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ABSTRACT

Developing high value oat varieties to mesiilling industry requirementsis
constrained by a lack of detad information on how genetic andnvironmentaldifferences
and interactions managementconditions and levels of N fertilizénpact on grain quality.
Focusng on key milling quality characters, i.e. specific weight, kernel content, hullability and
thousand gain weight, four winter oat varieties were grown under conventional and
organic regimes at six geographical locations in 2Z032and 2013L4. In addition, grain
@8AStRa |yR 2-§ldcanh caied® af $he groal waR determinednd grain and
groat dape parameters weregneasured using nodestructive methodsResults showed
that there was a differential effect of environment on grain chemical and physical
parametersand datistically significarly differencesfor grain and groatarea, length and
width between varietis and locations ({alue <0.05) There werecorrelatiors between
grain shape traits an#ternel content, hullability and thousand grain weight. None of the
varieties displayed a superior performance in all quality traits nor did any oaalsiiwed a
superior performance over all values for all varieties. Interactions found for chemical quality
traits between genotype and environment suggest that nioh@&ching varieties according
to the chemical trait of interest could be conducted. Envir@nts where the varieties were
grown displayed variable grain quality results, suggesting that these sites are more suitable
to future further investigations on grain quality differences in terms of genotype by
environment interactions.

On the basis oprevious differential genetic and environmental effects on quality
parameters foundin 20132014 and 2014015, four oat winter varietiesere grown under
six different levels D nitrogen fertilization. The gain was analysed byon-destructive
methodsin addition to specific weight, kernel content, hullabilithousand grain weight,
and oil, LIN2 { S A -glucan yéditent determinationsn order to identify the influence of
nitrogen on grain quality parameters. Several Hmear responseswith increasingdvels of
nitrogen on grain quality parameters were found. Specific weight was lower with higher
levels of nitrogen. None of the quality parameters positively affected by increasing levels of
nitrogen displayed a plateau and thus it was not possible tautatie the optimal amount of
nitrogen to apply for a maximal response.

In order to understand the physiological mechanisms involved pamicle
development and architecturand how grain quality is affected, a field trial was conducted
in summer 2015 and 2®@1 Three winter oat varieties, Tardis, Mascani and Buffalo were
grown anddeveloping grainvas sampled at five different growth stageZgdok decimal
growth stage, GS).t&ach GS and from each varigiypaniclewas sample@nddivided into
individual whals and within each whorlthe primary, secondary and tertiary grain were
separated and analysed hyon-destructive methods Measurements of kernel content,
thousand grain weight and grain and groat area, length, width and moisture content were
taken. The esults showed differences between the top and the bottom of the panicle in
terms of maturity and also the effect of loss of moisture content during maturafiath
variety showed a unique pattern of development, although some similarities were found
between them throughout grain developmenMaximal grain width was reached before
maximum grain length with botgrain shape traitsliminishing by final maturity.
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Chapter one. Introduction

Oats,Avena sativaare a low input temperate cereal grown primarily for its grain. It
is an annual plant, and it can be classified as either winter or spring oats. Winter oats are
planted in the autumn, over winter in the field and are harvested in the summer. Spring oats

are sown in early spring and harvested in late summer.

1.1 Taxonomy

Oats Avena sativd..), also known as common oat, are part of the farRibaceae,
also known assramineae together with other major grasses of economic importance, e.g.
wheat and barleyfigure 1.1. The genuAvena with 30 recognized speci€Baum, 1977)
has a basic chromosome number of 7 with thirecognized ploidy levels and four genomes,
i.e. diploid (either AA or CC genomes), tetraploid (either AABB or AACC genomes) and
hexaploid (AACCDD), being the diploid and the hexaploid found as both, wild and cultivated
crops. Comparative karyotype studi@and molecular investigations loy situ hybridization,
and the absence of a DD diploid genome, support the hypothesis that A diploid genomes
might be the origin of the AADD genome in the hexaploid(batares, Ferre& Fominaya,
1998) The genus, withinterfertile species, is considered an important gene pool for oat
improvement, as in the past has been demonstrated with rispecific transfer of alleles,
e.g. disease resistance and oil contéAling, Thomas Jones, 1977Aung, Zwer, Park,
Davies, Sidh& Dundas, 201D

Mecadow and Forage grasses Temperate cereals Tropical cercals

Poa Deschampsia Festuca Lolium Avena Secale Triticum Hordeum Bromus  Brachypodium Oryza Zea
parentis cespilosa. rubra. perenne sativa cereale aestivum vulgare hordeaceu. distachyon sativa mays

‘_I_' Illl

l Pooideae

] Oryzoideae

l Panicoideae

Poaceae
Figure 1.1.Phylogenetic relationships of species of Poad&aper Mur, Jenkins, Ghosh
Biswas, Bablak, Hasterok & Routled@®01)



The hexaploid oat, with seven recognized taxa, has a common genome structure,
AACCDD. Molecular and genomic studies tsnmvnthe close relationship between them,
suggesting that the hexaploid kiwvated oat,Avena sativd.., would have been originated by
hybridization and polyploidization combining three diploid sets, AA, CC arfR&iDotra&
Gelroth, 1995; Linares, Ferr& Fominaya, 1998; LRossnage& Scoles, 2000; Loskutov,
2008)

1.2 Oat importance in the market

Oats are grown across the world with 64.2% of the production in Europe and 24.8%
in America(1993 to 2014 data, FAOSTATSat production ranks sixth in the worlgtain
production following corn, wheat, barley, sorghum, and mi(tebster& Wood, 2011) The
largest producer countries are the Rien Federation (6.2 million tonnes), Canada (3.4
millions tonnes), Finland (1.9 millions tonnes), Poland (1.4 millions tonnes) and Australia
(2.3 millions tonnes) average 192814. In Europe, oats are the fifth largest cereal with
14.72 million metric taines in 20141In the United Kingdom, production has increased from
480 thousand tonnes in 1993, to 828 thousand tonnes in 2014 patstank fourth in yields
per hectare after Ireland, Netherlands and Belgi(FAOSATS 1992013)

Oats are of significant economic importance for human consumption, for livestock
feed and increasingly as a source of high value compounds for industrial use. For human
consumption, oats are a traditional meal in many countries, as Kiasha cereal and
porridge. With snowballing interest in eating for health in the developed world coupled with
an endemic obesity problem, much attention is being directed towards delivering soluble
fibers to the consumer through food. Oats provide moretpno, fiber, iron and zinc than
other whole grains. They have high nutritive value for both people and animals because of

good taste and an activity of stimulating metabolic changes in the (Bdgdanov, 2010)

The recent recognition of oats as healthy food has seen an increase in the use of oats
in many products including pasta, bread, biscuits, muffins, cakes, snack food. The value of
oats as healthy food is attributed to theNdS & Sy Odlucag, Bnd iits ability to lower
St SOFGSR LXFayYl OK2fSadSNRf | yRyluddbdzdss (KS

exert several beneficial gastrointestinal effects, including decreasing the postprandial



glucose response@/Nood, 2007) delaying gastric emptying, and increasing sati@tak,
Virtanen, Malkki& Virtanen 2007).

Additionally, preliminary research on minor oat constituents is begotanestablish
a link between specific oat components and regulation of allergic responses, asthma, and
proliferation of cancer cell@Kasum Jacobs, Nicodemus Folsom, 2002Ryan, Thondré&
Henry, 2011) The beneficial properties of oatare increasingly becoming the focus of
researchers with respect to investigating the possibility of developing targeted oat lines to
meet the specific needs of industrial enders using oat as food ingredient, animal feed,

whole grain, cosmetics and nutrauticals.

1.2.1 Challenges

The actual oat market is not only influenced by the necessithéaithy functional
foods, There also is a neddr high yieldng crops tofeed an increasing populationAs a
result of this, the demand for the main cereal csoigincreasingand the oat crop has to
compete with other cereals and against the increasing concern attmienvironmental
impact ofintensive cereal production. Thus, it is necessary to investigate the environmental
and genetic factors influencing thieey grain quality traits in order to look fomproved
varieties which meethe endusers requirementand increaserain quality and yield of oat,
and at the same timeeduce their enviromental impact (Marshall Cowan, Edwards,
Griffiths, Howarth, Langdon & Whi013).

High yield in oats, i.e. the productivity afcrop, or more specifically, the number of
tonnes of grain produced per hectare growkvans& Fischer, 1999)comes from the
combindion of grain numbers per ear and ears per unit area. The shoot density depends on
the quantity of seeds sown, the depth of siog, tillering at the beginning of the season and
tiller survival. The ear density at harvest depends on the numberhafogs that produce
fertile ears Balanced crop nutrition of all major and micronutrients is essential to help grow

plants that can suppo this grain(Evans &ischer, 1999)

The yield formation process can be divided into two interdependent process,
development, where the grains are formed and filled, and growth, where the material for

forming is provided by photosynthegiSlafer& Andrade, 1993)The most accepted model



is to split yield into its components and it can be viewed as the product of three factors
(Evans &ischer, 1999)

1
2
3

Individual (Single) grain wédig(SGW)

Grain number per panicle ,
Grain number per area (GNO)

Number of panicles per unit area

In other words, multiplying the individual grain weight by the number of grpar
unit area is equivalent to the grain yield per unit area. Producing tiglds of high quality
oats involves interactions amgnnumerous biological factorspanagement strategies and
climatic conditions. Biological factors including disease resistance, straw strength, leaf area,
photosynthetic capacity, sourcsink relationships and mineral uptake. Good management
practices include use of high quality seed at the recommended seed rate, judicious use of

fertilizer and pest contro{fForsbergk Reeves, 1995)

The two major components of Grain Yield, GNO and SGW are subjected to different
conditions and stresses, because thégvelop duringdifferent periods of thegrowing
season They oscillate in response to resources available. In the most of cases, GNO
dominates over SGW, being the determining component for grain yield and depends on
crop species and cultivars as well as management growing cond{frei®nenSainio&
Rajala, 2007)However, they are interrelated so they can compendateeach other to
some extent. The variation that can beunded in GNQs largely attributable to growing
conditions which can affect diffences in set grains per panicle and numbers of panicle per
unit area. Variationn SGW can be attributable to the environmental and management
conditions during the graifiilling. Thus, the factors affecting yield are determined during
different stages and combining improvements over those factoight result in higher
yielding oats (Griffiths, 2010)

For the milling industry the objective is obtain a maximum yield of sound, clean
whole oat groat, free from extraneous matter and from them to produce a finished product
with an attractive appearance, an agreeable taste, a good digestibility and a good keeping
quality, with higher levels of héali K@ 02 Y LI2-glahifécarding © theinténded
use, cereals recommended for cultivation in agriculture should be characterised by a specific

colour depending on the endsers, a high content of protein, a good composition of amino

4



acids, a good milling and baking capacity for the foodstuff industry, a high content of
digestible protein and a small crude fibre content for animal fod@Brel, Bobko&
Maciorowski, 2009)It is important to know the requirements of the milling industrydaof

the oat market to focusttention on those traitswhich aremore relevantto end-users. For
maximum grain yields, only good quality seed of recommended varieties should be
cultivated. Good quality seed will be free of weed seeds, have high germination, be free of
cracked, shrivelled and disease seed and be free of seeds of other(Empbergk Reeves,

1995)

Ore of the gaps that actually exists between lab achievements and field in terms of
milling quality is the lack of an accurate method to measure and assess desirable traits of
seeds. Nowadays, the most common method used by farmers and the grain trade, is th
specific weight, also known as bushel weight or hectoliter weight. This is the weight of grain
which fills a specified volume under standard packing conditions, and it depends on the size
of the grain, the groat/ grain size ratio is highly correlatedhwi¢ést weight (Doehlert,
Jannink& McMullen, 2006) Athough the market value of oat grain is largely determined by
test weight or bulk density, there is a poor relationship between the specific weight of a
variety and itsmilling quality and as a result, it presents particular difficulties in the
selection @ad recommendation of oat varietias the field. Quality evaluation by UK millers
when purchasing grain generally does not include hullability and kernel content, despite the
major implications these characteristics have for mill output and efficiefWhite &

Watson, 2010Q)
1.3 Oat agronomy and morphology

1.3.1 Plant and growth stages. Flowering and yield formation
The growth and development of themall grains, wheat, triticale, barley and oat,
follow very similar patterns. Oats are an annual plant, completing its development in 6 to 11

months. As a monocotyledon, it has a single cotyledon or-$esfd

Grasses produces branches (tillers), at theebaf the stem. The leaves differentiate
from points on the stems called nodes and are narrow and unstalked almost pardéel
and parallelveined. The inflorescences are compound, comprising a series of flowering

branches arranged in whorls on whichetlspikelets are found, which are arranged into a

5



panicle (figure 1.2). Each spikelet has one to several individual flowers, florets. The floret
comprises the female part, a superior ovary, and the male parts, the stamens, their number

being three or a muiple of three.

The floret is enclosed within two protective bracts or scales, the outer lemma and
the inner palea. Following fertilization, the single ovary develops into a caryopsis,

comprising an embryo and an endosperm.

The external morphological development of oat plants comprises the achievement

of full size of the leaves, tillers, stem and

panicle. Individual plants will develop Bronch /&‘\\
number of stems depending nogrowing W\N Out spikelet
conditions. The first stem, the main sten

will produce a number of tillers. They aris

during the early phase of the life cycl

between the emergence of the third lea

and stem elongation. Not all the tillers wi
Whorl of branches

ansing from node

survive and in general, oldearye tillers are
more likely to survive than younger smalle
tillers. At flowering, most tillers which havt e sheath
reached this stage will bear an inflorescen | Upper culm node

(White, 1995) The establishment of the

Flowering stem of culm |

best managementconditions to the growth

and development during this period will

infl h b £ 1ill hich Figure 1.2 The diagram showshe oal
influence the numbers ot tillers whic panicle characteristicg flowering stem or culr

during flowering time will bear anupper culm node, leaf sheath, flag leaf, whor
branches arising from node, main stem or ra
branch (of rachis), and oat spike(@®urray 1980)

inflorescence.

Plant development can be divide
into several stages: germination and early seedling growth, tilleximdyvegetative growth,
elongation and heading, flowering, and kernel development. The numbers and states of the
SEGSNYy Lt FSIGdNBa KI@gS 6SSy O2RAFASR Ayidz
(Zadocks, Charg Konzak, 1974)
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Generally speaking, cragevelopment can be divideshto three mainphases, from
planting to harvest which include all Zadocktmges and are described as foundation,

construction and production phases.

Thefoundationphase,ZGS 040 (figure 1.3), starts from sowing and lasts through to
the start of the stem extension, including: root growth, leaf production and tillering.
Emegence usually occurs 6 to 20 days after sowing, depending on the temperature and
moisture. During this time yieldearing shoots, tillers, and primary roots form as the
canopy develops. Each plant has the potential to produce more than 50 tillers. Usuiglly
two to four tillers survive to produce fertile spikes at normal seeding rates and growing
conditions. The number of tillers is influenced by plant density, soil moisture and nutrient

supply, sowing date, temperature, and cultivar.

Heading &
Flowering .
oot e X oY
“—
= v p
X Tillering ol Jointing 5 f\’ /’
Winter ﬂ '
dormancy

| ' ﬂ/

YA
\\ -~
>

4
J

Feekes| 1 2 3 4 5 6 7 8 9 10 101 | 105 11
Zadoks | 10 21 26 30 30 N 32 37 39 45 50 60 50

Figure 1.3Growtha G 3Sa Ay OSNBIfay Lff.death SHABRRY 2F |
(Large, 1954)



The emergence of the priman
tillers is synchronous with the emergenc
of leaves on the main stem of the plan )

The initiation of leaves continues until th
transition phase of development, the
duration of this phase will be influenced b i f
_ . . Primary | % L Secondary A
seeding rate and growing environment an grain | - i

by the vernalization and photoperioc

requirements of the variety(Brouwer & gume “* Weak Medum Sirong
Flood, 1995) Flowering and gia Spikelet 1 awnstyps 08
development is only slightly delayed o Figure 1.4A pedicellate spikelet of the t

fescue paniclénflorescence. It can be apprecia
the primary, secondary and tertiary grain insid
yield, ear numbers and grain sites/mare |eaf like part, i.e. the glume, defining the spik

set by the end of this stage. Thate of (Jarman, Pickett and Eade, 1992)

later-developing tillers. The components ¢

growth will depend on the environment with dull, cool days giving slow growth. dimgsp
oats this phase will be rapid as the days are bright and temperatures incrgdaicigor&
Williams, 2006)

The construction phase/GS 3561, starts from the first node being detectable
through to flowering. During this stem elongation or jointing period, the stem internodes
increase in length and bring the nodes above ground. dppermost five or six internodes
elongate, beginning with the lowest these.The stem elongatioprogresses parallel to the
appearance of the flowering structure. In oats, in contrast with other cereals, the
inflorescence which terminates the stem istive form of a panicle. Flowering (anthesis, or
pollen shed) usually occurs 2 to 4 days after spikes have completely emerged from the boot.
This is a critical and very rapid growth period as yield delivering leaves, deep roots, fertile
florets and stem resrves form with a high daily nutrient demand from the soil. By the end

of this stage the canopy will be complgttackson &Villiams, 2006)

The production phase, ZGS-82, starts just past flowering, lasting through to grain
filling and ripening. Most of the cells inside the grain, are formed during the grain filling,

increasing its starch content. The carbohydrate used in this period cormeargy from the



photosynthetic output of the flag leaf, at the base of the panicle. During this period the
critical yields components, i.e. grainsfrand the grain weight will be determined. The
health of the flag leaf and its nitrogen status must beim@ined as it will contribute up to

70% of the carbohydrate that ends up in the gr@lackson &Villiams, 2006)

1.3.2 The Panicle and Grain development

In oats, the inflorescence which terminates the stem is in the form of a panicle. It
consists in a main axis, the rachis, bearing spikelets at their tips. The number and size of
spikdets and florets are major determinants of grain yield. The length of the rachis, the
number of whorls and the number of primary branches per whorl, control to a large extent

the number of spikelets per panic{Brouwer &Flood, 1995)

The spikelet in oats comprises one, thE

or three grains; his gives rise to onkernel,

two-kernel and threekernel spikelets (figure

1.4). The double kernalpikelet has been found
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to be the most usual type comprising about 80
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of the spikeletyDoehlert, McMullen& Riveland,
2002) The primary kernel distinctly larger than
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Some commercial interests discourage tt
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triple spikelets because of potential contributio
of the tertiary kernels to the thin fraction that

Figure 1.5Diagrammatic illustratio
of the structure of oat kernel (caryopsis fr
among genotypes with triple kernel spikele(Haard, 1999)

cannot be processed. However, a correlatic

frequency and percentage of thin kernels has not been found. It appears that secondary
kernels from double kernel spikelets contribute as much as tertiary kernels to the thin
kernel fraction, and environmenich in rtrogen, that generate more tertiary kernelsahe

been found to also generatarger kernels overa{Doehlert et al., 2006



The caryopsis, groat or kernel (figure 1.5), in oats is long and elliptical in shape and is
covered with fine, silky hairs. It has a rounded dorsal surface with a deep groove on the
ventral surface. The ovary wall, seed coat and nucellus comprising sevarptessed and
fused layers of cells together constitute the surface layers, or bran. The endosperm
constitutes the greatest proportion of the caryopsis weight, about 80%. The embryo, germ,
lies on the dorsal side of the caryopsis, overlaying the lemmAvéna sativahere are no
zones of specialized tissue which allow the grains to separate easily from the panicle when
ripe (White, 1995)

Once pollinated and fertilised, grain development begins. The grains ircreasze
and weight as sugars are imported from photosynthesizing parts of the plant and converted
into starch which is stored in the cells of the endosperm. Water content inside the grain
with respect to its weight, will decrease progressively as ste@ccumulated. This starch
will be laid down in the grain as long as the plant continues to photosynthesize. During this
period, the oat crop is susceptible to lodging. The properties of the material comprising the

internodewalls contribute to the restance to lodgingMarshall& Sorrells, 1992)

The last of the stages of the plant developmas ripening. Before fertilization,
senescence of the plant begirss individual leaves only function for a limited period. The
paniclegraduallyloses its ability to photosynthesize. The whole plant dries out and the grain

becomes harder as its wateortent decreasegWhite, 1995)

One of the most important aspects in grain development is to establisimihment
of maximum growth in order to harvest the oat when it is more suitable in terms of high
kernel content specific weight and moisture conditions. Nowadays, oats are often
harvested when grain is in the hard dough stage and straw iglglgieen. In some regions,
harvest date igoverned bythe weather, and in order to avoid possible diseases, weeds and
insects. If oats are left to dry down in the field they can weather. The surface of the kernel
might be attacked by a fungus and discolour or turn black. This is undesirable as dark
kernels are unacceptable for milling. To get the best quality, oats shaildombined as

soon as they are ripe but without compromising high standards in grain quality parameters.

However, the differences of growth between the top and the bottspikeletsof the

panicle and among the grain found inside the spikée&tffiths, 2010) can result in a mix of
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completely and not completely mature grain which can reduce the specific weight and the

kernel content of the cultivated oat.

1.3.3 Naked and Husked Oats

The presence of the husk in oats after harvest allows us to differentiate between
naked and husk oat®aked oats is a variant éivena sativavhich, when it is harvested, are
caryopses without their enveloping lemmas and paleas. Vhimnt is a feed stable for
monogastric animals, with higher protein and fat contents and lower fibre content than
husked oats, but with lower yields. Remowélthe fibrous husk has an important effect on
the metabolizable energy content and increases the proportion oéottutrients relative to

other cerealgValentine, 1995)

In husked oats, the husk consists of a thick fibrous lemma and smaller thinner palea
which surround and protect the caryopsis. The thick fibrous husk can lower thigyenalue
of the grain for feeding to livestock and its proportion to kernel can vary considerably
between environments and varieties, but at the same time can play a protectivéarike
caryopsis from damage which could lead to rancidity or redudtiagermination(Valentine,
1995) In naked oats, the lemma is ndignified and appears thin and papery, like the
glumes from which naked grain threshes free. The spikelets of naked oats, are typically
multiflorous, in contrat to the compact spikelets of husked oats which usually contain only
two or three functional floretJenkins& Hanson, 1976)Husked oats usually have two or
three fertile florets per spikelet, whereas naked oats have a multiflorous spiketet. T
terminal fertile florets in naked oats have progressively smaller grains, and the spikelets are
soft, nortlignified. Nakedness is affected by modifying genes and environmental factors.
{2YS 3ISy20eL)Saz avzalA0aés KI Ballylin tfeba& LINE L
whorls of the panicle and in the terminal parts of the infloresceff¢alentine, 1995)
Nakedness is therefore incompletely dominant and appears to have pleiotropic effects, with
I Yl 22 NJ & a gwhictOig modified iyf & Expriession by three other IgEnkins&
Hanson, 1976)

The husk is an importargtructure considering that it is necessary to remove it in
order to get the kernel or groat by a method named the dehulling process. Trerévo

major mechanical methods, compressail dehulling and impact dehulling, both with very
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different results depending on dehulling conditions, which represents a compromise
between unfavourable extremes. Both methods present better results if a skeggrpass is
done, resulting in higher dehulling efficiency, but increasing groat breakage as well
(Doehlert, 2001)In a compressed air dehuller the grain is subjected to compressed air to
achieve a separation of kernel and husktHis process, the husks are suctioned off with a
fan and collected separately. Impact dehulling involves feeding oat grain into the centre of a
spinning rotor that expels the grain against the walls of the dehuller. The force of the impact
breaks the hullfrom the groat. Dehulling efficiency increaseith rotor speed but groat
breakage does as well, which increatiee presence of screeningsd reduceghe milling
quality. Maximal unbroken groat yield represents a balance between dehulling efficiency
and groat breakagéDoehlert, Wiesenborn, McMullen, Ohr&,Riveland, 20097 his process

is influenced by the presence and the different size of the primary, secondary and tertiary
grains, which determine the requirednte and speed, necessary to get the caryopsis

(kernel, groat) from the grai(White & Watson, 2010)

Many factors affect the hullability in oats. Oaeaning and processing is based on
physical characteristics such as size, shape and density of kernels. Although kernels are
sorted according to size to improve dehulling efficiency, the final milling yield is also
influenced by the combination of kern&ed rate and dehuller spee(Gymons& Fulcher,

1988)

Moisture content has an important role in affecting hullability. During the ripening of
the grain, the moisture contentatreasesallowing the kernel/groat/caryopsis, to separate
from the lemma and palea, i.e. the husk, increasing the hullability and in consequence, the
milling quality of the cultivated oat(Doehlert, 2001) Regarding agronomic factors,
hullability has been found to improve in crops grown at higher rates of nitrogen, but is
poorer at higher seed rates and with the application of plant growth regulator.
Management for quality should be focused on choosing varieties that meet the quality
criteria used in the commercial trading of grain and that are important in determining

milling quality(Browne, White &Burke, 2004)

On the other hand, analysis of panicle architeettgveals significant environmental

effects, genotype effects and genotype by environment interaction, among naked and
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hulled genotypes for the number of kernels per spikelet, kernels per panicle, grain mass per
panicle and mean mass per kerr{@oehlat et al., 2006) Kernel size has been found to
decrease with increasedrder within naked oat spikelets, with more uniformity in kernel
size than hulled kernel§.hus,much of the differencan kernel sizedistributionsbetween
naked and hulled oatan be attributed to the presence of the hull, whiclnaasult in larger
kemel size being the naked oat kernel size more uniform than hulled (@xehlert et al.,
2006) Despite these significant effects, the genetic mechanism and the effect of the

geneotypeby environment interaction thatirectly affect this variatiomemain unclear.

1.4 Milling quality

Gountries tend toestablishtheir own set of grading standard®r oat quality. The
factors that determine millingpat quality are: genetic, environmental, nutritional, storage
management, and handling. Each oat variety has a specific ratio (width/length), kernel
weight and presence or absemof awns, all functions of the genetic background. All these
factors affect the milling qualityGirardet, Webster &/ood, 2011)In the United Kingdom,
the minimum specific weight to accept a crop in timarket is 50 kg/hl. In general, for the
milling market, oats should have a high specific weight, high kernel content, good hulabillity
and low screenings. To meet this requirements it also has to have a high yield and stiff

straw, and good resistance tosdiases.

1.4.1 Specific Weight

Market value of oat grain ikrgely determined by specifi@lso known as testor
bushe) weight, and yet little is known of the physical basisdpecificweight in oats. The
specific weight is the weight of grain whidhlisfa specified volume under standard packing

conditions.

Although the specific weight is regarded as a good measure for grain quality, it has
shown a poor suitability to predict ptential milling yield (as a fction of kernel uniformity,
hull content and percentage of thin kernels in the sample), particularly potential extract
yield (Burke, Browne, \hite, & Park, 2001 Girardetet al, 2011) Despite itbeingan easy
measurement to perform, it has some limitatioms making yield predictions between
varieties and assssing directly important characteristics related to milling quastychas

kernel content and hullability Some varieties can have an excellent yield and kernel content
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values but low specific weight arskcause of this they are rejected for the market, the
milling industry and the farmers. These variable results imply that there are variety and
environmental factors that affect specific weight without influencing milling yiBlashman

& Bingham, 2017)

Studies of the relationship between specific weight and other milling quality traits
have shown variable results. Positive correlations with kernel content, have been previously
reported (Doehlert, 2001;Peterson, WesenbergBurrup & Erickson,2005 Achleitner,
Tinker,Zechner & Buerstmayr, 200B Sy 2 (1 @ LIS a = a dz(i Dkap, 2088 byitlfod = Y 2 &
a single cultivar.Other researche&rowne, White, & Burke2002), did not find correlation
between a high specific weight and kernel content when comparing varieties. The
differences found regarding the specific weight and kernel content betweemtiexiare
most likely related to hull and groat size characteristics, i.e. length and wittik.is might
be explained byhe presence of the hull contribirigto mask the real size of the kernel due
to the empty space inside the grain between the hull and the &kthat can reach 16% of
the total (Browneet al, 2002) This may result in lower specific weight. Thus, thin, tight
fitting hulls appear to contribute to high specific weight and would be reflected by high
groat to oat grain size ratio. It can be concluded that the groat/grain size ratio is a
fundamental aspect for the physical basis of the methods to specific wéigighlert et al,

2006) Depending on the variety, the hulls are tightly wpaa around the groat, while in
others, the hulls are more loosely associated with the groat. This could create differences in
packing characteristicfGirardetet al, 2011) and therefore in the specific weight dfie

varieties.

This spacéetween the husk and the kerndepends on genetic, environmental and
agronomic factors during the grain filling period and may vary between years as thet. O
factors affecting the specific weight are rust, drought, lodgiatg kowng, high seed rates,
which can reduce the dry matter accumulatidhroughout grain filling and therefae
decreasing resource$o fill the grain. Thesefactors might lead to smaller groatby
increasing the empty space inside the gramd/or lighter grain, affecting specific weight
values Being variety(White, McGarel &Ruddle, 2003) environment and agronomic
management the main factors influencing specific weighill be the focus of study in this
project.
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1.4.2 Thousand Grain Weight

The thousand grain/kernel (TGW) weight is a measure of seed size. It is the weight in
grams of a thousand seeds. Kernel weight is an indicator of kernel size and density. It is
determined by counting and weighing 100 00 kernels and it is expressed as grams per
thousand kernels or thousand kernel weight. Alternatively, it can be expressed on a single

kernel basis in milligrams.

TGW is an important parameter in the determination of the most appropriate seed
rate to w to get a maximum yield. By using the TGW, a producer can account for seed size
variations when calculating seeding rates, calibrating seed drills and for setting up the
combine for harvesting to minimise shattering and combine losses. The optimal plant
density results from the establishment of a certain number of plants per square meter. The
tillering capacity of each variety can also affect the number of panicles per plant. It may be
argued that high seed rates and therefore high plant populationsinalease the number
of panicles and grains per square meter; however, due to the responses of yield formation
processes to agronomic factors this may not be necessary true. The competition that is
derived from a higher number of grains per panicle for gietosynthate can result in a
higher number of aborted grains and therefore reduce seed number, increase the presence

of empty husks and affect the quality of the gréidrowne, White &urke, 2006)

The physical bases widividual grain weighare determined by the number of gran
per panicle, size, shape and composition of the kernel and from an agronomic point of view
by the duration of the grain filling period. The final grain dry weight witma between
varieties can be quantified in terms of differences in the durationtaf lag and linear
phases of the development. However, for a specific variety, this parameter remains
relatively stabledue to a more flexible grain number establishment and the mechanism of
aborting grains when the assimilates available are low or by filling the tertiary grains when
the assimilates are hig{Browneet al, 2006;PeltonenSainio,Kangas, Salo &auhiainen,
2007). This phenomenon suggests ttiae variability within and between varieties depends
on genetic factors, and this allows for the selectiord éreeding of varieties with fewer

grains per spikelet and more spikelets per panicle with a more uniform grain weight.
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1.4.3 Kernel Content /Groat percentage

Theweight of the kernel relative to theveight of the oat grain is referred to as the
kernel content. It is the principal factor affecting milling yield, and it may influence the
actual method to determine the market value of an oat variehg specific weight (bushel
weight or hectolitre weight)lt is defined as the amount of htléss kernels obtained after

dehulling, expressed as percentage of weight of the sample.

The kernel content, also known as gro@gentage, represents an importaquality
characteristic of oat affected by the mechanical factors that arise from the oat dehulling
process and the physical characteristics of the oat grain. Mechanical factors consist in the
strength and duration of mechanical stress required to sepathe hull from the groat and
the strength of the aspiration required to remove free hulls from the groats. Insufficient
mechanical stress can result in ineffective dehulling, but excessive stress may increase the
groat breakage. Additionlyl, excessive @#ation remove groats as well as hulls, but
insufficient aspiration leavgexcessive hulls with groatehichmay result in the devaluation

of the grain since the millers are interested in cleaned samples.

Qat size uniformity appear to be hightprrelated with kernel content. The negative
correlation between hulls remaining after dehulling and kernel content, and the positive
correlation between groat breakage and kernel content suggest that heavier hulls are more
difficult to remove whilst thinhulls provide less protection to the groat during dehulling
(Burke et al. 2001)Thus, there must be a compromideetween increasng the kernel

content and the hullability and decreiag groat breakage.

Compressegir dehullers provide one possibtgtion for rapid evaluation of kernel
content and could possibly be of value to determine the quality in husked oats, in terms of

remaining hulls and groat breakage.

1.4.4 Grain Size
The grain dimensions that define the size of the kernel are area, lengdlh and
depth. They are influenced by both genotype and environment and by its interaction. In

general terms, millers, in order to get higher yield of white flour or soluble extract and large
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traditional flakes, prefer large and uniform round gra(@®ehlertet al, 2006) At the same

time, the kernel size and its dormity affect the efficiency of the dehulling process.

Oat grain size is determined by the plants genetics i.e. variety, and the length of the
grain filling period and the environmental conditions during grain filling. As soon as
pollination occurs the eiforyo and endosperm begin to develop with the plant redirecting
photosynthates and the previously stored starch and protein (in leaves and stems) to these

developing grains. The longer this period of grain fill is the larger oat grain size is likely to be.

Additionally, the differences in the structure of the inflorescence in oats and of its
constituent spikelets and grains, have implications for the distribution of photosynthate
during grain filling and this may affect the grain size and thus the qu@itywneet al,
2006) Some studiegSymons &Fulcher, 1988have suggested that the grain population
structure could be a potential quality parameter for a variety due to the variation in grain
size between the two main subpopulations within the grain lot and their specific and

different contribution to quality taits.

The primary grain is larger and has lower kernel content and poorer hullability than
secondary grains. Tertiary grains have lower mean grain weights and higher kernel contents
than secondary grainDoehlertet al, 2006; White &Watson, 2Q0). These differences in
grain within a panicle are the cause of the grain size variations in samples of oat and affect
parameters like the specific weight and the hullability, which determine the quality in the
milling market (DoeHert, Jannink &McMullen, 2008) Andysis of histograms of length,
width and area distributions of the size fractions found suggest that the oat size populations
are composed ofat least two distinct subpopulationgDoehlert, McMullen, Jannink,
Pangrahi & Riveland2004). This bimodal distribution can be attibruted to the architecture
of the oat spikelet(Doehlert et al.,2008) where primary kernels from the twkernels
spikelets make up the larger kernel subpopulation and the secondary kernels make up the
smaller kernel sbpopulation. Aditionally, this distribution creates different optimal
conditions and therefore inefficiency in processing oat, due tortbeessity of segregang
the sample between the primary and the secondary grain subsamples for the dehulling

procesqSymons &ulcher, 1988)
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Little is known about how development in oat panicles and graraffected by
genetic and agrecological factors.t8dy of the varidion in the shape and size of the
kernel, i.e. the are, the length and the widthwill help usto understand the different stages
of developmentof the panicle andbf the primary, secondary and tertiary graimside the
spikelet. The mechanism by which the grain dimensions are established and the influence of
the environment and how far they are under genetic control, may enable us to characterize
the process of grain development and the specific requirements of every .stage can
result in a betterknowledgeof the best conditions and selection of the bestrieties for a
high yield on the bas of grain size, reducing the variability of the weight between

subpopulations within a variety and increasing specific weight.

1.4.5 Grain Composition

The chemical composition of the groat or caryopsis also has aacingm aspects of
oat nutritional quality. Oats contain more soluble fibre than any other grain, they are high in
the fatty esential fatty acid, linoleic aci@Youngs, 1986Zhou,RobardsGlennieHolmes&
Helliwell, 1999 and constitute a healthy source of proteins, vitamins and minerals, with
KAIK fS@Sta -8F 02y HR Safdbteiollyafdakeanthramides, which are
unique to oats. The functional quality of oats determines the process after harvest. How
grain is processed and the response to that process by the grain may affect the acceptance

of the product by the endiser and the consumei®/iller & Fulcher, 2011)

The chemical composition of the hull may also have an importale in the
hullability of the grain, which affects the efficiency and economics of the milling process.The
hull consists of the remains of modified leaves (palea and lemma), composed of empty cells
with lignified secondary walls. Two major constituents of the hull eelulose and
hemicellulose and lesser amounts of lignin and phenolic compounds. The concentration of
lignin in the hull is directly related with its digestibility and play an important role in the
guality of oats as forage crqMiller & Fulcher, 2011)There is evidence of the valility in
the content of lignin between oat varieties, making thenore digestible and suitable for
feeding (Crosbie, TarrPortmann & Rowe, 1985 Oats with low lignin husk are good
candidates tobreed for new varieties witHow lignin content, in order to impnee the

hullability of the current varieties and make them more suitable as a feeding crop.
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The groatcomprisesthe bran and the endosperm (figue5). These layers contain
protein bodies, lipids, soluble fiber, and phenolics compounds. Oats contain roligles
fiber than any other grain, which results in a slower digestion and an extended sensation of
fullness. The recent reports of the beneficial physiological effectaed 2 f dzo t S -FA 6 SNE
glucan, have increased the interastoats as healthy food source. Epidemiologic and clinical
studies suggest that dietary factors in addition to the intake of fat and cholesterol influence
the degree of risk of coronary heart disease. Human experiments have shown that the oat
fibre tends tolower plasma toél and LDL cholesterol. Additionally, the low glycemic index
of oats is beneficial for people with diabetes and might lower plasma lipids, as well as
increasing the transport of bile acigslaket al.,2001;, Xu, 2012;Andersson Immerstrand,
Sward, Bergenstahl, Lindholm, Ste & Hellstr&td,?).

i-3f dzOl Yy A ®&Smegludam, Ms beae proenito help lower cHesterol. It
is the main component of the soluble natarch polysaccharide fraction of oats prirityar
located in the outlayer of the endosperm, i.e. the bran. It is a viscous polysaccharide
compose of a mixedlinkages which makd i &2t dzot S | y§RcanfconfemtA 6t S
varies between and within varieties, ranging from 2 tgr&nms per 100granms in oat
groats. These differences are due to the size of endosperm cells, the thickness of the cell
gl tfa GKNRdAAK2dzi GKS 3INRF GO ¢ KghicaRvay itidlyo dzi A 2
among different cultivar varietiegSikora, Tosh, Bmmer & Olsson, 2018 To efficiently
breed oat cultivars higher in this beneficial constituent, the influence of genotype and

environment must be determined.

Lipids, proteins and starch are the main storage products frgoan and these are
important also in determining grain quality. The oil content (synonymous wiith dipntent)
in the kernels of different oat cultivars varies from 3 to 12% of the dry weight, while the
protein content ranges from 16 to 20% and therstafrom 45 to 60% of dry weight. The
differences observed are due to the different activities of the enzymes in the different
kernel tissueq. I Y I T X 51 Kf |j @A & (i & Stydnge(260().AThe bEadzhy $hé 2 v
endosperm contain the higher fractiord the most important essential lipids that we can
find being linoleic, palmitic, oleic and in minor amount stearic and linoleic (tableidigls
are of importance due to its impact on nutritial quality and in the flavor and off flavour
attributes of oatg(Zhouet al,, 1999)
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Table 1.1 Average chemical compositiéor oats (g/100 glwWelch, 1975; Webster, 2011)

Oats
Moisture 13.1
Proteins 10.8
Available carbohydrates 56.2
Fiber 9.8
Minerals 2.9
Vitamin B 6.7
Vitamin B 1.7
Nicotinamide 24.0
Panthothenic acid 7.1
Vitamin B 9.6
Folic acid 0.3
Total tocopherols 18.0
Lipids 7.2
Palmitic (C16:0) 18
Stearic (C18:0) 2
Oleic (C18:1) 18
Linoleic (C18:2) 56

Although the total oil range in average is betweef% in oat grainsifcluding the
husk), there arealso wide variations between varieties, some of which contain only 2%
whilst others can reach 8% oil content. This range is influenced by genetic and
environmental factors. Low growth temperature increases the overall lipid synthesis,
particularly oleic ad linoleic acids and decreases the concentration of palmitic and stearic
O/ FY@BAYS wmpcecpT {lFFadlY2AYySys YdafladzRao®)y Sy
Negative correlations have been found between oil and protein conterftoatjh this
interaction appear to be not consistent and due to genetic and environmental factors
(Welch &Leggett, 1997)

Oat protein content varies substantially within cultivars from the same re@iéeich
& Yong, 1980jeflecting the differences in the availability of soil nitrogen. The application of
fertilizer to the soil has been proved to increase the protein content (%) in the.grain
Although, it hasoften been found negative correlation betweegrain yieldand protein

content (Simmonds, 1995)other results show any significant decreases in grain or groat
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protein with increasing yids. Thus, it can be argued that there is a scope for increasing oat

protein content without incurring a yield reductiqiVelch &Leggett, 1997)

The high nutritional protein value of oats has been confirmed by the analysis of the
amino acid composition. Compauis with other cereal species and grasses shows that there
are higher levels of cysteine, histidine, isoleucine, lysine, methionine, phenylalanine,
threonine, tryptophan, tyrosine and valine, all of them essential amino g¢dch &Yong,
1980) Although several studiePomeranz, Robbins & Briggle, 1971; PetersoBniith,
1976) show that there is a range between the amino acid composition, i.e. protein quality,
and genotypes and environmental factors, the low correlation found in these studies
suggests that there is a scope for selection of varieties with high protein cont&nt b

without significant loss of protein qualiffPomeanz et al.1971)

Tocols and avenanthramed are secondary metabolite compounds found in oat
grain which are of interest for their possible healthful effects in ¢kgtanet al, 2011) They
are considered as antioxidants and its variation due to both genetic and environmental
conditions of grain production has been documen{&nmons& Peterson, 2001Fayelfors
& Peterson,2004) These traits should be a focus for the breeders in order to get varieties
with high levels of these conmpinds and therefore increase the nutaonal value of future

varieties.

1.4.6 Effect of genotype and environment on millin g quality traits

Genotype and environment are major determinants of plant phenotype.
Economically important quantitative traits include agronomic characteristics and grain
composition:specific weight, kernel contenthousand grain weight, hullability, ajn size
FYR 3INIAY O2YLRA&A G AgRichirEcomem SSeveral diffekent lideRigatoRsy | Y R
studying the effect and the interaction of genotype and environment have shown significant
differences within and étween varieties for all traitéBrunner& Freed, 1994Groh Kianian,
Phillips, RinesStuthman,Wesenberg, Fulcher & Stuthm&901, Petersonet al, 2005)
through environments and harvest seasons. However,tagnitudeof the effect of both
genotype and environment, and their interactions, on all quality traits was variable

(Peterson, 1991; Brunn&Freed, 1994; Doehlert, 2001, @2).
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1.4.7 Fertilization and management conditions
Increasing the competitiveness of oat#th other cereals, requiresreoptimum rate
of Nitrogenfertilization, minimising environmental impact and maximizing milling industry
FYR FTFNYSNRa oSySFAataod DAGSYy GKS FFOG GKFG
anthropogenic alteration of the amount of nitrogen that enters the element’s biesph
cycle, nitrogen management conditions should consider soil nitrogen supply, previous crop
and inherent soil fertilityBrunava, Vilman& Zute, 2015 Smil, 1999)to avoid undesirable

losses.

Oats are described as a low input cerahwson, Huggin& Jones, 2008; Kindred
Verhoeven, Weightman, Swanston, Agu, Brosnan & SylvBsselley 2008) needng lower
nitrogen fertilizer compared with other cereals. For example the recommendation in the
United Kingdom is a maximum of 160 kg'tétrogen for winter oats compared to 250 kg
ha ™ for wheat(HGCA, 2009)The excessive application of fertilizers might cause lodging of

the crop and a lower specific weight, grain quality and yield.

1.5 Introduction to this project

Grain quality of oat is measured in various ways. For the milling industry, quality is
measured by milling yield, or the weight of grain from which 100 kg of millable groats are
obtained (Grohet al, 2001) Since only larger groats amaillable, the ratio of primary to
secondary and tertiary kernels is important to millers. For animal feed, grain quality is
measured by kernel content or groat to hull ratio because the groat has a greater
digestibility and nutritional value than do the k&1 Thus, grain size and shape and its
relation to kernel content, seed weight and proportion or ratio of primary to secondary, are
important parameters with potential to relate to milling quality parametef$ie chemical
composition of grain, such as aibntent, fatty acid composition or betglucan content can

be important quality factors for specialty markets for oat.

Therefore, it is necessary to develop accurate methods testing kernel content,
specific weight and other quality parameters. Noestrudive Image AnalysidNear Infrared
Spectroscopy and digital seed analyd®as the potential to provide a high throughput and
rapid alternative method for assessing grain quality and will be evaluated during this

project.
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The mechanisms by which the cabp produces stable quality characters alongside
large-scale variation in yield in response to agronomic and environmental factors are poorly
understood.Thus, this project will focus on three linekinvestigation interrelated, i.e. oats

development, paicle architecture and relation with yield and milling quality parameters.

Experimental chapter three will invegate effects andnteraction of genotype ath
environmenton grain dimensions and panicle architectuferain and groat milling quality
parameers, and graidimensionsi.e. grain length, grain width, grain lengit+width ratio,
grain area, and grain ratio, have been found to be positively correlated with grain weight
(Marshallet al,, 2013) Their relationship to both kernel content and specific weight from
several different populations grown in different sites and under different agronomic

conditions will be analysed.

Experimental chapter fouwill focus onanalysing the effectaind interactionsof
different levels of nitrogen fertilizer on yieldilling qualityparametersand grain and groat
size.Nitrogen fertilizer have ben proved to be of importancaffecting yield crop, with
variable resultsjts agronomic implications, ihading cost/effective production and as
factor ofenvironmental impac{Chalmers, Dyer and Sylvestradley, 1998)The search for
an optimum level of nitrogen that increase yield and milling quality parameters will be the

main hypothesis to test.

Experimental chapter five will investigate oats panicle developmé&otusingon
grain development, the analysis of the differences alorg panicleand between varieties,
and the relation with kernel content, and thousand grain weight, will help to haveva n
insight of panicle structure. This will lead a better understandng of the mechanisms
underlying the réation between millingquality paraneters and grain dimensions.e. grain

size and shape
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Chapter two.Material and Methods

2.1 Cultivars under study

Five winter husked oat varieties from the Aberystwyth breeding programme (table
2.1), were used in this research. The varietieere chosen either due their importance for
U.K. agriculture during the period of study or because they are parental lines for genetic
mapping studies. All varieties have been on the U.K. recommended list but not all at the
same time. Each chapter withihis thesis has a specific experimental design involving a

subset of these varieties and this will be described in each relevant chapter.

Table 2.1 Data from AHDB Recommended List trials for the five winter oat varieties used in
this thesis. Values arthe means for the harvest years 2007/08, 2008/09 and 2009/10 except for
Buffalo for which the data is the mean from the last three years it was in recommended list
trials.(AHDB Cereals & Oilseed, no date)pening is determined as daysGerald -ve=earlier;
Screenings is % through 2.0 mm sieve; Lodging and disease resistance are scorefl scak 1

where high figures indicate that a variety shows the character to a high degree.

**Non available

Quality Agronomic Features Disease Resigtae

Grain Kernel Specific Lodging Height Ripening Crown
Variety Screenings Mildew

Yield Content Weight resistance cm days Rust
Balado 9.34 73.6 50.4 3.3 8 86 +1 4 3
Gerald 8.56 72.8 52.9 31 6 110 0 3 5
Mascani 8.67 78.2 54.2 1.7 6 109 -1 6 8
Tardis 8.76 72.9 49.5 na** 7 105 -2 8 na**
Buffalo 8.26 70.3 50.7 4.0 8 97 0 2 6
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Millennium

Figure 2.1.Genealogical/Breeding relationships between varieties used in this research. Red
solid line represents direct parents in the breeding process. Blue and blue ldwtetkepresent the

presence of the variety on the pedigree (Howarth, C. personal communication).

The varieties used in this research are related by pedigree as shown in figure 2.1.
Gerald was the oldest variety used and is a grandparent of Buffalo ameaspgarent of
Tardis. One of the parents of Gerald is the variety Solva, a popular variety until 1995, and is
found somewhere in the pedigree of all varieties used. Buffalo and Balado are both dwarf
varieties which were brethy the backcrossing of the dwiamg geneDw6 from the spring
oat Canadian line OT207 into Solva anchtheather crossed with UK varieti€Milach, Rines
& Phillips, 1997) The varietyMillennium, a large grained variety which was on the
recommended list from 2000 until 2006, is a parent of both Maseawu Tardis. Tardis
incorporates P&4 which has provided a highly effective source of adult plant resistance to
mildew, Blumeria graminid. sp. avenae, crown rust, Puccinia coronatnd oat mosaic

virus, although this resistance is affected by environtaéconditions(Clifford, 1995)

Currently, Mascani is the most popular winter oat grown in the U.K., with over 68%
of winter oat certified seed available in 2017 (Senova personal communicatioscakia
Gerald and Balado are either currentr dormer control varieties for the AHDB

Recommended list trials and were used as controls in all the +hoghition field trials of
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IBERS advanced breeding lines during the period of experimentation coverad thdsis,
hence their inclusion in this study. Tardis and Buffalo, although now outclassed as varieties
are the parents of a mapping population used in this thesis. Varieties were selected within
each experiment according to their suitability to the rasgh question and availability in the
experimental framework. Sowing and harvesting times, locations and management

conditions, are specified in each individual chapter.
2.2 Methods. Measurements and quality parameters

2.2.1 Weather conditions

Meteorologi@l data was obtained either by the use of-site weather stations or
using locally located publicly awle Met office sites. Weather conditions measured
included temperatureminimum and maximum®C), relative humidity (%) and rainfall (mm)
on a dailybasis. These parametemgere usedto calculate, where possible, the growing
degree days (GDD).

Growing degree days(GDD)is a weathetbased indicator for assessing crop
development, used by crop producers. It is a measurement of heat accumulation used to

predict plant development and the date that a crop reaches maturity.

Plant development depends on temperature and reqsigespecific amount of heat
to develop from one point in their lifecycle to another, such as from seeding to the harvest
stage. Temperature is a key factor for the timing of biological processes, and hence the
growth and development of plant&/hen there ae no extreme conditions such as drought
or disease, plants grow in a cumulative stepwise manner which is strongly influenced by the
ambient temperature. Many developmental events of plants and insects depend on the
accumulation of specific quantities oéét, thus, it is possible to predict when these events
should occur during the growing season regardless of differences in temperatures from year
to year. GDD units can be used to assess the suitability of a region for production of a crop,
estimate the gowth stages of crops, weeds or even life stages of insects, predict maturity
and cutting dates of forage crops. Daily growing degree day values are added together from
the beginning of the season, providing an indication of the energy available for the pla
growth. GDD totals are used to compare progression of a growing season to theeitong

average.
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Growing degrees@D is defined as the mean daily temperature (average of daily
maximum and minimum temperatures) above a certain threshold base temperatur
accumulated daily in time. The base temperature varies between crops and the value is
derived from the growth habits of each specific crop. It is that temperature below which
there is notplant growth. In oats, similato barley, rye and wheatit is 4.4°C or 40°F
(Miller, Lanier& Brandt, 1997)

GID were calculated each day as described in equation (1) in which the maximum
temperature (Thay plus the minimum temperature ;) is divided by 2 (in other words the
mean emperature), minus the base temperature,{H. GDD are accumulated by adding
each day’s ADcontribution as the season progresses. If the average temperature is below

the base temperature, the growing degree day value for that day is zero.
GDD = (Fax* Timin) / 2 - Thase 1)
If the T mean ((T max+Tmin)/2) term, is less than T base, then GDD is zero.
GDD are typically calculated from the time of sowing.

2.2.2 Yield and grain quality

Grainused for in this research artkscribed in subsequent chapters waarvested
using a small plot combine and harvested yields corrected to 15% moisture content.
Harvested grain was cleaned through a 3.5 mm and 2 mm sieve for subsequent analysis of
grain quality to get rid of straw, double grains, undesirable particles bettccleaning losses

were not determined.

2.2.3 Specific Weight

Specific weight (kg/hl), also known as hectolitre weight or test weight is defined as
the weight of grain which fills a specified volume under standard packing conditions. Cheap
and easy to prform, and with little technical training required, it is the actual method used
by the grain trade to determine the market value of oats as it affects the weight of grain
contained in each lorry load transported. Previous studies however, have showiit ikat
not related to key milling quality parameters such as kernel content or hullafiitykeet
al,, 2001; ManleyEngelbrecht, Williams & Kid@)09)
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Secific weight was measured using a chondrometer (C288) on three replicate
samples(approximately 500 ml) per field. Chondrometers are cylindrical devices containing
a column in which grains are isolated from the cylinder of known volume underneath by
means of a level blade or metal bavignley et al, 2009) The blade separates a preeis
volume of grain (below the blade) from excess grains above the blade (ISO 1986). The upper
part, the forerunner, was filled with the sample to the top. Then a little trap door allows to
the sample to drop into the bottom container. With a cut off slittee excess of sample was
removed from the rest. This known volume of grain was weighted and the mass converted
to kg hi*.

2.2.4 Thousand Grain Weight. Kernel Content and Hullability
determination

From each location and variety, thousand grain weight was ealculated (TGW). A
30 g sample, from each of the three replicates per variety from each location and harvest
season, was counted out by a seed counter (Data technologieiel number data count-S
25) and weighted in a precision scale. The data obthimere used to calculate TGW

following the equation below.

Y& 60 WO Qodee WD wp T T )

Kernel content is the mass of groat or kernel relative to the mass of tha.dtai
represents the highest priority in selection programs for the milling industry as the groat is

the fraction used for human consumption.

The hullability is the easeith which the husk is removed to get the kernel/groat.
This parameter is highly imp@ant as it affects the efficiency with which the oats are milled
without causing groat breakage which would result in economic losses. It is influenced by
the method and conditions of dehulling used and the different size of the ¢vshite and

Watson, 2010Q)

All kernel content and hullability determinations were assessed using 30 g of each
sample using &odema impact dehulleModel LH5095 (set at 100 bar for 45 seconds), and

then separatinghe output into husks, groats and whole grain. Each fractibtaimed was
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weighedusing a precision scale and the kernel content and hullability determined using the

equations below.

(Vo] WP TT @)

06 a & O QBT 66— Gp T T 4)

2.2.5 Grain and groat size and shape

Physical analysis of grain size and shape, including area, length and width of the
grain and the groats once they were dehulled, were determined by adestructive
method, using a Digital Seed AnalysBfARVIN(GTA Sensorik GmbH). The same 30 ¢
sample tlat was used for thousand grain weight, kernel content and hullability
determination was used at all times. Seeds were placed on the analysing tray and spread
out so that no seeds were touching. All seeds in the sample were measured requiring
several scanwith MARVIN. Special software evaluated the captured image on the basis of
digital image processing. The output gave the number of seeds analysed and the individual
grain length, width and area. The grain sample was then dehulled and the process repeated

with the groats.

Grain and groat area, length and width, were also used to determine shape

descriptors as described below:

N & OEOBAOl BEROL £ & ¢ W QMO "Ml OEQAN € ¢ (5)
WoE I WOF | € OO o
0 QeWOMAQI EQFTMQI € ¢

60 GO a D Qo (6)

Ol GOl ¢ Oas | QR0 G200 Be Bm0l Giasmal ¢ ¢ (7)
P OEIDL ERE 1 0T @ Oa® MmOl UMl € o

Other determinations and shape descriptors will be explained in detail in the

appropriated chapter where they are calculated.
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2.2.6 Bimodality

In addition to the mean grain length, width and area of each sample, the individual
grain and groat data were analysed to establish the frequency of the distribution of the
grain population according to those dimensions. Where appropriate, thduded
determination of the bimodality of the population of grains analysed. Grain and groat size

parameters wereconsidered tdoe amixture of two normal distributions.

Q0 gaophp PV g aache

Where> is the mean and the standard deviation of the normal probability density
function .pq) for the component distributions (subscripts 1 and 2) ansithe proportion in

population 1(Wychowaniec, Griffiths, Gay, and Mughal, 2013

¢tKS 0AY2RIf RAAGNAROdziA2Y 6 & FYRGSBBR A G SNI
25% §;) and 75%X,) quarties of the overall distribution of grain size (x). Initial values for
1 YRS SNB 6 2 (i(Kar ()SUP Hiké,)¥wherevar (x)is the variance of, andv

was always set to 0.5 (Alan Gay, personal communication)

A Matlab script(MathWorks, 2013)was used to find the maximum likelihood
estimation of means and variances of each distribution. Qamative graphical analysis is
presented at each chapter where this analysis was perforrivéalin plots were develogd
in R for graphical representatio(courtesy MororGarcia, Odin)Violin plots are similar to
box plots, except that they also show tpeobability densityof the data at different values
in the simplest case this could beh&éstogram.Overlaid on this box plot is kerndensity
estimation. Like box plots, violin plots are used to represent corapariof a variable

distribution or sample ditribution.

2.2.7 Grain composition

Approximately 20 grams of each sample of husked oats and whole groats were
scanned at 2 nm intervals over the wavelength range from 400 to 2498 in reflectance mode,
by a FOSS NIR (Néafrared Spectroscopy), Systems 6500 spectrophotometer, a non
destructve technique. NIR uses an electromagnetic spectrum that implies the vibrational

response of molecular bonds-&), CH, CO and NH, and the specific vibration pattern in
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these bonds. Biological moleculpsesentwithin these bonds, e.g. oil, protein, staremd

fiber, absorb vibrational energy in a specific way generating a characteristic spectrum that
behaves as a fingerprint of the sampBokobza, 1998)Husked and dehulled oats were
scanned at 2nm intervals over the wavelength range from 400 to 2498 in reflectance mode,
by a NIR (Neadnfrared Spectroscopy{Bokobza, 1998)The general method consists in
spectral data acquisitions, data ppeocessing to reduce the noise and baseline shift from
the instrument and the background, to build the calibration models using samples of known
concentration by well referenced methodsd finally validate the model. Quantification of

oil, protein, i -glucan were determined using a calibration curve developed internally at
IBERS and built up on the basis of the analysis of spring and winter oat samples harvested
between 1998 and 2016. Wehemistry analyses were completed on selected samples to
validate the NIR screening. Samples were presented as whole oat (dried and undried) and
milled (dried and undried). Calibrations were developed using modified partial least squares
(MPLS) regressiomplus scatter corrections applied. Equations were developed using
standard normal variate and detrer({®hanoa, Barne& Lister, 1989and £cond derivative
transformations using modified partial least squares (mPLS) regression. The methods used
to select samples for equation update are describedshenk and Westerhaud.991) It
included total N analysis on ground groat samples which was performed using the Kieldahl
method (AOAC method 945.18) (199) using a LCEAB Bhalyser (LECO Corp, ST. Joseph,
MI). Oil calibration data was obtad by extraction using petroleum ether and the Soxtec
system (FOSS UK, Warrington, UK).iTgkican content was determined in parallel using

the Megazyme'™ kit (McCleary methodAOAC method 995.1&)n all samplegMegazyme

and Ireland, 1991)NIR scans from the whole oats were used to develop a calibration for

kernel content.

2.2.8 Statistical analysis

In each chpter, to check and summarize dataset characteristics the mean, standard
deviation and standard error of the mean of each traigre/calculated according to the
factors, i.e. variety, site, fertilizer level, or harvest season, involving the experimesigihd
using Genstat 2013 and Excel 2013. Correlations were calculated using the means in every
field season and site. Genstat 2013 was used to calculate the correlations. Graphs were

drawn using Excel 2013 and R studio.
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All the specific statistical methsd were chosen according to the statistical
requirements and distribution characteristics. These included-tvay ANOVA with variety
and site as factors, to determine the significance of both; Pearson’s correlations between all
traits under study, by eaclof the factors implied; Joint regression analyéisnlay &
Wilkinson, 1963) superiority performance and the stability coefficient, i.e. genotypes
consistency in responding to changes in the environm@m & Binns, 1991a) Specific

statisticalanalysis developed further &xplained in detail in each chapter.
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Chapterthree. Genotype by Environment study

3.1 Introduction and analysis of historical data .

The actual challenge for the cereal market, including the oat market, is the necessity
to increase grower returns whilst minimising environmental impact. Grain yieldqaatity
determine the value of an oat crop to the producer. The most common quality
measurement used is test or specific weight (see Introduction chapter for a definition).
However, it is not a measurement related with any processing trait, and it isgood
predicting milling yield (Whiteet al, 2003). Other grain quality traits, i.e. kernel content,
GK2dzal yR AN} AY 6SAIKGXZ Kdzgludarddnd pratgin amdyoR 3 NI 7
content), are highly desirable for the milling industry, human comstion and for animal
feed but these traits are more laborious to measu¢hilst spedic weight can be measured
easilyand quickly in the field, kernel content, hullability and grain chemical coniposi

requires technology, e.g. MARVIN, NIR, technlgli$ @nd timg(see Material and Methods)

Compared with other cereals e.g. wheat and bafl€larke, Goodin& Jones, 2004
Hundal, Kang& Singh, 2017Lehmensiek, Sherland& McNamara, 2008Ma, Biswas, Zhou,
& Ren, 2012Paroda& Hayes, 1971Pushmar& Bingham, 2017knowledge of genotype by
environment effects on grain quality parameters are more limited, partly becafidess
research and fundingleading to a poorer understanding of the mechanisms underlying
grain quality trait§Cooper, 1937) Previous studies have shown conflicting results, in terms
of the effect that both, the genotype and the environment and their interaction have on
grain quality traits (Doehlert, McMullen & Hammond, 2001 Petersonet al, 2005).
Therefore, while some results suggest that major variation in specific weight can be
explained by variety choice, other researchers have found equal effects from both
environment and genotype. These confoundirggults make more difficulselection and

development of new varieties.

To identify the variability that exists for grain quality parameters and yield across
environments and years, historical data was obtained from the AHDB recommended list
trials from 2008 till 2013. This allowed the edali A 2y 2F (G KS @I NASGASaAQ

standardised field trials performed in a range of locatibn®O N2 &3a GKS | dYd 04! |
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independently each year at a range sifes that represent oat growing areas and are used
to both identify superior new varieties and to provide data for arsgrs such as farmers to
select suitable varieties for their purposes. Successful new varieties must not only have high

grain yield andjuality but also perform well over a wide range of environments.

Recommended list oat varietiassually reflect average values for sgiecquality
parameters from the latestharvest seasonThese average values are obtained when
possible, from each sitehere the AHDB is conducting trials, i.e. some trials and years are

lacking some quality parameters measurements.

Table 3.1 Mean yield (t/ha), Grain quality and agronomic values of four winter oat varieties
used in this research, from 2008 to 2013. Dex#racted from Recommended L{gHDB Cereals &
Oilseed, 2004.3).

* = variety no longer in trial from 2012 = yield control, Gerald from 2008 to 2013 and
Mascani for 2012/2013 harvest season. All relative yields from 2008 to 2013 on this tableaare tak
from treated trials receiving a full fungicide programme. On tiestales high figures indicate that
a variety shows the character to a high degree (e.g. disease resistance). # The winter hardiness is

measured on a scale where scores above 5 inda@teleaf damage and no plant death.

(&)
b 5 £ 2
Quality Traits o ® S =
S g & i
© =
Scope of Recommendation UK UK UK UK
UK vield as % treated control (3.3 tha
Fungicide freated 103 99 99 105
Untreated with fungicide 96 89 95 101
Kemel content (%) 73 73 78 73
Specific weight (kg/hl) 50 53 54 50
Screenings % through 2.0mm 0 1 0 1
Resistance to lodging 7 6 6 7
Straw length {cm) 111 119 117 100
Ripening (days +/- Gerald, -ve = eaHier) -2 -1 -1 -1
Winter hardiness # 8 3 7 8
Mildew g 5 6 6
Crown rust 7 4 5
Year first listed 2007 1993 2004 2010
Treated vields with and without PGR as % treated control
With PGR (8.2 tha) 101 98 98 106
Without PGR (8.1 tha) 106 101 101 112,
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The varieties listed in table 3.1 and 3.2 include the four winter oat genotypes from
the Aberystwyth University winter oat breeding programme that will be under study in this
chapter, i.e. Balado, Gerald, Tardis and &&as. The data available included among others,
grain yield, specific weight and kernel content. Due to the progression of old and new
varieties onto and off the recommended list (table 3.2), not all varieties were tested in all
years and some missing dateas present in the data supplied by AHDB. Therefore, a
complete statistical analysis comparing both as factors wascantlucted anda graphical

analyss was applied to the dataset.

Table 3.2.Average values of lodging (%), height (cm) and ripening daythe four winter
oat varieties, Balado, Gerald, Mascani and Tardis from 2007 to 20013. Data extracted from
Recommended LifAHDB Cereals & Oilseed, n.d¥/a data not available as variety not on

recommended list.

Year:
Total Sites
Baolodo
i
Tardis
lordlo
erald
Mascani
Tardis
Balodo
Gerald
Mascani

P ;

39 | M/a | 203 | 19.2 | 20.4 | MNJA | 1218 | 117.1 | 1141 | MNfA | 310.3 | 310.5 | 310.2
23| 33 (333 33.3| 339 | 874 | 1109 | 99.7 98.7 | 2952.0 | 290.7 | 286.0 | 28R.0
&85 | 00 | 150 ( 00 | 0.0 | 883 | 1063 | 1023 | 969 | 293.1 | 2529 | 2918 | 239.2
0.0 | 6.7 37| 2.0 ( 979 | 1205 1155 | 109.5 | 3124 | 3124 | 3120 (| 2118
2| 0D | 13 1.3 | L7 | 74.8 93.7 | 919 88.9 | 286.8 | 281y | 2815 | 232.0
30| 0e | 2.3 0.0 | MfA | 1021 | 119.3 | 1169 | MNJA | 317.5 | 317.2 | 315.8 | M/A
21 | 0.0 | 0.0 0.0 | MfA | 791 96.2 | 95.0 MfA | 291.0 | 291.0 | 291.0 | MNjA

EEEERED

Although the overall performances efich of the varieties provides a guide to their
guality, deconstructing the mean by year and variety, allows the variability between years
and within years between sites (table 3.2) to be investigated. The number of sites tested
each year, and the mean faach variety on a yearly basis, regarding lodging (%), height
(cm), are indicated in table 3.2, whilst yield (t/ha), kernel content (%) and specific weight

(kg/hl) average by year and variety, are represented in the figures 3.1 to 3.6.

The average vyield by year, from 2008 to 2013, for four winter oat varieties, Balado,
Gerald, Mascani and Tardis is shown in figure 3.1. Although 2009 was the highest in terms of

yield, both, specific weight (figure 3.2) and kernel content (figure 3.3)wet as high as in
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2008. Mean yields and specific weights were lowest in 2012 whereas mean kernel content
was highest in 201and lowest on 2010Thisvariabilitywas found for all spring and winter
oat variety results from recommended list trials (datat shown). Considerable variation

between years was found for all traits reported.

Average Yield

2013 | —]
2012 | —

2011 | —

2010 |
2009 | —
2008 |5,

000 100 200 300 400 500 600 7.00 800 9.00 10.00

Figure 3.1 Average yield (tha) £ s.e.m. value by year for the four winter oat varieties shown

in table 1 Data from historical reports of recommended list tridlslDB personal communication

Average Specific Weight

2013

2012 | —

2011

2010

2009

2008

44.00 46.00 48.00 50.00 52.00 54.00 56.00 58.00

Figure 3.2.Average Specific Weight (kg/hl) £ s.e.m., for four winter oat varieties, Balado,
Gerald, Mascani and Tardis, from 2008 to 2013. The red line represents the minimum value for a
variety to be included on thecommended list at the time of testing (50 kg/hl). Data from historical

reports of recommended list trials. AHDB personal communication.
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Average Kernel content

2013 | —

2012 —

201 | —

2010 | —

2000 |

2008 | —

70.00 71.00 72.00 73.00 74.00 75.00 76.00 77.00 78.00

Figure 3.3 Average kernel content (%) * s.e.m., for four winter oat varieties, Balado, Gerald,
Mascani and Tilis, from 2008 to 2013. Data from historical reports of recommended list trials.

AHDB personal communication.

If the mean grain yield of specific varieties from 2008 to 2013 is examined (figure 3.
4), they are, graphically speaking, quite simiath 75% of the results between 8 and 10
t/ha for all varieties This stability might be explained given the complexity of this trait, with
not only one model explaining its componentddams& Grafius, 1971)Both, specific
weight, (figure 3.5) and kernel content (figure 3.6) were, graphically speaking, different
between the four varieties. For a variety to be added to the recommended list it must meet
certain criteria including a minimum specific weight of &§/hl. Balado presented the
highest levels of variability in terms of specific weight, with values under market
requirements in 2010 and 2012, despite having a good vyield in almost all years. Tardis
showed a similar performance with the specific weightrage values falling below 50 kg/hl
in 2009 and 2010, but a more consistent outcome in terms of kernel content and yield was
found. Mascani and Gerald were more consistent between years and were above the

minimum required for all traits under study.
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Figure 3.4 Box plots indicating the average yieldlues(t/ha) + s.e.m. for four winter oat
varieties, i.e. Baldo, Gerald, Mascani and Tardispm 2008 to 2013. AHDB historical reports
(personal communication).
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Balado Gerald Mascani Tardis

Figure 3.5Box plots indicating average specific weigatues(kg/hl) + s.e.m., for four winter
oat varieties, i.e. Balado, Gerald, Mascani and Tahdisn 2008 to 2013. The red line represents the

minimum value accepted in the milling industry (50 kg/hl).
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Figure 3.6 Box plots showing average kernel contealues(%) * s.e.mfrom 2008 to 2013,
of four winter oat varietiesBalado, Gerald, Mascani and Tardis. Data from AHDB historical reports

(personal communication).

The variability in grain quality thais evident in figures 3.4 an8.5 might be
explained by both genetic differences between varieties and their interactions with the
environment. Having established that considerable variation for grain quality traits is
present not only between varieties balso across years, this chapter describes the results
from multi-site replicated field triad across the major areas of oat production in the United

Kingdom (figure 3.7) using the four varieties indicated in table 3.1 and 3.2.

39



‘Glenrothes

Gogerddan IBERS g ‘Lydbury

‘Elm farm

lRosemaund

&

~Throws farm Agrii

Figure3.7.Field trials sites across the countr2di 22013 and 2012014 harvest seasons.

The objective of this study was first, to establish the genetic differences between
varieties and the effect of different environmental growing sites on grain quaditgrpeters
and vyields. Secondly, to determine whether there are genetic andir@mmental
interactions forgrain quality traits under study. Thirdly, whether there is any kind of
relationship between grain quality parameters. By the w@structive analysisf grain, the

physical basis that determines grain quality parameters in oats was dissected.

A clear knowledge and understanding of the relationship between the genetic
factors and the environment will benefit variety selection methods in breeding progra
This knowledge will have an important economic impdot the milling industry,
accelerating selection methods of variety breeding, and foaugrain quality traits through
the development of new and more suitable varieties of oats. For arable prosiuteavill
help to develop agronomic practises that maximise the use of land and dinmgish
environmental impact due tarop production and fertilization methog®alancing high yield

and millinggrain quality.
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3.2 Plant material. Experimental design and methods.

3.2.a. Details of field trials

The four winter oat varieties were grown in replicated field trials at 11 sites across
the United Kingdom (figure 3.7, table 3.3) over two harvest years (2012/2013 and
2013/2014). Sites were chosen to represeontasting environmental conditions within

the UK and included the geographical areas where oats are grown in arable rotations

Table 3.3.Site codes, longitude and latitude, site codes, sowing dates and harvest dates at
each site. The site codes were ass) to identify, graphically, the site within each year where

samples were taken to analyse for the present research.

Site f::e Longitude/Latitude Y€ar  Sowingdate  Harvest date
Gogerddan 1 -4.02/52.43 2013 23/10/12 18/8/2013
Glenrothes 2 -3.11/56.19 2013 2/10/2012 14/8/2013
Devon 3 -3.76/50.27 2013  20/10/2012 13/8/2013
Rosemaund 4 -2.39/52.09 2013 6/2/2013 3/9/2013
Elm farm 5 1.35/52.36 2013  16/10/2012  24/8/2013
Gogerddan 6 -4.02/52.43 2014 25/9/2013 24/7/2014
Lydbury 7 294/50.45 2014  8/10/2013 20/8/2014
Glenrothes 8 -3.11/56.19 2014  26/9/2013 4/8/2014
Devon 9 376/50.27 2014  7/10/2013 31/7/2014
Rosemaund 10 -2.39/52.09 2014  30/9/2013 31/7/2014
Throws farm 11 0.41/51.58 2014  5/10/2013 22/7/2014

Each trial included at leatitiree replicate plots (1.8 x 6 m) of each variety, sown in a
randomised block design, planted at a sowing rate of 300 seéd&entiliser application to
the seedbed and top dressing applieén according to the established protocols used for
Recommendd List testing of varieties in the UK considering previous crop, type of soil and
f SgSta 2F YyAGNRISY LINBaSyid Ay (GKS az2iat oa{Ss
OW. HNn O = € SEOSLIi F2NJ aAGS po {AGS p

described inFradgleyet al, (2017). Grain from each replicate at each site was harvested

HnmMmc 0
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using a combine and subsampled for analysis in this study. Traits measured included specific
weight (t/hl), kernel content (%), hullability (%), thousand graingive{g), yield (t/ha), grain
number, oil, protein and {glucan content (%), and grain and groat size and shape using

methods described in chapter 2.

3.2.b. Statistical analysis

The mean and the standardrer of the mean of each trait werealculated for each
variety at each site along with the overall mean for each site, by harvest season. The
statistical methods were chosen to be suitable to study an unbalanced experimental design
where the number and location of sites used for fieldlgimay differ between seasons.
These included: twavay ANOVA with variety and site as factors, to determine the
significance of both and Pearson’s correlations between all traits under study, by both site

and variety.

To evaluate the stability of a genqtg across environments, a number of different
indices were compared, includipgint regression analysi{&inlay & Wilkinsoil963) In this
analysis a modified joint regression was performed onadelassified by two factors, i.e.
variety and environments, at which experiments were grown. The regression, following
therefore, a nonlinear model (equation 1), characterizes the sensitivity or inversely, the

stability, of each variety to environmentatfects.
Vi =V + hXxe+error (1)

where v; are variety meansg are environment effects andh are the sensitivity

parameters or the slope of the regression.

The analysis fits a regression of the environment means for a variety on the average
environment means. The regression slog®) (describes the general responseatiern
among all cultivardy; less than 0.7 means that the cultivar is better adapted to-jogding
locations, whilstb; above 1.3 means that the cultivar is better adapted himh yield
locations. Therefore, high values gfrbflect high sensitivity to the environment whereas

low values of hindicate that a variety is less affected by the environment.

In addition, three norparametric measures were calculateal determine the effect

of genotype, environment and their interactionfhese werecultivar superiority static
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stability and sensitivityHuehn, 199Q)This enablé the assessment of the stability of each

variety for all the traits under study and to determittee existence of local adaptation.

Cultivar superiority(P) (equation 2)(Lin & Binns 1991a, 1991b)measures the
mathematical distance, i.e. differencbetween the cultivars response and the maximum
response averaged over all locatioifie maximum response is the upper boundary in each
location and therefore snall values imply the ateness of the trait for the corresponding

genotype to the maximum and therefore, a superior overall response.
R=H(X-M)7 (2n) (2

WhereP represents the superiority measure of thgtest cultivar,X; represents the
yield of theiw cultivar grown atthe ji location andM; is the maximum response among all
cultivars in thejy, location. It can be defined as the mean square of the difference between
the iy, cultivar and the maximum responses. Sirldes measured over all locations, it

represents superiority in the sense of general adaptability.

Static stability(Lin & Binns, 1991a, 1991ljefines a stable genotype as one that
possesses an unchanged performance regardless of any variatitine aénvironmental
conditions, i.e. its variancéetween its means in the various environmernss zero. It
provides a measure of the consistency of the genotype, but without taking account of how

good it is.

When looking at the noiparametric stability paameters mentioned above, and
joint regression sensitivity values, the mean deviations for the observations about the line
fitted for each genotype were also considered. A genotype with smaller mean square

deviations gives the more predictable responfeimlay& Wilkinson, 1963)

The relative performancesf each cultivar at each site werso determined by
removing the effect of the environmenthis was done by subtracting the mean over all
genotypes at each site from the mean of each genotype at that @#edermott & Coe,
2012) This allows a graphical representation of the relative performance of the genotypes
at each site, removing environment variation, and therefore, enables to see which

environments really discriminate between genotype performances.
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To complete the analysj the bimodality of the individual grain size traits was
determined following frequency distribution analysis. Grain size parameters were
considered mixture of two normal distributiorfSymons & Fulcher 1988) MATLAB script
(MathWorks, 2013was used to find the maximum likelihood estimation of means and
variances of each distribution. bddition to the mean grain length, width and area of each
sample, the individual grain and groat data were analysed to establish the frequency of the
distribution of the grain population according to those dimensions. Where appropriate, this
included detemination of the bimodality of the population of grains analysed. Grain and

groat size parameters were considered mixture of two normal distributions.

Q U>v é h ’Qphsp p U sv ‘8 r"] ,Qchac (3)
Where> is the mean and the standard deviation of the normal probability density

function pq) for the component distributions (subscripts 1 and 2) ansithe proportion in

population 1(Wychowanieet al., 2013)

¢CKS 0AY2RIf RAAGNAROdzOAZ2Y 4 & FY®RSSt®R A G SNI
25% ¥;1) and 75%X,) quartiles of the overall distribution of grain size (x). Initial values for
"1y Rwere bothd S (i (Vargx)ci @ Hilg ) wherevar (x)is the variance of, andv

was always set to 0.5 (Alan Gay, personal communication)

A MATLAB scripfMathWorks, 2013)was used to find the maximum likelihood
estimation of means and variances of each distribution. Comparative graphical analysis is

presented at each chapter where this analysis was performed.

3.3 Results

3.3.1 Weather conditions.

Autumn 2012 was wet leading to difficult planting conditions (figure 3.8). Overall,
2013 was characterized by exceptionally cold spring, leading into a warm and sunny summer
OWaSi hTFTFFAOSQ> Hn mempetaturé W 0.8 Saboye the drYSZE.MINJ
average, the summer rainfall total was 187 mm (78% of average), and the summer sunshine
total was 578 hours. In 2014, the winter was warm and wet (rainfall 165% of average)

leading into a warm but wet spring andsanny summer (113% of average).
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Figure 3.8.Average rainfall (mm) values at each of the eleven sites across UK during both

harvest seasons, 2012/2013 and 2013/2014, used in this research.

Detailed weather data (daily maximum and minimtemperature ¢C), rainfall (mm)
and relative humidity (%)) were only available from Gogerddan site for both the 2012/2013
and 2013/2014 harvest ssans. From the temperature dat&rowing degree days (GDD)
were calculated using as T as the base tempenate (figure 3.9). The data from both
harvest seasons coincide in the amount of days between sowing and harvesting dates,
giving a total of 302 days for both seasons. However, the curve of GDD (figure 3.9) shows
the difference in the amount of thermal timeccumulated in the two seasons. In
2013/2014, daily mean temperatures were higher in the autumn and summer than in
2012/2013. At the same time, cumulative rainfall during the season was similar for the first
120 days in 2012/2013 and 2013/2014 at Gogerddah thereafter it was much drier in
2012/2013 (figure 3.10). Although other weather parametee®d to be considexd, such
as humidity, wind as well as previous soil conditions and crop, these differences might

explain some results obtained in terms oagr and groat quality parameters.
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Figure 3.9.Growing Degree Days (GD®), at both 2012/2013 and 2013/2014 harvests

seasons, for Gogerddan (Catherine Howarth, personal communication).
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Figure 3.10.Cumulative rainfall (mm) at both 2012/2013 and 204314 harvests seasons,

for Gogerddan (Data from Gogerddan met station).
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Table 3.4.Effect of the environment on the mean + s.e.m. values for yield (t/ha) kernel content (%), specific weight (kg/hl),hagldh@usand grain

weight and grain number per meter square. of four winter oat varieties at 11 all sites and both harvestsseason

Site

Gogerddan
Glenrothes
Devon
Rosemaund
Elm farm
Gogerddan
Lydbury
Glenrothes
Devon
Rosemaund

Throws

farm

wverall mean

Site
code

00 =1 O W o4 W

11

Significance Site

Significance Genotyps

Year

2013
2013
2013
2013
2013
2014
2014
2014
2014
2014

2014

Sigmificance Interaction

Yield
(t/ha)
3.3 0.1
8.8 0.1
10.5 0.1
3.0 0.1
9.7 0.1
2.3 0.1
7.9 0.1
9.7 0.1
2.9 0.1
7.1 0.1
2.4 0.0
8.7 0.9
=0.05
MNon
gsignificant
=0.05

roin
ne fms 5.6 0L
19846.0 237.6
21900.7 276.7
26824.1  309.7
128221 422.8
231421 279.6
24630.7 387.8
16314.3 213.3
22437.2 178.3
22789.2 3125
17227.6 227.5
267a8%9.6 318.0
21338, 390.3
=0.03
=0.03

Mon significant

Kemrmnel
content 5.E. 1L
(6]
73.1 0.2
73.1 0.2
72.2 0.3
73.7 0.2
T2.7 0.2
69.7 0.7
73.2 0.2
72.9 0.3
72.8 0.3
73.9 0.3
70.5 0.3
72.9 1.8
=0.001
=0.001
=0.001

Specific
weight 5.6
(kg,/hl)
30.2 0.3
321 0.2
21.8 0.2
30.8 0.1
31.9 0.3
20.3 0.3
23.7 0.2
23.2 0.2
30.9 0.3
49,2 0.2
49,2 0.4
31.2 1.1
=0.001
=0.001

Mon significant

Hullability
(%)
77.5 1.6
84.9 11
75,9 1.6
02.4 0.7
78.3 1.6
84.1 1.3
1.4 0.7
a0.6 1.3
83.7 1.2
26.9 0.9
83.1 1.1
83.3 2.0
=0.001
=0.001
=0.001

Thousand
Groin
Weight
(g)

42.0
40.2
39.4
40.6
42.1
38.5
48.2
43.2
43.7
41.5

35.4

41.3
=0.001

=0.001

=0.001

0.3
0.3
0.3
0.4
0.4
0.7
0.4
0.3
0.3
0.4

0.4

0.9

a7



3.3.2 Yield
Analysis of variance (two way ANOVA) showed significant differenaedu@<0.05)

for grain yield between sites. The lowest average value 5.0 t/ha (table 3.4) was obtained at
Rosemaund 2013 (site code 4), whilse tDevon 2013 (site 3) yielded the highest value of
10.5 t/ha (table 3.4, figure 3.11). The overall average value was 8.7 t/ha. At the same time,
there were significant interactions between environment and varietywgjue<0.05, wo-

way ANOVA). However, gre wereno significant differences between varieties (table 3.5).
Grain number per malso was significantly different {palue<0.05) between sites and

between varietiesbut there wereno significant interactiog with the environment(table

3.5).

1
' |
10.0 4 - | |
_—
m
L
= 75
—
=
o
- |
5.0
£ g o % o o o
"{}":"53 =] P o & & & ._L‘?\'\ i -.‘:'\'"é P ¥ & &= W
e w= T Q‘:‘ 3 '1"-® «.h“:%. ) -:'Q rd o & :"Fl‘ & :‘"‘L £ '-'i.
A A W F o GF = i o ot G
: o e 3" L a T o n n =
: & £ 4 e o =

Figure 311. Box plot of yield (t#ia) values of four winter oat varieties: Balado, Gerald,
Mascani and Tardis, from each site and harvest season (2012/2013 and 2013/P6&4)ox plot
(Weisstein, 2018jepresents between first quartile §26) and the third quartile of the data 75 %,
with the horizontal line inside the box indicating the mediBmewhiskersrepresentthe data within
1.5 times the interquartile range of the first quartile and the third quartile. Data points represented
by stars are outliers, i.e. they are more than farthest from 1.5 times the interquartile range of the

first quartile and the third quatrtile.
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Figure 3.12.Grain yield (t/ha) centred by environment of the four varieties, i.e. Balado,
Gerald, Mascani and Tardis, at each site (see Table 3.3), for both 2013 and 2014 harvest seasons.
This graph was developed by subtracting the mean yield ovgemtdtypes ateach location from the
yield of each genotype at that locatiofhis gives a mean yield at all environments of zero allowing

removingthe effect of the environments and comparing genotypes performances.

The effect of the environment on each vdgiecan be determined in several ways
Hgure 3.12,shows the relative performance of the genotypes at each location and removes
the environment to environment variation. This visualises which genotypes are yielding
above and below average at a given enviremt, as well as the ranking of genotypes by
yield at each environmenfThe range of yield values found graphically, by variety, reflects
the sites that would be more interesting to discriminate between varieties” performances,
i.e. to investigate furtheiin which sites a genotype yields well, and in whicperforms
poorly. Thereforesite 2, Glenrothes 2013ite 4, Rosemaund 2012/2018ite 5, ElIm farm
2013,site 9, Devon 2014, and site 10, Rosemaund 2014, showing a wider range of values are
the best ewironment to discriminate between the four varieties. However, the rest of the
sites did not have visible differences in the performance of the different genotypes and
therefore are less useful to discriminate between genotypes. There was not a consistent
effect of genotype apparent across environments and no genotype performed consistently

better at all sites

Joint regression analysi{&inlay & Wilkinson, 1963was also used to determine

phenotypic stability and the sensitivity of trait performance t@tenvironment (figure 3.13,
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table 3.5). In this analysis, the variety performance is plotted against the environment mean
at each site and a linear regression is performed. This regression of the genotypic response
on an environmental index, such as theeeage of all phenotypes in an environment, is
defined as the difference between the marginal mean of the environment and the overall
mean. The slope of the regression line represents the sensitivity of a variety to the
environment. A phenotype with a regssion coefficient of 1 and minimum deviations from

the regression will be considered as most stable. The general stdhility Binns, 1991D)

is a cultivar homeostatic ability to withstand unpredictable environmental variation.

The sensitivity and statistability values obtained (table 3.5), indicated that across
environments Tardis was the more stable variety, i.e. an unchanged performance regardless
of any changes on the environmental conditions, meaning its variance between
environments is the closes$o zero(Lin & Binns, 1991bWwhereas Balado had the highest
sensitivity to the environment. This shows that Gerald however was the highest in cultivar

superiority ranking (table 3.5).

It is also interesting to consider the mean of the square deviatiohsthe
observations about the line fitted for each genotype. Gerald with a value of 0.219 mean
square deviation (figure 3.13), is giving the most predictable responses. However, static
stability values show Tardis as the genotype with an unchanged penfmeniegardless of
any changes on the environmental conditions, in other words, its variance between

environments is zero.

Table 3.5. Average yield (t/ha) over all sites, cultivar superiority, static stability and
sensitivity of the four winter oat varies. *Numbers in brackets indicated the ranking positions of

each variety, as best cultivar.

. Cultivar Static o Mean Square
Yield tha Mean Superiority Stability Sensitivity Deviation
Varieties
Balado 8.87 0.38 (2) 3.74(4) 1.20(4) 0.35(4)
Gerald 8.70 0.26(1) 2.16(2) 0.92(2) 0.222)
Mascani 8.60 0.48(4) 3.48(3) 1.17(3) 0.423)
Tardis 8.59 0.44(3) 1.49(2) 0.70(1) 0.41(1)
Significance n.s. p-value<0.05 p-value<0.05 p-value<0.001 p-value<0.001
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Figure 3.13Joint regression plot (Finlay\Wilkinson, 1963), of four winter oat varieties yield

performance against sites for both harvest seasons 2013 and 2014
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3.3.3 Kernel content
Mean kernel content (table 4.4) was statistically significantly differertajpe <
0.001, twoway ANOVA) fovarietiesand sites,as well as showing a significant genetic by

environment interaction (pralue <0.001).

Between varieties, Balado had the lowest mean kernel content with a value of 70.4%
whilst Mascani showed the highest witts.6% (table 4.6, figure 4.14). Interestingly, a wider
range of values was found for Balado in 2014 in comparison with the 2013 harvest season
(figure 4.14), while the rest of the varieties did not show differences between ykkan
kernel content (tal# 3.4) was statistically significantly different\glue < 0.001, twavays
ANOVA) for both varieties and sites, showing as well as showing a significant genetic by

environment interaction (pralue <0.001).
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Figure 3.14.Box plot of kernel content (%) by viety and year of the four winter oat
varieties, Balado (blue), Gerald (red), Mascani (green) and Tardis (purple), for both harvest seasons,
2013 and 2014The box plof{Weisstein, 2018)epresents between first quartile (25 %) and the third
quartile of the data (75 %), with the horizontal line inside the box indicating the metiean.

whiskersrepresent the data within 1.5 times the interquartile range of the fitsrtile and the third
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guartile. Data points represented by stars are outliers, i.e. they are more than farthest from 1.5 times

the interquartile range of the first quartile and the third quatrtile.
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Figure 3.15Box plot of kernel content (%) of the fowinter oat varieties, Balado, Gerald,
Mascani and Tardis, for each environmenhe box plofWeisstein, 2018)epresents between first
guartile (25 %) and the third quartile of the data (75 %), with the horizontal line insidieothe
indicating the medianThe whiskersepresent the data within 1.5 times the interquartile range of the
first quartile and the third quartile. Data points represented by stars are outliers, i.e. they are more

than farthest from 1.5 times the interqudlg range of the first quartile and the third quartile.

By locations (table 3.4, figure 3.15) the highest values for kernel content were
obtained at Rosemaund 2013 and Lydbury 2014 (site 4 and 7 respectively) whereas the
lowest values were obtained at Gagean and Throws farm in 2014. At the same time the
range of values obtained for kernel content was widest in Gogerddan 2014 and Throws farm
2014. This is also reflected in the joint regression analysis presented in figure 3.16. Balado

reached the lowest alues (mean of 60.8%) at Gogerddan 2014 (site 6) which is far below
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the minimum required for the milling industry and emnder, and at Throws farfB014 (site

11) with a mean of 65.4%. Gerald also had the lowest kernel contents at Goget@ildn

Figure 316. Joint regression plot (Finlay & Wilkinson, 1963), of four winter oat varieties

kernel content values against sites for both harvest seasons 2013 and 2014.

Joint regression analysis (figure 3.16), showed Mascani as the most stable between
environments,with a sensitivity value of 0.3{able 3.6), also shown in the graph by the
joint regression line and by the mean square deviation value (0.83), i.e. a more predictable
response. The highest sensitivity to the environment was obtained for Balado indicating that

it had the lowest stabily and the least predictable response to the environments. These
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