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CHAPTER 1

Introduction

Lodging is a yield barrier and has long been a lerakin cereal cultivation. Because
of lodging, whole fields of cereals are often Baied after storms (Crook & Enos,
1995). According to Bremmer (1969) and Widdowso®6@) lodging is promoted by
an abundant supply of nitrogen (N). The increaseltly of wheat Triticum aestivum

L.) over the past century have been accompaniestdady decreases in straw length
(Gale et al., 1975). Austin et al. (1980) also regmb that the yield of new wheat
varieties, with shorter and stiffer straw and witbreased amounts of N fertiliser, has
doubled over this period. The optimum height foreahgrown under irrigation and
high fertility is 70 cm (Gale et al., 1975). A yigbenalty has been associated with the
presence of major dwarfing genes (Richards, 199R)dies done by Mesterhazy
(1995) showed that in a naturally infected fieléalir short straw wheat cultivars
(below 70 cm) tended to have more symptomdadarium ear blight than taller
cultivars of above 1 m. Baltazar et al. (1990) ftgggd that there is a linkage between
the Rht2 dwarfing gene and resistance Septoria tritici (Rob.) E. Desmin wheat.
Their studies showed that isogenic lines of wheattaining theRht1 gene, were
more susceptible than those with fRiat2 gene. Scott et al. (1985) also reported that
shorter cultivars have denser leaf canopies anddugse a more favourable
microclimate for the development @eptoria nodorum (Berk). In this complex
interaction between straw length and susceptibitify diseases Husarium) and
lodging, it is becoming more important to lengtretraw to semi-dwarf wheat and
select stronger plants which enhance standingtyabilith genes for solid stem. Thus

sowing rates and fertilisation can be manipulated.

It is of strategic importance for wheat breedersdatinuously progress in selection
for yield improvement. With existing biotechnologthere are opportunities for
stacking genes with markers for certain traits oferiest. Most of the recent
germplasm that are used in South African breednogrnammes for irrigation spring
type wheat have a CIMMYT background with short\stigenes Rht1l and/orRht2.

In the northern province of South Africa where gndicant percentage of irrigation
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wheat is planted, lodging is a major concern oftefped on by severe thunder
storms, heavy rain and soils high in clay contéodging of the stem then occurs
especially at the second or third internode. Sktdw wheat with the solid stem
background has a better standing ability. Limitefdimation is available on the solid
stem genes in connection to standing ability. Thkdsstem genes are used for
enhancing resistance against diseases like eyasdaspecially for resistance against
saw flies (Miller et al., 1993). The present domin&outh African irrigation wheat
cultivars all have a combination of short straweagewith solid stem genes.

In the light of the complex interactions betweertirafsing yield and removing
physiological barriers like lodging and grain bissaratios, it is becoming more
important to increase straw length to semi-dwarfoages and to select for those
genes which enhance standing ability. In this resgewould be very important to
combine genes for solid stems with genes whichtehastraw length like semi-dwarf
agrotypes. Thus it is important for the irrigatibreeding programmes to focus on
stem strength and on how to incorporate and marhgein present breeding

programmes with other interactions such as plamsitheand fertilisation.

The aim of this study was to investigate the imgmace of heritable and

environmental factors regulating stem strengthrrigation wheat.
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CHAPTER 2

Literature review

2.1 Wheat production in South Africa

Today in South Africa, the wheat production enviremt can be divided into three
different regions. Each of these suits differentoages to optimise adaptation
(Jordaan, 2002). The first is the Mediterraneamoreground the Cape. This area is
characterised by wet winters with very hot sumnserisable for spring-winter type
genotypes. It is sown in autumn and harvested ity sammer. The second is the
irrigation areas around the country, wherever wéterirrigation from dams and
rivers is available. It is sown during the winteason and adaptation requires spring
agrotypes. For spring wheat agrotypes stability siedd potential is important.
Spring wheat varieties are often high yielding wéhcellent quality and widely
adapted. Lodging resistance is important and teced height gendzgntl and Rht2

in combination with solid stem characteristics ased to improve standing ability of
cultivars under conditions of overhead irrigatidhey have a maturity range, disease
resistance to rust diseases and eyespot. Springtwhéivars are photoperiod and
vernalisation insensitive, have industrial proceggjuality and pre-harvest sprouting
tolerance (Van Niekerk, 2001).

The dry land environment in the Free State is dtarsed by summer rainfall and
dry, cold winters. The wheat agrotypes grown arentevi types varying in
vernalisation requirements and day length sentitfdordaan, 2002). Winter wheat
agrotypes are usually tall — it semi-dwarfing. Coleoptile length exceeding 6 cm is
necessary as seeds are sown deep to reach maastdréo ensure a good stand
establishment. Cultivars should have lodging rasist and a high tillering ability, to
compensate for very low seeding rates in combinatith wide row spacing
practices. Resistance to rust diseases and to tiesidd wheat aphid are of
importance (Van Niekerk, 2001).
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In the regions described above, an average of RBomiton of grain per year is
produced (1990-1997) on approximately 1 million (Man Niekerk, 2001). In the
South African production environment wheat is groas dry land spring wheat
(30%), winter wheat under dry land conditions (50%)d 20% spring wheat under
irrigation. Although production has dropped durthg past few years mostly because
of the effect of market deregulation, the focusnem varieties and better production

practises has improved the yield per hectare (dor,d2002).

During the past few years, dry land winter wheatds were very low with a dramatic
drop in acreage. This environment is very variatité drought stress and heat posing
a risk to the crop. The introduction of grain piotand falling number as grading
specifications, created a negative attitude towgardsluction. This caused producers
to focus on better production technology and lowsd areas. The increased yield per
hectare for winter wheat production under dry lamhditions can clearly not be
attributed to variety improvement only, but to imped production technology and
selection of deeper soils with better moisture imgdcapacity (Jordaan, 2002).
Cultivar release success can be attributed tontineduction of marketable traits into
new varieties and the existence of a market stradior the seed business. In trials
run by the South African wheat breeders, wheattias that were compared within
the targeted agro-region of production were rel@akeing the past 30 years. These
data confirm the sharp linear increase in produactiaring the past 40 years. This
improvement was due to a series of significant &s/amich occurred during the past

100 years, more specifically during the past 20yé3ordaan, 2002).

2.2 Adaptive changes

Wheat production was historically done under drpdlaconditions. Since the
development of irrigation water schemes and bétteyation technology, wheat has
become a major crop under irrigation. This has i@@ntly improved yield per

hectare and new production problems like lodgingengenerated (Jordaan, 2002).
The Green Revolution was the cornerstone of thetgenontrol of straw length and
of day length sensitivity. These genes were usedmjorove adaptation and to

optimise performance (Satorre & Slafer, 1999).
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All spring wheat varieties been grow in South Adricand some winter wheat
varieties, carry the height reducing genigstl or Rht2 or both. It was found that
these genes have a significant effect on yieldiamdmbination with the photoperiod
insensitive geneBpdl andPpd2 regulate the balance between vegetative growth and
reproduction, to improve adaptation to both irngatand stress in spring wheat
(Jordaan, 2002). This enabled the South Africarediees to breed for adaptation to
very diverse environments (Jordaan, 2002). The mgsbrtant phenotypic change in
wheat plants has been the dramatic reduction mt pl@ight from 150 cm to a current
average height of 85 cm (Worland & Snape, 2001)is Teduction is directly
responsible for a large proportion of the increasgroductivity experienced in recent
years. In the past a tall plant was needed to ctempigh weed growth, but these tall
plants were very susceptible to lodging, which ceglyield potential and quality,
particularly under high fertilisation conditions @Nand & Snape, 2001). Reducing
the height of plants contributes to increased logigesistance, but also produces a
more efficient plant that is able to divert assatek into the production of grain rather
than straw, and thus improving the harvest indens{/ et al., 1980). The genetic
control of plant height in wheat is very complexisl determined by a combination of
major and/or minor genes on many chromosomes wdttlseparately, to promote or
suppress plant height (Worland & Snape, 2001). Skwairf wheat has the potential
of improving the harvest index and yield, and thisra correlation between reduced
height and reduced vyield. At present there are éjht reducing Rht) genes with
major effects (Worland & Snape, 2001). Most of thgenes were derived as mutants
and probably have no breeding potential. Thus @nliew major height reducing
genes that break the correlation between reduceghthand reduced yield remain.
These are used in commercial breeding programntes.twWo most important semi-
dwarfing genes were brought into worldwide breedimmggrammes via a Japanese
variety; Norin 10 (Worland & Snape, 200Bhtl andRht2 are located on the short
arms of chromosomes 4B and 4D respectively, andkaosvn as gibberellic acid
(GA) insensitive dwarfing genes, due to their irsgvity to exogenous application of
low concentration of GA solution as seedlings (Gateal., 1975). According to
Flintham et al. (1997a) the GA insensitive genatuce height by around 18%. In
higher yielding environments the percentage in&aasyield of the dwarf over the
tall lines, gradually increased, until environmeyitdding around 6 t/ha were reached.

The Rhtl andRht2 genes are not the only GA insensitive dwarfing gesnaailable to
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plant breeders. The effective height reducing el#it3 reduces height by 50% and
causes a large increase in spikelet fertility. Hoavethe phenotype produced Bit3

is too short for commercial acceptance (Worlandr&ag, 2001).

A second main group of height reducing genes isr€@#onsive. They are difficult to
identify and to study, as no detectable linked raeglor diagnostic phenotypes are
associated with these genes. Molecular markers marcome this deficiency
(Worland & Snape, 2001). Korzum et al. (1998) hasoaiated a particular
microsatellite marker with the main commercially Gésponsive dwarfing gene,
Rht8. It was originally introduced in breeding progranenwa the Kavkaz genotypes
in numerous crosses throughout the world betweernewitypes and spring types,
combining differentRht genes into the same genetic background (Worlanch&p8,
2001). The height reduction achieved by Strampelhis early varieties was due to
genes located on chromosome 2D and 5BS-7B when a@upto the standard
Chinese Spring karyotype (Worland & Snape, 2001palyses of these two
chromosomes showed that 2D carries two height iedugenesRht8 and Ppd-D1
which have pleiotropic effects. A single geRiet9 that is located on the 7BS arm of
the 5BS-7BS translocated chromosome, also redusighthby 15%. An additional
GA responsive dwarfing gene suchRi#12, a dominant dwarfing gene located on
chromosome 5A, has been detected. It has beemscréer commercial importance,
but appears to be associated with reduction irdy@lorland & Snape, 2001). It is
obvious that the genetic control of plant heightvesy complex and the task of
breeders to obtain high yielding semi-dwarf vaestiwith good adaptability is
difficult. Shortening and strengthening wheat strawd removing day length
sensitivity were major trends in the study of whestpresent, even though breeders
are using short straw germplasm, lodging seems ®mnajor problem in raising yield
levels under irrigation in South Africa. But the@roduction of the solid stem trait into
certain varieties in 1995, improved the standindjtgton the dwarfing geneRht). It
also has pleiotropic effects on crown root develeptneyespot tolerance, take-all
resistance and adaptation to environments fromyield to very high yield potential
under pivot irrigation (Jordaan, 2002).
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2.3 Removing yield barriers

Genetic improvement of wheat grain yield potentiak played a significant role in
increased wheat production in most of the wheatwnyg areas of the world.

However, further increases in wheat grain yield \dodepend more upon genetic
improvement than it did in the past. When the nodijective of breeding programmes
is to increase the grain yield of a crop which Isa$fered an intense selection
pressure, it is necessary to understand its mammphological and physiological

determinants, with the aim of developing new s&ectriteria (Slafer & Andrade,

1991).

2.4 Efficiency of selection

For maximum progress and efficiency in any breegiragramme for any character,
it would be advantageous if effective selectionlddoe carried out in the earliest
generations possible so that only the best linesldvbe retained for further testing
(Whan et al., 1981). Theoretical evidence suggdstsselection for yield should be
done in E derived lines, to prevent the loss of high yietdgenotypes. However the
testing of lines in an early generation is of ditttalue, if it does not indicate the
performance of selections which could be taken ftbase lines in a later generation
(Whan et al., 1981). Therefore the development l@rrative selection criteria to

improve grain yield should involve physiologistgngticists and breeders (Slafer &
Andrade, 1991).

2.5 Physiological determinants

The genetic improvement effects on wheat graindyweére associated with those on
harvest index (Slafer & Andrade, 1991). The plagight was reduced to 60 cm by
breeders and this reduction, which is linear witld; shows that the introduction of
dwarfing genes was apparently just one step ingiasess (Calderini et al., 1995). A
major reason for the continuous reduction in heighgrobably the search of lodging
resistance associated with shorter culms. As mact0&o of yield can be lost due to
lodging during grain filling. Grain yield has in@®ed in association with a higher
harvest index (Calderini et al., 1995). This intkchthat during recent breeding,
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harvest index was kept as the main attribute tmbeased, in order to obtain further
grain yield potential. The increase in harvest ndas related to reductions in culm
height, and indicated that the introduction of semarf genes has brought about
increases in yield potential mainly as a resultheir effect on culm height (Calderini
et al., 1995). In the past it was relatively simflebalance increases in grain yield
potential (increases in harvest index) with redudiin yield losses due to lodging,
through reductions in height. Continuing the uséhdf relationship would depend on
the optimum culm height for the highest yield ponand the values obtained in
modern cultivars. The optimum height of wheat isaeen 70 and 100 cm indicating
that modern cultivars already have a height clasehe optimum. Thus future
increases in harvest index should be independefurtifer decreases in culm height
(Calderini et al., 1995). During the genetic impgment in both the harvest index and
grain yield the changes were positively associaiwti changes in the number of
grains per square meter, but not significantlyteglao individual grain weight (Slafer
& Andrade, 1991). Even in modern cultivars the grgield seems to be sink-limited
during the grain-filling period. Future efforts shd aim at increasing the number of
grains per square meter, since it seems not to havapparent ceiling, unlike
breeding for increased harvest index (Slafer & Addy, 1991), as the values of
harvest index in modern wheat approach that uppgt (Calderini et al., 1995).
Further genetic improvement of wheat grain yieldeptial should be done by
increasing ability for producing biomass. The firsuirement to achieve this goal
will be to find variability in the physiological dgerminants of biomass production
(Slafer & Andrade, 1991). It has not been establisivhether higher biomass was due
to higher interception of solar radiation, greaggficiency of conversion of the
intercepted radiation into new dry matter, or toparticular combination of
simultaneous changes in both traits. The greatetodical yield of lines was
associated with taller stem (Slafer & Andrade, )99aw et al. (1978) reported that
the positive relationship between height and gyseid of wheat, was probably due to
a better light distribution within the leaf canopi taller cultivars. This agrees with
this positive association between biomass and hdiglafer & Andrade, 1991).
Studies have shown that some modern varieties $layrgly higher biomass than the
older ones, although the former had even shortens{Austin et al., 1989). Brooking
& Kirby (1981) found that semi-dwarf genotypes thagsent the taller phenotype had

higher grain yield potential. The reduction in grajiield associated with increased
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height can be attributed to a reduction in haried¢x. In the case of the dwarf line
with a dramatically reduced height, grain yield Wawer than the semi-dwarf lines
because of reduced biomass. Extreme dwarfism (stams less than 45 cm) reduces
final biomass in other genetic backgrounds alsadNéis & Slafer, 1995). These new
varieties, having shorter and stiffer straw, petexditthe use of increased amounts of
nitrogen fertiliser - rates of application have mdhan doubled over the period
(Austin et al., 1980). The increase in grain yietdential through tall lines could lead
to an increased sensitivity to lodging (Slafer & ddade, 1991). This argument
suggests that breeders will need to detect andig)genetic differences in total dry
matter production, if there is to be a continueddgie gain in yield (Austin et al.,
1980). Straw strength and number of ears will hawebe increased or at least
maintained. This implies a need to retain a digtidn of dry matter between grain
and straw, similar to that in the best of the pmésarieties (Austin et al., 1980).
Increased dry matter production, by means othar thereasing photosynthetic rate

per unit leaf area, could be productive in optic@iditions.

2.6 Optimisation of the environments

The optimal conditions to cultivate wheat are unolegrhead irrigation with enough
nitrogen (N) as N plays a crucial role in plant atetism and more than 90% of the
plant N is in protein. It only makes up a smalltpor of the total plant weight. Plants
can only use specific forms of N and it could be thain factor limiting yield

potential. The low N supply makes it necessary gonoise the management of N
resources, to increase the efficiency of N us@ap systems (Satorre & Slafer, 1999).
This can be achieved by increasing the proportiosod N absorbed by the crop or

by increasing the accumulation of N compounds éngtiible part of the crop.

Increasing N fertiliser increases the amount of mi@atter produced per unit of land
linearly, up to a level where a plateau is reacHide: biomass increase is associated
with larger leaves, and plants stay greener fangédr period. They have taller stems
as well as larger numbers of tillers surviving tatority and bearing fertile spikes.
The grain yield response to N parallels that ofriags, with three differences; the
slope of the linear growth phase is lower; the l@emreaches a plateau at lower N

rates after the ceiling, and grain yield decrea3d® different reaction of N to
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biomass and yield is described by the harvest indbich decreases with the increase
of N rates. The high N rates have a negative etiactield, due to the weakening of
the vegetative organs which cause lodging (Saté&reSlafer, 1999). High N
fertilisation will favour lodging due to the increed length of the lower internodes, a
higher fresh weight of aerial parts of the plamtscreased culm stiffness, a lower
number of coronal roots and less anchorage strefigher et al., 1999). Yield is
affected not only by the rate of N, but also by tin@ng of N application. Deficiency
at shooting time decreases the number of ear lgpaitlars, spikelets per spike,
kernels per spike and at flowering time, the reiducof seed setting. During grain

filling only a limited amount of N is taken up frothe soil (Satorre & Slafer, 1999).

Senescence is an organised process which folloagnanon pattern, which starts
from the lower leaves and moves to the flag le&llotving begins at the point of the
leaf and gradually reaches the leaf sheath. Culdsspikes remain green the longest
and produce the energy for N remobilisation thrauwgiphotosynthesis. They are the
last source of protein accumulation in the graiat¢®e & Slafer, 1999). Bread-
making quality increases with N supply and reachg®ak at N supply level above
that needed to achieve maximum yield. Thereaftetepr quality decreases with the
increase of protein content because the extra Nnaglated in the grain is represented
by gliadins, which are detrimental to the qualifypcead made. The Green Revolution
was the driving force of the optimal combinationnagw genotypes, sufficient water
and higher N rates (Satorre & Slafer, 1999).

When the important contribution of N to grain yidddcame evident at the beginning
of the last century, it was found that the ava#abiheat varieties were not able to
exploit the benefits of higher N levels becausethdir susceptibility to lodging.
Breeders wanted to develop a new plant idiotypé ihanore tolerant to N. The
attempt to improve lodging resistance by improsigm stiffness while keeping plant
height constant did not have satisfactory resiltés was because this approach was
based on selection within the old local populatiofise breakthrough was achieved
by introducing the short-straw trait from a Jap&nedltivar. This cultivar was a good
source of earliness and dwarfism because of thetigelinkage between thepdl
gene for earliness and the dwarfing gé&e8. Using higher N rates increased the

yield potential and ensured the success of the-demif high-input high-yielding
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varieties that are more efficient in N use andatrke to produce more grain per unit
of N absorbed (Satorre & Slafer, 1999).

When the availability of N is lower than required maximise grain yield, the
hyperbolic response of vyield to fertiliser occurshereby vyield increases
asymptotically to a maximum possible for a givewviemment (Satorre & Slafer,
1999).
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Figure 2.1 Diagrammatic representation of the raspoof yield {) and protein
percentage (-..-) to nitrogen fertiliser (Satorr&Sfer, 1999)

At the first increment (1) of N, (figure 2.1) atld\, the amount of starch and protein
in the grain is increased. With the next increntéetresult is the frequently reported
negative relationship between protein percentagegrain yield. Yield is increased,
but protein percentage decreases. At the secormhré?) with additional N, the yield
accumulation is reduced but still with a positiféeet, and it has a greater impact on
protein accumulation. In the third region (3) wigshgreater amount of N added,
maximum yield was attained but it increased the amh®f grain protein. Protein
percentage is highly responsive to N in this higalailable region of N addition
(Satorre & Slafer, 1999).
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2.7 Lodging of wheat

Lodging can be defined as the state of permanamlatiement of stems from the
upright position. This has long been a problemereals (Verma et al., 2005). Whole
fields of cereals are often flattened after sumsterms (Crook & Ennos, 1995).

Lodging can be classified into two types, the flbsging stem lodging, which is the

bending or breaking of the lower culm internoddsisTdepends on the tensile failure
strength of the first internodes, as well as omstall diameter and thickness (Verma
et al., 2005). The second is root lodging, whidlen®to the straight and intact culms
leaning from the crown, involving a certain distanice of the root system. Anchorage
in wheat is provided by a cone of rigid coronaltsowhich emerge around the stem
base. Root plate spread and structural rootinghdepé the components which

determine anchorage strength (Verma et al., 2005).

Lodging can cause severe losses in wheat yieldjaatity (Al-Qaudhy et al., 1988).
Lodging may reduce grain yield by up to 40%. It edsp complicate harvesting and
may cause deterioration in the quality of the g(@imber et al., 1999). In most studies
lodging is so highly correlated with plant heighat other morphological parameters
influencing lodging are hard to identify (Vermaadt, 2005). Despite the efforts of
plant breeders to select cultivars with shorter atiffer straw, lodging is still a
serious cause of yield loss worldwide (Crook & Esn®995). Through the use of
dwarfing genesRhtl andRht2) which shorten stems, lodging resistance is imgdov
These act through reducing the leverage forces d¢batribute to both types of
lodging. Even lines with the same height can diffiestanding ability. It suggests that
other traits must be important in determining lodgrisk (Berry et al., 2003a). In
previous studies it has been found that extremerfthwa is also associated with
several other undesirable characteristics, likeadsed biomass, higher leaf density,
shrunken kernels, premature senescence, increasederice of diseases, thus
resulting in an undesired increase of fungicide (k& et al., 2005). Modern high
yielding cultivars are generally shorter with sgenstraw and a higher harvest index,
thus being responsive to high fertiliser input (@t et al., 2004a). The newer
varieties have higher harvest index and smallet:sboot ratios than the older
varieties. This may help to explain the higher frexacy of root lodging in these

modern varieties (Zuber et al., 1999). Scientistsatie continuously on whether stem
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lodging or root lodging predominates. However thgyee that the form of lodging is
due to an interaction of the plant with rain, wamtl soil. Lodging is increased by rain
through the decreasing of soil strength while iasieg the load which the plant must
bear. The wind acts as the force which pushes ket pver or buckles the stem
(Sterling et al., 2003). The risk of lodging isastgly influenced by a number of
husbandry decisions including variety choice, sgwdate, drilling depth, soil fertility

and the application of plant growth regulating cleats (Sterling et al., 2003). Higher
seed density will enhance lodging by increasingnclgngth and decreasing culm
diameter as well as total root mass (Keller et199). Their influence on lodging

risk has been shown to be through their abilityali@r crop structure by affecting

certain plant characteristics (Sterling et al., 200

A study on the effects of nitrogen and stem sherg growth regulators) on root and
shoot characteristics, associated with lodgingstasce in two winter wheat cultivars
of contrasting lodging resistance showed that ith looiltivars high levels of nitrogen
increased the height of the stem, thereby incrgasire self weight moment
transmitted into the ground, which weakened bothstiem and the anchorage coronal
roots (Crook & Ennos, 1995). Cultivars resistanioldging had strong anchorage that
could resist the self weight moments generatechbystem. Cultivars susceptible to
lodging either produced weak coronal root systerhghkvconferred poor anchorage
or generated greater self weight moments because skems were tall. Growth
regulators had little effect on the bending strargftthe shoots and root systems but
reduced plant height so that the lodging momentemetated by the weight of the
shoot was less. Morphological and mechanical nreaswere used to calculate a
safety factor against both stem and root lodgimgthis process five factors were
found that influence the safety factors: cultivgd, the type of lodging, the rate of N,
growth regulators, application and time (Crook &nbBg, 1995). In their study they
found that both nitrogen and growth regulators kaphificant effects on the plant
height. N increased the height of the plants byiato2.5%, while growth regulators
reduced it. The application of high N raised theghtof the centre of gravity while
growth regulators lowered it. High levels of N redd the total bending strength of
the coronal root system because the plants prodéeedr and less rigid roots.
However, the growth regulators had less effect oot development: while the

number of coronal roots was increased, the totatling strength of the root system
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remained unaltered. Thus for a plant to remaincttrally intact, both the stem and
the anchorage system must be strong enough totaithshe lodging momentum
generated by the wind and by the weight of the tpl@rook & Ennos, 1995).
Humphries (1968) concluded that growth regulatocsgase the stiffness of the stem.
In many studies stiffness is assessed by usingihg test, in which a handful of
culms are pulled over to a reclining position ameit allowed to snap back into place.
The force is recorded on a scale of one to ten flpet al., 1958). The major effect
of the growth regulators was to reduce stem heagiat as a result, the self weight
moment generated by the stems was reduced becéuke wer centre gravity.
Hence the factor of safety was increased (Crookn&ds, 1995). Lodging controlling
cost has been shown to be very high. Plant groetjulator application has been
found to have doubled (Clare et al., 1996), andiegions often occurred regardless
of lodging risk. It is shown that in years of sevévdging; even full commercial rates
have not succeeded in preventing lodging complet€hare et al., 1996). It has
recently been shown that winter wheat cultivarsehdiferent rankings for root and
stem lodging. Thus these findings would affect wmy in which lodging risk is
minimised. In this respect different crop manageimsnrequired to reduce root
lodging compared to stem lodging (Berry et al., 3)0 The risk of root lodging is
reduced most effectively by the planting of fewé&nts, while stem lodging is best
reduced by delaying and reducing N fertiliser (Beet al., 2003b). Widdowson
(1962) found that an abundant N supply promotegifgg but the application of
growth regulators to the crop lowers the risk afgimg. Breeders use observations of
naturally occurring lodging, to rank lines for ladg resistance on a scale from one to
nine (Berry et al., 2003b). This method for asses8ydging has been used for many
years but it does have two shortcomings. The fws¢ relies on lodging events
occurring within the cultivar trials, but these dot occur in significant amounts in
most years. The disadvantage of this is that @riyprone to lodging are not always
identified before they are grown on a large scéles also difficult to assign the
correct ranking to resistant cultivars when litdledging occurs. The second
shortcoming is that it does not account for thdéed#nt risks for the stem and root
lodging, because the mechanism of lodging is noalls identified when the amount
of lodging is assessed. The problem is that thiamaehat the lodging rankings are a
combination of stem and root lodging. In order ®&sess both types of lodging,
breeders could begin to record the type of lodgBeyry et al., 2003b).
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To understand lodging it is necessary to obtairetaitbd measurement of plant, soil
and weather conditions during the lodging procdsslfi (Sterling et al., 2003).

Artificially induced lodging has been describedbtingh various techniques (Kelbert et
al., 2004b). Bauer (1964) and Harrington & Waywg@lb50) made use of wind

tunnels, while Laude & Pauli (1956) induced lodgihg manually bending and

pinching the stems between their fingers. Anotlemmhnique was by completely
flattening the middle rows of the plot by draggiagveighted plywood board over
them (Kelbert et al., 2004b) and Jedel & Helm ()9%ed a similar apparatus which
pushed down the crop in one direction, with miniraeEm breakage. Baker (1995)
developed a conceptual model of the lodging prqaesshich the plant is considered
to act as a harmonic oscillator. This model assuthas the dominant parameter
affecting lodging is the wind-induced bending moinainthe stem base. The value of
this bending moment relative to the failure momenhtthe stem and the failure

moment of the root/soil system indicates whethenatr lodging occurs (Sterling et

al., 2003).

While considering the adequacy of the simulation doalitative observation of the
lodging process it is found that stem lodging oscomore or less instantaneously,
whilst root lodging occurs over a period of timéni§ happens under a discrete load.
How this is actually produced should be of no intgoce (Sterling et al., 2003).
Baker et al. (1998) showed that the base-bendingenot of a shoot is determined by
several factors, including the wind speed actingrughe ear and drag of the ear,
together with the height at the centre of gravityl aatural frequency of the shoot.
Root lodging is caused by a series of discretesd&terling et al., 2003). The peak
bending-moment will occur when the arrival of thesgcoincides with the motion of
the crop in the same direction (Sterling et alQ30 Berry et al. (2003b) stated that
root lodging occurs when the wind induced base-lmgndhoment of the shoots is
larger than anchorage failure moment. In other wptlde stem and anchorage failure
moments may be approximated to the strength ofstem base and the anchorage
system respectively. It was found that the failofea single row usually occurred
when the shoots were displaced by between 40° @hg@akt the vertical (Berry et al.,
2003b). They believe that root lodging may be prtedoat the expense of stem
lodging by reducing and delaying N fertiliser.
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Other studies by Arora & Mohan (2001) have showat thgh levels of soil N reduce
root biomass and Berry et al. (2000) showed thatrdduction in stem strength in
response to high N was greater than the reduati@anchorage strength. The risk of
stem lodging increases through the grain fillingiqe relative to the risk of root
lodging because the stem bases become progressrealyer (Berry et al., 2003a).
Wheat and other cereal crops produce slender flsteens bearing a relatively heavy
tip inflorescence (Zebrowski, 1999). The apicalaben of the inflorescence had
some adaptive importance in wild ancestors of taatp, increasing the success of
their propagation. This is not optimal with resperthe mechanical stability of the
shoot as a load-bearing structure. Many recent-Yiglding varieties of wheat suffer
from lodging when grown in dense canopies. Whegiaricularly prone to falling
down at the stage when the inflorescence achietesmaximum weight. The
Gramineae have been the subject of numerous biomechanigdiest for at least two
reasons, the economical severity of grain yield las a result of lodging and efforts
of breeders to improve lodging resistance in ceread the capability of grasses to
cope with strong winds without damage. Zebrowskiod) stated that the effective
spring constant, strongly biased by the compreskiad due to the weight of the
inflorescence, was found to be the dynamic attelmfta vertical stem, characterising
its capability to resist wind loads, while it casia relatively heavy tip inflorescence.
The softening of the stem in lateral deflectiond #re further reduction of the natural
frequency, in addition to the effect due to an éase in the inertia caused by the
stems own mass, may explain to some extent theneatlasusceptibility of cereal
crops to lodging. This was observed at the latd stihge of grain development. At
this stage, cereals lodge more frequently thanadiee growth stages, e.g. during
flowering, although the stems are then stiffer, ehdlie same height and similar

aerodynamics, and their anchoring in the soil isimi@rior.

Zuber et al. (1999) conducted a study to deterrthirerelationship of morphological

traits to lodging resistance in spring wheat, twlfeasily measurable traits related to
lodging resistance. A set of breeding lines repriisg a wide range of combinations
of plant height and lodging resistance was evatu@eber et al., 1999). In this study
higher correlations were found for traits measwakdnthesis than for traits measured

at maturity. Plant height, stem length, stem di@metar weight, stem weight and
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stem weight per centimetre, were measured at dathrd correlated with the lodging
score. Significant correlations between the lodgiegre and single morphological
traits were found for stem diameter and stem weigitcentimetre. Thus thicker and
heavier stems (mg per cm) were indicative of bdtidging resistance (Zuber et al.,
1999). Also, wider basal culms diameter has besndated with lodging resistance
in wheat (Kelbert et al., 2004a). It was also régmbrithat lodging resistant genotypes
exhibited thicker culm walls than those susceptibléodging (Kelbert et al., 2004a).
The presence of a reliable association betweeneasily measured culm character
and lodging may enhance efficient selection of Indgresistant lines in early
generations (Kelbert et al., 2004a). In literattifeas been found that silica deposits in
the epidermis of wheat culms were more abundaatlodging resistant variety than
in a variety susceptible to lodging (Zuber et 4899). Lignin is a phenolic cell wall
polymer closely linked to cellulose and hemicelads (Ma et al., 2002). Mainly
lignin deposits are in the walls of certain spase&d cells such as tracheary elements,
sclerenchyma and phloem fibres in plants. Thesegieplead to a dramatic change in
the cell wall properties, which impart rigidity asttuctural support to the wall, and
assists in the transport of water and nutrientkiwithe xylem tissue which decreases
the permeability of the cell wall. It has long bgaoposed that lignin synthesis might
be related to stem strength and this is importardrop plants where stem strength
will lead to a lodging phenotype. These resultsgest) that the action of the wheat
caffeic acid 3-O-methyltransferase (COMT) gene rbayelated to stem rigidity and
lodging character in wheat (Ma et al., 2002). Mdugh correlations between plant
parameters and lodging resistance were found batngbe trait or group of traits has
proven to be generally reliable as an index of ileggesistance (Zuber et al., 1999).
Many studies have been done and many researchees reported associations
between plant height, number of internodes, adtrens roots, length and diameter of
basal internodes, number of vascular bundles, audih thickness, lumen diameter
and sclerenchyma thickness with lodging (Kelberalet2004a). It was reported that
short plants with fewer short, wide internodes witick culm walls and a higher
number of vascular bundles were characteristichef lbodging tolerant genotypes.
Plant height and the length of the basal interneds® the two main culm characters
closely associated with natural and artificiallydilced lodging for all genotype
studies, while other culm characteristics did nppear to be related to lodging
(Kelbert et al., 2004a). Stanca et al. (1979) fonagssociation between the numbers
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of vascular bundles stem diameter or culm wallkhéss of the basal internodes and
artificially induced lodging. Stem diameter expkghalmost half of the phenotypic
variation in lodging resistance and Kelbert e{2004a) did not find stem diameter to
be a significant character related to lodging tasise. A close correlation was
calculated between the lodging resistance of whadtthe carrying capacity of the
culms at maturity. This was calculated from thegheéiper unit length of the culms
basis (g per 10 cm), plant height and the weighthef ear (Zuber et al., 1999). A
greater diameter of the lower internodes and teatgr weight per unit length of the
stem basis of wheat was also suggested as a possiason for better lodging
resistance (Zuber et al.,, 1999). However Pinthu867)] found no significant
correlation between culm diameter and lodging teste in wheat. This may be due
to the fact that plant material in these studied het been selected for plant height
(Zuber et al., 1999). Therefore more of the vasiafor lodging resistance was caused
by plant height and less by culm diameter tharheirtstudy. Stem weight per cm is
of less importance for lodging resistance in platfterter than 90 cm (Zuber et al.,
1999).

Genotypes with heavier ears appear to reach the $ewel of lodging resistance
compared to genotypes with lighter ears. This acomty when their stem weight per
centimetre values are higher, i.e. heavier earsee@se lodging. Increased lodging
caused by heavier ears was compensated for bydresteims which help to reduce
lodging (Zuber et al., 1999). The influence of aaight on lodging can also vary
depending on the stage of plant development. Qestaidies have shown that longer,
more rigid coronal roots, larger root spreadinglesgor anchorage strength of root,
usually increase lodging resistance. Morphologicait parameters are difficult to
measure and are highly influenced by environmeaotalditions such as nitrogen
fertilisation and temperature. The suggestion & Hesides plant height, stem weight
per centimetre and culm diameter may be of valubreeding for better lodging
resistance. If a simple method for scoring culmnuiter in the field could be
established, this could be an adequate selectitarion for lodging resistance among
genotypes of similar height (Zuber et al., 1999%rrg et al. (2003a) suggested that
breeders should opt for wider, deeper root plates wide stems with thicker stem
walls, for the greatest improvement in lodging stsice. Hai et al. (2005) suggested

that more efforts to improve stem strength showddab important focus in wheat
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breeding for lodging resistance. They reported tiateritability for culm length was

relatively high, thus indicating selection for culemgth would be effective.

Lodging resistance scoring is very difficult unaetural field conditions (Hai et al.,
2005). For wheat lodging resistance stem strengghbeen used as an index. This is a
complex trait comprised of two characteristicspsteechanical elasticity and rigidity
of the stem, and is therefore closely associateth witem morphological and
anatomical traits. The genetics of stem strengtth eelated traits of basal stem
internodes is very important for genetic improveimanlodging resistance. With the
quantitative trait loci (QTL) mapping approachdtfeasible to analyse the genetic
basis of the relationship between traits. Thislmamseful for genetic improvement of
lodging resistance in wheat (Hai et al., 2005). yTfeund a total of six QTL's for
stem strength, culm wall thickness, pith diametet stem diameter. Two QTL's were
found for stem strength and two QTL's were assediatith pith diameter, while only
one QTL for stem diameter and culm wall thickness wletected (Hai et al., 2005).
Li (1998) reported that stem strength, stem diamaate pith diameter were controlled
by both additive and non-additive gene effects. tMdshe QTL's for lodging were
consistent over environments, but the additiveatdfef the simultaneous fit varied
considerably between environments, but this caexipéained by the effect of the year
(Keller et al., 1999). The weather conditions whicgtuse lodging plays an important
role in the reaction of the genotypes. The degfdedning is dependent on the stage
of plant growth at which a critical weather evermtuars, e.g. at sensitive growth
stages such as milk development, grain filling ipeming (Keller et al., 1999). The
results reported by Hai et al. (2005) on QTL magpshow that stem strength can be
improved by breeding for stem thickness and higstem diameter/pith diameter
ratio. Thus the combination of stem strength, stiémmeter and culm wall thickness
may be used as a selection index for lodging eastst with marker-assisted selection
(MAS), to improve lodging resistance.

It is important to realise that stem strength is avdy associated with morphological
and anatomical traits of the stem, but is also wékieral physiological traits (Hai et
al.,, 2005). According to Li (1998) the soluble aapdrate content of basal
internodes of the stem was significantly correladgth lodging resistance, and the

lignin content of basal internodes of strong st&vas higher than that of weak stems.
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According to Keller et al. (1999) plant height i®bably the best trait for an indirect
assessment of lodging resistance. In their stugéy ttound that the mechanical
parameter of culm stiffness was as highly corréldte lodging as to plant height,
while culm stiffness is easy to assess by handrszoBome breeders use this trait as
an indirect selection parameter for lodging resista The results for mechanical culm
parameters, such as bending or breaking strengghgamflicting in the literature. In
their study they found a total of nine QTL's foddfing, seven coincided with QTL's
for morphological traits, thus reflecting the cdateons between these traits and
lodging (Keller et al., 1999). There were two QTIos lodging at the same place as
the QTL for culm stiffness. There was no coincidertetween these QTL's and
QTL's for plant height. With MAS for these loci, dging resistance could be
increased without decreasing plant height, therdieing known to be determined by
many genes. In wheat, almost all 21 chromosomes feeind to contribute to genetic
variation for plant height. About 20 major genewdding genes) for height reduction
(Rht genes), are known. Five of the known dwarfing gerage located on
chromosomes where they found QTL's for plant hei@imt chromosome 2A there is
Rht7, on 4BS there arBhtl andRht3 — these are two alleles of the same locus-, on
5AL there isRht12 and on 7BSRht9. Both Rhtl and Rht3 are GA genes. Dwarf
mutants of this type showed a reduced responseraplete insensitivity to applied
GA. Besides these known GA-insensitive genes thezegprobably others on 5B and
7B, where the QTL's for plant height were foundll&eet al. (1999) suggested that
selection for lodging resistant genotypes can beedada indirect selection, based on
the morphological traits of plant height and cultiifreess before flowering. Even
though lodging resistance is a polygenic traitglrgenes can still have major effects
(Keller et al., 1999).

The reduction of yield components could be deteethiand analysed. It provides
useful information for characterising environmestsbjected to numerous yield-
limiting factors (Brancourt-Hulmel et al., 1999)hdir study revealed that lodging
affected yield more than the climatic variants, sthexplaining genotype x
environment interactions as central in a wheat dingg programme (Brancourt-
Hulmel et al., 1999). According to Fischer & Stapp@987) culm lodging caused
grain yield to be reduced by 7-35%, with the grsaedfect in the first 20 days after

anthesis. When lodging occurred just before anghéswas less deleterious, perhaps
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because the crop was able to right itself quickjynode bending. Lodging after
anthesis reduced crop growth rate. The adverseteffelodging on grain yield is
ascribed to this reduction in photo-assimilate $ufpischer & Stapper, 1987). While
kernel number per unit area tended to be reduceshbly lodging, reduction in kernel
weight accompanied by small increases in grain Kcepdage occurred by later
lodging (Fischer & Stapper, 1987). When it raingd dodging occurs, ripening
conditions increase grain sprouting. In the newhhyielding semi-dwarf cultivars
with higher kernel numbers and a tendency towardatgr source limitation during
grain filling, yield could be more sensitive to pasithesis lodging. Yield reduction is
caused by lodging, with the magnitude of the reidactlepending on timing, season,
variety and degree of lodging. In their study tlieynd that artificial 80° lodging led
to the greatest yield reduction of 20-30% in theiqek from anthesis. The initial
degree of lodging is another factor which clearffected the yield response to
lodging: 45° lodging reduced yield by 9% while 808ging reduced it by 17% more
(Fischer & Stapper, 1987). In times where lodgiegured one to two weeks before
heading, the decrease in yield averaged 30 - 35&uidé& & Pauli, 1956). When
lodging occurred during the five days just priohtading it caused only half as much
reduction in yield and did not consistently affée number of fruiting tillers. During
the heading period it was 27% while it increase@3& when the plants were lodged
during the next 10 days. This is an indication #@he young kernels were aborted.
The effect of lodging on yield and quality of whésassociated with the capacity of
the plant to recover from tissue damage and thenéxd which materials have been
translocated to the developing kernels, prior ®time the injury is inflicted. Injury
to the stem, particularly during the periods ofnglation and development of head in
the boot, appeared to restrict further growth, Wwipeobably reduced the quantity of
carbohydrate synthesised, and decreased graingiroduThey found in their studies
that the greater reduction in yield resulted franjuiies after mid-heading, possibly
associated with the progressive hardening of trszuwlar tissue which lessens the
capacity of the plant to recover (Laude & Paul580

2.8 Genetic control of straw length

The cultivation of the semi-dwarf wheat has incesbdramatically worldwide, since

1960 (Allen, 1980). Dwarf and semi-dwarf varietles/e been cultivated in Asia for
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more than a century (Worland et al., 1994). Thixceasful introduction of the dwarf
and semi-dwarf varieties into Europe was achievartlydén the 28 century by the
Italian breeder Strampelli. The pioneer work of ian Borlaug, whose CIMMYT
wheat germplasm features in the pedigree of mostenmohigh yielding semi-dwarf
wheat varieties, was accepted (Worland et al., 19B84e estimate is that 44% of the
wheat produced in less-developed countries is ceppmf semi-dwarf wheat and
probably 50% of the areas sown in the world (All&880). The origin of most of
these cultivars was the Japanese semi-dwarf sgubeesma and Akokomugi (Allen,
1980). Daruma has the capacity to transfer itsts$tature to the offspring of other
wheat it was crossed with. It was extensively usgthe Japanese breeders who were
seeking higher yields (Hanson et al., 1982). Nafinwhich played the key role in the
Green Revolution of wheat, was the parent of Darywiéen, 1980). The short
stemmed Norin wheat has as many leaves and asnémafacturing surface per stem
as the other wheat. The difference is that theyehshorter intervals between the
leaves. They waste less effort on erecting an uhjotive stalk and have many more
stems per plant. It is meaningful that the Norineahhas the capacity of taking up
large amounts of soil nutrients and converting thengrain. The word Norin is an
acronym made from the first letter of each worth@ Romanised title of the Japanese
Agricultural Experiment Station. Norin wheat is ided originally from Daruma,
native wheat named after a kind of short, squgtadese tumbler doll. How and
where Daruma originated must remain a mystery.Mdathort straw wheat varieties
are found throughout Japan, China, Tibet, and Kalapanese plant breeders crossed
Daruma with American wheat, Fultz. The resultingoty was later crossed with
another American variety, Turkey Red, producingNltegin wheat (Paarlberg, 1970).
Norin genes not only shortened the plant but redult higher tillering, more grains
per head, and more grains per square meter agsvalimore efficient use of fertiliser
and moisture and a higher harvest index (Hansoal.et1982). Rawson & Evans
(1971) reported that the yield advantages of sivbeat cultivars are largely due to
their greater capacity for tillering. Another soairof extreme dwarfism is Tom
Thumb and it is controlled by a single gen®ht3 - but this variety has been less
widely used in the production of commercial dwdN&cVittie et al., 1978)Rht3 has
also been shown to cause a marked reduction irathefa-amylase synthesis during
germination but can unfortunately not be used coroiady because it results in

plants with an agronomic unsuitable short strawv@i& Mares, 1996). Some of the
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characteristics of the new short wheat are attifetto Norin 10 genes (Hanson et
al., 1982). The wheat has short stature, heiglgasifrom 50 to 100 cm, sturdy straw
and strong crown roots. They have more fertileefier the new semi-dwarfs can
produce 120 to 150 fertile flowers per head unaedgmanagement, which produces
a high yield potential when it is properly spaceud aadequately fertilised and
watered. Plants are able to produce 25 to 100<ibach. Semi-dwarf spring wheat
can reach maturity days or even weeks sooner tetall varieties can. If moisture is
adequate, the wheat can produce 15 to 30 kilografvedditional grain for each
kilogram of added N fertiliser, up to the first &) 70 kg/ha of N. They have higher
harvest index, day length insensitivity, wide ad#iph and disease resistance
(Hanson et al., 1982).

The genetics of plant height in cereals is knowhda@omplex and it is determined by
many genes (Borner et al., 1996). Bread wheattaln = 6x = 42), to tolerate
aneuploidy, has led to the development of cytolalgtechniques, whereby single
pairs of chromosomes can be transferred from ometyato another (Snape et al.,
1977). The substitution lines of these chromosopreside a powerful tool for the
genetical analysis of wheat crop, particularly witspect to the genetical variation for
loci controlling quantitative characteristics ofragomic interest (Snape et al., 1977).
Many attempts have been made to characterise tietigesystem, controlling height
in Norin 10 and its semi-dwarf derivates. The eation of the number of major
genes involved and their chromosomal locations hbheen hampered by the
quantitative nature of height variation (Gale ef #975). Plant height seemed to be
additive. This could certainly be related to thegance of two major dwarfing genes,
polymorphic in the population (Goldringer et aB9¥). In aneuploids it is possible to
classify genes for height into those which increaspromote height and then those
which reduce or suppress this character. Major gcioe height reduction are
designated as dwarfing genes. Because of thisiaelan their response to
exogenously applied gibberellins, (GAs) dwarf mtgaof several species can be
divided into two categories (Borner et al., 1996 sensitive mutants, where the
absence or modified spectrum of endogenous GAdtresdwarf plants, - normal
growth can be restored by GA application and GAemsitive mutants, that show a

reduced response or complete insensitivity to agpBA.
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The GA insensitive dwarfing mutants (Table 2.1)allsuexhibit a reduced internode
length without reducing the length of the spikeshey are extensively used in
agriculture and are therefore of economic imporaRorner et al., 1996). This GA
insensitivity and the dwarf phenotypes have beetriteed as being controlled by
pairs of linked loci, e.gRht2 linked toGai2 andRht3 to Gai3 (McVittie et al., 1978).
The genefkntl andRht2 were introduced into many breeding programme®\adr
the world (Bdrner et al., 1996). The big advantage&htl or Rht2 are that under
optimal conditions, height is reduced by about 2@%igh level of spikelet fertility is
promoted and yield increases by up to 20% (Worlendl., 1994). Certain genetic
studies revealed th&htl and Rht2 were located near the centromere on the short
arms of chromosome 4B and 4D respectively (Borned.e1996). On each of these
two loci a series of multiple alleles (homoeologses), that induce varying degrees
of dwarfism have been identified. These two alléR¢3 on chromosome 4B and

Rht10 on chromosome 4D are very potent (Borner et 8b6)
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Table 2.1 GA insensitive dwarfing genes in whedir(®r et al., 1996)

Dwarfing gene Chromosomal Source Inheritance Newly  proposed
location nomenclature

Rhtl 4BS Norin 10 Semi dominant Rht-B1b
Rht2 4DS Norin 10 Semi dominant Rht-D1a
Rht3 4BS Tom Thumb Semi dominant Rht-Blc
Rht10 4DS Ai-bian 1 Semi dominant Rht-D1c
Rht1S 4BS Saitamara Semi dominant Rht-B1d
RhtKrasnodari 1 4BS Kransnodaril Semi dominant Rht-Ble
Rht Aibian 1a 4DS Ai-bian la Semi dominant Rht-D1d
Rht T.aeth. 4BS W6824D Semidominant  Rht-B1f

We6807C

T. aethiopicum

The alleles can be ranked in terms of their potdiecyreducing height as follows
(Borner et al., 1996): Chromosome 4B: rht< Rht1$&IR RhtKransnodari 1< Rht3
Chromosome 4D: rht<Rht2<RhtAi-bain 1a<Rht10

GA insensitive dwarfing genes are more difficultdetect and to study than GA
sensitive genes (Table 2.2) (Borner et al., 1996re are two genes known to be
located on homoeologous group 2 chromosomes. Tdre$tht7 on chromosome 2A
andRht8 on chromosome 2D (Bérner et al., 1996). Possibiy lygenes are members
of a homoeologous series on the group 2 chromosom&keat (Borner et al., 1996).
Rht9, a third gene was localised on the short arm agbrolbsome 7B. Finally, a

dominant dwarfing genBht12 was located on chromosome 5A (Borner et al., 1996)
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Table 2.2 GA sensitive dwarfing genes in wheat (iBoet al., 1996)

Dwarfing gene Chromosomal Inheritance
localisation
Rht4 ? Recessive
Rht5 ? Semi dominant
Rht6 ? Recessive
Rht7 2A Recessive
Rht8 2DS Semi dominant
Rht9 7BS Semi dominant
Rht11 ? Recessive
Rht12 5A Dominant
Rht13 ? Part. Dominant
Rht14 ? Semi dominant
Rht1t ? Part. Dominar
Rht16 ? Semi dominant
Rht17 ? Recessiv
Rht18 ? Semi dominant
Rht1¢ ? Semi dominar
Rht20 ? Part. Dominant

In all the dwarfing genes that have been recognisesbmmercial varieties, all GA
insensitive genes show varying degrees of yieltality associated with climatic
stress. GA sensitive genes, under particular enmiemtal conditions, can be
associated with increases in yield (Worland et 294). TheRht12 gene has been
described as having a few negative effects on yagld its components, while the
gene is known to display dominance in reducing ltelyy around 46%. There are
some results obtained for plants grown under nonpstitive spaced plant
conditions, which suggest th&ht12 should only be used with caution for in some
varietal backgrounds yield was reduced by up to §Weérland et al., 1994). When
the potential ofRht12 is to be exploited in breeding programmes it wiled to be
combined with minor height promoting genes to namta plant height of no less
than 60 cm. It must also be in a background wheteractive effects do not reduce

yield potential by reducing spikelet numbers. Insmenvironments, adjustments
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would have to be made to compensate for the delaysar emergence time,
associated with the gene, as these could interébt emvironmental conditions to

produce noticeable drops in yield (Worland et894).

Rht12 has been located on the same locus as the awmitoxhB1 or has been very
tightly linked to this gene. Its position on theramosome does not suggest any
homoeologous relationship to the GA insensitive divwwvg genesRhtl and Rht2
(Worland et al., 1994). Studies done by Sutka & &»/(1987) indicate that the near
complete dominant dwarfing geft12 is located on the chromosome 5A. The tall
genotypes are sensitive to exogenous GA and ra#ittelongation of stem and leaf,
while Rhtl, Rht2 and Rht3 display a reduced response to GA (Hoogendoorr. et a
1990). It has been shown that GA affects growtleblyancing both cell division and
cell elongation. It has been found that in bothymedes and in first leaves thhtl
andRht2 dwarfing genes significantly reduced cell lendthhas become evident that
these genes have different effects on vegetativk ear tissues. Indications from
growth analyses have shown that the genes afféehg®n growth only in the stems
and leaves. The growth of the ear is only indiseaffected by the genes, the reduced
competition from the stem allowing the ear to attgieater mass at anthesis. These
effects result in higher grain yield if overall ptebiomass is maintaine&ht3, which
has an even greater harvest index usually prodoees grain yield due to a reduced
biomass associated with the extreme reduction ighheThis corresponds with the
effects of these genes on cell growth as desciabede, where a reduction in size is
likely to have less effect on cell mass than a c¢&do in number of cells. It has been
found thatRht3 reduces biomass by an average of 20%, which é#lrenath less than
the 45% reduction of mature plant height. The concraésuccess of particularly the
GA insensitive dwarfing genes, may be due to thgqueeffects oRht1 andRht2 on
the reduction of cell length and plant height, o, or only to a limited extent on the
number of cells. Thus they have relatively smalfees on plant biomass

(Hoogendoorn et al., 1990).

Several studies have been conducted to determéeftacts of theRhtl, Rht2 and
Rht3 genes on agronomic, phonological, morphologicald aphysiological
characteristics (Ehdaie & Waines, 1994). Theseistudemonstrated that a major

component of the genetic control of height alsduirfices yield. This relationship is
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possibly pleiotropic and therefore positive. Thigdicates that the mechanisms
underlying this correlation are basic to the grow#itern and physiology of cereal
plants. Tall plants would tend to have a greatemaiss than shorter plants. The
amount of biomass might be expected to be corgelaith productive potential and

final yield (Law et al., 1978).

Other genetic causes of increased yield are ewmgloih the production of high

yielding varieties, but the variation in yield #ttrtable to variation in height is likely

to have a major influence on any breeding programiMieeat has been selected for
increased yield combined with shorter straw lenglthese selection aims

counterbalance the observed positive genetic oglstip between height and yield.
Increased yield selections have a positive coedlaffect on height. Selection for
reduced height would tend to depress yield. In sselaction pressure and genetic
organisation, the highest yielding and acceptalalgeties will be of intermediate

height. To exploit fully the increased yields tlartain genes can produce, lodging
resistance might be achieved in other ways thaoutir genes for reduced height
(Law et al., 1978). Genes for short straw whicheneinimal or desirable effects on
yield might be found without influencing the exmsis of the yield height genes. The
dwarfing genesRhtl and Rht2, may fall into this latter category. Some of their
success results from their ability to remove thathtions to the exploitation of these
correlated effects. It is important to introduce thwarfing genes early in a breeding
programme, while maintaining genetic variation withthe populations and doing

strict selection. Selecting for even shorter wiveatlld result in lower yields and what
is perhaps more disastrous is the loss of alleidation among the genes for
increasing yield and height from the breeding papoh. This method of breeding for
tall dwarfs should not be based upon selectiorh&aght alone, but must be carried
out in conjunction with positive selection for ydebnd yield components. Easier
measurement for height with its relative insenditito environmental variation is the

major advantage of the selection (Law et al., 1978)

It has been found that the desirable featureseotémi-dwarfs are increased tillering
capacity and higher grain numbers. Studies of thkessified derivatives have shown
that theRht genes do positively influence some of the yielthponents, and grain

number per ear, while the relationship between Hieignd vyield within the
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populations oRht andrht homozygote is still positive (Law et al., 1978)dAcrease
in grain size has also been found, but the negafieet on grain size is less than the
positive effect on the fertility of spikelets whicksults in an overall positive effect on
grain yield (Hoogendoorn et al., 1988). It was fouhat the lines carrying the GA
insensitiveRht genes yielded 10 to 25% more than the tall lifdds shows that in
spring wheat germplasm adapted to low latitude afiéw, dwarfing genes do
contribute to grain yield improvement due to realiéadging. In their studies they
found that the line with two dwarfing gené¥itl andRht2, yielded more than the tall
lines and produced as high or higher yielding titan lines with a single dwarfing
gene (Hoogendoorn et al., 1988). But these findditisr from those of Allen (1984)
who found that the double gene genotypes had nardage over the single dwarf
lines but were equal in yield to the tall lines.the case of th&ht3 gene it did not
confirm any clear yield advantage over comparadldihes. However under the most
favourable growing conditions th#ht3 line out-yielded tall lines and was equal to the
Rht2 semi-dwarf. Furthermore it was found that the mfdiing of the Rht1, Rht2 and
Rht3 genotypes is likely to be more sensitive to hé@ss. This confirms that very
short varieties may be at a disadvantage whenssti@sng grain filling is a common
occurrence (Hoogendoorn et al., 1988). If the dwdméat yielded less than tall wheat
under poor agricultural conditions, it might indieaa re-evaluation of breeding
strategies, whereby selection for yield would beied out only at high yielding sites
(Hoogendoorn et al., 1988). It was reported thktwheat was superior in yield to
semi-dwarf wheat in dry areas. This may explain vegyni-dwarf wheat is less
common in areas with lower yield potentials (Miesll& Slafer, 1995). Semi-dwarf
lines are well adapted to near optimal growing ¢oras though not so well adapted
to environments where water or temperature stresg@mmon features (Miralles &
Slafer, 1995). The percentage yield reduction gpoase to water deficit was lowest
in tall wheat, intermediate in semi-dwarf wheat &inghest in dwarf wheat (Ehdaie &
Waines, 1994). This could mean that this yield fignaight arise from a smaller
biomass and water-use efficiency, where watemgeid or, from poor establishment
due to shorter coleoptiles and reduced early vigemgrowth (Rebetzke & Richards,
2000). High soil temperatures also reduce colemgdéhgth to decrease seedling
emergence. Wheat stands can also be reduced wihéldesand / or hard seed bed

restricts the growth of the coleoptiles through slod surface, while slower rates of
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emergence associated witl and Rht2 increase the likelihood for soil crusting
prior to emergence (Rebetzke & Richards, 2000).

Ehdaie & Waines (1994) reported that tall wheat hashter total dry matter and
transpiration efficiency than semi-dwarf and dwatfeat. They also found that the
dwarfing geneshtl, Rht2 andRht3 use water efficiently for dry matter (the ratio of
aboveground dry matter to evaporation) and traapir efficiency declined with
plant height (Ehdaie & Waines, 1994). Richards @)3%ncluded that tall and semi-
dwarf lines had a similar ability for water extriact Higher dry matter production
and yield of tall wheat observed in dry field emviments are mainly due to faster
plant emergence, initial plant growth and highetewaise efficiency associated with
tall plants. The indication is that lower transpoa efficiency is associated with short
lines. This is mainly due to consistently lower ghdry matter produced by these
lines (Richards, 1992). The relationship betweamipheights or the natural logarithm
of plant height with total dry matter and grainlglien certain experiments indicated
that total dry matter and grain yield do not depsndmuch on the presence of the
major dwarfing genesRhtl, Rht2 and Rht3 but rather on an optimum height
(Richards, 1992). A negative relationship was fobativeen plant height and harvest
index under both wet and dry pot experiments. Tdgated that harvest index might
decrease at the optimum height determined for tdtgl matter and grain yield
(Ehdaie & Waines, 1994). They found that the dwayfgeneRhtl, Rht2 and Rht3
had, in general, depressing effects on transpiragificiency, water use efficiency,
biomass and grain yield, especially in drought emunents (Ehdaie & Waines,
1994). The beneficial effects &ht2 overrht genotypes were correlated with days to
flowering. This might indicate that in order to liea the full potential of yield
advantage of the semi-dwarfs, conditions conduativhigh biomass production are
required. Any advantage may be reduced if gralindjlis restricted by drought or
heat (Hoogendoorn et al., 1988).

In certain poor yielding environments where thereften a delay of sowing because
of unfavourable soil and/or climatic conditionshiés been shown that the semi-dwarf
cultivars out-yielded standard height cultivarseafearly, not late, sowing dates
(Miralles & Slafer, 1995). In studies done by Fiscl& Quail (1990) it was shown
that theRhtl andRht2 dwarf genotypes gave the highest yields, whileRhi& group
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yielded on average 3% loweRht2 9% lower, Rhtl 11% lower and the tall group
yielded 24% lower. These yield differences can tpady be associated with harvest
index, kernels per square meter and kernels péesput negatively with mature
plant height. Even within major dwarfing gene césssgrain yield was significantly
and negatively associated with height (Fischer &iQ990).

Wheat breeders have successfully increased grald potential in a close positive
association with the number of grains per squareeméut there have been only
small changes in individual grain weight (Mirall&sSlafer, 1996). Some modern
cultivars could possess a high individual graingheincrease in the number of grain
per square meter, often associated with small dsesein average grain weight, the
net effect being an increased grain yield potentiilwheat in most breeding
situations. Several researchers have concludedttbaé genes affect the two major
yield components, namely grain number per squatema@d individual grain weight.
It is reported that when semi-dwarf genes are ¢htced into a genotype, an increased
grain number is negatively associated with, but aotirely compensated by a
decreased grain size. The accepted explanationlvesothe competition for
assimilates among growing grains, suggesting thatgreater the number of grains
per square meter produced by the line, the lowemathailability of photo assimilates
per grain, leading to decreases in individual gra@ight. It suggests that due to the
action of Rnt genes, grain numbers increased independently @f niimber of
spikelets. An increased proportion of grains areaied in positions of low grain
weight potential — in distal positions within theikelets — reducing the average grain
weight, irrespective of the level of availability assimilates per grain. The higher
number of grains per square meter of Rie lines has been brought about by an
increased grain set in distal florets, in apicakalet positions. This occurred without
any effect on the number of spikelets per spikeciviis in agreement with previous
studies showing no interference of these genes widmt development events
(Miralles & Slafer, 1996). Especially younger leavef the semi-dwarfs, may be
reduced in size, but compensate with increasedopiiothetic rates, so that overall
biomass is similar to tall lines (Flintham et 4l997b). Individual grain weights were
strongly affected by the grain position within thigike where the basal grains were
the heaviest and the fourth grains the lightest,vanere the weight of the basal grains

was not changed. The greater proportion of apicaing contributing to the total
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number of grains per square meter reduced avenage \geight (Miralles & Slafer,
1996). Particularly in the upper half of the spikespikelets 11 to 19 - the
contribution of basal grains accounted for 90%haf total number of grains in the
standard height line, but for less than 70% indwarf line. This can explain most of
the negative trend between the number of grainstheinl average weight. Basal
grains of the standard height line tended to bevibeghan those of the semi-dwarf
and the dwarf lines although this difference was$ cansistent over all spikelets
(Miralles & Slafer, 1996).

The fact that lines withRht alleles had distal light grains with a much higher
frequency of appearance than the standard heightclould be the main reason for
their lower average grain weight. The negative edation between these grain yield
components might not be reflecting a greater degfeeompetition for assimilates
among grains ifRht lines than in the standard height line (MirallesSéafer, 1996).
Yield advantages ofRht semi-dwarf lines apparently derive from increased
partitioning of assimilates to the developing esaaconsequence of reduced demand
for stem elongation. This reduces pre-anthesis tianoof distal florets in each
spikelet and increases the total number of floveble at anthesis (Flintham et al.,
1997b). Further reductions in assimilate demandstem growth by increasingly
potent combinations diht alleles, might thus be expected to increase sgiffettility
further (Flintham et al., 1997b).

It is shown that N deficiencies reduce both roat ahoot growth, but root dry matter
accumulation is less affected because more carbateglare translocated to the root,
which is a highly active sink. Certain effects ofdN root growth depend on the N
concentration at the root surface. If the conceiotmais optimal the root growth is
stimulated. If the N concentration is above optimabt growth is reduced (Arora &
Mohan, 2001). Root growth responds to N supply,edejng on the genotype and
stage of development while water stress reduceb bmdt and shoots growth.
However, during early plant growth, root growtHass sensitive to water deficit than
shoot growth. In their study they found that tgjpés produced higher root biomass
and maintained higher leaf N content than dwarksypnder different N and water
supply levels. The enlargement of the root systeghtmot be under the control of

the dwarfing genes, which could lead to the develpt of semi-dwarf cultivars that
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are more resistant to moisture stress as a consegjud a greater expansion of the
root system into the soil (Arora & Mohan, 2001)ctuld be rewarding to search for
genetic backgrounds in which the surplus of asatexd produced bight alleles, were
actually invested in new roots, thereby enlargihg toot system (Miralles et al.,
1997).

Certain diseases, likeusarium ear blight (FEB), are caused by a range of patige
FEB is an important disease of wheat, causing ylekkes up to 39% under
conditions of high humidity, with a reduction inagm quality (Hilton et al., 1999). In
a naturally infected field, short cultivars tendechave more symptoms of FEB than
taller cultivars. However, when ears of the sanilgveus were artificially inoculated,
no significant difference in disease severity whseoved. The differences in disease
resistance between cultivars can be related tassescape where taller cultivars,
have ears held at greater distance from the prisauyce of inoculums. The severity
of FEB is a quantitative character controlled bynewous genes. The suggestion is
that disease severity in individual genotypes isamndy affected by straw height, but
also by other genes independent of height. TaMmstind resistance to FEB seems to
co-segregate, suggesting that this relationship @agenetic basis that could be
explained either by linkage between one or moreegienontrolling resistance, and
genes controlling straw height or by pleiotropy genes that promote shorter straw
also promote susceptibility. The dwarfing gen&¥itl and Rht2, significantly

increased severity of FEB in near isogenic lineit@gH et al., 1999).

Linkage was found between tHeht2 dwarfing gene and resistance $sptoria.
Isogenic lines containing théhtl gene were more susceptible than those with the
Rht2 gene (Hilton et al., 1999). They found that thess no indication that isogenic
lines containingRhtl had more severe symptoms of FEB than those camgaRint2.

As both straw height and severity of FEB are cdledoby a number of genes, it
seems difficult to postulate numerous linkages betwheight and resistance, to
explain the observed link. One hypothesis for thlisiotropic association was that
shorter cultivars have denser leaf canopies anddugm a more favourable
microclimate for the development of diseases. I whown that leaf wetness lasted
for a longer time on short cultivars than tall an€he conclusion is that there are

genes controlling resistance Septoria nodorum that are independent of straw height.
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Thus it would be possible to breed resistant cativof any height, but with

increasing difficulty, as straw height is reduckldtbn et al., 1999).

2.9 Germplasm for short, strong straw

Solid stem wheat is wheat in which most of the cubme filled with pith (Larson &
MacDonald, 1959a). Combining solid stem with semadness and higher grain
yield in wheat is a plant breeding objective. Thisra negative relationship between
plant height and stem solidness and this indicttas selection of solid stemmed,
semi-dwarf types should be possible (McNeal etl®74). Genes affecting solid stem
are on several loci (Larson, 1959). The varietiesamnmon wheat which are solid
stemmed derive their solidness from the varietyl5;@he genetics of solid stem in S-
615 being of special interest (Larson & MacDon&al@59a). In crosses of solid
stemmed common wheat, with hollow stemmed wheatHlsegregated in the ratio
of one solid to 63 hollow or intermediate, indicgtithat solid stem is determined by
three recessive genes (Larson, 1959). TheeFfied these results. Further studies on
inheritance of solid stem in tetraploid wheat shdwelid stem to be due to a single
dominant, and a single recessive gene, showingdrassive segregation, and of
complementary recessive genes (Larson, 1959). @aet. (2002) reported that the
expression of stem solidness fit the expected gatjom ratios for a single dominant
gene model in most of the crosses they did in tsieidy, which suggests that stem
solidness in the four durum wheat's they evaluateabs controlled by a single
dominant gene. Studies that were done on the gsnetisolid stem in hybrids of
tetraploid with hexaploids showed that solid steariad from recessive through
intermediate to dominant anck Eegregations were interpreted as monohybrid or
multifactor (Larson, 1959). Studies of the cytogerseof solid stem in hybrids of
tetraploids with hexaploids showed that in solidnsined tetraploids the D genome
tends to produce hollow culms, but that differencesolid stem between the two
series are partly determined by genes in the ARggnomes (Larson, 1959). After
extensive studies of interspecific hybrids betwhetow and solid stemmed wheat,
the following explanation of solid stem inheritarweas postulated: The A genome has
a gene for hollow stem ma, that accounts for the hollowness of diploid whé&diere

is no allele for this gene but it is hypostatiatbother genes for solid or hollow stem.

On the B genome there is a gelth, that affects the pith content of the stem and it
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exists as an allelic series. Solid stem genes et locus are dominant to their
alleles for less solid sten®©d, a gene for hollow stem, found on the D genome, is
epistatic to genes for solid stem at other loci.abidition the A genome has a
complementary geng;, for pith in the lower internodes. It may be presentollow
stemmed varieties and species, its effect not shiowime absence of genes for pith in
the B genome (Larson, 1959). Aneuploid analysisammon wheat, as developed
and used by Sears, indicated that monosomics dfidomuics can be used to locate
genes for a given characteristic and to study taefions and interactions (Larson,
1959). They have been used to determine the eféé@ach chromosome in common
wheat on solid stem, and to resolve the interactibnhromosomes from solid and
hollow stemmed varieties (Larson & MacDonald, 196Bgsts of solid stem in2F
hybrids of all 21 monosomics of Chinese Spring bg1S showed that these two
varieties differ by at least four genes, affectpith content of the culms (Larson &
MacDonald, 1959a). The wheat variety S-615 culnnphge in a given environment
is apparently the result of interaction of geneat thromote pith development and
genes that suppress it (Larson & MacDonald, 1959a).

In a given environment, the amount and distributdpith in the stem is determined
by the balance of genes tending to make the stdéich sod those tending to make it
hollow. The loss of either one of them tends todpee the opposite phenotype
(Larson & MacDonald, 1959a). It is also seen tln&t bbss of chromosomes in the
variety Chinese Spring affects culm dimensions, trmgnosomics and nullisomics
being shorter and thinner than normal, but at least being taller and two coarser
(Larson & MacDonald, 1959b). Some conflicting opims on the relation of solid

stem to culm dimensions have been expressed (L&$dacDonald, 1959b).

The wheat culm growth develops by elongation framirdercalary meristem at the
base of each internode (Larson &MacDonald, 1958b)he order and degree of
elongation and maturation of each internode, ielated to its rank in relation to the
inflorescence, with no two internodes being alikethis respect. In their study they
found that the influence of critical chromosomes smiid stem is specific, not a
secondary result of gene action, that primarily egag culm growth (Larson &
MacDonald, 1959b).
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There was no consistent association of diametersalid stem index in comparisons
between monosomic lines critical for solid stemrfom & MacDonald, 1959b).
Within lines of genetically similar plants, thereemg correlations between culm
dimensions and solid stem (Larson & MacDonald, 195teaning that short culms
tended to be more solid than long ones. It is shihahthe top of internode |, and the
region just below the top node of each of intersaitieee and four, tended to be most
solid when they were thickest, while the centre lameker parts of internode one, were
hollow when they were thickest (Larson & MacDonal®59b). The observations
showed that short monosomic populations that ageif&santly more solid than
normal, may be merely reflecting the results of rdased elongation, but short
monosomics that are just hollow at the point ohgigance, have gone counter to the
prevailing influence of elongation and must be odeed seriously. Their studies
also showed that lines with thin culms may be etgzeto be less solid in the tops of
internodes one, three and four, and more solithénl@wer parts of internode one. If
they follow this trend to some degree, it may mktte, but if they reverse the trend
to the same degree, the chromosome concerned rausta direct effect on pith

production. Thick culms would show opposite trefldason & MacDonald, 1959b).

Internodes become progressively shorter towarddbeand therefore probably have
received smaller quantities of auxin. In a popolatof genetically similar plants, it
was found that those that elongate the most, prallynunder the influence of auxin,
are least solid, probably because there are toopidwcells to fill the lengthened
lumen (Larson & MacDonald, 1959b). The upper paftsnternodes one, three and
four were most solid in culms of the greatest dimmdecause those of the internodes
were laid down first by the intercalary meristementthe inflorescence was small,
and before the culm had begun to elongate gredllis is probably favoured in this
period of cell division, with the low concentratiaf auxin from the immature
inflorescence, though rapid cell division would uksin a thicker culm and an

increased number of pith cells (Larson & McDondl@59b).

The results of the study by McKenzie (1965) suppuethypothesis that hollow (Red
Bobs) and solid (C.T.715) differ by four genesdtam solidness. One allelic pdlit,
has a major influence on solidness (McKenzie, 198 alleleL for hollowness is

partially epistatic when homozygous, and the allegetwice as effective as any one
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of the other three genes in promoting solidnese. dther three allelic paifglm, Nn
and Oo lack dominance and are equal in their influencesolidness (McKenzie,
1965). Cook et al. (2004) reported that four miateBite markers were found linked
to a single solid stem QTLlQ&s.msub-3BL) on chromosome 3BL. Inheritance studies
have shown that three or four genes cause stebesgolid, but one gene in particular
appears to account for more than twice the gensti@tion compared to the other
two or three genes. The expression of stem soleddimedurum has been described as
being controlled by a single dominant gene, andistuusing monosomic lines of S-
615, a solid stem wheat, identified potential gefioestem solidness on chromosomes
3B, 3D, 5A, 5B and 5D (Cook et al., 2004).

McNeal (1956) found that the solid stem trait wastoolled by one major gene, with
several minor modifying genes. In the study of bar& MacDonald (1959a) they
found that at least five chromosomes carried g@nesioting pith production, while
at least three chromosomes carried genes inhibjitig production. Environmental
factors like cool temperatures, adequate moistacklaw light intensity also affect
and tend to reduce the degree of stem solidnesgatHd al., 1995). Morril et al.
(1994) reported that stem solidness is affecteclbydy weather that encourages
rapid stem growth causing stems not to fill wittthpiHolmes (1984) also reported
stem solidness to be negatively correlated withreiased amounts of rainfall and
decreased periods of sunshine, while shading thetplreduced stem solidness.
Miller et al. (1993) found that plants sown at loensities had higher stem solidity
than those sown at high densities. Competition betwclosely spaced plants for soil
water, nutrients and light, possibly contributedtheir more rapid maturation and
lower stem solidness. Coupling the genetic conwith varying environmental
conditions, plant breeders have generally treatiea solidness as a quantitative trait
(Hayat et al., 1995).

McNeal et al. (1965) found a highly significant aége relationship between grain
yield and stem solidness in backcross derived lfn@® a solid stemmed x hollow
stemmed wheat cross. Their explanation for thetioglship between yield and stem
solidness is that development of a solid pith nraguire food reserves that would
otherwise be available to promote grain developmerthe study of McNeal & Berg

(1979) they found that the grain yield of the satdm populations was significantly
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lower than that of the hollow stemmed populatiom.cbntrast, Lebsock & Koch
(1968) found no association between stem solidaess grain yield in two solid
stemmed x hollow stemmed spring wheat crosses. Biey showed that stem
solidness tends to be negatively correlated wigmipheight. A relationship between
grain protein concentrations and stem solidnessheagever not reported (Hayat et
al., 1995). Previous studies investigating theti@iahip of stem solidness with grain
yield have been contradictory. In their study thesgd random lines from six solid
stemmed x hollow stemmed crosses, evaluated ie tmgironments. No relationship
was found between stem solidness and grain yieldydH et al., 1995). They
anticipated that trait associations with stem sw&bs might change from inter-
crossing during development of successive solithsted cultivars. Correlations of
the evaluation of stem solidness with plant heighd grain protein concentration,
declined from early to recent solid stemmed pargntertain crosses. These changes
in trait associations might have resulted from kvep of linkages and/or loss of
genes for the solid stemmed trait in the sequedaaklopment of the solid stemmed
cultivars. Their results show that the developmantigh yielding solid stemmed
cultivars is not limited by undesirable associatidaetween degree of stem solidness
and other agronomic traits. The poor yield of selidmmed cultivars compared with
hollow stemmed cultivars of similar studies, citegl other authors, is more likely
attributable to undesirable genes remaining froendtiginal solid stemmed source S-
615 (Hayat et al., 1995). High levels of solidnessy be related to low yields in some
genetic backgrounds. However it appears that ieqarare chosen wisely and if
sufficiently large populations are grown, high vielg solid stemmed lines should
occur (Lebsock & Koch, 1968). Hayat et al. (199%9wed that solid stem is highly
heritable and selection has been practised aghe$8-615 parent for traits other than
stem solidness. It is not surprising that the seteimmed cultivars may be poorer
agronomically than comparable hollow stemmed caltty Heritability values for
stem solidness ranged from 60% to 95% (Lebsock &1Ka4968).

In the study of Cook et al. (2004) they found thasingle chromosome region on
chromosome 3BLQss.msub-3BL, controls most of the variation for stem solidness i
wheat. This region is not associated with decreaseld potential, suggesting that
high yielding solid stem cultivars can be developEue tight linkage shown between

microsatellite markers ang@ss.msub-3BL in their population and in all solid stemmed
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cultivars tested containing the same marker alllggests that the markers may be

useful in a backcrossing program to help develap s@id stemmed wheat cultivars.

2.10 Diallel analysis

The diallel analysis has been the subject of moeeretical and practical application
than any other mating design (Wright, 1985). Thecept of the diallel can be
defined as making all possible crosses among apgobugenotypes (Saghroue &
Hallauer, 1997). The diallel crossing concept wasoduced by Sprague & Tatum
(1942) to the field of plant breeding, by makingtimg possible among a set of maize
inbred lines. Breeders have been using the anatysibtain information on the value
of varieties as parents, to assess the gene agtiolved in various characteristics, in
order to develop appropriate selection procedundsuaderstand heterotic patterns of
the progenies at an early stage of the hybridisgpimgram (Virmani & Edwards,
1983; Saghroue & Hallauer, 1997; Le Gouis et 802 Egesel et al., 2003).

2.11 Combining ability

Combining ability is defined as the performanceaoline in hybrid combinations.
Assessments of the combining ability could be Usefuefine the contribution of a
variety to the performance of its progeny and tregenof inheritance of a particular
trait (Kambal & Webster, 1965). Sprague & Tatum4apdeveloped the original
theory of combining ability. Four methods to analysombining ability were
proposed by Griffing (1956) by using the genetitinestes of the parent and hybrid
components of a diallel analysis, represented imgig¢ combining ability (GCA) and
specific combining ability (SCA). GCA is expressasithe average performance of a
line in hybrid combinations, where SCA is definesl @ case in which certain
combinations are relatively better or worse thaulde expected, on the basis of
average performance of the line involved (SpragueT&um, 1942). When
considering the GCA and SCA effects, inferences lmamade about additive and
non-additive gene effects. It is shown that the G&&ach parent (gis important to
develop superior genotypes, while the SCA effeg) (s important to provide
information about hybrid performance (Cruz & Re@ak894). In studies done on the

GCA:SCA ratio it was found that the GCA:SCA meauna®g ratio was an indicator
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of the nature of genetic variability in a diallelaysis (Sayed, 1978; Quick, 1978). A
high value of the ratio indicates the prevalencadtfitive genes, while a low value of
the ratio indicates the prevalence of non-additigme effects in determining a
particular character. The relative importance ofAGhd SCA could also be assessed
from the components of variance, by expressing therhe 22 ccal (202cca + 62sca)
ratio. The closer this ratio is to unity, the gerathe magnitude of additive effects
(Baker, 1978).

2.12 Variance components

Quantitive genetics is concerned with the inhedéanf traits that show continuous
variation or quantitative traits (Wricke & WebeQ86). The amount of variation is
measured in terms of variance according to Falc&édackey (1996). The total
variance of a given character is its phenotypiciavere (\#) or the variance of
phenotypic values. The partitioning of the variamu® its components, allows the
breeders to estimate the relative importance of whagous determinants of the
phenotype, in particular the role of heredity versenvironment. Environmental
variance (\¢) is that part of the phenotypic variance attribute environmental
conditions. The total variance of a given charaistéis phenotypic and environmental
variance (Falconer & Mackey, 1996). The total genesriance (\é), also known as
variance of genotypic value, is the part of phepiatyalue which can be attributed to
genotypic differences among the phenotypes (Duél®joll, 1969). It is also shown
that the total genetic variance is further portibii@o additive genetic variance A}/
dominance genetic variance fMand epistatic variance (V The additive genetic
variance, which is the variance of breeding valieghe important component. It
determines the observable genetic properties gbdipeilation as well as the response
of the population to selection. The plant breedgesll in a breeding programme is to

develop and identify high yielding transgressivgregants (Dudley & Moll, 1969).

2.13 Heritability

Allard (1960) used the term heritability to spectfye genetic portion of the total

variability, due to genetic causes. The relativeaniance of heredity in determining
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phenotypic values is called the heritability of tblearacter (Falconer & Mackey,
1996). The two types of heritability are the breadl the narrow sense heritability.
The broad sense heritability can be defined as rsideration of total genetic

variability in relation to genotypic variability. &frow sense heritability can be
defined as a consideration of only the additivetiporof the genetic variability, in

relation to phenotypic variability (Hanson, 1963)iricke & Weber (1986) and

Falconer & Mackey (1996) defined broad sense Hglitty as the ratio of genotypic

to phenotypic variance, &Vp. The ratio of \A/Vpe, narrow sense heritability,

expresses the extent to which phenotypes are detnty the genes transmitted
from parents (Falconer & Mackey, 1996). Heritapiliis not the measure of

desirability. It determines the degree of resemtdatetween relatives and is
therefore of the greatest importance in breedimgm@mmes. The knowledge of the
relative heritability of the various traits and ithegenotypic and phenotypic

correlation, can aid in the design of efficientdii;ng systems, where many traits
need to be improved simultaneously (Jones, 1986¢. ifidication of the expected
response to selection in a segregating populasgrovided by heritability estimates,
and is a useful tool in designing an effective dieg program (Burton & De Vane,

1953). When genetic variation in relation to enmirental variation, is high, selection
is more effective than when it is low. The net giiom selection depends upon the
combined effects of the heritability, the amountgehetic variation present, and the
selection intensity (Poehlman, 1987). Narrow sehsstability can be useful in

making selection progress estimates. Characteristiith high narrow sense

heritability values can be improved more rapidlythMess intense evaluation, than
those with low values. Hence they are useful inimgselection progress estimates.
While broad sense heritability includes non-additigffects, it overestimates the
response to selection (Dudley & Moll, 1969). Théreates of heritability depend on

the method used to estimate them, the populatiom fwvhich the estimates are
derived and environmental conditions encounterednduthe test (Sidwell et al.,

1976).

2.14 Heterosis

Heterosis or hybrid vigour was first introduced Bjhull (1914) to denote the

stimulation in size and vigour in a hybrid. Hetesowas defined by Rieger et al.
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(1976) as “the superiority of heterozygous genatywéh one or more characteristics
in comparison with the corresponding homozygotéterosis implies that there is
dispersion for dominant alleles between parentschvimay increase or decrease the
character. The two theories of heterosis are theimint and over dominance
hypothesis. Under the dominant hypothesis, heteliegproduced by the masking of
deleterious recessive in one strain, by dominarmpastially dominant alleles in the
second strain (Crow, 1952). There are several hgsets to genetically explain the
phenomenon of heterosis that is partial dominarice large number of loci, over
dominance of several loci, and several types dftapis. It is indicated that for hybrid
breeding, a substantial number of loci should stawer dominance (Wricke &
Weber, 1986). Furthermore it is shown that no losisrcan be detected, if genes

controlling the trait, act in a strictly additiveaw.

Heterosis under the over dominance hypotheses,esta heterozygote superiority
and therefore, increased vigour is proportionath® amount of heterosis (Miranda
Filho, 1999). It is stated by Burton (1968) thatemnesis results from combined action
and interaction of allelic and non-allelic factohsis usually closely and positively
correlated with heterozygosity. Heterosis is brdwdyout by bringing together in the,
F1 the dispersed genes of dominant alleles showirectitbnal dominance and non-
allelic interactions, while it is not brought aboby heterozygote superiority or
complementary epistasis (Morgan, 1998). Howevepmling to Coors et al. (1999)
dominance and epistasis are the principal genetitofs in the exploitation of
heterosis. Heterosis can also be expressed asaredip better-parent and standard
heterosis. Mid-parent heterosis or hybrid vigoudédined as the difference between
the hybrid and the mean of the two parents (Falc&nblackey, 1996). Lamkey &
Edward (1999) reported that mid-parent heterosia percentage of mid-parents are
difficult to interpret from a quantitative genetipeint of view. Their studies also
indicated that high-parent heterosis, or the paréorce of k hybrid over the better
parent is preferred in some circumstances, paatituin self pollinated crops, for
which the goal is to find a better hybrid than eitbf the parents.
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CHAPTER 3

Combining ability and heritability of characteristi cs

that influence stem strength in wheat

3.1 INTRODUCTION

Wheat, grown under dryland conditions with margimainfall and suboptimum
fertilisation, does not lodge. The strength of skem is not of major concern. Wheat
production in South Africa was historically doneden such conditions, using
varieties with a long weak straw. Since the stdrtpmduction of wheat under
irrigation, this scenario has changed. At first athwas flooded, but improvements in
irrigation technologies lead to overhead precimtatlt was first done by means of
changeable lines, and then by the use of pivots fias changed the environment
considerably, putting more pressure on the stanalilgy of the varieties. The focus
in production research was the optimisation offdrélisation requirements of wheat
being grown under irrigation. Varieties were brechich responded to this
environment, but soon yield became a limiting factoainly because of the damage
caused by lodging. In South Africa, wheat undeagation is grown in winter time
and harvested in late spring and midsummer. Raiafathis time of the year is
characterised by stormy winds and high precipitatibhis results in severe lodging,
leading to harvesting delays, and degrading, cabgesprouting and weathering of
the grain. This has resulted in breeding stratemggsoving standing ability, rather
than maximum yield potential. Breeding genotyp@sensitive to day length, but,
more importantly also resistant to lodging becafsghorter and stiffer straw, were in
line with the achievements of the Green Revolu{i®aalberg, 1970). The CIMMYT
germplasm was used to introduce these genes intth S&frican bred varieties
(Pienaar, 1980). A further improvement in standabgity was the use of solid stem
characteristics in the SENSAKO breeding programdwdaan, 2002). In order to
make decisions to further improve the standingitsthilf local wheat, it is necessary
to look at the expression of the major and minarege which quantitatively regulate
the expression of the standing ability trait. Allig much is known of the major

genes Rht) regulating the length of the stem, and also abfweiguantitative effect of
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the minor genes (Worland & Snape, 2001), limitethda available on the effect of
the genes expressing solid stem, as far as thefusdo improve stem strength is

concerned (Hai et al., 2005).

Breeding strategies in self pollinated crops likeeat are dependent on genes with
additive effects or additive variation, within gegalasm pools. This is in contrast to
cross-pollinated crops like maize, where the biregeditrategy depends on selection
for hybrid vigour. In this case, interest is maimg using genes with a dominance
expression (Falconer, 1981). Selection improvenfientraits like stem strength in
wheat would thus depend on the significance ofaiiiitive part of genetic variation
in the breeding population from which selectioriasbe done (Barbosa-Neto et al.,
1997). The use of a diallel set of progeny from s& parental lines generates
information about the importance of additive andmdwnce variation in that
population (Sprague & Tatum, 1942; Griffing, 1956he measurement of the relative
importance of additive genetic variance (the hbiiitst) supplies information on the
expected genetic gain for the selection of thesrébriffing, 1956). It will also be
possible to predict which of the parents will prodyprogeny (GCA effects) with the
highest frequency of genes that will influence élxpression of the trait (Jones, 1986).
The aim of this first experiment was to determinbether there are significant
differences among pure lines for the componenttarh strength, as well as an index
based on the length of the internode, thicknesseostem wall and the weight it takes
to break the stem between two nodes.

3.2 MATERIALS AND METHODS

The parental material which was used is a selectidmeeding lines from the AFGRI
irrigation breeding programme (Table 3.1). The dirselected are of major interest
because of their differences in straw strengthawstlength and the expression or
absence of solid stem characteristics. The gegermgs expressing stem solidness are
believed to be of major importance to stem streingtuheat. The genotypes selected,
also differ in straw length, which comply with thiefinition of short straw semi-
dwarf genotypes, adapted to production under hegtilisation and irrigation. The

dwarfing genes responsible for expressing thisatdtar in every parental genotype
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are not known, but being derived from a CIMMYT bgedund they are believed to
have theRht genes.

Table 3.1 Description of the parental material aditg to stem type and plant height

Genotype Stem type Plant height
1 SST 57 Solid stem Semi-dwarf
2 SST 55 Normal stem Tall semi-dwarf
3 SST 806 Solid stem Semi-dwarf
4 DH 24 Solid stem Short semi-dwarf
5 DH 29 Solid stem Short semi-dwarf
6 3-273 Solid stem Tall semi-dwarf
7 BX Normal stem Tall semi-dwarf
8 SST 876 Solid stem Tall semi-dwarf
9 36-8 Normal stem Semi-dwarf

SST 57, SST 806 and SST 876, are expected toRd\genes and also to express the
solid stem character in the first three internoddsese genes, expressing the solid
stem trait, originate from theé\eagilops ventricosa (Tausch.) background. The
genotypes DH 24 and DH 29 are double haploid (Dh€sl derived from the AFGRI
programme. Both have very short straw and alsoesspthe solid stem character at
all the internodes of the stem. The genotype 3-@¥iBh a synthetic hexaploid
background) is a tall semi-dwarf having one intelemanore than the rest of the
parents, and remarkable stem solidness throughibuhtarnodes up to the ear.
Genotypes were selected from a synthetic hexapb@dkground derived from

Aeagilops squarrosa (L.) (personal communication, Jordaan, 2008).

Experiment 1
The nine parents were evaluated in a separatettriédst the differences in stem

strength. This trial was planted in a tunnel inoanplete randomised block design,
with five replications. A plot consisted of fourtsd23cm x 30 cm) with three plants
per pot. A mature dry plant was selected to beustall for each replication. The
following measurements were taken from the maimdfne wheat stem anatomy is

shown in Figure 3.1) of each of the plants sampkdplot:
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I. Plant height (mm), measured from the crown to itheft the spike, excluding
awns
II. Number of internodes, numbered from the ground ugsva
[ll. Length of each internode (mm), per digital callipéf.01 accuracy
IV. Internode diameter (mm)
V. Stem wall thickness (mm)
VI. Pith thickness (mm), calculated as the wall thidenémes two, divided by
internode diameter
VII. Breaking weight (g), (the weight that it took tcebk the stem between two
nodes)

VIIl.  Stem strength, defined as a function of the presguakes to break the stem,
breaking weight (W), pith thickness (D) of the stesall at breaking point, and
the length (L) of the internode. The proposed ingefW x D) /L. This is a
simplified approach to a more mathematical possibias described by Berry
et al. (2003).

Internode Pith Cavity

Leaf Sheath

Culm

Leaf Base
Node

True Node

Internode

A B

Figure 3.1. Wheat stem anatomy. A — Gross surfaatifes. B — Longitudinal section
(Guenther, 2005).



55

The instrument which was used is illustrated iruFég3.2. Calculations were done for
every internode separately, and then summarisedistgtal analyses were done on

the average of all internodes per stem.

Round bars

/

~
A

» Internode \

Weight bucket

Figure 3.2 Design of an apparatus used to calctliateneasurements defining stem

strength.

Experiment 2
The nine parental genotypes were used to creatallel et of progeny, where a

diallel table is a square arrangement of p2 measemés (where p refers to the
parents, corresponding one on one to the crossininations of a diallel crossing
block). The aim of this study was to use a diatl@ting system to analyse the
differences among progeny and relate significaffedinces to additive and non-
additive variances. The nine parents were crosgedlli combinations, ignoring
reciprocal crosses, generating 36cFosses. The nine parents as well as the 36 srosse
were planted in a tunnel, in a complete randomidesign with five replications.
Every plot consisted of four pots (23cm x 30cm)hiitiree plants per pot. The data
was taken on one plant per plot, selected fromtanih three plants. The selected
plant was tagged at ear emergence of the main dtendata being recorded at

physiological maturity. Climatic conditions withthe tunnel for the two experiments
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were set at optimum watering, night temperaturevald®°C, day temperature below
28°C, day length at 18 hours a day and fertilityels adequate for wheat plants
growing in a tunnel based on soil tests (Table. AR} 25 days after ear emergence,
the tagged stem was removed and the same meastsenere taken from the main

stem of each of the plants sampled per plot, asrithesl in experiment one.

Table 3.2 Soil analyses

Content Content

pH (KCL) 5.5 Sand % 79
S >150 Silt % 12
P 75 Clay % 9

K 718 Zn 4.5
CA 81C Fe 13E
Mg 19¢€ Mn 10.€
Na 41 Cu 0.7

(Ca/Mg) 2.52 B 0.2

The data of experiment one, was statistically asedyaccording to the methods valid

for a randomised block design.

Variances between entries were further divided ant@riance for general combining
ability (GCA), and specific combining ability (SCA%riffing Method 2, Modell
(Fixed effect) and Modell (Random effects)]. Variances for GCA and SCA were
further divided into GCA effects and SCA effectssaciated with the parents and
crosses respectively (Griffing, 1956). Only GCA wagported and discussed in the
context of this study, as this is what is importanthe breeding programme.
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3.3 RESULTS

Table 3.3 Analyses of variance for stem strengthgAd plant height (B) in mature
plants (Experiment 1)

Source of Degrees of Sum of squares Mean squares

variance freedom

A B A B
Genotype 8 6478.06711819.4  809.76** 88977.43**
Blocks 4 598.59 19407 149.65* 4851.73
Error 32 572.96 132574.6 17.91 4143.0

** n<0.01, * p<0.05

The mean squares for differences between paremeshighly significant for both the
stem strength characteristics and plant heightréellweas a significant block effect
only for stem characteristics. This shows that domly the different components
(internode length, pith thickness and breaking Wwejgdescribing stem strength,
measures significant differences amongst the nimems which were chosen to
generate thefprogeny.
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Table 3.4 Means of parental lines according torthieim strength and plant height

Genotypes Stem strength (index?) Plant height (mm)
1 SST 57 15.46 549.61
2 SST 55 7.59 752.98
3 SST 806 4.80 650.62
4 DH 24 14.34 548.42
5 DH 29 21.47* 493.52
6 3-273 19.37 890.22
7 BX 2.90 772.17
8 SST 876 4.61 630.77
9 36-8 8.81 669.78
LSD (0.05) 5.47 83.05
cv 18.95 % 4.44 %
A (trial efficiency) 0.89 0.80

aStem strength was defined as a function of thespre it takes to break the stem,
breaking weight (W), pith thickness (D) of the sterall at breaking point and the
length (L) of the internode. The proposed indef¥sx D) /L.

The parent with the strongest stem (DH 29) diffesgghificantly from all parents

except 3-273. DH 29 was also the shortest paremt $hows that shorter straw
combined with solid stem throughout the whole stezsplts in stem strength better
than that of parents with longer straw, lackingdsstem (SST 55 and BX). The data

clearly show that there are differences of steengfth amongst pure lines.
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Internode Variance Internode Stem Stem wall Pith Beaking Stem

components Length diameter thickness  thickness wdig? strength 2

1 Genotypes 3 442.08 ** 0.82 ** 5.97 ** .8a ** 495778.28 **  1146.12 **

2 502.59 ** 1.01* 0.54 ** 0.15 ** 15173.86 ** 82.94 **

3 1914.92 ** 0.20 ** 0.41 ** 0.12 ** 31.61 ** 5.02 **

4 6200.90 ** 0.56 ** 0.29 ** 0.08 ** 64191 ** 0.21 **

1 Replications 104.17(-) 0.13(-) 1.59(-) 0.02(-) 445722.73*  90.42(-)

2 141.56(-) 0.12(-) 0.03(-) 0.01(-) 393B(-) 1.87(-)

3 315.33(-) 0.08(-) 0.02(-) 0.01(-) 323K-) 0.56(-)

4 2668.50 * 0.05(-) 0.11(-) 0.01(-) 2380(-) 0.07(-)

1 Error 57.47 0.09 0.05 0.02 128142.00 52.34

2 73.05 0.11 0.03 0.01 22905.55 7.09

3 238.29 0.09 0.04 0.01 5663.87 0.69

4 955.25 0.10 0.15 0.01 1817.23 0.05

* P<0.05, **P<0.01, * The pressure it takes to break the sten? @m strength was defined to be a functiomefiressure it takes to break the
stem, breaking weight (W), pith thickness (D) of #tem wall at breaking point and the length (L}re internode concerned. The proposed

index is (W x D)/L, 3 Genotypes including parentsl &1 crosses
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There were significant differences for internodagih, stem diameter, stem wall
thickness, pith thickness, breaking weight and ststnength between all the

genotypes at all internodes (Table 3.5).

The data for all characteristics at every internagesummarised in Appendix 3.1a. A
comparison of the means for internode length shias there is a length increase
from internode one to four of the parents as wello& the progeny. The shortest
internodes for the parents were 30.52 mm (DH 268)3 3nm (SST 57), 107.09 mm
(DH 29) and 196.8 mm (3-273) for internodes onefdor respectively. For the

crosses it was 19.16 mm (SST 57/SST 876), 48.35 881 57/SST 876), 97.21 mm
(SST 57/SST 876) and 186 mm (DH 24/SST 876) foerimides one to four

respectively. The data also shows that the meanniotle length per internode of the

crosses was shorter than for the parents.

In comparing the means for internode diameter (Adpe 3.1b), the thickest
internode diameter for internodes one to four efplarents was respectively 4.01 mm
(36-8), 4.3 mm (DH 29), 4.47 mm (36-8) and 3.54 (@®-8). For the crosses it was
3.74 mm (3-273/BX), 4.55 mm (BX/36-8), 4.56 mm (BE#8) and 3.51 mm (DH
24/36-8) respectively for internodes one to foureTnean internode diameter of the

parents for all four internodes was thicker thaat tf the crosses.

In comparing the means for stem wall thickness @xuix 3.1c), the thickest stem

walls were respectively 1.56 mm (SST 57), 1.54 n88T 57), 1.59 mm (SST 57)

and 0.65 mm (SST 57 & DH 29) for internodes ondotar of the parents. For the

crosses it was 1.68 mm (SST 57/SST 55), 1.93 mrit &¥DH 29), 1.87 mm (SST

57/3-273) and 1.79 mm (3-273/SST 876) respectit@iythe four internodes. The

means of the stem wall thickness for the four mteles of the crosses were thicker
than that of the parents, except for internode die stem wall thickness of the

parents decreased from internode one (1.08) to(b&8), but internode two (1.09) of

the crosses was thicker than internode one (1A7ecrease for internodes three
(0.89) and four (0.78) was observed.

In comparing the means for pith thickness (Apperglikd) the thickest pith of the
parents for the four internodes was respective®® 0nm (SST 57), 0.81 mm (SST
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57), 0.81 mm (SST 57) and 0.43 mm (SST 806 & BX)erE was a significant
decrease in pith thickness of the parents (0.638)0and crosses (0.7 to 0.53) from
internodes one to four. The thickest pith of thesses at internodes one to four was
0.92 mm (SST 57/SST 55), 0.97 mm (SST 57/3-273 & SEBX), 0.99 mm (SST
57/3-273) and 0.8 mm (SST 806/3-273) respectivEhys shows that the expression

of stem solidness in the crosses were significdngier than in the parents.

In comparing the means for breaking weight (Apperradie) a significant decrease in
breaking weight for internode one to four in thegpas (1360.69 to 215.12) as well as
in the crosses (1277.21 to 223.9) was observed. bitngest breaking weight per
internode for the parents was 2040.36 g (DH 24§31® g (SST 57), 462.72 g (SST
57) and 247.24 g (36-8) respectively. In the cresHee biggest breaking weight was
1763.4 g (SST 876/36-8), 1162.24 g (SST 876/368%.56 g (SST 57/36-8) and
299.04 g (BX/36-8) respectively for internodes @adour. The means for breaking
weight in the parents was higher than for the @®s$s internodes one and two. For
internodes three and four, the mean of the crdssdseaking weight was higher than

that for the parents.

In comparing the means for stem strength (AppeBdif) it shows a decrease in stem
strength from internodes one to four in the par¢28&85 to 0.36) as well as in the
crosses (26.92 to 0.53). There was a significdfeérdnce in stem strength, especially
between internodes one and two for the parent8%28nd 6.54) as well as for the
crosses (26.92 and 8.1). The biggest value for sgength in the parents per
internode one to four was 58.28 (SST 57), 15.711(58%), 3.29 (SST 57) and 0.45
(DH 29) respectively. For the crosses the value®\s8.45 (SST 57/SST 876), 19.29
(SST 57/DH 29), 4.42 (SST 57/3-273) and 1.17 (S3/BST 876) respectively for

internodes one to four. The mean internode steemgth for the crosses was higher

than for the parents in all four internodes.

Since the differences between the genotypes (mamem k) were significant, the
genotype variances could be divided into varianfmesGCA and SCA (Griffing,
1956).
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Table 3.6 Analysis of variance for GCA for measurhdracteristics
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There were statistically significant differencesr f6CA and SCA for all the

Stem
Height Internode  Internode wall Pith Breaking Stem
Length diameter thickness thickness weight strength
Whole plant  6582.84 **
Internode 1 267.76 ** 0.17 ** 0.11*  0.04* 3@36.15* 798.02 **
Internode 2 258.92 ** 0.29 ** 0.33*  0.81*  91598.85 ** 6406 **
Internode 3 777.43 ** 0.38 ** 0.32*  0.10*  16833.88 ** J1
Internode 4 2205.60 ** 0.30 ** 0.10*  0.04 ** B6.64 ** 0.04 **
**P<0.01
Table 3.7 Analysis of variance for SCA for measuwrbdracteristics
Stem
Height Internode  Internode wall Pith Breaking Stem
length diameter thickness thickness weight Strength
3069.33 **
Internode 1 48.56 ** 0.16 ** 0.04*  0.01* 544710 ** 102.82 **
Internode 2 65.32 ** 0.18 ** 0.06**  0.01** 166784 ** 6.04 **
Internode 3 295.33 ** 0.14 ** 0.03**  0.01*  403B/7 ** 0.40 **
Internode 4 1025.64 ** 0.07 ** 0.05() 0.01* 028.50 ** 0.04 **
** P <0.01

characteristics and at all internodes which wer@asueed to define stem strength,

except for SCA for stem wall thickness of internddar. The implication of this is

that both additive, and non-additive gene effeatseninvolved in the expression of

the traits. The magnitude of GCA mean squares €ratél) was much larger than for

SCA (Table 3.7), indicating that for this set ofrgiatal lines, differences in the

progeny could largely be attributed to additive gyeffects. The exception is for stem

strength at internode four, where the SCA varianas larger than for GCA. This is
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attributed to non-additive gene effect in the abeeuf the solid stem trait in internode
four (parents SST 57, SST 806, SST 876, BX, SSThrb 36-8) which lacks the

expression of the genes for solid stem in interrfode

Combining ability

The calculated effects (except for SST 55) diffesgghificantly from zero (table
3.8a). Parent five (DH 29) produced progeny with Hhortest straw and differed
significantly from parents three (SST 806) and f¢bH 24), the second best

performers.

Table 3.8a GCA effects for height

Parent Height Standard error
SST 57 1 18.797 Gi 4.579
SST 55 2 2.313 Gi—Gj 6.868
SST806 3 -23.258

DH 24 4 -21.232

DH 29 5 -36.648

3-273 6 30.488

BX 7 32.241

SST876 8 6.441

36-8 9 -90.144

The GCA effects for all the components of stemrgjte were calculated at each
internode and are summarised in Table 3.8b (interrength), Table 3.8c (internode
diameter), Table 3.8d (stem wall thickness), Taéhke (pith thickness), Table 3.8f
(breaking weight) and Table 3.8g (stem strength).

Table 3.8b shows that parent SST 57 had signifigahiortened internodes one, two
and three but internode four lengthened signifiganParent SST 806 had a
significant GCA effect only for internodes two afour. Parent DH 29 also had
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significantly shortened internodes. The largeseaffvas experienced on internode

length and contributed to shortening internode tlenigroughout the stem. Parent 36-

8 only showed reduced length at internode one l{gttom internode) and internode

four (the top internode of the stem).

Table 3.8b GCA effects for internode length

Parent Internode
1 2 3 4
SST 57 1 -5.279 -4.893-10.638  26.442
SST 55 2 2.884 -1.365 -0.276 2.928
SST 806 3 0.649 -0.971 0.77 -13.108
DH 24 4 -1.349 -1.353 -4.755 -18.072
DH 29 5 -6.825 -7.041 -13.833  -9.926
3-273 6 9.12 9.436  5.364 2.492
BX 7 412 4295 11.362 13.637
SST 876 8 -0.235 0.287  4.043 4,787
36-8 9 -3.087 1.605 7.962 -9.181
Standard error
Gi 0.964 1.087 1.962 3.93
Gi—Gj 1.446 1.63 2.9437 5.894

The GCA effects for stem thickness (internode di@mé&Table 3.8c) were small and

only significantly positive for parent 36-8 at intedes one (0.2659), two (0.3364),

three (0.39) and four (0.3775).
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Table 3.8c GCA effects for internode diameter

Parent Internode
1 2 3 4

SST 57 1 -0.097 -0.164 -0.125 -0.0001
SST 55 2 -0.100 -0.105 -0.136 -0.095
SST 806 3 -0.115 -0.112 -0.189 -0.160
DH 24 4 -0.074 -0.120 -0.113 -0.179
DH 29 5 0.093 0.179 0.187 0.056
3-273 6 0.047 -0.045 -0.051 0.062
BX 7 -0.003 0.010 0.031 -0.053
SST 876 8 -0.016 0.020 0.004 -0.008
36-8 9 0.266* 0.336* 0.391* 0.378*

Standard error
Gi 0.038 0.041 0.038 0.040
Gi—Gj 0.056 0.062 0.056 0.060

Parent SST 57 had a significant positive effecstam wall thickness on internode
one to four (Table 3.8d). Parent 3-273 had a samt positive effect on internodes
two, three and four.



Table 3.8d GCA effects for stem wall thickness

Parent Internode
1 2 3 4
SST 57 1 0.261 0.432 0.420 0.121
SST 55 2 -0.072 -0.094 -0.114 -0.067
SST 806 3 -0.035 -0.095 -0.111 -0.022
DH 24 4 -0.058 -0.127 -0.087 -0.065
DH 29 5 0.007 -0.003 -0.015 -0.004
3-273 6 -0.022 0.068 0.095 0.173
BX 7 -0.046 -0.080 -0.063 -0.103
SST 876 8 -0.036 -0.059 -0.077 0.053
36-8 9 0.001 -0.043 -0.050 -0.087
Standard error
Gi 0.027 0.022 0.025 0.049
Gi - Gj 0.041 0.034 0.037 0.073
Table 3.8e GCA effects for pith thickness
Parent Internode
1 2 3 4
SST 57 1 0.158 0.245 0.237 0.098
SST 55 2 -0.025 -0.038 -0.049 -0.014
SST 806 3 -0.002 -0.035 -0.038 0.023
DH 24 4 -0.008 -0.042 -0.029 0.009
DH 29 5 -0.014 -0.033 -0.032 -0.001
3-273 6 -0.021 0.037 0.053 0.048
BX 7 -0.025 -0.038 -0.034 -0.052
SST 876 8 -0.015 -0.028 -0.039 -0.012
36-8 9 -0.048 -0.068 -0.068 -0.099
Standard error
Gi 0.016 0.012 0.013 0.014
Gi - Gj 0.024 0.018 0.020 0.022

66
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Parent SST 57 had a significant positive effectpiith thickness at all the internodes
(Table 3.8e). The GCA effect for parent 3-273 wasitve at internode two, three

and four because of the expression of the solid $teit in these internodes.

Parents SST 57, DH 29 and 36-8 had a significasitipe effect on breaking weight
in internodes one, two, three and four (Table 3.B§rent DH 24 had a significant

positive effect on internode one, while parent 3-27ad a positive effect on

internodes three and four.

Table 3.8f GCA effects for the breaking weight

Parent Internode
1 2 3 4
SST 57 1 234.79 168.75 80.76 5.20
SST 55 2 -143.91 -51.74 -6.78 0.86
SST 806 3 -128.76 -107.22 -57.95 -17.33
DH 24 4 135.38 -46.87 -18.76 -13.50
DH 29 5 194.52 112.05 30.48 211
3-273 6 -197.89 -53.40 6.29 18.02
BX 7 -153.57 -67.23 -25.73 -7.11
SST 876 8 -21.57 2.75 -16.38 -14.55
36-8 9 81.02 42.89 8.08 26.30
Standard error
Gi 45.51 19.24 9.57 5.42
Gi— Gj 68.26 28.86 14.35 8.13

Table 3.8g showed that parent SST 57 had a signific positive effect on all the
internodes for stem strength, while parent DH 28 &aignificantly positive effect on

internode one and two, and parent 3-273 only armuide four.
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Table 3.8g GCA effects for the stem strength

Parent Internode
1 2 3 4

SST 57 1 18.349 5.972 0.237 0.071
SST 55 2 -5.954 -1.173 -0.049 -0.029
SST 806 3 -4.678 -1.613 -0.038 0.011
DH 24 4 0.349 -0.894 -0.030 0.007

DH 29 5 6.106 1.193 -0.032 0.015
3-273 6 -9.748 -1.288 0.053 0.098
BX 7 -7.096 -1.711 -0.034 -0.096

SST 876 8 1.369 -0.163 -0.039 -0.028
36-8 9 1.304 -0.326 -0.068 -0.049

Standard error
Gi 1.569 0.339 0.106 0.029
Gi - Gj 2.354 0.508 0.159 0.044

SCA effects for each parental combination and bHracters, are summarised in
appendix 3.2(a-g). Although the SCA effects havenbeummarised in detail it is not
of importance in the case of a self-pollinated ctiqgg wheat, where breeding

strategies do not include the development of hybrid

Genetic variation
The genetic variances were calculated from the nseaares for general combining
ability and specific combining ability (Griffing, 9566). The distribution of these

variances are summarised in Table 3.9.

Table 3.9 Expected mean squares for combiningtybili

Source Expected mean squares  Mean squares
(Random effects, Model II)

GCA 22 + (p+2)02 + 0% Mg
SCA Y2 + 0% Ms
Error 22 Me
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The expected variances for general combining sbititg) and specific combining

ability (o2s) were calculated and summarised in Table 3.10.

Table 3.10 Summary of genetic variances of gerardlspecific combining ability

Sum of Mean Estimated Sum of Mean Estimated
squares Squares mean squares squares SREr  mean squares
Breaking weight
Internode 1 Internode z
GCA 2401889.18 300236.15 22342.28 732790.79 59885 6811.56
SCA 1960959.71 54471.10 28842.70 600179.20 16871 12090.53
Error 22552992.2 25628.0 25628.0 4031377.0C 4581.1: 4581.1:
Internode 3 Internode 4
GCA 134671.00 16833.88 1163.53 19733.14 2466.64 130.74
SCA 145262.40 4035.07 2902.29 37026.06 1028.50 665.06
Error 996840.93 1132.77 1132.77 319832.63 4353. 363.45
Internode length
Internode 1 Internode 2
GCA 2142.04 267.76 19.93 2071.35 258.92 17.60
SCA 1748.26 48.56 37.07 2351.39 65.32 50.71
Error 10114.75 11.49 11.49 12856.73 14.61 6114.
Internode 3 Internode 4
GCA 6219.46 777.43 43.83 17644.79 2205.60 107.27
SCA 10631.87 295.33 247.67 36923.09 1025.64 834.59
Error 41938.91 47.66 47.66 168123.28 191.05 1.089
Internode diameter
Internode 1 Internode 2
GCA 1.321 0.165 0.000 2.338 0.292 0.010
SCA 5.903 0.164 0.147 6.562 0.182 0.161
Error 15.33° 0.017 0.017 18.607 0.021 0.021
Internode 3 Internode 4
GCA 3.007 0.376 0.020 2.413 0.302 0.021
SCA 5.06¢ 0.141 0.12: 2.50C 0.06¢ 0.04¢
Error 15.429 0.018 0.018 17.206 0.020 0.020
Stem wall thickness
Internode 1 Internode 2
GCA 0.901 0.11: 0.007 2.610 0.32¢ 0.020
SCA 1.492 0.041 0.032 2.100 0.058 0.052
Error 8.013 0.009 0.009 5.478 0.006 0.006
Internode 3 Internode 4
GCA 2.543 0.318 0.030 0.821 0.103 0.005
SCA 0.963 0.027 0.020 1.690 0.047 0.018
Error 6.552 0.007 0.007 25.905 0.029 0.029
Pith thickness
Internode 1 Internode 2
GCA 0.32¢ 0.041 0.00¢ 0.81: 0.101 0.00¢
SCA 0.384 0.011 0.008 0.465 0.013 0.011
Error 2.681 0.003 0.003 1.548 0.002 0.002
Internode 3 Internode 4
GCA 0.793 0.099 0.008 0.280 0.035 0.002
SCA 0.246 0.007 0.005 0.456 0.013 0.010
Error 1.937 0.002 0.002 2.279 0.003 0.003




70

Table 3.10 Summary of genetic variances of geramdl specific combining ability
(continued)

Sum of Mean Estimated Sum of Mean Estimated
squares Squares mean squares Squares sqEare mean squares
Stem strength
Internode 1 Internode 2
GCA 6384.16 798.02 63.12 512.45 64.06 5.27
SCA 3701.66 102.82 72.36 217.46 6.04 4.62
Error 26812.08 30.47 30.47 1248.51 1.42 1.42
Internode 3 Internode 4
GCA 29.700 3.713 0.300 0.310 0.039 -0.0002
SCA 14.51: 0.40: 0.2€0 1.51¢ 0.04: 0.031
Error 122.09: 0.13¢ 0.13¢ 9.37¢ 0.011 0.011
Plant height
GCA 52663.07 6582.88 319.41
SCA 110496.00 3069.33 2809.87
Error 228325.43  259.46 259.46

The genetic variance compones?®) includes both the variance due to additive gene

action %A = o?g) and non-additive gene action or gene action tdugdominance

effects 62D = 62s). The ratio of the genotypic variance componé&#d) to the total
phenotypic variance measured gives a measureméme dieritability of the trait. The

higher the heritability the bigger the responseemvielection for the trait is applied.

These values were calculated and summarised ineTadl1. Heritability was
significantly larger than zero and relatively higfhe repeatability for the different

internodes was constant, showing that selectionldhoe efficient regardless of the

internode which was selected. The only exceptios tha heritability for stem wall
thickness in internode four (0.49). Although lowalt,the other heritability values for

stem characteristics were still significant.
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Table 3.11 Summary of genetic components and hdiya for stem strength

characteristics
Height
32A = 26%g 638.82
32D =o62%s 2809.87
>2G =0%A + 62D 3448.6¢
¥2P =062G +o2%e 3708.15
h2 0.93
Error 0.19
Breaking weight Internode 1  Internode 2 Internode 3 Internode 4
>2A = 26%g 44684.56 13623.12 2327.06 261.48
2D =o62s 28842.70 12090.53 2902.29 665.06
>2G =0?A + 62D 73527.26 25713.65 5229.35 926.54
2P =62G +o% 99155.66 30294.76 6362.12 1289.99
h2 0.74 0.85 0.82 0.72
Error 0.075 0.13 0.11 0.067
Internode length
32A = 26%g 39.86 35.2 87.66 214.54
2D =062 37.01 50.71 247.67 834.5¢
¥2G =0%A + 62D 76.93 85.91 335.33 1049.13
2P =62G +o2% 88.42 100.52 382.99 1240.18
h2 0.87 0.85 0.88 0.85
Error 0.143 0.13 0.15 0.13
Circumference
>2A = 26%g 0.0002 0.020 0.040 0.040
32D =62 0.147 0.161 0.12: 0.04¢
>2G =0?A + 62D 0.150 0.181 0.163 0.089
2P =62G +oc% 0.160 0.202 0.181 0.109
h2 0.890 0.900 0.900 0.820
Error 0.160 0.160 0.160 0.110
Stem wall thickness
32A = 26%g 0.014 0.040 0.060 0.010
32D =o62s 0.032 0.052 0.020 0.018
32G =¢2A + 62D 0.046 0.092 0.080 0.028
2P =62G +o2% 0.055 0.098 0.087 0.057
h2 0.840 0.940 0.920 0.490
Error 0.120 0.200 0.180 0.014
Pith thickness
32A = 26%g 0.00¢ 0.01¢ 0.01¢ 0.00¢
32D =o62s 0.008 0.011 0.005 0.010
>2G =0?A + 62D 0.014 0.027 0.021 0.014
2P =62G +o2%e 0.017 0.029 0.023 0.017
h2 0.820 0.930 0.910 0.820
Error 0.110 0.1°0 0.170 0.110
Stem strength
>2A = 20%g 126.2¢ 10.5¢ 0.€0 -0.000¢
32D =o62s 72.36 4.62 0.26 0.03
062G =02A + 62D 198.60 15.16 0.86 0.03
02P =02G +o2%e 229.07 16.58 0.99 0.04
h2 0.87 0.91 0.86 0.74
Error 0.1¢ 0.17 0.1¢ 0.0¢
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Linear correlations for all characteristics werdcakted, based on the mean of all

internodes (Table 3.12).

Table 3.12 Linear correlations between all the atimristics combined for all

internodes
Breaking Internode Internode Stem wall Pith
weight length diameter thickness  thickness
Internode length -0.268**
Diameter 0.355** 0.343**
Stem wall thickness  0.571** -0.042** 0.154
Pith thickness 0.395** -0.196** -0.311** 0.8%
Stem strength 0.741* -0.505** -0.101 0.760** 0.789

**p < 0.01

There was a significant negative correlation betwegernode length and breaking

weight (Table 3.12). Internode diameter was poslgivcorrelated with breaking

weight and internode length. There was a positiogetation between stem wall

thickness and breaking weight, and a negative ladiwa with internode length. Pith

thickness was positively correlated with breakirngjght and stem wall thickness and

there was a negative correlation between internexgth and diameter. Again stem

strength of all the internodes was positively catexd with breaking weight, stem

wall thickness and pith thickness, and negativelyaetated with internode length.

Since crown lodging happens at internode one, tineelation between the different

characteristics were calculated for internode @pagately (Table 3.13).
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Table 3.13 Linear correlations between all the abi@ristics of internode one

Height Breaking Internode  Internode Stem wall Pith
weight length diameter thickness  thickness
Breaking weight 0.076
Internode length 0.461* -0.408**
Diameter 0.348** 0.187** 0.287**
Stem wall thickness 0.194 0.283** -0.046 0.311*
Pith thickness -0.003 0.187** -0.214* -0.260** a8+
Stem strength -0.093 0.702** -0.659** -0.134 ana* 0.580**

* P <0.01

There was a positive correlation between interedgth and height, but a negative
correlation between breaking weight and internodagth (Table 3.13). This
correlation was expected. For internode diametesret were positive correlations
with height, breaking weight and internode lengthere were positive correlations
between breaking weight and internode diameterstem wall thickness. For pith
thickness there were positive correlations betweeraking weight and stem wall
thickness and negative correlations between interength and internode diameter.
Of utmost importance is the fact that there wersitp@ correlations between the
breaking weight, stem wall thickness and pith thess and there was a negative

correlation between internode length and stem gtnen

3.4 DISCUSSION AND CONCLUSIONS

Up to now, resistance to lodging has been achibyassing single genes (Worland &
Snape, 2001) which shorten the stem of the plamerdé are also a large number of
both the gibberellic acid insensitive and sensitjyaes available, which have not
been used in commercial breeding. However, sontheofenes likd&ht3 are known
to have a negative effect on yield (Worland & Sn&#®1). Continuous improvement
of the standing ability of wheat in its resistatododging in an environment of high
fertilisation and irrigation would depend on usingarker technology to stack the
major genes, as well as on the use of the genetimhility of a quantitative

background to ensure selection gain for the tréih investigation into the
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components that regulate stem strength would stipperdevelopment of strategies

to improve resistance to lodging.

Although the solid stem character has been usé@upoove resistance to sawfly and
also eyespot (Miller et al., 1993) it was also foun have a large influence on the
standing ability of wheat under irrigation (Jorda®@®02). These genes express
themselves in a solid stem phenotype. The streoigthe stem will then depend not
only on the length of the internode, but also oe thickness of the pith and the
thickness of the stem wall. The strength of thensteuld then be measured by the
power it takes to break the stem between two nodesindex was developed

combining these measurements into a single criteddevaluate stem strength.

It was found that a chosen set of parental genstyplich represents the available
population of germplasm for improvement of resis@anto lodging; differ
significantly from one another for the componentssem strength as well as the
index. This confirms the genetic background of &@ression of stem strength.
Looking into the genetic variability for the diffamt components using Griffing’s
model for combining ability (Griffing, 1956), it vgafound that the contribution of
GCA (additive genetic variance) was highly sigrafit for al the components at all
the internodes of the stem. The involvement of addiive variation (specific
combining ability) was also significant, but the gnéude thereof was much smaller
than for the additive component. Genotypes alstemdifl in their performance as
parents. Parents with a shorter stem and solid ptegnotype, like SST 57 and DH
29, had higher breeding values (GCA effects) thamgér stem and hollow stem
phenotypes, like BX and SST 55. It is importantet@luate parents, to ensure the
right populations to improve stem strength by meainpedigree or mass selection.
The significance of variance for non-additive gemeslld also support a strategy for
the development of hybrids showing stronger stdran the parents. This might be of
importance, especially because of the complemerdtiect of genes derived from

different parents.

The high and significant heritability which was @ahted for all the components of
stem strength as well as for plant height wouldyédner, favour a breeding strategy

based on selection of the additive variation. Alijo it is very important to look at
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the components and to describe the phenotypes diogly, it is impractical to
measure these components in the field. A practiqggdroach would be to select
amongst progeny for shorter and harder stems (ssi).

An ideal phenotype for resistance to lodging cdadddescribed and idealised to have
shorter stems (internodes, especially internodesad three) and with a thicker pith

throughout the stem, but especially at internodes two and three.
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CHAPTER 4

The interaction of stem strength with plant density

and nitrogen application in wheat

4.1 INTRODUCTION

In an environment where irrigation and fertilisatiare optimised, the focus for
standing ability is on the length of the straw. Hweer, this ignores the complexity of
the inheritance of short stiff straw and the genekipression of the components. It is
fair to reason that the length of the internodeiskhess and hardness of the stem and
thickness of the culm play a major role in lodgnegistance. It is also well known
that the solid stem character expresses a thi¢ker wall with no, or a very small
opening, the pith. This explains the woody appeaeant the stem. Making a study of
the progeny of a selected set of parents whicledifi genes for plant height and
genes for solid stem, might give information on ithfgeritance of stem strength, and a
possible response to selection of the characiEsjstir most probably a strategy for
combining the different components. Mechanical pegis simulate the strength of
materials by combining length, thickness and breglstrength in an index (Shigley,
1986). It is argued that the strength of the stena ifunction of the length of the
internode. As breaking or snapping occurs betw&en nodes, it depends on the
thickness of the wall, the degree of solid stend, e power it takes to break or snap
the stem between two nodes. Stem strength is thfised to be a function of length
of the internode, the thickness of the wall andgbwer it takes to break the stem. It
has been observed in the field that the strengtiefstem varies with environment
and that nitrogen application, and especially plansity, plays a major role. More
information on the interaction of stem strengthhwititrogen application and plant
density, would improve understanding of the genetipression of the trait, and the
aim of this study was therefore to study the eftdadifferent N treatments and plant

densities on stem strength of selected parentsheidprogeny.
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4.2 MATERIALS AND METHODS

Experiment three was concluded to interpret therawtion of stem strength with
environmental factors. The factors analysed weaatplensity and N application. The
genotypes were a selection of parents of experimeat according to their status of
solid stem and degree of dwarfism (Table 3.1). €rsswere made in all
combinations between these five parents (SST 866248 DH 29, SST 55 and BX),
ignoring reciprocal crosses, generating kOcFosses. The latter together with the

parents, were used as experimental material fosttiay.

The 15 entries (parents and crosses) were plamied tunnel in a complete
randomised block design with three replicationschEalot consisted of eight pots (23
cm x 30 cm). The experiment included four treatregotdetermine the influence of

the different environmental factors on stem striengt

The first treatment (D1/F1), consisted of one plpat pot (plant density, D1) with
normal fertilisation (F1) which was adequate foowjing wheat plants in the tunnel,

based on soil tests (see Table 3.2).

The second treatment (D1/F2) consisted of one glanfot (plant density, D1) and
additional application of N amounting to 100 kilagr of nitrogen per hectare (F2).
The additional N was given six weeks after plantstgge 31 of Zodoks et al. (1974),
first node detectable (Eyal et al., 1987).

Treatment three (D2/F1) consisted of four plant®)(Per pot with normal fertilisation
(F1).

The fourth treatment (D2/F2) consisted of four pdafD2) per pot, with additional N

supplement as in treatment two (F2).

The data were taken on five plants per plot andureadiry plants were selected for
evaluation. The following measurements were takemfthe main stem (see wheat

stem anatomy, Figure 3.1) of each of the plantg$eaper plot:
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1. Plant height (mm), measured from the crown to fipe of the spike,
excluding awns

Number of internodes, numbered from the soil upward

Length of each internode (mm), per digital callipé0.01 accuracy
Internode diameter (mm)

Stem wall thickness (mm)

Pith thickness (mm), calculated as the wall thideng#mes two, divided by

I T

internode diameter
7. Breaking weight (g), (the weight it took to brele internode)
8. Stem strength

Statistical analyses were done on the averageediut plants at each internode. The
data were analysed to position the different saurok variation that are due to
genotypes, blocks and the interaction of genotyaed,blocks with plant density and
N application. The variance between genotypes veiveded into variances for
general combining ability (GCA) and specific comhbm ability (SCA) (Griffing
Method 2, Model, Fixed effects andil Random effects). The variance for GCA and
SCA were further divided into GCA effects and SCHeets, associated with the

parents and crosses respectively (Griffing, 1956).
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4.3 RESULTS

Table 4.1 Analysis of variance for stem strength éwery internode and each

treatment

Source of variance Mean squares

Internode Treatment Genotype Replication Error
2 1 (D1/ F1) 59.006 (-) 163.595 * 30.723
2 2 (D1/F2) 24.221 (-) 18.961 (-) 14.405
2 3 (D2/ F1) 10.244 (-) 6.873 (-) 8.084
2 4 (D2/ F2) 11.855 ** 2.552 (-) 4.134
3 1(D1/ F1) 0.405 (-) 0.331 () 0.23
3 2 (D1/F2) 0.400 (-) 0.169 (-) 0.286
3 3 (D2/ F1) 0.364 * 0.110 (-) 0.165
3 4 (D2/ F2) 0.354 ** 0.339 (-) 0.111
4 1(D1/ F1) 0.042 (-) 0.008 (-) 0.022
4 2 (D1/F2) 0.017 () 0.005 (-) 0.014
4 3 (D2/ F1) 0.034 ** 0.012 0.011
4 4 (D2/ F2) 0.013 * 0.003 (-) 0.006

Combined Combined 15.292 (-) 40.332 (-) 14.88

*P<0.05, *P<0.01

There were no significant differences between ggrest for treatments one, two and
three at each of the three internodes. For tredtidoem (higher plant density and

higher N application), there were significant diéfieces for internodes two, three and
four. When all the data for internodes and genatywere combined, the variance

between genotypes was insignificant.
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Table 4.2 Analysis of variance for interactionsvimsn genotypes and treatments

combined for stem strength at each internode

Internode 2 Internode 3 Internode 4
Replications 101.28 ** 0.83* 0.01 ()
Genotypes 69.21 ** 0.98 ** 0.06 **
Treatments 215.36 ** 18.09 ** 21.03 **
Interaction 12.04 (-) 0.95 () 1.14 ()
Variance error 15.15 0.19 0.01

**P<0.01

When the genotype source of variance excludes ridsntients (plant density and
fertiliser components differ), the differences wesignificant at every internode
(Table 4.2). The variance between treatments (glansity and fertiliser application)
was also statistically significant at every intedao The variance component for the

interaction between genotypes and treatments weignificant for all the internodes.

Table 4.3 Summary of combined analyses for treatnranks for combined

internodes for stem strength

Averages
Treatment® Internode 2 Internode 3 Internode 4
Treatments
rank 1 1D1/F1 9.34 1.6 0.48
2 2D1/F2 6.93 1.35 0.42
3 3D2/F1 5.5 1.19 0.39
4 4D2/F2 4.24 0.94 0.3
LSD (0.05) 6.29 0.7 0.18

a D1 = Plant density one, F1 = Fertiliser applmatne

There was a tendency for stem strength to declihenweither population or N
application was increased (Table 4.3). This tengesndowever only significant for
the difference between treatment one and fourdtn mternodes three and four.
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The individual data for stem strength for all treahts are summarised in Appendix
4.1a for internode two, Appendix 4.1b for internatieee and Appendix 4.1c for

internode four.

The summary for stem strength for internode twotkar four treatments (Appendix
4.1a), shows that there was a decrease in steng#irfor treatments one to four, for
the parents (7.428 to 3.704), as well as for tloggmy (10.299 to 4.517). There was a
significant difference between treatment one and far the parents (7.428 and
4.942) and progeny (10.299 and 7.921). This shdved when N fertiliser was
increased, stem strength was decreased. There Masaasignificant difference
between treatment one and four for the parent287ahd 3.704) as well as for the
progeny (10.299 and 4.517), thus showing that wplent density and N fertiliser
increased, stem strength decreased. DH 29 hack#testem strength of all the parents
for all four treatments. This genotype has thedsetem gene expression. The good
stem strength of parent DH 29 corresponds with d@lialuation of its progeny,
resulting in the progeny with the best stem strierigt combination with SST 806
(21.88) in treatment one, with SST 55 (11.21) @atment two, with DH 24 (7.92) in
treatment three and with SST 806 (8.03) in treatni@ur. This performance of DH
29 was repeated in all treatments at internodetfdependix 4.1 b) and at internode

four (Appendix 4.1 c).

Information on the gene action involved in the egsion of the trait, can be derived
from the variances for genotypes divided into GQ#d &CA [Griffing Method 2
Modell (Fixed effects) and Modél (Random effects)].

Table 4.4 Analysis of variance for GCA (mean sgspi@ stem strength at each

internode and treatment

Stem strength

Treatment Internode 2 Internode 3 Internoe 4
1 D1/F1 37.742 * 0.332 ** 0.035 **
2 D1/F2 8.987 () 0.124 (-) 0.011 (-)
3 D2/F1 7.292 * 0.262 ** 0.035 **

4 D2/F2 8.489 ** 0.269 ** 0.005 (-)
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There were significant differences for GCA of imede two for treatments one, three
and four. There was also a significant difference ihternode three for treatments
one, three and four. For internode four there om@re significant differences at

treatments one and three.

Table 4.5 Analysis of variance for SCA (mean sgsjp stem strength at each

internode and treatment

Stem strength

Treatment Internode 2 Internode 3 Iternode 4
1 D1/F1 12.439 (-) 0.056 (-) @6Q-)
2 D1/F2 7.708 (-) 0.137 () Bae)
3 D2/F1 1.864 (-) 0.065 (-) @®Qqe)
4 D2/F2 2.137 (-) 0.055 (-) 100

The variance for SCA was insignificant for all ttreatments at all the internodes

(Table 4.5). The exception was treatment four (RQP4t internode four.
Combining ability
The significance of the variance for GCA allows fbe calculation of GCA effects

for the breeding value of each parent for the sstrength trait. These values are

summarised in Table 4.6.
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Table 4.6 GCA effects for stem strength charadtesisof each parent for all

internodes and all treatments

Parents Standard error
SST 806 DH 24 DH29 SST55 BX
1 2 3 4 5 Gi Gi - Gj
Internode 2
Treatment 1 0.672 -0.198 3.5806 -1.8932  -2.1613 8186 1.71057
D1/F1
Treatment 2 0.0479 -0.4845 1.7098 0.1265 -1.3997 74009  1.1713
D1/F2
Treatment 3 -0.0375 1.1639 0.8744 -0.8509  -1.1499.55496 0.87746
D2/F1
Treatment 4 0.592 -0.4885 1.4615 -0.1113  -1.4537 39687  0.6275
D2/F2
Internode 3
Treatment 1 0.051 -0.0795 0.3557 -0.1443  -0.1829 09352 0.14787
D1/F1
Treatment 2 0.029 -0.121 0.1562 0.0876 -0.1519 4210 0.16509
D1/F2
Treatment 3 -0.0627 0.0807 0.2892 -0.0893  -0.2179.079B9 0.12552
D2/F1
Treatment 4 0.2807 -0.1412 0.085 -0.0065 -0.2179 06515 0.10301
D2/F2
Internode 4
Treatment 1 -0.0663 0.019 0.1113 -0.0515  -0.012502924 0.04623
D1/F1
Treatment 2 -0.0388 -0.0135 0.0598 -0.0278 0.0203.022B59 0.03587
D1/F2
Treatment 3 -0.0539 0.0742 0.079 -0.0596  -0.0396 02a%5 0.03233
D2/F1
Treatment4  0.0285 0.0004 0.0228 -0.0182 -0.0334 0.01471 0.02326
D2/F2

Only parent three (DH 29) contributed positivelwsrds producing superior progeny

for all four treatments and three internodes (Tdb®. It was also significantly better

than every other parent in all treatments and fointernodes. Parent two (DH 24)
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had a significantly positive GCA effect for treatmehree (higher plant density and
normal N fertilisation) at all three internodes. €nificance is that parent one (SST
806) had a significant positive effect only foramment four (higher plant density and

higher N fertilisation) for all the internodes.
Because of the insignificance of the variance {GATable 4.5), it can be expected
that SCA effects would be insignificant. The exaaptvas treatment four / internode

four (Table 4.7).

Table 4.7 SCA effects for treatment four, internéole

Parents

Treatment 4 1 2 3 4
Internode 4 2 -0.095 Standard Error
Internode 4 3 0.043 -0.023 Internode 4
Internode 4 4 -0.040 -0.002 0.039 Sii 0.03
Internode 4 5 -0.068 -0.033 -0.049 -0.025 Sij 0.03

Sii - Sjj 0.04

Sij - Sik 0.05

Sij - Ski 0.05

Genetic variation

If the variance for general and specific combinisgshown to be derived from
random effects (Griffing, 1956 Methdd Model IT), the genetic variances can be
calculated (Table 4.8).
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Table 4.8 Genetic variances of general and spemiichining ability

Sum of Mean Estimated mean
Internode Treatment squares squares squares
2 1 GCA 150.969 37.742 3.61
SCA 124.393 12.439 2.198
Error 860.255 10.241 10.241
2 2 GCA 35.95 8.987 0.183
SCA 77.08 7.708 2.906
Error 403.351 4.802 4.802
2 3 GCA 29.168 7.292 0.78
SCA 18.639 1.864 -0.83
Error 226.362 2.695 2.695
2 4 GCA 33.956 8.489 0.9
SCA 21.37 2.137 0.76
Error 115.765 1.378 1.378
3 1 GCA 1.328 0.332 0.04
SCA 0.564 0.056 -0.021
Error 6.429 0.077 0.077
3 2 GCA 0.494 0.124 -0.002
SCA 1.374 0.137 0.042
Error 8.013 0.095 0.095
3 3 GCA 1.047 0.262 0.03
SCA 0.65 0.065 0.01
Error 4.632 0.055 0.055
3 4 GCA 1.074 0.269 0.03
SCA 0.576 0.058 0.02
Error 3.12 0.037 0.037
4 1 GCA 0.14 0.035 0.004
SCA 0.056 0.006 -0.001
Error 0.628 0.007 0.007
4 2 GCA 0.045 0.011 0.001
SCA 0.032 0.003 -0.002
Error 0.378 0.005 0.005
4 3 GCA 0.138 0.035 0.005
SCA 0.025 0.002 -0.002
Error 0.307 0.004 0.004
4 4 GCA 0.19 0.005 0.0001
SCA 0.043 0.004 0.002
Error 0.159 0.002 0.002

Using the values in Table 4.8, it was possible dlzdate the variance for additive
gene actiond?a), for non-additive gene action?b) and for error ¢%). These values

are summarised in Table 4.9 for every internode amdtment separately. This
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allowed for the calculation of the heritability stem strength. A standard error for the
heritability was calculated by using the formula

2
hz =h p-1 (Robertson, 1959).

The repeatability for the different treatments fibre different internodes was

relatively constant, showing that selection shobkl efficient regardless of the

internode which was selected. Heritability, exciptinternode four, treatment two,

was the largest for treatment four (high plant dgrand high N fertilisation).

Table 4.9 Genetic components for stem strength

62A = 62D = X2G=062A+ X2P=062G +
Internode  Treatment 2029 62S 02D o%e h? Error

2 1 D1/F1 7.220 2.198 9.418 19.418 0.47 0.020
2 2D1/F2 0.366 2.906 3.272 8.074 0.40 0.010
2 3 D2/F1 1.560 -0.830 0.730 3.430 0.21  0.001
2 4 D2/F2 1.800 0.760 2.560 3.940 0.65  0.090
3 1 D1/F1 0.080 -0.021 0.059 0.136 0.43  0.020
3 2 D2/F1 -0.004 0.042 0.038 0.133 0.29 0.004
3 3 D1/F2 0.060 0.010 0.070 0.125 0.56  0.050
3 4 D2/F2 0.060 0.020 0.080 0.117 0.68  0.110
4 1 D1/F1 0.008 -0.001 0.007 0.014 0.5 0.030
4 2 D2/F1 0.002 -0.002 0 0.005 0 0

4 3 D1/F2 0.010 -0.002 0.008 0.012 0.66  0.090
4 4 D2/F2 0.0002 0.002 0.002 0.004 0.52 0.040

Linear correlations

Since all the calculations so far have been doneghenstem strength index, it is

important to look at the correlations of the comgmatis thereof with the index (stem
strength). The linear correlations were calculatetdi are summarised for all
treatments on internode two (Table 4.10), interntbdee (Table 4.11), internode four
(Table 4.12) and over treatments for each internaael all internodes combined
(Table 4.13).
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All the characteristics, except internode diametegasured to define stem strength

for internode two, were highly correlated with ststrength (Table 4.10). Breaking

weight was positively correlated with stem strenfgthall four treatments. Internode

length was negatively correlated with stem stremgthll four treatments; the shorter

the internode, the stronger the stem. Stem waltkildss was also positively

correlated with stem strength for all the treatraefthis shows that the thicker the

stem wall, the stronger the stem strength. Thai afsplies to pith thickness- the

thicker the pith, the stronger the stem of the plan

Table 4.10 Linear correlation for stem strength foternode two for the four

treatments
Stem
Internode 2 Plant Breaking Internode Internode wall Pith
Treatment  height weight length diameter  thickness thickness
Breaking weight 1 -0.213
2 0.111
3 -0.195
4 -0.190
Internode length 1 0.760**  -0.591*
2 0.624** -0.379
3 0.682**  -0.423**
4 0.349 -0.409**
Diameter 1 0.220 -0.037 0.192
2 0.380 -0.050 0.735
3 -0.010 0.238 0.073
4 -0.168 0.437** 0.386
Stem wall thickness 1 -0.258 0.506**  -0.412* 183
2 -0.021 0.301 -0.206 -0.233
3 -0.168 0.427** -0.286 -0.053
4 -0.465*  0.376 -0.344 0.159
Pith thickness 1 -0.358 0.476**  -0.490** -0.489 0.919**
2 -0.147 0.269 -0.436** -0.568** 0.924**
3 -0.158 0.316 -0.325 -0.369 0.939**
4 -0.384 0.174 -0.485** -0.2724 0.900**
Stem strength 1 -0.446*  0.830**  -0.716** -028 0.698**  0.756**
2 -0.161 0.756**  -0.640** -0.439** 0.691*  056**
3 -0.352 0.801**  -0.599** -0.072 0.720**  0.700**
4 -0.369 0.775**  -0.672** 0.012 0.670**  0.633**

* P <0.01
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The data of Table 4.11 (internode three) showsttietharacteristics that have been
used to define stem strength were highly positivadyrelated with stem strength.
Breaking weight was positively correlated with stestnength for all treatments.
Internode length was negatively correlated withmststrength while internode
diameter was not correlated. Stem wall thicknesd pith thickness were both

positively correlated to stem strength.

Table 4.11 Linear correlation between all the cti@rdstics measured to define stem

strength for internode three for the four treatraent

Stem
Internode 3 Plant Breaking Internode Internode wall Pith
Treatment  height weight length diameter  thickness thickness
Breaking weight 1 0.002
2 0.328
3 -0.255
4 -0.210
Internode length 1 0.810*  -0.034
2 0.826 ** 0.019
3 0.848 **  -0.250
4 0.630**  -0.182
Diameter 1 0.433*  0.568 ** 0.372
2 0.513 ** 0.405 ** 0.515 **
3 0.099 0.444 ** 0.196
4 -0.040 0.558 ** 0.351
Stem wall thickness 1 -0.080 0.275 -0.049 0.029
2 0.126 0.360 -0.071 0.097
3 -0.195 0.401*  -0.194 0.053
4 -0.492 *  0.237 -0.347 0.274
Pith thickness 1 -0.294 -0.058 -0.236 -0.502 ** .84% **
2 -0.143 0.134 -0.336 -0.419 ** 0.857 **
3 -0.245 0.191 -0.276 -0.326 0.917 **
4 -0.385 0.037 -0.564 **  -0.260 0.527 **
Stem strength 1 -0.480*  0.561* -0.581* 136 0.635*  0.630 **
2 -0.195 0.665**  -0.545* -0.156 0.634** (@B **
3 -0.514*  0.711* -0.647* -0.018 0.701 ** 0.673 **
4 -0.468 **  0.708 ** -0.688 ** 0.082 0.447 ** 0.597 **
*»* P<0.01

Table 4.12 represents internode four with the fowatments. Again all the
characteristics were significantly correlated w#tem strength, except internode

diameter.
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Table 4.12 Linear correlation between all the cti@rdstics measured to define stem

strength for internode four for the four treatments

Stem
Internode 4 Plant Breaking Internode Internode wall Pith
Treatment height weight length diameter  thickness Tickness
Breaking weight 1 0.285
2 0.335
3 0.145
4 -0.067
Internode length 1 0.833 **
0.843 ** 0.299
0.798 ** 0.201
0.699 ** 0.038
Diameter 1 0.478 ** 0.638 **  0.428 **
0.603 ** 0.437 ** 0.315
0.044 0.009 0.072
0.076 0.442*  0.046
Stem wall thickness 1 -0.095 0.082 -0.154 -0.102
2 0.082 0.182 0.071 0.243
-0.279 ** 0.171 -0.127 -0.011
-0.458 ** 0.031 -0.31 0.329
Pith thickness 1 -0.341 -0.232 -0.372 -0.542 ** .8
-0.256 -0.069 -0.118 -0.33 0.831 **
-0.378 ** -0.006 -0.201 0.056 0.838 **
-0.521 ** -0.205 -0.357 -0.251 0.825 **
Stem strength 1 -0.422 ** 0.438* -0.441* -084 0.624 **  0.565 **
-0.311 0.621* -0.371 0.073 0.548 *  0.496 **
-0.418 ** 0.599 ** -0.349 **  0.003 0.528 ** @37 **
-0.562 ** 0.551** -0.457**  0.265 0.585** 062 **

** p<0.01

Table 4.13 gives the linear correlations betweendharacteristics of stem strength

over treatments for each internode, as well as teatments across all internodes.

These data again show that all these characteristice significantly correlated with

stem strength over treatments for each internodeoger treatments for all internodes

except for internode diameter.
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Table 4.13 Linear correlation between stem strenf#racteristics for each internode

over treatments and over internodes over treatments

Stem
Over treatments Plant Breaking Internode Internode wall Pith
Internode height weight length diameter  thickness Hickness
Breaking weight 2 -0.041
3 0.059
4 0.222 **
All 0.019
Internode length 2 0.591 ** -0.404 **
3 0.789 ** -0.032
4 0.816 ** 0.266 **
All 0.271* -0.688 **
Diameter 2 -0.101 0.028 -0.022
3 0.222 ** 0.627 ** 0.279 **
4 0.049 0.016 0.061
All -0.020 -0.005 0.057
Stem wall thickness 2 -0.146 0.558 ** -0.311 ** .07
3 -0.115 0.467 ** -0.136 0.401 **
4 -0.090 0.301* -0.052 -0.012
All -0.093 0.723 ** -0.601 ** 0.018
Pith thickness 2 -0.223 ** 0.356 ** -0431 = - 0.879 **
3 -0.244 ** 0.125 -0.337 **  -0.224 ** 0.704 **
4 -0.327 ** -0.019 -0.215 ** 0.020 0.768 **
All -0.152 ** 0.688 ** -0.730**  -0.033 0.888 **
Stem strength 2 -0.264 ** 0.804 ** -0.586 ** 040 0.722*  0.692 **
3 -0.323 ** 0.726 ** -0.516 **  0.196 0.642* 619 **
4 -0.336 ** 0.615 ** -0.305*  -0.004 0.626 ** @95 **
All -0.128 ** 0.863 ** -0.645*  -0.018 0.752 ** 0.805 **

** p< 0.01

4.4 DISCUSSION AND CONCLUSIONS

Yield barriers may be caused by a large numberdfofs (Satore & Slafer, 1999),

but where lodging is concerned, the main causeeistrength of the stem. This might
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be due to the length of the internodes, the thiskrd the stem, the thickness of the
stem wall and the amount of “woodiness” or solidnedf the stem. These
characteristics have been combined into an indexbatdng the length of the
internode, pith thickness and the weight it talkebreak or snap the internode. This
index has proved to be a discriminative factor irasuring stem strength. Plant
height is regarded as the main determinant of teexie to lodging (Bonjean &
Angus, 2001), and has been shown to have a higlsignidicant correlation with the
index measuring stem strength. These factors infiig height are expected to
influence stem strength. It has also been expeztkno the field that lodging is
mainly caused by either high seeding rates (higintplpopulation) or high N
fertilisation, or both. The significant differend®tween genotypes regarding their
stem strength, would suggest that selection toowgthe trait is possible. However,
the expression of the trait is complicated by iggmsicant interaction with treatments
including plant density and N fertilisation. Thesesults repeat themselves in
internodes two, three and four, having a signifidgaffluence on the whole stem. It is
also important to note that the combined effea bigher plant density and higher N
application is higher than when applied separat®ly.average, it reduces the stem
strength of the whole stem by 47%. The genotypeclwiperformed the best in all
internodes and all treatments was a double hapleidved from a cross with a
synthetic hexaploid (Jordaan, personal communiggtiexpressing the solid stem
trait for all internodes. Parents and progeny withow stems performed the poorest.
This confirms the importance of the solid stemttmiimproving stem strength. It
must be noted that these results were obtained ghakeshouse conditions, and might
differ under field conditions. However, it simulateesponses under different plant

populations and N levels.

It was shown that the differences in stem strerfgikie a genetic base and that
variances derived from combining ability effectseres mainly of an additive nature
(general combining ability), while non-additive @ominance effects (specific
combining ability) proved to be insignificant, extefor internode four at a high
population and a higher level of N application. S'bould be the result of the absence

of the solid stem trait for internode four for mo$the genotypes and their progeny.
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The fact that genotypes differed in their genetidlity to produce progeny with
strong stems, influence the use of such germplasipagents. Considering that the
genetic variances were mainly additive, it woulde@ected that the best individuals
should be selected within the progeny population tleé best parental lines.
Information on the stem strength of parents isiatua order to decide from which
combinations it should be selected.

The calculated heritability for stem strength waghhand suggests the potential for
highly effective selection. The highest heritapilicalculated was from genetic
variances derived at high plant densities and Ndevels. This would suggest that
more selection progress will be made in an enviremmof high plant density

(extreme inter plant competition) and high N festion. A breeding strategy for
lodging resistance should include evaluation iravironment where high population

density and high N levels could be simulated.
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CHAPTER 5

General conclusions and recommendations

Improvement of yield under optimum conditions degsron overcoming several
yield barriers which have been identified. Lodgwgs shown to be one of these
barriers. This is caused mainly by improved iriigatand fertilisation technology. In
the past, major genes were used to shorten theaftéme plant. However, for further
improvement we should look at all genes which hawesffect on the length and the
strength of the stem. Breeding strategies will depen knowledge about the genetic
basis of components that regulate stem strength.sbhd stem character was found
to have a positive effect on the standing abilityvbeat under irrigation. The solid
stem phenotype varies, depending on the genesvedolt depends not only on the
length of the internode but also on the thickneSshe pith and stem wall. The
strength of the stem was measured by the weighdok to break the internode
between two nodes. The different components werabgwed into an index to
evaluate the stem strength by means of a singleriom. Stem strength was defined
to be a function of the length of the internode, thickness of the stem wall and the
power it takes to break the stem. It was shown that chosen set of parental
genotypes differed significantly from each other glant height but also in the
components measuring the strength of the stem.eTbesponents were correlated
highly significantly with each other and also wigant height. Parents differed
significantly from each other in their ability tosqaluce progeny with stronger stems.
This variance proved to be of an additive naturé although the variance for non-
additive effects was also significant, it was muotver, suggesting that selection
based on the components of stem strength wouldt i@esgenotypes with improved
standing ability. It is known that plant densitydaN fertilisation have a negative
effect on the standing ability of a wheat crop. Séénteractions were simulated by
evaluating progeny at higher plant densities antidri N application, planted in pots
in the tunnel. Both major components showed sigaifi interactions with the
characters of stem strength. Again genotypes warad to differ in their ability to
produce progeny with strong stems under these tiongi Genetic variances were

mainly of an additive nature and parents with sst&ns and stronger stems produced
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progeny resembling the parental phenotypes. Sefe@mongst plants and crosses
from parents with the best stem strength would ensmprovement for the stem
strength trait. Heritability for stem strength ahéd components thereof were high and
significant at all internodes. However, the highbsetitability calculated was from
genetic variances at high plant densities and INgkevels. These results would
suggest that more selection progress is to be niad@n environment of high
population density and high N fertilisation. It &so important to describe the
phenotype according to the stem strength compormentst is impractical to measure
stem thickness, pith thickness and wall thicknesghe field. A more practical
approach would be to select amongst progeny plamtshorter and solid stems.
Phenotypes for resistance to lodging could be isle@lto have shorter internodes
with thicker pith throughout the stem but espegiall internodes one, two and three.
A breeding strategy for lodging resistance woultlice evaluation and selection in an
environment where higher population densities amghdr N levels would be

simulated.
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CHAPTER 6

Summary

The aim of this study was to determine the inhedéaand environmental factors that
regulate stem strength in irrigation wheat. Thersjth of the stem is defined by its
length and as an index of the function of the pressvhich it takes to break the stem,
the pith thickness of the stem wall at breakinghpaind the length of the internodes.
In the first experiment a set of parents was evathdo determine the differences
amongst parents for stem strength and its compsndiite parents significantly

differed in stem length and strength. Some pareggabtypes had shorter and more

solid stems.

For the second experiment the same parental ges®typre used to create a diallel
set of progeny. The progeny and the parents wenatgd in pots in the tunnel in a
replicated experiment to evaluate plant heightsted strength. It was found that the
variances for all characteristics were significdmit the additive component (general
combining ability) was higher than the dominancenponent. The parents differed
significantly in their ability to produceifprogeny with stronger stems. The calculated
heritability was high and significant, which showttdht the best way to select for
improved stem strength is to select amongst plantise progeny of the parents with

the highest combining ability for the desirablatsia

The third experiment was done to determine theracten of higher plant density
and higher N fertilisation on the expression ofrs&rength. This experiment (parents
and progeny) was planted in pots in a tunnel. K feaind that genotype, plant density
and N fertilisation had a highly significant effam stem strength. The ability of the
parents to produce progeny with strong stems @iffeThe parents with the solid
stem phenotype and shorter stems generally prodoicegeny with stronger stems.
The variance for general combining ability (additigenetic variance) is significant.
The heritability for all characteristics was hiddut higher in increased plant density
or increased nitrogen application but with the k&thexpression where both plant

density and nitrogen application were increaseds Trdicates that selection for stem
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strength should be more successful in populatioitis & higher plant density under

high N conditions.
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Opsomming

Die studie is onderneem om die oorerflikheid veansterkte en die eienskappe wat
dit bepaal by verskillende omgewingstoestande, negersoek. Die sterkte van die
stam is gedefinieer as die lengte daarvan, en weefgegee in terme van "n indeks
wat ‘n funksie is van die krag wat benodig word dim stam te breek, die kerndikte
van die stam by breekpunt en die litlengte. Inebeste eksperiment is 'n stel ouers
ondersoek om die verskille tussen ouers vir dienstarkte en die komponente
daarvan te meet. Daar is gevind dat die ouers éeigkol in lengte en die sterkte van

die stam verskil. Hierdie ouer genotipes het “esi@l en korter stam.

In die tweede eksperiment is "n dialeel stel kngsivan hierdie ouers gegenereer.
Die kruisings, sowel as die ouerlyne, is in "'n ekgpent met herhalings in potte
geplant in "n tonnel en vir planthoogte en starkttegeévalueer. Daar is gevind dat
die variasie vir alle eienskappe betekenisvol isamdat die additiewe (algemene
kombineringsvermoé) komponent heelwat hoér is. ®bet betekenisvol van mekaar
verskil in hul vermoé omfageslag met sterk strooi te produseer. Die odtkeid
was hoog en betekenisvol, wat aandui dat die aaegEwnanier om stamsterkte te
verbeter, sou berus tussen plante binne die napesia ouers met die beste

kombineervermoé vir die eienskap.

Die derde eksperiment is uitgevoer om te bepaal dsatinteraksie van verhoogde
plantestand en verhoogde stikstofbemesting opittieultkking van stamsterkte is. Die
eksperiment (ouers sowel as hul nageslag) is ite pot' n tonnel aangeplant. Daar is
gevind dat die drie hoofkomponente naamlik genotipend en stikstofbemesting "'n
hoogs betekenisvolle effek op stamsterkte gehad Diet ouers het verskil in hul
vermoé om nageslag te lewer met sterk stamme. Dégsomet die soliede stam
fenotipe en korter strooi het deurgaans 'n nageagdgwer met sterker stamme. Die
variansie vir algemene kombineervermoé (additiewenegese variasie) was
betekenisvol. Die berekende oorerflikheid was ile aienskappe hoog, maar hoér by
'n verhoogde plantestand of verhoogde stikstofbéngemet die hoogste uitdrukking

waar beide plantestand en stikstoftoediening veghieoDit beklemtoon "n strategie
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waar seleksie vir stamsterkte beloof om meer swkéés wees in populasies wat aan

‘n hoér stand en hoér stikstofbemesting onderveerp i
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Appendix 3.1a Summary for internode length in miitre (mm) for the diallel trial

Mean internode length

Internode Internode Internode Internode
Parents 1 2 3 4
37 SST57 31.32 56.3 129.97 329
38 SST55 59.47 67.9 141.16 263.8
39 SST 806 38.11 69.98 134.53 227.4
40 DH24 40.12 70.73 138.7 B33.
41 DH 29 30.52 63.55 107.09 222.
42 3-273 47.3:¢ 78.€ 128.7: 196.¢
43 BX 49.6 61.81 140.5 29
44  SST 876 45.14 74.46 151.97 2514
45 36-8 41.11 78.61 147.81 203.8
Mean for parents 42.52 69.104 135.605 241.97
Crosses
1 SST57/SST55 40.21 68.17 117.99 276.6
2 SST57/SST 806 33.54 64.61 130.66 271.4
3 SST57/DH?24 33.65 66.54 98.37 2444
4 SST57/DH 29 26.69 51.77 106.3 227.2
5 SST57/3-273 54.51 74.67 100.56 292.4
6 SST57/BX 34.95 58.78 111.88 212.2
7 SST57/SST 876 19.16 48.35 97.21 219.85
8 SST57/3-8 32.0¢ 60.5% 108.0¢ 287.¢
9 SST55/SST 806 37.68 62.5 134.97 262.2
10 SST55/DH?24 34.92 64.97 122.31 230
11 SST55/DH?29 31.55 54.44 112.77 214.4
12 SST55/3-273 45.04 65.26 111.34 233.2
13 SST55/BX 45.63 70.16 117.19 240
14 SST 55/ SST 876 39.09 66.44 135.02 243
15 SST55/36-8 34.12 57.13 111.07 204.2
16 SST 806 /DH 24 417 62.92 113.04 202.2
17 SST 806/DH 29 31.87 50.19 109.34 228.4
18 SST 806/ 3-273 50.26 68.94 122.59 186.8
19 SST806/BX 40.88 67.67 128.7 263
20 SST 806/ SST 876 49.01 69 127.73 191.6
21 SST 806/36-8 41.43 63.41 120.39 194.4
22 DH24/DH?29 33.42 51.38 111.23 220.2
23 DH?24/3-273 39.42 64.46 105.24 247.8
24 DH24/BX 42.5: 72.5¢ 124.6¢ 190.2
25 DH24/SST 876 40.06 53.54 104.95 186
26 DH24/36-8 34.69 67.18 138.51 212.2
27 DH29/3-273 44.44 76.67 119.41 230
28 DH29/BX 32.89 57.67 111.82 273.
29 DH29/SST 876 31.8 63.27 102.59 239.2
30 DH29/36-8 26.68 49.95 108.2 212.6
31 3-273/BX 69.98 96.93 177 286.4
32 3-273/SST 876 58.07 77.8% 160.8: 293.2
33 3-273/36-8 39.42 81.68 152.64 263
34 BX/SST876 34.63 775 139.95 322
35 BX/36-8 40.08 82.26 180.8 262
36 SST 876/36-8 30.81 58.15 120.29 254
Mean for crosses 38.801 65.209 122.1 239.379
LSD (0.05) 7.928 8.938 16.143 32.322
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Appendix 3.1 b Summary for internode diameter iimétre (mm) for the complete
diallel including parent values

Mean internode diameter

Internode Internode Internode Internode
Parents 1 2 3 4
37 SST57 3.27 3.72 3.66 3.05
38 SST55 3.81 4.11 3.94 3.1
39 SST 806 3.39 3.91 3.79 2.94
40 DH?24 3.59 3.85 3.78 2.81
41 DH?29 3.74 4.3 4.27 3.07
42 3-273 3.46 3.57 35 2.76
43 BX 3.21 3.59 3.47 2.5
44 SST 876 3.57 3.99 3.95 3.07
45 36-8 4.01 4.28 4.47 3.54
Mean for parents 3.56 3.92 3.87 2.98
Crosses
1 SST57/SST55 3.58 3.97 3.89 3.21
2 SST57/SST 806 3.25 3.61 3.68 2.96
3 SST57/DH?24 2.41 2.6 2.85 2.33
4 SST57/DH?29 3.09 3.49 3.64 2.93
5 SST57/-273 3.1€ 3.41 3.5¢ 3.11
6 SST57/BX 2.6 2.61 3.05 2.42
7 SST57/SST 876 2.57 2.96 3.15 2.7
8 SST57/36-8 3.15 3.6 3.97 3.16
9 SST55/SST 806 2.68 3.11 34 2.52
10 SST55/DH?24 3.03 3.46 3.68 2.59
11 SST55/DH 29 2.59 3.07 3.23 25
12 SST55/3-273 2.49 2.85 2.92 2.62
13 SST55/BX 2.83 3.34 3.51 2.75
14 SST 55/ SST 876 2.82 3.29 3.36 2.72
15 SST55/36-8 2.66 3.04 3.13 2.78
16 SST 806/ DH 24 2.88 3.24 3.15 2.45
17 SST 806/ DH 29 2.82 3.31 3.6 2.62
18 SST 806/ 3-273 2.8 3.14 3.2 2.71
19 SST 806/BX 2.63 2.99 3.16 2.47
20 SST 806/ SST 876 3.21 3.45 3.29 2.52
21 SST 806/ 36-8 3.14 3.59 3.37 3.05
22 DH?24/DH 29 3.3 3.7 3.79 2.9
23 DH24/3-273 2.57 3.07 3.44 2.77
24 DH24/BX 2.91 3.28 3.37 2.61
25 DH24/SST 876 2.7¢ 3.0¢ 3.14 2.3t
26 DH24/3¢8 3.5¢ 4.0¢ 4.2¢ 3.3z
27 DH29/3-273 3.5 3.88 3.95 3.19
28 DH29/BX 3.26 3.77 3.89 3.01
29 DH29/SST 876 2.99 3.64 3.58 2.73
30 DH29/36-8 3.39 4.01 4.33 3.51
31 3-273/BX 3.74 3.98 4.1 3.32
32 3-273/SST 876 3.21 3.61 3.69 3.03
33 3-273/36-8 3.54 3.92 4.06 3.33
34 BX/SST 876 3.33 3.91 4.27 3.26
35 BX/36-8 3.65 4,55 4.56 35
36 SST876/36-8 3.21 3.85 4.16 3.39
mean for crosses 3.037 3.456 3.595 2.87

LSD (0.05) 0.308 0.34 0.309 0.327
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Appendix 3.1 ¢ Summary for stem wall thickness itimetre (mm) for the complete

diallel including parent values

Mean stem wall thickness

Internode Internode Internode Internode
Parents 1 2 3 4
37 SST 57 1.56 1.54 1.59 0.65
38 SST55 1.03 0.99 0.72 0.62
39 SST 806 1 0.99 0.68 0.64
40 DH24 1.13 1.04 0.7 0.54
41 DH?29 1.07 0.98 0.76 0.65
42  3-273 0.82 0.75 0.67 0.5
43 BX 1.08 0.82 0.65 0.55
44  SST 876 1.06 0.9 0.74 0.56
45  36-8 1.02 0.85 0.67 0.52
Mean for parents 1.085 0.98 0.797 0.581
Crosses
1 SST 57/ SST 55 1.68 1.8 1.17 0.98
2 SST 57/ SST 806 1.53 1.61 1.22 0.92
3 SST57/DH 24 0.6 0.69 0.77 0.75
4 SST 57 /DH 29 1.6 1.93 1.44 1.09
5 SST 57/ 3-273 1.45 1.89 1.87 1
6 SST 57 /BX 1.06 1.37 1.23 0.74
7 SST 57/ SST 876 1.2 1.4¢ 1.1t 1.04
8 SST57/3-8 1.3€ 1.€ 1.3€ 0.9:
9 SST 55/ SST 806 0.87 0.8 0.65 0.51
10 SST55/DH24 1.08 0.94 0.77 0.74
11 SST55/DH 29 0.87 0.83 0.7 0.62
12 SST55/3-273 0.62 0.71 0.64 0.64
13 SST55/BX 0.91 0.82 0.73 0.63
14 SST55/SST 876 0.97 0.96 0.7 0.73
15 SST55/36-8 0.89 0.86 0.69 0.62
16 SST 806/DH 24 0.9 0.74 0.68 0.67
17 SST 806/ DH 29 0.94 0.94 0.7 0.7
18 SST 806/ 3-273 1.05 1 0.88 1.1
19 SST 806 /BX 1.05 0.84 0.67 0.57
20 SST 806/ SST 876 0.99 0.8 0.68 0.78
21 SST 806/ 36-8 1.02 0.94 0.69 0.67
22 DH24/DH29 1.16 0.96 0.79 0.77
23 DH 24/ 3-273 1.12 1.17 1.15 0.99
24 DH24/BX 0.86 0.81 0.68 0.56
25 DH24/SST 876 1.08 0.92 0.72 0.59
26 DH24/36-8 1.06 1 0.84 0.56
27 DH29/3-273 1.3 1.35 1.09 1.08
28 DH29/BX 0.94 0.8t 0.7t 0.5z
29 DH29/SST 876 0.79 0.82 0.72 0.68
30 DH29/36-8 1.06 1.03 0.88 0.64
31 3-273/BX 1.31 1.57 1.19 1.02
32 3-273/SST 876 0.93 1.24 0.86 1.79
33 3-273/36-8 1.08 1.03 0.77 0.7
34 BX/SST 876 0.99 0.94 0.73 0.57
35 BX/36-8 0.97 0.99 0.77 0.62
36 SST 876/36-8 1.27 1.1 0.85 0.7
Mean for crosses 1.07 1.092 0.893 0.783
LSD (0.05) 0.223 0.184 0.201 0.401
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Appendix 3.1 d Summary for pith thickness of thieinode in millimetre (mm) for the complete
diallel including parent values

Mean internode pith thickness

Internode Internode Internode Internode
Parents 1 2 3 4

37 SST57 0.89 0.81 0.81 0.42
38 SST55 0.54 0.48 0.36 0.4
39 SST 806 0.5¢ 0.51 0.3€ 0.4<
40 DH?24 0.63 0.54 0.37 0.38
41 DH?29 0.58 0.46 0.36 0.41
42  3-273 0.48 0.42 0.38 0.37
43 BX 0.67 0.46 0.37 0.43
44 SST 876 0.59 0.45 0.38 0.36
45 36-8 0.51 0.4 0.3 0.3

Mean for parents 0.608 0.503 0.41 0.388

Crosses
1 SST57/SST55 0.92 0.88 0.6 0.62
2 SST57/SST 806 0.91 0.89 0.66 0.62
3 SST57/DH24 0.57 0.59 0.56 0.7
4 SST57/DH?29 1 1 0.78 0.75
5 SST57/-273 0.87 0.97 0.9¢ 0.64
6 SST57/BX 0.82 0.97 0.8 0.61
7 SST57/SST876 0.88 0.95 0.73 0.77
8 SST57/36-8 0.81 0.85 0.68 0.59
9 SST55/SST 806 0.65 0.51 0.39 0.4
10 SST55/DH 24 0.71 0.55 0.42 0.62
11 SST55/DH 29 0.68 0.54 0.43 0.5
12 SST55/3-273 0.49 0.5 0.44 0.52
13 SST55/BX 0.6t 0.t 0.4z 0.4¢
14 SST55/SST 876 0.69 0.59 0.42 0.54
15 SST55/36-8 0.67 0.57 0.44 0.45
16 SST 806 /DH 24 0.63 0.46 0.43 0.55
17 SST 806 /DH 29 0.67 0.57 0.39 0.53
18 SST 806/ 3-273 0.75 0.64 0.55 0.8
19 SST 806 /BX 0.74 0.56 0.42 0.46
20 SST 806/ SST 876 0.61 0.47 0.42 0.63
21 SST 806/ 3-8 0.64 0.52 0.41 0.44
22 DH24/DH 29 0.7 0.52 0.42 0.53
23 DH?24/3-273 0.87 0.76 0.67 0.71
24 DH24/BX 0.6 0.5 0.41 0.43
25 DH24/SST 876 0.8 0.61 0.46 0.51
26 DH24/36-8 0.6 0.49 0.39 0.33
27 DH?29/3-273 0.74 0.7 0.55 0.68
28 DH29/BX 0.57 0.45 0.39 0.34
29 DH29/SST 876 0.5¢ 0.4t 0.3¢ 0.5¢
30 DH29/36-8 0.63 0.51 0.4 0.36
31 3-273/BX 0.7 0.79 0.58 0.61
32 3-273/SST 876 0.59 0.69 0.46 0.47
33 3-273/36-8 0.61 0.53 0.38 0.42
34 BX/SST 876 0.59 0.48 0.34 0.35
35 BX/36-8 0.53 0.44 0.34 0.35
36 SST876/3-8 0.7¢ 0.57 0.41 0.41

Mean for crosses 0.7 0.626 0.498 0.534

LSD (0.05) 0.129 0.098 0.109 0.119
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Appendix 3.1 e Summary for the breaking weighthef internode in gram (g) for the complete
diallel including parent values

Mean internode breaking weight

Internode Internode Internode Internode
Parents 1 2 3 4
37 SST57 1702.76 1063.8 462.72 204.08
38 SST55 1174.88 865.08 405 25,
39 SST 806 1318.4« 731.7¢ 313.7: 220.2¢
40 DH?24 2040.36 801.64 334.52 206.32
41 DH?29 1708.56 1026.76 436.72 233.44
42  3-273 925.52 585.2 313.92 8.28
43 BX 1106.2 641.6 307.08 182.32
44 SST 876 1119.76 723.36 319.36 8.8
45 36-8 1149.76 639.28 309.24 247.24
Mean for parents 1360.693 786.497 355.808 215.12
Crosses
1 SST57/SST55 1626.88 1027.88 523.28 5B32.
2 SST57/SST 806 1671.44 910.28 485 214.2
3 SST57/DH24 1657.6 811.48 399.64 23.2
4 SST57/DH 29 1552.28 995.32 482.08 285.0
5 SST57/-273 972.0¢ 854.7¢ 534.64 248.¢
6 SST57/BX 1258.9 754.84 470.92 182
7 SST57/SST 876 1745.54 927.72 463.72 275.4
8 SST57/36-8 1631.52 1174.2 616.56 6.25
9 SST55/SST 806 1042.72 635.72 344.12 173.44
10 SST55/DH 24 1301.72 648 416.88 237.92
11 SST55/DH 29 1161.56 610.16 327.28 9.0
12 SST55/3-273 935.72 621.52 408.08 7.
13 SST55/BX 843.2 624.€ 375.8¢ 229.8¢
14 SST55/SST 876 974.78 647.94 328.8 194.76
15 SST55/36-8 1119.72 612.84 404.04 1.426
16 SST 806 /DH 24 805.16 520.2 286.56 152.44
17 SST 806 /DH 29 1233.6 719.24 344.8 189.8
18 SST 806/ 3-273 917.82 564.16 319.52 260.6
19 SST 806 /BX 1105.98 522.56 329.08 .a%0
20 SST 806/ SST 876 812.64 513.92 293.08 191.72
21 SST 806/ 3-8 1296.4¢ 698.8¢ 345.8¢ 255.2¢
22 DH24/DH 29 1609.68 901.28 440.04 282.
23 DH?24/3-273 1324.72 708.88 470.52 9.72D
24 DH24/BX 995.92 542.08 328.76 526
25 DH24/SST 876 1092.76 701.56 3954 ¥5.7
26 DH24/36-8 1560 775.48 399.72 2311
27 DH?29/3-273 1575.72 960.12 560.8 228
28 DH29/BX 1108.68 854.52 385.96 0338
29 DH?29/SST 76 1694.4. 798.9: 422.¢ 203.¢
30 DH29/36-8 1725.68 1067.28 511.2 63.24
31 3-273/BX 1048.64 838.96 455.56 316
32 3-273/SST 876 1002 776.96 373.08 221.92
33 3-273/36-8 1134.56 644.72 332.16 36.28
34 BX/SST 876 1376.72 782.12 406.56 .a89
35 BX/36-8 1299.32 785.44 363.04 299.04
36 SST876/3-8 1763.¢ 1162.2¢ 510.7¢ 231.0¢
Mean for crosses 1277.21 769.353 412.665 223.905

LSD (0.05) 374.364 158.277 78.705 44.581




114

Appendix 3.1 f Summary for internode stem strerigtithe complete diallel
including parent values

Mean internode stem strength

Internode Internode Internode Internode
Parents 1 2 3 4
37 SST57 58.28 15.71 3.29 0.27
38 SST55 10.84 6.13 1.11 0.38
39 SST 806 21.0¢ 5.4t 0.8¢ 0.41
40 DH?24 32.19 7.56 0.91 0.39
41 DH?29 33.85 7.69 1.47 0.45
42  3-273 9.39 3.24 0.95 0.39
43 BX 16.04 4.86 0.98 0.34
44 SST 876 14.69 4.4 0.8 0.27
45 36-8 18.32 3.89 0.65 0.35
Mean for parents 23.85 6.547 1.224 0.361
Crosses
1 SST57/SST55 39.17 13.53 2.66 0.51
2 SST57/SST 806 46.44 12.53 2.43 0.5
3 SST57/DH24 29.74 7.18 1.8 0.6
4 SST57/DH 29 58.37 19.29 3.64 0.78
5 SST57/-273 16.3: 11.1¢ 4.4z 0.5t
6 SST57/BX 33.05 12.72 3.39 0.57
7 SST57/SST876 83.45 19.2 4.33 1.17
8 SST57/36-8 41.83 16.52 3.99 0.56
9 SST55/SST 806 17.93 5.28 0.97 0.29
10 SST55/DH 24 27.8 5.86 1.46 0.65
11 SST55/DH 29 24.82 6.32 1.3 0.42
12 SST55/3-273 10.08 4.86 1.67 0.6
13 SST55/BX 13.92 451 1.3¢€ 0.4z
14 SST 55/ SST 876 19.11 6.05 1.02 0.44
15 SST55/36-8 23.09 6.33 1.62 0.58
16 SST 806 /DH 24 12.68 3.94 1.09 0.42
17 SST 806 /DH 29 26.81 8.35 1.25 0.45
18 SST 806/ 3-273 13.65 5.37 1.46 1.16
19 SST 806 /BX 20.66 4.4 1.09 0.26
20 SST 806/ SST 876 10.86 3.48 0.96 0.63
21 SST 806/ 3-8 20.52 5.91 1.1¢ 0.5¢
22 DH24/DH 29 33.45 9.23 1.67 0.56
23 DH?24/3-273 30.27 8.71 3.03 0.7
24 DH24/BX 14.09 3.79 1.06 0.47
25 DH24/SST 876 22.7 8.38 1.72 0.51
26 DH24/36-8 31.83 5.85 1.16 0.39
27 DH?29/3-273 26.72 8.74 2.62 0.88
28 DH29/BX 19.24 6.68 1.35 0.25
29 DH29/SST 876 30.21 5.8¢ 1.64 0.4t
30 DH29/36-8 42.95 11.15 1.95 0.48
31 3-273/BX 10.91 6.9 1.52 0.68
32 3-273/SST 876 11.04 6.92 1.14 0.36
33 3-273/36-8 18.11 4.56 0.83 0.37
34 BX/SST 876 25.01 5.78 0.98 0.21
35 BX/36-8 16.08 4.58 0.68 0.4
36 SST876/3-8 46.4] 11.62 1.7 0.3¢
Mean for crosses 26.925 8.1 1.838 0.534

LSD (0.05) 12.908 2.785 1.716 0.241
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Parents 1 2 3 4 5 6 7 8
Internode : 3.0¢€
Internode 2 2 8.44
Internode 3 4.1
Internode 4 7.33
Internode 1 -1.38 -5.4
Internode 2 3 4.49 -1.16
Internode 3 15.73 9.67
Internode 4 18.17 32.48
Internode : 0.7¢ -6.1€ 2.8t
Internode 2 4 6.8 1.7 -0.74
Internode 3 -11.04 2.54 -7.77
Internode 4 -3.87 5.24 -6.52
Internode 1 -0.75 -4.05 -1.5 2.04
Internode 2 5 -2.29 -3.14 -7.79 -6.22
Internode 3 5.97 2.08 2.4 5.02
Internode 4 -29.21 -18.5 1154 8.3
Internode : 11.17 -6.51 0.9 -7.€ 2.€
Internode 2 6 4.14 -8.8 -5.52 -9.61 8.28
Internode 3 -18.97 -18.55 -8.35 -20.17 3.08
Internode 4 23.57 -12.12 -42.48 23.48 -2.46
Internode 1 -3.44 -0.92 -3.43 0.21 -3.95 17.2
Internode 2 7 -6.61 1.24 -1.64 3.61 -5.57 17.21
Internode 3 -13.65 -18.69 -8.23 -6.75 -10.51 35.47
Internode 4 -67.78 -16.46 22.57 -45.26 29.79 30.37
Internode : -14.8¢ -3.11 9.0t 2.1 -0.6¢ 9.6 -8.81
Internode 2 8 -13.03 1.53 3.69 -11.38 4.04 2.16 36.9
Internode 3 -21 6.45 -1.89 -19.14 -12.42 26.6 50.2
Internode 4 -51.28 -4.61 -39.98 -40.61 4.44 46.0263.68
Internode 1 0.88 -5.22 4.32 -0.42 -2.95 -6.16 -0.5 -5.42
Internode 2 9 -2.13 9.1 -3.21 0.94 -10.61 4.65 370. -9.73
Internode 3 -14.04 -21.42 -13.14 10.5 -10.73 14.5136.67 -16.51
Internode 4 30.64 -29.45 -23.21 -0.45 -8.19 29.7917.84 18.49

Standard
Errors
Internode 1 Internode 2 Internode 3  Internode 4

Sii 2.74 3.09 5.58 11.18
Sij 3.1 3.4¢ 6.31 12.6¢
Sii-Sjj 3.82 4.31 7.78 15.59
Sij-Sik 4.57 5.15 9.3 18.63
Sij-Ski 4.33 4.88 8.83 17.68
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Appendix 3.2b Specific combining ability effects faternode diameter

Parents 1 2 3 4 5 6 7 8
Internode . 0.637
Internode 2 2 0.6863
Internode 3 0.5003
Internode 4 0.4086
Internode 1 0.3261 -0.2412
Internode 2 3 0.3396 -0.2272
Internode 3 0.347 0.0719
Internode 4 0.2237 -0.1212
Internode . -0.563: 0.059¢ -0.071¢
Internode 2 4 -0.6628 0.1305 -0.0783
Internode 3 -0.567 0.2759 -0.1993
Internode 4 -0.3794 -0.0243 -0.1072
Internode 1 -0.0483 -0.5396 -0.2945 0.1363
Internode 2 5 -0.0759 -0.5546 -0.3093 0.0943
Internode 3 -0.0701 -0.4672 -0.0504 0.0656
Internode 4 -0.0148 -0.3537 -0.1687 0.1323
Internode . 0.0717 -0.601¢ -0.276¢ -0.5477 0.223:
Internode 2 6 0.0667 -0.5461 -0.2528 -0.3112 0.1957
Internode 3 0.1012 -0.5439 -0.2152 -0.0472 0.1677
Internode 4 0.157 -0.2399 -0.0888 -0.0019 0.1826
Internode 1 -0.4419 -0.2092 -0.3901 -0.1574 0.02550.5595
Internode 2 7 -0.7823 -0.117 -0.4537 -0.1621 0.02680.4654
Internode 3 -0.5083 -0.0333 -0.3326 -0.1986 0.01830.4736
Internode 4 -0.4217 0.0013 -0.2116 -0.0467 0.11790.4217
Internode . -0.460¢ -0.206: 0.19¢ -0.292: -0.223¢ 0.038¢ 0.207
Internode 2 8 -0.4486 -0.1793 -0.0061 -0.4064 £610 0.081 0.3261
Internode 3 -0.3795 -0.1606 -0.1779 -0.3999 -0.265 0.0903 0.5828
Internode 4 -0.1843 -0.0712 -0.2021 -0.3592 -07214 0.0832 0.4264
Internode 1 -0.161 -0.6423 -0.1552 0.2455 -0.10960.0864 0.2508 -0.1821
Internode 2 9 -0.121 -0.7397 -0.1884 0.3132 -0.05390.0767 0.6517 -0.0528
Internode 3 0.0496 -0.7735 -0.4808 0.3532 0.1041 .06 0.4899 0.1187
Internode 4 -0.1121 -0.399 -0.0639 0.227 0.1815 .00®r 0.2786 0.1301
Standard
Errors
Internodel  Internode 2  Internode 3  Internode 4
Sii 0.1 0.11 0.1 0.11
Sjj 0.1z 0.1z 0.1z 0.1z
Sii-Sjj 0.14 0.16 0.14 0.15
Sij-Sik 0.17 0.19 0.17 0.18
Sij-Skl 0.16 0.18 0.16 0.17
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Appendix 3.2c Specific combining ability effects &iem wall thickness

Parents 1 2 3 4 5 6 7 8
Internode : 0.4137
Internode 2 2 0.3858
Internode 3 -0.0121
Internode 4 0.1828
Internode 1 0.2343 -0.0943
Internode 2 3 0.2051 -0.0849
Internode 3 0.0328 0.0011
Internode 4 0.0823 -0.1479
Internode : -0.680¢ 0.132¢ -0.080¢
Internode 2 4 -0.6884 0.0876 -0.1051
Internode 3 -0.4416 0.0968 0.0017
Internode 4 -0.045 0.1288 0.0123
Internode 1 0.2599 -0.1346 -0.1021 0.135
Internode 2 5 0.4336 -0.1424 -0.0311 0.0215
Internode 3 0.1584 -0.0472 -0.0523 0.0193
Internode 4 0.2259 -0.0563 -0.0208 0.0959
Internode : 0.13: -0.361¢ 0.031 0.124: 0.244;
Internode 2 6 0.3182 -0.3398 -0.0445 0.162 0.21
Internode 3 0.4784 -0.2152 0.0197 0.2633 0.1373
Internode 4 -0.0368 -0.207 0.2084 0.1412 0.1701
Internode 1 -0.225 -0.0495 0.059 -0.1099 -0.0993 .303r7
Internode 2 7 -0.052 -0.074 -0.0607 -0.0522 -0.14020.5144
Internode 3 -0.0051 0.0353 -0.0318 -0.0441 -0.04210.2819
Internode 4 -0.0232 0.0546 -0.0519 -0.0192 -0.12030.203
Internode : -0.094¢ 0.002¢ -0.014¢ 0.098¢ -0.25¢ -0.081¢ -0.005¢
Internode 2 8 0.0471 0.0371 -0.1136 0.0329 -0.19310.1595 0.0073
Internode 3 -0.0676 0.0208 -0.0083 0.0093 -0.06670.0307 -0.0081
Internode 4 0.1272 -0.001 0.0104 -0.1368 -0.1099 .823B -0.125
Internode 1 0.0227 -0.1079 -0.0173 0.0437 -0.01770.0274 -0.0606  0.2277
Internode 2 9 0.1389 -0.0771 0.0102 0.0987 0.0027 0.0687 0.0371  0.1342
Internode 3 0.1139 -0.0198 -0.0229 0.1008 0.0668 0.1452 0.0093  0.1048
Internode 4 0.157 0.0288 0.0323 -0.031 -0.0141 1378 0.0648 -0.0108
Standard
Errors
Internode Internode
Internode 1 2 Internode 3 4
Sii 0.07 0.06 0.06 0.13
Sij 0.0¢ 0.07 0.07 0.1t
Sii-Sjj 0.1 0.08 0.09 0.19
Sij-Sik 0.12 0.1 0.11 0.23
Sij-Ski 0.12 0.1 0.11 0.21




Appendix 3.2d Specific combining ability effects faith thickness
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Parents 1 2 3 4 5 6 7 8
Internode : 0.102%
Internode 2 2 0.0743
Internode 3 -0.0711
Internode 4 0.0272
Internode 1 0.0715 -0.0033
Internode 2 3 0.0735 -0.0176
Internode 3 -0.0215 -0.0075
Internode 4 -0.0061 -0.1096
Internode : -0.258: 0.063: -0.044:
Internode 2 4 -0.2136 0.0233 -0.0614
Internode 3 -0.1329 0.0171 0.0167
Internode 4 0.0879 0.1184 0.0152
Internode 1 0.1716 0.0329 0.0016 0.04
Internode 2 5 0.1839 0.0108 0.0361 -0.007
Internode 3 0.0905 0.0305 -0.0238 0.0007
Internode 4 0.1437 0.0063 0.003 0.021
Internode : 0.048¢ -0.142« 0.0944 0.220" 0.092¢
Internode 2 6 0.0897 -0.0994 0.0319 0.1648 0.0903
Internode 3 0.2215 -0.0485 0.0531 0.1616 0.0511
Internode 4 -0.0096 -0.023 0.2257 0.1497 0.1235
Internode 1 0.0009 0.0202 0.0889 -0.0527 -0.0689 .0638
Internode 2 7 0.1646 -0.0265 0.0308 -0.0223 -0.08080.191
Internode 3 0.1164 0.0184 0.016 -0.0095 -0.026  8@®O
Internode 4 0.0564 0.021 -0.0143 -0.0323 -0.1105 .11@B
Internode : 0.050¢ 0.049¢ -0.051¢ 0.136¢ -0.125: -0.054¢ -0.04¢
Internode 2 8 0.1286 0.0515 -0.0732 0.0817 -0.08880.077 -0.0561
Internode 3 0.0533 0.0273 0.0129 0.0475 -0.0271 .0322 -0.0693
Internode 4 0.179 0.0595 0.1103 0.0063 0.0341 7520 -0.0892
Internode 1 0.0216 0.0649 0.0116 -0.03 0.0078 0480 -0.0769 0.1587
Internode 2 9 0.0683 0.0772 0.0244 -0.0047 0.01080.0414 -0.0605 0.0675
Internode 3 0.038 0.076 0.0376 0.0082 0.0236 3508 -0.0425 0.0364
Internode 4 0.0843 0.0608 0.0095 -0.0805 -0.04270.0299 -0.0019 0.0166
Standard
errors
Internode
1 Internode 2  Internode 3  Internode 4

Sii 0.04 0.03 0.03 0.04
Sij 0.05 0.03 0.04 0.04
Sii-Sjj 0.06 0.04 0.05 0.05
Sij-Sik 0.07 0.05 0.06 0.06
Sij-Ski 0.07 0.0 0.0€ 0.0€




Appendix 3.2e Specific combining ability effects freaking weight
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Parents 1 2 3 4 5 6 7
Internode 1 242.1
Internode 2 2 138.1
Internode 3 48.01
Internode 4 457
Internode 1 2715 215
Internode 2 3 76 21.9
Internode . 60.¢ 7.5€
Internode 4 441 -32.02
Internode 1 -6.5 16.3 -495.4
Internode 2 4 -83.2 -26.2 -98.5
Internode 3 -63.65 41.13 -38.02
Internode 4 9.66 28.63 -38.65
Internode 1 -170.9 -183 -126.1 -14.1
Internode 2 5 -58.3 -222.9 -58.4 63.3
Internode . -30.4¢ -97.71 -29.02 27.0:
Internode 4 5.8 -45.86 -16.9 12.15
Internode 1 -358.7 -16.4 -49.4 93.3 285.2
Internode 2 6 -33.4 -46.1 -48 36.4 128.7
Internode 3 46.29 7.27 -30.12 81.69 122.73
Internode 4 3.65 -12.89 37.98 -16.73 36.66
Internode 1 -116.2 -153.2 94.4 -279.8 -226.2 106.2
Internode 2 7 -119.5 -29.2 -75.8 -116.6 36.9 186.8
Internode . 14.€ 7.1 11.47 -28.0¢ -20.0¢ 737
Internode 4 -37.26 14.16 -46.81 3.85 -13.05 83.16
Internode 1 238.4 -153.6 -330.9 -315 227.6 -72.4 58 2
Internode 2 8 -16.6 -75.9 -154.4 -27.1 -88.7 548 3.87
Internode 3 -1.95 -49.33 -33.88 29.25 7.21 -18.13 47.38
Internode 4 62.83 -13.47 1.68 -18.11 -6.08 -3.47 11.18
Internode 1 21.8 -111.3 50.3 49.7 156.2 -42.5 78 10.1
Internode 2 9 189.8 -151.1 -9.6 6.7 139.6 -117.6 37343.8
Internode . 126.4: 1.4¢ -5.5¢ 9.11 71.3¢ -83.51 -20.€  117.7%
Internode 4 2.85 12.35 24.35 -3.6 12.7 -29.37 57.92.63
Standard
errors
Internode Internode
1 Internode . Internode : 4

Sii 129.51 54.75 27.22 15.42
Sij 146.4 61.89 30.78 17.43
Sii-Sjj 180.6 76.35 37.96 215
Sij-Sik 215.86 91.26 45.38 25.7
Sij-Ski 204.78 86.58 43.05 24.38
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Appendix 3.2f Specific combining ability effects fstem strength

Parents 1 2 3 4 5 6 7
Internode 1 0.46
Internode 2 2 0.938
Internode 3 -0.255
Internode 4 -0.0284
Internode 1 6.46 2.25
Internode 2 3 0.381 0.277
Internode . -0.291 -0.02¢
Internode 4 -0.0808 -0.1924
Internode 1 -15.27 7.1 -9.3
Internode 2 4 -5.688 0.133 -1.345
Internode 3 -1.162 0.223 0.044
Internode 4 0.0172 0.1716 -0.0988
Internode 1 7.6 -1.64 -0.93 0.68
Internode 2 5 4.338 -1.495 0.979 1.143
Internode : 0.35¢ -0.267 -0.12¢ 0.06:
Internode 4 0.1897 -0.0699 -0.0783 0.0377
Internode 1 -18.59 -0.53 1.76 13.35 4.05
Internode 2 6 -1.283 -0.466 0.479 3.104 1.042
Internode 3 1.111 0.086 0.066 1.395 0.665
Internode 4 -0.1155 0.0308 0.5525 0.0985 0.269
Internode 1 -4.51 0.66 6.12 -5.47 -6.08 1.45
Internode 2 7 0.672 -0.395 -0.064 -1.395 -0.595 02.1
Internode . 0.55: 0.251] 0.17 -0.1 -0.132 0.01¢
Internode 4 0.0941 0.0585 -0.1559 0.0541 -0.1673 .17
Internode 1 37.42 -2.62 -12.14 -5.33 -3.57 -6.89 434
Internode 2 8 5.601 -0.406 -2.535 1.646 -2.93 0.579 -0.135
Internode 3 1.332 -0.251 -0.118 0.404 -0.002 .51 -0.206
Internode 4 0.6301 -0.0015 0.1441 0.0321 -0.03530.2146 -0.169
Internode 1 -4.14 1.43 -2.42 3.87 9.23 0.25 -4.44 17.42
Internode 2 9 3.085 0.034 0.061 -0.716 2.494 -1.615 -1.171 4.32
Internode : 1.0¢€ 0.40¢ 0.17: -0.09t 0.367 -0.77¢ -0.451 0.45¢
Internode 4 0.0392 0.1556 0.1312 -0.0668 0.0177 .179% 0.0401 -0.039
Standard
errors
Internode Internode
1 Internode . Internode : 4
Sii 4.46 0.96 0.3 0.08
Sjj 5.04 1.08 0.34 0.09
Sii-Sjj 6.22 1.34 0.42 0.11
Sij-Sik 7.44 1.6 0.5 0.13
Sij-Skl 7.06 1.52 0.47 0.13




Appendix 3.2g Specific combining ability effects fdant height
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Parents 1 2 3 4 5 6 7 8
2 214
3 39.3 35.9
4 18.1 1.7 -13.F
5 -33.6 -37.7 11 35
6 37.6 -48.8 -57.7 -13.2 -4.6
7 -106.9 -33.4 9.6 -49.1 22.3 121.4
8 -73.3 -8 -36.9 -88.5 -7.8 84 64.1
9 7 -80.3 -44 9.9 -34 42.8 66 111
Standard
errors
Sii 13.03
Sij 14.73
Sii-Sjj 18.17
Sij-Sik 21.71
Sij-Skl 20.61
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Appendix 4.1a Summary for stem strength for imtelentwo for the four treatments for
the complete diallel including parent values

Mean stem strength

Internode Internode Internode Internode
2 2 2 2
Treatment Treatment Treatment Treatment
Parents 1 2 3 4
11 SST 806 8.08 7.29 5.5 5.83
12 DH24 6.94 3.12 7.7 1.85
13 DH 29 12.56 8.39 5.6 6.67
14 SST55 4.7 3.02 2.44 2.71
15 BX 4.8€ 2.8¢ 2.4% 1.4¢€
Mean for parents 7.428 4.942 4.734 3.704
Crosses
1 SST806/DH 24 8.85 491 4.18 4.03
2 SST806/DH 29 21.88 10.65 7.83 8.03
3 SST 806/SST 55 7.31 7.53 5.66 3.05
4 SST 806 /BX 6.55 4.23 4.48 2.84
5 DH24/DH 29 15.72 9.83 7.92 5.12
6 DH24/SST5 8.¢ 9.0¢ 7.3€ 5.92
7 DH24/BX 7.32 8.11 6.26 3.3
8 DH29/SST55 9.14 11.21 6.2 6.64
9 DH29/BX 9.26 5.06 6.4 2.58
10 SST55/BX 8.06 8.6 2.93 3.66
Mean for crosses 10.299 7.921 5.922 4,517

LSD (0.05) 9.27 6.34 4.75 3.4




Appendix 4.1b Summary for stem strength for inbelethree for the four treatments for

the complete diallel including parent values
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Mean stem strength

Internode Internode Internode Internode
3 3 3 3
Treatment Treatment Treatment Treatment
Parents 1 2 3 4
11 SST 806 1.53 1.73 1.07 1.68
12 DH24 1.26 0.82 0.99 0.65
13 DH 29 2.06 1.79 1.48 0.99
14 SST55 1.17 1.15 0.84 0.7
15 BX 1.27 1.1¢ 0.67 0.67
Mean for parents 1.458 1.336 1.01 0.938
Crosses
1 SST806/DH 24 1.59 1.01 1.05 0.96
2 SST806/DH 29 2.51 1.61 1.61 1.53
3 SST 806/SST 55 1.48 1.29 1.04 0.97
4 SST 806 /BX 1.3 0.95 0.85 0.79
5 DH24/DH 29 2.06 1.28 1.74 0.78
6 DH24/SST5 1.57 2.2 1.62 1.01
7 DH24/BX 1.29 1.15 1.3 0.62
8 DH29/SST55 1.71 1.55 1.44 1.4
9 DH29/BX 1.68 1.18 1.39 0.55
10 SST55/BX 1.48 1.39 0.72 0.82
Mean for crosses 1.667 1.361 1.276 0.943
LSD (0.05) 0.8 0.89 0.68 0.55
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Appendix 4.1c Summary for stem strength for inbelen four for the four treatments for
the complete diallel including parent values

Mean stem strength

Internode Internode Internode Internode
4 4 4 4
Treatment Treatment Treatment Treatment
Parents 1 2 3 4
11 SST 806 0.32 0.41 0.31 0.43
12 DH24 0.51 0.36 0.53 0.37
13 DH 29 0.64 0.57 0.54 0.34
14 SST55 0.38 0.37 0.30 0.27
15 BX 0.44 0.52 0.2¢ 0.32
Mean for parents 0.458 0.446 0.39 0.346
Crosses
1 SST806/DH 24 0.32 0.31 0.31 0.23
2 SST806/DH 29 0.66 0.43 0.43 0.39
3 SST 806/SST 55 0.37 0.36 0.31 0.27
4 SST 806 /BX 0.43 0.32 0.31 0.22
5 DH24/DH 29 0.71 0.51 0.59 0.3
6 DH24/SST5 0.4¢ 0.4t 0.41 0.2¢
7 DH24/BX 0.48 0.43 0.49 0.23
8 DH29/SST55 0.47 0.39 0.36 0.34
9 DH29/BX 0.55 0.47 0.44 0.24
10 SST55/BX 0.45 0.4 0.26 0.22
Mean for crosses 0.492 0.407 0.39 0.272

LSD (0.05) 0.25 0.19 0.173 0.12




Appendix 4.2 SCA effects for all the internodesliintreatments
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Parent Standard Error
Treatment 1 1 2 3 4 Internode 2 Internode 3 Internode 4
Internode 2 2 -0.963 Sii 2.20 0.19 0.05
Internode 3 0.025 Sij 2.79 0.24 0.07
Internode 4 -0.114 Sii - Sjj 2.96 0.25 0.08
Internode 2 3 8.288 2.991 Sij - Sik 4.19 0.36 110.
Internode 3 0.503 0.184 Sij - Skl 3.82 0.33 00.1
Internode 4 0.133 0.101
Internode 2 4 -0.811 1.645 -1.887
Internode 3 -0.027 0.197 -0.098
Internode 4 0.003 0.034 -0.075
Internode 2 5 -1.300 0.340 -1.499 2772
Internode 3 -0.165 -0.044 -0.086 0.211
Internode 4 0.030 -0.008 -0.031 0.036
Treatment 2 Standard Error
Internode 2 2 -1.581 Internode 2 Internode 3 nterhode 4
Internode 3 -0.250 Sii 1.51 0.21 0.04
Internode 4 -0.055 Sij 1.91 0.26 0.05
Internode 2 3 1.964 1.677 Sii - Sjj 2.02 0.28 060.
Internode 3 0.073 -0.111 Sij - Sik 2.86 0.4 80.0
Internode 4 -0.011 0.047 Sij - Skl 2.61 0.36 080.
Internode 2 4 0.424 2.513 2.449
Internode 3 -0.182 0.878 -0.046
Internode 4 0.003 0.068 -0.062
Internode 2 5 -1.346 3.063 -2.181 2.942
Internode 3 -0.279 0.071 -0.173 0.099
Internode 4 -0.078  -0.0003 -0.034 -0.013
Treatment 3 Standard Error
Internode 2 2 -2.439 Internode 2 Internode 3 nterhode 4
Internode 3 -0.152 Sii 1.13 0.16 0.04
Internode 4 -0.100 Sij 1.43 0.2 0.05
Internode 2 3 1.050 0.382 Sii - Sjj 151 0.21 050.
Internode 3 0.193 0.183 Sij - Sik 2.14 0.3 0.07
Internode 4 0.009 0.051 Sij - Skl 1.96 0.28 70.0
Internode 2 4 1.049 1.548 0.684
Internode 3 0.0044 0.441 0.056
Internode 4 0.0306 0.006 -0.056
Internode 2 5 0.175 0.750 1.180 -0.565
Internode 3 -0.0603 0.253 0.134 -0.157
Internode 4 0.0106 0.066 0.011 -0.034
Treatment 4
Internode 2 2 -0.322 Standard Error
Internode 3 -0.123 Internode 2 Internode 3
Internode 2 3 -0.247 -0.101 Sii 0.81 0.13
Internode 3 0.228 -0.107 Sij 1.02 0.16
Internode 2 4 -1.676 2.272 1.045 Sii - Sjj 1.08 .170
Internode 3 -0.247 0.215 0.378 Sij - Sik 1.53 250.
Internode 2 5 -0.543 0.994 -1.673 0.977 Sij - Skl 14 0.23

Internode 3 -0.216 0.036 -0.254 0.101




