CITS) of the
44 Typhula sequences (base pairs 1 to 60) using the Clustal method with weighted residve
weight table. TISH BSI and BSII = 7. ishikariensis biological species [ and II, TIN=T.
incarnata, TP = T. phacorrhiza and T? = unknown Typhula spp.
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Sequence 61

samber 120
01 CGCTTCGGCGT~ACGTGCTCGCCTCGCOGTCCATTCT-TCAACACCTGTGCACACTTCAR
02 CGCTTCGGCGT~ACGTGCTCGCCTCGCCGTCCATTCT-TCAACACCTGTGCACACTTCAA
03 CGCTTCGGCGT-ACGTGCTCGCCTCGCOGTCCATTCT-TCAACACCTGTGCACACTTCAR
04 CGCTTCGGCGT~ACGTGCTOGCCTCGCOGTCCATTCT-TCAACACCTGTGCACACTTCAA
05 CGCTTCGGCGT~ACGTGCTCGCCTCGCOGTCCATTCT-TCAACACCTGTGCACACTTCAA
06 CGCTTCGGCGT~ACGTGCTCGCCTCGCCGTCCATTCT-TCAACACCTGTGCACACTTCAA
CGCTTCGGCGATACGTGCTCGCCTTGCOGTCCATTCT-TCAACACCTGTGCACACTTCAA
08 CGCTTCGGCGT-ACGTGCTCGCCTCGCOGTCCATTCT-TCAACACCTGTGCACACTTCAR
09 CGCTTCGGCGT~ACGTGCTCGCCTCGCOGTCCATTCT-TCAACACCTGTGCACACTTCAA
10 CGCTTCGGCGT ~-ACGTGCTCGCCTCGCOGTCCATTCT-TCAACACCTGTGCACACTTCAA
CGCTTCOGGCGT~ACGTGCTCGCOCTCGCCGTCCATTCT-TCAACACCTGTGCACACTTCAA
12 CGCTTCGGCGT~ACGTGCTOGCCTCGCOGTCCATTCT-TCAACACCTGTGCACACTTCAR
13 CGCTTCGGCGT-ACGTGCTOGCCTCGCCGTCCATTCT-TCAACACCTGTGCACACTTCAR
14 CGCTTCGGCGTTACGTGCTCGCCTTGCOGTCCATTCC~-TCAACACCTGTGCACACTTCAA
15 COCTTCGGCGITACGTGCTCGCCTTGCOGTCCATTCT-TCAACACCTGTGCACACTTCAR
16 CGCTTCGGCGTTACGTGCTCGCCTTGCOGTCCATTCT-TCAACACCTGTGCACACTTCAR
17 CGCTTCGGCGTTACGTGCTCGCCTTGCOGTCCATTCT-TCAACACCTGTGCACACTTCAR

- N2 ]
o
Q

-0 @
-
1

I 18  CGCTTCGGCOPTACGTGCTCGCCTTGCOGTCCATTCT~TCARCACCTGTGCACACTTCAR
s |19  CcoCTTCGGCOTTACETGCTCGCCTCGCCOTCCATTCT-TCARCACCTGTGCACACTTCAR
4|20  CGCTTOGGCGITACGTGCICGCCTTGCCGTCCATTCT-TCAACACCTGTGCACACTTCAA
21  CGCTTCGGCGTTACGTGCICGCCTTGCORTCCATTCT-TCAACACCTGTGCACACTTCAR
|22  COCTTCGGCGTTACGTGCICGCCTTGCOGTCCATTCT-TCAACACCTGTGCACACTTCAA
|23  COCTTCGGCGITACGTGCTCGCCTTGCCGTCCATTCT-TCAACACCTGTGCACACTTCAA
|24  COCTTCGGCGITACGTGCTCGCCTTGCCGTCCATTCT-TCAACACCTGTGCACACTTCAA
25  CGCTTCGGCOTTACGTGCTCGCCTTGCOGTCCATTCT-TCAACACCTGTGCACACTTCAR
26  CGCTTCGGCGT-ACGTGCTCGCCTCGCOGTCCATTCT-TCAACACCTGTGCACACTTCAR
27  CG-=CTTCC—GTGCAT-GT~GCTT=GCCn mm mm e TT-GTGCTG-TCCATTCTTCAA
28 CG—CTTCG-GTGCAT-GP-GCTT-GCC —————~TT-GTGCTG-TCCATTCTTCAA
29  CG--CTTCG-GTGCAT-GT-GCTT-GCC— ===~ ==TT-GTGCTG~TCCATTCTTCAA
30  CG——CTGCG-GTGCAT-GT-GCTT-GCC——————T?-GTGCTG-TCCATTCTTCAA
TI31  CCGECTGCG-GTGCAT-GP-GOTT-GCC~———~——TT-GTGCTG-TCCATTCTTCAA

CG—~CTGCG-GTGCAT -G~ G T T-GCC = mm = === TT-GTGCTG-TCCATTCTTCAR
N|33  CG—CTGCG-GTGCAT-GI-GOIT-GCC-—————TT-GTGCTG-TCCATTCTTCAR
34  CG—~CTGCGAGTGCATAGT-GCTTAGCC-——=——==n~TTAGTGCTGGTCCATTCTTCAA

-
w
[ X

35 CG——CTGCG-GTGCAT-GT-GCTT-GCC~—~—~———-TT-GTGCTGGTCCATTCTTCAA
36 CG—CTGCG-GTGCAT-GT-GCTT-GCC~ = e o e TT-GTGCTG-TCCATICTTCAA
317 CG——CTTCG-GTGCAT-GP-GCTT-GCL~ ~= == == ~——TT-GTGCTG-TCCATTCTTCAA

T| 38 CCTTTCGAGGTATTGTGCTCGCT -~ CCTTTCACTCTCTTACCACCTGTGCACCTCT Y -
pl 39 CCTTTCGAGGT AT TGTGCTCGCT~—CCTTTCACTCTCTTACCACCTGTGCACCTCTT -~

40 CCTTTCGAGGTATTGTGCTOGCT === CCTTTCACTCTCTTACCACCTGTGCACCTCT T - =

41 CG—CTGCG~GTGCAT-GT~-GCTT-GCC~ e === ===TT-GTGCTG-TCCATTCTTCAA

T} 42 CG--CTGCG-GTGCAT-GT~GCTT-GCC~ —= == =e === TT=-GTGCTG-TCCATTCTTCAA

?1 43 CTCTCOGGAGTAATGTGCACGCCCGTCTCACTCTCACCTTCATICAACTGTGCACTTT -~

44 CTCTCCGGAGTAATGTGCACGCCOGTCTCACTCTCACCTTCATTCAACTGTGCACTTT——
ITS1

Figure 43. Alignment of the complete internal transcribed spacer region (CITS) of the 44
Typhula sequences (base pairs 61 o 120) using the Clustal method with weighted residue
weight table. TISH BSI and BSII =T. ishikariensis biological species [and II, TIN=T.
incarnata, TP = T. phacorrhiza and T? = unknown Typhula spp.
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121 180
AGTAATCGTTC-—TGTCCCATCCCGCTTGTACGGGGGA -G THGTGAAAAAGGGATCAT-T]
AGTAATCGTTC—TGTCCOATCOCGCTTGTACGGGGGA—GTRGTGAAAAAGGGATCAT T
AGTAATCGTTC~TGTCCCATCCCGCTTGTACGGGGGA-GCIGTGAAAAAGGGATCAT-T
AGTAATCGTTC—TGTCCOATCOCGCTTGTACCGGGGAAGTIGTGARARAGGGATCAT ~T
T AGTAATCGTTC-~TGTCCCATCOCGCTTGTACGGGGGA-GTYG A TCAT-T
; AGTAATCGTIC--TGTCCCATCOCGCTTGTACGGGGGA-GTTG AGGGATCAT-T
5 AGTAATCGGTICTGT-CCCCATCCCACTTGTATGGGGGA-GTTIGTGAAAAAGGGATCATAT
AGTAATCGTIC—TGTCCOATCOCGCTIGTACGGGGGA-GTAGTGAAAARGGGATCAT T
AGTAATCGTTIC—~TGTCCCATCCCGCTTGTACGGGGGA-GTIGTGAAARAGGGATCAT T
g AGTAATCGTIC~~PGTCCCATCCCGCTTGPACGGGGGA-GT GG GRTCAT-T
X AGTAATCGTTC—~TGTCCCATCOCGCTIGTACGGGGGA-GTG AAGGGATCAT-T
AGTAATCGTTC-—PEICCCATCCCGCTTGTACGGGGGA-GTIG TCAT-T
AGTAATCGTTC—TOPCCCATCCCGOTTGPACGGGGGA-GTIGTGAARAAGGGATCAT T
AGTAATCGTTC--TGICCCATCCCACTTGIATGGGGGA-GTYCT — —— -~ AAGGATCAT~T
AGTAATCGTTIC—TQPCCCATCCCACTTGTATGGGGGA-GTHGT ————ABGGATCAT-T
AGTAATCGTTC—TGICCCATCCCACT? GTATGGGGGA-GTAGT ~ ——ARGGATCAT-T
T AGTAATCGTTC--TGICCCATCCCACTTGTAT GGGGGA -GTACT ——~~~AAGGATCAT-T
I AGTAATCGTTC—TGICCCATCCCACTTGTATGGGGGA-GTAGT ———ARGGATCAT-T
s GT= = ~~AAGGATCAT-T
0 AGTMATCGTICTOTCCCAATCCCCACTTGTATGGGGGA-GTGT - —-—AAGGATCAT-T
AGTAATCOTTCTOT CCCAATCCCCACTTGTATGGGGGA-GTAGT - —~=—AAGGATCAT-T
B AGTAATCGTTC~TGICCCATCCCACTTGTATGGGGGA -G TYGT -~ ~—ARGGATCAT-T
s AGTAATCGTTC—TGTCCCATCCCACTTGTATGGGGGA-GTHGT ———AAGGATCAT-T
n AGTAATCGTTC—TGTCCCATCCCACTTGTATGGGGGA~GTHGT -——AAGGATCAT-T
AGTAATCGTTC—TGTCCCATCCCACTTGTATGGGGGA~GT RO~~~ — AAGGATCAT-T
AGTARTCGTTC-~TGICCCATCCCACTTGTACGGGGGAGT TAGIGAAAAAGG-ATCAT -

=—~———CAC-CTGTG~CACA-—C~TTTGT~~—-AGT~TGAC~~~TCTTTTGTTTA-TCT
-————~CAC-CTGPG-CACA~—C~TTTGT-—-AGT-TGAC-—2CTTPIGTTTA-TCT
-====-CAC~CTGIG~CACA-—C~TTTGT~—--AGT-TGAC-—TCTTITGTTTA-TCT
=== —=~CAC~CTG?G-CACA~=~C~TTTGT~~=~AGT-TGAC~~=TCTTTTGTTTA-TCT
=—====-CAC-CTGIG-CACA-—C~TTTGP ——-AGT-TGAC—TCITTTGTTTA-TCT
=== CAC-CTGTG-CACA-~~C~PT2GP~~—-AGT-TGAC-—TCTTTTGTTTA-TCT
==—=~=CAC-C1GIG-CACA-—-CATTTGTG-A~—ATGTGACACTTCTTTTGGTTAATCT
=——~——~CAC-CTGIG-CACA~~~CATTTGPG-AGAATGTGACACTICTTITGOTTAATCT
==—==—~CAC~CTGTG~CACA~—C~TTTGT-—A~~AT-TGA-ACT-—TTTTGGTTAATCT
=== =e=CAC~CTGTG-CACA~=~C~TPTTCF ~——AGT-TGAC-—TCPTTTGTTTA-TCT
-=—==~CAC-CTGTG~CACA-—C~TTTGT ———AGT-TGAC~—TCTTITGTTTA-TCT

r—

~——==~CAC-CTGTG~CACA-~—~C-TTTGI~~——AGT-TGAC-—=TCTTTTGTTTA-TCT
======CAC-CTGIG-CACA~—C~TTTGP~——AGT~TGAC-—TCTTTTGTTTA-ICT
=~TGACGGATGGG~ATATCI TTCCGCTTCICAGAAGCGGGT T ~———-TGGGGGTCAAGC
~=-TGACGGATGGGGATATCTTTCCGCTTCT - ——GGCGGGTT———-TGGGGETCAGGC

ITS 1
Figure 4.4. Alignment of the complete internal transcribed spacer region (CITS) of the 44
Typhula sequences (base pairs 121 to 180) using the Clustal method with weighted residue
weight table. Typhula ishikariensis *signature sequence” indicated by box. TISH BSI and
BSII = T. ishikariensis biological species [ and I, TIN = T. incarnata, TP =T phacorrhiza
and T? = unknown Typhula spp.
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Seeemce  pg) 20

samber
01 TTTGGTTTCTCTITTTTATAGCT}TTCCAAAGAGAGGG—TAAGACGTTACAAGAAC~~
02 TTTGGT TTCTCTTTTTATAGCT TTCCAAAGAGAGGG——TAAGACGTTACAAGAAC-~
03 TTTGGT TTCYCTTITTATAGCTHTTCCAAMGAGAGGG——TAAGACGTTACAAGAAC-~
04 TTTGGTTTCTCITITTATAGCTY-TTCCAAAGAGAGGG-GTAAGACGTTAAAAGAAC-~
T{os TTTGGTTTCTCTTTTTAT, TTCCAAAGAGAGGG—~TAAGACGTTAARAGAAC~~
Il o6 TTTGGTTTCTCTTTTTAT, TTTCCAAGAGAAGGT~-AAGACGTTACARGAACC-
Slo7 TTTTGGG-CTCTTCTTAT. TTCCAAAGAGAGGGGGAAGGACGCTAAAAGAAC-~
H| 0a TTTGGTTTCTCITTTTAT, TTCCAAAGAGAGGG—TAAGACGTTAAAAGAAC—
a9 TTTGGTTTCTCTTTTTAT TTCCAAAGAGAGGG—TAAGACGTTAAARAGAAC~~
Blio TTTGGTTTCTCTTITTAT TTCCAAAGAGAGGG~—TAAGACGTTACAAGAAC-—
Sinia TTTGGTTICTCTTTTTAT TFTCCAAAGAGAGGG--TAAGACGTTACAAGAAC-—~
If12 CTTGGTTTCTCTTTTTAT PTCCAAGGAGAGGG--TAAGACGTT-CAAGAAC~—
13 CTTGGTTTCTCTTTTTAT. TTCCAAGGAGAGGG~~TAAGACGTTACAAGAAC--

14 TTTGGT~CTTCT~ == = = CTCCAAAGAGAGGG~~TAAGACGCTTCAAGAAC-~

15 TTTGGTTCTTC T~ — CTCCAAAGAGAGGGTA~-AGACGCTACAAGAAC-—
16 TTTGGTTCTTCP - e — CTCCAAAGAGAGGGTA—AGACGCTACAAGAAC--
T|17 TTTGGTTCTTCT ~ = GAGAGGGTA~~AGACGCTACAAGAAC~--
1 18 TTTGGTTCTTCT ~——-—-CTH-CTCCAAAGAGAGGGTA -~AGACGCTACARGRAC-~
s 19 TTTGIITCTCTC~ = ===~ ~CT}-CTCTCCAAAGAGAGGGTAAGATGTTACAAGAAC--
H 20 TTTGGTTCTTCTCTCTCCAA—~4+~———AGAGAGGGTGTGTAAGACGTTACAAGAGC--
21 TTTGGTTCTTCTCICTCCAR~—}~—~—AGAGAGGGTGTGTAAGACGTTACAAGAGC -~

CTCCAAAGAGAGGGTA—AGACGCTACAAGAAC~~
CTCCAAAGAGAGGGTA~—AGACGCTACAAGAAC——
CTCCAAAGAGAGGGTA~--AGATGCTACAAGAAC-~
CTCCAAAGAGAGGGTATAAGACGCTACAAGAAC-~
TCCCAAAGAGAGGG—-TAAGACGTTACAAGAAC--
27 G~-TTCA-TCTCICTCTITGACTCCGGTCTCTGIGAAGGGGTGCGTGGCT TTTCGAAAGCAA
28 G-TTCA-TCTCTCTCTTGACTCCGGTCTCTGTGAAGGGGTGCGTGGCT TTTCGARAGCAA
29 G-TTCA-TCTCTCTCITGACTCCGGT CTCTGT GAAGGGGTGCGTGGCTTTTCGAAAGCAA
30 G-TTCA-TCTCTCTCITGACTCCGGTCTCTGT GAAGGGGTGCGTGGCTTTTCGAAAGTA-
Ti 31 G~TTCA-PCTCTCTCTTGACTCOGGTCTCTGTAMGGGGTGCGTGGCT TT TCGARAGTA-
| 32 G~TTCA-TCTCTCTCTTGACTCOGGICTCTGTARAGGGGTGCGTGGCTTT TCGARAGTA-
N| 33 GGTTCAATCTCTCTCTTGACTCCGGTCTCTGTGAAGGGGTGCGTGGCTTT-CGARAGTA-
34 GGTTCAATCTCTCTCTTGACTCOGGPCTCTGTGAAGGGGT GCGTGGCTTT~CGARAGT A~
35 GGTT-AATCTCTCICTTGACTCCGGTCICTGT GAAGGGGTGCGTGGCTTT~CGAAAGTA-
36 G-TTCA-TCTCTCTCTITGACTCCGGTCTCTGTGAAGGGGTGCGTGACT TTTCGAAAGTA~
37 G-TTCA-TCTCTCICTITGACTCCGGTCTCTGIGAAGGGGTGCGTGGCT TTTCGAAAGCAA
T| 38 GCATTGGCTCTACTC ~— == —~~CA-TCTCAAAAGGA
p| 39 GCATTGGCTCTACTC————~CA-~TCTCAAAAGGA.

[— %]
N
w

40 GCATTGGCTCTACTC e = e = CA=TCTCAAAAGGA
41 G-TTCA-TCTCTCTCTTGACTCOGGTCTCTGTGAAGGGGTGCGTGGCTTTTCGAAAGTA -
T} 42 G-TTCA-TCTCTCTICITGACTCOGGTCTCTI GTGAAGGGGTGCGT GGCTTTTCGARAGTA -
21 43 G-TTCACTCGCGTTTTCCCCTGCTTT-CCCA. TCCGTAACC--
44 G~-TTCACTCGCGTTTTCCCCTGCTTTTCCCA TCCGTAAAC~~
ITS1

FRgure 45. Alignment of the complete internal transcribed spacer region (CITS) of the 44
Typhula sequences (base pairs 181 to 240) using the Clustal method with weighted residue
weight table. Typhula ishikariensis "signature sequence” indicated by box. TISH BSI and
BSII = T. ishikariensis biological species [ and I, TIN = T. incarnata, TP = T. phacorrhiza
and T? = unknown Typhula spp.
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Sequence
smnber 241 300
o0l GATCTTTG-CCTTATAACA-TACCCTTCTTT-TAAARATGTTTAT-GAACCGTCAAAAAA

02 GATCTTTG-CCTTATAACA-TACCCTTCTTT-TAAAAATGGT TAT -GAACGTCAAAARAR
03 GATCTTTG~CCITATAACA-TACCCTTCTTT-TAAAAATGTT TAT-GAACGTCAAAARAR
04 GATCTTTG-CCITATAACA-TACCCTTCTTT-TAAAAATGTTTAT-GAACGTCAAARAAR
05 GATCTTYG-CCTTATAACA-TACCCTTCTTT-TAAAAATGTTTAT-GAACGTCAARAAAA
06 GAATCTTG-GCCTATA-CA-TACCCTTCTTT-TAAAAATGGTTATTGAACCGTAARAAAA
GATCTTTGGCTCTATAATAATACCCTTCTTTATAAAAATGTTTATGAACCGGC-AAAAAA
08 GATCTTTG-C~TTATAACA-TACCCTTCTTT-TARAAATGTTTAT~-GAACGTCAARAAAA
09 GATCTTTG-CCTTATAACA-TACCCTTCTTT-TAAAAATGTITAT-GAACGTCAAAAAAA
10 GATCTTTG-CCTTATA-CA-TACCCT-CTTT-AAAAAATGGTTAT-GACCGTC~ARAAAA
GATCTTTG-CCITATAACA-TACCCT TCTTT-TAAAAATGTTTAT-GAACGTCAARAAAA
12 GATCTTTG~CCTTATAACA-TACCCTTCTTT~TAAAMATGTTTAT-GAACGTCAAAAAAA
13 GATCTTTG-CCITATAACA-TACCCTTCTIT-TAAAAATGTTTAT-GAACGTCAAAAAAA
14 GATCTTTG~CCITATAATA~-TACCCTTCTTT~TAAAAATGGITAT-GAACGTC~~AAAAA
15 GATCTTTG-CCTTATAATA-TACCCTTCTTT-TAAAAATGTTTAT-GAACCGTCARARAA
16 GATCTTTG~CCTTATAATA-TACCCTTCTTT-TAAARATGTTTAT-GAACGTCAAARAAA
17 GATCTTTG~CCTTATAATA-TACCCTTCTTT-TAAAAATGTTTAT-GAACGTCAAAAAAA
18 GATCTTTG-CCTTATAATA-TACCCITCTTT-TAAARATGTTTAT-GAACGTCAARARAA
19 GATCTZTG-CCTTATAACA-TACCCTTCTTT-TAAARATGTT TAT-GAACCGTCAAACAA
20 GATCTTTG-CCTTATAATA-TACCCTTCTTT-TAAAAATGTTTAT-GAACGTCAAAAARA
21 GATCTTTG~CCITATAATA~TACCCTTCTTT-TAAAMATGTTTAT-GAACGTCARARARA
22 GATCTTTG-CCITATAATA-TACCCTTCTTT-TAAAAATGTTTAT-GAACGTCAAAAAAA
23 GATCTTTG-CCTTATAATA-TACCCTTCTTT-TAAAAATGTTTAT-GAACGTCAAAAAAA
24 GATCTTTG-CCITATAATA-TACCCTTCTTT-TAAAAATGTTTAT-GAACGTCAAAARAA
25 GATCTTTG-CCITATAATA~TACCCTTCTTT-TAAAAATGTTTAT-GARCGTCAAAAARA
26 GATCTTTG~-CCTTATAACA~TACCCTTCTTIT~TAAAAATGTTTAT-GAACGTC——AARAA
27 GGTCCTCTATGTTATTATTATACACC-CTTTACAAAAA--CAAGTCCAT-AGAACGTCCA
28 GGTCCTCTATGTTATTATTATACACC~-CTTITACAAAAA-~CAAGTCCAT-AGARCGTCCA
29 GGTCCTCTATGTTATTAT TATACACC~CTTTACAAAAA-—-CAAGTCCAT-AGARCGTCCA
30 GGTCCTCTATGITAT-ATTATACACC-CTTTACAAAAAAACAAGTCCAT~-AGAACGTCCA
1131 GGTCCTCTATGITAT-ATTATACACC~CTTTACAAAAAAACAAGTCCATTAGAACGTCCA
1132 GGTCCTCTATGTCAT-ATTATACACC-CTTTACAAAAAAACAAGTCCAT-AGAACGTCCA
Ni33 GGTCCTCTATGTTAT-ATTATACACC-CTTTACAAAAARACAAGTC-AT—AGACGTCCA
34 GGTCCTCTATGTTAT-ATTATACACC-CTTTACAAAARAACAAGTC~-AT~-—AGACGTCCA
35 GGTCCTCTATGITAT-ATTATACACC~-CTTTACAAAARAAACAAGTCCAT—AGACGTCCA
36 GGTCCTCTATGTTAT-ATTATACACC-CTTTACAAAARAACAAGTCCAT~-AGAACGTCCA
37 GGTCCTCTATGITATTATTATACACC~-CTTTACAAAAR——CAAGTCCAT-AGAACGTCCA

R 2=
o
<

-
-
I

R ]

[=HZN-)

T 38 ===CTATGTTTTTACA~—-TACCC—~CTTCA-ATAAACCT I T==~GAATGTC — == o
P 39 «==CTATGTTTTTACA-—~TACCC~—CTTCA-ATAAACCTIT—~GAATGIC o= e e
40 ===CTATGTTTTTACA-—~TACCC~—CTTCA~ATAAACCTTT = ~GAATGTC e oo

41  GGTCCTCTATGITAT-ATTATACACC-CTTTACAAAAAAACAAGTCCAT~AGAACGTCCA
T/42  GGTCCTCTATGITAT-ATTATACACC-CTTTACAAAAAAACAAGTCCAT-AGAACGTCCA
? e mm e e CCCCAC e ACACA ==~ CTTTAAAAAAA ~ ——ATTAACC~ ~———TAGA

44 - CCCCAC——ACACA-—CTTTATAAAAA. TTAACT~———~TAGA

ITS1
Figure 4.6 Alignment of the complete internal transcribed spacer region (CITS) of the 44
Typhula sequences (base pairs 241 to 300) using the Clustal method with weighted residue
weight table. TISH BSI and BSII = T. ishikariensis biological species [and [I, TIN=T.
incarnata, TP = T. phacorrhiza and T? = unknown Typhula spp.
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09 ATG-TAG-GCTCGCCTTAAAAA-CGTGTAGCTGAAATT-ATAAAA ~—TTATACNZS
10 ATG-TAG-GCTCGCCT~AAAAACCGTGTAGCTGAAAT -~ ATAAA ———~TATTCA
11 ~TG-TAG-GCTCGCCTTAAAARRCGTGTAGCTGAAAT —ATAAA ~ —~TATACKOA
12 ~TG-TAG-GCTCGCCTTAAAAA-CGTGTAGCTGAAATT~ATAAAA -~ TTATACAMS
13 -TG=-TAG-GCTCGCCTTAAAAA-CGTGTAGCTGAAATT-ATAAAA — TTATACHS
14 ATG-TAG-GCTCGCCTTAAAAAACGTGTAGCTGAAGGT~-ATAAAA —T-ATA!
15 ATG-TAG-GCTCGCCTTAAAAA-CGTGTAACTGAAGTT-ATAARA —TTATA

—w D fee 7B |
;
§
:
|
4
:
|
e ]
:

19  ATG-TAG-GCTCGCCTTAAAAA-CGTGTAGCTGGAATT-ATAAAA--TTATACKAC:

ATG-TAG-GCTCGCCTTAAAAA-CGTGTAGCTGAAATT TATAAAAA - TTATACAEL /7%
21 ATG-TAG-GCTCGCCTTAARAA~CGTGTAGCTGAAATTTATAAAAAATTATACHA
22 ~TG-CAG-GCTCGCCTTAAAAA~CGTGTAGCTGAAATT-ATAAAA -—TTATACHR
23 -TG-TAG-GCTCGCCTTAAAAA-CGTGTAGCTGAAATT-ATAAAA — TTATACHL
24 ATG-TAG-GCTCGCCTTAAAAA-CGTGTAGCTGAAATT-ATAAAA——TTATACH
25 ~TG-TAG-GCTCGCCTTAAAAA-CGTGTAGCTGAAATT~ATAAAA —TTATACARLSS
26 ATG-TAG-GCTCGCCTTAAAAA~-CGTGTAGCTGAAATT~ATAAAA —~TTATACA

27 ATGTAGGCGCA-GCGTARAACACTGTTTGCT-GAAA-TTAT-AARAACTTATA
28 ATGTAGGCGCA-GCGTAAAACACTGTTTGCT~-GAAA-TTAT-AAAACTTATA
29 ATGTAGGCGCA-GCGTAAAACACTGT TTGCT~GARA-TTAT-AAAACT TATACMNAC:
30 ATGTAGGCGCA-GCGTAAAACACTGI TTGCT~GAAA~TTAT-AAAACTTATACMAL
T| 31 ATGIAGGCGCAAGCGTAMACACTGT TTGCT~GAAA-TTAT-AAARCTTATAC)
1] 32 ATGTAG-CGCAC-CGTAAAACACTGT TTGCT ~GAAA-TTAT-AAAACTTATACME
N| 33 ATGTAGGCGCA~GCGTAAAACACTGITTGCTTGAAA-TTAT-AAAACTTATACK:
k] | ATGTAGGCGCA-GCGTAAAACACTGITTGCTTGAAA-TTAT-AAAACTTATAC
35 ATGTAGGCGCA-GCGTAAACACTGITTGCTTGAAA-TTAT~-AAAACTTATA!
36 ATGTAGGCGCA-GCGTAAAACACTGTTTGCT-GAAA-TTAT-AAAACTTATACAR
37 ATGTAGGCGCA-GCGTAMAACACTGTTTGCT-GAAR-TTAT-AAAACTTATA!

B Iwuv-—-
A
-]

T| 38 ~TTCTAG-TCTTGCCG-CAAAA ——— ——AGC==AGACTTATTAAA—TT—-,
pl 39 ~TTCTAG-ACTTGCCGTCAAAA - ———-AGC—AGACTTATTAAA—TT—A
40 ~PTCTAG-CCTTGCCOGTCARAA -~ —===-AGC~~AGACTTATTAAA—TT—A

41 ATGTAGGCGCA-GCGTAAAACACTGT TTGCT~GAAR-TTAT-AAAACTTATAC]

ATGTAGGCGCA-GCGTAAACACTGTTTGCT ~-GAAA-TTAT-ARAACTTATACMHA:
43 ATG-Com e = TGATTTGA — === =TCC~TCAG-ATCTTTAATCTTTAATACNR:
4« ATGTCm e~ =—TGATTTGA —— ———TCCCTCAGGATCTT TAATCT TTAATACAR

ITS 1

Rgure 47. Alignment of the complete internal transcribed spacer region (CITS) of the 44
Typhula sequences (base pairs 301 to 360) using the Clustal method with weighted residue
weight table. TISH BSI and BSII = T. ishikariensis brological species [and [I, TIN=7.,
incarnata, TP = T. phacorrhiza and T? = unknown Typhula spp.
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Figure 48. Alignment of the complete internal transcribed spacer region (CITS) of the 44
Typhula sequences (base pairs 361 to 420) using the Clustal method with weighted residue
weight table. TISH BS] and BSII = T. ishikariensis biological species | and I, TIN=T.
incarnaia, TP = T. phacorrhiza and T? = unknown Typhula spp.
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Figure 4.9. Alignment of the complete internal transcribed spacer region (CITS) of the 44
Typhula sequences (base pairs 421 to 480) using the Clustal method with weighted residue
weight table. TISH BSI and BSII = T. ishikariensis biological species | and I, TIN=T.
incarnata, TP =T. phacorrhiza and T? = unknown Typhula spp.
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~CACCCAC~ACT
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~CAACCAC~-ACT

TCT~CAACCAC-ACT
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-TPCTCTCAACCTTG——
~TTCT-CAACCAC-ACT
~TTCT-CACCCAC-ACT

~CACCACCCAC—AC

~CATCAACCAC——AC

ITS 2

Figure 4.10. Alignmeat of the complete internal transcribed spacer region (CITS) of the 44
Typhula sequences (base pairs 481 10 540) using the Clustal method with weighted residue
weight table. TISH BSI and BSII = T. ishikariensis biological species [and I[, TIN=T.
incarnata, TP = T. phacorrhiza and T? = unkmown Typhula spp.
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gumber 541 600
ol ~GGTTTGTT~--—ACAGACTTTACGAGGCTT~-GGACTTTIGGAGTGTGCCGGT == =-CT=-C
02 -CGTTTGTIT—~ACAGACTTTACGAGGCTT-GGACTTT-GGAGTGTGCCGGT ~~-—~CT-C
a3 ~CGTTTGTTT—ACAGACTTTACGAGGCTT-GGACTTT-GGAGTGTGCCGGT -——CT-C
04 -CGTTTGTTT-~ACAGACTTTACGAGGC?T~-GGACTT T-GGAGTGTGCCCGT == ==CT=-C
o5 ~CGTTTGTTT—ACAGACTTTACGAGGCTT-GGACT T T-GGAGTGTGCCGGT —~—CT-C
06 TCGGITGGTTAC-CAGACTTTACGAAGGCT-GGACTTT-GAAGTGTGCGGGT~=~~CTTC

T

I

S|o7 TCGTTTIGTTT-~ACAGACTTTACGAGGCTT -GGACTTT~-GGAGTGTGCCGGT--—CT-C

Hios =CGTTTGTTT-~ACAGACTTTACGAGGCT T -GGACT T T-GGAGTGTGCCGGT —~—CT-C
0s ~CGTITGTTT-—~ACAGACTTTACGAGGCTT~GGACTTT-GGAGTGTGCCGGT——CT-C

Bl1o TCGTTTGTT=~-ACAGACT TTACGAGGCTT-GGACTTT-GAAGTGTGCCGGT ~~=~CTTC

? 11 -CGTTTGTTT—~ACAGACT TTACGAGGCTT-GGACTTT-GGAGTGTGCCGGT——CT-C

12 ~CGTTTGTTT—ACAGACT TTACGAGGCTT ~GGACTTT -GGAGTGTGCCGGT ~—~~CT-C
13 ~CGTTTGTTIT—ACAGACTTTACGAGGCTT~-G-ACTTT-GAAGTGTGCCGGT—~—~CT-C
14 PGGTTTGTTT~-ACAGACTTTACGAGGCTT~-GACTTTT-GGAGTGTGCCGGT——CT-C
15 TCGTTTGTTT——ACAGACTTTACGAGGCTT-GGACTTT~GGAGTGTGCCGGT-——~—CT-C
16 TCGTTTGTIT—ACAGACTTTACGAGGCTT-GGACTT T-GGAGTGTGCCGGT——CT-C
17 TCGTTTGTTT——ACAGACTTTACGAGGCTT-GGACTT T-GGAGTGTGCCGGT——CT-C
1B TCGTTTGTTT—ACAGACTTTACGAGGCTT-GGACTT T-GGAGTGTGCCGGT——CT-C
19 CCGTTTGTTT—~ACAGACTTTACGAGGCT T-GGACT I T-GGAGTGTGCCGGT--—CT-C
20 TCGTTTGTTTTTACAGACTTTACGAGGCTT-GGACTTT-GGAGTGTGCCGGT——CTCT
21 TCGTTTGTTTTTACAGACTTTACGAGGCT T-GGACTT T-GGAGTGTGCCGGT=-~—-CTCT
22 TCGTTTGTTT--ACAGACTTTACGAGGCTT-GGACTT T-GGAGTGTGCCGGT——CT-C
23 TCGTTTGTTT~-ACAGACT TTACGAGGCTT-GGACTTT-GGAGTGTGCCGGT -~ ~-CT-C
24 TCGTTTGTTT--ACAGACT TTACGAGGCTT-GGACTTT-GGAGTGTGCCGGT——~—CT-C
25 TCGTTTGTTT—ACAGACT TTACGAGGCTT-GGACTTT-GGAGTGTGCCGGT -~ -~CT~C
26 =CGTTTGTTT—ACAGACT TTACGAGGCTTTGGACT T TIGGAGTGTGCCGGT——CT~-C
27 ATGT T TTTATTAACGTAGI TCTTGIGGCTTGGATCTTGGAGTTTGTGCCGG-TAAACCTT
28 ATGTTTTTATTAACGTAGITCTTGIGGCTTGGATCTTGGAGTT TGTGCCGG-TAAACCTT
29 ATGTTTITATTAACGTAGTITCTTGIGGCTTGGA TCTIGGAGTT TGTGCCGG-TAAACCTT
30 ATGTITTTATTAACGTAGTTCTTGTGGCTI TGGATC T2 GGAGTTTGTGCCGG-TAAACCTT
T| 31 ATGTTTTTATTAATGTAGITCT TG GGCPTGGATCTTIGGAGTT TGTGCCGG-TAAACCTT
ATGTTT I TATTAATGTAGT TCT TG GGCTTGGATCTTGGAGTT TGTGCCGG-TARACCTT
N| 33 ATGTTTTTATTAACGTAGTTCTYGIGGCT TGGATCTIGGAGTT TGTGCCGGGTAAACCTT
34 ATGTTTTITATTAACGTAGI TCTTIGTGGCT TGGATCTTGGAGTTTGTGCCGG-TARAACCTT
35 ATGTTTITATTAACGTAGT TCTTGrGGCTTGGATCTTGGAGTTTGTGCCGG-TAAACCTT
36 ATGTTTITATTAATGTAGT TCTTGTIGGCT TGGATCTTGAAGTTTGC ~CCGG-TAAACCTT
37 ATGTITITATTAACGTAGI TCT TG GGCTTGGATCTTGGAGTTTGTGCCGG-TAAACCTT

=70 - I-- N7 W

—
W
N

T 38 ====CCAGCTTTATTGTTGTTGCAAGGCTT -GGA-TGTGAGTGTTTGCT GGC ~—~—TCCT
P 39 ——CCAGCTTTATTIGITGTTGCAAGGCTT -GGA~-TGTGAGTGTTTGCTGGC ~~~~TCCT
40 == ==CCAGCCPTATTGTITGTTGCAAGGCTT ~GGA-TGTGAGTGTTTGCTGGC == --TCCT

41 ATGTTTT-ATTAATGTAGTC~-TGTIGGCTTGGATCT ~~GAGTT~-GTGCCGG-TAA~-CCT
ATGTTTT-ATAAATGTAGTC —TGTIGGCTTGGATCT -——-GAGTT-GTGCGGG-TAA--CCT
43 CTGCCTTTIGIGT TGTGIGTC = ~GGCTTGGT TT TGAGGG TTTTTGOGGGCT - ~——-CCT
44 CIGCCTTTTGIGT TGTGTGTC~~—~GGCTTGET T TGAGGGT T TTTGCGGGCT - —~CCT

ITS2

Figure 4.11. Alignment of the complete internal transcribed spacer region (CITS) of the 44
Typhula sequences (base pairs 541 to 600) using the Clustal method with weighted residue
weight table. TISH BSI and BSII = T. ishikariensis biological species [ and II, TIN = T.
incarnata, TP = T. phacorrhiza and T? = unknown Typhula spp.
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Sequence

samber 601 660
o1 TAACGAGATCG-~-ACTCC-TCTTTAAATGCATTAGCTGGAACCTC-TT~-GTGGACC~AG
02 TAACGAGATCG——~. -TCTTTAAATGCATTAGCTGGAACCTC-TT-GTGGACC~-AG

a3 TAACGAGATCG-~~ACTCC~TCITTARMATGCATTAGCTGGAACCTC-TT~GTGGACC~AG
a4 TAACGAGATCG--——ACTCC~TCTTTAAATGCATTAGCTGGAACCTC-TT~GTGGACC-AG

11 TAACGAGATCG~-—~ACTCC~TCTTTAAATGCAT TAGCTGGAACCTC-TT~-GTGGACC-AG
12 TAACGAGATCG-—~ACTCC~TCTTTAAATGCAT TAGCTGGAACCTC-TT-GTGGACC-AG
13 TAACGAGATCG~-——ACTCC~TCTTTAAATGCAT TAGCTGGAACCTC-TT-GTGGACC-AG
14 TAACGAGATCG-~—~ACTCC~TCTTTAAMTGCATTAGCTGGAACCTC~TT-GTGGACC~-AG
15 TAACGAGATCG-—ACTCC~TCTTTAAATGCATTAGCTGGAACCTC~TT-GTGGACC~AG
16 TAACGAGATCG-—ACTCC~TCTTTAAATGCATTAGCTGGAACCTC~TT~GTGGACC-AG
17 TAACGAGATCG-—ACTCC~TCITTAAATGCATTAGCTGGAACCTC~-TT~-GTGGACC~AG
18 TAACGAGATCG=-=ACTCC~TCTTTAAATGCATTAGCTGGAACCTC~TT-GTGGACC~AG
19 TAACGGGATCG~——ACTCC-TCTTTAAATGCATTAGCTGGARCCTC-CT-GTGGACC-AG
20 AACCGAGATCG~—ACTCC~TCITTAAATGCATTAGCTGGAACCTC~TT~GTGGACCCAG
21 AACCGAGATCG--~ACTCC~TCTTTAMIGCATTAGCTGGAACCTC-TT~-GTGGACCCAG
22 TAACGAGATCG-—=ACTCC~TCTTTAMTGCATTAGCTGGAACCTC~TT~-GTGGACC-AG
23 TAACGAGATCG--——ACTCC~TCTTTAMTGCATTAGCTGGAACCTC~TT~GTGGACC-AG
24 TAACGAGATCG--~ACTCC~-TCTTTAMTGCATTAGCTGGAACCTC~TT~GTGGACC~AG
25 TAACGAGATCG--~ACTCC~TCTTTAAATGCATTAGCTGGAACCTC~TT~-GTGGACC-AG
26 TAACGAGATCG~~~ACTCC~-TCTTTAMATGCATTAGCTGGAACCTC~TT-GTGGACC~AG
27 TAGTTAGGITGTTGGCTCCTCTTT-AAATGCATTAGCTGGAACCTC-TTTGTGGTGCCAG
28 TAGTTAGGITGTTGGCICCTCTIT-AAATGCATTAGCTGGAACCTC-TTTGTGGTGCCAG
29 TAGTTAGGITGTTGGCTCCTCTT T -AARTGCATTAGCTGGA-CCTC-TTTGTGGTGCCAG
30 TAGTTAGGTITGTTGGCICCTCTTT-AMATGCAT TAGCTGGAACCTC~TTTGTGGTGCCAG
1| 31 TAGTTAGGTITGTTGGCTCCTCTTT-AMTGCAT TAGCTGGGACCTC-TTTGTGGTGCCAG
1l 32 TAGTTAGGITGTTGGCPCCTCTTT-ARATGCAT TAGCTGGGACCTC-TTTCTGGTGCCAG
N| 33 TAGTTAGGTTGTTGGCTCCTCTTT-ARTGCAT TAGCTGGAACCTC~TTTGTGGTGCCAG
34 TAGTTAGGTTGTTGGCTCCTCTTT-AAATGCAT TAGCTGGAACCTC~-TTTGTGGTGCCAG
a5 TAGTIAGGTTGTTGGCTCCTCTTT-ARATGCAT TAGCTGGAACCTC~-TTTGTGGTGCCAG
36 TAGTTAGGTTGTTGGCTCCTCTT T-AAATGCAT TAGCTGGGACCTC~TTTGTGGTGCCAG
37 TAGTTAGGITGTTGGCTCCTICTTT-AAATGCATTAGCTGGAACCTC-TTTGTGGTGCCAG
T 38 TAGTTGAGTCG—~GCTCAC—TTTARMATGTAT TAGC-GGAACCTC-T—GCG-ACCCAT
P 39 TAGTTGAGTCG===-GCTCAC-~TTTARATGTAT TAGC~-GGAACCTC~T——GCG-ACCCAT
40 TAGTTGAGTCG———GCTCAC-~TTTAAATGTAT TAGC-GGAACCTC-T—GCG-ACCCAT
41 TAGT-AGGT-GTTGGCTCCTCTTT-AAATGCATTAGCTGGGACCTC~-TTTGTGGTGCCAG
T| 42 TAGT-AGGT-GTTGGCTCCTCTTTTAAATGCAT ~AGCTGG~ACCTC~TTTGTGGTGCCAG
7 43 TAGC-AGA—GCCGGCTCC--CTTTAAATGTATTAGCGAGGACTCCGTCCGCTGACC--G
44 TAGC-AGA—GCCGGCTCC~~CTTTARATGTATTAGCGAGGACTCCGTCOGCTGACC~-G

ITS 2

Figure 4.12. Aligoment of the complete internal transcribed spacer region (CITS) of the 44
Typhula sequences (base pairs 601 to 660) using the Clustal method with weighted residue
weight table. TISH BSI and BSII = 7. ishikariensis biological species [and II, TIN=T.
incarnata, TP = T. phacorrhiza and T? = unknown Typhula spp.

T|os TAACGAGATCG-——ACTCC-TCTTTAAATGCATTAGCTGGAACCTC-TT-GTGGACC-AG
[]os TAACGAGATCG~~-ACTCCCTCTTTAAATGCATTAGCTGGAACCTC-TT-GTGGACC~AG
S|a7 TAACGAGATCG~—ACTCC~TCTTTAAATGCATTAGCTGGAACCTC-TT-GTGGACC-AG
H| o8 TAACGAGATCG-~-ACTCC~TCTTTAAATGCATTAGCTGGAACCTC~TT~-GTGGACC~AG

09 TAACGAGATCG——ACTCC-TCTTTAAATGCATTAGCTGGAACCTC-TT-GTGGACC-AG
g 10 TAACGAGATCG~=~ACTCCCTCTTTAAATGCAT TAGCTGGAACCTC~TT-GTGGACC-AG
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nomber 661 T20
01 ACTACGGTGTGATAAT-TATCTACGCTGTTGGTC-TTGTGAAGCA-CTTTATTGTTACGA
02 ACTACGGTGTGATAAT-TATCTACGCTGTTGGTC-TTGIGAAGCA-CTTTATTGTTACGA
03 ACTACGGTGTGATAAT-TATCTACGCTGTTGGTC-TTGIGAAGCA-CTTTATTGTITACGA
04 ACTACGGTGTGATAAT-TATCTACGCTGTTGGIC-TTGTIGAAGCA-CTTTATTGTTACGA
as ACTACGGTGTGATAAT-TATCTACGCTGI TGGTC-TTGTGAAGCA-CTTTATTGITACGA
06 ACTACGGTGTGATAAT-TATCTACGCTGT TGGTC~-CTOTGAAGCA~CTTTATTGI TACGA
07 ACTACGGTGTGATAAT-TATCTACGCTGITGGTC-TTGTGAAGCA-CTTTATTIGTTACGA
ACTACGGTGTGATAAT-TATCTACGCTGTTGGTC-TTGTGAAGCA-CTTTATTIGTTACGA
09 ACTACGGTGTGATAAT-TATCTACGCTGTITGGTC-TTGTGAAGCA-CTTTATTGTTACGA
10 ACTACGGTGTGATAAT-TATCTACGCTGTTGGTC-TTGTGAAGCA-CTTTATTGTTACGA
11 ACTACGGTGTGGTAAT-TATCTACGCTGTTGGTC-TTGTGAAGCA-CTTTATTGTTACGA
12 ACTACGGTGTGATAAT-TATCTACGCTGTTGGTC~TTGTGAAGCA-CTTTATTGITACGA
13 ACTACGGTGTGATAAT-TATCTACGCTGTTGGTC~TTGTGAAGCA-CTTTATTGTTACGA
14 ACTACGGTGTGATAAT-TATCTACGCT GITGGTC~TTGTGAAGCA-CTTTATTGITACGA
15 ACTACGGTGTGATAAT-TATCTACGCTGPTGGTC~-TTGTGAAGCA~CTTTATTGTTACGA
16 ACTACGGTGTGATAAT-TATCTACGCTGPTGGTC-TTGTGAAGCA-CTTTATTGTTACGA
17 ACTACGGTGTGATAAT-TATCTACGCT GITGGTC~TTGTGAAGCA~-CTTTATTGTTACGA
18 ACTACGGTGTGATAAT-TATCTACGCTGTITGGTC-TTGTGAAGCA-CTTTATTGTTACGA
19 ACTACGGTGTGATAAT-TATCTACGCTGTTGGTIC~TTGIGAAGCA-CTTTATTGTTACGA
ACTACGGTGTGATAAT-TATCTACGCTGTTGGTC-TTGTGAAGCA-CTTTATTGTTACGA
21 ACTACGGTGTGATAAT-TATCTACGCTGTTGGTC-TTGTGAAGCA-CTTTATTGTTACGA
22 ACTACGGTGTGATAAT-TATCTACGCTGITGGTC~-TTGTGAAGCA-TTTTATTGTTACGA
23 ACTACGGTGTGATAAT-TATCTACGCTGTTGGTC-TTCTGAAGCA-CTT TATTGTTACGA
24 ACTACGGTGTGATAAT-TATCTACGCTGTTGGTC~TTGIGAAGCA-CTTTATTGT TACGA
25 ACTACGGTGTGATAAT—~ATCTACGCTGTTGGTC~-TTGTGAAGCA-CTTTATTGT TACGA
26 ACTACGGTGTAATAAT-TATCTACGCTGITGGTC-TTCTGAAGCA-CTTTATTGTTACGA
27 ACTATGGTGTGATAAT -TATCTACGCTGTGGTT TGTTGCGCTGCGAATTTA--ACTATGG
28 ACTATGGTGTGATAAT-TATCTACGCTGTGGTT TG TTGCGCTGCGAATTTA--ACTATGG
29 ACTATGGTGTGATAAT-TATCTACGCTGIGGTTTGTTGCGCTGCGAATTTA--ACTATGG
30 ACTATGGTGTGATAAT-TATCTACGCTGTGGTTTGTTGCGCTGCGAATTTA--ACTATGG
T| 31 ACTATGGTGTGATAAT-TATCTACGCT GPGGTTTGTTGCGCTGCGAATTTA--ACTATAG
1132 - ACTATGGTGTGATAAT-TATCTACGCT! GTGGTTTGTTGCGCTGCGAATTTA-~-ACTATAG
Nif 33 ACTATGGTGTGATAAT-TATCTACGCTGPGGT T TGTTGCGCTGCGAATTTA--ACTATGG
34 ACTATGGTGTGATAAT-TATCTACGCT GTGGTT TG TTGIGCTGCGAATTTA--ACTATGG
35 ACTATGGTGTGATAAT-TATCTACGCTGTGGTT TG TTGCGCTGCGAATTTA--ACTATGG
36 ACTATGGTGTGATAAT-TATCTACGCTGTGGTTTCTTGCGCTGCGAATT TA~-~ACTATGG
37 ACTATGGTGTGATAAT-TATCTACGCTGIGGTTTGTTGCCCTGCGAATTTA--ACTATGG
T 38 ~CATTGGTGTGATAATCTATCTACGCTATTGGT - —-GCAAGCCTTCTT TATTGAAGTTG
P 39 -CATTGGTGTGATAATCTATCTACGCPATTGGY ——-GCAAGCCTTCTTTATTGAAGTTG
40 ~CATTGGTGTGATAATCTATCTACGCTATTGGY -~ ~GCAAGCCTTCTTTATTGAAGTTG
41 ACTATGGTGTGATAAT-TATCTACGCTGTGGTTTGTTGCGCTGCGAATT TA~-ACTATGG
ACTATGGTGTGATAAT-TATCTACGCPGT GG TTTGTTGCGCTGCGAATT TA-~ACTATGG
43 TCTCIGGCGTGATAAT -TATCTA =~ o e e e GTCA-AAGGCGAG—---AATGTGATGG
44 TCTCIGGCGTGATAAT -TATCTA - ~~—n—e e == GTCA-AAGGCGAG~~~AATGTGATGG

ITS2

Figure 4.13. Alignment of the complete internal transcribed spacer region (CITS) of the 44
Typhula sequences (base pairs 661 to 720) using the Clustal method with weighted residue
weight table. TISH BSI and BSII = T. ishikariensis biological species [and [, TIN=T.
incarnata, TP = T. phacorrhiza and T? = unknown Typhula spp.
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1 780
GGPTCTGCTTCTAATCGTCCTTT. AC- PGCGACAATG———
GGTTCTGCTTCTAATCGTCCTTT. AC TGCGACAATG—
GGTTCTGCTTCTAATCGTCCTTT AC TPTGCGACAATG~— o— e
GGITCTGCTTCTAATCGTCCTTT » —— ——em = AC— == = m e e TGTGACAAT G e e
T GGITCTGCTTCTAATCGTCCTTT AC- TGIGACAATG————
I GGITCTGCTTCTAATCGTCCTTT AC TGCGACAATG—— ——me e
S GGTTCTGCTTCTAATCGTCCTTT AC- TGPGACAATG— ———
H GGITCTGCITCTAATCGTCCTTT. AC- TGPGACAATG—— =
GGTTCTGCTTCTAATCGTCCTTT. AC TOPGACAATG—
B GGTTCTGCTTCTAATCGTCCT T~ e — —— AC~ -~ —PGTGACAATG———————
S GGTTCTGCTTCTAATCGTCCTTT AC- TGCGACAATGom e e
I GGTTCTGCTTCTAATCGTCCTTT. AC TGOGACAAT G oo e
GGTTCTGCTTCTAATCGTCCTTT AC TGCGACAA TG o e e
GGTTCTGCTTCTAATCGTCCTTT. AC-~ TGCGA ——
GGTTCTGCTTCTAATCGTCCTT? - — e AC~ ~ e e e TGCGACAAT G e e
GGITCTGCTTCTAATCOTCCTTT. AC- TGCGACAATG————mm=m
T GGITCTGCTTCTAATCGTCCTT? AC- TGCGACAATG———— e
q GGTTCTGCTTCTAATCGTCCTTT AC TGCGACAATG—=———m=m
S GGITCTGCTTCTAATCGTCCTITY ac TGCGACAAT G =
H GGTTCTGCTTCTAATCGTCCTTT AC TGCGACAATG—— —— e e
GGTTCTGCTTCTAATCGTCCPTT AC- TGCGACAAT G —m e
GGTTCTGCTTCTAATCGTCCTTT. AC TGCGACAATG———————
B GGTTCTGCTTCTAATCGTCCT T e e e e AC— e e e e - PGCGACAAT G e e
s GGTTCTGCTTCTAATCGTCCTTT. AC. TGCGACAATG—m e =
o GGTTCTGCTTCTAATCGTCCTTT AC. TGCGACAATG—————
GGCTCTGCTTCTAATCGTCCTTT AC e T N —

GGTITCTGCTTCTAATCGTCCCTT T TCAAAGGACAGTATAGAGI GTGGTGGTGGGGTTGCT
GGITCTGCTTCTAATCGTCCCTT TTICAAAGGACAGTATAGAGI GT GGTGGTGGGGTTGCT
GGITCTGCTTCTAATCGTCCCTT TPCAAAGGACAGTATAGAGIGTGCTGGTGGGGTTGCT
GGITCTGCTTCTAATCGTCCCTT T-CAAAGGACAGTATAGAGT GTGGTGOTGGGGTTGCT
GGITCTGCTTCTAATCGTCCCTT T-CAAAGGACAGTATAGAGTGI GG TGGTGGGGTTGCT
GGTITCTGCTTCTAATCGTCCCTT P~ CAAAGGACAGTATAGAGTIGTGGTGOTCGGGTTGCT
GGITCTGCTTCTAATCGTCCCTTT~-CAAAGGACAGTATAGAGTGTGGTGGTGGGGTTGCT
GGITCTGCTTCTAATCGTCCCTT T-CAAAGGACAGTATAGAGTIGT GG TGGTGGGGTTGCT
GGITCTGCTITCTAATCGTCCCTTT~-CAAAGGACAGTATAGAGTGTGGTGGTGGGGTTGCT
GGITCTGCTTCTAATCGTCCCT T TTCAAAGGACAGTATAGAGTGTGG TGGTGGGGTTGCT

T GAT-CAGCTTCTAACCGTCTTCG- GACAACG
P GAT-CAGCATCTAACCGTCTTICG GACAACG
GAT-CAGCCTCTAACCGTCTITCG GACRAACE.

GGTITCTGCTTCTAATCGTCCCT T T~CAAAGGACAGTATA GAGT GTGGTGOTGGGETTGCT
GGITCTGCTTCTAATCGTCCCTTT~CAAAGGACAGTATAGAGT GTGG TGGTGGGGTTGCT
—=CTTGCITCTAATCGTC = TCGAGAGA — e e e —~GACCGCGAAGTGACT
e =CPTGCTTCTAATCGTC~———=TCGAGAGA ~GACCGCGAAGTGACT

ITS2

Figure 4.14. Alignment of the complete internal transcribed spacer region (CITS) of the 44
Typhula sequences (base pairs 721 to 780) using the Clustal method with weighted residue
weight table. TISH BSI and BSII =T ishikariensis biological species [ and [, TIN=T.
incarnata, TP = T. phacorrhiza and T? = unknown Typhula spp.

2
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01
02
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07
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34
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38
39
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44




ommber 781

o1 ———A-GGGTTTTATTCTTA-ATT—GAATTGGCC-TTT

02 ~——A-GGGTTTTATTCITA-ATT—GAATTGGCC~TTT - ——— —-GACA'

03 ~—A-~GGGTTTTATTCTTA-ATT --GAATTGGCC-TTT - —————GACA'

04 ~=—A-GGGTTTTATTCTTA-ATT—GAATTGGCC-TTT~———— ———-GACA'
Tjos ~———A~GGGTITTATTCTTA-ATT —GAATTGGCC-TTT~——am—m—mm GACA'
Ilos == —=A~GGGTTTTATTCTTA-A~—TTGAATTGGOC-TTT ~———— ——~GACA'
S|o7 ~=—A-GGGTTTTATTCTTA-A—TTGAATTGGCC-TTT~— ————— GACA
Hio8 ~——A~GGGTTTTATTCTTA-ATT——GAATTGGCC-TTT~—m —— —— GACA'

09 ~——A-GGGTTTTATTCTTA-ATT ~—GAATPGGCC-TTT-— = e GACA
Bl1io ~——~A-GGGTTTTATTCTTA-ATT—GAATTGGCC-PT T~ —— = ~GACA'
Sl ~===A~GGGTTTTATTCTTA-ATT——GAATTGGCC~TTT-————-GACA
I12 ——A-GGGTTTTATTCTTA-ATT —GAATTGGCC~TTT-— ——~———GACATOIG]

13 ~——A-GGGTTTTATTCTTA-ATT—GAATTGGCC~TTT == =e == mm ~GACAT LR

14 = =—A=~GGGTTTICTTI TT~—~TG=~GAATT~-CC~TTT—— — — —-GACAT TR

15 ——==A-GGGTTTTCT TTTT—-—TG——GAATT—~CC~T TP~ mm e e e —GACA!

16 ——A-GGGTITTCT TTTT~—TG—~GAATT - ~CC—TTT= = em = e = =GACA
|17 ———=A~GGGTITICTTITT—~~TG-—~GAATT -~ CC~TTT - = ——e——=GACA
(118 === A~GGGTTTICTTTTT--—TG——GAATT ——CC-TTT e e e e e = GACA
s|1® e e A=GGGTCTTCTTT T~ ~ =~ == == GAATG— ~CC-T T~ e —mmm e = GACA'
q|2° ~——AAGGGTTTICTATTTT-ATTT TGGAAT TCCC~TTT = o m e e e = GACA'

21 ~=—=AAGGGTTTTCTATTTT~ATTT TGGAATTCCC-TTT-~———————GACA!

22 ~—==A-GGGTTTTCITTTT - —TG—GAATT -~ CC-TTT = m e me e GACA'
8|23 ——A~GGGTTTICTTTTT -~ TG——GAATT~-CC-PTT == e m e == = GACA'

s |24 == A~GCGTTTTCITTTT~ =~ TG=~GAATT - ~CC-TTT~ = e e e = GACA
nl2s == A-GGGTTTTCPTTTT~~~TG=—GAATT—~CC-TT T~ mm e eme GACA'

26 ~e——A-GGGTGTT-CTCTT~~~TT—~GAAT~—GCC-TTT = mm e e e GACAGT™

|
|
|
|
:
g
:

1|38  ———TCGTATTT-GITTT—-ACTACGAATCGATAATTT-—— - —~GACAAGRPSS
p|39  —-—TCGTATTT-GITTT-—-ACTACGAATCGATAATTT-————--GACAAQROAL
40 ———TCGTATTT-GITTT— ~ACTACGAATCGATAATTT - e mm - GACAAQ RGN
41  TTCAAGGGGTTCGCCTCTTGIGTTACAATCTTGCCCTTTACCTCTTATTGACA .”"‘Eﬁ’f
Tl 42  TTCAAGGGGTTCGCCICTTGIGTTACAATCITGCCCTTTACCTCITATTGACA :
7143 v AATCGGTCA—-GCTTCATCTTGAC —1
44 T AATCGGTCA—~~GCTTCATCTTGAC—1

ITS 2

Figure 4.15. Alignment of the complete intemal transcribed spacer region (CITS) of the 44
Typhula sequences (base pairs 781 to 840) using the Clustal method with weighted residue
weight table. TISH BSI and BSII = T. ishikariensis biological species  and I, TIN = T.
incarnata, TP = T. phacorrhiza and T? = unknown Typhula spp.
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Figure 4.16. Alignment of the complete internal transcribed spacer region (CITS) of the 44
Typhula sequences (base pairs 841 to 893) using the Clustal method with weighted residue
weight table. TISH BSI and BSII = T. ishikariensis biological species I and I, TIN =T
incarnata, TP = T. phacorrhiza and T? = unknown Typhula spp.
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Two phylogenetic trees were constructed from the CITS of forty-four aligned
sequences of the Typhula species. First, a slanted cladogram of the distance measure analysis
showing the relationships of the Typhula sequences is presented in Fig. 4.17. The data were
resampled with 5,000 bootstrap replicates (Felcnstein, 1985) by using the heuristic search
option of PAUP. The percentage of bootstrap replicates that yielded each grouping (group
frequencies) was used as a measurc of statistical confidence and are indicated above the
cladogram branches (see Fig. 4.17). Three T. phacorrhiza sequences (38, 39 and 40) were set
as the outgroup. The slanted cladogram clustered the sequences into three groups: the
unidentified Typhula sequences (43, 44), T. incarnata, and the T. ishikariensis complex. The
T. ishikariensis complex formed a topology that displayed a tendency to form two groups (BSI
= sequences 1 to 13 and 26, and BSII = sequences 14 to 25) but the group frequencies ranged
from 70 to 100%, which indicated variability between the two groups (BSI and BSII) but not
enough to infer that they are different species.

The second tree constructed from the CITS of the Typhula species was based on
parsimony analysis. A strict consensus phylogram of the CITS parsimony analysis showing
the relationships among the Typhula species is presented in Fig. 4.18. The data were
resampled with 10,000 jackknife replicates (Felenstein, 1985) by using the heuristic search
option of PAUP. The percentage of jackknife replicates that yielded each grouping (jackknife
percentages) are indicated above the phylogram branches (see Fig. 4.18). The three T.
phacorrhiza sequences (38, 39 and 40) were again used as an outgroup. The branch lengths of
the phylogram represent genetic distances between groups. The T.incarnata, T. ishikariensis
and the unidentified Typhula sequences were separated into three groups with no clear
separation within the T. ishikariensis complex.

The alignment of the forty-four Typhula CITS sequences indicated the presence of
unique sequence differences between the two biological species of the T. ishikariensis complex

within the ITS 1 region (Figs. 4.4 and 4.5). The sequences of the ITS 1 region of the T.
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Figure 4.17. Slanted cladogram of distance measure analysis showing relationships
of twenty-six Typhula ishikariensis, thirteen T. incarnata, two unidentified Typhula
spp. and three T. phacorrhiza sequences. The cladogram was derived from the
nucleotide sequences of the complete internal transcribed (CITS) region of the
nuclear ribosomal DNA (arDNA). The sequences were aligned by DNA Star Clustal
alignment and the cladogram was generated by PAUP 4.0. Three T. phacorrhiza
sequences (38, 39 and 40) were set as the outgroup. The numbers above branches
indicate group frequencies from 5,000 bootstrap replicales. Sequences are identified
by numbers as described in Tables 4.2, 43 and 44. The species are marked on the
rght * =T. ishikariensis WIG1; ** = T. ishikariensis WIG2.
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Figure 4.18. Strict consensus phylogram of parsimony analysis showing relationships
among twenty-six Typhula ishikariensis, thirteen T. incarnaia, two unidentified Typhula
spp. and three T. phacorrhiza sequences. The nucleotide sequences of the complete
internal transcribed spacer (CITS) regions of the nuclear ribosomal DNA (nfDNA) were
aligned by DNAStar Clustal alignment and the phylogram was generated by PAUP 4.0.
Three T. phacorrhiza sequences (38, 39 and 40) were set as the oulgroup. The numbers
above branches indicate the percentages from 10,000 jackknife replicates. Horizontal
lengths represent genetic distances and the scale for branch lengths is indicated.
Sequences are ideatified by numbers as described in Tables 4.2, 43 and 4.4. The species
are marked on the night * =T. ishikariensis WIG1; ** = T. ishikariensis WIG2.
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ishikariensis complex were aligned by the Clustal method within the DNAStar software
program and the “signature sequence” where the biological species can be differentiated is
presented in Fig. 4.19. This signature sequence is approximately forty-four bp long and
ranges from approximately 145 bp to 189 bp within the ITS I region.

Also, from the T. ishikariensis complex ITS 1 region alignment, two phylogenetic trees
were constructed. First, a slanted cladogram of the distance measure analysis showing the
relationships of the 7. ishikariensis complex ITS | sequences is presented in Fig. 4.20. The
data were resampled with 5,000 bootstrap replicates (Felenstein, 1985) by using the heuristic
search option of PAUP. The percentage of bootstrap replicates that yielded each grouping
(group frequencies) was used as a measure of statistical confidence and are indicated above the
cladogram branches (see Fig. 4.20). The T.incarnata sequence 27 was set as the outgroup.
The slanted cladogram clustered the T. ishikariensis complex sequences into two groups:
biological species I (1 to 13 and 26 and biological species 11 (14 to 25). However, the T.
ishikariensis complex formed a topology that displayed a tendency to form two groups (BSI =
sequences 1 to 13 and 26, and BSII = sequences 14 to 25) but the group frequencies were 58
and 67%, which indicated variability between the two groups (BSI and BSII) but not enough
to infer that they are different species.

The second tree constructed from the ITS 1 region of the 7. ishikariensis complex was
based on parsimony analysis. A strict consensus phylogram showing the relationships among
the 7. ishikariensis complex is presented in Fig. 4.21. The data were resampled with 10,000
Jackknife replicates (Felenstein, 1985) using the heuristic search of PAUP. The percentage of
jackknife replicates that yielded each grouping are indicated above the phylogram branches (see
Fig. 4.21). The T.incarnata sequence 27 was set as the outgroup. The branch lengths
represent genetic distances between groups. The T. ishikariensis sequences were separated
into three groups with only 78, 67 and 76% jackknife percentages, which indicates variation
between the (wo biological species but not enough to infer that they are different species.
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TIN 27
a1 GACGTTACAAGAAC
02 TACGGGGGA-GTTG GACGTTACAAGAAC
03 TACGGGGGA-GCTG GACGTTACAAGAAC
04 TACGGGGGAAGTTG GACGTTAAAAGAAC
05 TACGGGGGA-GTTG
D6 TACGGGGGA-GTTG!
BS] 07 TATGGGGGA-GTTG
08 TACGGGGGA-GTTG
09 TACGGGGGA-GTT
10 TACGGGGGA-GTTG GACGTTACAAGAAC
11 TACGGGGGA-GTTG GACGTTACAAGAAC
T 12 TACGGGGGA-GTTG' ACGTT~CAAGAAC
13  TACGGGGGA-GTTG GACGTTACAAGAAC
| 26 TACGGGGGAGTTTG GACGTTACAAGAAC
S 14 TATGGGGGA-GTTG GACGCTTCAAGAAC
H 15 TATGGGGGA-GTTG GACGCTACAAGAAC
16 TATGGGGGA-GTTG GACGCTACAAGAAC
17 TATGGGGGA-GTTG GACGCTACAAGAAC
18 TATGGGGGA-GTTG GACGCTACAAGAAC
19 TACGGGGGA-GTTG GATGTTACAAGAAC
BSIl 20 wTATGGGGGA-GTTG GACGTTACAAGAGC
21 TATGGGGGA-GTTG! GACGTTACAAGAGC
22 TATGGGGGA-GTTG GACGCTACAAGAAC
23 TATGGGGGA-GTTG GACGCTACAAGAAC
24 TATGGGGGA-GTTG GATGCTACAAGAAC
25 TATGGGGGA-GTTG GACGCTACAAGARAC
Figure 4.19. Signature sequence within the ITS | region of the ntDNA than dilferentiates the biological species of the
Typhula ishikariensiy complex. The sequence is highlighted and the approximate runge and distance within the ITS |

region are shown,

681
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Figure 4.20. Slanted cladogram of distance measure analysis showing relationships of
twenty-six Typhula ishikariensis and one T. incarnaia sequences. The cladogram was
derived [rom the nucleotide sequences of the internal transcribed region 1 (ITS1) of the
nuclear ribosomal DNA (arDNA). The sequences were aligned by DNAStar Clustal
alignment and the cladogram was generated by PAUP 4.0. One T. incarnala sequence
(27) was set as the outgroup. The numbers above branches indicate group frequencies
from 5,000 bootstrap replicales. Sequences are identified by numbers as described in
Tables 4.2 and 43. The species arc marked on the right. * = T. ishikariensis WIGI; **
= T. ishikariensis W1G2.
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Figure 421. Strict phylogram of parsimony analysis showing relationships

among twenty-six Typhula ishikariensis and one T. incarnata sequences. The nucleotide
sequences of the internal ranscribed spacer region 1 (ITS1) of the nuclear ribosomal DNA
(nrDNA) were aligned by DNAStar Clustal alignment and the phylogram was generated
by PAUP 4.0. One T. incarnata sequence (27) was set as the outgroup. The numbers
above branches indicale the percentages {rom 10,000 jackknife replicates. Horizoatal
lengths represent genelic distances and the scale for branch lengths is indicated.
Sequences are identified by numbers as described in Tables 4.2 and 43. The species are
marked on the right. * = T. ishikariensis WIG1; ** = T. ishikariensis WIG2.
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DISCUSSION

Sequence analyses of the CITS region of the nrDNA is a consistent and accurate
method for fungal plant pathogen identification. The technique consistency can be roughly
estimated by calculating the percent identities of sequences that were derived from different
DNA extractions of the same isolate and from different clones of the same DNA extraction of
the same isolate (Table 4.10). The percent identities of different DNA extractions of the same
isolate ranged from 94 to 100% identical, while sequences derived from different clones of the
same DNA extraction of the same isolate ranged from 96 to 100% identical. This level of
technique consistency supports further use of this technique as a rapid and accurate
identification tool.

Sequences derived from different DNA extractions and different clones are consistent
(54 to 100% identical, Table 4.8), but are there sequence differences between monokaryons
and dikaryons of the same isolate? Sequence 16 (dikaryotic 7. ishikariensis isolate 2.105)
versus sequences 17 and 18 (monokaryotic T. ishikariensis isolate 2.105) were 99 to 100 %
identical (Appendix C, Table C.1). Also, sequence 33 (dikaryotic T.incarnata isolate 2.136)
versus sequences 34 and 35 (monokaryotic T. incarnafa isolate 2.136) were 96 to 98%
identical (Appendix C, Table C.3). The percent identities for dikaryons versus monokaryons
of the same isolate ranged from 96 to 100%. However, this is not enough evidence to reject
the theory that there are differences between monokaryons and dikaryons of the same isolate.
Future experiments could be designed to determine sequence differences between
monokaryotic and dikaryotic states of the same isolate by increasing the number of sequence
comparisons. Also, it would be interesting to determine if dikaryotic hybrids from a
monokaryotic BSI (or WIGI) isolate with a monckaryotic BSII (or WIG2) isolate mating
would produce a “new hybrid™ CITS nrDNA sequence.

The results of the molecular identification experiments indicate that the CITS region of
the nrDNA can be used to differentiate T.incarnata, T. ishikariensis and T. phacorrhiza. The
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Table 4.10. Percent identities of different DNA extractions of the same isolate and of different
clones of the same DNA extraction of the same isolate.

S‘m:d Sequencesof

DNA Typhula spp. Percent identity Different Typhula spp. Percent identity
extracgops? cloes®

5.6 T. ishikariensis 94 8.9 T. ishikariensis 100
16,17, 18 T. ishikariensis 99-100 10, 11 T. ishikariensis 9%
27,28.29 T.incarnata 99-100 12,13 T. ishikariensis 9
30,31, 32 T.incarnata 97-100 39,40 T.phacorrhiza 100
33,34,35 T.incarnata 96-98 41,48 T.phacorrhiza 99

3 Different DNA extracGons of be same isolate.

bt Different clones of the same isolate.
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percent identities, cladogram and phylograms of the CITS region of the nrDNA clearly
differentiate the three Typhula species.

Also, analyses of the CITS and the ITSI regions of the nrDNA infer that isolates of the
wwo T. ishikariensis groups (WIG1-BSI and WIG2-BSII) are the same species but perhaps are
undergoing speciation or lineage divergence. The 26 CITS sequences from the 20 T.
ishikariensis isolates were 87 10 100% identical with a 0 to 8% divergence. Percentage of
sequence identity of the CITS for the 44 sequences {rom the 30 Typhula spp. or Typhula-like
isolates ranged from 59 to 100% with a 0 to 30% divergence. The 26 sequences from the 20
T. ishikariensis isolates were 59 to 78% identical to the eleven sequences of five T.incarnata
isolates, three sequences from two T. phacorrhiza isolates and four sequences from 3
unidentified Typhula-like isolates and had a 22 to 30% divergence.

More work on the [TS 1 region “signature sequence” is needed as conflicting sequence
data has been reported (Hsiang and Wu, 1999). The percentage of sequence identities of
Hsiang and Wu'’s sequences as compared to the 26 T. ishikariensis sequences reported here are
presented in Table 4.11. The percentage of sequence identities among the three sequences
ranged from 93 to 95%. These three sequences along with the 26 T. ishikariensis sequences
from this study were aligned using the Clustal method option of DNAStar and the signature
sequence area within the [TS | region is presented in Fig. 4.22. Both Typhula ishikariensis
varieties canadensis and ishikariensis sequences from (Hsiang and Wu, 1999) have the BSII
signature sequence (Fig. 4.22). This conflicts with sequences 10, 11, 12 and 13 (7.
ishikariensis var. ishikariensis ) that have the signature sequence of BSI not BSII. The T.
ishikariensis var. idahoensis sequence (Hsiang and Wu, 1999) does have the T. idahoensis
signature as in this study.

The T. ishikariensis phylogenetic trees constructed from the [TS1 region of the CITS of
nrDNA (Figs. 4.20 and 4.21) support the grouping of the T. ishikariensis complex into two
diverging groups (biological species I and biological species II). The only exception is the
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Table 4.11. Percentage of sequence identity in the complete internal transcribed spacer region
between the University of Wisconsin study Typhula ishikariensis sequences (1 to 26), one T.
incarnata sequence (27) and three sequences downloaded from GenBank, T. ishikariensis var.
canadensis (AF134711), T. ishikariensis var. idahoensis (AF134712) and T. ishikariensis var.
ishikariensis (AF134713) (Hsiang and Wu, 1999).

Sequence 7. ishikariensis T. ishikariensis T. ishikariensis

number  var. ishikariensis var. idahoensis var. canadensis

1 95 a3 ?n
2 95 93 n
3 96 95 93
4 95 95 93
b 96 95 93
6 o0 90 86
7 89 87 86
8 95 94 2
9 94 3 RN
10 R 89 88
I 95 94 92
12 9% 94 3
13 54 93 91
14 96 92 93
15 97 93 94
16 98 95 95
17 98 94 95
18 98 95 95
19 56 94 93
20 96 92 3
21 97 92 3
22 98 95 95
3 98 95 96
24 98 95 95
25 98 95 96
26 95 97 92
27 72 72 67




Sequence . BSI ITS 1 primer 3'
1D >

01 TACGGGGGA-GTTGTG
02 TACGGGGGA-GTTGTG
03 TACGGGGGA-GCTGTG
04 TACGGGGGAAGTTGTG
05 TACGGGGGA-GTTGTG
06 TACGGGGGA-GTTGT
07 TATGGGGGA-GTTGTG
BS! o8 TACGGGGGA-GTTGT!

GATCAT-TAATTTGGTTTCTCTTTTTATAGCTTTCCAAAGAGAGGG~-TARGACGTTACAAGAAC
GGATCAT-TAATTTGGTTTCTCTTTTTATAGCTTTCCAAAGAGAGGG-~TAAGACGTTACAAGAAC
GGATCAT-TAATTTGGTTTCTCTTTTTATAGCTTTCCAAAGAGAGGG--TAAGACGTTACAAGAAC
GGATCAT-TAATTTGGTTTCTCTTTTTATAGCTTTCCAAAGAGAGGG-GTAARGACGTTAAAAGAAC
GGATCAT-TAATTTGGTTTCTCTTTTTATAGCTTTCCAAAGAGAGGG~-TAAGACGTTARAAGAAC
GGATCAT-TAATTTGGTTTCTCTTTTTATAGCTTTTCCAAGAGAAGGT~-AAGACGTTACAAGARC
GGATCATATCATTTTGGGC~TCTTCTTATAGCTTTCCARAGAGAGGGGGAAGGACGCTAARAGAAC
GGATCAT~TAATTTGGTTTCTCTTTTTATAGCTTTCCAAAGAGAGGG--TAAGACGTTAAAAGAAC
09 TACGGGGGA-GTTGT GGATCAT-TAATTTGGTTTCTCTTTTTATAGCTTTCCAAAGAGAGGG-~TARGACGTTARAAGAAC
10 TACGGGGGA-GTTGTG. GGATCAT-TAATTTGGTTTCTCTTTTTATAGCTTTCCAAAGAGAGGG~~-TAAGACGTTACAARGAAC
11 TACGGGGGA-GTTGTGAAAANGGGATCAT-TAATTTGGTTTCTCTTTTTATAGCTTTCCAAAGAGAGGG - -TAAGACGTTACAAGAAC
12 TACGGGGGA~GTTGTGAAAANGGGATCAT-TARCTTGGTTTCTCTTTTTATAGCTTTCCAAGGAGAGGG~-TAAGACGTT~CAAGAAC
TACGGGGGA-GTTGTGAAAANGGGATCAT-TAACTTGGTTTCTCTTTTTATAGCTTTCCAAGGAGAGGG-~TAAGACGTTACAAGAAC

K : B n % : S : TS

26 TACGGGGGAGTTTGTGAARAAGG-ATCAT-TAATTTGGPTTCTCCTTTATAAGCTTCCCAARGAGAGGG-~TAAGACGTTACAAGAAC

14 TATGGGGGA-~GTTGT -~~~ AAGGAEtAT—TCATTTGGT-CTTCT -------- CTCTCCAAAGAGAGGG-~TAAGACGCTTCAAGAAC
15 TATGGGGGA-GTTGT=~=~~ AAGGATCAT-TCATTTGGTTCTTCT=~~meuwmu CTCTCCAAAGAGAGGGTA~-~AGACGCTACAAGAAC
16 TATGGGGGA-GTTGT—~~-~ ARGGATCAT-TCATTTGGTTCTTCT ==~ = =u - CTCTCCAAAGAGAGGGTA~~AGACGCTACAAGAAC
17 TATGGGGGA~GTTGT -~~~ AAGGATCAT-TCATTTGGTTCTTCT-—=~—==~ CTCTCCARAGAGAGGGTA~~AGACGCTACAAGAAC
18 TATGGGGGA-GTTGT~~~~~ AAGGAiBAT-TCATTTGGTTCTTCT -------- CTCTCCAAAGAGAGGGTA~~AGACGCTACAAGAAC
19 TACGGGGGA~GTTGT ==~~~ AAGGA“CAT-TAATTTGGTTCTCTC -------- CTCTCTCCAAAGAGAGGGTAAGATGTTACAAGAAC
BSIl 20 TATGGGGGA-GTTGT~~~~~ AAGGA“CAT-TCATTTGGTTCTTCTCTCTCCAA ------ AGAGAGGGTGTGTAAGACGTTACAAGAGC
21 TATGGGGGA-GTTGT=~~=~AAGGATLCAT~TCATTTGGTTCTTCTCTCTCCAR-~~==w AGAGAGGGTGTGTAAGACGTTACAAGAGC
22 TATGGGGGA-GTTGT-~~~~, AAGGATCAT-TCATTTGGTTCTTCT -~~~ ==~ CTCTCCAAAGAGAGGGTA--AGACGCTACAAGARC
25 TATGGGGGA-GTTGT~~~-~AAGGATEAT~-TCATTTGGTTCTTCT - = ~= === =CTCTCCAAAGAGAGGGTATAAGACGCTACAAGAAC
23 TATGGGGGA-GTTGT-~~~~ AAGGATCAT-TCATTTGGTTCTTCT-~ === = CTCTCCAAAGAGAGGGTA--AGACGCTACAAGAAC

24 TATGGGGGA~-GTTGT~~~~~ AAGGATLCAT-TCATTTGGTPCTTCT-——mm= CTCTCCAAAGAGAGGGTA--AGATGCTACAAGAAC

[} v

ITS1 217

Figure 4.22. Signature sequence alignment within the ITS | region of the nrDNA that differentiates the biological species of the
Iyphula ishikariensis complex. Hsiang and Wu's (1999) sequences* are highlighted. Potential primer sites are indicated by
arrows. Sequences 10, 11, 12 und 13 are from 70 ishikariensis var. ishikariensis which is the same as Hsiang and Wu's "ish*",

o1

’30 5' BSI1 ITS 1 primer 3' >
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placement of sequence 19 (T. ishikariensis WIG2 isolate 3.122). Sequence 19 contains the
“signature sequence” that distinguishes it as biological species II, Fig. 4.19. However,
sequence 19 is placed within the biological species I clade of the phylogenetic trees, Figs. 4.20
and 4.21. One possible explanation for the placement of sequence 19 in the biological species |
clade is that it is a hybrid of the two biological species. Christen and Bruehl (1978) reported
that hybrids of T. ishikariensis X T. idaloensis can exist in nature and maybe T. ishikariensis
WIG?2 isolate 3.122 is a hybrid of T. ishikariensis biological species I X T. ishikariensis
biological species II. It is possible that a T. ishikariensis biological species | X T. ishikariensis
biological species II hybrid could possibly give conflicting CITS sequence data, intermediate
dikaryon-monokaryon mating reactions and atypical morphological characteristics. Isolate
3.122 was also one of the six isolates (out of 46 total) that had a positive or intermediate mating
reaction with T. ishikariensis Norway group [II isolate 6-IBS-4 (Tables 3.3 and 3.4). Four of
these six isolates were collected from the same golf course: Trout Lake Golf and Country Club,
Woodruff, WI. [t was estimated that 45% of the sampled fairways of this golf course were
damaged by Typhula blight and that T. incarnata, T. ishikariensis, T.phacorrhiza and an
unidenitified Typhula species were callected (Table 2.22).

Minor support of the grouping of the T. ishikariensis isolates into two diverging groups
was demonstrated by comparison of the results of the dikaryon-monokaryon painings with the
CITS results (Tables 4.12 and 4.13). The average percent identities between 3 WIG1
sequences X 7 BSI sequences and 6 WIG2 sequences X 3 BSII sequences were both 98%
(Tables 4.12 and 4.13). On the other hand, the average percent identities for the WIG1XBSII
comparison was 96% and for the WIG2XBSI comparison it was 95%. These differences may
or may not be significant, but when these average % identities are connected with the percent
dikaryotization (WIG1XBSI = 98%, WIGIXBSII = 0%, WIG2XBSI = 0% and WIG2XBSII
=56%; Table 4.15), two separate groups are apparent.

The potential use of this technique as a rapid and accurate diagnostic tool is



Table 4.12, Dikaryon-monokaryon mating reactions and percentage sequence identities between Wisconsin group 1 and Wisconsin
group 2 isolates versus biological species |, biological species 11 and Norway group 111 isolates,

Dikaryon-monokaryon reaction / % sequence identity
Biological species | Biological species I1 Norway
Wisconsin sequence pumber sequence number group 1
e | st | g | e o i L kel Bl
aumber A B;;g':.’; ishikariensis ;" ;‘;;'g : B 1} canadensis m
PR9-4-3 92-32-M1 358 | 43,585 Can2lm | 6-IBS4
4 5 6 12 B3 8 9 20 22 24 NA?
WIGH/} 1.93 +197 2+ 197 i+ 196 +/98 +196 +198 +/98 -4 -197 -196 -
WiG12 2183 | +/98 +199 +193 +199  +197 +198 +1971) -195 -197 -197 -
WIG!13 3.120 +199 +199 +194 +199  +198 +199 +198 | -195 -198 /- 198 ]
wiG214 131 -195 -195 189 <195 -193 794 194 | -196 -196  +/97 .
WIGY 1S 297 -195 -196 -193 -196  -195 -194 194 | +196 -/98 +/98 -
w1G62/16 2,105 -1 -198 -192 -1 -196 -19 -196 -198  +/100 +/100 -
WIG2/17 2.105 -197 -198 <192 -197  -196 -197 -197 ) -198 +199 41100 -
WIG2/18 2,105 -9 -198 -192 -197 - 196 -196 -195 -198 +199 + 1100 -
WIG219  3.122 -196 -192 -192 -191  -19 -196 I 4194 4198 4197 +H %

» NA = Norway group lil isolate was not sequenced.

891
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Table 4.13. Percent dikaryotization and average percent identity between Wisconsin group 1
and 2 versus biological species [ and I1.

Wisconsin BSI BSI BSU BSIT

grouping %dikaryotization? average %identity % dikaryotzation? average %ideatity
WIG! 98% 9B% 0% 9%6%
WwIG2 0% 95% 56% 9B%

a3 WIGI vs. BSI: dikaryon-monokaryon pairings 19 (+), 2 (¢/+) = 98% dikaryotizaton; WIG! vs. BSII:
dikaryon-monokaryon pairings 8 (-), 1 (&/-) = 0% dikaryotization; WIG2 vs. BSL: dikaryon-monokaryon
pairings 42 (-) = 0% dikaryotization; and WIG?2 vs. BSII: dikaryon-monokaryon pairings 10 (+), 6 (-). 1 (=/+ ),
I (</+ )= 56% dikaryotization.
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demonstrated by the molecular identification of the unidentified Typhula species isolate G2
(collected from Gaillardia spp. by C. R. Grau). In vitro the G2 isolate had morphological
characteristics that resembled both T. phacorrhiza and T.incarnata. The sclerotia were large
and appeared to have a small stipe attaching it to the plant debris. However, the color and rind
cell patterns were intermediate between the two species. The sequences (41 and 42) of this
isolate were 91 to 97% identical to the T. incarnata isolates, Table B.4. This high level of %
identity indicates that the G2 isolate is T. incarnata.

However, a disadvantage of this technique is that tester isolates or reported sequence
data is needed before unknown isolates are positively identified. The [ailure to identify the
isolates G4 (sequence 43) and T? 3.129 (sequence 44) illustrates this disadvantage. These two
1solates were 92% identical to each other but their morphological characteristics were vastly
different. Isolate T? 3.129 had large dark brown to almost black sclerotia with light cream
colored outer edges on culture media. The T? 3.129 sclerotia coalesced into linear bands on the
surface of the PDA. On the other hand, isolate G4 had large brown stipullate sclerotia that
were singular on the surface of PDA. It may be that isolate G4 and T? 3.129 are closely
related. However, further characterization of these isolates is needed before their identity is
revealed.

Future studies centered on the CITS region should include more T. idafoensis and T.
ishikariensis var. idahoensis isolates from around the world. In this study only one T.
idahoensis isolate was sequenced (sequence 26). The T. idahoensis sequence was grouped
within the biological I species, Figs. 4.17 and 4.18. However, the biological I species concept
considers T. idahoensis to be within the biological II species concept, Fig. 3.1. This conflict
could be clarified if more T. idahoensis and T. ishikariensis var. idahoensis isolates are
sequenced.

Further sequencing of the ITS 1 region of T. ishikariensis complex isolates should be

conducted to investigate the potential use of the “signature sequence” as an identification tool.
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After more sequences are compared and if the “signature sequences™ are consistently found,
then primers can be designed to readily identify an unknown isolate as being either similar to
biological species [ or biological species II. Fig. 4.22 illustrates the 5* to 3’ primers (BSI
primer and BSII primer) that could be created and paired with the iTS-2 primer (White et al.,
1990; which isa 3’ to 5’ primer located within the 5.8 S region). The design of these primers
would then eliminate the need to sequence the whole CITS region in order to make a molecular
identification. If the implementation of these primers is successful, molecular identification of

the biological species could then be completed within one day, or even hours.
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