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Nitrogen is the major determinant of crop yield and quality and the precise management of nitrogen

fertilizer is an important issue for farmers and environmentalists. Despite this, little is known at the level of

gene expression about the response of field crops to different amounts and forms of nitrogen fertilizer. Here

we use expressed sequence tag (EST)-based wheat microarrays in combination with the oldest

continuously running agricultural experiment in the world to show that gene expression is significantly

influenced by the amount and form of nitrogenous fertilizer. In the Broadbalk winter wheat experiment at

Rothamsted in the United Kingdom and at three other diverse test sites, we show that specific genes have

surprisingly different expression levels in the grain endosperm when nitrogen is supplied either in an

organic or an inorganic form. Many of the genes showing differential expression are known to participate in

nitrogen metabolism and storage protein synthesis. However, others are of unknown function and

therefore represent new leads for future investigation. Our observations show that specific gene expression

is diagnostic for use of organic sources of nitrogen fertilizer and may therefore have useful applications in

defining the differences between organically and conventionally grown wheat.
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1. INTRODUCTION

Organic agriculture, including the growing of organic

wheat, is one of the fastest-growing sectors in the food

industries of Europe and the United States (Greene &

Dobbs 2001). Strict rules apply to the growing of organic

crops including a ban on the use of artificial nitrogenous

fertilizers; nitrogen inputs must come from animal

manures and slurries, green manures, crop residues,

legumes and residual soil organic matter. Advocates for

organic farming point to savings in fossil fuels, reduced

environmental pollution, greater biodiversity and more

nutritious and better tasting food as positive reasons for

farming organically. Opponents counter with reduced

yields and quality, and question the claimed environmen-

tal and health benefits (Trewavas 2004). Despite the

increasing interest in organic wheat, nothing is known at

the molecular level about differences between grain grown

solely with organic fertilizer compared to grain grown

under conventional inorganic conditions. Grain nitrogen

levels depend on two factors: continued nitrate uptake by

roots and the remobilization of nitrogenous compounds

from leaves and stems during grain filling (Masclaux et al.

2001). The proportion of nitrogen from these two sources

is greatly influenced by environmental conditions and

plant genotype (Purcino et al. 1998). In addition to the

readily available ammonium and nitrate ions, organic

fertilizers can contain a wide range of organic-nitrogen

compounds such as amino acids, amino sugars and

nitrogen heterocyclic compounds which may influence

the soil microflora (Mäder et al. 2002; Shannon et al.
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2002; Pernes-Debuyser & Tessier 2004). We examined the

gene expression profiles of developing wheat grain grown

under different nitrogen fertilizer regimes on Broadbalk

field at Rothamsted in South East England (figure 1) to

determine whether these profiles might be diagnostic for

these regimes and prognostic for yield. On Broadbalk,

winter wheat is grown under well defined nutrient supply

conditions including a range of inorganic nitrogen

treatments and two treatments based on farmyard cattle

manure (FYM; Poulton 1996; Richards & Webster 1999;

http://www.rothamsted.bbsrc.ac.uk/resources/Classical

Experiments.html).
2. METHODS
(a) Growth of plants and tissue collection

The bread-making wheat cultivar Hereward was grown in

2002, 2003 and 2004 on the Broadbalk winter wheat

experiment at Rothamsted in South East England. Grain

samples were taken from duplicate plots of continuous winter

wheat on seven nitrogen treatments: N0, N1, N1 : 2 : 1, N4,

N6, FYM and FYMCN2, where N, is ammonium nitrate in

increments of 48 kg N haK1. Nitrogen was applied in a single

dressing in mid-April, except for N1 : 2 : 1, which was

applied in three splits in March, April and May. FYM was

applied in the autumn at a rate of 35 t haK1 (which exceeds

the levels used in standard organic practice); this contained

approximately 250 kg haK1 of total-N predominantly in

organic form. The fertilizer rate N4 (192 kg haK1) is the

typical rate used by UK wheat farmers. None of the plots

were limiting for P, K and Mg. For each treatment, 100 plants

were harvested per sample from three random areas in each of

two duplicate plots. The same cultivar, Hereward, was also
q 2005 The Royal Society
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Figure 1. Historical data describing the Broadbalk winter
wheat experiment which was established at Rothamsted,
England in 1843 by Sir John Bennet Lawes and Sir Henry
Gilbert to investigate the influence of inorganic fertilizers and
organic manures on crop yield. Various combinations of
nitrogen, phosphorus, potassium, magnesium and organic
manures have been applied continuously since 1843 giving
plots with distinctive nutrient availability profiles. Crop yields
have been recorded and plant and soil samples retained since
the start of the experiment, providing a unique archive of over
160 years of winter wheat production at this site. (a) Grain
yields (pre-1968 data presented are 10 year averages, whereas
post-1968 it is an average of the variety used during that
period) 1852–1995 (t haK1 at 85% dry matter): (blue
diamond) N0; (red square) N1; (purple triangle) FYM;
(brown circle) FYM since 1885CN2 since 1968 (adapted
from Poulton 1995). (b) %N in 0–23 cm soil, 1843–1992,
symbols as for (a; from Garner & Dyke 1969 and unpublished
data). (c) Mean amount of N leached (kg haK1 yrK1)
1990–1998: different amounts of inorganic N (blue histo-
grams); FYMCdifferent amounts of inorganic N (purple
histograms; from Goulding et al. 2000).
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sampled from six plots of the ley–arable experiment at

Woburn, Bedfordshire in 2004. Samples were collected

from two plots given either a split or single dressing of

inorganic nitrogen fertilizer (40C170 kg N haK1 and

210 kg N haK1), from duplicate plots previously in a

clover/grass ley for 8 years and given no inorganic nitrogen

and from duplicate plots in a clover/grass ley for 3 years also

given no inorganic nitrogen. Wheat samples were also taken
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from two further farms in 2004; at a farm near Harpenden

(UK), cv. Tybalt spring wheat was grown following a lupin

crop. This site received annual organic inputs of compost and

green manures. Finally crops were sampled from a farm in

Shanxi Province (China) in 2004. Here winter wheat, cv.

Yang Mei 12 was grown with either 8 t haK1 pig manure and

7 t haK1 chicken manure (containing w107 kg nitrogen) or

225 kg haK1 inorganic nitrogen in the form of ammonium

nitrate. For all plots all plants were tagged at the start of

anthesis and sampled 14 days post-anthesis (dpa) when the

grain was at the ‘soft dough’ stage of development.

(b) Expression analysis

For all experiments, total RNA was extracted from six

biological replicates (two duplicate plots, three samples per

plot). Each sample consisted of 500-pooled grains collected

from the middle spikelets of the ear of the main stem (10–15

grains per ear). Tissue samples were stored in liquid nitrogen

and RNA was isolated as described previously (Wilson et al.

2004).

All cDNA clones used for the microarray experiments

were from the University of Bristol wheat unigene set (Wilson

et al. 2004). All sequences within the unigene set have been

placed in GenBank. Inserts were prepared and arrayed onto

CodeLink microarray slides (Amersham BioSciences/GE

Healthcare, Chalfont, UK) using standard procedures in

conjunction with a BioRobotics MicroGrid II Microarrayer

(Genomic Solutions Ltd, Huntingdon, UK). Fluorescently

labelled cDNA probes were prepared from the various total

RNA samples using an amino allyl-labelled first-strand

reverse transcriptase reaction (Wilson et al. 2004).

(c) Data normalization and quantitative PCR

verification

The array data from GenePix Pro (Molecular Devices

Corporation, Union City, CA, USA) was normalized using

actin (AL825219), and similar results were obtained using

tubulin (AL821639; data not shown). Data from each of the

two colour dye-swap experiments was normalized using

GENESPRING 6.1 (Silicon Genetics, Redwood City, CA,

USA) by application of a per spot and per chip intensity-

dependent (Lowess) approach. Differentially expressed genes

were identified by application of a one way analysis of

variance (p!0.05) test. Cluster analysis using Pearson’s

correlation was based on a similarity matrix calculated from

Euclidean distances between genes across conditions using

expression values with distances d converted to similarities s

as sZ1/(1Cd ). Individual candidate genes identified as

having expression profiles dependent on the treatment were

further analysed by Q-PCR using the LightCycler System

(Roche Diagnostics, Lewes, UK). The methods used were

according to the manufacturers instructions (QuantiTectTM

SYBR Green PCR, Qiagen) based on Dewitte et al. (2003).

There were three biological replicates for each treatment.
3. RESULTS AND DISCUSSION
(a) Global patterns of grain gene expression in

response to organic (FYM) and inorganic sources

of nitrogen

To measure changes in gene expression in developing

wheat grain, we hybridized replicate wheat EST-micro-

arrays containing 10 000 features (Wilson et al. 2004) with

fluorescently labelled cDNAs derived from endosperm at



AL827059  ammonium transporter
AL825256  aminoacylase (peptidase)
AL818114  alanine aminotransferase 2
AL827303  amino acid transporter
AL812725  alanine aminotransferase 2
AL825698  ammonium transporter 1-1
AL812271  aspartate aminotransferase
AL822169  amino acid transporter
AL825459  nitrate reductase
AL825195  high affinity nitrate transporter (NRT2.1)
AL827329  ionotropic glutamate receptor (GLR)
AL827978  glutamate/ornithine acetyltransferase
AL811704  amino acid permease AAP4
AL827725  histidine kinase (nitrogen fixation sensor)
AL827652  nitrate reductase
AL825261  low affinity nitrate transporter (NRT1)
AL817581  glutamine synthetase root isozyme 2
AL817520  aspartylmethyltransferase
AL825719  glutamine synthetase root isozyme GLN1
AL825153  glutamine-dependent asparagine synthetase1
AL821146  cationic amino acid transporter (CAT1)
AL809150  nitrilase-like protein
AL808540  nitrilase-like protein

AL818695   phosphoglycerate mutase
AL809573   unknown function
AL826684   unknown function
AL821423   farnesylated protein 1
AL818700   unknown function
AL821213   progesterone 5-beta-reductase
AL817461   unknown function
AL821421   unknown function
AL826096   unknown function
AL827125   unknown function
AL827977   unknown function
AL826611   unknown function
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Figure 2. Gene expression in response to different amounts and forms of nitrogen as determined by microarray analysis. Grain
samples were taken from duplicate plots of continuous winter wheat on seven nitrogen treatments: N0, N1, N1 : 2 : 1, N4, N6,
FYM and FYMCN2, where N, is ammonium nitrate in increments of 48 kg N haK1. Nitrogen was applied as a single dressing
in mid-April, except N1 : 2 : 1, which was applied in three splits in March, April and May. FYM was applied in the autumn at a
rate of 35 t haK1; this contains approximately 250 kg haK1 of total-N predominantly in organic form. (a) Hierarchical clustering
was used to order the microarray expression profile data from 10 000 wheat unigene ESTs in response to different nitrogen
treatments. Values for similarity are indicated. The data presented are the product of at least 12 replicates. (b) The expression
profiles of nitrogen metabolism and diagnostic genes. Expression levels are depicted by the colour (see key). GenBank accession
numbers (array sequences) and representative annotation are given. (c) K-mean cluster analysis of three different expression
profiles. In all cases the data generated are presented following normalization to the expression of actin.
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14 dpa harvested in 2002 from Broadbalk. Cluster analysis

of the global gene expression profiles distinguished grain

from plants provided with 0–288 kg haK1 of inorganic

nitrogen, applied either as a single application (N0–N6),

or in a 1 : 2 : 1 split application (N1 : 2 : 1) chosen to
Proc. R. Soc. B (2005)
mimic a slow release scenario, with FYM only or with

FYM supplemented with 96 kg inorganic nitrogen

(FYMCN2). The global expression patterns were charac-

teristic for each of the treatments (figure 2). Greatest

similarity was evident within each of three types of



Table 1. Organic carbon and total nitrogen in Broadbalk and Woburn soils.
(Organic carbon and total nitrogen were determined for the soils of the Broadbalk experiment during 2000 from a depth of 0 to
23 cm. The results presented are a mean of duplicate plots. For the Woburn ley–arable soils, organic carbon and total nitrogen
were determined in 1998 from a depth of 0 to 25 cm. The results presented are a mean of duplicate treatments. In both cases
total carbon and nitrogen were determined by combustion (LECO); inorganic carbon content was determined by manometry
and then subtracted from the total to give organic carbon.)

Broadbalk Woburn

N0 N1 N1 : 2 : 1 N4 N6 FYM FYMCN2 arable 3y ley 8y ley

organic C (%) 0.91 1.07 1.24 1.16 1.24 2.92 2.69 0.85 1.18 1.02
total N (%) 0.092 0.106 0.122 0.117 0.123 0.277 0.256 0.074 0.104 0.088

1904 C. Lu and others Nitrogen and gene expression
treatments: low nitrogen (N0 and N1), high inorganic

nitrogen (N4, N1 : 2 : 1 and N6) and the FYM treatments

(figure 2a). This pattern of clustering reflected soil

characteristics of the plots: FYM plots had the highest

soil organic carbon and total-nitrogen contents, while the

N0 and N1 plots had the lowest. The N4, N1 : 2 : 1 and

N6 plots had intermediary values for these characteristics

(table 1). When global expression patterns for grain

derived from FYM and N4 plots in 2002, 2003 and

2004 were compared, the same treatments for the different

years clustered together (Electronic Appendix supporting

figure 1).
(b) Expression of specific genes in response to

organic and inorganic sources of nitrogen

The expression profiles for two categories of genes are

presented: genes encoding proteins involved in nitrogen

metabolism and genes, which on the basis of their

expression profiles, appear to be markers for the FYM

treatment (figure 2b), referred to as ‘diagnostic’ genes. As

expected, increased expression of several genes involved in

nitrogen metabolism was observed in the higher nitrogen

treatments. For many of these, greatest expression was

seen in the FYM and FYMCN2 treatments. Induction of

nitrate, ammonium and amino acid transporters and

nitrate reductase has been reported in array experiments

for tomato (Wang et al. 2001) and Arabidopsis (Wang et al.

2000, 2003). A notable down-regulation of two nitrilases

was observed in the FYM treatment; nitrilases are

involved in indole-3-acetic acid biosynthesis (Normanly

et al. 1997).

The 12 diagnostic genes in figure 2b had expression

profiles up-regulated in the presence of FYM. For the

purpose of this analysis only those genes that showed

greater than fivefold up-regulation in the FYM compared

to the N4 treatment are presented. Of the 12 genes in this

category, nine could not be assigned a function. Of the

three sequences for which a function could be assigned no

overall link could be identified. One gene (Al818695;

phosphoglycerate mutase) inter-converts

3-phosphoglycerate and 2-phosphoglycerate and is one

of the many steps in glycolysis (Grana et al. 1992), while a

second (AL821423) shows sequence similarities to a

stress induced farnesylated protein isolated from barley

(Barth et al. 2004). A third sequence, AL821213,

shows similarities to a progesterone 5-beta-reductase

(BAC20032), which catalyses the reduction of progester-

one to beta-pregnane-3, 20-dione.
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The cluster analysis enabled the classification of groups

of genes with similar expression profiles across the various

treatments. In figure 2c we present three representative

profiles. The first group (figure 2c(i) and Electronic

Appendix supporting table 1) contained 474 genes with

highest expression in the FYM treatment and included the

diagnostic genes. Curiously, for this group the FYMCN2

treatments often resulted in a decrease in expression. One

hundred and fifty-five of the genes within this group had

insufficient sequence similarity with other sequences to

assign a putative function. However, the remaining 319

genes encoded a wide variety of proteins including

proteins known to be involved in amino acid, lignin and

flavonoid biosynthesis and glycolysis. The second group of

190 genes (figure 2c(ii) and Electronic Appendix support-

ing table 1) showed highest expression in N0 and N1 and

lowest expression in the FYM treatment. A third group

consisting of twenty genes showed low expression in the

low nitrogen treatments (N0 and N1) and uniformly high

expression at higher nitrogen treatments irrespective of the

form of nitrogen (figure 2c(iii) and Electronic Appendix

supporting table 1).

The expression profiles of the 12 diagnostic genes

were further verified by quantitative-RT-PCR (Q-PCR)

using RNA derived from material grown on Broadbalk

during 2002, 2003 or 2004 (figure 3). The expression

of the 12 diagnostic genes during 2002 and 2003 is

shown (figure 3a). Of these, six genes showed greater

than 10 fold change in the level of expression in the

FYM versus N4 treatments on Broadbalk in 2002. The

expression of these six diagnostic genes was further

examined on four separate farms during 2004. In all

four locations these six genes showed higher expression

in response to a variety of organic inputs compared to

controls that had received inorganic nitrogen

(figure 3b).

To examine if these six genes were more highly

expressed in FYM versus N4 treatments throughout

grain development, we determined their expression

profile on Broadbalk in the five-week period following

anthesis (figure 3c). All six genes showed a continuously

elevated level of expression in the FYM treatment

compared to the N4 treatment with the maximum level

of differential expression observed at 14 and 21 dpa.

This time period is significant as it represents the early/

middle stage of grain filling and reserve synthesis.

Finally, we examined the specificity of expression of

these six genes across the Broadbalk treatments

(figure 3d ). Our Q-PCR results showed that the six
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diagnostic genes were highly expressed in the FYM

treatment, moderately expressed in the FYMCN2

treatment, and had lower expression in all other

treatments, confirming the microarray data (figure 2).

Taken together, the data indicates that these six genes

were expressed most highly when the crop had received

FYM or other organic inputs.

(c) Expression of storage protein genes

The amount and composition of grain proteins that

contribute to grain quality are of practical importance to

farmers and millers. As previous studies have shown that

the level of storage protein transcripts are an accurate

indicator of storage protein levels in the developing grain

(Bartel & Thompson 1986; Sorensen et al. 1989), we

examined the levels of various transcripts encoding

gliadin, glutenin and globulin storage proteins in the

Broadbalk treatments (figure 4a–c). Our results indi-

cated that in common with previous reports (Wieser &

Seilmeier 1998), the expression of gliadins (figure 4a),

low molecular weight (LMW) glutenins (figure 4b) and

high molecular weight (HMW) glutenins (figure 4b)

increased with higher inorganic nitrogen levels, whereas

globulin transcripts (figure 4c) were hardly affected by

the level of nitrogen input. Interestingly, the application

of FYM appeared to further increase the expression of

many of the gliadin transcripts even though the FYM

treatment contained less nitrogen than the N6 treat-

ment. As for the previously described diagnostic genes,

application of FYMCN2 resulted in reduced expression

of some of the gliadin transcripts, whereas there was

little reduction in the level of the glutenin transcripts.

This observation suggests that the gliadin/glutenin ratio

would differ between organically grown and inorganically

grown wheat with the potential to influence the proper-

ties of the resulting flour.

The most important factor for farmers is grain yield.

The relatively low nitrogen availability in organic farm-

ing systems limits yields and grain nitrogen and it is

therefore difficult to produce high-protein grain under

organic conditions (Gooding et al. 1993). To examine

this further we compared the various expression profiles

seen in figure 2 with the final grain yields and the

percentage of nitrogen in grain dry matter for the

corresponding treatments on Broadbalk (figure 4d ). In

the N0 and N1 treatments, whose gene expression

profiles clustered together, total nitrogen uptake, yield

and grain nitrogen were all relatively low. Increasing the

nitrogen rate (N4, N1 : 2 : 1 and N6) resulted in similar

gene expression profiles and increased nitrogen uptake,

yield and grain nitrogen. The highest levels of grain

nitrogen followed the N6 treatment and this treatment

showed the greatest degree of divergence at the

expression level from the other inorganic nitrogen

treatments. The global gene expression clustering

suggested a close relationship between the FYM and

FYMCN2 treatments, discrete from the inorganic

treatments alone or the N0 treatment, which could be

regarded as an organic-N plot since it had not received

additional inputs of organic or inorganic nitrogen.

Our results demonstrate that the amount and form of

nitrogen available to wheat influences gene expression

and grain yield. It is also important to consider what

additional factors in the FYM treatments other than the
Proc. R. Soc. B (2005)
form of nitrogen fertilizer may have contributed to the

expression patterns observed. For instance, the soil of

the FYM plots had higher organic matter content (table

1), which will have lead to improved water retention

properties (Mäder et al. 2002; Pernes-Debuyser &

Tessier 2004). However, in the FYM treatments

described here inorganic nitrogen application (FYMC
N2) down-regulated many of the genes highly expressed

in the FYM treatment alone. This suggests that the

differences observed between the organic and inorganic

nitrogen treatments are not simply due to the increased

organic matter content and associated changes in

properties such as water retention or soil microbial

populations. It is interesting to note that even though

many of the genes, including some involved in nitrogen

metabolism, were down-regulated in FYMCN2, yields

were increased substantially compared to the FYM

treatments and final grain nitrogen increased slightly

(figure 4d ). Our observations suggest that although

many genes are expressed at higher levels in fertile

organic conditions, their synergistic effect does not result

in higher yields or increased grain nitrogen content. It is

possible that in both the organic-N treatments and at the

higher inorganic nitrogen inputs (N4, N6), the nitrogen

in the soil during seedling establishment and the early

tillering stages is sufficient to create a high yield potential

for the crop. However, in the treatments with solely

organic-N inputs (FYM), but not in the inorganic-N

treatments or supplemented organic-N treatments

(FYMCN2), nitrogen subsequently becomes limiting

and in this situation many genes involved in nitrogen

uptake, nitrogen metabolism and storage are up-

regulated in an attempt to fulfil the initial yield potential.

Such a scenario would be consistent with our obser-

vation that the addition of inorganic nitrogen to the

FYM treated plots resulted in a slightly higher yield and

a decrease in the expression level of many of the genes

involved in nitrogen metabolism.
4. CONCLUSION
Numerous reports have discussed the environmental

implications and the benefits of consuming organically

grown food. Clearly the optimal use of nitrogenous

fertilizers will reduce environmental pollution, however

there is little evidence that nitrate leaching differs

between organic and conventional production systems

when following best practice (Stopes et al. 2002;

Trewavas 2002). Our results suggest that at the level

of gene expression, wheat grain from plants supplied

with either organic or inorganic nitrogen is reproducibly

different. However, our results also confirm that the

limited availability of nitrogen in organic systems tends

to limit yields and total grain nitrogen. In this study we

have identified several genes whose expression appears to

be indicative of the ‘organic status’ of the wheat grain in

relation to the type of nitrogenous fertilizer. Such genes,

if shown to be causally related to utilisation of

organically originating nitrogen, might represent useful

starting points for the targeted breeding of varieties that

perform better under organic growing conditions.

However, we believe that the large number of genes

shown to be up-regulated in response to organic

nitrogen fertilizer and induced by increased nitrogen
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Figure 3. Expression profiles of the ‘diagnostic genes’ determined by Q-PCR. (a) Analysis of the 12 sequences with the highest
ratio of expression following FYM treatment when compared to N4 treatment (data from figure 2). (b) Q-PCR analysis of the six
highest ratio of expressions sequences from ‘a’, using samples from four sites during 2004: Broadbalk, Woburn farm (winter
wheat after 3 or 8 years clover/grass ley compared to 210 kg N haK1), a certified organic wheat crop from the Harpenden area,
UK (cv. Tybalt spring wheat, compared to Broadbalk N4) and an uncertified organic wheat crop from Shanxi Province, China
(winter wheat, cv. Yang Mei 12 compared to plots with 225 kg N haK1). (c) Relative expression (FYM versus N4) of the six
diagnostic genes during the five week period post anthesis in 2004. (d ) Relative expression levels, compared to actin, of the six
diagnostic genes in the Broadbalk treatments. All data are meansGs.d.
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supply indicate the complexity of the physiological

response and require further experiments to dissect the

effects that both the amount and form of nitrogenous

fertilizer have on the developing grain.
Proc. R. Soc. B (2005)
5. DATA DEPOSITION

The sequences reported in this paper have been deposited

in the GenBank database (accession nos. AL808216–

AL831324). The gene expression data have been
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Figure 4. Q-PCR results for various storage protein sequences. Q-PCR results for the storage-protein sequences including six
gliadins (a), one high molecular weight and one low molecular weight glutenin (b) and two globulin related sequences (c). In
each case the expression levels of the various storage protein genes are presented as a ratio of the transcript levels to the actin
transcript levels. All data are meansGs.d. (d ), Grain yield and grain %N under different nitrogen treatments for Broadbalk
winter wheat (cv. Hereward). The results from 2002 are compared with the mean data for the period in which cv. Hereward has
been grown on Broadbalk (1996–2003). The N1 : 2 : 1 treatment was introduced in 2001. The data are presented as a mean of
two replicate plots grown under continuous wheat.
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deposited in the ArrayExpress database in accordance

with Microarray Gene Expression Data Society

recommendations (accession numbers A-MEXP-151

and E-MEXP-261; http://www.ebi.ac.uk/arrayexpress/

Submissions/ index.html).

We thank W. Zhou, S. Parmar, S. Shepherd, C. Shepherd, J.
Jones, C. Knight, K. Yu, S. White and M. Bond for technical
assistance. We thank Howard Roberts for providing access to
the Harpenden spring wheat crop during 2004. Rothamsted
Research receives grant-aided support from the Biotechnol-
ogy and Biological Science Research Council (BBSRC) of the
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