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Abstract

A multiplex Polymerase Chain Reaction (PCR) assay was developed to detect and quantify four fungal foliar
pathogens in wheat. For Septoria tritici (leaf blotch) and Stagonospora nodorum (leaf and glume blotch), the
β-tubulin gene was used as the target region. Diagnostic targets for Puccinia striiformis (stripe or yellow rust) and
P. recondita (brown rust) were obtained from PCR products amplified with β-tubulin primer sequences. Final primer
sets were designed and selected after being tested against several fungi, and against DNA of infected and healthy
wheat leaves. For detection of the four pathogens, PCR products of different sizes were amplified simultaneously,
whereas no products were generated from wheat DNA or other non-target fungi tested. The presence of each of
the diseases was wheat tissue- and cultivar specific. Using real-time PCR measurements with the fluorescent dye
SYBR Green I, PCR-amplified products could be quantified individually, by reference to a standard curve generated
by adding known amounts of target DNA. Infection levels for each of the diseases were measured in the flag leaf
of 19 cultivars at Growth Stage (GS) 60–64 in both 1998 and 1999. The infection levels for the cultivars were
ranked, and showed, with a few exceptions, a good correlation with the NIAB Recommended List for winter
wheat, which is based on visual assessment of symptoms. With PCR, the presence of the different pathogens was
accurately diagnosed and quantification of pre-symptomatic infection levels was possible. Although sampling and
DNA detection methods need further optimisation, the results show that multiplex PCR and quantitative real-time
PCR assays can be used in resistance screening to measure the interaction between different pathogens and their
hosts at different growth stages, and in specific tissues. This should enable an earlier identification of specific
resistance mechanisms in both early-stage breeding material and field trials.

Introduction

Blotch caused by Septoria tritici Roberge in Desmaz.
(teleomorph Mycosphaerella graminicola) and
Stagonospora nodorum (Berk.) E. Castellani and
E.G. Germano (teleomorph Phaeosphaeria nodorum),
and rusts caused by Puccinia recondita Roberge
ex Desmaz. f. sp. tritici (brown rust) and Puccinia
striiformis Westend. f. sp. tritici (yellow or stripe
rust) are world-wide yield reducing diseases of wheat

(Wiese, 1987). In the UK, epidemics of these diseases
caused an average annual yield loss of £52.4 million
during the period 1985–1989 (Cook et al., 1991).
To prevent economically damaging epidemics, inte-
grated disease management, combining good cultural
practices, resistance breeding and the appropriate use
of fungicide inputs is needed.

Because of the high levels of genetic variation of
many pathogens and their ability to generate new
pathotypes through mutation and DNA-recombination,
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resistance based on single genes can be overcome
rapidly (Bayles, 1997). Therefore, the main strategies
of longer-term resistance breeding include pyramid-
ing of non-durable race-specific resistance genes, and
the use of durable quantitative resistance genes con-
ferring partial resistance (Messmer et al., 2000). How-
ever, because of desirable additional traits, like high
yield, short straw and resistance to multiple diseases,
crossing programmes are not straightforward (Johnson,
1992). In the UK, wheat cultivars with moderate to
good resistance to mildew (Blumeria graminis f. sp.
tritici), yellow rust, brown rust, earblight (Fusarium
spp.), eyespot (Tapesia spp.) and Septoria diseases are
available (Anonymous, 1997–2000). However, none of
these cultivars have multiple resistance to all diseases,
and fungicides are still required to control S. tritici, the
most important foliar pathogen of commercially grown
winter wheat in the UK.

For optimum, cost-effective control, fungicides are
applied at different growth stages to prevent and/or
delay disease development on the upper three leaves,
which provide most of the grain-filling capacity.
Fungicide choice (e.g. with eradicant and/or protec-
tant properties) and timing depend on the inoculum
level and disease risk to a crop (Cook et al., 1999).
Results obtained with ELISA showed that accurate pre-
symptomatic detection and quantification of S. tritici
can improve disease control through better timing,
choice and dose-rate of fungicide sprays (Kendall et al.,
1998). However, a more sensitive method using PCR,
which detects S. tritici earlier in its latent phase (Fraaije
et al., 1999), might allow better-timed fungicide sprays
to eradicate the disease. This would also enhance cur-
rent risk assessment models (Lovell et al., 1997) that
might lead to more profitable disease control with less
impact on the environment.

PCR-based assays are rapid techniques with high
specificity and sensitivity, which have been used for
detection and identification of several other wheat
pathogenic fungi, including S. nodorum (Beck and
Ligon, 1995) and Tapesia spp. (Nicholson et al.,
1997). Furthermore, they have been applied to anal-
yse genetic variation of pathogens (Park et al., 2000),
mating types (Foster et al., 1999), fungicide efficacy
(Doohan et al., 1999), fungicide resistance (Koenraadt
and Jones, 1992) and host plant resistance (Willits and
Sherwood, 1999).

Our objective was to develop quantitative PCR-
based diagnostic assays using the β-tubulin gene
as a target for detection of S. tritici, S. nodorum,

P. striiformis and P. recondita infection levels in
wheat leaves and ears. Because fungal β-tubulin gene
sequences are well conserved, it is relatively easy to
obtain DNA sequences and design specific primers
(Fraaije et al., 1999). By comparing infection levels of
different cultivars, we hope to establish the value of
PCR assays in the assessment of wheat varietal resis-
tance for each disease. In this paper, the potential appli-
cation of PCR diagnostics to monitor wheat variety
resistance to epidemics of different pathogens in the
field is demonstrated and discussed.

Materials and methods

Fungal species and isolates

The fungal species and isolates used in this study are
listed in Table 1. After eight days incubation at 18 ◦C,
mycelia and spores from S. nodorum and S. tritici iso-
lates were collected from Czapek Dox agar (modified)
plates (Oxoid). Urediniospores from P. striiformis and
P. recondita were collected from the field trials and
material from other fungal pathogens were kindly pro-
vided by J. Butters, J. Babij, T. Hunter and T. Joseph-
Horne (IACR-Long Ashton Research Station, Long
Ashton, UK).

Table 1. Fungal species and isolates tested

Fungal isolates Origin Source

Septoria tritici ST16 UK Wheat
Septoria tritici α12-3B.8 USA Wheat
Seotoria tritici M72 France Wheat
Stagonospora nodorum SN1 UK Wheat,

cv Longbow
Stagonospora nodorum SN2 UK Wheat,

cv Norman
Stagonospora nodorum JH1 UK Wheat
Puccinia striiformis PS1 UK Wheat,

cv Maverick
Puccinia striiformis PS2 UK Wheat,

cv Brigadier
Puccinia striiformis PS3 UK Wheat
Puccinia recondita PR1 UK Wheat,

cv Riband
Puccinia recondita PR2 UK Wheat,

cv Buster
Blumeria graminis f.sp. tritici W26 UK Wheat
Gaeumannomyces graminis T7 UK Wheat
Tapesia yallundae 22-432-1 UK Wheat
Tapesia acuformis 202-3 UK Wheat
Rhynchosporium secalis 1130 UK Barley
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Wheat leaf, ear and grain samples

During the growing seasons of 1997–1998 and
1998–1999, 19 wheat cultivars were grown in small
field plots (12 × 4 m) at IACR-Long Ashton Research
Station, SW-England. Field samples consisting of five
flag leaves or ears were taken at Zadoks growth stages
(GS) 60–92 (Tottman, 1987) throughout the growing
season in 1998 and 1999. To analyse grains at GS 92,
husks were separated and grains washed with 70% (v/v)
ethanol. After soaking in a 10% (w/v) hypochlorite
solution for 2 min, grains were rinsed in sterile water
and dried. For DNA extraction, ten grains per sample
were processed.

Visual assessment of S. tritici in leaf layers of
different cultivars

In 1999 at GS 62, ten whole plants per cultivar were
sampled at random and the top three leaves visually
assessed for symptoms of S. tritici using a leaf grid aid
as described by Parker et al. (1995a).

DNA extraction

DNA was extracted directly from mycelium and wheat
leaf, ear and grains by crushing samples to powder
in liquid nitrogen using a pestle and a mortar. DNA
extractions, with adjustment of the volumes of the
different components of the extraction buffer so that
DNA sample mixtures could be poured, and DNA
concentration measurements with the dye PicoGreen
(Molecular Probes, Leiden, The Netherlands) were
done as described previously (Fraaije et al., 1999).

Standard PCR protocol

Standard PCR was carried out in a Biometra T3
thermocycler (Anachem, UK) with 0.5 units of Red
Hot DNA polymerase (ABgene, Epsom, UK) using
20 mM (NH4)2SO4, 75 mM Tris–HCl, pH 9.0, 0.01%
(w/v) Tween 20, 1.5 mM MgCl2, containing 125 µM
of each dNTP, 0.5 µM primers and 1 ng template DNA
in a final volume of 100 µl. For testing wheat sam-
ples, 0.2 µM primers and 200 ng of template DNA per
PCR reaction of 40 µl were used. The PCR conditions
were 94 ◦C for 3.5 min, followed by 35 cycles at 94 ◦C
for 30 s, 65 ◦C for 1 min and 72 ◦C for 1.5 min, with

a final DNA extension at 72 ◦C for 8.5 min. PCR prod-
ucts were separated in ethidium bromide-stained 1.3%
(w/v) agarose gels run in 1X Tris–Borate–EDTA buffer
and exposed to UV light to visualise DNA fragments
(Sambrook et al., 1989).

Cloning of fungal β-tubulin gene sequences

In order to amplify and clone part of the β-tubulin gene
from of S. tritici, P. striiformis and P. recondita, primers
BAF6 and BAF2 (Table 2) derived from conserved
regions of the β-tubulin gene of S. nodorum (EMBL
S56922) were used. After PCR, excess primers were
removed with the High Pure PCR Product Purification
Kit (Boehringer Mannheim, Germany) and products
directly ligated and cloned into the pGEM-T easy
vector (Promega Corperation, Madison, WI). Plasmids
were transformed into Escherichia coli JM109 cells
(Stratagene, La Jolla, CA) according to a standard pro-
tocol (Sambrook et al., 1989), and plasmid DNA was
extracted using the RPM kit (Bio101 Inc, Carlsbad,
CA). Finally, the nucleotide sequence was determined
using the dideoxy chain termination method reaction
(Sanger et al., 1977).

Primer design

Specific primers were designed from the β-tubulin
gene sequence of S. nodorum and from sequences of
PCR-amplified fragments of S. tritici, P. striiformis
and P. recondita. Reverse and forward 24-mer primers
with unique 3′-ends, high GC content and melting tem-
peratures of 65–70 ◦C were designed. This was done
by aligning and comparing corresponding β-tubulin

Table 2. Primer sequences

Primer designation1 Sequence (5′–3′)

BAF6 (f) ACCCACAACCGCCAACATGCGTGA
BAF2 (r) CGTACCGGGCTCGAGATCGACGAG
BT3 (r) GCTGATGAGAAGTGTTCCC
STIF2 (f) ACTCACAATCCTCATTCGACGCGA
BAF4ST (r) GACCAATTCGGCACCCTCAGTGTA
SNSP7 (f) CCGGTCAGCTCAACTCTGACCTGA
CONS1 (r) CCAATGCAAGAAAGCCTTGCGCCT
YRNT1 (f) CTTCAAGATCGGTGGCCTGACCGA
YRNT2 (r) GTGAGCTGTGAAGGGATCGCGGGA
YRNT4 (r) CAAGTCAAACGCATCCTCGGCATG
BR3 (f) TCCCAAAGCAAGCCCAAATACACG
BR2 (r) GAATGTTTCACAGCAGCTGCTGGT

1Primer designation; primer orientation forward (f) or reverse (r).
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sequences of other fungi, including Aspergillus
nidulans (M17519, 17520), Colletotrichum gramini-
cola (M34491, 34492), Epichloe typhina (X52616),
Erysiphe graminis f. sp hordei (M30927), Fusarium
poae (AF006365), Mycosphaerella pini (AF044975),
Neurospora crassa (M13630), Rhynchosporium
secalis (X81046) Trichoderma viride (Z15055) and
Venturia inaequalis (M97951). Final primer sets for
detection of S. tritici, S. nodorum, P. striiformis and
P. recondita were selected for specificity, sensitivity
and product size after being tested against DNA of sev-
eral other fungi (Table 1), and against DNA of infected
and healthy wheat leaves from different localities.

Quantitative fluorimetric real-time PCR
measurements using SYBR Green I

SYBR Green I (Molecular Probes, Leiden,
The Netherlands) is a dye which fluoresces when
bound with double stranded (ds) DNA and can be
used to measure the accumulation of DNA products
during PCR (Schneeberger et al., 1995). The amount
of PCR amplified products from each pathogen in
the leaf samples tested was quantified using calibra-
tion curves. These were generated by spiking 100 ng
DNA samples from healthy wheat leaves (control)
with different amounts of genomic DNA of S. tritici,
S. nodorum, P. striiformis and P. recondita, ranging
from 0.5 pg to 33.5 ng, which were run simultane-
ously in each real-time PCR assay. For each reaction,
150 µM of each dNTP, 0.3 µM of each primer, 0.35
unit Red Hot DNA polymerase, and 1X SYBR Green I
(Molecular Probes, Leiden, The Netherlands), 1 : 12.5
diluted, were used. For each reaction, 100 ng of tem-
plate DNA per sample was tested. Assays (25 µl)
were performed in capped MicroAmp Optical 96-well
reaction plates (PE Applied Biosystems, Fosters City,
CA). Amplification and detection were performed in a
PRISM 7700 Sequence Detection System (PE Applied
Biosystems) under the following conditions: 1 cycle at
50 ◦C for 5 s, 1 cycle at 94 ◦C for 2 min, and followed
by 40 cycles at 94 ◦C for 30 s, 65 ◦C for 45 s and 72 ◦C
for 1 min. The increase of fluorescent emission signal
from SYBR Green I (�Rn) was registered at 72 ◦C.
The Sequence Detector Software version 1.6.3 (PE
Applied Biosystems) was used to analyse the data.
Samples were regarded as positive at any given cycle
when �Rn of the sample exceeded at least ten times
the standard deviation of the fluorescent emission
of the no-template control reaction. This threshold

was set manually and the cycle reaching this point is
called the cycle threshold (Ct). All samples were run
in duplicate and samples detected earlier than control
samples (DNA from uninfected wheat leaves) were
regarded as positive.

Analysing wheat variety resistance

To validate the quantitative results of the real-time PCR
measurements, the presence of the four foliar diseases
on five flag leaves of 19 cultivars was also visually
assessed at GS 60–64. Infection levels of S. tritici
on the flag leaves were measured by estimating the
average number of pycnidia-bearing lesions per leaf.
Results of the real-time PCR measurements were com-
pared with visual assessment and with information
from the NIAB Recommended List of winter wheat
(Anonymous, 1997–2000).

Results

Diagnostic DNA sequences of S. tritici,
S. nodorum, P. striiformis and P. recondita

Primer set BAF6/BAF2 produced, as expected, a
single fragment of 444 bp of the β-tubulin gene for
S. nodorum. For S. tritici ST16, a fragment of 612 bp
encoding for the first 596 bp of the β-tubulin gene
was generated using BAF6/BAF2. With primer set
BAF6/BT3 (Table 2) an additional 243 bp was ampli-
fied and sequenced. Together with other sequences
(A. Payne, unpublished results), the completeβ-tubulin
gene of S. tritici consisting of 1724 bp was determined
(EMBL AJ310917). The β-tubulin gene contained
six introns and encodes for 447 amino acids. When
the BAF6/BAF2 β-tubulin gene fragment of S. tritici
isolate α12–3B.8 was sequenced, an additional 6 bp
(CACGTG) between nucleotide positions 348 and 349
were identified in the fifth intron. All P. striiformis and
P. recondita isolates produced two to four PCR prod-
ucts with primer set BAF6/BAF2. For both species,
fragments of two different β-tubulin genes could be
identified after sequencing. However, highly polymor-
phic sequences in both the coding sequences and intron
regions of the β-tubulin genes among the isolates pre-
vented design of specific primers for the two Puccinia
species. Fortunately, for P. striiformis and P. recon-
dita, an additional fragment of 548 bp (AJ310915)
and 486 bp (AJ310916), respectively, was amplified
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with BAF6/BAF2. These fragments shared no homol-
ogy with any other fungal genes in DNA sequence
databases, but were specific and conserved, and could
be used to design specific primers.

Development of PCR assays

Several primer sets directed against different regions
of the β-tubulin gene of S. tritici and S. nodorum, and
against the diagnostic PCR fragments of P. striiformis
and P. recondita were tested for specificity at differ-
ent MgCl2 concentrations (0.5–5.0 mM) and anneal-
ing temperatures (55–68 ◦C). Primers that produced
single products from target DNA and no products
from healthy wheat leaves, uninfected leaves origi-
nating from different localities and the other fungi
tested were selected. Primer sets SNSP7F/CONS1R,
YRNT1/YRNT2 and BR3/BR2 (Table 2) amplified sin-
gle products from S. nodorum (464 bp), P. striiformis
(351 bp) and P. recondita (300 bp) (Figure 1). For detec-
tion of S. tritici, primer set STIF2/BAF4ST was used
(Table 2). This primer set amplifies the variable fifth
intron of the β-tubulin gene of S. tritici and, depend-
ing on sequences of the fifth intron present in field
strains, products can be either 555 and/or 561 bp long
(Figure 1). Having similar annealing temperatures of
65–70 ◦C, but amplifying products of different sizes, all
primers could be used together to detect four pathogens
simultaneously in one PCR/gel electrophoresis assay
(see Figure 2). Based on intensities of the stained PCR
products in agarose gel electrophoresis, the sensitivity
of the PCR was not affected when a single or two, three

Figure 1. Ethidium bromide-stained agarose gel of PCR amplified products. Primer sets STIF2/BAF4ST, SNSP7F/CONS1R,
YRNT1/YRNT2 and BR3F/BR2R were used in a single reaction to detect different amounts of DNA of S. tritici (A), S. nodorum
(B), P. striiformis (C) and P. recondita (D), respectively, in 200 ng DNA samples of uninfected leaves. A, Lanes: 1, control; 2, 23 pg; 3,
230 pg; 4, 2, 3 ng DNA of S. tritici added; B, Lanes: 1, control; 2, 3.6 pg; 3, 36 pg; 4, 360 pg DNA of S. nodorum added; C, Lanes: 1,
control; 2, 13 pg, 3, 130 pg; 4, 1.3 ng DNA of P. striiformis added; D, Lanes: 1, control; 2, 6.8 pg; 3, 68 pg; 4, 680 pg DNA of P. recondita
added; M, DNA ladder VIII (Boehringer, Mannheim, Germany).

or four different DNA targets were simultaneously
amplified (data not shown).

Multiplex detection of four diseases in
different leaf layers and plant tissues

The presence of the four pathogens in different leaf
layers of six cultivars at GS 60–61 was studied in 1999
(Figure 2a). Based on differences in the intensity of
the ethidium-bromide stained diagnostic PCR prod-
ucts, different amounts of pathogen DNA were detected
in the samples. Infection of S. nodorum and S. tritici
was detected in all cultivars, whereas the presence
of P. striiformis and P. recondita was more cultivar-
specific. Buster with all leaf layers infected was most
susceptible to P. recondita, while both P. striiformis and
P. recondita were detected in Soissons and Riband. For
most pathogens, highest infection levels were detected
in leaf 3, with decreasing amounts in leaf 2 and flag leaf,
indicating a vertical transmission. Results of visual
assessment of S. tritici in the top three leaf layers of dif-
ferent cultivars at GS 62, showing increasing infection
levels in subsequent leaf layers (Table 3), also indicated
vertical transmission and confirmed the PCR results.

To follow the epidemiology of all four pathogens
in late season during grain filling, we also checked if
they could be detected in the flag leaf, ear and grain of
six cultivars (Figure 2b). In all cultivars, based on the
intensity of the stained PCR products, high levels of
S. nodorum were detected in the ear and grain. No other
pathogens, including S. tritici, could be detected in the
grain. High infection levels of S. tritici and P. recondita
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Figure 2. Multiplex PCR detection of S. tritici, S. nodorum, P. striiformis and P. recondita. Ethidium bromide-stained agarose gel of
multiplex PCR amplified products. A, Leaf 3, leaf 2 and flag leaf samples of different cultivars at GS 60–61 in 1999. Ethidium bromide-
stained agarose gel of multiplex PCR amplified products. Lanes: 1, cv Buster flag; 2, Buster leaf 2 (L2); 3, Buster leaf 3 (L3); 4, Consort
flag; 5, Consort L2; 6, Consort L3; 7, Rialto flag; 8, Rialto L2; 9; Rialto L3; 10, Riband flag; 11, Riband L2; 12, Riband L3; 13, Soissons
flag; 14, Soissons L2; 15, Soissons L3; 16, Spark flag; 17, Spark L2; 18, Spark L3; 19, Control, water; M, DNA ladder VIII (Boehringer,
Mannheim, Germany). B, Samples of flag leaf (GS 77–83), ear (GS 85–91) and grain (GS 92) in 1999. Lanes: 1, cv Buster flag; 2, Buster
ear; 3, Buster grain; 4, Soissons flag; 5, Soissons ear; 6, Soissons grain; 7, Consort flag; 8, Consort ear; 9, Consort grain; 10, Riband flag;
11, Riband ear; 12, Riband grain; 13, Claire flag; 14, Clair ear; 15, Claire grain; 16, Savannah flag; 17, Savannah ear; 18, Savannah grain
L3; 19, Control, Spark uninfected leaf from glasshouse; M, 100 bp DNA ladder XIV (Boehringer, Mannheim, Germany).

Table 3. Visual assessment of S. tritici infection levels in the top
three leaf layers at GS62 in 1999

Cultivar Leaf 3 Leaf 2 Flag leaf

Abbot 13.5 (0.0–100) 1.2 (0.0–4.0) 0.2 (0.0–1.0)
Buster 10.4 (0.5–60) 0.8 (0.0–3.0) 0.2 (0.0–1.0)
Cantata 50.7 (18–100) 6.5 (0.0–25) 1.1 (0.0–3.0)
Charger 4.6 (1.0–17) 0.4 (0.0–3.0) 0.4 (0.0–2.0)
Consort 20.9 (1.0–50) 6.2 (1.0–15) 1.5 (0.1–7.0)
Equinox 26.6 (5.0–100) 3.3 (1.0–6.0) 1.4 (0.1–4.0)
Harrier 10.9 (0.2–30) 2.5 (0.0–6.0) 0.4 (0.0–1.0)
Madrigal 21.4 (4.0–70) 4.0 (1.0–8.0) 0.9 (0.0–3.0)
Reaper 17.3 (1.0–50) 3.6 (0.5–7.0) 2.4 (0.0–5.0)
Rialto 4.3 (1.0–20) 2.2 (0.0–4.0) 0.5 (0.0–1.0)
Riband 28.0 (2.0–75) 8.7 (0.5–22) 1.6 (0.0–3.0)
Savannah 13.6 (2.0–50) 3.2 (1.0–6.0) 0.7 (0.0–2.0)
Soissons 60.5 (15–100) 6.9 (0.2–25) 0.4 (0.0–1.0)
Spark 2.1 (0.2–5.0) 1.2 (0.5–3.0) 0.5 (0.0–2.0)

For each leaf layer, ten plants per cultivar were analysed, the aver-
age percentage of infected leaf area is shown. The range of per-
centages of infected leaf area for individual leaves in parentheses.

were detected in the flag leaves, while P. striiformis was
mainly detected in the ears of Soissons and Savannah.

Quantification of PCR products with
fluorometric real-time PCR measurements

To quantify PCR products with non-sequence specific
DNA-intercalating dyes, like SYBR Green I, only sin-
gle fragments should be amplified (Witwer et al., 1997).
For each pathogen, therefore, with the exception of
P. striiformis, individual real-time PCR assays were
performed using the same primer sets as used for the
multiplex PCR. Primers YRNT1 and YRNT4 (Table 2),
amplifying a 417 bp product, were used to detect
P . striiformis, while, for detection of P . recondita,
the annealing and extension steps were decreased to
40 s to reduce background amplification of non-target
DNA and primer dimer formation (data not shown). For



911

Figure 3. Real-time PCR calibration curves for quantification of DNA infection levels of different pathogens in wheat leaves. Calibration
samples were obtained by spiking wheat leaf DNA samples (100 ng) with different amounts of genomic target DNA of S. tritici (A),
S. nodorum (B), P. striiformis (C) and P. recondita (D).

detection of all pathogens, amount of input target DNA
added to 100 ng of wheat leaf DNA was linearly corre-
lated with the Ct (Figure 3). The sensitivity was approx-
imately 2, 6, 40 and 60 pg of genomic DNA per sample
for detection of S. tritici, S. nodorum, P. striiformis and
P. recondita, respectively (Figure 3), because wheat
DNA, alone, or spiked with less target DNA, could
produce signals with identical Ct and shape. The vari-
ation in sensitivity can be explained by the size of
the PCR product, larger dsDNA fragments bind more
SYBR Green I dye, and differences in background flu-
orescence caused by weak non-specific amplification
and primer dimer formation during PCR. Using the
P. recondita PCR assay, weak amplification of non-
target DNA, was sometimes visualised in agarose gel
electrophoresis when uninfected wheat leaf field sam-
ples were tested (data not shown). In the P. striiformis
PCR assay more primer dimers were generated with-
out template DNA than in the presence of 100 ng of
healthy wheat leaf DNA (data not shown). This is prob-
ably due to competition between primers, non-target
DNA and target-DNA in primer binding during the
PCR annealing step.

Wheat variety resistance testing

Flag leaf samples from all 19 cultivars sampled in
1998 (GS 64) and 1999 (GS 60–61) were analysed

with visual assessment (Table 4), multiplex PCR/gel
electrophoresis (Figure 4) and real-time PCR mea-
surements (Figure 5). Septoria tritici was detected in
all cultivars with visual assessment and PCR. Results
obtained with real-time PCR measurements showed a
good correlation between S. tritici infection level and
amount of PCR-amplified products (Figure 6). Less
than 2 pg of S. tritici DNA was present in leaves with-
out symptoms, e.g. Abbot, Claire and Savannah in
1999 (Figures 4 and 5), while leaves with symptoms,
depending on the number of lesions (Table 4), con-
tained 3–68 pg of S. tritici DNA per sample (Figure 6).
For 14 out of the 19 cultivars tested, S. tritici DNA
infection levels in the flag leaves determined by real-
time PCR were higher in 1998 than in 1999 (Figure 5).
Higher incidence of S. tritici infection in 1998 was
also confirmed with visual assessment, where, in com-
parison with 1999, 13 out of the 17 samples showed
higher infection levels (Table 4). Only Soissons in
1999, having a DNA infection level >20 pg, showed
S. nodorum symptoms, while S. nodorum DNA lev-
els <20 pg were detected in flag leaves of cultivars
without symptoms. For P. striiformis, infection levels
>100 pg DNA were detected in Abbot, Harrier, Reaper,
Riband, Savannah and Soissons, whereas infection lev-
els >100 pg of P. recondita DNA were only detected
in Buster, Soissons, Consort and Charger (Figure 5).
Brown rust was difficult to diagnose, but the presence



912

Table 4. Visual assessment of flag leaf samples tested in PCR

Wheat Diseases Number Diseases Number
cultivar in 19981 of lesions in 19991 at of lesions

at GS 64 in 19982 GS 60–61 in 19992

Aardvark STB 11.2 (0–50) STB 1.4 (0–3)
Abbot STB 1.8 (0–6) YR, BR 0
Buster STB, BR ND STB, BR 4.2 (0–15)
Cantata STB ND STB 13.6 (0–60)
Charger STB 6.0 (3–10) STB 0.6 (0–2)
Claire STB 0.2 (0–1) 0
Consort STB 46.0 (10–150) STB 15.2 (2–28)
Equinox STB 56.8 (2–150) STB 13.4 (4–33)
Harrier STB 7.2 (2–13) STB, YR 1.4 (0–3)
Madrigal STB 37 (0–80) STB 18.0 (5–30)
Malacca STB 4.6 (1–11) STB 7.2 (1–30)
Reaper STB 12.4 (7–30) STB, YR 13.4 (0–24)
Rialto STB 4.2 (1–11) STB 0.4 (0–1)
Riband STB 63.6 (15–150) STB 2.0 (0–6)
Savannah STB, YR 6.0 (1–20) YR 0
Shamrock STB 41.4 (10–90) STB 3.2 (2–28)
Shango STB 2.2 (0–5) STB 3.0 (0–6)
Soissons STB 38 (2–60) YR, SNB, 0.6 (0–2)

BR
Spark STB 0.8 (0–4) STB 2.0 (0–6)

1Diseases; STB, SNB, YR, BR symptoms caused by S. tritici,
S. nodorum, P. striiformis and P. recondita, respectively. Five flag
leaves per cultivar were visually assessed.
2Average number of Septoria tritici pycnidia-bearing lesions per
leaf; ND, not detected because of senescence; range of lesion
numbers found in individual leaves among the five leaves tested
are in parentheses.

of yellow rust, particularly in 1999, was confirmed with
visual assessment in Abbot, Harrier, Reaper, Savannah
and Soissons (Table 4). For each disease, most cul-
tivars tested showed similar susceptibilities in 1998
and 1999. For most cultivars, the resistance ratings
from the NIAB recommended list for winter wheat
(Anonymous, 1997–2000) corresponded well with
quantitative disease data obtained with visual assess-
ment (Tables 3 and 4) and real-time PCR (Figure 5).
Exceptions were low S. tritici resistance ratings for
Charger and Rialto, low yellow rust resistance ratings
for Madrigal, Equinox and Rialto, and the high brown
rust resistance rating for Charger. Claire, with resis-
tance ratings of 7, 7, 9 and 9 for S. tritici, S. nodorum,
P. striiformis and P. recondita, respectively, showed
the lowest infection levels for all four diseases, and
only small amounts of S. tritici and S. nodorum were
detected in flag leaves (Figure 5). In comparison with
Claire, Soissons with lower resistance ratings for all
diseases showed higher flag leaf infection levels for
each pathogen.

Discussion

Multiplex PCR assays have been used for genotyp-
ing plant genetic resources (Mitchell et al., 1997) and
for detection of microbes (see Bubert et al., 1999).
However, for quantitative detection using end-point
measurements, accuracy can be low due to template-
specific over-amplification (Polz and Cavanaugh,
1998). Furthermore, unlike real-time PCR, products
have to be quantified in the linear part of the PCR
calibration curve, before PCR components are run-
ning out, limiting its dynamic range (Higuchi et al.,
1993).

Because of end-point measurements, infection lev-
els in some samples might be under-estimated with
PCR/gel electrophoresis. However, the quantitative
data obtained with real-time PCR correlated generally
well with the results of PCR/gel electrophoresis and
visual assessment when leaves were tested for the pres-
ence of the four diseases (Table 4, Figures 4 and 5).
To check for inhibition in real-time PCR, we spiked
each sample with 1.75 ng of genomic DNA of S. nodo-
rum. The Ct of the spiked samples ranged from 22.96
to 24.75, with an average Ct of 23.99, indicating that
no PCR inhibition occurred (see Figure 3).

When comparing infection levels of the four dis-
eases, higher levels of P. striiformis were observed
in most samples in 1999, while 1998 was more
favourable for S. tritici epidemics (Figure 5). In both
years, with the exception of Soissons in 1999, only
pre-symptomatic infection levels of S. nodorum were
detected in flag leaves (Table 4). Higher infection lev-
els of S. nodorum were detected later in the season in
flag leaves, ears and grains (Figure 2b), confirming the
seedborne nature of S. nodorum, and its greater abil-
ity to colonise more matured and senescent leaf tissue
(Wainshilbaum and Lipps, 1991).

Wet springs and early summers of 1998 and 1999
were responsible for the high infection levels of S. tritici
detected in this study. For Abbot, Claire, and Savannah,
detection of S. tritici was pre-symptomatic in 1999
(Table 4). The relatively large difference in infection
levels for Soissons between 1998 and 1999 is probably
due to its early maturing, and, therefore, greater poten-
tial for disease escapes (Peters et al., 1996). For some
cultivars, particularly, Aardvark in 1998, infection lev-
els might be overestimated because of uneven distribu-
tion of lesions in the five flag leaves tested (Table 4).
In 1998 and 1999, only low S. tritici infection levels
were found in Rialto (Tables 3 and 4), which has a low
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Figure 4. Wheat varietal resistance testing. Ethidium bromide-stained agarose gel of products amplified with multiplex PCR. Five flag
leaves of different cultivars from field trials in Long Ashton at GS 64 in 1998 (A) and at GS 60–61 in 1999 (B) were tested. Lanes: 1,
cv Aardvark; 2, Abbot; 3, Buster; 4, Cantata; 5, Charger; 6, Claire; 7, Consort; 8, Equinox; 9, Harrier; 10, Madrigal; 11, Malacca; 12,
Reaper; 13, Rialto; 14, Riband; 15, Savannah; 16, Shamrock; 17, Shango; 18, Soissons; 19, Spark; M, DNA ladder VIII (Boehringer,
Mannheim, Germany).

S. tritici resistance rating of 5. Because relatively high
levels of S. nodorum were found in Rialto (Figure 5),
the difficult discrimination between visual symptoms
of S. tritici and S. nodorum may contribute to the
low resistance rating for S. tritici. Although Claire
was found to be most resistant in this study, in com-
parison with other cultivars, relatively high infection
levels were found in the early season (unpublished
results), indicating adult plant-based resistance (Kema
and Silfhout, 1997).

The presence of high levels of brown and yellow
rust in certain varieties (Figure 5) can be explained by
a cultivar-specific resistance response to different rust
pathotypes (McIntosh et al., 1995). The discrepancy
between the lack of yellow rust infections and low resis-
tance ratings for Madrigal (3), Equinox (5) and Rialto
(5), all carrying the Yr6 resistance gene, might be due
to the absence in SW-England of specific rust patho-
types with the Yr6-matching virulence gene (Bayles
and Stigwood, 1999).

Improved understanding about host pathogen inter-
actions, crop architecture and more knowledge of
genetics of resistance should enable plant breeders to
make crosses with more durable resistance sources
(Eyal, 1999). PCR can be used to study competition
between pathogens and to measure host pathogen inter-
actions at different growth stages and in different plant
tissues, so that specific resistance mechanisms can be
identified earlier and more accurately in field trials.
With multiplex PCR, more than one organism can be
detected at the same time without relying on less accu-
rate visual disease assessment (Parker et al., 1995b).
Real-time PCR assays can be further used to quan-
tify infection levels of different diseases in order to
allow well-targeted fungicide applications to eradicate,
or to prevent, in case of pre-symptomatic detection,
epidemics in crops at risk.

To improve assays described in this study, we plan to
establish sampling protocols for each disease reflecting
in-field infection development (Parker et al., 1997). We
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are also developing assays based on real-time PCR and
fluorescent DNA probes, for example, TaqMan probes
(Livak et al., 1995) Molecular Beacons (Tyagi and
Kramer, 1996) and Scorpions (Thelwell et al., 2000), to
detect and quantify different pathogens simultaneously
(Shin et al., 1999). By using sequence-specific probes

Figure 5. (Continued)

and internal controls, the sensitivity and accuracy of
the assays can be further improved, as recently shown
for detection of the plant pathogenic fungi Diaporthe
phaseolorum and Phomopsis longicolla (Zhang et al.,
1999), and the bacterium Ralstonia solanacearum
(Weller et al., 2000).
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Figure 5. Wheat varietal resistance testing. DNA infection levels of each pathogen in flag leaves of different cultivars at GS 64 (1998) and
GS 60–61 (1999) were measured with real-time PCR. Infection levels are expressed in pg of genomic pathogen DNA present in 100 ng
of DNA extracted from five flag leaves. For each cultivar, the NIAB resistance ratings are shown between brackets; -, NIAB resistance
rating unknown. Detection of S. tritici (A), S. nodorum (B), P. striiformis (C) and P. recondita (D). Black bar, 1998; hatched bar, 1999.
Vertical bars represent standard error of means.
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