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CHAPTER 2.  PCR FOR TAKE-ALL FUNGUS IDENTIFICATION IN PLANTA AND SOIL

2.1. ABSTRACT

Avenacinase-based primers were used in polymerase chain reaction (PCR) to detect Gaeumannomyces graminis (Sacc.) v. Arx & Olivier var. tritici Walker (Ggt) in infested wheat and soil.  To detect Ggt DNA in planta or in soil, annealing temperature of the reaction had to be reduced from 68C, used with purified DNA, to 62C. The lowest level of Ggt that could be detected in plant was when planted in soil containing 4 g/kg Ggt-infested millet.  The lowest level of Ggt detected in soil was 16 g of pure Ggt DNA per gram of soil.

2.2. INTRODUCTION

Take-all is a very damaging root disease of wheat (Triticum aestivum L.) that occurs wherever wheat is intensively grown (Garrett, 1981).  The causal agent of the disease is an ascomycete, Gaeumannomyces graminis (Sacc.) v. Arx & Olivier var. tritici Walker (Ggt).  The fungus grows on all plant parts below soil surface and produces characteristic symptoms of the disease, roots blackening, whiteheads, and stunted growth (Clarkson and Polley, 1981).  Two other varieties of G. graminis are present on roots of cereals and grasses.  G. graminis (Sacc.) v. Arx & Olivier var. graminis (Ggg) is a pathogen of seasonal grasses and G. graminis (Sacc.) v. Arx & Olivier var. avenae (Gga) is a pathogen of oat (Avena sativa L.).  Other similar non-pathogenic fungi that are also common on cereal and grasses roots are Gaeumannomyces cylindrosporus Hornby, Slope, Gutteridge & Sivanesan and Phialophora sp. (Walker, 1981).  All these fungi have similar teleomorphs and anamorphs, and they form the Gaeumannomyces-Phialophora complex.  The presence of this complex on wheat roots makes pathogen identification difficult.

As conventional identification methods fail to provide rapid and accurate identification of wheat take-all fungus, molecular approaches are becoming the methods of choice.  DNA probes are used to identify and quantify Ggt in soil (Herdina et al., 1996).  Polymerase chain reaction (PCR) is used to amplify specific region in ribosomal RNA (Goodwin et al., 1995), ribosomal DNA (Fouly and Wilkinson, 2000), internal transcribed spacer (Bryan et al., 1995), and mitochondrial DNA (Henson et al., 1993).  These molecular methods allowed rapid and accurate differentiation of Ggt from the Gaeumannomyces-Phialophora complex.  Except for Bryan et al. (1995), these methods only allowed differentiation of Ggt or Gga, but not Ggg.

All PCR methods used to identify wheat take-all fungus utilized the presence of multicopy gene families in fungal DNA.  Rachdawong (1999) developed specific primers for Ggt, Gga, and Ggg identification based on avenacinase genes, a gene associated with pathogenicity.  Similar genes are present in Ggt, Gga, and Ggg.  In Gga, this gene is responsible for producing avenacinase, an enzyme that detoxifies avenacin.  Avenacin is a fungitoxic substance produced by oats and avenacinase of Gga allow it to be pathogenic on oats.  Ggt and Ggg also produce avenacinase-like proteins but they are not active against avenacin (Crombie et al., 1986).  The difference in enzyme activity suggested a difference in the nucleic acid composition of the genes, which the author used to develop the primers.  The primers are sensitive to their own DNA template and the fragments generated are of different sizes, specific to the take-all pathogen Ggt, Gga, and Ggg.  Take-all pathogen identification thus can be performed rapidly and accurately in a single tube PCR. 

PCR with the avenacinase-based primers is still in its early stage of development and only works using purified fungal DNA.  To be useful for rapid and accurate pathogen identification, PCR should be able to detect the pathogen directly from infested plants or soil.  Several pathogens have been identified using PCR directly from infested plants or soil.  Niepold and Schober-Butin (1997) extracted Phytophthora infestans (Mont.) de Bary DNA directly from infested potato (Solanum tuberosum L.) tubers.  Fouly and Wilkinson (2000) extracted G. graminis DNA from infested wheat, oat, and turfgrass roots.  Lee and Tewari (2001) extracted Rhynchosporium secalis (Oudem.) J.J. Davis DNA from infested barley (Hordeum vulgare L.) seed.  Heinz and Platt (2000) and Volossiouk et al., (1995) extracted Verticillium species and Verticillium dahliae (Kleb.) DNA from infested soil.  

Although direct PCR from plant or soil extract is possible, DNA extraction from plant or soil co-purifies PCR inhibiting substances such as humic acids, polysaccharides, and phenolics.  Wilson (1997) grouped the mechanisms of PCR inhibition into three categories, failure of lysis, nucleic acid degradation, and polymerase inhibition.  Different methods or extraction buffers were used to minimize co-purification of PCR inhibiting substances.  Volossiouk et al., (1995) used skim milk powder in the extraction procedure to reduce DNA loss but the DNA extract needs to be diluted 50 times for PCR to work.  Heinz and Platt (2000) used proteinase K-ammonium acetate extraction buffer to reduce inhibition.  Cold extraction using extraction buffer that contains benzyl chloride, polyvinylpyrrolidone (PVP), and -mercaptoethanol was carried out by Bahnweg et al., (1998).  They also eliminated humic acid by precipitating it with methanol and CaCl2.  Niepold and Schober-Butin (1997) included bovine serum albumin (BSA) in the extraction procedure to adsorb any impurities.  BSA can also be included in the PCR reaction mixtures (Kreader, 1996; McGregor et al., 1996).  

In addition to extraction buffers or PCR mixtures, conditions of PCR are also important.  Ekman (1999) listed some important parameters in PCR as annealing temperature, magnesium ion concentration, primer concentration, polymerase concentration and type, extension time, and even the possibility of nested PCR.  Lowering annealing temperature reduces PCR sensitivity but may allow increase efficiency.  Increasing magnesium (Mg) concentration has similar effect to lowering annealing temperature.  Wilson (1997) listed primers, polymerase, Mg concentration, and reaction conditions as some reasons that can result in PCR failure.  Formamide has been shown to improve PCR reaction by reducing DNA melting temperature (Comey et al., 1991).  Dimethyl sulfoxide (DMSO) increases PCR sensitivity by eliminating non-specific amplification or improves annealing efficiency of the primers (Sidhu et al., 1996).

The objective of this research is to use the avenacinase-based primers to detect Ggt directly from infested plants and soil.  Several extraction methods are going to be used in order to minimize the build up of PCR inhibiting substances.  PCR conditions are going to be optimized by finding the optimum annealing temperature, magnesium ion and polymerase concentration, or by adding substances that relief PCR inhibition.  

2.3. MATERIALS AND METHODS

2.3.1. DNA Extraction from Infested Plants

Fungal DNA was extracted from infested plants using the hot CTAB method (Rachdawong, 1999).  Roots were washed, chopped into small pieces (approximately 2 mm in length), and ground in liquid nitrogen.  Approximately 0.25 to 0.5 g of the ground sample was transferred into a 2 ml tube containing 0.5 ml of preheated extraction buffer (2% (w/v) CTAB, 1.4 M NaCl, 20 mM EDTA pH 8.0, 10 mM Tris-HCl pH 8.0, and 0.2% (v/v) -mercaptoethanol added just before use).  The mixture was incubated at 65C for 1 hr, mixing every 10 to 15 min.  An equal volume of chloroform:isoamyl alcohol (24:1) was added and the mixture was shaken horizontally on a minishaker MS 1 (IKA-WORKS, INC, Wilmington, NC 28405) at approximately 1,000 rpm for 30 min at room temperature (22-24C).  Chloroform mixture was separated by centrifugation for 10 min at 4C (5,000g).  RNAse A was added to the supernatant to a final concentration of 100 g/ml and the mixture was incubated for 30 min at room temperature.  DNA was precipitated by adding 0.6 volume of isopropanol (-20C) and incubating the mixture at -20C for 30 min.  DNA was pelleted by centrifugation at 4C for 10 min (2,000 g).  The resulting pellet was washed in 300 l of 70% ethanol/10 mM ammonium acetate and resuspended in 100 l of TE buffer overnight at 4C without agitation.

2.3.2. DNA Extraction from Infested Soil

Fungal DNA was extracted from soil using Ultra Clean Soil DNA Isolation Kit (Mo Bio Laboratories, Inc., Solana Beach, CA 92075) according to manufacturer’s instructions. 

2.3.3. Sensitivity Test for Plant Extraction

Sensitivity tests were performed to obtain the lowest level of DNA in plants that can be detected by PCR using the primers.  After a week growth on PDA, ten 8-mm agar discs of Ggt were inoculated onto 152 g sterile German foxtail millet (Setaria italica L.) seeds in a 2 Liter Erlenmeyer flask.  Several flasks were prepared and the flasks were incubated at room temperature (22-24C) for approximately two months.  Inoculated millet was mixed with Kempsville loam soil to make 16 g millet/kg soil, 8 g/kg, 4 g/kg, 2g/kg, 1g/kg, 0.5g/kg, 0.25g/kg, and 0.125 g/kg.  A cotton ball was inserted into the bottom of each Conetainer (Ray Leach Conetainers, Portland, Oregon, 4 X 21 cm) and approximately 150 g of the soil mixture was added to each cone.  Four wheat seeds were planted into each cone, approximately 1 cm deep into the soil.  Plants growing on soil without inoculated millet were used as controls.  The plants were grown in the greenhouse.  Disease symptoms were not recorded for this experiment but plants were pulled out after differences in plant heights between the control and the treatment was visible (approximately 4 weeks).  Fungal DNA was extracted from the plant roots as described previously.

2.3.4. Sensitivity Test for Soil Extraction

To determine how sensitive the reaction is in detecting the fungi in soil, purified Ggt DNA were mixed with Kempsville loam soil (chemical and physical properties of the soil are summarized in Table 2), extracted, and amplified with the PCR.  The concentrations of purified DNA were 4 g/g, 8 g/g, 16 g/g, 32 g/g, 64 g/g, 128 g/g, 256 g/g, 512 g/g, and 1024 g/g soil.  The purified DNA was mixed with 0.25 g soil and the whole mass of soil with the DNA was extracted as described previously.

2.3.5. PCR Conditions

DNA was amplified using the avenacinase-based primers (Rachdawong, 2000).  The sequence of the 5’ Ggt-specific primer was 5’-TCCTCGGCCCCGTAATTGGC-3’.  The sequence of the 3’ primer was 5’-TGCTCATGGTGGTTCCTGC-3’.  Each 50 l reaction volume contained 1 l of plant extract or 5 l of soil extract, 50 pmol of each primer, 1.25 U of Taq DNA polymerase (Qiagen Inc. Valencia, CA 91355), 100 m of each deoxynucleotide triphosphates, 1 X reaction buffer, 3 mM MgCl2.  Volume was adjusted to 50 l with nano-pure deionized water.  PCR were performed in a thermal cycler (Mastercycler Gradient, Eppendorf Scientific Inc., Westbury, NY 11590) programmed for an initial denaturation of 3 min at 95C, followed by 35 cycles, each consisting of 94C for 45 sec, 62C for 1 min, and 72C for 2 min.  An additional incubation for 10 min at 72C was carried out in the end.  PCR products were separated by electrophoreses (Horizontal Gel Electrophoresis System, Bethesda Research Laboratories, Gaithersburg, MD) at 75 V for 1.5 hours in a 1.8% agarose gel in 0.5 X TBE buffer (45 mM Trisborate and 1 mM EDTA, pH 8.0).

Table 2. Selected chemical and physical properties of a Kempsville loam (fine-loamy, siliceous, thermic Typic Hapludult) soil utilized in greenhouse experiment.

(Crozier, 1999)

Parameter
Analyses
Method1

Textural classification
Sandy loam


Sand %
59.72


Silt %
24.7


Clay %
15.7


Organic matter %
1.4
29-3.5.2

CEC (meq/100g)
3.9
(sum of cations)

pH
5.7
12-2.6, 12-3.4.4

NO3 (g/g)
9.0
33-3.2.1, 33-8.3

P (g/g)
49.0 (Bray 1)
24-5.1

K (g/g)
91.0
13-3.5.2

Mn (g/g)
25.7
19-3.4

1All methods are listed in Methods of Soil analyses Part 2. 1982. Chemical and Microbiological Properties 2nd Edition. American Society of Agronomy and soil Science Socity of America.

2Average of three separately analyzed samples.

2.3.6. Optimization of PCR Conditions

Purified fungal DNA was used as the positive control in all experiments.  Different annealing temperatures ranging from 61C to 69C were tested to determine the optimum annealing temperature.  Two annealing times (45 sec and 1 min) were used. 

2.3.7. Overcoming PCR Inhibition

To overcome PCR inhibition, 1% Igepal CA-630 (Sigma), 1 to 10% dimethyl sulfoxide (DMSO), 0.1 to 0.2% dry milk powder, 0.02 to 1% gelatin, 0.1% Tween 20, 5% formamide, and 5 to 50 g bovine serum albumin (BSA) were included in the reaction individually at different concentrations.  The amount of Taq Polymerase was also increased from 1.25 to 2.5 units. 

2.3.8. DNA Sequencing

To confirm that the PCR-generated fragment was Ggt, PCR products were cleaned (Qiaquick PCR Kit, Qiagen, Inc., Valencia, CA 91355) and sequenced at the Core Laboratory Facility (CLF) at the Virginia Bioinformatics Institute.  The product was cyclically labeled using dye terminator cycle sequencing kit (Big Dye Terminator Cycle Sequencing, PE Applied Biosystem, Foster City, CA) according to manufacture’s instructions.  Sequencing was performed using an ABI Prism 377 DNA Sequencer (Applied Biosystem, Foster City, CA).  Sequence data were analyzed using the Lasergene Sequence Analysis Software (DNAStar Inc., Madison, WI 53715).

2.4. RESULTS

2.4.1. DNA Extraction from Plant

The hot CTAB method of Rachdawong (1999) for extracting fungal DNA from roots was the only method attempted that gave consistent PCR products.  Several other DNA extraction methods were compared, including boiling root samples in NaOH (Bryan et al., 1995) and extracting DNA with methanol-CaCl2 and benzyl chloride (Bahnweg et al., 1998).  The method of Bryan et al., (1995) was very simple and quick to perform but no PCR fragment was generated even when dried mycelia were included in the extraction process.  Increasing the boiling time also did not work.  The method of Bahnweg et al., (1998) also did not generate any PCR fragment.  This method was more complicated than that of Bryan et al., (1995).  The main disadvantage was that DNA pellet was washed in such high concentration of chloroform that they float instead of sediment.  The floating DNA was difficult to collect compared to the common method of centrifuging DNA into a pellet.  A DNeasy Plant Mini Kit (Qiagen, Inc., Valencia, CA 91355) provided a simple and fast DNA extraction method, but the PCR results were inconsistent.  

2.4.2. DNA Extraction from Soil

No DNA precipitate was formed when DNA was extracted from infested soil according to Volossiouk et al., (1995) and Heinz and Platt (2000).  No band was visible when 64 g pure Ggt DNA per gram soil was included in the extraction procedure of both methods.  The Ultra Clean Soil DNA Isolation Kit was able to amplify DNA in soil as low as 16 g/g (see Sensitivity Tests).  It proved to be the fastest and easiest extraction method and it was the only method that gave positive amplification of Ggt from infested soil.  However, only two extractions worked and the repeated extraction did not yield amplified Ggt DNA.  

The first extraction was from take-all infested field soil that has been frozen at –20C for a year.  Wheat plants pulled from the soil was frozen together with some soil around the roots.  The soil used for the extraction was scraped from the roots very near the base of the plants.  Repeated extraction from the same soil did not result in a positive amplification for Ggt.  The second extraction was from infested soil used in the greenhouse experiment (see Chapter 3).  This soil was inoculated with 10 g Ggt-infested millet per kg soil and had wheat grown on it for approximately a month.  Extraction from the soil resulted in Ggt amplification only when performed right after wheat was harvested.  Extraction from the same soil that had been frozen for a few days without prior drying did not result in Ggt amplification.

2.4.3. Sensitivity Tests

The lowest level of DNA detected by PCR was from plants grown in 4g Ggt-infested millet/kg soil (Figure 2.1).  However, the DNA extract had to be diluted two-fold to get a clear gel band and reduce background.  This is probably due to the high plant DNA content in the extract. 




Figure 2.1.  Sensitivity test for plant extraction.  

Each lane contains PCR products of DNA extracted using the hot CTAB method from roots of plants grown in soil containing Gaeumannomyces graminis var. tritici (Ggt)-infested millet seeds.  Extracted DNA was used as template with Ggt-specific primers for 35 cycles of PCR amplification as described in text.  PCR products were separated in 1.8% agarose gel by electrophoresis, stained with ethidium bromide and visualized under UV light.  Lane 1 is a 100 bp DNA ladder, pertinent molecular sizes are indicated as basepairs (bp).  Lanes 2 to 5 represent 16 g Ggt-infested millet/kg soil, 8 g/kg, 4 g/kg, and 2 g/kg, respectively.

The lowest level of DNA in soil that could be detected was 16 g/g (Figure 2.2).  However, this was only achieved when 4 g of pure DNA was mixed with 0.25 g soil and all of the soil was used in the extraction.  Detection failed with the same concentration of DNA when less than the total amount of soil (0.25 g) was used in the extraction.






Figure 2.2.  Sensitivity test for soil extraction.  

Soil artificially contaminated with Gaeumannomyces graminis var. tritici (Ggt) DNA was extracted using a soil DNA isolation kit.  Extracted DNA was used as template with Ggt-specific primers for 35 cycles of PCR amplification as described in text.  PCR products were separated in 1.8% agarose gel by electrophoresis, stained with ethidium bromide and visualized under UV light.  Lane 1 is a 100 bp DNA ladder, pertinent molecular sizes are indicated as basepairs (bp).  Lanes 2 to 10 represent DNA-soil mixtures of 1024 g /g, 512 g/g, 256 g/g, 128 g/g, 64 g/g, 32 g/g, 16 g/g, 8 g/g and 4 g/g, respectively.

2.4.4. PCR Optimization

Fungal DNA extraction from plants with the hot CTAB method (Rachdawong, 1999) generated a Ggt-sized fragment when the annealing temperature was reduced to 62C (Figure 2.3).  No fragment was generated at annealing temperature of 68C (results not shown).  In addition, annealing time was increased from 45 s to 1 min (results not shown).





Figure 2.3.  Comparison of Gaeumannomyces graminis var. tritici (Ggt) DNA amplification with avenacinase-based primer in PCR at different annealing temperatures.  

Each lane contains PCR products of DNA extracted using the hot CTAB method from roots of plants grown in soil containing Gaeumannomyces graminis var. tritici (Ggt).  Extracted DNA was used as template with Ggt-specific primers for 35 cycles of PCR amplification as described in text.  PCR products were separated in 1.8% agarose gel by electrophoresis, stained with ethidium bromide and visualized under UV light.  Lanes 1 to 3 are PCR products at 62C annealing temperature while lanes 4 to 6 are at 68C.  Lanes 1 and 6 contain 100 bp DNA ladder, pertinent molecular sizes are indicated as basepairs (bp).  Lanes 2 and 5 represent PCR products of purified Ggt DNA as positive controls.  Lanes 3 and 4 represent PCR products from DNA extracted from the roots of a plant grown in Ggt-infested soil. 

Lowering the annealing temperature from 68C to 62C and increasing annealing time from 45s to 1 min were found to be sufficient to overcome PCR inhibition.  Additional enhancer such as Igepal CA-630 (Sigma), dry milk powder, BSA, DMSO, or Tween 20 did not increase sensitivity.  However, the amount of Taq Polymerase had to be doubled from 1.25 units to 2.5 units to amplify fungal DNA extracted from soil.  

2.4.5. Sequencing

Sequence alignment with Ggt isolate from Montana (M1) and Ggt isolate from the ATCC (ATCC28230) DNA confirmed the identity of the PCR fragment (98% match).  The complete sequence alignment is shown in Appendix A. 

2.5. DISCUSSION

The avenacinase-based primers specific for each Ggt, Ggg, and Gga were used to detect take-all pathogen in infested wheat and soil.  Before this, the primers worked only on purified fungal DNA.  This research showed that the Ggt-specific primer can be used to detect the pathogen from infested wheat and soil.  Further optimization will be necessary before the procedure can be applied in practical situations.  Previously, the annealing temperature of the PCR was 68C and this did not generate any fragment.  This temperature was the optimum temperature when using purified fungal DNA template.  However, the high annealing temperature may be inefficient when the target DNA is present in smaller proportion against a background of other DNA, such as in plant or soil extracts.  In this research, 62C allowed detection of amplified products.

Faster DNA extraction methods from plants are available but they did not work for these primers.  Boiling root samples in NaOH (Bryan et al., 1995; Henson et al., 1993) was a very fast and easy method but apparently was not sufficient.  Wilson (1997) explained that boiling samples may release DNA from cells but the DNA may fail to separate from any structural or DNA-binding proteins.  

The primers used by these researchers amplified ribosomal DNA (rDNA) and mitochondrial DNA (mtDNA) instead of nuclear DNA.  mtDNA may be more accessible for amplification than nuclear DNA because of the different compartmentalization and protein complexes involved (Henson et al., 1993).  Moreover, these DNA are present in more copies than nuclear DNA resulting in more targets and more sensitivity (Fouly and Wilkinson, 2000).  Johnston and Aust (1994) were able to amplify the ITS region of Phanerochaete chrysosporium (Burdsall) easily but the sensitivity was much reduced when amplifying a ligninase H8 DNA of the same organism, even when extraction was made from pure cultures.  They also suggested that the high copy number of ribosomal DNA make them a much more abundant target for amplification.

The Gga genome contains a single copy of avenacinase gene (Bowyer et al., 1995).  Similarly, Ggt genome most likely also contains only a single copy of avenacinase-like gene.  Compared to the number of rDNA genes that is more than 50 copies per genome (Fouly and Wilkinson, 2000), the avenacinase gene is a very low target for PCR.  This might account for the false negative results.

The DNeasy Plant Mini Kit (Qiagen, Inc., Valencia, CA 91355) provided a clean and fast way of obtaining DNA from plant.  However, the PCR results from this extract were inconsistent (results not shown).  One possible explanation for this is the small sample load (100 mg) that results in more plant DNA being extracted than fungal DNA.    

Failure to repeat the soil extraction may result from variations in inoculum loads in the sample, as suggested by Lee and Tewari (2001).  The small sample size (0.25 g) may also contribute to this.  Another possibility is the loss of DNA due to degradation by DNase (Wilson, 1997).  The repeated extraction was performed several days after the first extraction.  DNA may have been degraded then since the sample was directly frozen without drying.  
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