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Abstract:
Polymerase Chain Reaction (PCR) protocols were developed for the diagnosis of net and spot forms of
Pvrenophora teres. Low copy number sequences selected from a P. teres f. sp. maculata random
genomic library were used as a source of probes. Emphasis was placed on those sequences identifying
DNA polymorphisms between net and spot isolates and with little or no sequence similarity with
barley, wheat, or triticale genomes.

Sequences identifying a large deletion in genomic DNAs of net and spot isolates were preferred over
sequences detecting small DNA changes. Sequence data of two informative clones, pPtm-290, and
pPtm-60, were used to construct primer sets to amplify the corresponding sequence in genomic DNAs
of net and spot isolates present in barley plants infected with these pathogens.

PCR results demonstrated the potential of the PCR as a diagnostic tool for P. teres. All the PCR
experiments conducted with primers designated as Pt-1 and Pt-2 constructed using the sequence data
from pPtm-290, showed a strict correlation between the presence of a 430 bp band and the presence of
the pathogen in genomic DNAs of barley infected with the net form, spot form or both pathogens.

PCR experiments with primers Pt-3 and Pt-4 constructed using sequence data from pPtm-60, indicated
that it is possible to detect polymorphic bands between net and spot isolates as evidenced by the PCR
products analyzed in an ethidium bromide agarose gel.

PCR analysis offers a sensitive, rapid, inexpensive, and non-radioactive technique for the diagnosis of
P. teres infection in field-grown barley plants. Future experiments should focus on the ability of the
PCR to detect P. teres and P. graminea in infected barley seeds. Additionally, PCR-based protocols for
P. teres diagnosis could possibly be incorporated in seed certification programs to avoid the distribution
of infected seed in farmer fields. 
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ABSTRACT

Polymerase Chain Reaction (PCR) protocols were 
developed for the diagnosis of net and spot forms of 
Pvrenoohora teres. Low copy number sequences selected from 
a P. teres f. sp. maculata random genomic library were used 
as a source of probes. Emphasis was placed on those 
sequences identifying DNA polymorphisms between net and spot 
isolates and with little or no sequence similarity with 
barley, wheat, or triticale genomes.

Sequences identifying a large deletion in genomic DNAs 
of net and spot isolates were preferred over sequences 
detecting small DNA changes. Sequence data of two 
informative clones, pPtm-290, and pPtm-60, were used to 
construct primer sets to amplify the corresponding sequence 
in genomic DNAs of net and spot isolates present in barley 
plants infected with these pathogens.

PCR results demonstrated the potential of the PCR as a 
diagnostic tool for P. teres. All the PCR experiments 
conducted with primers designated as Pt-I and Pt-2 
constructed using the sequence data from pPtm-290, showed a 
strict correlation between the presence of a 430 bp band and 
the presence of the pathogen in genomic DNAs of barley 
infected with the net form, spot form or both pathogens.

PCR experiments with primers Pt-3 and Pt-4 constructed 
using sequence data from pPtm-60, indicated that it is 
possible to detect polymorphic bands between net and spot 
isolates as evidenced by the PCR products analyzed in an 
ethidium bromide agarose gel.

PCR analysis offers a sensitive, rapid, inexpensive, 
and non-radioactive technique for the diagnosis of P. teres 
infection in field-grown barley plants. Future experiments 
should focus on the ability of the PCR to detect P. teres 
and P. araminea in infected barley seeds. Additionally, 
PCR-based protocols for P. teres diagnosis could possibly 
be incorporated in seed certification programs to avoid the 
distribution of infected seed in farmer fields.
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INTRODUCTION

Net blotch is an economically significant disease of 
barley (Hordeum vulcare L.) and is caused by the fungus 
Pvrenophora teres f. sp. teres Smedeg. Yield losses as high 
as 40 % have been reported when susceptible barley Cultivars 
are infected with a virulent biotype of P. teres. A 
decrease in grain quality, particularly with regard to 
brewing characteristics, has also been associated with 
barley plants infected with P. teres. The appearance of a 
new biotype described as the spot form of P. teres has been 
a major problem to plant breeders and pathologists. The 
origin of the spot form of P. teres is not known at present.

Resistant germplasm and early diagnosis of P. teres are 
essential components in managing and preventing losses in 
barley plants infected with these pathogens. While most 
research has focused on the development of resistant 
germplasm, few studies have concentrated on the fungus 
itself.

Disease diagnosis of P. teres is currently made on the 
basis of symptom expression. However, it is often difficult 
to make an accurate identification based oh the appearance 
of symptoms. The spot form of P. teres closely resembles 
the spot blotch disease caused by Cochliobolus sativus (Ito
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and Kurib.) Drechsl. ex Dastur., which attacks wheat, barley 
and other grasses, complicating still more its 
identification.

Detection tests based on the use of specific and 
sensitive nucleic acid probes have been used effectively in 
a number of plant pathogen systems. The use of . 
radioisotopes has limited the use of molecular probes for 
disease diagnosis.

The utility of the Polymerase Chain Reaction (PCR) as a 
tool for the molecular identification of plant pathogens is 
becoming increasingly important. It is highly sensitive, 
rapid, and does hot require the use of radioactive labelled 
probes.

This study was undertaken to evaluate the potential of 
the Polymerase Chain Reaction (PCR) for the diagnosis of 
P. teres infection in field-grown barley plants.
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REVIEW OF LITERATURE 

The Disease

Pvrenoohora teres is the causal organism Of net blotch 
of barley (Hordeum vulqare L.). Symptoms induced by 
P. teres occur on the blades and sheaths of the leaves and 
may extend to the flowers and grains. Initial lesions 
appear as minute spots Or streaks which increase in size to 
form narrow, dark brown, longitudinal and transverse 
streaks, producing a net-like pattern. This netting 
appearance is characteristic of P. teres and it is from this 
appearance that the disease gets its common name of net 
blotch (Drechsler, 1923; Dickson, 1956).

Isolates of P. teres have been detected that produce 
spot-Iike lesions rather than netting on barley.(McDonald, 
1967; Smedegard-Petersen, 1971; Bockelman et al., 1983;
Karki and Sharp, 1986). The symptoms induced by the spot 
form of P. teres consist of dark brown, elliptical or 
fusiform lesions measuring up to 3 x 6 mm in size and 
surrounded by a chlorotic zone of varying width (Smedegard- 
Petersen, 1971). Isolates producing a spot phenotype in 
Parley plants have been considered to be P. teres because of 
their ability to cross with isolates of P. teres that 
produce the netting symptoms (McDonald, 1967);
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Smedegard-Petersen, 1971). Based on their ability to 
intercross with each other, the designation Pvrenophora 
teres Drechs. forma maculata for the spot type of P. teres. 
and Pvrenonhora teres Drechs. forma teres for the net type 
was suggested (Smedegard-Petersen, 1971).

The spot form of P. teres has been found to be more 
prevalent than the net form wherever both forms are present 
(Smedegard-Petersen, 1971; Karki and Sharp, 1986; Tekauz and 
Buchannon, 1977). The origin of the spot form of P. teres 
in the U.S.A. and Canada is not known with certainty. 
Nevertheless, it is believed that this biotype may have been 
introduced into these regions on contaminated barley seed 
(Tekauz and Buchannon, 1977).

Resistance in barley to the net form of P. teres has 
hot been associated with resistance to the spot form of 
P. teres or vice versa (McDonald, 1967; Smedegard-Petersen, 
1976; Karki and Sharp, 1986; Tekauz and Buchannon, 1977). 
However, further investigation is required to elucidate more 
information regarding the genetics and inheritance of 
resistance in barley to both forms of P. teres.

The Pathogen

The anamorph of this fungus Drechslera Ito., 
syn. Helminthosoorium teres Sacc., is placed in the class 
Hyphomycetes, based on the fact that the conidia are not 
borne in pycnidia or acervuli (Talbot, 1971). The binomial
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Heiminthosporlum teres was first applied by Saccardo to a 
fungus collected on leaves of barley in 1881 (Drechsler, 
1923). The fungus was described as having 3-septate 
cdnidiophores arising in a group of five from a green 
substratum and bearing at the tip a single conidium. The 
conidia were described as dark green structures, thick 
walled, 4-5 septate, ellipsoidal or subcylindrical and 
tapering toward the rounded ends (Drechsler, 1923).

The telomorph of this organism produces asci and 
ascospores, placing it in the subdivision Ascomycotina.
The asci are bitunicate, placing it in the class 
Ldculoascomycetes and the presence of pseudoparaphyses 
places it in the order Pleosporales (Talbot, 1971).
Drechsler (1923), was the first to describe the ascigerous 
stage of Pyrenophora teres. He placed it in the genus 
Pyrenophora. based on the presence of setae on the 
perithecial surface.

The fungus overwinters as mycelium in plant debris as 
well as in infected seed. It also overwinters as perithecia 
on infested straw. Early in the growing season, when 
environmental conditions are favorable, conidia are produced 
on infested plant debris. In addition, perithecia release 
asci and ascospores which represent a source of primary 
inoculum which Will then produce primary infection on barley 
plants.
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Genetics of Pvrenophora teres

Studies were conducted to determine the inheritance of 
factors controlling the expression of symptoms and 
pathogenicity in crosses between £. teres and P. graminea. 
cause of the stripe disease of barley (Smedegard-Petersen, 
1971, 1976, 1977, and 1983). Three loci designated as Ss. 
for the spot form of P. teres, Nn, for the net form of 
P. teres and Gg, for P. graminea were identified which 
determine symptoms produced on barley plants. The loci for 
spot (Ss) and net (Nn) segregated independently. The loci 
for spot (Ss) and barley stripe (Gg) were closely linked.

The inheritance of morphological characters Of P. teres 
in culture has also been determined (McDonald, 1967). The 
ability to form reproductive structures in culture was 
dependent on a single gene whereas other morphological 
characters under study, such as color and vertical tufts of 
mycelium, were multi-genic.

The heterothallic nature of Pi. teres has also been 
demonstrated (McDonald, 1963; Smedegard-Petersen, 1978). 
Monoconidial or monoascosporic isolates did not produce 
fertile pefithecia when paired with other than their 
opposite mating.types. In contrast, mature perithecia of 
P. teres were produced by growing mixed suspensions of two 
compatible single—spore isolates.
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Cytogenetic studies indicated that somatic cells of 

P. teres were mult!nucleate, and 5 chromosomes were observed 
in the nuclei of this fungus (Magnus, 1969).

Restriction Fragment Length Polymorphisms (RFLPs) have 
been useful as genetic markers for some plant pathogens 
(Michelmore and Hulbert, 1987). These polymorphisms result 
from specific differences in DNA sequence that alter the 
size of the fragment obtained after digestion of genomic DNA 
with type II restriction endonucleases.

Using RFLPs as genetic markers, the worldwide variation 
and linkage analysis of Bremia lactucae has been inves
tigated (Hulbert et al., 1988). RFLPs have also been useful 
to determine the genetics of virulence of the obligately 
parasitic barley powdery mildew fungus (Christiansen and 
Giese, 1990). Bulat and Mironenko (1989) used RFLP analysis 
to determine the genetic variation in isolates of P. teres 
and P. graminea. Ribosomal DNA of Saccharomvces cerevisiae 
and total genomic DNA of a P. graminea isolate were used as 
hybridization probes. According to this study isolates of 
P. teres and P, graminea could be distinguished when these 
probes were hybridized with DNAs of these two pathogens.It 
was also found that P. teres and P. graminea contain a high- 
repeat ribospmal DNA from S. cerevisiae that presumably is 
absent in other closely related fungi. Based on the DNA 
polymorphisms observed, Bulat and Mironenko (1989) concluded 
that P. teres and P. graminea should be united as the same
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species of P. teres and ascribed them to different forma 
specialis.

Recent Developments in Plant Disease Diagnosis

Recent advances in molecular biology are being applied 
to the development of rapid, specific, and sensitive tools 
for the detection of plant pathogens. Immuno-assays and DNA 
base probes are among the more convenient techniques 
suggested for the detection of plant pathogens (Miller and 
Martin, 1988).

In recent years a new method was devised called 
"Polymerase Chain Reaction" (PCR) whereby a nucleic acid 
sequence can be exponentially amplified in vitro (Mullis and 
Faloona, 1987). PCR involves repeated cycles of DNA strand 
synthesis directed by sequence-specific synthetic oligo
nucleotide primers, permitting exponential amplification of 
that specific sequence out of ai crude genomic DNA prepara
tion (Mullis and Faloona, 1987; Cherfas, 1990).

A modification of this approach, termed "Inverse PCR" 
(IPCR), allowing amplification of regions flanking segments 
of known sequence, has been described (Ochman et al., 1988 
and 1990; Triglia et al., 1988). This technique is based on 
the digestion of source DNA with restriction enzymes and 
circularization of cleavage products before amplification 
using primers synthesized in the opposite orientation to



9
those normally employed for PCR. IPCR has been used to 
clone genomic sequences flanking transposable elements from 
the maize genome (Earp et al., 1990). PCR products can then 
be visualized in an agarose gel stained with ethidium 
bromide, avoiding the use of radioactive material. This, 
along with the specificity, sensitivity, and rapidity, have 
made the PCR a powerful tool for disease diagnosis in humans 
(Banghman et al., 1989; Li et al., 1988), animals (Belak et 
al., 1989) , insects (Moser et al.,, 1989) and food-borne 
bacterial pathogens (Lampel et al., 1990).

Recently, work has been focused on the feasibility of 
using PCR for disease diagnosis in infected plants. "Mai 
seco", a serious wilt disease in lemon orchards and caused 
by the fungus Phoma tracheiohila has been detected using PCR 
as a diagnostic tool (Rollo et al., 1990). Detection of 
mycoplasma like organisms of aster yellows (Schaff et al., 
1990), and apple scar skin viroid, dapple apple viroid, 
and/or pear rusty skin viroid-infected tissue has also been 
possible using PCR approaches (Hadidi and Yangy 1990). 
Currently, PCR is being used for diagnosis of the Take-all 
disease of wheat caused by Gaeumannomvces graminis var. 
I=^itici (J. Henson, personal communication).
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MATERIALS AND METHODS 

Isolate Selection and Designation

P. teres isolates collected in Mexico correspond to 
four locations used by the International Maize and Wheat 
Improvement center (CIMMYT) to select barley cultivars 
resistant to net blotch (Hugo Vivar, personal communica
tion) . Other isolates were from the U.S.A. and Colombia. 
Isolates were collected so that their virulence could be 
determined and compared. Isolates were selected based on 
differential reactions on some specific cultivars previously 
investigated (Karki and Sharp, 1986; Bjarkd, 1979). 
Subsequently, 12 isolates of net form and 8 isolates of spot 
form of P. teres were selected for evaluation with 32 
differential cultivars. Isolates were named on the basis of 
state or country, collector, and place of collection 
(Table I). Other Pvrenoohora and Cochliobdlus species used 
are listed in Appendix C.

Isolate Maintenance and Pathogen Isolation

Leaf tissue showing characteristic symptoms of net or 
spot forms of P. teres and leaf spots of blights associated 
with Pyrenoohora and Cochliobolus species listed in Appendix 
C were cut into pieces 10 mm long and surface-sterilized in
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Table I. Net and spot forms of P. teres representing 

several geographical regions.

Isolate
Designation Origin

Name of 
Collector

Type of 
Reaction

Mex-2 (Anahuac-I) Mexico H. Vivar net
Mex-3 (Anahuac-2) Mexico H. Vivar net
Mex-4 (Cd. Sahagun) Mexico H. Vivar net
Mex-5 (La Lagunilla) Mexico H. Vivar netMex-6 (E. Zapata) Mexico H. Vivar netCalif-I (Tulare County) California B. Steffenson netCalif-3 (Fresno County) California B. Steffenson net
Calif-5 (Solano County) California B. Steffenson netPt-R Montana M. Bjarko netSco-B Montana M. Bjarko net86-Hfi Montana M. Bjarko netMN-I Minnesota B. Steffenson netCol-I (Iraka County) Colombia H. Vivar spot
Col-2 (Tundama County) Colombia H. Vivar spotCol-3 (Boyaca County) Colombia H. Vivar spotPt 6-2 Wyoming M . Bj arko spotFc-I Montana M. Bjarko spotCon-S Montana M . Bj arko spotHort Farm Montana B. Baltazar spotPost Farm Montana B. Baltazar spot

1% sodium hypochlorite solution (NaOHCl) for about I minute. 
Three or four leaf pieces of each sample were transferred to 
petri plates containing 2% agar and incubated at 16°C with 
alternating 12 h light and 12 hr of darkness. Single 
conidia emerging from the leaf tissue were transferred onto 
the centers of petri plates containing V-8 juice agar. 
Maintenance of monoculture isolates in V-8 juice agar 
medium, subsequent subculture and inoculum preparation were 
conducted as previously described (Karki and Sharp, 1986).
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Cultivar Selection and Planting

The 32 barley cultivars used as differential varieties 
are listed in Table 2. Selection was based on differential 
reaction to isolates of net and spot forms of P. teres.
These included current commercial varieties grown in Montana 
and neighboring states.

Table 2. Barley cultivars used in determining pathogenic 
variation of net and spot forms of P. teres.

Cultivar Cl Number

Klages Cl 15478
Moravian III Cl 15812
Hector Cl 15514
Gallatin PI 491534
Beecher Cl 11292
Morex Cl 15773
Robust PI 476976
Pirbline Cl 9558
Clark Cl 15857
Harrison Cl 10667
Menuet PI 428490
Bowman PI 483237
Betzes Cl 6398Frej a Cl 11303Tifang Cl 4407
Herta Cl 12325
Compana Cl 5438
Erbet Cl 13826
Manker Cl 15549Summit Cl 1136Vireo Cl 7584 

Cl 9776 
Cl 5791 
Cl 9819
Cl 2750 
Cl 1615
Cl 5845 
Cl 12821 
Cl 14023 
Cl 1197
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Inoculation

Ten day old barley seedlings were inoculated by 
spraying 100 ml of inoculum suspension with an atomizer 
driven by compressed air. Inoculated plants were incubated 
in a saturated dark dew chamber at 16°C for 24 h, then for 
8 days at 21-24 0C.

Disease Rating and Statistical Analysis

Disease ratings were made 10 days after inoculation on 
a scale 1-10 as previously described (Tekauz, 1985).
Disease ratings were based on percentage of leaf area 
infected and lesion size. Cultivars rated lower than 4.3 
were considered resistant and others were considered 
susceptible. This separation point for resistance and 
susceptible reaction has been described as the most 
appropriate based on a cluster analysis by taking the 
average disease ratings and adding the standard errors of 
the means (Karki and Sharp, 1986). This experimental 
arrangement corresponds to a single replication of two- 
factor factorial with 32 and 20 levels, respectively, for 
variety and isolate. Statistical analysis for the main 
effects of variety and isolate employed the conventional 
calculation of the mean squared for the interaction between 
the factors as the denominator for the F-ratios (and when 
developing the standard error for making LSD multiple 
comparisons). Such statistical tests are valid when factor
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levels are considered random, i.e., the cultivars and 
isolates studied represent a sample from a larger set of 
cultivars and isolates toward which statistical inference is 
directed. These statistical tests are conservative when 
inference is directed only toward the specific set of 
isolates and cultivars studied in this research. It is not 
possible by this analysis to consider interaction itself
statistically (Snedecor and Cochran, 1989).

/  '

Fungus DNA Extraction

DNA of P. teres f. sp. teres and P. teres f. sp. 
maculata isolates was extracted by using a modification 
(Appendix A) of a method previously described (Murray and 
Thompson, 1980). Twenty day old monocultures of net and/or 
spot form of P. teres kept at 16°C were used as a source of 
material for subculture. Agar blocks containing mycelia and 
conidia were transferred to 1000 ml flasks containing 50 ml 
of V-8 juice, 0.75 g of CaCO3 and 200 ml of distilled water 
and kept at room temperature for 10-15 days. The mycelium 
was collected, rinsed with distilled water and kept at —700C 
until used for DNA extraction.

Library Construction and Selection of Clones

A P. teres f. sp. maculata genomic library was 
constructed in the plasmid vector pUC12 according to the pUC 
cloning kit manufacturer's recommendations (Boehringer
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Mannheim). Total genomic DNA isolated from the spot form of 
P. teres isolate identified as "Hort-Farm" was used for 
library construction. This isolate was collected at the 
Horticultural Research Farm of the Agricultural Experiment 
Station located I mile west of Montana State University.
The "Hort—Farm" isolate was also found to be one of the most 
virulent.

Plasmid and genomic DNA were digested with Acc I and 
Tag I restriction enzymes respectively and ligated using T4 
ligase. Recombinant plasmids containing DNA inserts of P. 
teres f. sp. maculata were evaluated using two approaches. 
The first approach consisted of cleaving the inserts from 
the plasmid vector with Ecg RI and Pst I restriction 
endonucleases. Southern blotted, and probed with nick- 
translated total genomic DNA of P. teres f. sp. maculata.
The second approach was the dot blot method as previously 
described (Landry and Michelmore, 1985). To detect RFLPs, 
selected inserts preliminarily characterized as low copy 
number by the gel fractionation and dot blot methods were 
used as probes and hybridized to Southern blots containing 
restriction endonuclease-digested total genomic DNAs of 
P. teres f. sp. maculata and P. teres f. sp. teres isolates 
representing different geographical areas (Table I).
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Restriction Endonuclease Digestion and Gel Electrophoresis

Two to five ug aliquots of genomic DNA of net and/or 
spot form of P. teres were digested to completion with 2 to 
5 units of a given restriction enzyme per ug of genomic DNA. 
Restriction fragments were size-fractionated by gel electro
phoresis on a 24 x 20.5 cm 0.8% agarose gel in TBE (8.9 mM 
Tris-HCl, 89 mM Boric acid, 2 mM EDTA pH 8.0) at 1.2 V/cm 
overnight. Lanes of molecular size standards (Hind III 
digested phage lambda digested DNA) were included in each 
gei.

Blot Hybridization Techniques

Restricted DNAs were transferred to Zeta-Probe nylon . 
membranes according to modified methods of Southern 
(Southern, 1985). Agarose gel with restricted DNAs was 
soaked twice with denaturing buffer (1.5 M NaCl, 0.5 M NaOH) 
20 min each. The denatured gel was then soaked twice in 
neutralizing buffer (I M Tris-HCl pH=8, 1.5 M NaCl) and 
blotted overnight.in IOx SSC as described in Appendix B.

Plasmids carrying desired fragments were isolated from 
E. coli hosts using the miniprep procedure described by 
Birnboim and Doly (1979). Approximately 0.1-1 ug of 
miniprep was labelled by nick-translation (Rigby et al.. 
1977). The labeled probes were then passed through a G50 
sephadex column to separate the labeled DNA from 
unincorporated nucleotides. Prior, to hybridization, the
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labelled probes were denatured by heating to 95-100°C for 10 
minutes.

Zeta-probe membranes were prehybridized in 20 ml 100% 
formamlde, 10 ml 20xSSC, 0.8 ml 50x Denhardts', I ml IM 
NaH2PO4 pH=6.5, and I ml of herring sperm DNA at 42°C in a 
air shaker for 6 to 24 hours. Denatured probes were added 
to the bagged filters and prehybridization mix and bags 
resealed and incubated at 420C for 6 to 24 hours.

The hybridized Zeta-Probe membranes were washed with 
three different solutions. The first (2x SSCy 0.1% SDS) and 
the second (0.2x SSC, 0.1% SDS) washes were conducted at 
room temperature in a platform shaker changing the solutions 
3 times every 5 minutes. The last wash (0.1 SSC, 1% SDS) 
was carried out at 650C in a shaking water bath changing the 
solution 2 times every 30 minutes. Washed filters were 
wrapped in plastic wrap and placed adjacent to a sheet of X- 
ray film in an exposure cassette with two intensifying . 
screens.

Sequence Analysis

Desired DNA fragments cloned into pUC12 were sequenced 
or partially sequenced according to the modified Sequenase 
sequencing kit manufacturer's recommendations (United States 
Biochemical Corporation).

Supercoiled plasmid DNA was isolated according to the 
"maxi" preparation method and purified through a Sephadex
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column or in "minipreps" as previously described (Hattori 
and Sakaki, 1986). Plasmid DNA isolated by minipreps were 
extracted with phenol/chloroform 3 to 4 times, incubated 
with ribonuclease at 37°C for 30 min, and then mixed well 
with 20% polyethylene glycol 6000-2.5 M NaCl to provide DNA 
pure enough for sequencing. The sequence of the fragments 
was confirmed by sequencing them several times in both 
orientations. The forward (17-mer, 3'TGACCGGCAGCAAAATG- 
5'), and reverse (17-mer, 5'-CAGGAAACAGCTATGAC-3'), M13/pUC 
universal primers were used for annealing. Primer 
concentration of 1.5 pmol and 2 ul of 500 Ci/mmol equal 20 
uC of [35S] dATP were used per reaction.

Primer Design

Sequencing data were used to design a set of primers 
flanking DNA regions to be amplified via PCR. Primers 
consisted of 20 nucleotides each and located at the 5' and 
3'ends of opposite strands of the amplified product.
Primers were selected based on GC content (60%) and a lack 
of internal and interprimer homology.

Polymerase Chain Reaction fPCRV.Protocols

PCR protocols and reactions were conducted by using a 
modified Perkin Elmer Cetus GeneAmp PCR Corporation kit. 
Because of the risk of cross contamination from handling of 
many identical PCR reactions, it was necessary to employ
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strict precautions as recommended (Kwok and Higuchi, 1989). 
Many of these precautions simply require good sterile 
techniques and awareness of potential contamination sources. 
Dedicated pipets and reagents for handling PCR products were 
assigned prior to performing the experiments. Negative 
controls (omitting DNA template) were also included in each 
PCR experiment.

A 50 ul volume reaction was conducted as follows: 32
ul of sterile ddH20, 5 ul IOx PCR buffer (IOmM MgCl2, IOOmM 
Tris-Cl pH=8.3, and 500 mM KC1) (lx final concentration), 8 
ul of 1.25 mM/nucleotide dNTP's mixture (200 uM/nucleotide 
final concentration), a final concentration of 200 
pmo1/primer and 100 ng of genomic DNA or 2Ong of plasmid.
The samples were subjected to an initial melt to inactivate 
any proteases present in the DNA samples before adding the 
AmpliTaq DNA Polymerase. The protocol most commonly used in 
this study for plasmid and genomic fungal DNA amplification 
was as follows:

1) Template melting at 950C for 5 minutes (initial melt).
2) Add 1.25 units/50 ul total volume of AmnliTao DNA 

Polymerase.

3) Start cycling at 94°C for I min (melt), 55°C for 2 min 
(anneal), and 72°C (extension) for four minutes.

4) After the last cycle was completed the samples were kept 
at 720C for 10 min to complete the strands.
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Other PGR protocols consisted in varying the annealing 

temperature to 60 and 65°C. Other parameters were 
maintained constant.

Confirmation of PCR Products Identity hv 
Southern Blot and Sequence Analysis

PCR products were identified by Southern blot and DNA 
sequence. Southern transfers were conducted by using a 
modified method of Southern (Southern, 1975). Details of 
the Southern transfer used are given in Appendix B. Prior to 
sequencing, amplified PCR products were passed through a 
Gentricon 30 filter, phenol/chloroform extracted, ethanol 
precipitated and cloned in the plasmids pUC18 and pUC19.
DNA sequencing was conducted according to the modified 
Sequenase sequencing kit manufacturer's recommendations 
(United States Biochemical Corporation). Plasmid templates 
were prepared according to the "mini-prep" method (Hattori 
and Sakaki, 1986). Primer concentration of 1.5 pmol and.
2 ul of 500 Ci/mmol equal 20 uC of [35S] dATP were used per 
reaction.
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RESULTS

Evaluation of Isolates and Germplasm

To begin this study,.P. teres isolates and barley 
cultivars first needed to be classified according to their 
virulence and susceptibility respectively. Highly 
significant differences for virulence among both net and 
spot isolates were observed (Table 3). The range in 
virulence was greater among the net isolates as compared to 
the spot form isolates (Table 4). However, when the mean 
disease ratings of net and spot were compared, there were no 
differences in virulence between the two forms (Table 4).

Table 3. Analysis of variance of disease ratings of 12 net 
form and 8 spot form P. teres isolates on 32 
barley cultivars.

Source df Mean square (a)

Cultivar 31 32.618 **Isolate 
Cultivar X

19 80.661 **
Isolate 589 2.384

(a) = Significant at P = o.oi
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Table 4. Comparative mean virulence of net and spot forms
of P. teres from U.S.A., Mexico and Colombia using 
a set of 32 barley cultivars.

Isolate
Designation Origin

Type of 
Reaction

Virulence
(Means)+

Calif-1 (Tulare County) California net 2.469 A
Mex-6 (E. Zapata) Mexico net 2.813 A
MexM (Cd. Sahagun) Mexico net 2.875 A
Mex-2 (Anahuac-I) Mexico net 3.656 B
Mex-3 (Anahuac-2) Mexico net 4.250 CB
Pt-R Montana net 4.594 CD
Col-1 (Iraka County) Colombia spot 4.844 CED
Mex-5 (La Lagunilla) Mexico net 4.875 CED
Calif-5 (Solano County) California net 4.969 CEDF
Col-2 (Tundama County) Colombia spot 5.000 CEDF
Calif-3 (Fresrto County) California net 5.188 EDF
Post Farm Montana spot 5.594 E F
Col-3 (Boyaca County) Colombia spot 5.719 G F
Con-S Montana spot 6.469 GH
Fe-1 Montana spot 6.750 HI
MN-I Minnesota net 7.031 JHI
Pt 6-2 Wyoming spot 7.125 JHI
Hort Farm Montana spot 7.219 JHI
Sco-B Montana net 7.313 J I
86-Hfi Montana net 7.563 J

+ Isolates followed by the same letter were not 
significantly different at  ̂01 % as determined by the 
multiple mean comparisons based on LSD.
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Isolates from Mexico were the least virulent along with 

a California isolate designated as Calif-1. Other isolates 
from the U.S.A. were the most virulent. Pt-R a Montana 
isolate, was not classified as highly virulent as previously 
described (Bjarko, 1979).

The barley cultivars also differed in their ability to 
react upon infection with net or spot forms of P. teres 
(Table 3). The Cl 9776 appeared to be highly resistant to 
most of the isolates, Cl 5791 and Cl 7584 were resistant and 
Cl 14023, Cl 9819, Cl 1197, and Cl 5845 had moderate 
resistance. Compana, Erbet, Harrison, and Clark were the 
most susceptible, and Klages, Hector, and Moravian III 
moderately susceptible (Table 5). Based on these results 
the susceptible cultivar Compana, and the moderately 
resistant cultivar Cl 9819, were selected for use in the 
disease diagnosis studies.

Library Construction and Selection of P.tmree 
f.sp. maculata Genomic DNA Clones

A partial pUC genomic DNA library of P. teres f. sp. 
maculata was constructed. The total genomic DNA of 'lHort- 
Farm'' a virulent isolate (Table 4), was used for library 
construction. The £. teres f. sp. maculata library was 
first screened to identified clones containing low copy 
sequences,

Single or low copy sequences could be useful in 
inheritance and mapping studies as well as for disease
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Table 5. Comparative mean resistance of 32 differential 
cultivars upon infection with 12 net form and 
8 spot form P. teres isolates.

Cultivar Mean ( + )
Disease
Rating

Cl 9776 2.55 A HR
Cl 5791 2.90 AB R
Cl 7584 3.05 ABC R
Cl 14023 3.70 BCD MR
Cl 9819 3.80 BCD MR
Cl 1197 4.00 CD MR
Cl 5845 4.30 E D MR
Robust 4.55 EF D MS
Cl 1615 4.55 EF D MS
Beecher 4.55 EF D MS
Cl 2750 5.00 EFG MS
Cl 2330 5.00 EFG MS
Tifang 5.05 EFGH MS
Cl 12821 5.20 EFGHI MS
Vireo 5.20 EFGHI MS
Summit 5.45 FGHI MS
Menuet . 5.55 J GHI MS
Freja 5.65 JKGHI MS
Morex 5.70 JKGHI MS

. Manker 5.70 JKGHI . MS
Bowman 6.00 JK HIL • MS
Gallatin 6.05 JK IL MS
Betzes 6.10 JK IL MS
Herta 6.10 JK IL MS
Piroline 6.15 JK IL MS
Moravian III 6.50 JKM L S
Hector 6.50 JKM L S
Klages 6.55 KM L S
Clark 6.80 M L VS
Harrison 6.85 N M L VSErbet 7.25 N M VSCompana 7.80 N VS

(+) = Mean of disease reading on 32 differential cultivars. 
Cultivars followed by the same letter are not significantly 
different at the * 01% level as indicated by LSD mean comparison.
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diagnosis using Southern blots or PCR. A single or few 
bands will be observed in Southern blots and a single 
amplification product will be expected upon fractionation of 
PCR products in agarose gels. Sequences representing 
repetitive DNA might produce more complex banding patterns 
making difficult the identification, and confirmation of the 
amplified. PCR products.

Two approaches were used to prescreen random genomic 
clones of P. teres representing low copy sequences. The 
first approach utilized gel fractionation of inserts cleaved 
from the plasmid vector using Eco RI and Pst I restriction 
endonucleases (Fig. 1A). Products were then transferred 
onto Zeta-prpbe, and probed with nick-translated label "Hort 
Farm" total genomic DNA (Fig. IB). This method permitted 
estimation of both copy number and size of the inserts. The 
size of the evaluated clones varied from 100 bp to 1700 bp. 
Inserts that had a low level of hybridization were 
considered to be single or low copy (Fig. IB, lanes 3 and 5 
to 10). Those fragments with high hybridization signals 
were considered to contain repetitive DNA (Fig. IB, lanes 2 
and 4).

The second approach was the dot blot which estimates 
copy number. An example of the selection strategy is illus
trated in Fig. 2. As in the gel fractionation method, those 
clones with low hybridization signal were low copy (lanes 2f 
and 2g), and those fragments with high hybridization were
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1 2  3 4 5 6 7 8  9 10

Fig. I. Gel fractionation method to screen low copy inserts 
of P. teres f. sp. maculata cloned into the plasmid 
pUC12. A) ethidium bromide of fragments cleaved 
from the plasmid vector using Eco RI and Pst I 
restriction endonucleases; B) Southern blot of the 
same fragments hybridized to labelled P. teres 
f. sp. maculata total genomic DNA.
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Fig. 2. Dot blot method to screen low copy inserts of P.
teres f. sp. maculate cloned into the plasmid 
pUC12. Individual plasmids containing randomly 
selected clones of P. teres f. sp. maculate were 
placed on a Zeta-probe filter using a dot blot 
apparatus procedure, and hybridized to 32P labelled 
total P. teres f. sp. maculata DNA. A B-tubulin 
gene from Ervsiphe araminis (6g-6l), a highly 
repetitive element from a P. teres f. sp. maculata 
random genomic library (al-a7) and the plasmid 
pUC12 containing no inserts (7a-71) were included 
as a control.
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estimated to contain repetitive DNA (lanes Ic and 4d). Low 
hybridization signal was observed to the plasmid pUC12 
(lanes 7a-71), indicating that pUC12 has little homology 
with P. teres. Thus, the signal showed by each clone 
corresponded to the DNA fragments of P. teres f. sp. 
maculata DNA inserted in the recombinant plasmids.

DNA Polymorphisms of Net and Spot Forms of 
P. teres and Other Pvrenoohora Species

Twenty low copy sequences and ten sequences represent
ing repetitive DNA were used as a probes to identify 
sequences which detect polymorphisms within and between 
isolates of net and spot forms of P. teres and which have 
little or no homology to barley, wheat or triticale genomes. 
Other Pyrenophora species were also included to determine 
the specificity of the clones to P. teres.

Among the 30 clones initially screened, three low copy 
and three sequences containing repetitive DNA were selected 
for further studies (Table 6). The methods used to evaluate 
their relative copy number and size of the fragments are 
indicated. The sizes of the selected clones varied from 105 
to 1700 bp.

When used as a hybridization probe on Eco RI digests of 
genomic DNAs, pPtm-47 detected clear polymorphic bands 
between P. teres, spot (lane 2), P. teres, net (lane 3),
P. graminea (lane 4), P. tritici reoentis (lane 5), p. bromi 
(lane 6), and P. oryzae (lane 7) (Fig. 3A). The observed
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Table 6. Informative clones detecting DNA polymorphisms 

between net and spot forms of P. teres and with 
little or ho homology to barley, wheat, or triti- 
cale genomes. Relative copy number as determined 
by the dot blot or gel fractionation methods and 
molecular size is indicated for each clone.

Clone
.#

Dot
Blot

Gel
Fractionation

Estimated
Size
(bp)

Relative 
Copy Number

pPtm-47 + 1300 highpPtm-34 + 1500 highpPtm-205 + 105 lowpPtm-290 + - 731 lowpPtm-60 * + 1700 lowpPtm-288 + 500 high

bands ranged in size from 3.75 to 6.6 kb. A3. 7 kb band
was observed for all the species. It also had homology to 
barley, wheat, and triticale (lanes 8, 9 and 10), although 
bands detected were of different sizes than those observed 
for other species. While this clone could be used as a 
diagnostic tool, homology to the plant genomes might 
complicate results of both Southern blots and PCR.

When used in hybridization experiments on genomic DNAs 
of six Pyrenophora species digested with Eco RI, pPtm-34 
detected 20.7 kb hybridization fragments for both forms of 
£• teres (Fig. 3B, lanes 2 and 3). Likewise, P. tritici 
repentis and P. bromi had the same 9.2 kb molecular size 
band (lanes 4 and 5), but this was different than that 
observed for P. teres. P. qraminea and P. orvzae had 
reduced homology to this probe as compared with other
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Fig. 3. Autoradiograms of Southern blots of Eco RI derived 
restriction fragments from six Pvrenoohora species 
DNAs hybridized to radio-isotope labelled pPtm-47 
(A) and pPtm-34 (B). Lane I: Iambda-Hind III size 
markers; lane 2: P. teres f. sp. teres; lane 3; P. 
teres f. sp. maculata; lane 4: P. araminea? lane 5: 
P. tritici repentis; lane 6: P. bromi; and lane 7: 
P. orvzae. Lanes 8-10 represented Eco RI digested. 
DNAs of barley, wheat and triticale respectively.
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species, and no hybridization was observed to barley, wheat 
or triticale genomes. Because of the restriction poly
morphism observed between P. teres and both P* tritici 
repentis and P. bromi. pPtm-34 might be useful to 
distinguish these species.

When pPtm-205, a low copy sequence 105 bp in length, 
was nick translated labelled and hybridized with DNAs of 
P. teres digested with Hind III, a clear polymorphism was 
observed between net and spot forms (Fig. 4A). A single 
1.8 kb band was observed for the net isolate designated as 
,,Mex-4" (lane 2), and a 3.5 kb band for "Fc-l" (lane 3), a 
spot isolate representing Montana. pPtm-205 also hybridized 
with DNAs of "Mex-4n and llFc-I" digested with Xho I.
"Mex-4" had a 3.7 kb band (lane 4), and "Fc-l" had a 3.6 kb 
fragment (lane 5). When several other restriction enzymes 
were used fBst EU, Eco RI, Dra I, Sph I, Eco RV, and 
Sac I), no polymorphisms were observed (data not shown).

A second experiment was conducted in which pPtm-205 was 
used as hybridization probe with Hind III genomic DNA 
digests of several net and spot isolates (Fig. 4B). The net 
isolates were collected in Mexico (lanes I and 2) and 
Montana (lanes 3, 4 and 5). The spot isolates were 
collected in Montana (lanes 6, 7 and 8), Wyoming (lane 9) 
and Colombia (lanes 10, 11 and 12) (Table I). The poly
morphism observed between Hind III DNA digests of Mex-4 and 
Fc-l was consistent with several DNAs of net and spot forms
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Fig. 4. A) Autoradiogram of Southern blot of Hind III (lanes 
2 and 3) and Xho I (lanes 4 and 5) restriction 
fragments from net and spot form DNAs hybridized to 
radio-isotope labelled pPtm-205. Lane I: lambda- 
Hind III size marker; lane 6: barley DNA digested 
with Hind III. B) Autoradiogram of genomic DNAs of 
net (lanes 1-5) and spot (lanes 6-12) digested with 
Hind III. A diagram illustrating the restriction 
map of net and spot form indicating the Hind III 
sites is also shown.
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(Fig. 4B), regardless of their origin. A 3.5 kb fragment 
was detected for all spot isolates and a 1.8 kb fragment for 
all net isolates.

These results indicate that the polymorphism detected 
with pPtm-205 on DNAs of net and spot forms may be due to 
the loss of a single Hind III site in spot forms as compared 
to net forms. A larger deletion resulting in this poly
morphism would have been detected with other enzymes. 
Restriction maps of net and spot forms were constructed 
(Fig. 4), in which the Hind III sites are indicated.

Unlike the results obtained with pPtm-205, several 
restriction enzymes (Bst EU, Hind III, Eco Rl, Pst I, and 
Eco RV) revealed polymorphisms between genomic DNAs of net 
(Mex-4) and spot (Fc-I) forms when pPtm-290 was used as a 
probe (Fig. 5). For instance, when net and spot forms were 
digested with Bst EU, a 970 bp single band was observed for 
the DNAs of both pathogens (Fig. 5, lanes 2 and 3). 
Additionally, a 3.7 band for net form and a 3.3 for spot 
form were detected which were unique for each specie.

Because of the restriction polymorphism detected by 
pPtm-290 and its lack of homology to barley DNA genome, more 
extensive hybridization experiments were conducted. The 
restriction pattern between label pPtm-290 and DNAs of net 
representing Mexico (lanes 2 and 3) and California (lanes 4 
and 5), and of spot forms representing Montana (6, 7 and 8) 
and Wyoming (lane 9) digested with Bst I are presented in
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Fig. 5. Hybridization of labelled pPtm-290 with total DNA 
from net and spot forms of P. teres digested with 
Bst EU: lanes 2 and 3; Hind III: lanes 4 and 5;
Eco RI: lanes 6 and 7; Tag I: lanes 8 and 9: Pst I: 
lanes 10 and 11; and Eco RV: lanes 12 and 13. Net 
form of P. teres: lanes 2, 4, 6, 8, 10 and 12. Spot 
form of P. teres: lanes 3, 5, 7, 9, 11, and 13. A 
restriction map of pPtm-290 is also shown indicating 
the position of Bst E U  (B) , Hind III (H) , Pst I, 
and Eco RV restriction enzymes.
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Fig. 6. The polymorphism observed between DNAs of Mex-4 and 
Fc-I digested with Bst E U  was consistent between the two 
forms. However, the probe did not detect variation across 
isolates within the same species* A unique 970 bp band was 
identified for both net and spot forms and a 3.7 kb band for 
all net and a 3.3 kb band for all spot isolates. These 
results indicate that the polymorphism detected with pPtm- 
290 on genomic DNAs of net and spot forms may be due to 
deletion or insertion events rather than point mutation as 
was the case with pPtm^-205. This hypothesis is supported by 
the ability of pPtm-290 to detect polymorphic bands between 
net and spot with several restriction enzymes. Restriction 
maps of net and spot were constructed (Fig. 6), in which the 
Bst E U  sites are indicated.

To determine whether the polymorphism detected by pPtm- 
290 on genomic DNAs of net and spot was inside or outside 
the clone, pPtm-290 was hybridized to DNAs of net and spot 
form digested with Tag I (Fig. 5, lanes 8 and 9). A single 
530 bp band was observed for both DNAs regardless of whether 
they were net or spot form. These results indicate that the 
polymorphism detected with pPtm-290 on DNAs of net and spot 
forms is outside the cloned sequence. A polymorphism 
between net and spot forms digested with Tag I would have 
been detected if the polymorphism observed is inside the 
clone. To confirm if these observations were consistent 
with other isolates, pPtm-290 was hybridized with DNAs of
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Fig. 6. Hybridization of labelled pPtm-290 with total DNA 
from net and spot forms of P. teres digested with 
Bst EU. Lane I: Lambda-Hind III size marker; lanes 
2 and 3; net isolates collected in Mexico; lanes 4 
and 5: net isolates collected in California; lanes 
6, 7 and 8 and: spot isolates collected in Montana; 
and lane 9: spot isolate collected in Wyoming; lane 
10: Bst E U  DNA digests of healthy barley plant. A
restriction map of net and spot forms is also shown 
indicating the Bst E U  sites.



four net isolates collected in Mexico and California and 
four spot isolates collected in Montana and Wyoming (Fig. 7). 
The same 530 band was observed for all net and spot isolates 
as that observed between "Mex-4" and "Fc-l" regardless of 
whether they were net or spot form. Further experiments are 
required to determine whether the polymorphism observed 
between net forms from Mexico and California and spot forms 
from Montana and Wyoming is consistent with isolates from 
Colombia and other geographical areas. An additional 
experiment was conducted to detect the specificity of 
pPtm-290 in other Pvrenoohora species (Fig. 8, A, B and C). 
Genomic DNAs included represented species that were 
categorized in the past as the "Helminthosoorium" group 
(Alcorn, 1988). These and similar species are commonly 
associated with leaf spots or blights, foot rots, and other 
disease syndromes on cultivated and wild Poaceae (Table 7).

Table 7. Pvrenoohora and Cochliobolus species used to
determine the specificity of the probe pPtm-290.

Telomorph Anamorph Host Range

P. teres f. sp. teres D. teres Barley
P. teres s. ao. maculate D. teres Barley
C. sativus B. sorokiniana Cereals, Grasses
P. cframinea D. crraminea Barley, Triticum
P. tritici recentis D. trit. rep. Triticum,GrassesP. bromi D. bromi Bromus, TriticumC. mivabeanus B. orvzae Rice, wild 

relativesP. Iolii D. siccans Grasses, CerealsP. chaetomioides D. avenacea Avena, GrassesUnknown D. ohlei Grasses, Avena
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Fig. 7. Hybridization of labelled pPtm-290 with total DNA 
from net and spot forms of P. teres digested with 
Tag I. Lane I: Lambda-Hind III size marker; lanes 2 
and 3:net isolates collected in Mexico; lanes 4 and 
5:net isolates collected in California; lanes 6,7 
and 8;spot isolates collected in Montana; lane 
9:isolate collected in Wyoming; lane 10:Tag I DNA 
digests of healthy barley plants. A restriction map 
of net and spot forms is also shown indicating the 
Tag I sites.
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Fig. 8. Autoradiograms of Southern blots of Hind III (Panel 
A), Eco RI (Panel B), and Bam HI (Panel C), restric
tion fragments from Pvrenoohora and C. sativus DNAs 
hybridized to radio-isotope labelled pPtm-290. Lane 
I: Iambda-Hind III size marker; lanes 2, 3; net form 
of P. teres; lanes 4, 5: spot form of P. teres; lanes 
6, 7: C. sativus; lanes 8, 9: P. graminea; lanes 10, 
11: P. tritici reoentis; lanes 12, 13: P. bromi; 
lanes 14, 15: P. orvzae; lanes 16, 17: P. ohlei; 
lanes 18, 19: P. avenacea; and lane 20: P. siccans.
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The probe hybridized to most of the Pvrenoohora species 

and Gochliobolus sativus and P. qraminea had slight homology 
to pPtm-290. Interestingly, little variation was observed 
between P. tritici repentis (lanes 10 and 11) and P. bromi 
(lanes 12 and 13). The fragments detected for those species 
varied from 2.0 to 9.4 kb. While these species are 
difficult to distinguish by morphological means, their DNAs 
digested with Bam HI and probed with pPtm-290 displayed a 
unique 2.0 kb band for P. tritici repentis (lanes 10 and 11) 
that was not present in P. bromi (Fig. SC, lanes 12 and 13). 
The restriction pattern observed for DNAs of these species 
digested with Hind III and Eco RI was quite similar (Fig. SA 
and SB lanes 10 to 14). Unique fragments were detected for 
other species indicating the potential of pPtm-290 to 
distinguish species within the Pvrenoohora genus.

An interesting restriction pattern was observed when 
pPtm-60, a low copy sequence 1700 bp in length, was 
hybridized to genomic DNAs of net and spot forms digested 
with Tag I (Fig. 9A). Different restriction fragment sizes 
were detected among DNAs of 4 net isolates (lanes 2-5) and 4 
spot isolates (lanes 6-9). A 360 bp fragment was observed 
for all isolates regardless of whether they were net or spot 
form. An additional 1660 bp fragment was detected in the 
genomic DNA of "Hort-Farm" (lane 8), the isolate used for 
library construction which represents almost the full size 
of pPtm-60. The presence of two fragments indicates
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Fig. 9. Hybridization of labelled pPtm-60 with total DNA 
from net and spot forms of P. teres digested with 
Tag I. Lane I: Lambda-Hind III size marker; lanes 2 
and 3: net isolates collected in Mexico; lanes 4 and 
5: net isolates collected in Montana; lanes 6, 7, 
and 8: spot isolates collected in Montana; lane 9: 
spot isolate collected in Wyoming; lane 10: Tag I 
DNA digests of healthy barley plants.
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that a Tag I site is inside the fragment. This was found 
to occur at position 40 closer to the 3' end of pPtm-60.
The 540 bp fragment observed in other spot isolates 
designated as "Fe-I", »Con-S" and "Pt 6-2» (lanes 6, 7 and 
9 respectively) might suggest a 1160 bp deletion as compare 
to the DNA of "Hort-Farm" (lane 8). The deletion detected 
for all net isolates (lanes 2,3, 4 and 5) was larger than 
that observed for all spot isolates. Net isolates 
designated as "Mex-l" (lane 2) and "86-Sidney" (lane 5) 
had a 1300 bp deletion, while the estimated deletion for the
net isolates designated as "Mex-4" (lane 3) and "WPB-85"

' ' .

(lane 4) was of 1660 bp. Restriction maps of net and spot 
forms were constructed in which the Tag I sites are 
indicated.

Other clones identified more complex banding patterns 
between and within species across a great number of 
isolates. For instance, when pPtm-288 was hybridized with 
net (Mex-4) and spot (Fc-I) isolates digested with Hind III, 
Xho i and Bst E U  a great range of fragment sizes was 
observed (Fig. 10A). To determine whether the polymorphic 
bands observed between the two isolates"were consistent 
across several isolates, pPtm-288 was hybridized to several 
DNAs of net isolates representing Mexico (lanes I and 2) and 
Montana (3-8) (Fig. IOB). All spot isolates were collected 
in Montana (lanes 9 to 14). A larger number of polymorphic 
fragments were observed in populations of the traditional
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Fig. 10. Autoradiograms of Southern blots of restriction
fragments from net and spot forms DNAs hybridized 
to radio-isotope labeled pPtm-288. A) lane I: 
Lambda-Hind III size marker; lanes 2 and 3: Hind 
III; lanes 4 and 5: Xho I; lanes 6 and 7: Bst EU. 
Lanes I, 3 and 5: net isolates; lanes 2, 4 and 6: 
spot isolates. B) DNAs of net isolates (lanes I 
to 8), and spot isolates (lanes 9 to 14) digested 
with Hind III representing different geographical 
areas.
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net blotch (lanes 1-8) as compared to the spot form of 

teres (lanes 9-14) . A consistent and characteristic 
hybridization profile was produced with most of the DNAs of 
net blotch, regardless of their origin. Three net isolates 
from Montana Pt-R, Mt-6 and Mt-7 produce bands distinct from 
the rest of the isolates (lanes 3, 4 and 5). In contrast, 
spot isolates (lanes 9-14) produce patterns which were quite 
distinct. While this clone could be used for isolate 
identification or fingerprint analysis, its use for disease 
diagnosis is quite limited due to the number of fragments 
detected on DNAs of net and spot forms, which might 
complicate interpretation of the results in Southern blots 
or PCR of plants infected with P. teres.

Based on the results obtained with hybridization 
experiments between the clones listed in Table 7 and genomic 
DNAs of net and spot forms, and other Pvrenonhora species, 
pPtm-290 and pPtm-60 were selected for disease diagnosis 
studies. The polymorphism detected by these two clones on 
genomic DNAs of net and spot were further exploited for 
identification of P. teres in infected plants using Southern 
blots and then for PCR analysis.

Disease Diagnosis bv Southern Blots

Experiments were conducted to identify net and spot 
forms of P. teres in DNAs of barley plants infected with 
these pathogens. The barley cultivars Compana and Cl 9819
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were inoculated with conidia and mycelium of the isolates 
"Hort Farm" (spot type), "Mex-4" (net type) and a mixture of 
both isolates.

Typically, symptoms of P. teres appeared ten days after 
inoculation in barley plants infected with either net or 
spot isolates, whereas control (uninfected) plants remained 
healthy. Barley plants infected with both pathogens showed 
non-specific symptoms which were difficult to characterize 
as net or spot. DNAs of infected and healthy plants were 
digested with Bst E U  or Hind III, blotted and probed with 
pPtm-290. Bst E U  and Hind III genomic DNAs digests of 
"Mex-4 (net), "Fc-1" (spot) and symptomless barley plants 
collected in the field were included in the blots as 
controls.

The results of this experiment illustrate the 
limitations of a Southern blot approach to the diagnosis of 
fungal infection in plants (Fig. 11). An inconsistent 
hybridization pattern was observed in genomic DNA digests of 
barley infected with P. teres.

Genomic DNAs of net and spot forms digested with either 
Hind III or Bst E U  showed the expected hybridization 
pattern (Fig. IlA and 11B, lanes 2 through 5). A 970 bp 
band was observed for both net and spot forms. Bst E U  
digests of net isolates had an additional 3.7 band and spot 
isolates had a 3.3 band which were unique for each species 
(Fig. I LA, lanes 2 through 5). DNAs of healthy barley
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Fig. 11. Southern blot demonstrating diagnosis of P. teres 
in infected plants. Labelled pPtm-290 was 
hybridized with DNAs from infected barley plants 
digested with Bst E U  (panel A) and Hind III 
(panel B). Lane I: Lambda- Hind III size marker; 
lanes 2 and 3: net isolates; lanes 4 and 5; spot 
isolates; lanes 6 and 7; healthy barley plants; 
lanes 8 and 9: barley plants infected with a net 
isolate; lanes 10 and 11: barley plants infected 
with a spot isolate; lanes 12 and 13: barley 
plants infected with both pathogens; lanes 14 and 
15: symptomless field collected samples.
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plants did not hybridize to pPtm-290 (lanes 6 and 7), 
indicating the specificity of pPtm-290 to the DNA of P. 
teres. Plants infected with net isolates (lanes 8 and 9), 
and a mixture of net and spot isolates (lanes 12 and 13) had 
homologous fragments of the same size observed for each 
particular fungus. Plants infected with spot forms showed 
poor hybridization to this probe (lanes 10 and ll). Hind 
III DNA digests of symptomless barley plants hybridize well 
with pPtm-290 (lanes 14 and 15), and did not hybridize with 
Bst E U  DNAs digests. Despite the inconsistency of the 
results obtained with Southern blots, it appears that this 
marker may be useful for identification of the net form of 
P. teres strains in infected plants.

Sequence of Fragments

To test the PCR for diagnosis of P. teres. sequence 
data of informative clones was required. The sequence of 
two informative clones was obtained by the dideoxy sequenc
ing method using denatured plasmid templates containing the 
inserts. pPtm-290 was completely sequenced, and pPtm-60 was 
partially sequenced (Table 8). Computer analysis of the 
sequence data performed using Genepro (Riverside Sci. 
Enterprises 1988) was helpful to define the position of 
strategic restriction sites used for cloning, subcloning and 
sequencing. Restriction sites of enzymes such as Hind III, 
Ecg RV, Pst I and Bst E U  which detected polymorphisms on
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DNAs of net and spot forms were evident in pPtm-290. The 
sequence of the fragment pPtm-r290 was confirmed by sequencing 
it several times in both directions using the forward and 
reverse M13/pUC universal primers. At least 100 bp of the 
pPtxn-290 sequence overlapped at the ends with the opposite 
strand, further confirming the sequence of this fragment.

The clone pPtm-60 was partially sequenced. Only 312 bp 
were sequenced which represented 19% of its full length 
(1700 bp). Its sequence was confirmed by repeating the 
experiments several times and using plasmid DNA from 
different colonies of transformed E. coli cells.

PCR of Plasmid and P. teres DNA Amplification Assays

On the basis of the sequences described in the previous 
section, four oligonucleotides (20-mers) were synthesized 
for PCR assays. Primers were prepared inside each terminal 
region of the pPtm-290, and pPtm-60 genomic DNA fragments. 
The primers were designated as Pt-I and Pt-2 for pPtm-290 
and Pt-3 and Pt-4 for pPtm-60. Their nucleotide 
sequences are: Pt-I: (GCAGCCTTCATGGGCATCAC); Pt-2: 
(GGAGCCTCATTCTGTGGGCA); Pt-3: (ATGGATGCACGCAACGCTGC); Pt-4:
(AGCTCCCTAAGCATAGCCCC). Based on the position of the primer- ' ,

oligonucleotides, a single 430 bp is expected with primers 
Pt-I and Pt-2 upon amplification of genomic DNAs of net and 
spot, and different sized bands for genomic DNAs of net and 
spot forms using primers Pt-3 and Pt-4.
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Table 8. Sequencing data for clones pPtm-290 and pPtm-60.
Sequencing data for Pt-I: (GCAGCCTTCATGGGCATCAC); 
Pt-2: (GGAGCCTCATTCTGTGGGCA); Pt-3:
(ATGGATGCACGCAACGCTGC); and Pt-4:
(AGCTCCCTAAGCATAGCCCC) are underline. Restriction 
sites for cloning, and subcloning are; Hind 
III:TTCGAA; Soh I:GCATGC; Tag I:TCGA.

pPtm-290

TCGATATCCG TAACATCTGT GTCCTCCTCG CCCCTGGCTT CTCCGGTCTG 50 
ACTGCGTTTG CGACATACCT CCTTACCAAT GAGATGGTCA CCTCGCCTTC 100 
TGCTGGTCTG CTCGCCGCAG CCTTCATGGG CATCACGCCC GGTTACATCT 150

Pt-2
CGCGATCGGT GGCTGGAAGT TACGATAACG AGGCCATTGC CATCTTCCTG 200 
CTTGTCTTCA CCTTCTTCCT CTGGATCAAG GCTGTTAAGC TTGGATCTAT 250 
ATTTTGGGGC GCAATGGCCG CGCTGTCCTA CGGATACATG GTGTCAGCAT 300 
GGGGTGGATA CGTCTTCATT ACGAACTTGT TGCCTCTGCA CGCTTTCGTC 350 
TTGATCTGCA TGGGACGCTA CAGCCCTAGG TTGTACGTCA GCTACACTTC 400 
GTGGTATGCG CTTGGCACGC TTGCGAGTAT GCAGATTCCC TTTGTCGGTT 450 
TCCTGCCTAT CCGCAGTAGC GAGCACATGT CCGCGCTTGG TGTCTTTGGC 500 
CTTCTCCAGC TGGTCGCATT TGTCGATGTA CTCCTCCACG AAGGTGCAAG 550 
TAAGCATGCC ACACCAACTA CTGCCCACAG AATGAGGCTC CCTAGAAGTA 600

ACGGGTGTC TTACTCCGAG G 
Pt-I

GCAGAGCAAT ATTTGGTGTC ATCAGACGCT GAATTATTCG GCGTGGAAGC 650 
GATGATATTG GAAGTCTTGC CTGCCATGAT GAGGAGAGTA GAGCCGCGTA 700 
TATCCTTGTG CAAAAGCTGG GCTTGTTTCG A 731

pPtm-60

TCGAAATAAC TTTTAGTATA AGATAGCCTA TAGTTCTCTT CTCTATCAAA 50 
TATAACTCTA GTATACCTAT ATAATAGCTC CCTAAGCATA GCCCCTTATA 100

Pt-4
GATATTCTAA CTATAGTATA AAAAGACCCA AGAAGAGGAT ATTTAGCTTA 150 
AAGCTAGTAG TAATAGCTTT ACTATAAATA TAATTAACTA TAAATAGATT 200 
AATACTAGTT AGCGCTATAA CTTATAATCT AGTC 234

GTAGACAT TCGGCTCGCG CTCGCAGCGA 1572
CGGGAACTTC CGGGGAGACG GAGCGCTGAC GGAGAGGACG GCCGCGTTGC 1600
CCTCGTCCTG CGTACGGGGG GCAACAGGGC ACCTGAACCT CACACCAATG 1650
CCAGCCGCCA GCCGCCAGCA GCAGCGTTGC GTGCATCCAT GGATTGTCGA 1700

CGTCGCAACG CACGTAGGTA 
Pt-3
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To derive suitable conditions for PCR amplification, 

plasmid pPtm-2 90, genomic DNAs of net and spot forms, and 
negative controls (no DNA in the reactions), were submitted 
to 30 amplification cycles using oligonucleotides Pt-I and 
Pt-2 to initiate DNA synthesis (Fig. 12A). After 30 cycles, 
1/10 of the sample of the reaction PCR products was removed 
and subjected directly to electrophoresis. The effect of 
two annealing temperatures, 60 (lanes 3, 4 and 5) and 55°C 
(lanes 7, 8 and 9), was also tested in this preliminary 
experiment (Fig 12).

It can be observed that pPtm-290 (lanes 3 and 7), and 
genomic DNAs of net (lanes 4 and 8) and spot forms (lanes 5 
and 9) yielded the predicted prominent 430 bp amplification 
band and fainter bands in tests using 55°C annealing 
temperature (lanes 7, 8 and 9).

Tests using a 60°C annealing temperature revealed that 
it produced greater specificity in genomic DNA amplification 
using the primers Pt-I and Pt-2 (lanes 3, 4, and 5). It is 
also relevant that the 430 bp band could be amplified by as 
little as 10 pg plasmid DNA and 100 pg of genomic DNAs of 
net and spot forms and that no amplification product was 
observed in the negative controls (lanes 2 and 6).

The specificity of the amplification products was 
further confirmed by blotting the gel onto a Zeta-Probe and 
hybridizing with pPtm-290 (Fig. 12B). The autoradiogram of 
the Southern blot indicates that pPtm-290 hybridized to the
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Fig. 12. Ethidium bromide agarose gel and Southern blot
analysis of PCR amplification products generated 
by primers Pt-I and Pt-2 at two different 
temperatures. A) photograph of the ethidium 
bromide stained gel under UV light; lane I; 
Iambda-Hind III size marker; lanes 2 and 6; 
negative controls (no DNA was included in the 
reaction); lanes 3 and 7: plasmid DNA; lanes 4 and 
8: genomic DNA of a net isolate; lanes 5 and 9: 
genomic DNA of a spot isolate. Lanes 1-4 
represent an annealing temperature of 60°C; and 
lanes 5-8 an annealing temperature of 55°C. B) 
autoradiogram of the nylon filter hybridized with 
32P labeled pPtm-290.
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430 bp band. The absence of PCR products in the negative 
control on the ethidium bromide gel was further confirmed by 
the absence of hybridization after Southern hybridization. 
This indicates that the amplified product corresponded to 
the expected fragment and that sterile techniques were 
efficiently conducted.

As a final refinement the 430 bp amplification product 
observed in genomic DNAs of net and spot forms was excised 
from the gel and subcloned in the plasmids pUC18 and pUC19 
(Fig. 13). Plasmids and inserts were digested with Sph I 
and Hind III restriction endonucleases, ligated with T4 
Iigase and submitted to a Sanger dideoxy nucleotide 
sequence. The sequence data obtained in both orientation 
using, the plasmids pUC18 and pUC19 allowed us to confirm 
that the sequence of the fragment closely conformed to the 
323 bp target sequence conformed between the Hind III and 
Sph I sites (Fig. 13).

Following the successful amplification of fragments 
flanking Pt-I and Pt-2 in plasmids and genomic DNAs of net 
and spot forms, a second experiment was conducted to amplify 
similar sequences from barley plants infected with net, spot 
or both. PCR assays were conducted in genomic DNAs of Cl 
9819 and Compana, a resistant and susceptible cultivar, 
respectively. Compana and Cl 9819 had been previously 
inoculated with conidia and mycelium of the isolates llHort 
Farm" (spot type), "Mex-4" (net type) and a mixture of both
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AAGCTTGGAT CTATATTTTG GGGCGCAATG GCCGCGCTGT CCTACGGATA 50 
CATGGTGTCA GCATGGGGTG GATACGTCTT CATTACGAAC TTGTTGCCTC 100 
TGCACGCTTT CGTCTTGATC TGCATGGGAC GCTACAGCCC TAGGTTGTAC 150 
GTCAGCTACA CTTCGTGGTA TGCGCTTGGC ACGCTTGCGA GTATGCAGAT 200 
TCCCTTTGTC GGTTTCCTGC CTATCCGCAG TAGCGAGCAC ATGTCCGCGC 250 
TTGGTGTCTT TGGCCTTCTC CAGCTGGTCG CATTTGTCGA TGTACTCCTC 300 
CACGAAGGTG CAAGTAAGCA TGC 323

Fig. 13. Diagram illustrating the sequencing analysis of
the 323 bp fragment produced by the amplification 
of a 430 insert from total genomic DNA of net and 
spot forms of P. teres. The 323 insert was 
subcloned in Soh I (GCATGC), and Hind III (AAGCTT) 
restriction sites of pUCIS and pUC19. The 
sequence of the insert is also presented.
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isolates. Genomic DNAs Of net and spot forms, negative 
controls (no DNA in the reactions), and symptomless barley 
plants collected in the field were also included in the 
experiment. DNA samples were submitted to 30 amplification 
cycles using oligonucleotides Pt-I and Pt-2. After 30 
cycles 1/10 of the sample of the reaction PCR products was 
removed and subjected directly to electrophoresis.

As expected a 430 bp PCR amplification product was 
observed in each of the reaction mixtures containing genomic 
DNA of net or spot forms in the ethidium bromide gel (Fig. 
14A, lanes 3 trough 6). It can be observed that all the 
tested infected barley samples yielded a prominent 430 bp 
amplification band and fainter bands which did not interfere 
with the diagnostic band (lanes 7, 8> 10-17). It is also 
relevant that the 430 bp band could not be amplified from 
non-infected barleys (lanes 7 and 8) and that no amplifi
cation product was observed in the negative controls (lanes 
2 and 9).

The specificity of the amplification products were 
further confirmed by blotting the gel onto a Zeta-Probe and 
hybridizing with pPtm-290 (Fig. 14B). The autoradiography 
of the Southern blot indicates that pPtm-290 hybridized to 
the 430 bp band. The absence of PCR products in the 
negative controls and non-infected barleys on the ethidium 
bromide gel was further confirmed by the absence of 
hybridization after Southern hybridization. This indicated
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Fig. 14. A) Ethidium bromide agarose gel of PCR amplifica
tion products of DNA of barley plants infected 
with net form, spot form or both pathogens. Lane 
I: Iambda-Hind III size marker; lanes 2 and 9: 
negative controls (no DNA was included in the 
reaction; lanes 3 and 4: DNA of net isolates; 
lanes 5 and 6: DNA of spot isolates; lane 7 and 8: 
DNA of healthy barley plants; lanes 10 and 11; 
greenhouse barley plants infected with net; lanes 
12 and 13; greenhouse barley plants infected with 
spot; lanes 14 and 15; greenhouse barley plants 
infected with both net and spot; and lanes 16 and 
17: DNA of symptomless plants collected in the 
field. B) Southern blot of PCR products hybridized 
with pPtm-290. A diagram illustrating the PCR 
strategy to amplify a 430 bp is also shown.
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that the amplified product corresponded to the expected 
fragment and that sterile techniques, a critical point for 
disease diagnosis, were efficiently conducted.

As expected the 430 band was the same size for genomic 
DNAs of net and spot forms. The Southern blots and 
nucleotide sequence predicted that the polymorphism detected 
by pPtm-290 between genomic DNAs of net and spot forms 
digested with Bst E U  is outside the cloned sequence. This 
was further confirmed by the amplification products by the 
primers Pt-I and Pt2 designed to amplify inside the insert.

As a final refinement of the technique, symptomless 
barley plants collected in the field were also included in 
the experiment. A 430 bp band was observed for both DNA 
samples in the gel stained with ethidium bromide (Fig. 14A, 
lanes 16 and 17), and confirmed by the Southern blot (Fig. 
14B, lanes 16 and 17), indicating that indeed PCR represents 
a potential technique for detection of P. teres in field 
infected plants.

Preliminary experiments were conducted to identify net 
and spot forms of P. teres in barley infected with those 
pathogens using primers Pt-3 and Pt-4 based on pPtm-60 for 
annealing. A 1700 band was observed in the plasmid DNA 
containing the full length insert of pPtm-60 (Fig. ISA, 
lane 3). As expected, different bands were observed in 
genomic DNAs of net and spot forms in a ethidium bromide gel



57
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Fig. 15. A) Ethidium bromide of PCR amplification products 
of plasmid DNA and genomic DNAs of net and spot 
forms using primers Pt-3 and Pt-4 for annealing. 
Lane I: Iambda-Hind III size marker; lane 2: 
negative control (no DNA was included in the 
reaction); lane 3: genomic DNA of net; lane 4: 
genomic DNA of spot. B) Ethidium bromide of PCR 
amplifications products of genomic DNAs of net and 
spot isolates and infected barley plants. Lane I: 
Iambda-Hind III size marker; lanes 2 and 3: net 
form; lanes 4 and 5: spot form; lanes 6 and 7: 
healthy barley plants; lane 8: negative control; 
lanes 9 and 10: greenhouse infected plants with 
spot form; lanes 13 and 14: greenhouse plants 
infected with both pathogens; lanes 15 and 16:
DNAs of symptomless plants collected in the field.
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(lanes A). A 1700 kb band was observed for the net isolate 
(lane 4) and three bands different in size were observed for 
the spot isolate (lane 5).

A similar experiment as that conducted for primers Pt- 
1 and Pt-2 was carried out for primers Pt-3 and Pt-4, 
including genomic DNAs of net, spot, and barley plants 
inoculated with either net isolate, spot isolate or both. 
Negative controls and symptomless barley plants collected in 
the field were included as a controls (Fig. 15B).

Amplification of a 1700 bp band was observed for DNAs 
of the net isolates (lanes, 2 and 3). Three bands were 
observed for DNAs of the spot isolates (lanes 4 and 5).
DNAs of noninfected barley plants (lanes 6 and 7) had the 
1700 kb band for genomic DNAs of net. Similar 1700 bp band 
was observed for DNAs of barley plants infected with the net 
isolates (lanes 9 and 10). Two ,bands could be observed in 
DNAs of barley plants infected with the spot isolates (lanes 
IT and 12), presumably corresponding to those observed for 
net and spot isolates. Similar results as those obtained 
for barley infected with the spot isolates were obtained for 
barley plants infected with both pathogens (lanes 14 and 
15). Symptomless plants were found to contain the 1700 kb 
band observed for the net isolates (lanes 15 and 16).
Results observed in the ethidium bromide gels of PCR 
amplification products using primers Pt-3 and Pt-4 for 
annealing indicated that it is possible to distinguish these
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particular net and spot isolates in barley infected with 
these pathogens. However, further experiments are required 
to confirm the observations by Southern blots and sequencing 
data.
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DISCUSSION

Identification of Pvrenophora teres from a diseased 
plant generally follows the guidelines of Koch's postulates. 
A complete fulfillment of the postulates may not be required 
if a dependable method is available for its accurate 
identification. Molecular techniques have been useful for 
the detection of plant viruses, but rarely used for fungi. 
The use of radioisotopes is one of the major disadvantages 
limiting the use of molecular probes.

In the last few years the technology of disease 
diagnosis has made dramatic progress due to the discovery of 
the Polymerase Chain Reaction (PCR). In this study, low 
copy DNA sequences selected from a P. teres f. sp. maculata 
genomic library were evaluated for their potential in PCR- 
based protocols for diagnosis of P. teres.

In order to select low copy sequences, it was necessary 
first to pre-screen random genomic fragments to eliminate 
those sequences containing repetitive DNA. Such screening 
has not been necessary in other plant pathogens, except 
Premia Iactucae which seems to have considerable dispersed 
repeat DNA sequences in its genome (Hulbert et al., 1988).

DNA-DNA hybridization experiments demonstrated that 
pPtm-290 and pPtm-60 identified polymorphisms between net 
and spot isolates that could be useful in developing a PCR
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system to identify P. teres in infected plants. Moreover, 
pPtm-290 identified net and spot isolates in Southern blots 
which agrees with previous reports where DNA probes have 
been useful in detecting Gaeumanomvces qraminis (Henson,
1988) and Phoma tracheiphila (Rollo et al.. 1985) infected 
plants.

PCR results demonstrated the potential of the PCR as a 
diagnostic tool for P. teres. Primers Pt-I and Pt-2 
constructed using the sequence data from pPtm-290 were 
consistent in the detection of genomic DNAs of net and spot . 
forms of P. teres. As predicted a single 430 bp diagnostic 
band was observed in agarose gels stained with ethidium 
bromide for net and spot forms.

All the PCR experiments conducted with the primers Pt-I 
and Pt-2 evidenced a strict correlation between the presence 
of the 430 bp band in the amplified DNA and presence of the 
pathogen in barley plants infected with P. teres. For this 
reason the more sophisticated, costly and time consuming 
Southern blots can be avoided for the diagnosis of P. teres. 
This type of analysis can be carried out by checking the PCR 
products for the presence of the 430 bp diagnostic band.
One of the inconveniences presented by pPtm-290 was that the 
polymorphism detected was outside the clone. This limited 
the potentiality of distinguishing net and spot isolates in 
barley plants infected with these pathogens. One possibility 
to distinguish net and spot forms using. pPtm-290 is to
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characterize the polymorphism observed in DNAs of net and 
spot isolates. Primer oligonucleotides constructed with 
data sequence located outside the polymorphism in DNAs of 
net and spot forms should allow us to detect polymorphic 
bands upon PCR amplification of genomic DNAs of net and spot 
isolates. A second approach to characterize the poly
morphism detected by pPtm-290 in genomic DNAs of net and 
spot forms could be the use of Inverse PCR (IPCR) which 
allows amplification of unknown sequences outside the region 
flanked by the primer oligonucleotides. However, the 
potential of such technique for chromosome walking in P. 
teres has still to be investigated.

PCR experiments using primers Pt-3 and Pt-4 constructed 
using sequence data from the clone pPtm-60 were conducted to 
distinguish net and Spot isolates in barley plants infected 
with these pathogens. The presence of polymorphic bands 
which distinguished net and spot forms was evident when PCR 
products were analyzed in agarose gels stained with ethidium 
bromide. These polymorphic bands were also detected in 
genomic DNAs of barley DNAs infected with net and spot 
forms, or both pathogens, as well as in symptomless plants 
collected in the field. However, more experiments are 
required to characterize the polymorphism observed between 
net and spot forms as well as to confirm these preliminary 
results by Southern blots and sequencing data.
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One of the most serious potential disadvantages of PCR- 

based analysis for disease diagnosis is that secondary 
priming sites may yield non-specific bands during the entire 
course of the reaction. Different temperatures are required 
for denaturing target strands, annealing primers, and 
optimizing Tag replication efficiency. Of these the 
temperature required for annealing the primers to the 
template was found to be the most critical for appropriate 
amplification of the DNA template. Non-specific amplifi
cation products may also result if the Mg concentration is 
not optimized. For primers Pt-I and Pt-2 10 Mm was the 
optimum Mg+ concentration.

Another potential problem was the contamination when 
pipeting the DNA templates into the. eppendorf tubes.
Special care was required, particularly when plasmid DNA was 
used as template. If a single contaminating molecule is 
present in the reaction mixture, it will be amplified, 
complicating the results in the analysis of the PCR 
products.

In conclusion, the PCR test offers considerably higher 
sensitivity than that of Southern blot tests and avoids the 
use of radioactive material. It additionally enables the 
analysis of at least 200 samples for the presence of the 
pathogens in one day's work. Finally, thanks to the 
possibility of utilizing ground infected plant tissue rather 
than genomic DNA extracted from infected plants, this
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technique should become a very straightforward operation and 
it could possibly be incorporated in seed certification 
programs. Future experiments should focus oh the ability of 
PCR to detect P. teres and P. qraminea in infected barley 
seeds. If this is achieved, the distribution of these 
pathogens into an area free of the disease could be avoided.

Taxonomic Significance of the RFLPs Detected

Classification of the net and spot forms of P. teres 
and P. oraminea is principally based on morphological 
features. Based on size, shape and color of their conidia 
plus their ability to intercross, these barley fungal 
pathogens have been classified as the same species or 
ascribed to different forma specialis (Smedegard-Petersen, 
1976). Morphological characters are, however, strongly 
influenced by environmental, geographic and other factors 
and, therefore, are highly variable. One obvious difference 
between P. teres and P. graminea is the symptoms incited on 
barley and the inability of P. graminea for successful 
infection by leaf inoculation. Molecular evidence has 
recently been presented that seems to confirm that P. teres 
and P. graminea are two closely related species (Bulat and 
Mironenko, 1989).

In this study, a high frequency of RFLPs were 
identified between net and spot isolates. The probes 
hybridized equally well to DNAs of net and spot forms of
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P. teres from a variety of locations. P. graminea. which 
differs from P. teres in its ability to attack barley, had 
little homology to these probes. Lost or gain of a 
restriction site and deletion were the most frequent types 
of mutations present in the genomes of net and spot forms of 
P. teres. This was clearly evidenced by the clones pPtm- 
205, pPtm-290, and pPtm-60. These results, in contrast to 
previous reports suggest that P. teres and P. graminea might 
not be closely related. This was further evidenced by the 
use of highly conserved heterologous genes as a probes. 
Ribosomal genes have been useful in assessing taxonomic 
relationships in other fungal pathogens (Kohn et al., 1988; 
Vilgalys et al., 1990). When ribosomal genes from 
Neurosoora crassa and Rhizoctonia solani where used as 
probes, a consistent restriction pattern was observed 
between species and little variation within species of P. 
teres (data not shown). This further suggests that the two 
forms of P. teres are different species.

Considering that DNAs from Gaeumannomvces oraminis var. 
tritici. Ervsiohe gramihis. and A. nidulans have not 
hybridized with some of these probes, it is relatively 
unlikely that the probes will be found to hybridize with 
DNAs of other fungal species. This demonstrates the 
specificity of the clones with species within the 
Pyrenophora genus. The significance of these results lies 
in the fact that DNA probes specific to Pvrenoohora species
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could be used for identification or to fingerprint isolates 
to be used in epidemiological studies, as well as to 
conclusively demonstrate the parasexual cycle of P. teres 
under field conditions.

Future studies should focus on the identification of 
more RFLP markers in the genomes of net and spot forms of 
P. teres to be used in mapping studies. A large number of 
RFLPs will permit mapping traits of interest present in the 
genomes of these plant pathogens such as genes determining 
virulence.



67

SUMMARY

This study focused on the development of a polymerase 
chain reaction (PCR) diagnosis assay for the fungus P. 
teres. Low copy sequences from a P. teres f. sp. maculata 
random genomic library were first assessed for their ability 
to detect polymorphisms on genomic DNAs of net and spot 
forms of P, teres. Sequence data of informative clones was 
then used to design primer oligonucleotides for PCR assays.

Results of this study demonstrated that indeed PCR can 
be a valuable tool for the identification of P. teres 
isolates in farmer fields. One of the major disadvantages 
of using PCR for disease diagnosis was the presence of 
secondary products interfering with the diagnostic bands. 
Annealing temperature and Mg+ concentration were found as 
the most critical factors to eliminate secondary products. 
Another factor was the contamination of DNA samples, 
particularly when pipeting plasmid DNA. Exposure of the 
tubes containing the reaction mixtures for 5 min under UV 
can help to eliminate contaminants which might interfere 
with the PCR products.

In summary, it has been demonstrated that the PCR test 
offers a tremendous potential for disease diagnosis. This 
technique could be applied to other plant pathogens such as
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seedborne pathogens, which are generally difficult to 
detect. PCR protocols could possibly be included in seed 
certification programs to avoid the introduction of plant 
pathogens to an area previously free of the disease.

The taxonomic significance of the high frequency of 
RFLPs observed in genomic DNAs of net and spot forms of 
P. teres and P. crraminea was also discussed. Results of 
DNA-DNA hybridization experiments between low copy sequences 
and sequences containing repetitive DNA with P. teres 
indicated that small changes as well as large deletions are 
present in the genomes of net and spot forms of P. teres.
P. graminea generally hybridized poorly with the probes 
tested. These observations suggest that P. teres and 
P. graminea are not the same species as previously 
described.
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APPENDIX A
FUNGUS DNA EXTRACTION
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FUNGUS DNA EXTRACTION I

1. Growth P. teres for 10 to 15 days in 1000 ml flasks 
containing 100 ml of V-8 juice, 0.75 g of CaCO3 and 
200 ml of distill water.

2. Collect mycelia by vacuum filtration with Buchner 
funnel and sterile # 4 Whatman filter paper. Freeze 
mycelia from two hours to overnight at -70°C.

3. Collected mycelia is freeze dried until dry 
(lyophilized, generally overnight). Grind mycelia in 
mortar and pestle with liguid nitrogen and place the 
dry powder in 30 ml plastic tube. At this point the 
sample can be stored in freezer until used for DNA 
extraction at -70°C.

4. For 600 mg of tissue, add 5 ml of buffer I + 5 ml of 
H2O + 200 ul of BME (highly toxic, work under the hood, 
and ware double gloves) to make 1:1 solution.

5. Add 5 ml of the solution 1:1 to the dry powder.
Meltdown (let sit at room temperature, keep loose tap!)

6. Gently mix the solution until the sample is completely 
in suspension.

7. Incubate in water bath at 55°C for 30 minutes with 
gently mixing every 10 minutes.

8. Add equal volume 24:1 ChCl3 (chloroform):Isoamyl 
alcohol (octanol) and invert to mix. Do in hood.
Gently.

9. Spin 10,000 k (13,000 xg and rotor size SA 600) at 150C 
for 10 minutes and save top (aqueous) phase. Use 10 ml 
wide-bore pipet. Gently.

10. Take the supernatant and place it in a 50 ml graduated 
blue falcon plastic tube (Be careful do not take debris 
at interphase). Add equal volume of precipitation 
buffer. Tilt a few times and hopefully DNA will appear. 
Immediately the suspension become cloudy if plenty DNA 
present.

11. Let sit oh bench for 20-30 minutes.
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12. Spool DNA with a long pasteur pipet or if DNA is 

granular looking transfer the sample to polyallomer 
centrifuge tubes and spin for 7 minutes at 3,500 rpm 
and IS0C.

13. Dissolve DNA pellet in 4 ml resuspension buffer; 370C 
or room temperature on labguake tube rotator. Few hours 
to overnight.

** Dark room conditions are required after this point when 
EtBr is added to the sample.
14. Put into screw cup ultracentrifuge tube and add about 6 

ml of high CsCl solution close to the shoulder. Weight 
and balance the tubes then add 20 ul of EtBr (30 mg/ml 
solution).

15. Spin for 14-16 hours at 48 k rpm/20°C in TI 80 rotor. 
Take most of the supernatant above the band containing 
DNA using pasteur pipet. Remove the band using pasteur 
pipet then transfer the band to ultracentrifuge tube.

16. Put into new 10 ml screw cup ultracentrifuge tube and 
fill with medium CsCl up to the shoulder. The tubes 
should be weight and balance again. Spin as before IS
IS hours.

17. Remove the supernatant until close to the band. Collect 
the band using pasteur pipet and transfer it to a 15 ml 
graduate falconer tubes. At this point collect as low 
volume as possible.

18. Extract DNA band 5-6 times with TE saturated butanol to 
extract as much as possible ethidium bromide. Till 
gently the falconer tubes few times in every 
extraction.

19. Dialyze the sample against TE dialysis buffer (10 mM 
Tris pH 8.0 and I mM EDTA pH 8.0).

** Use little collodian bags obtained from Sigma, pour the 
sample and immerse it in dialysis buffer, the bags can be 
reused. After being used rinse the bags three to four times 
with H2O and place them in 20 % methanol in keep them in 
refrigerator. The sample should keep in dialyze buffer at 
least 24 hours, changing the buffer once.
20. Determine DNA concentration. Prepare a standard curve 

with known DNA concentrations versus absorbance. DNA 
concentration of unknown sample can be determine by 
fitting the absorbance of unknown sample in the 
standard curve.
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STOCK SOLUTIONS

BUFFER I (200 ml)

1.4 M NaCl
2.0 % Ctab (Sigma)
100 mM Tris (pH 8.0) 
20 mM EDTA
2 % BME (added later)

PRECIPITATION BUFFER (200 ml)

16.4 g NaCl 
4.0 g Ctab (hexadecyItrimethyl 

ammonium bromide)
20 ml 1.0 M Tris (pH 8.0)
8 ml 0.5 M EDTA (pH 8.0)
4 ml beta mercapto ethanol

I % Ctab 2 g Ctab
50 mM Tris (pH 8.0) 10 ml 1.0 M Tris (pH 8.0)
10 IhM EDTA 4 ml 0.5 M EDTA (pH 8.0)

RESUSPENSION BUFFER (100 ml)

I M CsCl 
50 mM Tris (pH 8.0) 
10 mM EDTA

16.84 g CsCl
5 ml Tris 1.0 M (pH 8.0)
2 ml EDTA 0.05 M (pH 8.0)

HIGH CESIUM SOLUTION (100 ml)

6.6 M CsCl
50 mM Tris (pH 8.0)
10 nM EDTA
0.1 % Sarkosyl

111 g CsCl
5 ml Tris 1.0 M (pH 8.0)
2 ml EDTA 0.05 M (pH 8.0) 
0.5 ml 20 % SarkoSyl (N- 

Lauroylsareosine)
MEDIUM Cs SOLUTION (100 ml)

4.5 M CsCl
50 mM Tris (pH 8.0)
10 mM EDTA
0.1 % Sarkbsyl

75.8 g CsCl
5 ml 1.0 M Tris (pH 8.0) 
2 ml 0.5 M EDTA (pH 8.0) 
0.5 ml 20 % Sarkosyl
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FUNGUS DNA EXTRACTION II 

PROTOCOL

1. Growth P. teres for 10 to 15 days in 1000 ml flasks 
containing 100 ml of V-8 juice, 0.75 g of CaCO3 and 
200 ml of distill water.

2. Collect mycelia by vacuum filtration with Buchner 
funnel and sterile # 4 Whatman filter paper. Freeze 
mycelia from two hours to overnight at -70°C.

3. For 10 g of freeze mycelia, add 18 ml of buffer I +
9 ml of H2O + 360 ul of BME (highly toxic, work under 
the hood, and ware double gloves). Meltdown (let sit 
at room temperature, keep loose tap!).

4. Gently mix the solution until the sample is completely 
in suspension (Use a clean spatule if necessary).

5. Incubate in water bath at 55°C for 30 minutes with 
gently mixing every 10 minutes.

6. Add equal volume 24:1 ChCl3 (chloroform):Isoamyl 
.alcohol (octanol) and invert to mix. Do in hood.
Gently.

7. Spin 10,000 k (13,000 xg and rotor size SA 600) at 150C 
for 10 minutes and save top (aqueous) phase. Use 10 ml 
wide-bore pipet. Gently.

8. Take the supernatant and place it in a 50 ml graduated 
blue falcon plastic tube (Be careful do not take debris 
at interphase). Add equal volume of precipitation 
buffer. Tilt a few times and hopefully DNA will appear. 
Immediately the suspension become cloudy if plenty DNA 
present.

9. Let sit on bench for 20-30 minutes.
10. Transfer the sample to polyallomer centrifuge tubes and 

spin for 10 minutes at 3,500 to 4,000 rpm and 150C.
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11» Dissolve DNA pellet obtained from each polyallomer

centrifuge tube in an eppendorf tube containing I ml of 
76% EtOH 0.2 M NaOAc. Let sit on bench for 5-10 
minutes. Mix well but gently.

12. Centrifuge 15 sec. in microfuge (cool room). Pour off 
supernatant.

13. Add I ml 76 % EtOH 10 mM NHOAc. Spin 15 seconds.
14. Pour off supernatant.
15. Carefully resuspend pellet in I ml TE buffer using 

pipet to stir (may take quite awhile to go into 
solution).
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STOCK SOLUTIONS

BUFFER I (200 ml)
1.4 M NaCl
2.0 % Ctab (Sigma)
100 mM Tris (pH 8.0) 
20 mM EDTA
2 % BME (added later)

PRECIPITATION BUFFER (200 ml) 
I % Ctab
50 mM Tris (pH 8.0)
10 HiM EDTA

16.4 g NaCl
4.0 g Ctab (hexadecyltrimethyl 

ammonium bromide)
20 ml 1.0 M Tris (pH 8.0)
8 ml 0.5 M EDTA (pH 8.0)
4 ml beta mercapto ethanol

2 g Ctab
10 ml 1.0 M Tris (pH 8.0) 
4 ml 0.5 M EDTA (pH 8.0)

76 % EtOH 0.2 M NaOAc (100 ml)
MW NaOAc = 82.0 
I M =  82.0 g/1
16.4 g/1 = .2 M 
1.64 g/100ml = .2 M
For 100 ml of solution use 1.64 g of NaOAc

76 % EtOH 0.2 M NaOAc (100 ml)
MW NH4OAc = 77.08 
I M =  77.08
10 HiM = .07708 g/100 ml of NH4OAc
For 100 ml of solution use .078 g of NH2OAc
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APPENDIX B
SOUTHERN BLOTS FOR FUNGAL DNA
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SOUTHERN BLOTS FOR FUNGAL DNA

1. Digest 2-5 ug of genomic DNA, with 3 units of enzyme/ug 
of DNA for at least 3 hours.

2. Load onto hardened agarose gel (0.8-1.2 agarose- 
depending on average fragment sizes, and 1-1.5 % EtBr 
in lx TBE).

3. Cut away one corner of the gel to mark orientation and 
take picture using a ruler next to the size standards.

4. Denature by incubating gel at room temperature in 
denaturing buffer 2 times, 20 minutes each on a shaker 
platform.

5. Remove denaturing buffer and rinse once quickly in 
neutralizing buffer, then incubate 2 more times, 30 
minutes each in neutralizing buffer shaking at room 
temperature.

6. Remove neutralizing buffer and place in IOx SSC.
Measure gel and cut zeta-probe blotting membranes (Bio- 
Rad Laboratories, Lot No. M4436-19, Catalog No. 162- 
0159), ant two pieces of 3MM paper to fit the gel.
Label membrane in corner using ball point pen as to 
date and name of experiment. Set up plate and wick as 
to hold the gel. Place gel on wick, rinse membrane in 
IOx SSC and place bn gel. Carefully remove any air 
bubbles by rubbing with gloved fingers. Place 3MM and 
paper towels on top. Use glass as a weight. Blot 
overnight.

NOTE: Be sure to mask around gel using exposed film or 
parafilm to ensure that solution wicks through, not around 
the gel.
7. Next morning dissemble set up and air dry membrane on 

dry 3MM paper at for at least one hour.
8. Bake for 2 hours in 80 C vacuum oven. Bake blot can be 

stored until ready to use in a plastic bag and at room 
temperature.

9. Wash dry blot in 0.Ix SSC, 0.1% SDS for 1-3 hours at 
60-65°C shaking. After washed the bake blot is ready 
to be prehybridized.
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SOLUTIONS FOR SOUTHERN TRANSFERS

DENATURING BUFFER
1.5 M NaCl 
0.5 M NaOH
NEUTRALIZING BUFFER
IM Tris-Cl (pH =8)
1.5 M NaCl
20x SSC
175.3 g NaCl (3M)
88.2 g Na Citrate (.3M)
BLOT WASH BUFFER FOR STRIPING
O.lX SSC 
0.1% SDS
WASH SOLUTION I
2x SSC/0.1% SDS (I liter)
100 ml 2Ox SSC/5 ml 20% SDS
WASH SOLUTION II
0.2x SSC/0.1% SDS (I liter) 
10 ml 20x SSC/5 ml 20% SDS
WASH SOLUTION III
. O.lx SSC/1% SDS (I liter)
5 ml 2Ox SSC/50 ml 20% SDS
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APPENDIX C 
SPECIES LIST
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PYRENOPHORA AND COCHLIOBOLUS SPECIES USED 
TO DETERMINE THE SPECIFICITY OF THE PROBES

Telomorph Anamorph Host Range

p. teres f. sp. teres
p. teres s. ap. maculata
C. sativus
P. araminea
P. tritici repentis
P. bromi
C. mivabeanus

P- loliiP. chaetomioides 
Unknown

D. teres 
Di teres 
B. sorokoniana 
D. araminea 
D. trot, rep. 
D. bromi 
B. orvzae
D. siccans 
D. avenacea 
D. phlei

Barley
Barley
Cereals, Grasses 
Barley, Triticum 
TriticumzGrasses 
Bromus, Triticum 
Rice, wild 

relatives 
Grasses, Cereals 
Avena, Grasses 
Grasses, Avena
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