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    Chapter 30   

 Fungal Plant Pathogen Detection in Plant 
and Soil Samples Using DNA Macroarrays       

         B.   Lievens      ,    A.   Justé   , and    K.  A.   Willems     

  Abstract 

 PCR-based DNA array technology is one of the most suitable techniques to detect and identify multiple 
pathogens in a single assay. Out of the different array platforms that currently exist, membrane-based DNA 
macroarrays are the most convenient for plant disease diagnosis because of low costs, great sensitivity, and 
modest equipment requirements. Here we describe a protocol for routine detection of plant pathogens 
using DNA macroarrays, i.e., from sampling to analysis of hybridization results. Diagnosis can be 
completed within 36 h after sample collection.  
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 Currently, DNA array technology is one of the most suitable 
techniques for rapid detection and accurate identifi cation of several 
pathogens in a single assay  (  1,   2  ) , even when the different target 
species can only be discriminated by a single-nucleotide polymor-
phism (SNP) in the gene targeted  (  3  ) . Arrays typically consist of 
discrete spots of pathogen-specifi c oligonucleotide sequences 
immobilized onto a solid support to which labeled PCR products 
are hybridized. In general, target sequences are amplifi ed and 
simultaneously labeled using universal primers spanning a genomic 
region harboring variable, target-specifi c sequences such as the 
ribosomal internal transcribed spacers (ITS). In this way, numerous 
targets can be amplifi ed with a single primer pair, while target 
discrimination is performed afterward on the array  (  1  ) . As the 
sample DNA is PCR-amplifi ed, sensitivity of DNA arrays is typically 

  1.  Introduction
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high. In addition, the number of pathogens that can be detected 
simultaneously is in theory unlimited  (  1  ) . This technology was 
originally developed for mutation analysis in the screening for 
human genetic disorders  (  4,   5  ) , but has also been successfully 
applied to detect and/or identify plant pathogens of diverse nature 
 (  2  ) , including oomycetes  (  6,   7  ) , fungi  (  8–  13  ) , nematodes  (  14  ) , 
and bacteria  (  10,   15  ) . In addition, hybridization signal intensity 
enables biomass semi-quantifi cation  (  9,   10  ) , making DNA arrays 
even more appealing for plant pathogen diagnosis. 

 A number of different array platforms have been described so 
far, ranging from microscopic bead arrays to solid support arrays 
on nylon membranes (DNA macroarrays) or glass-slides (DNA 
microarrays)  (  16  ) . Compared to bead array and microarray plat-
forms, membrane-based macroarrays are more useful in plant dis-
ease diagnosis because of lower costs, greater sensitivity, and 
freedom from the need for highly specialized equipment  (  2,   17  ) . 
Here we describe the use of DNA macroarrays for the rapid and 
effi cient detection and identifi cation of several plant pathogenic 
fungi from environmental samples such as plants and soil. Similar 
detection tools have been developed by the authors for sugar thick 
juice bacterial contaminants  (  18  ) , a panel of 53  Legionella  species 
(unpublished results) and several fi sh pathogens  (  19,   20  ) . In this 
chapter, protocols for DNA array production, sampling and DNA 
extraction, DNA amplifi cation and labeling, DNA array hybridiza-
tion and image acquisition and analysis are described. For the 
design and development of target-specifi c oligonucleotides, we 
refer to other manuscripts (e.g.,  (  3,   21,   22  ) ).  

 

 Always wear a lab coat and disposable powder-free gloves when work-
ing in the laboratory. Prepare all solutions using ultrapure water and 
analytical grade reagents (see Note 1). Prepare and store all reagents 
at room temperature (unless indicated otherwise). Diligently follow 
all waste disposal regulations when disposing waste materials. 

      1.    Membranes suited for reverse dot blot hybridization such as 
0.45  m m Immunodyne ABC membranes (PALL Europe 
Limited, Portsmouth, UK). Store vacuum sealed packages at 
room temperature (see  Note 2 ).  

    2.    5 ¢ -C6-amino-labeled oligonucleotides (see Note 3). Dilute (in 
10 mM Tris buffer, pH 8.0) to a fi nal concentration of 200  m M. 
Store at −20°C.  

    3.    Printing buffer: 0.5M NaHCO 3 , pH 8.4, 0.004% bromophenol 
blue (BPB) (see Note 4). For 100 mL: Dissolve 4.2 g NaHCO 3  
in 80 mL water. Adjust pH to 8.4 with 0.2N NaOH. Adjust 

  2.  Materials

  2.1.  DNA Array 
Production 
Components
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volume to 99 mL with water and add 1 mL 0.4% BPB. Filter 
through 0.2  m m bottle top fi lter. Store at 4°C.  

    4.    20× Saline Sodium Citrate (SSC): 3M NaCl, 0.3M Na Citrate, 
pH 7.0. For 800 mL: Dissolve 140.3 g NaCl and 70.6 g 
sodium citrate in 650 mL water. Adjust the pH to 7.0 with 1M 
HCl, and the volume to 800 mL with water. Filter trough 
0.2  m m bottle top fi lter.  

    5.    2× SSC. For 1 L: Mix 100 mL 20× SSC with 900 mL water.  
    6.    Blocking buffer: 2× SSC, 0.5% casein, 0.05% Tween20 (see 

Note 5). Add casein to 2× SSC and heat on a stir plate to 
80°C or until dissolved. Do not boil the solution. Cool to 
20–40°C before adding Tween20 (see Note 6) and use.      

      1.    DNA extraction kit: PowerSoil DNA isolation kit (MoBio 
Laboratories, Solana Beach, CA, USA) for isolating high 
quality DNA from soils (and most other environmental sam-
ples) or PowerPlant DNA isolation kit (MoBio Laboratories, 
Solana Beach, CA, USA) for isolating high-quality DNA from 
plants including those high in phenolics and polysaccharides 
(see Note 7).      

      1.    10× DIG DNA labeling mix: 2.0 mM dATP, 2.0 mM dCTP, 
2.0 mM dGTP, 1.9 mM dTTP, and 0.1 mM alkali-labile 
digoxigenin 11-dUTP (DIG-11-dUTP; Roche Diagnostics 
GmbH, Mannheim, Germany) (see Notes 8 and 9). For a 
100  m L labeling mix: Mix 2  m L 100 mM dATP, 2  m L 100 mM 
dCTP, 2  m L 100 mM dGTP, 1.9  m L 100 mM dTTP, 10  m L 
1 mM DIG-11-dUTP, and 81.1  m L water. Vortex briefl y. 
Store at −20°C.  

    2.    PCR primers. Dilute (in 10 mM Tris buffer, pH 8.0) to a work-
ing concentration of 20  m M. Store at −20°C.  

    3.    Titanium  Taq  DNA Polymerase (Clontech Laboratories, Palo 
Alto, CA, USA), including 50× Titanium  Taq  DNA polymerase 
and 10× Titanium  Taq  PCR buffer (see Note 10). Store at 
−20°C.      

      1.    Anti-digoxigenin alkaline phosphatase (anti-DIG AP) conju-
gate, Fab fragments (Roche Diagnostics GmbH, Mannheim, 
Germany). Store at 4°C.  

    2.    CDP-Star (Roche Diagnostics GmbH, Mannheim, Germany). 
Store protected from light at 4°C (see Note 11).  

    3.    20× SSC: 3M NaCl, 0.3M Na Citrate, pH 7.0.  
    4.    5× Buffer I: 0.5M Maleic Acid, 0.75M NaCl, pH 7.5. For 

800 mL: Dissolve 46.4 g maleic acid and 35.1 g NaCl in 
650 mL water. Adjust to pH 7.5 with NaOH pellets (see Note 
12). Adjust volume to 800 mL with water. Filter trough 0.2  m m 
bottle top fi lter.  

  2.2.  DNA Extraction 
Components

  2.3.  DNA Amplifi cation 
and Labeling 
Components

  2.4.  DNA Array 
Hybridization 
Components
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    5.    5× Buffer II: 0.5M Trizma Base, 0.5M NaCl, pH 9.5. For 
800 mL: Dissolve 48.5 g Trizma base and 23.4 g NaCl in 650 mL 
water. Adjust to pH 9.5 with 1N NaOH. Adjust volume to 
800 mL with water. Filter through 0.2  m m bottle top fi lter.  

    6.    10%  N -Lauroyl Sarcosine (NLS). For 50 mL: Dissolve 5 g 
NLS in 40 mL. Adjust volume to 50 mL with water. Filter 
through 0.2  m m bottle top fi lter.  

    7.    10% Sodium Lauryl Sulfate (SLS; synonym Sodium Dodecyl 
Sulfate (SDS)). For 50 mL: Dissolve 5 g SLS in 40 mL. Adjust 
volume to 50 mL with water. Filter through 0.2  m m bottle top 
fi lter.  

    8.    6× SSC. For 1 L: Mix 333 mL 20× SSC with 667 mL water.  
    9.    Hybridization buffer: 6× SSC, 0.1% NLS, 0.02% SLS. For 1 L: 

Add 10 mL 10% NLS and 2 mL 10% SLS to 1 L 6× SSC and mix.  
    10.    Prehybridization buffer: 6× SSC, 0.1% NLS, 0.02% SLS, 1% 

casein (see Note 5). Add casein to hybridization buffer and 
heat on a stir plate to 80°C or until dissolved. Do not boil the 
solution.  

    11.    Hybridization wash buffer I (stringency buffer): 6× SSC, 1% 
SLS. For 1 L: Add 10 mL 10% SLS to 1 L 6× SSC and mix (see 
Note 13).  

    12.    1× Buffer I. For 1 L: Mix 200 mL 5× Buffer I with 800 mL water.  
    13.    Blocking buffer: 1× Buffer I, 1% casein (see Note 5). Add 

casein to 1× Buffer I and heat on a stir plate to 80°C or until 
dissolved. Do not boil the solution.  

    14.    Hybridization wash buffer II: 1× Buffer I, 0.3% Tween 20.  
    15.    Detection buffer: 1× Buffer II. For 1 L: Mix 200 mL 5× Buffer 

II with 800 mL water.       

 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. In order to prevent sample contamination, proper knowl-
edge and application of sample handling technique is essential. 
A key component in this is the use of separate working areas for the 
different steps involved. These working areas consist, preferentially, 
of four different rooms with separate sets of pipettes, plastics, dis-
posables, etc., including:

   Sample preparation area:  ●

   Use a clean set of analysis tools per sample. Use new gloves 
after handling each sample. Thoroughly clean and disinfect 
nondisposable analysis tools between samples.  

  3.  Methods
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  PCR area I: preparation of PCR reagent mix and DNA array  ●

production: 
   Avoid DNA cross-contamination. Keep only reagents and 

primers in this area. UV-sterilize all materials and plastics before 
bringing them into this area. Prepare the PCR mastermix in a 
PCR cabinet with UV sterilization. Dispense the mix into PCR 
tubes and close the tubes fi rmly. UV-sterilize the cabinet before 
and after use.  
  PCR area II: DNA extraction and PCR preparation:  ●

   Perform DNA extraction. Add extracted DNA to the prepared 
PCR tubes in a second PCR cabinet. UV-sterilize the PCR 
cabinet before and after use.  
  PCR area III: PCR run and hybridization:  ●

   Run PCR and perform all involved post-PCR activities. 
Opening tubes may be a major source of contamination as 
amplicons may be spread by aerosols. Consider all materials in 
this area as “highly DNA-contaminated.” Never bring materi-
als from this area to one of the other areas.    

 The working direction is from PCR area I to PCR area III 
(Sample preparation > PCR reagents > Extraction and addition > PCR 
and hybridization). Working in the reverse direction should be 
strictly avoided and materials, equipment, glassware, etc. may not 
be moved from one area to another. 

      1.    Prepare a 40  m M 5 ¢ -C6-amino-labeled oligonucleotide solu-
tion in printing buffer.  

    2.    Fill a 384-well microtiter plate with the oligonucleotides 
according to the desired DNA array template (see Notes 14 
and 15). Store the plate at −20 or −80°C.  

    3.    Cut Immunodyne ABC membranes to fi t the size of the array. 
Handle membranes with caution using clean forceps. The mem-
brane is best cut through the membrane protection sheet with a 
paper cutter, leaving ~5 mm border for handling/labeling.  

    4.    Put the V&P Library Copier (V&P Scientifi c, San Diego, CA, 
USA) over the microtiter plate.  

    5.    Stick the V&P Multi-Print registration device (using double-
sided sticky tape) on a plastifi ed positioning mat representing 
all possible locations where the oligonucleotides can be depos-
ited (see Note 16).  

    6.    Position the membrane. Stick membrane borders using dou-
ble-sided tape. Make sure that the membrane is lying fl at 
against the mat.  

    7.    Print oligonucleotides using a 384 pin V&P Multi-Blot repli-
cator (see Note 17). Using the four alignment holes in the 
Multi-Print, a 1536-spot DNA array can be produced.  

  3.1.  DNA Array 
Production
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    8.    After printing, seal the plate with sealing tape and store at 
−20°C until next printing.  

    9.    Assess printing quality of membranes, based on intensity and 
distribution of spots (see Note 18). Discard low-quality blots.  

    10.    Air-dry membranes for at least 30 min.  
    11.    Label membranes with a unique serial number using a perma-

nent marker to allow tracking of the array during the course of 
the analysis. Put numbers consistently on the same position on 
the membrane, e.g., in the lower right corner.  

    12.    Block membranes for 30 min with gentle agitation (~3.5 rpm) 
in blocking buffer at room temperature in a sterile glass tray 
(e.g., 15 × 25 cm) (see Note 18).  

    13.    Wash membranes in 2× SSC for 30 min at room temperature 
(see Note 19) and membranes are ready to use. Maintain in 2× 
SSC at 4°C (e.g., in a 50 mL centrifuge tube) for short-term 
storage or air-dry overnight and keep at room temperature in 
an envelope for long-term storage. In this case, storing mem-
branes vacuum packaged (plastic sealed) or in a vacuum desic-
cator is recommended.      

      1.    Take samples according to a standardized sampling protocol 
(see Note 20).  

    2.    Prepare samples for DNA extraction (see Note 21).  
    3.    Extract DNA using the MoBio PowerPlant or PowerSoil DNA 

isolation kits according to the manufacturer’s guidelines (see Note 
22). Use a standard amount of sample material (see Note 23).  

    4.    Measure DNA yield and quality spectrophotometrically. 
A A 260 :A 280  ratio ~1.8 is generally accepted as “pure” for DNA 
A 260 :A 230  values are expected in the range of 2.0–2.2 for high-
quality DNA extracts.  

    5.    DNA extracts may have to be diluted (5 or 10 times) to avoid 
detrimental concentrations of potential PCR inhibitors. On the 
other hand, if too little DNA yield is obtained, DNA samples 
may have to be precipitated and resuspended (see Note 24).  

    6.    DNA samples are now ready for PCR amplifi cation. Store 
samples at −20 or −80°C.      

      1.    Prepare a PCR mastermix for  n  +  c  + 1 samples, with n the total 
number of studied samples and c the number of controls. The 
extra one is to preempt pipetting volume variation. For each 
reaction tube, mix 14.1  m L water, 2  m L 10× Titanium  Taq  PCR 
buffer (fi nal concentration 1×), 1.5  m L 10× DIG DNA labeling 
mix (fi nal concentration 0.15 mM of each nucleotide), 0.5  m L 
of each primer (20  m M; fi nal concentration 0.5  m M), and 0.4  m L 
50× Titanium  Taq  DNA polymerase (fi nal concentration 1×). 

  3.2.  Sampling and DNA 
Extraction

  3.3.  PCR Amplifi cation 
and Labeling
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Vortex briefl y to mix. Include one or more negative controls 
that receive water instead of template DNA and one positive 
control that contains DNA of a strain known to react positively 
(see Note 25).  

    2.    Divide the mastermix into aliquots of 19  m L in 0.2 mL PCR 
reaction tubes.  

    3.    Add 1  m L template DNA, vortex briefl y, and spin down 
(2,000 rpm; few seconds). Avoid air bubbles in the tubes.  

    4.    Put tubes in thermocycler. PCR conditions, especially annealing 
temperature ( T  a ), will vary with the primers used (see Note 26). 
For sensitive detection, use 35–40 cycles of PCR. For quantifi -
cation purposes, run 30 cycles to avoid analysis of samples which 
were no longer in the exponential phase of the reaction  (  9  ) .  

    5.    Digoxigenin-labeled amplicons are now ready to be used for 
hybridization (see Note 27) or can be stored at −20°C until 
further use.      

  Never touch membranes. Always handle membranes with clean 
forceps. Make sure membranes do not dry out during the process. 

  Start prehybridization during the last steps of PCR amplifi cation 
and labeling.

    1.    Place each individual membrane in a plastic conical hybridiza-
tion tube (see Note 28). Make sure the oligonucleotide side of 
the membrane is facing the inside of the tube. Label each tube 
to couple with the unique membrane number.  

    2.    Warm the prehybridization buffer to 54°C (warm water bath) 
and invert the bottle several times to allow complete dissolu-
tion of the buffer components.  

    3.    Add prewarmed prehybridization buffer to each membrane 
(see Note 29). Be sure the cap of the tube is screwed on hand-
tight (see Note 30).  

    4.    Balance tubes in hybridization oven. Prehybridize at 54°C (see 
Note 31) for at least 1.5 h with continuous agitation at about 
5 rpm (see Note 32).      

      1.    Warm hybridization buffer to 65°C (warm water bath) and 
invert the bottle several times to allow complete dissolution of 
the buffer components.  

    2.    Denature labeled PCR amplicons in 1 mL hybridization buffer 
(in microcentrifuge tube) by heating at 95°C for 10 min. Then 
spin briefl y to collect condensation.  

    3.    Discard the prehybridization buffer from the hybridization 
tube and replace by prewarmed hybridization buffer (5 mL in 
15 mL tubes or 11 mL in 50 mL tubes) (see Note 29).  

  3.4.  Hybridization

  3.4.1.  Prehybridization

  3.4.2.  Hybridization
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    4.    Add denatured amplicons to the tube (see Note 33). Mix well 
and put the tube back in the hybridization oven.  

    5.    Hybridize overnight at 54°C with continuous agitation at 
about 5 rpm.      

      1.    Heat hybridization wash buffer I to 65°C (warm water bath) 
and invert the bottle several times to allow complete dissolu-
tion of the buffer components.  

    2.    Discard the hybridization buffer. In case you may need to 
hybridize the same mixture to another array, pour the hybrid-
ization buffer from the hybridization tube into a clean tube, 
label and store at −20°C until reuse (see Note 34).  

    3.    Add prewarmed hybridization wash buffer I to the hybridiza-
tion tube (see Note 29) and then place the tube back into the 
hybridization oven. Wash the membrane at 54°C for 45 min 
with 5–10 rpm agitation (see Note 35).  

    4.    Discard the wash solution and repeat with new warm hybrid-
ization wash buffer I.  

    5.    Using forceps, carefully remove each membrane from its hybrid-
ization tube and transfer to a baked, sterile glass tray (see Note 
36) with hybridization wash buffer II. Wash membranes at 
room temperature for 5 min with gentle agitation (~3.5 rpm).      

  All of the following detection steps are performed at room tem-
perature (unless stated otherwise).

    1.    Block membranes in blocking buffer in a baked, sterile glass 
tray (see Note 36). Incubate for 30 min with gentle agitation 
(~3.5 rpm).  

    2.    Dilute anti-DIG-AP 1:25,000 in new blocking buffer and mix 
well (see Note 37).  

    3.    Incubate membranes for exactly 30 min in a baked, sterile glass 
tray containing the anti-DIG-AP supplemented buffer with 
continuous gentle agitation (~3.5 rpm) (see Note 38).  

    4.    Wash the membranes three times in a glass tray with hybrid-
ization wash buffer II for 20 min with gentle agitation (see 
Note 39).  

    5.    Equilibrate membranes for 15 min in a baked glass tray with 
detection buffer with gentle agitation (see Note 36).  

    6.    Prepare working CDP-Star substrate in a 1.5 mL microcentrifuge 
tube by diluting stock substrate 100 times in detection buffer. 
Briefl y vortex. CDP-Star substrate is light-sensitive, hence use 
dark-tinted tubes or aluminum foil to protect the solution 
from light.  

  3.4.3.  Washing

  3.4.4.  Chemiluminescent 
Detection
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    7.    Place membranes with the oligonucleotide side facing up on a 
plastic sheet (see Note 40). Pipette mixed working substrate 
solution onto each membrane (see Note 41) and overlay the 
membranes with a second plastic sheet as quick as possible. 
Ensure that the substrate solution is evenly distributed over the 
membranes and smooth out any air bubbles. Squeeze out 
excess liquid.  

    8.    Incubate wrapped membranes for 5 min at 37°C in darkness.       

  After CDP-Star incubation, the membranes are ready for image 
acquisition.

    1.    Acquire the images using either X-ray fi lm or a chemilumines-
cence imaging system (see Note 42). With the AutoChemi 
System (also known as BioSpectrum AC Imaging System) 
(UVP, Upland, CA, USA), dynamic integration of 10 expo-
sures of 30 s at 2 × 2 binning results in an optimal image in a 
minimum of time (5 min). For more information and further 
instructions on the use of the system, refer to the user guide.  

    2.    Save the fi nal image, preferably as TIFF format (see Fig.  1 ).   
    3.    In general, a signal display range of 300 is used for evaluation 

of signals (see Note 43). Measure the density of the dots (inte-
grated optical density (IOD)) using applicable software such as 
Labworks 4.6 Image Acquisition and Analysis Software (UVP, 
Upland, CA, USA) (see Note 44). Make sure background 

  3.5.  Image and Data 
Acquisition and 
Analysis
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  Fig. 1.    Example of a DNA macroarray. Each detector oligonucleotide is spotted in duplicate. 
Specifi city of the analysis is enhanced by using multiple oligonucleotides for each target 
species. In addition to the immobilized pathogen-specifi c oligonucleotides, the array con-
tains control oligonucleotides for the hybridization (1A & B, 1K & L, 20A & B, 20K & L) and 
a reference for detection and calibration (2K & L, 3K & L). PCR-labeled amplicons hybrid-
ize to genus-specifi c oligonucleotides for  Pythium  (2G & H, 3G & H) and species-specifi c 
oligonucleotides for  P. ultimum  (17G & H, 18G & H, 19G & H).       
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correction is selected. For more information on the use of the 
software, we refer to the user guide.  

    4.    Save data in an Excel spreadsheet for further calculations and 
analysis (e.g., relative IOD (IOD relative to the IOD for the 
digoxigenin-labeled reference oligonucleotide  (  8  ) )).  

    5.    Check all controls before drawing conclusions, including a 
positive and a negative control, PCR control, hybridization 
control, and the detection and calibration control (see Note 45).  

    6.    If needed, confi rm identifi cation with an additional identifi ca-
tion technique or by posthybridization amplicon sequencing 
 (  20  )  (see Note 46).       

 

     1.    Having water at the bottom of the beaker or fl ask helps to 
dissolve most buffer components. In addition, heating may 
help to dissolve solids faster. However, care should be taken to 
bring the solution to room temperature before adjusting pH.  

    2.    Once the package vacuum seal is opened, the quality of the 
membrane will diminish quickly as the surface chemistry of an 
Immunodyne ABC membrane is moisture-sensitive and will 
react with the moisture in the atmosphere. Typically, at 20°C 
and 50% relative humidity the active groups responsible for 
covalent binding will have a half life of 2 days. In addition, fol-
lowing hybridization, increased amounts of dirty background 
are observed on such membranes.  

    3.    Generally, universal (aspecifi c) oligonucleotides are included as 
a control for hybridization. A 3 ¢ -digoxigenin-labeled control 
oligonucleotide with no homology to a known sequence is 
used as a detection and calibration check. Such sequence can 
be designed randomly and checked for homology against 
GenBank. As 3 ¢ -digoxigenin-labeled oligonucleotides cannot 
be synthesized with a 5 ¢ -C6-amino linker, these reference 
oligonucleotides are generally labeled with a 5 ¢ -C6-thiol linker.  

    4.    BPB is used as a color marker to check oligonucleotide printing. 
In addition, as an acid-base indicator, discoloration of the oligo-
nucleotide solution may indicate a pH drop, affecting the bind-
ing effi ciency. The colored dots will fade by the end of the 
hybridization process, and the membrane will then appear 
blank.  

    5.    All buffers containing casein should be freshly made and excess 
should be discarded.  

    6.    Cut ~5 mm from the of 1,000  m L pipette tips to aspirate 
Tween20 easily.  

  4.  Notes
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    7.    PCR effi ciency can be substantially reduced or even inhibited 
due to a variety of naturally occurring compounds in diffi cult 
samples (e.g., compost, strawberry, tree bark, etc.) that are co-
extracted with the nucleic acids, such as phenolic compounds, 
polysaccharides, humic acids, fulvic acids, and heavy metals. 
A comparison of different methods and commercially available 
kits by the authors revealed that these MoBio kits consistently 
provide the most high-yield, high-quality genomic DNA.  

    8.    In general, a ratio of DIG-11-dUTP to dTTP of 1:19 is suffi -
cient to obtain high sensitivity of the amplicons. Nevertheless, 
for effi cient labeling templates with high GC content, higher 
concentrations of DIG-11-dUTP should be used. However, as 
DIG-labeled oligonucleotides in the template may slow down 
the DNA polymerase, PCR conditions may have to be read-
justed when using higher DIG-11-dUTP concentrations.  

    9.    The use of alkali-labile DIG-11-dUTP allows stripping and 
reprobing, provided that the membranes did not dry out to 
completion. Nevertheless, stripping and reprobing is not recom-
mended. It may be attempted for troubleshooting purposes, but 
the results may vary in signal strength and consistency.  

    10.    Other DNA polymerases may be used. However, based on a 
test with different DNA polymerases, we observed that the 
yield of the PCR products from almost any template was high-
est when using Titanium  Taq  DNA polymerase  (  8  ) .  

    11.    CDP-Star is light-sensitive and susceptible to degradation by 
bacterial contamination. To minimize this risk, the stock solu-
tion may be split in different working solutions in dark-tinted 
tubes. In addition, use sterile pipette tips when dispensing.  

    12.    Dissolution of NaOH is highly exothermic and may result in 
boiling when too many pellets are added at once.  

    13.    Color will change from clear to white turbid, which will change 
again to transparent when heated.  

    14.    The ITS regions are the most frequently used targets for fungal 
identifi cation. To ensure accuracy of the assay, multiple oligo-
nucleotides should be used per target. Based on our experience 
we estimate that for each target about three or four specifi c 
oligonucleotides should be included in the array. In addition, a 
second molecular marker such as the  b -tubulin gene or the 
elongation factor-1 a  gene can be used to support specifi city of 
the assay. At least one oligonucleotide designed as universal 
target and one oligonucleotide designed as a detection check 
should be included as controls (see also Note 3).  

    15.    Optimal spots of uniform size and shape are obtained when 
starting from 35  m L in the wells. From this microplate, oligo-
nucleotides can be blotted approximately 150 or 300 times 
using the VP384 Multi-Blot pin replicator (1.58 mm diameter 



502 B. Lievens et al.

pins; delivering ~0.2  m L hanging drop) or the VP386 Multi-
Blot pin replicator (1.19 mm diameter pins; delivering ~0.1  m L 
hanging drop).  

    16.    The use of a soft underlay such as a mouse mat facilitates array 
printing.  

    17.    When using the VP384 Multi-Blot replicator, it is not recom-
mended to use more than two alignment holes to avoid over-
lapping of the blots. Best results are obtained when duplicates 
of the same oligonucleotides are spotted on the diagonal by 
repeated printing. When using the VP386 Multi-Blot replica-
tor, higher density DNA arrays can be produced without hav-
ing overlapping blots.  

    18.    When poor-quality spots (not uniform, too large or too small) 
are produced, thorough cleaning of the pins (e.g., using VP110 
pin cleaning solution) may help.  

    19.    Be generous with buffer to allow the membranes to move 
freely in the solution. Use at least 250 mL for 20 membranes 
of 9.5 × 5 cm or 40 membranes of 9.5 × 3.5 cm.  

    20.    Sampling has always been a crucial factor in detecting and 
identifying plant pathogens from environmental samples. As 
the amount of material that can be processed in a single DNA 
extraction is generally limited to 1 g or less and since only 1 or 
2  m L of the extract is used for PCR amplifi cation, sampling and 
sample preparation has become even more challenging than it 
already was.  

    21.    Great care has to be taken in assuring that the extract is pre-
pared from carefully selected representative tissue samples that 
are most likely to be colonized by the pathogen(s) of concern. 
Pooling multiple small samples taken from infected plant parts 
into one extraction may be a good method. To screen for a 
variety of microorganisms, the authors separately analyze (at 
least) roots, the lower stem part as well as the foliar part of the 
plant. With regard to soil analysis, the authors prefer analysis of 
a homogenized soil sample out of different core samples. 
Although DNA arrays are suitable for the simultaneous detec-
tion and identifi cation of diverse pathogens, different sampling 
strategies could have to be used as different pathogens may 
have different spreading capabilities. Consequently, multiple 
DNA extractions may have to be performed from a single soil 
sample. For example, pathogen inoculum from resting spore 
producing fungi such as  Rhizoctonia solani  or  Verticillium 
dahliae  is preferentially collected by soil sieving. For other 
pathogens such as  Pythium  sp. or  Phytophthora  sp. direct soil 
extractions, an intermediate step with baiting techniques or 
extractions from soil suspensions may be more effective.  
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    22.    For thorough sample homogenization and disruption of resis-
tant materials (such as sclerotia, woody materials, etc.), the use 
of a cell disruptor such as a FastPrep System (Thermo Savant, 
NY, USA) is highly recommended.  

    23.    To minimize variation between different analyses, a standard 
sample size should be used (e.g., 0.75 g). If a soil sample is 
high in water content remove contents from the bead tube 
(beads and solution) and set aside. Add the soil sample to an 
empty tube and centrifuge for 30 s at 10,000 rpm. Remove as 
much liquid as possible with a pipette tip. Add beads and bead 
solution back to the bead tube and re-start the extraction pro-
cedure. If the sample is low in water content absorbing the lysis 
buffer, prewet samples with sterile water prior to DNA-
extraction.  

    24.    To this end, add 2  m L of 5M NaCl to the eluted DNA and mix. 
Subsequently, add 100  m L of 100% cold EtOH and mix. 
Centrifuge at 10,000 rpm for 5 min. Decant all liquid. Dry 
residual ethanol in a speed vacuum dessicator or air-dry and 
resuspend the precipitated DNA in 10 mM Tris, pH 8.  

    25.    The use of a PCR cooling block is recommended to keep 
reagents and DNA samples cool.  

    26.    Currently, for fungal pathogens, primers ITS1-F (5 ¢ -CTTGGT
CATTTAGAGGAAGTAA-3 ¢   (  23  ) ) and ITS4 (5 ¢ -TCCTCCG
CTTATTGATATGC-3 ¢   (  24  ) ) are generally used ( T  a  = 59°C  (  1, 
  8  ) ). For oomycetes, primers OOMUP18Sc (5 ¢ -TGCGGAAG
GATCATTACCACAC-3 ¢ ) and ITS4 have been used ( T  a  = 59°C 
 (  9  ) ). Alternatively, UN-up18S42 (5 ¢ -CGTAACAAGGTTT
CCGTAGGTGAAC-3 ¢ ) and Oom-lo28S-345H (5 ¢ -ACTTGTT
CGCTATCGGTCTCGCA-3 ¢ ) are used which have been vali-
dated against a huge collection of oomycete isolates ( T  a  = 68°C 
 (  7  ) ). In addition to these universal primers, target-specifi c prim-
ers targeting pathogen-specifi c sequences may be used  (  25  ) .  

    27.    Amplifi cation can be checked by agarose gel electrophoresis. 
On the other hand, as DNA array-based detection is at least 10 
times more sensitive, negative results on gel do not necessarily 
imply DNA has not been amplifi ed.  

    28.    For membranes up to a size of 9.5 × 3.5 cm, use 15 mL dispos-
able conical tubes, for larger membranes use 50 mL tubes. 
50 mL tubes can be hold in the disposable tube rotisserie of the 
hybridization oven. The 15 mL tubes can be placed inside stan-
dard hybridization cylinders. Four 15 mL tubes fi t perfectly in 
a standard hybridization cylinder (ID × L = 35 × 300 mm).  

    29.    Use 6 mL for 15 mL tubes, 12 mL for 50 mL tubes. Add buf-
fer using a bottle top dispenser for convenience and consis-
tency when processing multiple samples.  
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    30.    Tubes must be tight enough to prevent leakage, but not so 
tight as to build up pressure.  

    31.    Check the actual temperature inside the hybridization oven 
with a thermometer regularly. The temperature reading on a 
hybridization oven could be several degrees off calibration, 
especially for digital readouts. Temperature is of utmost impor-
tance, long exposure to a temperature lower than the intended 
hybridization temperature leads to unspecifi c binding to the 
oligonucleotides.  

    32.    If an analysis has to be stopped after/during pre-hybridization, 
discard the pre-hybridization buffer from the tube, fi ll with 2× 
SSC, and store at 4°C till further use. To continue, repeat pre-
hybridization with fresh prewarmed prehybridization buffer.  

    33.    For the analysis of environmental samples, use the entire PCR 
product (20  m L). For specifi city testing using reference cul-
tures, use 10 ng labeled amplicon per mL hybridization buffer 
to avoid cross-reactions that are not relevant in practice  (  3,   7, 
  8,   15  ) . In general, this concentration corresponds to 1–2 or 
2–4  m L PCR product per 6 or 12 mL hybridization buffer, 
respectively.  

    34.    Be sure to pre-heat (until DNA denaturation) the mixture 
before reuse.  

    35.    Pay close attention to incubation times. Excessive washing of 
the membrane with hybridization wash buffer I may result in 
loss of signal.  

    36.    In general, we use trays of 15 × 25 cm. The amount of buffer is 
dependent on the number and size of the used membranes. 
Use enough buffer to allow the membranes to move freely in 
the solution, e.g., 250 mL for 20 membranes of 9.5 × 5 cm or 
40 membranes of 9.5 × 3.5 cm.  

    37.    Before adding to the buffer, spin the vial with anti-DIG-AP for 
1.5 min at 10,000 rpm to remove aggregated Fab fragments to 
avoid spotty background.  

    38.    We recommend to use 250 mL for 20 membranes of 9.5 × 5 cm 
or 40 membranes of 9.5 × 3.5 cm.  

    39.    Use enough washing buffer to remove unbound antibody 
conjugate, e.g., 350 mL for 20 9.5 × 5 cm membranes or 40 
9.5 × 3.5 cm membranes. Do not reuse washing buffer.  

    40.    For example, use a plastic sheet protector. Do not use thin 
plastic cling wraps as these wrinkle and lead to uneven detection 
across the membranes. Make sure all arrays are correctly ori-
ented on the plastic sheet (membrane number on the right).  

    41.    200 cm 2  of total membrane surface requires approximately 
1 mL of diluted substrate. Do not let the membranes dry out.  
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    42.    Images can be captured by a number of means, including a 
variety of cooled CCD cameras or X-ray fi lms. Imaging sta-
tions with a highly sensitive CCD camera such as those used by 
the authors (AutoChemi System, UVP) work best. Advantages 
of these systems include lower image backgrounds, good 
dynamic ranges, and rapid and sensitive signal detection. In the 
absence of a CCD camera image station, certain types of phos-
phor imagers may also work for detection of chemilumines-
cence (e.g., Typhoon by GE Healthcare).  

    43.    Low-intensity signals can be visualized by adjusting the actual 
visible signal display. Nevertheless, because of the system’s sen-
sitivity, cross-reactions may be visualized as well, leading to 
false positive results.  

    44.    When using X-ray fi lms, create an electronic image of the blot 
(e.g., using a fl atbed desktop scanner), then analyze the den-
sity of each spot using software with this ability.  

    45.    If signals are not satisfying, this can be due to several factors, 
including
   (a)    Ineffi cient PCR amplifi cation (check signals for universal 

oligonucleotides): repeat PCR amplifi cation using diluted 
DNA and repeat DNA array hybridization. If DNA will 
still not amplify then PCR optimization may be needed, 
e.g., by adding additives such as bovine serum albumin 
(BSA), dimethyl sulfoxide (DMSO), or formamide into 
the PCR mixture  (  26  ) . Moreover, amplifi cation effi ciency 
can be monitored by an exogenous control  (  9  ) .  

   (b)    Ineffi cient DNA array hybridization (check signals for uni-
versal oligonucleotides and hybridization control): repeat 
DNA array hybridization.  

   (c)    Unequal spread of CDP-Star (check signals for the refer-
ence control oligonucleotide): Wash membranes with 
hybridization wash buffer II for 5 min with gentle agita-
tion and repeat from Subheading  3.4.4 , step 2.      

    46.    Repeat exposures following overnight storage at −20°C will 
slightly increase hybridization signals. Incubate membranes for 
5 min in darkness at room temperature and repeat membrane 
exposure from Subheading  3.5    .          
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