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1. Scope and Objectives of the Resear ch Topic Review:

Breeding, with a particular emphasis on cereals, overlakt half century has resulted in significant
improvements in overall production (Murphegy al., 2008). The increases in yield have largely been
achieved by an improvement in the agronomic conditiomd,aacorresponding adaptation of varieties to
those conditions (e.g. Ceccarelli, 1996). However tldeselopments take place in line with the rise of
oil-based inputs in agriculture and organic farmers are largahstrained to the use of these cereal
varieties that have been bred for conventional producystems.

Conventionally bred varieties only achieve optimal genance with a myriad of inputs that are prohibited
in organic systems. Significant yield and quality defidgit low input and organic growing systems result
from the additional demands placed on these conventiobedlg varieties. These include significant
variations in soil nutrient status and weed, pest asdade pressure, within seasons, among sites and
among variety on organic farms that cannot be amelionatae short term with the application of
agrochemicals. There have been differences, howavethe amount of breeding effort and levels of
agrochemical inputs used whilst breeding among diffecen¢al species. Oats, for example, have been
bred under lower input regimes than wheat and as a resldtrgiatively better than wheat under organic
compared to conventional conditions.

To compound the difficulties of variety performance, orgdarmers experience major variation in yield
and quality between years. This is supported by a threeBefaa funded study led by The Organic
Research Centre — ElIm Farm (OF0330) that evaluated tf@mance of three winter wheat varieties and
their 3-way mixture on 18 farms across the country. f@search demonstrated there was no statistical
basis for selection of one variety over the otheonganic systems. In other words, no particular variety
was better suited than the others to the organic ggpwystems of all 18 farmers across the East to the
West of the UK.

The major challenge to address is how to select aeedbvarieties suitable for low input and organic
production. This review will describe variety charactts suitable for organic conditions, approaches to
cereal breeding for organic systems, and finally thpeséor the future.

2. Summary of Research Projects and the Results

Plant characteristics

Plant characteristics will obviously vary enormouatpong cereal species and so will have a bearing on
crop choice along with factors such as rotation andirttended market. There is also much variation
within species which can be exploited during the breedingepso Wheat, for example, is an enormously
adaptable crop. Its success relates to hexaploidy @awnsets of chromosomes: AABBDD) where the
multiples of genetic material provide improved plant vigaad overall ability to buffer climatic variation.

Within this context, cereal phenotypes that are suitablerganic systems can be selected. These include:
the physiologically efficient use of a wide range ofriemits and water; disease and pest resistance; good
competitive ability against weeds; quality; and yield giettl stability.
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Nutrient use efficiency

The nutrient availability in organic soils is dependentrugfte mineralization of organic matter which is
supplied from either a fertility building ley or from mansirén contrast to non-organic systems, high
concentrations of available nutrients can be raeagkieved predominantly at the peak crop demand.
Instead, nutrient release is dependent upon the tempembdr biological activity of the soil and its
interaction with the residues from a leguminous ferthitylding crop and/or farmyard manure (FYM). As
a consequence, relatively accurate management of thentsitin organic rotations is difficult to achieve.
Varieties that are better suited to the nutritiongime of organic conditions are those that are capdble o
early season nutrient uptake, particularly of nitrodé)) followed by the internal translocation at the point
of, or before, grain filling (Bareset al., 2007; Kitcheyet al., 2007). High early nutrient uptake enables the
crop to take advantage of the nutrients that are rapidlgsedefollowing the incorporation and subsequent
mineralisation of fertility building leys. The varie§ that stay green longer, i.e. those with delayed
senescence, were found to have a higher protein cditiéciieyet a.l, 2007).

Assessments of old and more modern barley varietiesthatate, demonstrated that there is significant
variation in the nutrient use efficiency (NUE) (the raifograin dry weight to nutrient supplied). Varieties
were found to vary in not only the relative uptake of ieats supplied but also the biomass produced per
unit of nutrient applied (Baddeley al., 2007). Despite significant variation between vaggtthere is little
evidence to demonstrate that the modern breeding appioaetecting for improved NUE in cereals (Le
Gouiset al., 2001, Baddelegt al., 2007).

In wheat, an extensive evaluation of a range of cultisaes 11 seasons revealed that the more modern
varieties are better adapted to exploiting large voluoiemineral nitrogen (Foulkest al., 1998). The
difference in plant nitrogen uptake in these modern varietes suggested to relate to variety growth
habit. Newer varieties with a lower number of tilldost with greater longevity were suggested to have a
delayed peak N demand that had to be satisfied by mineibséées (Foulkest al., 1998).

The dynamic nature of roots has been demonstratedithgston a range of varieties of winter wheat and
winter and spring barley (Gahoonéaal., 2004). Under conditions of phosphorus (P) fertilisatiaot
hairs were shorter, and under such conditions thereitttasdietectable difference in the P uptake of the
different cultivars. The authors suggest that, as a reftite strong correlation between root hair length
and P uptake in barley, root hair length is a suitaddexcton characteristic under conditions of low P.

The interaction between the cereal roots and vagoiidorne microbes could potentially elicit advantages
to the crop including improved disease and nutrient manadedrenght resistance and tolerance to heavy
metals (Goslinget al., 2006). The pseudomonads are one such group of microbes; saine ef this
bacteria produce antimicrobial compounds suitable feeadie suppression, and it has been demonstrated
that different wheat varieties accumulated variBssidomonas spp. at differing levels (Lutet al., 2007).

The root associating fungi, the mycorrhizae, havepgbiential to increase nutrient supply to the crop,
particularly P, in exchange for crop-produced carbohydratesoivhizal associations also have the
potential to increase the supply of other nutrients andawepdisease resistance and soil structure. The
mycorrhizae contain a wide range of species with diftenest and environmental adaptations. As a result,
a precise evaluation of the importance of mycorrhinamieal production is difficult to achieve although it
is generally recognised that organic systems are naveurfable to the fungi than the non-organic
equivalent. Mineral fertiliser application and the u$éiocides can inhibit mycorrhizal growth and root
colonisation, whereas FYM and composts do not have sudbtranental effect (although copper is
damaging) (Goslingt al., 2006).

Root structure and the consequent nutrient uptake arenhotnfluenced by varietal differences but also
by agronomy. The effect of drilling technique on root lerdghsity is being tested in a study led by the
Organic Research Centre — EIm Farm (LK0970). Trials ngnat present have revealed that strip drilling
with a Claydon Yieldometer drill may enhance totalteiro yield. Soil cores taken from strip and narrow
row drilled plots will be compared to isolate any pbkestifferences in root structure.
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An alternative approach to improve the nutrient dyranin organic cereals is being investigated in a
project led by the University of Newcastle (LK0960). The ggapilon of chicken manure pellets at anthesis
alongside different FYM and compost regimes are beiiafiel to determine whether there is improved

synchrony between nutrient mineralisation in thd soid peak crop demand. No results have been
reported to date that demonstrate a significant effieitte different fertiliser regimes on grain quality.

On most organic farms which do not use any inputs (compdd¥, or rock phosphate), there is a P
deficit. However, with the use of inputs, the managemieRtis dependent upon the soil characteristics and
crop demand. The PLINK project (LK0963), led by The Scottighicultural College, is focusing on how
to best manage rock phosphate inputs in organic rotations.

For organic systems, improved nutrient management canhdeved by selecting varieties with:
» early season N uptake followed by internal translocatidw af grain filling;
» higher nutrient use efficiency;
» ahigher number of tillers;
» longer, and a greater number of root hairs;
* beneficial microbial associations;
» delayed senescence.
And adopting agronomy which:
» favours more extensive root systems; and
* improves management of composts, manure and rock plespha

Disease resistance

Plant nutrient status, crop rotation and the differendbe architecture of the organic crop stand have all
been identified as reasons why the disease dynamagamic crops are quite different to those recorded
in equivalent crops under high input conditions. Diseases atatimportant in high-input systems
compared to organic systems are those that are mfbrericed by plant nutrition, sowing density and time,
and include powdery mildew, rustgptoria tritici, blotch and foot rot (Wolfet al., 2008). Although rusts
and mildews are scored in organic trials in the UK, thegur later in the season with a consequent lesser
effect on yield. In addition, seed borne diseases suchuaarium head blight (FHB) are of major
importance, as a result of the influence on food quality.

Fusarium head blight is caused by a combinatiofusérium spp. (including~usarium graminearum and

F. culmorum). The ear infections are usually most severe whenefiog coincides with warm, wet
conditions, such as those experienced in the UK in the sumn2007. However, the additional factors of
minimum tillage and susceptible pre-cropping significantigtdbute to grain mycotoxin levels (Edwards,
2004). All cereals have some susceptibility to FHB, althotige most susceptible cereal species and
varieties vary between countries; a likely consequendiferent climates, agronomy and resistance in the
national cereal varieties (Edwards, 2004).

Fusarium infections in cereal can be more severe folpwpplication of mineral N fertilisers (Martiet

al., 1991); Edwards (2004) suggests this may be the result of chang=mopy structure and or
physiological plant stress. Recordings to date have deratetsthat mycotoxins are, on average, lower in
organic grain compared to grain from high input systemd,this trend is likely to continue as a result of
the rotation, and lack of minimum tillage (OF0330).

Resistance to FHB has been identified in red hard wheatnot in any of the other wheat classes.
Although breeding is taking place to attempt to incorgothis resistance into new varieties of feed and
milling wheat, there are none commercially availablelate. This is mainly because of the difficulty of
integrating the resistance into the new lines, whilatntaining processing quality. Of the existing wheat
varieties on the market, those that are tall, avgndesl have a reduced ear density have a tendency to have
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less disease. All these characteristics act to reth&cenoisture content in the microclimate around the
developing ear, thereby creating conditions less favoaitalflingal infection (Yuen & Schoneweis, 2008).

The microclimate within a cropping stand is also inflleghby weed and/or inter-crops at the lower levels.
Higher moisture levels have been shown to increase ititidence of stem diseases such as
Pseudocercosporela herpetrichoides (Bennett & Cooke, 2006). It would be expected under these same
conditions that spore dispersal through rain splash is sedesdut the weed competition induces etiolation
of the crop, resulting in internodes of greater length. Bitramel Cooke (2006) demonstrated that severity
of Septoria sp. infection was not any greater in a conventionaipared to a low-herbicide wheat crop, and
an early study actually showed that the leveSagtoria sp. infection is reduced by a clover under-story
(Bannon and Cooke, 1998).

Resistance t&eptoria spp. is one of the characteristics breeders focuis ¢imeir breeding programmes.
Resistance tdeptoria nodorum and Septoria tritici are listed in The Agronomist Handbook (NIAB
2007/08). Although these guidelines are useful for the latesfing season, there is considerable variation
in the interaction between the isolate and varietyifferent regions (e.g. Ahmedtial., 1995).

Septoria sp. over-winter in crop debris and the management ofnthierial can assist in reducing early
season inoculum supply although later in the season it isghther conditions that influence the epidemic
of Septoria sp. incidence (Shaw & Royle, 1989; Cook & Yarham, 1998).

As detailed above, the control of diseases in organiemgstintegrates crop rotation, with cropping
diversity and a lack of excessive nutrition. However, gh@mtrol measures are less valuable in the control
of seed borne diseases such as blitie(a tritici) in wheat and loose smutgtilago nuda f. sp.hordei) in
barley. This is because seed borne disease:

» fungi are generally not favoured by a high level of niotnit

» are not soil borne, and therefore less influenced lafioois; and

« can rarely be controlled by the use of cereal mixtudes to legislative and supply chain

limitations (Borgen, 2004)

Although the conventional sector breeders are nettey for seed borne disease resistance because of the
plethora of effective seed dressings (Walfeal., 2008), there is some variation in varietial resistaoce
seed borne diseases. In the Defra funded project OF0388samesnt of seed borne diseases indicated that
the wheat varieties Hereward and Solstice both lageod level of resistance to bunt, and Exsept to
Microdochium. Loose smut resistance was identified in Claire, Dedved Nijinsky, but all winter and
spring barley varieties that were tested were susceptible

Longer term studies in the ‘ErgotLINK’ project (REF)Imdetermine whether the recent changes in the
management of grass margins through CAP reform are ingalidat the increased incidence of ergot
(Claviceps purpurea) in cereals. The early work in the project has imedl extensive monitoring of arable
field margins, where a range of grass species have deetified with C. purpurea. It remains to be
determined whether margin grass species are actingdgelthe gap between cereals in the rotation, and
whether different varieties of wheat vary in theircaggibility to this disease (Baylesal., 2006)

For the organic sector, historical references iderdifyange of possible seed treatments that may be
allowed in the organic sector. Heat and steam treatnienve been shown to be effective, as well as bio-
control agents and use of natural plant extracts (Borgen 2804cent evaluation of potential products
and processes for the treatment of organic seed in theddkcarried out in the project OF0330. Effective
management of bunt included the biological control treatr@erall, and a novel biological product from
Crompton Ltd. The hot air treatment and the Radiaten@mium and zinc ammonium complex) were also
successful. However, these are not yet commercialjedla

The practice of farm saving seed raises concerns a@heytropagation of seed borne diseases. Diseases
such as loose smut, bunt, and leaf stripe depend on mulfguiictkrough seed generations, whereas
seedling blight is dependent on seasonal conditions, andvtikability of external inoculum sources.
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Across four seasons nearly 700 samples of seed from wbetat barley and triticale were assessed for
seed diseases in the project OF0330. The majority of samyglee found to not exceed the threshold for
disease on seed, with lower levels recorded in organic temmsli Importantly, the study did not identify
any increasing disease problems from continuallyngpseed.

Management of disease in organic systems can be achiggecbmbination of:
« Growing resistant varieties (as stated on Nationalrigs};
» Having varieties that are awnless and taller;
*  Avoid minimum tillage where the risk of FHB is high;
» Avoid growing two crops that are both susceptible to FHBuiccession;
e Dirill a clover under storey to contrSeptoria sp;
» Select varieties with resistance to seed borne disearsgs
+ Test farm saved seed for disease levels.

Weed competitive ability

The weed competitive ability of a variety is defined bsaage of characteristics, both above and below
ground. The suitability of a variety for organic sysgeis also influenced by the developmental aspects of
certain characteristics, such as leaf habit over,tiand the interaction between the variety and its
management.

A variety's light interception is defined by the intetian between growth habit, number of tillers, and
height over time. A number of studies have highlightétyle characteristics that improve weed
competitiveness:

1. Early data from the OatLINK project (LK0954) showedt theight, in naked and husked oat varieties
(including new breeding lines), was the only characteribat correlated with yield. This was suggested to
be the result of the increased weed competitivenes®aboertain threshold level; dwarf varieties, such as
Hendon, are not suitable for organic systems (Jenas, 2006). Similar results were recorded by Murphy
et al. (2008); in 63 old (over the last 100 years) and new wheddties height was the only factor that
influenced weed mass.

2. More prostrate leaves intercept more light (Kreegl., 2006; Hoackt al., 2006).
3. A greater number of tillers increases ground cakandpl et al., 2006; Hoadkt al., 2006).

4. Early establishment and height are characteristatsshould be used to select for varieties for organic
systems (Kruepdt al., 2006)

5. Increasing the seed rate can often accommodate moghtupr ‘erectophile’ varieties, or those that
have a lower tillering ability.

It has been demonstrated in wheat that weed compethility & a suitable characteristic for selecting in
high yielding environments because ‘competition’ integraderange of characteristics including early
vigour, and good nutrient acquisition (Lemeatal., 2001). Hoadk al. (2006) suggest the wheat varieties
Chablis, Rialto and Maris Widgeon have contrasting dteriatics of a planophile habit, high tiller
number and height, which would be useful in developing Ideitarganic varieties for Scotland. Winter
wheat varieties that have performed well in termsaofopy cover, in the Defra project AR0914, are Deben
and Soissons; this measure correlates better witth paformance than the data either for establishment or
height (pers. Comm.).

The competitive ability of a variety below ground is infloed by the development of the roots and by the
release of biochemicals that suppress the germination arefopiesent of other species (allelopathy).
Bertholdsson and Jonsson (1994) screened 25 oat and barletyesafor their competitiveness against
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weeds. They found that greater than 50% of the variatioreed biomass was the result of differences in
the rate of root development in barley, with no effgicshoot development. In contrast, the oat shoot and
root growth rates influenced weed biomass equally.

Allelopathic activity (root exudates that inhibit the grbwif other plant species) has been identified in
oats, rye, wheat and barley (Krugplal., 2006), but the level of activity varies both betwead within
species (Didon & Rodriguez, 2006; Bertholdsson, 2005). Thesassrtof allelopathy is difficult, a result
of not only working with roots, but also the small camtcation of phytotoxins and the temporal nature of
toxin release. As a result, laboratory methods have heed to compare the level of allelopathy in the
early stages of the various cereals, but little is knowthe field (Bertholdsson, 2004). As a result, there
have been no major activities to exploit allelopathitvag to date but it has been estimated that if the
levels in wheat could be increased to that identified inepayields could increase by 58 — 66%
(Bertholdsson, 2005).

In the absence of suitable weed competitive variekéesjers commonly adopt the use of the hoe or the
harrow for early season weeding. The tolerance ofdifferent cereal varieties to mechanical weeding
varies; in barley, varieties with lower weed competitigss (shorter and with less dense canopy) generally
had a greater tolerance to mechanical weeding (Rasmetsslen?004), but no such trend was recorded in
wheat (Murphyet al., 2008).

Weed management can be improved in organic systems biiregherieties with:
* Height;
» High tillering ability;
» Prostrate habit;
» Early establishment;
» Resistance to hoeing/harrowing;
» Allelopathic activity; and
» Extensive root development.

Quality

The quality of grain is defined by a range of charactesssuch as the specific weight, Hagberg falling
number, protein content and thousand grain weight. Ruptheameters are used as specifications in
processing for different end uses such as alcohol yieltéwing and distilling, rheological properties in
bread making and amino acid content for animal feedh&umore, the definition of ‘quality’ also relates
to seed disease which has been discussed in an earlien £é¢his review.

The challenge to improve varieties for organic systénswo-pronged; in variety selection and the
agronomy. The LK0960 project is evaluating differenirgpmwvheat varieties for milling, and the effect of
different composts and manures on protein content. Wik focuses on organic production systems, but
most variety selection for organic systems reliestt@ NABIM grouping of varieties in the National
Listings.

Analysis of some physiological parameters, such as N uptffees some potential for breeding milling
wheat. For example, grain protein content is inflaehenore by the ability of a variety to remobilise
nitrogen taken up before anthesis, rather than N taken wapibstsis. By far the greatest proportion of N
comes from that which has been stored in the form déjm®in leaves, stems and roots (Feller & Fischer,
1994). Therefore, varieties can be selected based onittbgen dynamics, as discussed earlier in this
review.

In contrast to the relatively large discrepancies betworganic and non-organically produced wheat, the
oat varieties Mascani and Gerald had consistently gpedif&c weights across management systems
(LK0954).

Varieties grown for quality markets are based on detisinade from:
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» National list specifications
« NUE
» Select for resistance to seed borne diseases

Selection

The basic premise for plant breeding is to selectttier genotype (or plant genetic background) and
therefore plant characteristics (the phenotype) that &@i$ the environmental conditions. A simple
consideration of farm environments, not only for migabut also for high input systems, demonstrates
variability in soil characteristics, climate, weed gm@re, nutrient status and weed load and profile.
Interactions between these characteristics furthereesaie differentiation between sites; for example,
disease pressure is influenced by the weather, cropmustiatus and potentially by weed density. Further
to these site considerations, the management praatiees course a major influence.

In principle, in order to achieve optimal varietal adaptato one location all the breeding of that variety
must take place at that site (Ceccarelli, 1996). In pecptant breeding is restricted by the practical
considerations of time and money. National programmelgson developing genotypes for wide adaptation,
and involve selecting genotypes in optimal conditionth@absence of weeds, diseases and pests and with
peak nutrient availability. This breeding approach haslywed many successful pedigree line bred
varieties for non-organic production systems. On the ¢thed, organic agriculture has suffered as a result
of a lack of varieties that are better adapted to thiz@mental variability on organic farms (Wokeal.,
2008)

There are smaller breeding programmes in some cosindtich as Germany that have restricted the
environmental range to the ‘regional field conditiofhe participatory breeding programmes that are now
increasing in prominence are similar to plant breedingénpast, and focus on the ‘local field conditions’
(Desclauxet al., 2007). The narrower the selection environment, withef@mple, a smaller temperature
range for the varieties to deal with, the betterati@ptation of that variety to that restricted environmen

The difficulty arises in ‘environment’ classificatioand even within farm management the variation is
enormous (Wolfeet al., 2008). The scope for selecting for suitable genotypdarin location will be
further discussed in the context of Suneson’s (1956) ‘avolaty breeding’.

In organic conditions, the variability of the enviroam has a far greater influence on yield than the ehoic
of variety (Wolfeet al., 2008; AR0914). The level of adaptability of a single varistyot great enough to
buffer the environmental variability across organienfa This relative lack of stability has been
demonstrated in a wide number of studies (e.g. Solimatiagd, 1991; OF0330).

Physical mixtures of complementary varieties providenaproved ability of a crop to buffer variation in
sail, climate and disease and weed pressures (Wolfe, 2001, 4KD@fon & Rodriguez, 2006). Mixtures
can also extend the life of a variety that has usefotqesing characteristics, but has sub-optimal
performance criteria (Swanstehal., 2006).

The diversity in cereal mixtures ensures a fractiothefvarieties perform well in, for example, hotteedri
conditions, whereas another fraction of the varsegield better in wetter conditions. There is an erorsn
volume of literature citing the relative performancenuktures to the component varieties, with some
demonstrating a greater increase in yield for the migt(eeg. LK0954) and others better weed ccontrol.
This variable success with mixtures is likely to telfirstly, to how much environmental variation a simple
mixture of two or three varieties can buffer, and sdbpthe heterogeneity of the environment.

In low input and organic systems a large number of vasietized together can provide a greater buffering
capacity, although the number of plant ‘types’ in a mixtis limited to how many varieties are
incorporated (AR0914, LKO0954). However, if varieties arefieidily crossed together to create a
‘population’, a far greater range of possible chara¢iergembinations can be created.
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Populations (or composite cross populations) have beatedréor oats, barley and, more recently, wheat.
In some cases the huge genetic diversity in the populatiasssuccessfully buffered environmental
variability resulting in higher stability of performan¢®uneson, 1956; Soliman & Allard, 1991; ARO914;
Phillip & Powell, 1984).

If a farmer grows a population for one year, the pldrasduit his farm will thrive compared to the weaker,
less well-suited neighbours and will produce more sedtatfseed is re-sown over successive years, each
year the better adapted plants produce more seed, sudvéndime the crop evolves to a particular farm
(Suneson, 1956). Later generations of cereal populatiomsiggchigher yields than earlier ones, with an
increase in height, protein content, disease resstand a delayed maturity date (Suneson, 1956; Soliman
& Allard, 1991, Mak & Harvey, 1982). This evolutionary breedomntrasts with pedigree line breeding
and can lead to populations becoming site adapted.

The rate of evolution in composite cross populations depepds the intensity and longevity of the
selection pressure in a particular environment anddtative heritability of traits (Davidt al., 1997;
Danquah & Barrett, 2002; Chab al., 1980). Composite cross populations provide an exploitabileache

by which germplasm of older varieties can be conservedome cases, however, it has been shown that
over successive generations of selection, this diyeissiteduced, which results in a gradual reduction in
stability (Soliman & Allard, 1991; Mak & Harvey, 1982).

The performance of a genotype (variety) or a comlmnabf genotypes (mixtures and populations)
depends upon the:

» Heterogeneity of a farm environment (high/low inputs);

» Breeding system (pedigree line, participatory breeding@ugonary breeding);

« The diversity of the selection environment (numbeiritessand variation between sites); and

» The genetic diversity within the crop (variety/mixtyrapulation).

Commercial application

The application of cereal varieties, mixtures and posite cross populations relative to varieties depends
on the end use. Wolfet al. (2008) relate the breeding approach to the use in thresl lmategories:
‘Global commodity farming’ is purely driven by economics and uses predominantly modarieties
grown under high inputs producing a homogenous productrge ladustrial sized processindgegional
market farming’ has a low input focus, and involves both modern and aldeeties - the product is more
variable; and Local market farming’ is mainly carried out by farmers at a small scaleaccal
considerations include not only economics and low infaisalso social and philosophical aspects (such
as the conservation of genetic diversity). The cdipgloif managing variability in the grain varies amongst
these different supply chains. A local baker, for exampbes the ability to adapt to seasonal product
variation but in large processing operations strict @gns need to be adhered to regarding quality as
well as the varieties used (B. Johnson, pers comm.).

Two major hurdles exist in the use of unusual varieteg. (not on the national lists), mixtures or
populations: the perceived or actual heterogeneity gitbauct, and the legislation.

Grain used for milling and distilling is commonly blendedtlze mill/brewery to achieve the desired
processing quality. So although there are major beniefitgrowing mixtures, particularly in low input
conditions, the mixed grain cannot be sold for the mgltistilling premium. However there is some
evidence to demonstrate the processing ability of mastuin a Dutch study, two and three-way mixtures
of milling varieties performed better in terms of bakihgn the individual components of the mixture
(Osman, 2006). For malting, there was no adverse effatistifing four or five-way mixtures compared
to their individual components (Swanstetral., 2006). Finally, similar results were achieved with atpil
baking study of the ‘quality’ and ‘yield-quality’ compositeoss populations of the Defra funded project
AR0914 (Whitley, pers comm.).
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The growing of mixtures avoids legal complications sitiee plant breeders’ rights (PBR) can be applied
to the individual components of the mixture, and the tiaseof course abide by the DUS (Distinct,
Uniform, Stable) and VCU (Value for Cultivation and Usgstems. The situation with composite cross
populations is more complex.

No legislation exists for composite cross populations, suehthere is no legal framework to trade grain
on the open-market. The populations do not abide by the W& U system, but such heterogeneity, as
discussed above has major advantages for production, palyiduldess stable environments. For the
farmer, the population material should be safe andotelt® grow, with a level of productivity and quality
at least equivalent to current benchmark varieties gramder the same conditions. In terms of safety and
reliability, a simple and effective approach would be af traceability of the history of the population
seed, indicating the provenance of the seed at eachagjenemhich would include location, the farming
system under which the crop had been grown and theogeirfor which the population would be most
suited. This would be in the form of a summary of theiptevfive years of production. It would also be
essential to set a minimum size for a seed lot @&lyy), between generations, to ensure minimal risk of
loss of genetic diversity from one generation to amoffefurther ensure the traceability, seed producers of
populations should be required to join a Register of Populefieed Producers. Seed production and
testing would follow the normal standards currently ircelto allow for crop inspections, limits on weeds
seeds, disease levels etc.

In the quality processing requirements discussed above, itdeasassumed that organic products must
align with the specifications for non-organic produdtiwever, there is mounting evidence that the
dissimilarities between organic and non-organic prodacts more extensive (Fauriet al., 2007;
Hollmannet al., 2007; Rembialkowsket al., 2007; Sanders & Woodward, 2008). As a result, studies in
LK0960 and in LK0999 focus on improving the processing of orgahieat by the actual modification of
the production process. No evidence was found of resesitbtha focus of changing the processing
standards in other cereals.

The commercial application of varieties, mixtured @opulations relates to:
» the supply network (global/regional/local);
» close cooperation with processors; and
» the legislative framework.

3. Analysisand Conclusions
Varieties & selection

The nature of competition is complex; varieties that appally competitive can have different
combinations of characteristics. As a result, selaabf suitable genotypes should be based on measurable
components of performance that are indicative forraeaof physiological functions. This review has
described a number of growth characteristics théwente more than a single physiological function, for
example early tillering which improves weed competitakality, and may also improve the nitrogen
dynamics of that variety in organic systems. Therefaelection criteria in breeding should favour
characteristics that integrate valuable physiolodicattions.

In the absence of agrochemical inputs, the interadietween crop physiology, the environment and

management is complex. Therefore, the selection of gee®ffor organic systems should take place under
organic conditions. Low input breeding programmes haeelyared a number of relatively successful

varieties such as Pegassos (FR Strube). However, eartatiodis suggest that yield variability between

years can still be significant (WheatLINK LK0970).

An alternative approach, to deal with a greater lefeheironmental heterogeneity is to grow mixtures or
populations. The diversity within mixtures, and therefbwe hiuffering capacity, is limited to the number of
component varieties. Furthermore, these varietiese haet been selected for local environmental
conditions. If better environmental adaptation resulthigher yields, the way around the issue of site
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selection can be dealt with by using evolutionary plaeeding. Populations produce a greater range of
plant characteristics as a result of inter-crossinggtras. The diversity of the population has been shown to
significantly buffer environmental variability, ma&ining stable, higher than average yields.

Cereal populations are pertinent to the agriculturallehgés of the future. The drive for top yielding
varieties under optimum conditions will be superseded dalucing oil based inputs, and maintaining
disease resistance in an increasingly unstable envirdnme

Management & systems

The production of cereals is just a single component efdtganic rotation. This review has briefly
mentioned Fusarium head blight as an example of howltote farm system needs to be considered for
the management of this disease.

The choice of cereal species and variety (such asietya performance with an under-sown crop), and
the value of straw is further influenced by soil fégtiland associated livestock enterprises. Therefore, a
rotational approach is essential in deciding which speciegties, mixtures and/or populations to grow.
Finally, in support of cereal populations, the site adegtaif these crops can have major advantages, for
example having a crop that has adapted to under-sowinbamieal weeding and early sowing.

Further work

In the short term, pedigree line variety selection wnatganic conditions for organic systems could
provide advantages including improved weed competition, atidgen use efficiency. This organic

selection is being carried out in Germany with relasuecess. Farmers in the UK may benefit from
outputs from these breeding programmes in the near future.

Extensive consultation needs to take place in the develdpofienixtures and most importantly of cereal
populations. This breeding material potentially offers sedlitions to the challenges organic farmers are
facing now, and the predicted problems of the futuremEes, breeders, millers, bakers, maltsters and all
other members of the cereal food chain need to addnesproblems with supply, management of the
genetic diversity, and production consistency and lggslaOnly then will the problems that need to be
addressed be differentiated from the perceived issuelintfitethe development of arable production.

4. Summary and Discussion for advisers
Summary

This research review notes that cereal varietydingein the last 50 years has been based on pedigree line
bred varieties as part of the development of a produstistem dependent on oil-based inputs. The
characteristics desirable for an organic systemraggiéntly at odds with those designed for non-organic
systems. Despite this, varietal choice for organic éasmemains largely from the pool of varieties
developed for non-organic production. The challenges to asddren what basis can farmers and
advisers select varieties, and how to develop varigtigable for organic production.

Plant characteristics are discussed and main desiestleds outlined under the headings of:

* Nutrient use efficiency
» Disease resistance
*  Weed competitive ability

e Quality

Breeding selection parameters are then considered. ileevariation that occurs in organic systems and
the aim to improve the consistency of performanceldystability) means that the adaptability of a single
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variety is not sufficient to buffer these variabl&ébe place for variety mixes is considered, and then t
case for composite cross populations. The developmetitest alternative approaches is hindered by
market acceptability and for composite populations by thisl&ive framework.

The conclusions note there are many and differentbomtions of characteristics that may be of

advantage. The suitability of a variety can be affebiethe management of the whole organic system, not
just one crop in isolation. The situation is complex asldcsion of genotypes is best undertaken under
organic management. Low input line breeding programmes aehvieved some success, but the review
argues that better environmental adaptation is achievegeérmtype diversity, either as variety mixes or as
composite populations.

For the future there is potential in the (relativelypid term for line breeding under organic conditions. For
the longer term there is opportunity in mixtures, and eafpiedf populations. For these to be successfully
developed there is a need to address cultural attitudesaiim the market and production infrastructure
and legislative framework.

Discussion

The review draws together many reports and suggestecctarastics desirable for organic production. In
addition there are notes on some of the cultural inierecto consider. These give guidelines that should
inform breeding programmes and be helpful for an ad¥iserer to select varieties, and goes on to
effectively recommend the development and adoption of mgeedtype cropping. This discussion focuses
on advisory aspects raised by this review.

1.0 Current variety selection

In practice the majority of organically grown cereaps in the UK are of a single variety stand, how do
organic farmers choose which variety to grow? Thereeiy limited variety testing under organic
conditions. A truly comprehensive programme that covdreahoted wide variation in organic systems and
could prove yield stability over time is never likely t®fonded.

Currently choices are generally made on the basis of:

* past experience

» the availability of varieties as organic

+ limited trials information

» observations and recommendations from other farmévisers and seed suppliers

The selection of which new varieties to bring intgasric seed production is largely based on choices made
by seed companies, hopefully informed by many of the tgbesharacteristics outlined in this review.
Some farmers will be making these observations aoteh for themselves.

Can these desirable traits be used as a checklisafiaty selection? The availability of information tas

all of these traits is limited, the HGCA recommended @estriptive lists cover some of the aspects from
variety trials conducted under non-organic managemerorniation on other traits in a usefully
comparative way is not readily available.

2.0 Using traits outlined in the review
2.1 Nutrient use efficiency
- early season N uptake followed by internal translocatidw af grain filling;
is there information on different variety characté&& Is this related to rate of apical

development? HGCA winter wheat recommended lists do gigpesed of development
to GS31’ for 3 different sowing dates; is this a usefdidator?

11
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- higher nutrient use efficiency (NUE);
the review notes significant differences in barleyietigs has been demonstrated, but is
this information available for all varieties, if,sahere is it published? Can information
on all cereals be made available?

- ahigher number of tillers;
tiller numbers are not recorded in recommended listkerifiy can be affected by plant
spatial arrangement and density, drilling date and backgrautrition. Some data on
tillering capacity should be able to be available.

- longer, and a greater number of root hairs;
particularly useful in low phosphate situations, is thiormfation that plant breeders
routinely have available?

- beneficial microbial associations;
can more information on varietal differences be gatharel be made available

- delayed senescence;
associated with higher protein content. The recommetided give days to ripening
compared to a standard for all species (for current NABIMup 1 varieties, this is a
maximum of + or — 1day).

2.2 Disease resistance

- Growing resistant varieties (as stated on Nationalrigs};
disease resistance to the main foliar diseases ésl notHGCA recommended lists, but
not on the descriptive lists for triticale and rye

- Having varieties that are awnless and taller;
applies to wheat and ear disease, recommended listsagieght figure, but do not
indicate whether awned or not.

- Select varieties with resistance to seed borne diseases
evidence of varietal variation in wheat, but informata routinely available
2.3 Weed competitive ability

- Height;
height or straw length is noted in recommended and descriistive

- High tillering ability;
as above

- Prostrate habit;
prostrate/erect, planophile/erectophile leaf habit &af size are noted in variety
description but not in recommended or descriptive listsw@ habit can be influenced
by plant spatial arrangement and growth stage.

- Early establishment;
information not readily available, but wheat recommendsts do indicate speed of
development to GS31 for 3 different sowing dates

- Tolerance to hoeing/harrowing;

12



Institute of Organic Training & Advice: Research Review):

Cereal variety and population selection
(This Review was undertaken by IOTA under the PACA iRegect OFO347, funded by Defra)

Some limited evidence of differences in barley, is threflection of growth habit?

- Extensive root development
information on varietal differences not readily avdiab

- Allelopathic activity;
an area that appears to offer great potential but abduiahvgo little is understood in field
conditions. More research is needed before allelopathgorbes a manageable
consideration in variety choice.

2.4 Quality

Recommended and descriptive lists note the quality deaistecs of varieties. The reliability with which
organic wheat varieties achieve milling grade proteielte appears to be greatly affected by site.
Indications from samples submitted to grain merchants from some comparative studies suggest that
spring wheat varieties are more reliable than windeieties.

2.5 Summary

Choice of variety is only one of the management detisim be made and variety traits are not, in
isolation, reason to reject a variety. For instaaire is rated in the recommended list as poor fédewi
resistance and is not particularly tall, likewise édeard is not particularly tall, has a relatively ergrawth
habit and does not tiller strongly, but both of thesaetias have performed with good consistency under
organic management. Such varietal traits can be usedotonirther management decisions, for instance
Hereward'’s limitations should affect seed rates, spatiangement and avoid weedy sites.

To aid variety selection there is a case for drgwigether information on variety traits outlined above.
Some information is readily available, some is produged not published and some is not currently
investigated. However, these are only guides and therenemaeed for some form of variety assessment
in organic management based on field performance. Thid aoublve use of actual field performance so
long as it is reliably reported by farmers, complemeiiedimited field trials/studies. It is notable that a
successful variety in the organic sector tends to hdwegalife compared to the rapid turnover of varigtie
in the non-organic sector.

3.0 Selection

The review shows the value of mixed genotypes to coge diierse environmental factors. The concept
has been proven in studies but variety mixes have etithy@ined wide acceptance and populations are even
further from the option of widespread commercial use.

The benefits of variety mixes have been made app&membany years, the current market infrastructure
and farming culture has yet to be adapted. There is af@as@ ongoing co-ordinated advisory project
aiming to promote the uptake of this practice aimmericourage producers, end users and seed suppliers.
This in turn could be a step towards acceptability of mixguuadions and development of an appropriate
legal framework and change in market acceptability.

5. References

Ahmed, H. U., Mundt, C. C. & Coakley, S. M. (1995) Host-pg#n relationship of geographically diverse
isolates ofSeptoria tritici and wheat cultivars. Plant Pathology 44(5): 838-847

AR0914 Generating & Evaluating a Novel Genetic Resource lieat/in Diverse Environments Defra
funded project 2001 to 2008

13



Institute of Organic Training & Advice: Research Review):

Cereal variety and population selection
(This Review was undertaken by IOTA under the PACA iRegect OFO347, funded by Defra)

Baddeley, J. A., Bingham, I. J. & Hoad, S. P. (2007) Dearaknt of cereal root systems for sustainable
agriculture. Proceedings of the COST SUSVAR workshop 206iénce, Hungary p 9-13

Bannon, F. J., & Cooke B. M. (1998) Studies on dispers&equtbria tritici pycinidiospores in wheat —
clover intercrops Plant pathology 47: 49-56

Baresel, J.P., & Reents, H.J. (2006) Observations og-term wheat variety trials under organic and
conventional conditions in Germany. In: @stergard LH,Fontaine (Eds) Proceedings of the COST
SUSVAR workshop on cereal crop diversity: Implicatidois production and products. ITAB Press, Paris,
France

Baresel J-P (2007) Effects of genotype and environment aptdke and N partitioning in organically
grown wheat in GermanyEucarpia symposium Plant Breeding for organic and low-inpritidtyre:
dealing with genotype-environment interactions

7-9 November 2007 WICC Wageningen, The Netherlands

Bayles, R., Thomas, J., Kenyon, D., West, J., Mt@sr A., Gladders, P., & Bryson, R. (2006) 2992:
Towards a sustainable whole-farm approach to the cootretgot. HGCA conference — 25-26 January
2006

Bennett, C. M. & Cooke, B. M. (2006) Fungal pathogen dmprakent in conventional and weedy wheat
Proceedings of the COST SUSVAR workshop on Cereal cragrgdiy: Implications for production and
products 13-14 June 2006 La Besse France p130

Bertholdsson, NO, & Jénsson, R. (1994) Weed competitiomiteypand oats. In: Prod’ESA Congress,
Abano-Padova p656-657

Bertholdsson N-O (2004) Variation in allelopathic activiteen100 years of barley selection and breeding.
Weed Res 44:78-86

Bertholdsson, N-O. (2005) Varietal variation in allelopatidtivity in wheat and barley and possibilities to
use this in breeding Fourth World Congress on Allelopatisy & D. | harper, M. An., H. Wu, & J. H. Kent
Charles Stunt University Wagga Wagga NSW, Australia

Borgen, Anders (2004) Control of seed borne diseases in orgggtcpropagation. Paper presented at The
First World Conference on Organic Seed. Challenges andrDpjies for Organic Agriculture and the
Seed Industry., FAO Headquarters, Rome, Italy, 5th-7th, ZB@dljshed in Osborn, Thomas; van Bueren,
Edith Lammerts and Ranganathan, Radha, Bdseedings of the First World Conference on Organic
Seed. Challenges and Opprotunities for Organic Agriculture and the Seed Industry 1, page pp. 170-171.
IFOAM.

Ceccarelli, S. (1996) Adaptation to low/high input cultivatiuphytica 92: 203-214

Choo, T. M., Klinck, H. R. & St-Pierre, C. A. (1980) gleffect of location on natural selection in bulk
populations of barley (Hordeum vulgare L.) .Il quantitatiagts Can J Plant Sci 60: 41-47

Cook, R. J., & Yarham, D. J. (1998) Epidemiology in sustdeaystems. In the Epidemiology of Plant
Diseases Edt. D. Gareth Jones Kluwer Academic Publi26&s

Danquah, E.Y., & Barrett, J. A. (2002) Grain yield in Commos§itoss Five of barley: effects of natural
selection The Journal of Agricultural Science 138: 171-176

14



Institute of Organic Training & Advice: Research Review):

Cereal variety and population selection
(This Review was undertaken by IOTA under the PACA iRegect OFO347, funded by Defra)

David, J. L., Zivy, M., Cardin, M. L., & Brabant, P. (199%jotein evolution in dynamically managed
populations of wheat: adaptive responses to macro-emugotal conditions Theor. Appl Genet 95:; 932-
941

Desclaux, D. (2007) GxE interactions at the risk of the idistfiplinary approach: lessons for organic
participatory plant breeding Eucarpia symposium Plant Bngeftir organic and low-input agriculture:
dealing with genotype-environment interactions, 7-9 Ndwer 2007 WICC Wageningen, The Netherlands

Didon, U. M. E., & Rodriguez, E. E. (2006) Designed mixsuog barley cultivars — influence on weeds
Proceedings of the COST SUSVAR workshop on Cereal cragrgdiy: Implications for production and
products 13-14 June 2006 La Besse France p46-48

Gahoonia, T. S., Nielsen, N. E., & Lyshede, O. B. (200)sphorus (P) acquisition of 232 cereal cultivars
in the field at three levels of P fertilization Plamid Soil 211(2): 269-281

Gosling, P., Hodge, A., Goodlass, G. & Bending, G. D. (2@@6uscular mycorrhizal fungi and organic
farming Agriculture, Ecosystems and Environment 113: 17-35

Edwards, S. (2004) Influence of agricultural practices omrfus infection of cereals and subsequent
contamination of grain by trichothecene mycotoxins Talwgy Letters, Volume 153, Issue 1, 10 October
2004, Pages 29-35

Fauriel, J, Bellon, S, Plenet, D, & Amiot, M-J; Omtfn Influence of Production Patterns on Total
Polyphenol Content in Peach; Improving Sustainability iga@ic and Low Input Food Production
Systems; Proceedings of the 3rd International CongfeBsiropean Integrated Project Quality Low Input
Food; March 2007; University of Hohenheim, Germany

Feller, U. & Fischer, A. (1994) Nitrogen Metabolism im8scing Leaves Critical reviews in plant science
13:241

Foulkes, M. J., Sylvester-Bradley, R., & Scott, R(2998) Evidence for differences between winter wheat
cultivars in acquisition of soil mineral nitrogen andake and utilization of applied fertilizer nitrogen. J.
Ag. Sci. 130:29-44

Gahoonia, T.S., & Nielsen, N.E. (2004) Root traits akstfmy creating phosphorus efficient crop varieties.
Plant Soil 260:47-57

Gosling P., & Shepherd, M. (2005) Long-term changes irfextility in organic arable farming systems in
England, with particular reference to phosphorus andsgiota, Agr Ecosyst Envir 105:425-432

Hollmann, E., & Rembialkowska, E. (2007) Comparison of théritilve Quality of Tomato Fruits from
Organic and Conventional Production in Poland; Improdogtainability in Organic and Low Input Food
Production Systems; Proceedings of the 3rd Internati®oagress of European Integrated Project Quality
Low Input Food; March 2007; University of Hohenheim, Germany

Hoad, S.P., Davies, D. H. K., & Topp, C. F. E. (2006) Howselect for organic farming: science and
practice What will organic farming deliver? COR 2006 Aspettapplied Biology 79: 117 — 120

Jones, H., Clarke, S., Hinchsliffe, K., & Wolfe, {2006) Husked and naked oat varities and mixtures for
organic farming systems. Proceedings of the COST SUSVAIRskop on Cereal crop diversity:
Implications for production and products 13-14 June 2006 LaeBesance p46-48

Kichey. T., Hirel, B., Heumez, E., Dubois, F., & Gouis, J. (2007) Wheat genetic variability for post-

anthesis nitrogen absorption and remobilisation reveayetlSN labelling and correlations with
agronomic traits and nitrogen physiological markers. Fizfopbs Res 102:22-32

15



Institute of Organic Training & Advice: Research Review):

Cereal variety and population selection
(This Review was undertaken by IOTA under the PACA iRegect OFO347, funded by Defra)

Kruepl, C., Hoad, S., Davies, K., Bertholdsson, N.O.P&olini, R. (2006) Weed Competitiveness in
Handbook Cereal variety testing for organic and low inmurtcalture Edt: Dingena Donner and Aart
Osman SUSVAR COST860

Le Gouis, J., Béghin, D., Heumez, E., & Pluchard, P. (2@@8)etic differences for nitrogen uptake and
nitrogen utilisation efficiencies in winter wheat. Eurgrén 12:163-173

LK0954 OatLINK The incorporation of important traits undartysustainable development of the oat crop
through combining 'conventional' phenotypic selection witblecular marker technologies Sustainable
Arable LINK April 2005 — 2010 IGER (lead partner) + resbaand industry partners

LK0970 Sustainable production of winter wheat SustainatddlarLINK supported projected 2005 - 2009

LK0960 Organic Eprints 6767: Better Organic Bread: Integrating Raterial and Process Requirements
for Organic Bread Production

LK0963 Organic ePrints 10260: Improving supply and phosphorous fiserefy in organic farming
systems

LK0999 Adaptive winter wheat populations 2008-2012

Lemerle, D., Verbeek, B., & Orchard, B. (2001) Ranking thiitplof wheat varities to compete with
Lolium rigidum. Weed Res 41: 197-209

Lutz, P. M., Defago, G. & Maurhofer, M. (2007) Swiss whearieties differentially attract naturally
occurring Pseudomonas sp. in a soil dependent manner e@irgge of the COST SUSVAR workshop
2007, Velence, Hungary p 143

Mak, C. & Harvey, B. L. (1981) Exploitable genetic vapatin composite bulk population of barley
Euphytica 31: 85 - 92

Martin, R. A., MacLeod, J. A., & Caldwell, C. (1991) Infhees of production inputs on the incidence of
infection by Fusarium species on cereal seed Plan7big.84 - 788

Murphy, K. M., Dawson, J. C., & Jones. S. S. (200&trehship among phenotypic growth traits, yield
and weed suppression in spring wheat landraces and madiérars Field Crops Research 105: 107-115

OF0330: Cereal varieties for organic production: Develp@irparticipatory approach to seed production
and varietal selection 2002 — 2004.

Osman, A. (2006) The effect of growing cultivar mixtures baking quality of organic spring wheat
Proceedings of the COST SUSVAR workshop on Cereal cragrgdiy: Implications for production and
products 13-14 June 2006 La Besse France pl17 - 21

Phillips, M. S. & Powell, W. (1984) The effect of natusalection on composite cross populations of oats
(Avena sativa) grown at contrasting sites in Sontld. Agric. Sci., Camb. 102: 469-473

Rasmussen, J., Kurtzmann, J.I. & Jensen, A. (2004) Taeraf competitive spring barley cultivars to
weed harrowing. Weed Research 44: 446-452,

Rembialkowska, E., Hollmann, E., & Rusakzonek, A.; Infliepca process on bio-actvie substances

content and anti-oxidant properties of apple puree from agard conventional production in Poland;
Improving Sustainability in Organic and Low Input Food ProauciSystems; Proceedings of the 3rd

16



Institute of Organic Training & Advice: Research Review):

Cereal variety and population selection
(This Review was undertaken by IOTA under the PACA iRegect OFO347, funded by Defra)

International Congress of European Integrated ProjectitQual Input Food; March 2007; University of
Hohenheim, Germany

Sanders, R. & Woodward, L (2008) Building the case — thetionai benefits of organic food ORC-Elm
Farm publications

Shaw M. W., & D. J. Royle (1989) Airborne inoculum as a amagource of Septoria tritici
(Mycosphaerella  graminicola)  infections in winter wheat crops in the UK
Plant Pathology 38 (1), 35-43.

Soliman, K. M., & Allard, R. W. (1991) Grain yield of comgi® cross populations of barley: effect of
natural selection Crop Sci. 31: 705-708

Suneson, C. A. (1956) An evolutionary plant breeding methochnfogny J. 48:188-191

Swanston, J. C., Newton, A. C., & Smith, P. L. (200&isguality characteristics in complex mixtures of
soft wheat and acknowledgement by farmers and distBevseedings of the COST SUSVAR workshop
on Cereal crop diversity: Implications for productiom gmoducts 13-14 June 2006 La Besse France p28
Wolfe, M.S., Baresel, J.P., Desclaux, D., GoldringeHoad, S., Kovacs, G. Loéschenberger, F., Miedaner,
T. @stergard, H., & Lammerts van Bueren, E.T. (2008) Dewetmts in breeding cereals for organic
agriculture in Europe Euphytica (in press)

Wolfe (2001) Species and varietal mixture. In: Younie, Taylor, B.R., Welch, J.P., Wilkinson, J.M.
(Eds)Organic Cereals and Pulses. Chalcombe Publications, Lincoln, UK pp. 29-50

Yuen, G. Y. & Schoneweis, S. D. (2007) Strategies for miagaFusarium head blight and deoxynivalenol
accumulation in wheat International Journal of Food Mialogy 119: 126-130

17



