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ABSTRACT

A major agronomic problem inleat that has fareaching economic consequences is lodging.
Development of selective breeding tools that are dependent on abiotic and biotic factors could be
the onlyreliable way to limit lodging. The objective of this research was to investigate new lines
derived from a cross breeding of two wheat culsyaC Cadillac andCarberry, and observe the

yield, traits and their correlation to lodging. The effect of moéstur the biomechanical traits was

also investigated. The biomechanical traits of the selected lines were investigated using a three
point bending test procedure. The values for the biomechanical properties measured (bending
strength, modulus of elastigjtand flexural rigidity) showed to decrease with increase in moisture
content. The pare®®C Cadillac showed to have higher strength values compared to Carberry in
all blocks. The biomechanical values calculated for these lines were correlated wittigihg lo
scores and morphological traitaternode bending strength was pesity correlated with density

(r =0.70,P < 0.05), slenderness ratio£ 0.44,P < 0.05), andstemheight ¢ = 0.43,P < 0.05)

while flexural rigidity was positively correlated withem wallthickness (= 0.57,P < 0.05), and
modulus of elasticity was positly correlated with density & 0.55,P < 0.05. At 14% moisture
content, rootodging was positively correlatasith bending strength, modulus of diagy, and

flexural rigidity (r = 0.41,P < 0.05,r = 0.39,P < 0.05 and = 0.36,P < 0.05 respectively) while

at 22% moisture content tHedging scores wergositively correlated with bending strength,
modulus of &dicity, and flexural rigidity { = 0.17,P < 0.05,r = 0.24,P < 0.05 and = 0.20,P

< 0.05 respectively). Bfrerence in strength values wamind within replicates of the same line,
which could beébecause a$oil heterogeneity anahisotropicity of the wheat stems.

The morphological traits of these selected lines were investigated using a laser length measuring
device, weighing balance, and an imaging device. Lodgmogesiumbers were assigned based

on observation and discretiaising a scale of-9. The morphological traits measured wsiem

height, length of the second internode, slenderness ratio, density, thickness, and Vakime.
height of the wheat stenthe slenderness ratio of the second internode, and density ofhdat w
stemsshowed positive correlatiomith lodging score¢r = 0.52,r = 0.30,r = 0.35respectivelyP

< 0.05)

The effet of insoluble carbohydrates eltulose hemicellulose andignin) on bdging,

morphological traits, and biomechanical traits wekestigated usingourier Transform Infrared



Spectracopy (FTIR). Twelve wheat stenlines were selected based on their bending strength
values to be investigated for variation of insoluble carbohydrateltheireffectonlodging. Lines
having high, intermediatand low bending strength values were picked within the parents and the
entire new population derivett was observed that there was no significant correlation between
these insoluble carbohydrates and lodgiS8gem height and density of wheat stem are key
morphological traits to look at when considering plant breeding techniques in creating a lodging
resistant varietyHoweverother internal coponents could be researchaedl correlated to lodging

as insoluble céohydrates showed no significant correlation to lodging in this study
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1 Introduction

1.1 Background

The demand for food globally is expected to double by 2050, while natis@lrces and arable

lands continuously shrink and deteriorate because of increase in population growth (Barrett 2010).
Sustainable food security in the context of continued population growth and changing diets is a
maj or chal |l enge gngadlimate Govindan and Singk01B)s Estinfatasrprgdict

gl obal demand for crops to i ncrsepradcedtoiocrease of t F
from 696 milliontonnesin 2009 to 914million tonnesin 2020 to meet global demands (Ortiz et

al. 2007;Govindan and SingRB013). Hence, not only does wheat play a key role in current global
food security but it will also contribute to poverty alleviation and future food sec@dyiidan

and Singl2013). Wheat is #ood crop that is widelyultivated because it producgsod yield per

unit area, has a short growing segsord grows well iremperate climag It is grown on more
than218 million hectareg540 million acre$ ("FAOStat", 2018, a largerareathan for any other

crop. Canada was amotige top ten countries that exported the highest dollar vabui of wheat

during 2017, plaiag third with a dollar value d$5.1 billion and contributind3% of total wheat
exports (worldstopexportsom, 2017, https://www.trademap.org/Index.agpas shown in Table

1.1.


https://en.wikipedia.org/wiki/Temperate_climate
https://en.wikipedia.org/wiki/Hectare
https://en.wikipedia.org/wiki/Acre
http://faostat.fao.org/

Table 1.1 World ®p ten wheat exporters and the corresponding dollar value.

Country US Dollar Value of Export ~ World Total Percentage
(% billion)
United States 6.1 15.%%
Russia 5.8 14.8%
Canada 5.1 13%
Australia 4.7 11.9%
France 3 1.7%
Ukraine 2.8 7.1%
Argentina 2.4 6.1%
Germany 1.6 4.1%
Romania 1.1 2.%%
Bulgaria 0.77 2%

Source:http://lwww.worldstopexports.com/wheatportscountry/

A quarter of global agricultural lands are used for whelivation, equaling more than
660 million metrictonnes of grain produced annually making wheat second to maize in terms of
production.Classification in wheat is performdoased on growth habit, species, and commercial
types (Charles 2016). With reference to this classificatione thex three growth habits (spring
wheat,winter wheat or facultative wheat sixteen species, and two commald¢ypes: macaroni
(Triticum durum)and bread wheaf (iticum aestivum{Charles2016). There are sixteen species
of wheat, however, the major species of wheat cultivated are: a) $pspdltd, a hexaploid
species cultivated in limited quantities; b) emnierdicoccuni a tetraploid species which is no
longer in widespread use) einkorn . monococcum diploid species; d) duruni.(durun), a
tetraploid and second most widely planted wheat species; and €) common or breadlTwheat (
aestivun), another hexaploid, and the most widely culexhtvheat species (Charles 2016).
Despit the diversity of wheat varieties, the major aerial portions of wheat plants are the grain,
straw (stem)leavesand chaff; the major underground organ estbots(Figure 1.1 Edet 2015)
The grain is thesource of food production and the wheat stimthe major residual part that can
be used for many purposes such as livestock bedding, animal feed, basket making (Tehmina and

Umarah 2012) as well as biofuel production (Ruiz et al. 2012).
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Figure 1.1 Schematic diagram of a wheat plant.

Since increaseto arable land are limited due to population expansion, future incremental
growth in wheat production needs to be achieved through enhancement of productivity per unit
area and this can be achieved through cultivar development and plant breeding (Gavidda
Ravi 2013). Plant breeding is the science of modifying traits in plants to achieve the desired
beneficial features or characteristics through the process of selection (Sleper and Poehlman 1995;
Deppe 2000). Usually, breeding begins with a genetisscrparent A x parent B, and successive
rounds of propagation occur, through generations of filial populations, to select plants with
desirable features and cull those with less desirable features (Deppe 2000). The most important
aims of breeding includeigh grain yield, high grain quality, moisture and heat tolerance, disease
and insect resistance, yield stability, abiotic and biotic stresses tolerance or resistancepard end
guality characteristics (Calderini and Slafer 1998)wever, lodging in wheat plants has been the

major deterrent in breeding for high yield in wheat plawW#h importance to yield and vyield
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stability, a key trait of focus during plant breeding is plant standalilityis always assessed
during cultiva development. The stems and roots of the plant must be able to support the weight
of the grainbearing reproductive structurieshe failure of stems or roots results in a phenomenon
known as lodgingThis thesis will focus on the relationship betweernrphological properties,
biomechanical properties, and lodging scores. The knowledge of this relationship will aid in

selecting the best cultivar to resist lodging in wheat breeding.

Hundreds of new cultivars have been derived from the selective propagadicess in
Canada, cultivars such as Katepwa, AC Cadillac, Carberry, Alsen, Superb, to name b&G few.
Cadillac is a hargled spring wheafT(riticum aestivum L) developed by the Lethbridge Research
Centre, Lethbridge, AB and Sesaiid Prairie Agriculural Research Centre, Swift Current, SK
(DePauw et al. 1998). It was derived from the cross of two lines, BW90 and BW553. This cross
was initiated to combine the characteristics of BW553 having resistance to common bunt due to
the presence d@t10 gene, ad BW90 having high protein concentration and high yield potential
(DePauw et al. 1998). AC Cadillac showed taller stems compared to other checks and its yield
and agronomic performance over two locations were outstanding compared to the checks based
on the field tests done by the Western Bread Wheat Cooperative inlD9%3(Table 1.2).

The disease reaction test for AC Cadillac gave a good result with reference to the initial
breeding priorities as it showed resistant to the prevalent races of steeomston bunt, leaf
rust and loose smut, and moderate resistance to common root rot (DePauw et al. 1998). AC
Cadillac is also characterized as-mdored kernel with resistance to shattering, like Katepwa
variety (one of the checks) and its emmgk suitablity based on the 3 years of trials by the Western
Bread Wheat Cooperative. AC Cadillac also displayed high grain quality like the Neepawa

cultivar, and thus was eligible for grading as a Canadian Western Red Spring.



Table 1.2 Performance of AC Cddd and check cultivars in Western CanéDaPauw et al.

1998)(data reproduced with permission from Canadian Science Publishing)

Cultivars Yield (kg hal) Days to Maturity
Zonel Zone?2 Mean Zone 1l Zone 2 Mean

AC Cadillac 3480 4240 4120 103.9 106.5 106.2

AC Eatonia 3230 3840 3730 103.5 107.2 106.7

Katepwa 3310 3920 3810 103.3 105.7 105.3

Laura 3400 4250 4100 105.0 108.5 108.1

Neepawa 3270 3910 3800 102.7 105.7 105.3

LSD(P<0.05 1.33 0.8

#tests 6 27 33 3 22 25

Cultivars Height Lodging (1:9) Test Weight (kg ht}) Kernel weight (mg)
(mm)

AC Cadillac 1030 2.3 82.3 37.5

AC Eatonia 980 3.2 80.9 33.6

Katepwa 1000 1.8 80.0 32.8

Laura 980 2.7 80.3 334

Neepawa 1000 1.9 80.1 32.8

LSD(P<0.05 1.0 0.4 0.5 0.5

#tests 29 18 32 32

Zone 1: Stewart Valley and Swift Current, SK; Zone 2: Watr@l§ Scotf SK, Regna, SK,
Elrose SK Ellerslie,AB, Lethbridge, AB, Kernen,SK, Indian HeadSK, Beiseker AB, Melfort,
SK, Acme AB.

Carberry on the other hand, a hard $pdng wheatTriticum aestivum L) was developed
by Semiarid Prairie Agricultural Research Centre (SPARC), Swift Current, SK (DePauw et al.
2011) It was derived from the cross of Alsen/Superb with a designation of BO065 in 2000 at Swift
Current, Saskatchewan by SPARC, AAFC (DePauw et al. 2011.dtdoubled haploid line
generated through the maize pollen method (Knox et al. 2000). BOO65&AK043 (Carberry) was
selected out of other lines from the population because of its early maturity, strong stems and

acceptable height, high grain protein concatitn, resistance to diseases like fusarium head blight



(FHB), leaf and stem rust, and loose smut and common bunt (DePauw et al. 2011). The
experimental line BOO65&AK043 was also known as BW874 through field testing done by the
Western Bread Wheat Coopevat (WBWC). Carberry has shorter stems and displayed the
greatest lodging resistance compared to other checks, with yield and agronomic performance over
three locations outstanding compared to the check lines during testing by the Western Bread Wheat
Coopeative from 20062008 (Table 1.3).

The disease reaction test for Carberry cultivar was good and showed high resistant to
common bunt, moderate resistance to loose smut, and resistance to field stem rust. Carberry also
showed resistance to FHB and its ers#@ suitability had improved protein concentration, better

crumb structure as compared to the mean of check lines and other suitable quality parameters.



Table 1.3 Grain yield of Carberry compared with check cultivars in Western Canadareeer
yearperiod (20062008) (DePauw et al. 2011jdata reproduced with permission from Canadian
Science Publishing)

Yield (kgha')

Cultivar Zone 1 Zone 2 Zone 3 Mean
Name

2006 2007 2008 2006 2007 2008 2006 2007 2008 2006

2008

AC 2663 2586 2905 3299 3453 4192 5547 4605 6305 3859

Barrie

Katepwa 2425 2400 2885 3430 3294 4205 5004 4110 5840 3742
Laura 2009 2283 3270 3690 3281 4532 5526 4374 5990 3916
Lillian 2165 2435 3165 3371 3239 4072 5032 4166 5748 3689
Superb 2529 2966 3566 3543 3834 4898 5619 4474 6987 4250
Mean of 2358 2534 3158 3467 3420 4380 5346 4346 6174 3891
Checks

Carberry 3357 2932 3263 3901 3944 4563 5698 4546 6562 4266
Cultivar Height Lodging Maturity(d) Test weight Protein (%) Kernel size (mg)

Name  (mm) (1-9) (kg hL'Y)
2006 2006 20062008 20062008 20062008 20062008
2008 2008
AC 970 2.1 98.6 79.6 15.2 33.8
Barrie
Katepwa 1010 3.1 97.5 78.4 14.9 32.0
Laura 1000 3.8 100.0 79.0 15.0 31.9
Lillian 970 3.1 98.8 78.1 16.3 35.0
Superb 900 2.1 100.8 79.5 14.7 32.0
Mean of 970 2.8 99.1 78.9 15.2 34.2
Checks
Carberry 850 1.7 101.0 80.8 15.2 35.0

Zone 1: Swift @rrent, Stewart ValleySK; Zone 2: Watrous, Scott, Regin8K, Neapolis,
Lethbiidge, AB, Kindersley,SK, Irricana,AB, Indian HeadSK, Beiseker AB; Zone 3: Melfort,
SK, Lacombe AB.



1.1.1Lodging

Lodging is the permanent displacement of plant shoots from an upright position, which can be
induced by external forces such as wind, rain, or hail. The stem may remain straight throughout
the length but ént at one position or become curved in various fdrriiee overall effect is that

the plants rest more towards a horizontal position. Movement from a vertical position can affect
photosynthesis and increase moisture and disease around the grains tlasieby gield
reductions as high as 50% (Stapper and Fischer 1990) and loss of bread making quality (Berry et
al. 2004).

Lodging may lower grain yield directly by interfering with the accumulation of dry matter
or indirectly reduce the yield owing to tlkficulties that it may cause during harvest (Pinthus
1974). Pinthus (1974) also reported that the severity of lodging and the degree of losses due to
lodging depend on the environment in which the crop is grown and the growth stage at which
lodging occus. Hence favorable growing conditions, promotion of grain yield, and crop
development will cause the manifestation and increase the severity of lodging. According to
Pinthus (1974), when considering other estimates on the frequency and severity of lodwgg,
be ascertained that in high yield potential regions the damage due to lodging is at least as great as
that due to insect pests and other cryptogamic diseases. In order to control lodging, past scientists
are given credit for an outstanding achieeatin increasing lodging resistance by using shorter
strawed cultivars, however instead of eliminating the problem, it has rather concentrated it into a
narrower range of conditions and transferred into a higher level of yields (Pinthus 1974). There
are tvo main forms of lodging which can be as a result of-dwering of the anchorage system or
buckling of the stem base (Berry 2015). Ouening of the anchorage system is termed root

lodging and buckling of the stem base is termed stem lodging.

1.1.1.1 Root lodging Root anchorage and the extent of the plant root system contribute
significantly to plant standability and resistance to lodging. Root lodging occurs when the root
system is not able to resist the forces of the wind and rain due to stedssl trgthe above ground
portions of the plant. When irrigation or rain occurs, the upper layer of the soil tends to soften up,
hence the anchorage of the plants is weakened, and a breeze of lighter intensity may even exert a
sufficient torque to induce tlging (Udagawa and Oda 1967). During root lodging, the root system

uproots or rotates in the soil (Sterling et al. 2003) because of the forces exerted from or on the



aboveground plant portions. Root lodging can occur earlier in the season before cdregdayma

such as during the flowering stage, and it is the most common type of lodging that occurs in cereals
(Sterling et al. 2003). It was shown Bynos(1991) that the anchoragf spring wheatlepends

on a thick basal regioof roots includingcoronal roots rather than on the finer and more distal root
regions in the plant. It was also reported by CrookEmubos(1993) thatthe 10-20 coronal roots

that emerge from thease of the stem have bdegavily lignified around their perimeter making

them resistant to bending. This phenomenon is not applicable to winter wheat as it has different
root morphology (Crook an&nnos1993). Overal] rain or sprinkler irrigation may promote
lodging,through increase in soil moisture and simating the plats increasethe weight of the
aboveground biomassvhich in turn increases torque (Pinthus 19T43an be inferred that root
lodging is the predominant type of lodging that occurs during crucial growth stateswlieat

plant and the main agents aaé and irrigation that weakehe anchorage of plants by moistening

the soil (Pinthus 1974).

1.1.1.2 Stem lodging Stem lodgingresults from the bending or buckling of the lower stem
internodes due to external or internal fast@leenan and Spencer Smitl997). Wheat can
partially recover after wind damage wairowing if there is enougiccess to water and nutrients
(Berry et al. 2016). Experiments conducted in wind tunnels (Bauer 1964; Udagawa and Oda 1967)
show that for stem lodging to occur, high divelocities between 15 to 30 tare necessary but

even under these wind forcéisywas observed that the intact stems were moist and turgid, they
rarely roke (Pinthus 1974). Hencledging due testem fracturés only expectedo occurat the
senescence stage of plants after ripening has occurred (Pinthus 1974). Berry et al (2003a) validated
a model predicting lodgingsk and predicted that stem lodging occurs when the failure moment

of the stenbaseis exceeded by theverage of thehoot.

During the green revolution, plant breedezduced lodging risks by introducing semi
dwarfing genessuch afkhtBlb and RiHD1b, into breeding programs to produceitivars with
greater resource partitioning to the grain and plants with shoitgrtland stem lengttWilhelm
et al. 2013).Additional agronomic methods that have been used to reduce lodging include:
introducing plant growth regulators to shorten crops, delaying sowing time, reducing seed rate,
reducing and delaying nitrogen fertilizapplication, and rolling the soil (Berry et al. 2004).
However, shortening plants with growth regulators through sequential agplicaty leave



harmful residuesrthe grain (Berry et al. 2004). Thus, if there is limited scope to further reduce
plant teight, it follows that the strength of structures supporting the plantlmeustproved upon
to decreasdodging risks. Hence, improvements to plant standability to counter the escalating
lodging risk must be accomplished in breeding programiigher havest yields are to be

achieved.

The characteristics of a wheat plant for lodging avoidance have to do with improvements
in stem failure moment and anchorage failure moréat is increasing the stem and anchorage
strengths so that the moment of failigéncrease@Berry et al. 2007). To maximize stem strength
for the least investment in dry matter, increases in the stem diameter and materials of the stem wall
is of high necesty (Berry et al. 2015). Assunyg the wheat stem as a cylindrical rod, certai
mechanical pperties can give an insight tioe strength properties of the wheat stem in relation
to lodging. These strength propertfbending strength, flexural rigidity, and modulus of elasticity)
relate to stentraits and phenotypes that can aspisint breedrs in development of lodging
resistant cultivarg identification of gene markers and discovery of the genes responsible for
beneficial stem strength traits will further this goal.

1.1.2MechanicaProperties oWheatStens

The knowledgef the mechanical properties of wheat stems can hedpjaxtivelydifferentiate
strength properties amongst wheat cultivars; thus, pinpointing the cultivar with the strongest stem

resistant to lodging.

1.1.2.1Bending strengthSclerenchymaells are responsible for resisting bending stress on plant
stems; these cells appear near the outside of stems where the bending stress is the highest (Evans
et al. 2007). A comparison made between the bending strength of a frame supported wheat stem
anda free supported wheat stem showed that thesta®ding wheat stem had more strength and
lodging resistance, although the difference was significant it was not a pronounced difference
(Crook and Enn® 1996). The mechanical properties of stemsadtmdion of the biological and
physiological properties of the plant (Persson 1987; Tavakoli et al. 2009a). Moisture content and
internode position have significant effects on theersyth properties of the plantdreasd
moisture content Belsto a decreas® bending strengtrand bending strength decreaes the

first to third internode based on results derived using a-poed bending strength test (Edet

2015; Esehaghbeygi et al. 2009; Takavoli et al. 2008, 2009a).
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1.1.2.2Straw stiffness and strastrength: Straw stiffness can be referred to as flexural rigidity of

the stem (Pinthus 1974). According to Pinthus (1974), flexural rigidity of the stem can beesktima

by numerous methods such asing a spring balance to measure the force requirguilto
horizontally a certain number of stems growing closely in the field to the reclining position at a
certain angle; and also the snap test (i.e. grading of plants in the field according to the force
required to pull a handful of stems to a recliningipon and theiresilience in the process). The
snap test is the most widely used method in determining straw stiffness (Pinthus 1974). According
to Pinthus (1974), a high value for the flexural rigidity of the stem may bedath modulus of
Elasticity (E) and moment of inertid ) since its derivation depends on the product of the two,
which in wheat originates mainly because of the high value from modulus of elasticity (E). Hence,
high flexural rigidity may contribute more to lodgirgsistance as a result of its effect on the straw
strength i.e., the highest bending moment resistance of the stem (Pinthus 1974).

1.1.2.3Breaking strengthBreaking strength refers to the force required to break a section or part
of a certain length ofhie basal stem internodes (Pinthus 1974). According to Pinthus (1974),
breaking strength changes during texelopmentaperiod from heading to maturation and the
values obtained are solely dependent on the growth stage of the plant during the timthe tes
was conducted. Pinthus (1974) also reported that the same principle is applicable to calculating
other characteristics associated witliding, whichalso vary according to the time of plant
developmentsuch as the straw strengihd chemical compd®n. It can be deduced that the
breaking strength may also indicate lodging resistance since it is associated with stem lodging
following fracture of the stems as well as its relation to the elastic limit and flexural rigidity which
both can affect lodgg (Pinthus 1974).

According to Christopher et al. (2005), for-saBd 4point bend test, modulus of elasticity
can be calculated using derived equations from standard beam theory for specimens with circular

surfaces respectively (Gere and Timoshenk®).99

To determine the modulus of elasticity of a material using a 4pog® bending test, the

mathematical reteonship is shown irf1.1);

(1.1)
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As for cases wheitthefour-point bending test is used in analyzing the modulus of elasticity

of a material, tB mathematical relationship (%.2).

_ Fa 2.
E= i (BL27 42) (1.2)

where:

E= modulus of &sticity of the stem (GPa),

L = the distance between the support points (mm),

d = the deflection of the stem (mm),

a = the distance between the support and the load points (mm),
F» = the bending force (Ngnd

l, = second moment of the area (fjm

Edet (2015) reported t hat O6Dogherty et
Mostafavand and Kamg#2010) used the equations below to determine the maximum bending

strength.

(1.3)

where:
Ub = the bending strength (MPand
ra= the axis of the ass section (outer radius) (mm).

The calculation of the send moment of area for the solid and hollow stem san{flds

and 1.5 respectivelyyas carried out as follows (Shrivastava et al. 1994):

lp= é{(Df) Circular solid stem (1.4)
lp= %(th) Circular hollow stem (1.5)

12



where:

Dt = Fiber diameter (mm) 2R,

Rs = Radius from the neutral axis of the stem to the most distant load carrying fiber (mm), and
t = stem thickness (mm).

1.1.3StemWall Properties oMWWheatStem

The outermost layer of plant cells is composed mostly of cell walls that provide a protective
physical barrier against stresses such ashhhiotic and abiotic stresses, and tted wall can
determine important properties like amanical strength, texture, capacity to bind molecules and
sequester toxic ions as well as resistance to pathogenic microorgéArsanst al. 2011)They

also play an essential role in controlling cell grovgttovisionand buildup of useful molecules

or proteinin thecase ofpathogen attacknd other environmental stresses. According to Jian et al.
(2012), wheat stem cell walls are mainly composed of cellulose, lignin, protein, and pectin.
Kokubo et al. (1991) and Li et al. (200@ported thathe coneért of cellulose in the cell walvas
significantly correlated witlstem strength while othersi(et al. 2003; Jones et al. 2Q&lggested

that lignin mayalsocontribute to cell wall strength (Jian et al. 2012).
1.1.4 Knowledgésap

Wheat plard as a lmlogical entity areanisotropic(possessing different properties in different
directions)and variable in nature. However, assumptions on the wheat plant being homogenous
have beensed in predicting thpattern of its growth and possible yigtdthis sty. For a wheat

plant to have higlield potentialand stability, the stem neetdsbe strong enough to withstand all
forms of externbforces, e.g. wind, that caubending or failure of the stem, and regstem or
lodging Plant standability becomeggeeater challenge in the context of climate change, and the
fact that loss of crops due to extreme weather events are on the rise (Godfr@@Ed;aPowell

and Reinhard 2016). The importance of developing wheat cultivars with the highest lodging
resisance cannot be understatdthe strength of the wheat stem and its ability to maintain an
upright position needs to be giveareful and dissectingonsideration when hoping to achieve
higher yield potential To optimize the sterstrength of a wheat plargtrength inducing properties

need to be characterized and related to lodging resistance. Knowledge of beneficial stem
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biomechanical traits will help plant breeders identify the gengnstble forthese traits, and
thus enablig incorporation of these genetic factors into the newest cultivars to redeicemate

lodging.
1.2 Research Objectives

The aim of this researdh to determine the variabilityn the strength properties ofheat plard
and correlate these propertitslodging score To carry out this aimthe following specific

objectives are set:

1. Toinvestigate the morphological traits2®8 genetic lines a biparental populatioderived
from thewheat cultivars Carberry and AC Cadillac and its relation to lodging

2. To investigate the biomechanical traits of 208 genetic bfasbiparental populatioderived
from thewheat culivars Carberry and AC Cadillac, widmphasis on the second internade
a function of stem moisture content using the thpe®at bendingest and,;

3. To investigate the effeaf insoluble carbhydrate amountn lodging and other measured

properties.
1.3 Organization of the Thesis

This thesis is organized and formatted according to the guidelines for mansgdegheses of

the College of Graduate Studies and Research at the University of Saskatchewan. It has six
chapters, three of which are research manuscripts. Within each of these three manuscripts, a
transition section on the ACont dOmewtthedchree of t h
manuscripts ¢hapter 3 was presented at th€SBE/SCGABAnnual General Meeting and

Technical Conference, Guelph, ON, JulyZ®2 CSBE Paper No. 2801.The other three chapters

(chapters 2_4include this introductory sectipa fifth chapter containing general discussion and

a final chapter consisting of conclusions and recommendations for future research (Chapter 6). A

list of references is provided after ChaptefBe Appendix contains supplementary data for the

manuscript chapters.
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2 ldentification of Stem Morphological and Mechanical Traits Associated
with Lodging in a Bi-parental (AC Cadillac and Carberry) Population of

Wheat (Triticum aestivum L)
Contribution of the MSc Candidate
The MSc candidate conducted tliterature review, analyzed the outcomes, and prepared this
manuscript on the identification of morphological and mechanical traits associated with lodging
in wheat plants derived from a-parental population (Cadillac and Carly@rrThe research
supervisr, Lope G. Tabil, provided guidance during the planning of the methodology and editorial
advice during manuscript preparation. -€pervisors, Bagher Emadrom Saskatchewan
Polytechnicprovided guidance in structuring the paper, while Allan Feurfrato NRC (National
Research Council, Canada) and research team, Parul Jain, Lanette Ehman, and Daiging Huang
collected the stem material ampdovided data on lodging and plant height. Geragrh was
provided by Richard Cuthbert and Ron Knox from the Swift Current Research and Development
Centre of AAFC; Santosh Kumar and Andrew Burt of the Brandon Research and Development
Centre of AAFC contributed to the field trail experiments in Saskat@eizelle MaeVialenab,
and Irvin Ghristian Capadfrom the University of Saskatchewassisted ixperimentsnvolving

the measurement tdfie bearable load and diameter of Wieeatstems
2.1 Abstract

The objective of this research was to investigatd characterize thmorphological traits of a
doubled haploid population derived from wheat parental cultivars AC CadillaCanterry and
determine the effect of the morphological traits on lodging thighgoalto identify atrait (s) that

can be utilized in selection of lodging resistant cultivale morphological traits measured were
stemheight, length, slenderness ratio, stiffness, density, diameter, thickness, and volume. The
measured morphologitdraits for these lines were correlated with root lodging scores and
biomechanical traits. The height and density of the wheat stems shpasitive carelation with
lodging scoresr(= 0.50 andr =0.35 respectively)R<0.05). The density also showeds&rong
positive correlation with bending strength= 0.70).It was observed that AC Cadillac had the
strongesttallest and most denseheat stem&mongst the checks (AC Cadillac, Carberry, and
Glenn). The stem wall thickness showed negative correlaiaiensity, and this may be due to

the porous nature of the wheat stems. The denser and taller wheat stems will be susceptible to
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lodging if the root system is not strong and deeply embedded in the soil. This study shows wheat
stems having heavier biomaasove the ground are prone to lodgilmgorder to mitigate lodging

and have a large portion of abegmund biomass, the root system needs to be investigated and
ways to increase anchorage strength researched upon.

2.2 Introduction

Wheat is one of thenost important cultivated food crops in the world (Mohammad et al. 2011).

The i mportance of wheat, and exponentitfl i nc
century |l ed plant besetdetsohd tSeak siegdmirfeiema
potential of this worldrenowned crop (Mohammad et al. 2011). Extensive research has occurred

to discover morphological traits that can increase biomass and assimilate partitioning to the
reproductive structures in order to increase grain yields (Maoted et al. 2011). Khan and Naqvi

(2012) reported that grain yield could be increased through the selection of plants with more
spikelets per spike and taller plant heights. Shah et al. (2003) reported a negative correlation
between plant height and harvesdex. Grain yield can be increased through introduction of the
reduced height (Rht) or dwarfing genes which reduce plant height and also affect wheat spike
morphology and grain number and size. The three commonly adopted dwarfing genes worldwide
areRhtB1, RhtD1, and Rht§Youssefian et al. 1992). The first two, RBit and RD1, have

had a tremendous impact on vegetative-rdatter accumulation and stem elongation and are
gibberellin (GA) insensitive dwarfing genes which dominantly inhibit the GAaigg pathway
(Youssefian et al. 1992). Seqwvarf plants possess a larger portion of assimilates allocated to the
developing spikes compared to the tall plants, which gives rise to increased grain number per spike
and improved spikelet fertility (Youssah et al. 1992; Flintham et al. 1997).

Grain yield is significantly reduced by various abiotic stresses, diseases, insects, and plant
lodging (Pinthus 1974). Lodging is the permanent displacement of plant shoots from an upright
position due to impact &dm an external force such as wind, rain, or hail. Lodging reduces grain
quality and results in significant to severe yield losses due to: a) reduced canopy photosynthesis;
b) reduced translocation of carbon and nutrients for grain filling; c) increagechties; and d)
increased susceptibility to diseases and pests (Pinthus 1974). In wheat, lodging can be caused by
buckling of the stem base or oveirning of the anchorage system (Berry 2015). Buckling of

stems at the base is termed stem lodging whigs-turning of the anchorage system in the soil is
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termed root lodging. Studies have shown that basal internode length and thickness, culm wall
thickness, plant height, sheath wrapping, and thickness of the leaf all contribute to lodging
resistance in cea¢s (Chang and Vergara 1972; Hojyo 1974; Matsuda et al. 1983). According to
Zuber et al. (1999), in spring wheat, higher correlations were found between lodging resistance
and morphological traits in wheat stems harvested at anthesis as comparedharthested after
maturity. They further discovered that stem fresh weight traits had a higher correlation to lodging
resistance as compared to its corresponding dry matter parameter, with significant correlation
noticed in the stem weight per length of gtem (gcrmt), thus concluding heavier stems indicated
better lodging resistance (Zuber et al. 1999). In barley, lodging resistant was found to be associated
with the thickness of the sclerenchyma ring and culm wall thickness (Dunn and Briggs 1989).
However as wheat breeding and selection intensified in tHec@tury, there has been a shift in

the causes of lodging from reports of stem failure to a focus on root anchorage failure (Zuber et al.
1999). Structural failure in wheat stems occurs as a resbitiakling in the stem rather than
weakness in the anchorage strength (Neenan and Sigmaer1975), whereas, Crook and Ennos
(1993) proved that the occurrence of stem lodging was rare due to the selection of more rigid and
shortstemmed varieties withithe past 40 years. As a result selection and breeding for higher
yields, modern varieties have smaller root to shoot ratios, shorter plants, and higher harvest indexes
as compared to older varieties, thus contributing to a shift in the prevalence ddrsternot

lodging (Siddique et al. 1990, Zuber et al. 1999). Zuber et al. (1999) reported that the diminishing
water content in wheat stems and other aerial parts may be responsible for the reduced correlation
values with lodging scores as higher correlatizas observed at anthesis as compared to after
maturity. They also reported a positive correlation between plant height (r=0.49), stem length
(r=0.51), and lodging score, but Baier (1965) observed significant positive correlation between
stem length of th three lower internodes of the barley stem and lodging resistance (6030

while Backes et al. (1995) observed no correlation between plant height and lodging resistance for

250 double haploid barley lines.

Thus, a key aspect to increase yield aeduce lodging, is to determine which
morphological traits of wheat stems are beneficial for lodging resistance and optimize plant
standability. The objective of this thesis chapter is to invdstidye relationship betwedwdging
scores, stem morphologiccharacteristics (second internode length, volume, stem wall thickness,

height, slenderness ratio, and density), and stem bending strength properties of wheat lines derived
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from the biparental population of AC Cadillac, a telemmed cultivar, and Caetry, a shor

stemmed cultivar.
2.3 Materials and Methods

2.3.1Plant Material and Field Experiments

A 208 line subset of a 775 line doubled haploid population derived from wheat parental cultivars
AC Cadillac and Carberry was used in this study. Onealtaghlines, of the 208, were randomly
selected, and an additional 108 lines normalized for plant height and maturity were selected for
greater sensitivity to lodging. An augmented randomized complete block design was used with
AC Cadillac, Carberry, and &hn cultivars serving as cheektries in each blockGlenn was
selected aa checkcultivar because its medium height stem and good yielgerties. Sixteen

bl ocks were generated, with 4 blocks per rang
rowed plots for a total of 256 plots in an experimental field tedtl@nellyn farm in Saskatoon,

SK (52°11'02.0"N) grown from May to September 201ig.(E.1).A plot was designated to each

line of the two hundred and eight experimental lines from the population. AC Cadillac, Carberry,
and Glenn cultivars were planted in different plots within a block and randomly repeated in plots
of other blocks.

2.3.2Lodging Score

Plant lodging was observed at maturity and scoré) (tere assigned to lines based on the angle

of deviation from stems in the upright vertical position. The scores were an assessment of the entire
plot from an experimental line andted based on the percentage and degree of lodging across the
plot, with 1 assigned to stems within the plot that were standing at a totally upright pos8ion, 2
was assigned to stems deviating away from the upright position based on severity, while 9 was
assigned to plots that were 100% lodged with stems of the first internodes lying close to the
horizontal position on the field. Lodging scores were assigned based on discretion and observation
for all 208 lines plus check cultivars, Carberry, AC Cadilta] Glenn.

2.3.3Sample Preparation

Five wheat stems were collected from each of the 208 experimental lines and 48 check entry
cultivars, making 256 samples in total for analyses. The labeled samples were kept in plastic
bins. These plastic bins were @dal in a controlled environment, set at 30% relative humidity

and temperature of 4°C to maintain harvest condition.
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Table 2.1 An excerpt of the random distribution of the check cultivars on the field.

Block 1 C1l C3 C2 eeé
Block 2 C2 C3 eée C1
Block 3 C2 C1 C3 eée
Block 4 C1 C2 eée
Block 5 C3 C1 eée C2
eeé
eeeé
eée
Block 15 C2 eée C3
Block 16 C3 Cc2 C1 eeeé

C1= Carberry, C2= AC Cadillac, C3= Glefoheck cultivars)
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b) Image of harvested experimental lines after maturity.

Figure 2.1 Cultivation of wheat lisen block arrangemeint Llewellyn farm, Saskatooa), and
image of the harvested stems (b).
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2.3.4MorphologicalProperties

All 256 lines were measured for morphological traits. The height h (mm) of each wheat stem from
each line was measured from the base of the plant to the bottom of the panicle, and the second
internode length L (mm) were recorded using a Leicstd®f D2 laser distance meter (Leica
Geosystems Inc. Norcross, GA). The internal and external diameter (mm) of the second internode
was measured using the Wild Heerbrugg stereosedpe magnification of 8x (Wild M3z, Wild
Heerbrugg, Gais, Switzerlandaxcam3 camera (Midwest Information Systems, Villa Park, IL),

and Intralux 500 light source. Approximately eight points were taken at random across the edges
of the internode crossection running through the centre, an average was taken as the diameter to
account for the i rr egwéchonalsurfaceianshowmieFigorth 222t st e
The weights (g) of the cut second internode and the entire length of each stdenfeaegeh line

were recordedsing a precision balanc@.(1 g) (Mettler Toledo, Mississauga, Canada)

Internode volume, density, and slenderness ratio were then estimatethasiqgations

2.1, 2.2, and 2.3 respectively:

V=" "Yir?L (2.1)
where:

V = volume of the second internode portion of the wheat sten¥}imm

R = outer diameter of the second internode of the stem section (mm),

L = length of the second internode of the stem section (mm),

r = inner diameter of the second internode of the stem section (mm), and

) == (2.2)

where:
} = density of the wheat stem at second internode Rgard

m = mass of the second internoddlwé wheat stem section (kg).

Slenderness ratio = (2.3)

where:
A = surface area of the cressction of the second internode of the stem sectior?)namd

| = second moment of the area (Mrfusing eqn. 1.5)
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2.3.5Mechanical Analysis Using a Thré&®int Bending Test

After measurement of morphological traits, a 30 mm length section from the second internode of
the stems was cut at the area close to the base of the node and placed in pléstieléabe. Tie

initial moisture content (%w.b.) of the stem sections was determined by oven drying a weighed
portion of the samples at 103°C for 24 h and then reweighed after drying using ASABE standard
S358.2 (Edet 2015). The samples were then placachumidifier (Model SFB41, Espec Corp,
Kita-ku, Osaka, Japan) for 72 h at 25°C and a relative humidity of 78% to derive a moisture content
of 14% (Edet 2015). e samples were taken out and kept in the controlled environment mentioned

above to stop anfprm of moisture loss or gain prior to further testing.
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Quter Diameter (D) (mm)

Inner Diameter (d) (mm)

a) Schematic diagram of the measured stem.

b) Crosssection image of the cut stem.

c) The WildHeerbruggstereoscope for imaging cressection of wheat samples

Figure 2.2 Wheat stem thickness measurement showing the schematic diagram of the stem, (a)
the captured image of a sample of the wheat stem taken by a Paxcam3 camera (b), and test set up
on the WildHeerbruggstereoscope (c).
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2.3.5.1Biomechanicatest To determine the bending force on the wheat stem samples, a three
point linkage bending equipméike the one described by Tavakoli et al. (2009) and Zareiforoush

et al. (2010) was usd#igure 2.3.a)The Texture AnalyzgfTAXT2, Texture Technologies Corp.
Hamilton, MA)was used to carry out the terpoint bending tegFigure 2.3.h. Force was applied

at the center of the stem with a loading rate of 120mim' by a rectangulasteelblade (Edet

2015). Imaging of the transverse section of the stem was carried out using thdeafildugg
stereoscopas detailed above in 2.3(Bigure 2.2.c)A crosssectional image was taken and about
twelve diameter linewere drawn from one edge of thater part of thestem to the other, and the
average diameter was recordesiouter diameteiThe smeprocedure was performed to gbe
internaldiameter of the stem, except that the lines were drawn from the edgesrofehpart of

the stem where the hollowness started.

2.3.5.2 Flexural properties The equation (1.2) was used in evaluating the bending strength
properties of the wheat stems. In calculating the second moment of area for hollow stem samples
equation (1.5) was used. The equation (1.1) was used to evaluate the modulus of elasticity of th
wheat stems, while the equation (2.4) below was used to evaluate the flexural rigidity of the wheat

stems.

Elp= — 2.9

where:

Elx= flexural rigidity (Nn¥, the result of the above equation divided b$§),10

E= modulus of elasticity of the stem (GPa, the result of the above equation dividet),by 10
| = distance between the support points (mm),

U = deflection of the stem (mm),

Fb = bending force (N), and

l, = second moment of the area (Mrfusing eqn. 1.5).
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2.36 Statistical Analysis

All data were statistically analyzed using SAS 9.4 software (SAS software. Version 9.4 SAS
Institute Inc. Cary, NCat the 5% significance level. Missing data were estimated for using the
Restricted Mwimum Likelihood (REML) methadA log transformation was applied to the
mechanical traits of theecond internode to mette normality assumptioof the analysis of
variance ad mixed model testwhile the morphological traits weused directly. A multiple linear
regression model was fit to test for effects due to genotype and plot arrangement. Least square
means were estimated for the genotypes to compare the morphologicaioamethanical
properties of the send internodes of the 256 plots from the field.tdseDuncands Mul t i
Range TestDMRT) was performed followinghe ANOVA tests to test for variation in the means

for the biomechanical traits in @a block. Since sgnificant differences were present between
blocks, DMRT was done within the blocks. To compare the relative effects of genotypes on

biomechanical and morphological traits, the statistical model was:

Yi= Oi+&+ hy+ & (2.5

where:

M = grand mean,

| ki) = fixed effect due to new entries,
bi = random effect due to blocks,

C; = fixed effect due to checks, and
&k = random error component.

To estimate the Empirical Best Linear Unbiased Predii@BLUPS), the model in Eq.
25was t he same e x ckg)pvere corsidered ammdone affécrinstead of {ixéd
Robust correlation coefficients were estimated for the biomechanical and morphological properties
of the wheat stems using the raw amrmally distributed dat
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Point Load (F) (N}

@ \:ﬁtat stem length, (L) (mm)

‘\“\\ Deflection (&) O
el (mm) .7

b) Image of the threpoint bemling test setup

7.0
6.0
~5.0
4.0
3.0
2.0
1.0
0.0
0 2 4 6 8 10 12 14
Displacement (mm)

Force (N

c) Forcedeformation curve of the stem
Figure 2.3 Thregooint bending test of wheat stems showing the schematic diagram of the test
(), thetest setup on the Texture Analyzer (b), and a typical fededormation curve generated

during the test (c).
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2.4 Results anBiscussion

2.4.1Stem Morphological Properties

No significant difference weredetected inthe thickness of the stem wall, lengtf second
internodes, and slenderness ratio among the genotypes across theR®ac8S) ( but there was

a significant differace in the sterheight across the blockB<€0.05 (Table 2.3. There wereno
significant difference (P<0.05 within the blocks for themomphological properties (Table 3,2
except for the height dhe stem.This could mean there was no variatdue to the location of
planting n the field. In general, variation existed between genotypes in the same plots. The
thickness ofthe wheat stems observed betweka checks showed no significant difference
(P<0.05.

The experimental lines of tippulation hd varyingdegrees of stem thicknessgith some thicker
than the parentsyhile some were not (Table 2.AC Cadillachad the greast length osecond
internode andhighestslenderness ratio amongst ttleecksand entire population except for one
line (AW064), which was slightly higher (Appendix: Tables A25). Carberry bhd smaller
length of second internode and lower slenderness ratio as compared to eXt=apt, for one
inconsistency in t slenderness ratiigures 2.4 and 2)5
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Table 2.2Analysis of variance of morphological characteristics of wheat stems (N=5).

A. Dependent Variable Length of Internode

Source DF Type 1SS  Mean Square F Value Pr>F
Block 15 17.44 6.27 1.84 0.075
Check Entry 2 120.52 55.53 95.62 <0.0001
New Entry 207 605.25 2.92 4.64 0.011
R-Square CV RMSE Length of Internode
0.98 5.87 0.79 135.3

B. Dependent Variable Height of Stem
Source DF Type I SS  Mean Square F Value Pr>F
Block 15 236.86 15.79 2.11 0.04
Check Entry 2 3140.8 1570.40 209.82 <0.0001
New Entry 207 12494.98 60.36 8.07 0.01
R-Square Cv RMSE Height of Stem
0.99 3.33 2.74 821.9

C. Dependent Variable Thickness of Stem
Source DF Type Il SS  Mean Square F Value Pr>F
Block 15 0.11 0.008 1.84 0.08
Check Entry 2 0.0005 0.0003 0.06 0.94
New Entry 207 2.16 0.01 2.56 0.002
R-Square Cv RMSE Thickness of Stem
0.95 8.19 0.06 0.78

D. Dependent Variable Slenderness Ratio
Source DF Type Il SS  Mean Square F Value Pr>F
Block 15 9.81 0.65 1.50 0.17
Check Entry 2 70.98 35.49 81.34 <0.0001
New Entry 207 273.87 1.32 3.03 0.0003
R-Square Ccv RMSE Slenderness Ratio
0.97 7.85 0.66 84.2

DF= Degree of Freedom, CV = Coefficient of Variance, RMSE= Root Mean Square Error, SS =
Sum of Squares, Pr = Probability.
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AC Cadillac was also observed to be the tallest cultivar of the entire population except for two
experimental lines, BC012 and AC009, which were slightly higher. Glenstaadheights in the
mid-range of the data as compared to Carberry which was among the shortest stems compared to
the experimental lines (Table 2.3The volume of the internodes was significantly different
(P<0.05 across the blocks with some lines having higher values compared to the checks
(Appendix Table A.1). The volume of AC Cadillac stems was greater compared to the other two
checks with inconsistencies observed in some blocks where other checks wevelommeous
(Appendix: Figure A.}, which may be because of the anisotropic nature of the stems. The cross
sectional area, however, showed no significant difference within the blBeR06) (Appendix:

Table A.1).

In measuring the density, a total of 242 $inegere selected from the population. There were no
significant differences in the density of the lines across the blocks but significant differences were
observed in the genotypes and checks (Appendix: Table A.1). Generally, AC Cadillac had denser
stems cmpared to the other two checks, Carberry and Glenn, as shown in Figure 2.6, and the
entire population, except for a total of sixteen lines that were slightly higher (Appendix Tables
A.18-A.21).

2.4.2Bending Strength Properties

There werssignificant differences in the bending strength values among the genotypes across the
blocks P<0.01) as shown in ANOVA Table 2.#he bending strength values for the stem samples
varied across the blocks. Out of the 208 lines, 36 lines were observedettigher bending

strength values as compared to the values of the checks (Appendix: TabR9)B.2
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Table 2.3Average morphological and bending strédngalues (n=5) of the lines in block®

Block One
Line Length of Slenderness  Bending Thickness  Height of stem
internode ratio strength (14%) (mm)* (mm)*
BE0O29 120.4°46.10) 77.8°2.9) 4.32(0.81) 0.77°40.10) 780.2°435.9)
AMO01 124.8°413.5) 77.3°{12.2) 4.63%0.63) 0.80*10.14) 790.8921.8)
AF044 161.2(9.90) 99.1%(11.3) 5.26°40.64)  0.813°90.22) 990.4(46.4)
ACO023 136.2%(20.7) 80.6°°{15.6) 6.59°Y1.78) 0.94(0.12) 878.8(27.3)
ACO056 103.8(11.7)  66.3(6.3) 6.30°°°{1.45)  0.94(0.18) 706.%(32.9)
AZ056 121.8°°92.5) 78.2°94.1) 6.54°40.97)  0.78°70.11) 761.8%17.4)
ADO12 145.4924.1) 89.49410.1) 6.9292.88) 0.84¢0.19) 873.6(60.4)
Carberry 111.2%8.0) 68.1(9.4) 4.96%90.22)  0.77°90.15) 701.8(33.4)
Cadillac 154.69(6.2) 100.9(13.8)  6.28°°2.88)  0.8(**{0.18) 917.6(26.7)
BB115 128.8°911.9) 79.5°99.50) 4.29(1.54) 0.75°90.12) 780.3°{38.8)
AT116 140.6°92.5) 88.5995.80) 4.47%1.00) 0.60(0.07) 797.09(17.5)
Glenn  135.8%(13.2) 88.3%48.10) 6.02*°90.77) 0.77°{0.10) 826.2(16.9)
AG033 103.4(16.3) 73.0%12.6)  7.72(2.21) 0.87%0.13) 790.09(51.5)
AZ014 157.6"(15.1) 102.F(9.50) 5.94°°{0.70) 0.65%0.10) 935.4(22.7)
AT064 116.8°{10.8) 72.7(4.90) 4.35(1.12) 0.89(0.08) 736.4%41.0)
AAO80 146.492.42) 94.6'418.9) 5.4P1°(1.25) 0.92(0.27) 902.2/(20.7)

*Mean values (n=5), with standard deviation values in parenthesis. Lines not connected by the

same letter are significantly different 80.05 accor di n Multipl@Ralmpa Testa n 6 s

(DMRT).
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Figure 2.6 Average density of stems in the check cultivars for sarfioim the blocks &5).

In addition, AC Cadillac hatigher bending strength values in the blocks compar&leton and
Carberry Figure 2.7.

Table2.4 Analysis of variance of bending strength values of wheat stems at 14% MC.

Source DF Type Il SS Mean Square  F Value Pr>F
Block 15 0.12 0.008 3.00 <0.0051
Check Entry 2 0.25 0.13 47.70 <0.0001
New Entry 207 1.13 0.005 2.05 0.011
R-Square Ccv RMSE Bending Strength
0.96 7.71 0.052 0.67

DF= Degree of Freedom, CV = Coefficient of Variance, RMSE= Root Mean Square Error, SS =
Sum of Squares, Pr = Probability.
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Figure 2.7 Average bending strength of stems in the check cultivars for samples totookk6
(N=5).

2.4.3Correlation Tests

The bending strength values for the experimental lines were correlated with the length of internode,
volume, and density of the second internotiétle or no lodging was observed through the 2017

field experimental test due to a dry year with little muris, and thus lodging scores tended to be

the same amongst the checks and displayed little variation across the experimental lines of the
population. Lodging numbers were given fror®,lwith 1 meaning standing upright and 9

representing fully Idged stera as shown in Table 2.5
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