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Abstract

Kazakhstan is a major wheat exporter in the region. However, an average wheat grain yield has not
changed since 19606s in the country and pl an
methods. Here, we developed the first segregating populatidtazakhstan with the cross of UK

and KZ wheats. Thus, the crossing of two wheat varieties adapted and bred for diverse climatic
conditions allows the discovery of variations that might be important for adaptation to Kazakh
conditions. Several adaptatiand yield related QTL were discovered among whigtwo plant

height QTL with large additive effectsliLs and NIL combinationsveredeveloped for the loci.

These new resources were used to study how height increasingff@glagronomic performance

in Kazakhstan. The NIL analysis validated the effect of the two height QTL in the UK and showed
that thechromosomeéA effect was the most stablEhe height increases conferred by Pamyati
Azieva(Kazakh wheatpn chromosomeSA and 6A did not result in significant changes in yield

or stress tolerance in Kazakh field trials. Recombinants from both QTL regions were used for fine
mapping leading to the identification of candidate genes and molecular markers for the loci. A
largeCentratAsian wheat panel was established. The panel was genetically fingerprinted with
Axiom 35K genotyping platform revealing detailed population structufécotratAsian
germplasm and itbdés relationship wlottpdledot her g
approach in this population helped us to further refine the two target loci and haplotype analysis
suggested that diversity for both loci is very low in Kazakh germplasm. Taking into account the
yield data and the beneficial effect of reduceidjhiefor standing power it is proposed that these
haplotypes are used to select against the common Pamyati Azieva alleles and introduce height
reducing alleles, exemplifying a haplotype led-preeding strategy for Centrakia. The new

resources develogdenere can help with similar approaches to address the numerous trait targets of

CentratAsian wheat breeders.
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1.  Chapter 1: Introduction
1.1 General introduction to wheat

1.1.1  Origin, domestication,and importance

Wheat is a cereal crophe wheat classification, constructed after many years of concerns,
mis/assumptions, hypothesis, archaeological records and scientific studies, of the cultivated diploid,
tetraploid and hexaploid wheatad their possible wild progenitors shows that theré anain

species and 18 subspeci€sticum urartuTum. ex Gand. andriticum zhukovskyWen. & Er. do

not have any subspecies. Breagdanmon wheat belongs firiticum aestivuni.. at the species
rank,aesteviunat the subspecies rankhere are three early assumptions of wheat domestication i)
de Candoll ebs (1886) assumption with an indi
where wheat domestication took place, ii) Selmsibach (899) offered the Gobi Desert as an

initial place of wheat cultivation, iii) Much (1908) assumed that wheat was domesticated in Europe.
The idea of emergence of hexaploid wheat as a result of hybridizations of tetra and wild diploid
wheatgMcFadden and Sears, 1946 wi del y ac knowl entifg eochmumity.o n g
In spite of the fact that theremuch spealationon its origin the Fertile Crescent is mainly

considered to be the place where wheat originggedth, 1995; Nesbitt and Samuel, 1998;

Gustafson etlg 2009) Thegenome ofhexaploid wheatT(riticum aestivuni.. ssp.aestevium

consists of 7 homeologous groups of chromososash of which hathree- AA, BB andDD 1
homoeologousulgenomesderived from diploid (DD)Aegilops tauschiand tetrapla (BBAA)

wild emmer {riticum turgidumL. (Tell), ssp.dicoccoide¥ (Figurel.1) which in turn inherited its

AA genome from diploidrriticum urartuand BB from either diploidelative ofAegilops

speltoidesor some other extinct speci€Beldman et al., 1997; Wang et al., 2Q1Since itdirst
cultivationbread wheat has beartrop of importance which supplié#s of the total world

popul at i o(Bushauk, £987)Therefore,hrexaploid (2n=6x=42)dad wheat wittoneof

themost complex genons@nd origin of history is a vital food and feed crop in the world.
Particularly, its importance in Kazakhstan is high because most of the local dietary commodities
consisted of wheat floyEken et al., 2016)
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Figure 1.1 Wheat genome evolution

The figureprovides visual demonstration of the wheat genome evoldti@genome of hexaploid wheat
(AABBDD]Triticum aestivum L. ssp. aestevium derived from diploid (DD) Aegilops tauschii and tetraploid (BBAA) wild
emmer (Triticum turgidum L. (Tell), ssp. dicoccoid@$)e figure adapted frolBhewry (2009) and Mayer et al., (2014

1.1.2 Wheatyield and production around the globe and in Kazakhstan
Bread wheatTriticum aestivum is one of the most adaptable and widely grown cereatampss
the world for food as well as fee@lobal wheat productioiincreasegdasan average yield did,

significantlyin the last decaddespite the decline of its grown af@ablel.1 andTablel1.2).
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Table 1.1 Global WheatHarvested area anéroduction

The tabledemonstrates thatlthoughglobal wheat harvested ardes shunkenits overall productiorhas increased.
Data sourceEAOSTAT
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Table1.2 An average ®bal WheatGrain Yield and Production

The global production oirheat increaserhainly dueto increasedyrainyield per hectare
Data sourceEAOSTAT

However, the trend has not changed in Kazakhstan since IRélfle 1.3 andTablel.4) when the
countrydeclarel independencktom the USSR.The country has not searsignificantyield
increasesince the reclamation of fallow lamehich took placen 1960s (data not shown)At best

an average wheat yieid the countrycouldreach 1.6/ha, at worsit maybe as low a®.5 t/ha
compared with global averageénich in turn has effectsonthecoyn® s t ot al wheat
(Tablel1.4). Despite a signi€ant correlation between sowing asea total productioin the

country Pea sonés cor r el anotithatstrong(Bigufel.2). This mdichtesiel s
dependency on environmental chandgasnverselythere is a high consistency betwdka

average yield and total productif@figure1.3). As Kazakhstan ithe mah wheat grain provider in
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Central Asig(CA), volatile wheat productiomposes aignificantthreatto the global food security.
Thus,long-termsystematic wheat breedipgogramswith the use of current advanced technologies

and techniguemay assisto ovecomethe existing problems
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Table1.3 Wheat Harvested area and Productiam Kazakhstan

The table shows thain increase in wheat showing area in Kazakhstan does not alwayateosith anincreased grain
yield proving strong environmental effecin an average and overghain yield
Data sourceEAOSTAT

Relationship between Production and Area harvested
R =042, p-value: 0.0001803 **=

-y
n
1

Production, in i

10 12 14
Area harvested, in M
data source: FAD

Figure 1.2 Wheat Total Production vs Area Harvest@uKazakhstan

Althoughcorrelation between sowing area and total production in the couasngignificant Pear sonds corr
coefficient was not that strong
Data sourceEAOSTAT
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Table1.4 An average Wheat Grain Yield and Production in Kazakhstan

The tableshows that overall wheat production in Kazakhstan is mdietgrmined by an average yield.
Data sourceEAOSTAT
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Figure 1.3 Wheat Total Produdbn vs Average Yielth Kazakhstan

Pear sonods c or mhawearthd tatalproducienfahdiaveriage yidid Kazakhstan wastrongcomparedo
the correlation betweental production anevheatharvestedrea

1.1.3 The role of Kazakhstanin a global market

Wheatisin85"p | ace among wor | dos,withasotal trade af $§44.fBvhiclto mmo
makes itone of theamportantstaple cropdn a globalrank of the wheat exports and imports,

Russia becamiie top origin of wheah recent years and Egy remains as the tamporter

respectivelyKazakhstandespite unstable grain productiphaysa significant role in comibbuting
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to currentand future global food securigndis known as one of theajorwheatsuppliersn the

world Kazakhst ands s har eamongsuchnosttoppekportengregarel.de x p or t
accounted for about 1.5% at the minimum and 3.2% at the maximtrthe mean of ~2.35,

depending on the season, in a last decadev(oec.world.

Romania |Argentina

Russia Ukraine
7.03% 3.71%

Germany Los 5.53%
2.93%

18.4%

France B

2.14%

10 .30/0 Lithuania

LT4%

United States Canada

Kazakhstan

15.7% 13.5% 23

Figure 1.4 The world's topmost wheat exporters

Each count r yisslsowrcas percentaged theitotaln

Data source:vww.oec.world. The purpleplue, greenorange, re@nd yellowcolour coding

represerg EuropeanSouth AmericanNorth American, Austriga, Asianand African countries
respectively. Data for the year )1

Most of the time onehalf of its harvested wheat exported for the external uséhe topmost

consumers of the Kazaldieadwheat @e Central Asian statesHowever the high quality of

Kazakhstani wheat attradisropean countries as w¢kigure1.5).

Uzbekistan China =~ ™

10.2% 5.6% .

Turkmenistan  Azerbaijan

36.3%
Tajikistan

4.64% 4.5%

Turkey
4.27%

19.4% e

2.74%

Figure 1.5 The list oftop customersf the Kazakh bread wheat

The figurepresents top Kazakh wheainsumersData source:v{ww.oec.world. The red,purple,and yellow colour

codingrepresenfsian, European and African countries respectivebta for the year 2@1L
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1.1.3.1 The attractive feature of Kazakh bread wheat in aglobal market

Kazakhstan is on the top among higlnality wheat producing countrie&ccording to the quality
classificationsf the country, compatible with international requiremefimisgrain tomeetthe
quality grade A s,uhpalivaromust passess nofilese tdan L4rad 11 percent
of protein content respectively. All varieties having less than 11 percent of pamelassified as
Aipoor oBarayeeea &.01978Therefore, duringhe breeding processes of new varieties

the quality is highly controlled by breeddos the man two reasons

I.  Because of high consumption of wheat flour for pasta and taradyi(thetraditional
breadin Central Asian)ndustrywithin the country

II.  Tobe competitive in domestic as well as international wheat export market

All theserequirements contributed to maKazakh wheat cultivars possess highly ranked bread
baking qualityyOmirbekova et al., 2016) hus, high protein (346%) and gluten (220%)
content(Abugalieva and PeABautista, 201Q)which are paramount aspects in breaaking
performance as they contribute to the ability of dough to rise and maintain its shapekarkds
wheat attractive in the world wheat trade. Moreowdreat from Kazakhstais suitable for
steamedLiu, 2021)and Chorleywood bread making processtigh concentrations of
microelements such as Fe and Zn, witthbigaccumulation of Fe in spring and of idrwinter
wheas (Morgounov et al., 2007a; Gém&ecerra et al., 201@realso important characteristios

wheat from Kazakhstan

1.2 General introductionto Kazakhstan

1.2.1 Economy, territory and location

Kazakhstarns theninth largest country in the glolaad located in the heart of Central Aftigure

1.6). It borders with countries such as Turkmenistan, Uzbekistan, Kyrgyzstan, China, Russia and
through Caspian Sea with Azerbaijdnh e ¢ o fasadevelgpihgconomycomparing tats
neighbours mainly rests on the income from its rich mineral reserMesvever local people

residng in rural villages mainlyprofit from agriculture and livestodarming The country

currentlyis striving to move twards green ecmmy (Www.qazagstan.gregn
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World Map

Region Map

Figure 1.6 The map of Kazakhstaand surrounding neighbours

1.2.2 Climate zones and soil types

Kazakhstamgeayraphicallye x t ends from 40. 6e to 54.9e¢e N and
86% of the territory is plain and lowlands, and only 3.6% covered by forests. Tieosipied

by high mountain ranges which are in the east and the-soatls t . K aratarkobcapies n 0 s
five landscape diversity zones: foras¢ppe, steppe, semidesert, desert and mountains and foothills
(Pilifosova et al., 1997)These zones were categorised basesdoiltype Deserts or semi deserts

can be found in the SouilVest, mountains are natural attractions of the Central, East and South
East Kazakhstan, and North of the republic is mainly in the steppe and forest steppe zores. Semi
arid stepgesareimportantfor wheatproduction in KazakhstafMizina et al., 1996)The soill

formation is based on the principles of latitudinal (horizontal) and vertical zon&htesikin et

al., 2014) Therearefour maintypes of soil in Kazakhstan: chernozem (black soil), multi coloured
chestnut, fulvous and mountainous soils. Chernozem occupies 25.5 million hectares, or 9.5% of the
territory of the republic, while multi coloured chestnut and fulvous soils take ugV8e6 or 34%

and 120Mha, or 44% respectively. Furthehernozemcan be categorised into two types;
standardandsouthern chernozemthe latter possesses lower humus conte6t4% comparing to

8-6% of the standardnulti coloured chestnutsoils with humus content of 4250%, into three;
dark-chestnut, ordinary chestnandlight chestnut soitsfulvous soils with only 2.61.0% humus,

into two; brown deserindgray-brown desrt soils Themountainous soilscan only be found in

mountain rangesf the countryFigure1.7).
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Figure 1.7 The soil types of Kazakhstan

The mapadaptedrom Pachikin et al.(2014)

The soil content of the serarid wheat growing steppe zoiseordinary/typical/standard

chernozem and southern chernozem, and the mix of two, elnd@sthe north of Kazakhstan,

most parts of Kokshetau and Kostanay Region and northern part of Akmola and Pavlodar Regions.
Thesteppe zone includes dark chestnutlimary chestnut and light chestnut soils, and occupies
mainly Northwest part of the country, Torgai and Aktobe Region, Kostanay, Akmola, Pavlodar and
Karaganda Region®lizina et al., 1996; Sommer et al., 2018yricultural cereal crops grown in

typical chernozem are feed and malting barley, bread wheat, rape, peas, oats, winter rye,
buckwheat, soybearhe& mixtures of grain legumes and forage crops, combined sowings of
perennial legumes and cereal grasses, perennial legumes, perennial grasses and maize; in southel
chernozem: strong and valuable bread wheat, durum wheat, barley, peas, chickpea, ratsstard, o
buckwheat, millet, sunflower, pea vine, perennial grasses, combined sowings of perennial grasses
and legumes; crops mainly cultivated in dark chestnut are strong bread wheat, chick pea, mustard,
millet, Sudan grass, foxtail milléKurishbayev, 203). The loss of bmus content in soils of the
northern Kazakhstarmns at20i 30%, while this indicator in southern Kazakhsisaven worset

30i 40% (Zubairov, 2002)Soil salinization is anier issue where croplands are irrigated which is
typical for southern Kazakhstan. This is mostly causetthégxcessive water applicatioa a level
higherthan needetly the crop(Ramazanov, 2006 herefore, a drip irrigation technology was
suggested which significantly reduces the amount of water being usédlpadnaintairsoil

quality (Karimov et al., 2009)



1.2.3 The wheat growing environments

Kazakhstan has enormous agronomic potential due to the fact that it oclipigsarea of
2,724,900 krh The ptal arable land under cultivation reached a maximum of 30 million hectares
when the country was part thfe USSRthen dropped to 18 million hectares in 2004 with gradual

increase to 22 million hectares in 204t f://stat.gov.Kyx. Wheat occupiedhore than half ofhis

areaat aboutl4 million hectaresHowever the wheatgrowing area has been shrinking gradually
since2009 from initial 14 taboutl1 million hectaresurrentlygiving way to such economic

crops asoybean. Othose 11 million hectareg8-80% isoccuped byspring wheat. Winter and
durum wheats are cultived moreor less in 0,5million-hectare area he adopland of durum wheat
decreased dramaticalliyvice as muclascomparedo Soviet Union times whicht that timewas

more than 1 milliorhectaregDorofeev et al., 1987Nonethelessjurum wheat productiois

predicted by local authorities to increase in the near fullre gring wheatin Kazakhstans

mainly grown in the northern part, thatostanay with wheat cultivation area o¥3/ha (yield

1.1 t/ha), Petropavl2.2Mha (1.7 t/ha), Pavlodar0.45 Mha (1 t/ha) and Akmola Regions

3.7 Mha (1.1 t/ha). All environments are rainfed. Ottegions of Kazakhstan also grow wheat in
small quantities withhe exception of Atyrau Region which stopped wheat cultivation since 2008
due to very low yield of0.09 t/ha. Likewise, Central Kazakhstan Region can be considered as a
main wheat growing area as well, because land under wheat cultivation accounts éh® &&h

an average yield of 1 t/ha. Durum is also cultivated in northern cities, Kostanay aRetnuog

Akmola with exception of Pavlodar, of the country. Because of extreme cold in winter, there is a
high risk of sowing winter wheat in these areas. Therefore, these regions mainly focus on growing
the spring wheatThewinter wheat can be grown alaide spring wheat in southern parts of
Kazakhstan, which is comprisefithree RegionsTurkestan Jambul and Almaty with wheat
growing areas of 0.R1ha, 0.1IMha and 0.13/ha respectively. Grain yield is much higher in
southern parts of Kazakhstavhere nostly winter wheat dominatedcomparing to northern

regions which grows spring wheat

1.2.4 The wheat growing conditionsof Kazakhstan

Depending on weather conditionsetotal vegetation period of spring whéatkKazakhstarvaries
between 90 and 105 days from seed to seedsdhd shortest in the worldVhile for winter type
thedurationfrom drilling to maturitytakesabout210and270days whichs also weather

depenént (Sommer et al., 2013)An average temperature in the northern part of Kazakhstan from
November to March is mainly bel ow Owb&atand fr
around 18. 5¢Gneanwe mihe mat &(vemauehdl., 2005)6he Jlily- February
average temperatures in the Sout hbta@)d2&Ned€it (h

22eC) r e svpenwortdiveateelonline(cojmnHowever, for both regions there is an
occasional potenti al increase to more t-han 4

2 0 e C-4&re dde annlial average precipitation ranges from 250 mm to 320 mm in the North,
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while the amount of rainfall varies between 45800 mm in the South Kazakhst@de Beurs and
Henebry, 2004; Abugaliyeva and Morgounov, 2088y lengths across the country alsoy
considerably(Figure1.8) (Turuspekov et al., 2013)
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Figure 1.8 Daylengthdifferencein the North and South Kazakhstan

Althoughdays of the North Kazakhstérthe main whegproducingregion- are shorter in winter compared to the South
it becomes longer durinpe spring and summaearop growingmonths. Daylength are given in hours.

1.3 Limiting factors of agriculture in Kazakhstan

1.3.1 A brief introduction to the environmental factors influencingwheat adaptation inthe
megai environments 6 and 12

Twelfth wheat growingnega- environment§ME) are developed by CIMMYTo address the

challengsencountered in the wheat breedarg given(Figure1.9) (Braun et al., 1996)As

Kazakhstarns represented by diverse mini environmeittsimultaneoushpelongs to ME2 (mega

- environmentl2) andME6 (mega- environment6) to growwinter and springwheats respectively

The ME12 covers Southern parts of Kazakhstan and suffersifremfficient precipitation, various

rust diseases and low winter survival rdtecontrastME6Gissuld i vi ded i nt o t wo

which arehigh rainfall (typical of Harbin, Heilongjiang, Chinadnd semiarid (typical of

Nursultan Kazakhstangrea respectivelghttp://wheatatlas.orly) Geographic coordinates of the

countryrequirebreedingmaterials that have a degrefephotoperiod sensitivity, which is different

to other spring MEs. Harbiis represented bgre-anthesis drought followed by rainfall during
flowering and grain filling. Resistance to Fusarium sfgm,spotyellow rust leaf rust stripe rust

and toleance to sprouting are breeding objectives in this environment. However, central and
northern Kazakhstan (12 million ha) and the southern Siberian whesatgoedillion ha)arevery

dry representativeeof theMEG6. The major diseases deafandstripe rustsin addition, drought
tolerance specific to the rainfall pattern in the region is needed. Taller wheats generally do better

under these conditions.
11
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Figure 1.9 Wheat Growing Mega Environments

Kazakhstan encompasde® mega environmentsME6 and ME12for winter and spring whedtreedingrespectively.
Data sourcehttps://hdl.handle.net/11529/106ZBIMMYT Research Data & Software Repositddgtwork, V4(Sonder,
2016)

1.3.2 Drought and soil erosion and their management

The main constraining factors of sustainable agricultural production in Kazakhstan are water
deficiercy (Funakawa et al., 2004)nd erosion of soilRigure1.10). The total 30 m hectare arable
land is entirely vulnerable to low rainfall and soil erogj@ossen, 2000)The successful
management of water content in the soil is key to maximising gkeldkarbayev and
Kenzhebekov, 2004; Astafev, 201%herefore, keping moisture in the soil during the cropping
season is crucial asatlows the seeds to germinate quickly. Failure to do so is likely to delay the
wheat harvest timeThis in turnentes the harvedb the season with heavy raftenfollowed by
snow. If this happens, on the one hand farmers will not be able to htweiesrop, on the other,
crops remaining undanow throughout winter may cause fungal diseases with lethal consequences
in animals as well as in humsim case of its applicatiofGagkaeva et al., 20114 common
methodof soil moisture management is maximum sdifion of winter precipitation which in turn
creates favourable condition for all agronomic crops cultivated in the country.dihe m
approaches used for this propose are snow retention, snow accumulation, meltwater retention
or/and combined application giethree Each has its own specific technique to be implemented
(Shirvanov and Rybalko, 20Q4lthough these mébds are agriculturallydmeficial theyseem to

damagethetopsoil surface decreasing the humus and ferastyreavyehicles are employed
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during the procesdorgansky, 2000Q)Despite tlis fact, theapproacthas beewery useful n
increasinggrainyields of cereal cropandis still widely used in northerpart of Kazakhstaand
locally publishedsources indicatethat yield increasd approximatelyby 0.38 t/ha and 0,56 t/hia

Kazakhstan as well aputhern part of Russ{&hirvanov and Rybalko, 2001; Viurkov, 2005)

When it comes to soil management ways for crop cultivaeneral new soil management

techniques were testeme of which is theonservation tillage metho@he method &n be

classifiedinto five methodologies called zero, minimum (reduced), mulchgragd contour tillage

and wasédsted in different environments. The research study concluded that successful deployment
of each tillage methodology dependendn soil type Of the five,zero tillage (Netill) was offered

to be used in low humus contemwils with light texture(Busari et al., 2015)n spite of

effectiveness olNo-tillage in the different ecological zones of northern Kazakhstan with heavy soil
texture(Barayev et al., 1978; Astafev, 201af)d of Central Kazakhstgiutshenko et al., 2005
increased number of weeds in south of Kazakh3taerefore, theraditionaldisk cultivation

planting method with appropriate lewalherbicideq such adriallat and Illocsaphave been

suggested which in turn was useful to combat weeds as well as increase yield by 0.48 t/ha and 0.5’
t/ha(Suleimenova, 2000T he disk cultivation was described as thest economical way of
incorporating the herbicides into the gdiicWhorter, 1981)Thereforefarmers in Kazakhstan

prefertraditionaltillage meansompared to naill .

Winter average tm, in C° Growth period, in days
m-15 90-105
m-1 210-270
m-5 M 4050
mo
4
Precipitation, in mm Environmental constrains
S, Soil erosi on and
250-320 sold stress risk
Oy and cold ith
450600 o podtion i
Severe | and degradati on
[ Steep sl opes and
mount & ns

Figure 1.10 The main physical/abiotic constrais in Kazakhstan
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1.3.3 Wheat diseases

Wheat diseases, caused by insects, pests, bacteria, fungus and viruses, are another headache of
world wheat breeders, which may potentiglgnerate significant economic consequence because

of substantial yield and quality loss. Control and prevention of distribution of the new emerging
plant diseases or their races is less manageable and this in turn leads world plant breeders to relea
newgenotypes with resistant genes. Because of dry weather in Kazakhstan, wheat breeders also
encounter the same challenge mostly every year. Spring vgnean at the higher latitudes of the
country, often suffers from Septorigelmintosporioznye, tan spd¢af rust and gelmintosporiozno
Fusarium root rot while diseases such as yellow rust, powdery mildew, septoriosis, hard and dwarf
smut could infect winter wheat areas which are mainly located in the southern mountainous parts of
Kazakhstar{cet al., 2002) The thorough descriptidor cereal crops and their distribution

throughout the country, and thaifectiousdiseasess providedby Geshtovi(1986) Among wheat
infectionsthree rust diseases, stem, stiypiow and leafbrown, areseiious The latis the most
common one. High resistance to these rust diseases could be achieved by evaluating the absence
presence, and composition or pyramiding the associated Lr ageh¥s in wheat cultivafSingh

et al., 2005pand the authors recommended simple ways for developing and identifying tolerant
genotypes using controlled environrteeand real field trials in Central Asia. Due to high costs for
phenotyping platforms, including automated or even partly automated greenhouses, this method is
not available in most of the research institutions even now. However, a quick pace in the

technd ogy devel opment resulted in the emergenc
which is now available for plant scientists with a smallbufig€&tz e di Kk Eysenberg e
GWAS (Genone Wide Association Studyn hexaploid wheat identified the locations of potential
candidate gendsr leaf rustresistanc®n chromosomes 1DS, 2AS, 2BL, 3B, 4AL, 6AS and 6AL,

of stripe rust on chromosomes 2AS, 2DL, 3B, and 7DSan@n spotesistanc®n chromosomes

1AS, 2AL, 2BL, 3AS, 3AL, 3B, 6AS and 6A{Juliana et al., 2018Moreover, he various use of

recent advanced genondata andools enabled to characterise the resistance genes from the
different andesin a geater resolutiorfBabu et al., 2020; Zhang et al., 2020a; Hafeez et al., 2021)
However, many of thilentified genes or/and genonsectionsareyet to be functionally validated

in wider populationgor their effective use in prbreeding and breeding progrars Kazakhstan
andSoutherrSiberia,despitethe dry climateboththerustdiseases stem and Iea havea

significant negativémpacton wheatproductionin certain seasonsisuallyevery fourthyear, with

yield losses of up to 30% for leaf r{ddorgounov et al., 2007b; Genievskaya et al., 2028

recent studies carried out involvihgxaploid andetraplod wheat varieties and hybrid lines from

most of theCentral Asian statesndthe rest of the worldescribed stripe rust as vesignificant

disease in theegion identifiedseveral important QTLs aralso providedolerant varieties for

future crossefZiyaev et al., 2011; Kokhmetova et al., 2018; Genievskaya et al.,. ZPDf these
genetic strategies are important consideringé¢ieent stem rust outbresik Kostanai, North

KazakhstarandOmsk, Russi@gShamanin et al., 2016; Rsaliyev et al., 20838notyping of

14



commercial wheat véeties from Kazakhstan and Russian with allele specific DNA marker for the
races of wheat tan spdiaved that elite wheat cultivars are in different levels of susceptibility for
these raceKokhmetova et al., 2017)n addition, it is known that existing hundreafdsolates of
tan spot infect wheats differentfizamari et al., 20050ne of the main agronomic traih the

region TGW (Thousand Grain Weight), was reportasbeingthe most affected character by leaf
rust(Morgounov et al., 2015 ompared to leaf rust, stripe rust affemtsp production every-3
years(Shamanin et al., 201@nd can potentially decreasain yield up to 35 45 %(Ziyaev et

al., 2011) As only afew studiesvereconducted using modern molecular genetics teachings on
understanding of tolerance of local whealtivars there is still plenty of work to be dot@make
new varieties with durablesistance genes to particutaicroenvironmentsleploying proper

MAS (marker assisted selection).

1.3.4 Climate changeeffects on current and future crop adaptation in Kazakhstan

Observed climate changes across the globe, particularly gtaduyatrature increase$the earth's
atmosphere may have a positivéaodnegative effet on adaptatioperformancef the salient
agriculturalcropsone of which is wheatn the face oexpectedjlobalwarmingthere aréwo

likely positivescenarig which existto alter wheat breeding practices in Kazakhsfaextenad
vegetative period, ii) tuing thespring wheat dominateabrthern parts into winter wheat planted
areaBoth cases may create favourable growingditions toenhance grain yield in the countig

case of adverse effeschowever jt might cause instability in the yields abt only wheatyetall

cereal cropglizumi et al., 2014pndthusmighthavesevere consequences tbeglobal food
security.For instancethe study evaluating aridity tendency throughout almost fifteen years period
since 1966 till 2015 using CRU (Climate Research Unit) database of the Central Asian countries
including Kazakhstan, Uzbekistan Kyrgyzstan, Tajikistan, Turkmeniatahthe northwestern

region of China revealed that southeast Central igignt beaffected by ephemeral drought

mostly during summertimén contrastrare but longasting drought with less harmful

consequences was observed in the nortl{€asi et al., 2018)Thesame article highlighted that

north Kazakhstan is getting wetter while southwest part of the country, especially the vicinity of
Aral Sea(Kyzylorda Regiolhbecame drieft was reported that an annual average temperature in

the Kyzylorda Regiotmaveincreas ed from 1. 75eC to 2.25eC with
comparing to winte(Ragab and Prudhomme, 200dpwever,studies show that climate change
positively affected wheat productivity in northern and southern parts of Kazakhstan with

substantial rises of 0.11 tonnes per hectare in Astana and Kostanay, of 32 t/ha in Petropavl and
Kyzylorda(Sommer et al2013) This is perhaps due to ina®ed rainfall rate. For examplezrids

of rainfall in summertime increased by a maximum 10% and 5%, and in winter up to 25% and 10%
in the North and the South respectivBRagab and Prudhomme, 200Reverthelessherecent

research based on simulations has predicted potential decrease in wheat production of the country

because weather is likely to become warmer and more severe with regular drought(pehéds
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et al., 2017)If this is a case, then the country should starto¢h successful breeding

programmes aiming to identify negative climate impacts on wheat adaptation using advanced
breeding tools and pick up the best wheat growing conditindenvironments, considering the
amount of precipitation and soil type, as & genotypes with combination of desired genes in

order to improve wheat production and resistance to climate change. Doing so in turn will
contribute future global food security, because Kazakhstan is one of the three giant world wheat
exporters,curranl y supplying one of four worl dbés whe

countries such as Ukraine and RugSwinnen et al., 2017)

1.4 Roadmap towardenhancing wheat grai yield in Kazakhstan

1.4.1 Challenges in increasing wheat yield itKazakhstan

Besidegheabove mentionetiotic and abiotic challengethere are many technical aspects to be
consideredn agricultural sector of Kazakhstan. For instanegighout arotation theyield losses of
15-20%, 2025% and more than 25% were observed from the second, third and fourth crops
respectively whethewheat was sown after whe@askarbayev, 1998Plarting date is asserted
to beanotheressential factor to manipulatdheatadaptation and yield&arly sown plants can be
hit by drought in May or early June when they are in an impod@rglopmental phase (personal
communicatiorwith breedeicolleaguek Late sowingof wheas, on the other handnight get hit

by stem rust, which molstinfects cropn late sowing periodéShamanin et al., 2012Jhe yield
lost from stem rust is notorious and nearsi 80 % (Koishybayev et al., 2008xndat worst it
could reach to 600% (Movchan, 1998)Stress duringhe bootingstage wile spikes are
differentiated is much more damagi@ndreeva, 2015Plant keight is ofimportance in
optimisingwheat adaptatiorDue to short coleoptiléhe worldwide benefits ofhistoric Rht1
genotypesrelikely restricted in hot and dry rainfed environmefRebetzke et al., 200Tke
KazakhstanDuring drilling, sowing depth isnother paramount factor to take into consideration
finetune final yield One of the maircauses ofow wheat yield ar¢he out-of-dateagri

infrastructureandlack of systematiqre-breeding programs.

1.4.2 Suggested ways of manipulating the final grain yielth the country

The development ain expedientcroprotation system is essential to increase grain yillteat
drilling in the northof Kazakhstars mostly delayed ttake advantage of rainfall in June and July
(Morgounov et al., 200lipstead of May and Jun&his is dued a reduction in thamount of
May-Juneprecipitationcompared to the Jurrily (Figurel.11).
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Figure 1.11 May-June rainfall compared to JuneJuly

The most favourablgéme for spring wheat planting in northern part of KazakhssaaroundMay
25" butwheatcan besownin a time windowstartingaroundMay 20" (personacommunication
with breeder colleagues)o the negative impact of latgpring and earhsummer drought extreme
conditionswheat isbetter tolerated during growth stage around tille(dkgdreeva, 2015)
Thereforejt was said earlier that wheadrieties with an extendeepod of tillering are more
adaptable to local conditiond the steppe zone of Northern Kazakhgtanzmin, 1970) These
requirements are mostly answered by-tagguring varietiesHowever,delayedstaygreen
genotypes are nareferableconsdering theshort vegetation period and suggested delayed drilling
Therefore, there is a need to releagdy'standardnaturingwheatgenotypesvith an extended
tillering stage As reduced bight genes are less beneficials thoughttaller wheatgperform

better However,plant feight as a trait of importance has not betandardiseffixed. Drilling
technologies and equipment which are suitable for planting the seeds into the righndeptine
soil, in case of plenty of moistureshallower and in the contrary situatiodeeper, also play an

essential role in achieving more production and to matmgkexpenditur¢Astafev, 2015)
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1.4.3 Genesfor im proving wheat adaptation and yield
1.4.3.1 Genes ofVernalisation

Long Day

RNAi (RNA
interference ) VRN3

l (TaFT)
Vernalisation/

Continuous cold/ ——— | VRN2 ——— VRNI1 —— Flowering

Short Day (ZCCT1/2CCT2) (MADS/AP1)

If deleted, results in

spring growth habit TaGRP2
Modified from: Yan, L, et al., PNAS, 2006 (Less present in hexaploid wheat)

Figure 1.12 Model for VRN interaction

Vernalisation is the requirement of the plant to be subjected to continuous cold (not freezing) to
transition from vegetative to reproductive growth. This phenomenon defines the difference between
spring and winter wheatThedurationof thecold period inhibitsthe repressor of the flowering
locus and allows the plant to flower. If vernalisation reguient is not fully satisfied the plant
cannot complete vegetative growth and pass to reproductive developmentthedievelopment

of grain Unvernalised wheat plants stay in early growth stages producing only tillers. Therefore, it
is necessary for wier wheat to be vernalid. This is not the case for spring wheat. There are four
major VRN(VRN1, VRN2, VRN8ndVRN4 genes in whedFigurel.12). AmongVRNgenes,
VRNL1is a major gene explaining most of the natural variation in growth habit in allohexaploid
wheat andt is comparatively welstudied(Yan et al., 2004; Fu et al., 2005; Distelfeldakef 2009;
Zhang et al., 2012; Milec et al., 2013; Kippes et al., 20IBN2is zinc finger and a CCT domain
carrying protein thais encoded bz CCT1landZCCT2genegYan et al., 2004)VRNZ2is common

in diploid wheat and barley and known as an inhibitor of flowering in winter wheat, prior to
vernalisation, and thusprfunctionalVRN2determines spring growth habit, but its effect is
masked in hexaploid wheat because of gene redundiippes et al., 2016)WheatVRN 3,

located on 7BS chromosome, is orthalagto Arabidopsi$LOWERING LOCUS T (FT¥o it

was designated &aFTand a positive regulator RN-1 (MADS/AP1). Homozygous dominant
alleles(Vrn-3) flower first compared to homozygous recessive alleles3) due to higher level of
transcriptgYan et al., 2006)VRN-4 known asvrn-D4, residing on chromosome 5DS, is a paralog
of VRN1as it is estimated to originate as a result of the translocatioD2®@kb region from
chromosome arm 5AL into the proximal region of chromosome arm(Bppes et al., 2014,

2015) Vrn-D4is less present in bread whé@bncharov, 2003and mostly identified in ancient
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subspeciedriticum aestivum ssp. sphaerococc(iippes et al., 2015; Trevaskis, 2015)
Molecular mechanisms showed that SNBisgle Nucleotide Polymorphisn first intron of the
Vrn-D4 negatively regulate thEaGRP2(GLYCINERICH RNABINDING PROTEIN 2which is
known as a repressor ¥RN1(Kippes et al., 2015)Figure1.12). It is not the aim of this thesis to
provide a detailed explanation of eanfpibrtant adaptation genes, therefore, we will discuss only

VRN1as it is main vernalisation gene

1.4.3.1.1 VRN1

VRN

gene

Vrn-1 vrn-1
(dominants/epistatic spring gene) (recessive winter gene)

>

" Homoeologous spring genes " Homoeologous winter genes

Vrn-Al Virn-B Vrn-D1 vrn-Al vrn-B1 vrn-D1
Allelic variations
abdec a b ¢ ¢ c
Most i l l
frequent Frequent Also Facultative
globally globally frequent

in KZ
Sherman et al., 2004

Figure 1.13 Symbolling scheme dhe VRN gene

A subtle complication about these geneketherit be vernalisation and photoperiod response
genesis symbolling them. For instance, spring types, which are epistatic as well as dominant over
winter types, of eaciRNgenes were symbolled &snl, Vrn2, Vrn3andVrn4 and the winter

types asrnl, vrn2, vrnandvrn4. Further,some of the/RNgenes defining spring growth habit
(Vrnl, Vrn2, Vrn3andVrn4) comprise three homoeologous genes on wheat A, B and D genomes.
For instanceYrn-Al, VriBlandVrn-D1 genes existor aVrnl Each of thes&rn-Al, VrnB1
andVrn-D1 genes possessich allelic variations agrn-AlaVrn-Alb'Vrn-Alc, VmBla/Vrn
B1lb'Vrn-BlcandVrn-Dla/VrmD1lbrespectivelyFigurel.13). The functions of these variations or
mutations at the vernalization loci promote quantitative variation in flowering(fireeaskis et

al., 2007) All three homoeologou¥rn-1 genesYrn-Al, Vrn-B1andVrn-D1) are located in the

close vicinity of a distal end of theng arms on group of 5A, 5B and 5D homoeologous
chromosomes of whe§tAppels et al., 2018) Among themy/rn-Alis most frequemy found as a
spring alleleand varieties carryinthe spring allele athis geneenter heading time earlier than
others(Sherman et al., 2004%pringVrn-Al gene possessfive major allele§ Vrn-Ala Vrn-

Alb, VrrAld, VrrAleandVrn-Alci all of which conérspring growth hbit and have allele

19



specific mutation/s in the promoWwoALMBLand 5
consists of three allelgsVrn-Bla(former VrnB1), Vrn-BlbandVrn-Blc(Milec et al., 2012)

Among themVrn-Blais widely distributed globally, however, it is likely thé@tn-B1cis as

important ad/rn-Blato confirm spring growth habit in Kazakhstdhlilec et al., 2013)In Vrn-
DlaandVrn-D1b genes, the identical intron 1 deletion makes them different the wild type

vrn-D1. However,a SNPwhich changesytidylic acid into adenylic acid, at the promotor CArG

siteof theVrn-D1b is related to facultative growth halifthang et al., 2012)Figurel.14).

Gene Vru-41
Ch 5A
Promotor
FUIR 17.41 kb, MADS box AP1 gene (244 aa, S exons) \5UTR  CArG box VRN box
Y L etal TAG 2004 | W t¥DE (1) [ | Al
Distelfeld, A et ol Cory. 7| SPHIRE E3PE (5) G S—- YT
Opin. PlamnBicl. 2009 | spring type (s) CRA A — — O > ] Vot
Fu D.etal. TAG. 2005  Spring type (s) CRAA— —_— = \:ﬁzy:l Vrn-Alc
Gene Vrn-B1
Ch 5B
Promotor
FUTR 13.19 kb, MADS-box AP1 gene (244 aa, S exons) \ S UTR  CArG bux VRN be
Yan L etal, TAG 2004 Wild type (w) [o= T T70 R — ——m {:{H:::;}t\ vru-B1
Fu D_etal TAG. 2005  Spring type (s) CRB— =T —= |jﬁ2il Vru-Bla (Vin-BI)
Miec, Z.,etal, Mol _[ Spring tpe (5) T e <> 7 ) BB
ing. 2012 .
Breeding, 2012 Spring type (s) CRELL ¥ et L g ARt m [ 3 <_7 | vmBIc
Gene Vru-D1
Ch 5D
Promotor
3'UIR 13.2 kb, MADS-box AP1 gene (244 aa, 8 exons) 5*UIR CArG box VRN box
Yan, L. etal, TAG, 2004 Wild type () SO Oy ) went
Spring type (s) AR 3 = = w00 <> 7 ) vmbdu
Zhang, J., etal., TAG, 2012
Facultative () P i e e e R —— —— ) {H}IMI Viu-DIb
X - Single mucleotide mutation, 4 -Deletion. <% - Duplication

Figure 1.14 Allelic variation at the \fn-1 genes

Genes are in 36 to 56 orientation

1.4.3.2 Photoperiod genes

Wheat is a long daglantby nature, that means sensitive to photoperiod. Therefore, it flowers

earlier under long days (more than 14h). However, genotypes carrying photoperiod insensitive (PI
or day neutral) alleles are bettataptedo environmentsvith shorter daylengthdss than 12h) as

they enter ear emergence earlier than those photoperiod sensitive counterparts. Three main
homoeologous genefpd-Al, PpdBlandPpdD1 (formerPpd3 Ppd2andPpdlrespectivelyin

old nomenclaturei localised on the short arms of the wheat group of chromosare 2

responsible for the genetic control of sensitivity to photopdfiagner et al., 2005; Wilhelm et al.,
2009)(Figurel.15) . Su &of iayedsoifi t hese genes i ndicate in
light respectivelyMcintosh and Yamazaki, 2013)

Yield advantages of day neutral allelBpd-Ala PpdBlaandPpdD1la,combined with semi

dwarf stature, wrepositivelynoted duringhei Gr e e n R €Bontatigu1983)dffiects of

these homamalleles omuantitativeearliness were different in Pl mutag&aw eal., 2012)

PpdDlawas described as having a sturdy effect and frequent in wheat gene pool, followed by
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PpdBlaandPpdAla(R Scarth and Law, 1983; Bentley et al., 20HQwever, the effect ®pd

Blaon photoperiod insensitivity was stronger thipd-D1aand the combined effect &pd
Bla+PpdDlawas stronger thaBRpdBla(Tanio and Kato, 20075everaPpdAla and PpeBla

alleles and their corresponding haplotypes and haplogroupddeatdied using different sets of
molecular diagnostic markers in different wheat germplasm pédslsida et al., 2013; Muterko

et al., 2015)Guoet al.,(2010 identified sixPpd-D1 haplotypes and five polymorphic sites two of
which are in the promoter region, one in the
first intron and other two were found in exo

transcription regio) (Guo et al., 2010)

Initial comparative mappin(Beales et al., 2007pund that wheaPpd-D1lais colinear withthe
barleyPpd-H1 and had a 2089 bp deletion upstream of the protein coding region which triggered
insensitivity where genotypes carrying this deletion flowered eaghantandlong days Before
wheat,Ppd-H in barley was identified and described agae ofPseudeResponse Regulator

(PRR gene family(Turner et al., 2005PRR especiallyPRR7 is a part of the circadian clock in
Arabidopsis and dowregulate<CDF1, (CYCLING DOF FACTOR)la repressor o£O
(CONSTANS)a key component of the photoperiod path@anaizumi et al. 2005; Nakamichi et

al., 2007) However PRRdoes not affect any of the circadian clock geBEA1(CIRCADIAN
CLOCK-ASSOCIATED 1 TOC1(TIMING OF CAB EXPRESSION &ndGlI (GIGANTEA in

wheat but affectedlfaCOlandTaFT1, with a reduction iMTaCOlexpression agaFTlexpression
increasednd thus, was said to regulate flowering directly as there was a strong correlation
between insensitive alleldST1 and flowering where each insensitive allele increases basal
transcription level¢Beales et al., 2007; Wilhelm et al., 2009; Shaw et al., 201®se changes in
gene expressioarecaused by deletions or transposon insertion within the promoter region as well
as copy numberariations (CNVs)(Diaz et al., 2012)Seemingly, the large promoter region
deletions have a greater effect on decreasing photoperiod sensitivity than CNVs in hexaploid and
six tetraploid wheat speci¢sluterko et al., 2015)Howeverarecent study showed that CNVs are
important source of heading time variation in Eagan durum whegWuirschum et al., 2019)
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Allelic variation at the Ppd-1 genes
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Figure 1.15 Allelic variation at thePpd-1 genes

Genes are in 36 to 56 orientation

1.4.3.3 Genes oftarlinessPer Se

Wheat heading date is mainly controlled by the gen&&%®unialization and Photoperiod and
earliness per s&P9 pathways. However, thedis comparatively less understood compared to
that of vernalization and photoperiod genes in barley and wBesgienes are the genes which
provide variation in heading tlawhen genotype is completely vernalized and given a maximum
duration of photoperiod. THepsregulation of heading date is not dependent on environmental
factors such as cold and daylength as in casgroandPpdrespectively. Even though the effect
of Epsgenes on controlling the time of ear emergence in whedidemn studied in 1980s
(Hoogendoorn, 1985j)t was neglected due to instability across different agronomic environments
(Griffiths et al., 200). So far, several genes (QTLs) have been found related to eapéress
pathways one of which BpsAm1found in diploid wheafriticum monococcuran chromosome
1Am (Bullrich et al., 2002)Other major two QTLs associated with earliness designatepgsas
5BLl1andEps5BL2have been found on wheat 5BL chromosdingth et al., 2003)The
chromosome 3A of wheat is known to carry earlinemssegenegMiura et al., 1999)EpsD1 on
1DL wheat chromosome was fine mapgéikhali et al., 2015)

1.4.3.4 Genes of Reduced Eght

1.4.3.4.1 General introduction to plant height and genes controlling plant height in wheat

Plant height (PH) ia complex trait in wheat, composed of internode lengths and the length of an
ear. h plants, plasticity of PH is controlled by genetic loci and such environmental factmistas |
intensity,diurnaltemperature, and humiditiiroughout the developmental stages from seed

germination to ripeningMu et al., 2021; Xue eal., 2021) Studying PH i©f critical importance in
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understanding and improving the adaptation and grain yield of W@aéths et al., 2012;
Wirschum et al., 201%u et al., 2020h)For instance, to increase wheat grain yield, one of the
main directions of fAGreen Revol udwarfgheght i n 196
reducing) geneHedden, 2003as tall wheats are prone to lodging by wind and (@ang et al.,
1999)or when high levels of fertilisers are appligtiffiths et al., 2012)Lodging causes
substantial yield penalties and qualitypssignificantly (Peng et al., 1999 urrently, about 25
height reducing Rh) genes nameadsRht:Rht25are known in whegMcintosh et al., 2017; Mo
et al., 2018) Amongstthese Rhtl (RhtB1) andRh2 (RhtD1) (Peng et al., 1999Rht3 (RhtB1c)
andRht10 (RhtD1c) (Pearce et al., 20L1Rhtl2 (Sun et al., 2019; Buss et al., 202RhtL4 (Duan
et al., 2022) Rhtl8 (Ford et al., 2018Rh23 (Zhao et al., 2018)ere clonedRh24 andRh25
were squeezed tosanall interval ofl.85and1.85 cMrespectivelyTian et al., 2017; Mo et al.,
2018) ManyRhtgenes have bedaund on all three genomes of hexaploid whiatnot all of
them have successfully been used in wheat breeding due to gulegrtepic effects

1.4.3.4.2 The major height-reducing genes andheir genetic control

The major ones are historic gibberellic acidhj@nsensitiveRhtB1b(Rhtl) andRhtD1b (Rht2
semidwarf alleles, located on homoeologous 4BS and DS chromosomes respestiveding
DELLA proteins which repress the function of growth inducer horn@héPeng et al., 1999)

Thus, semidwarf genotypes increased the harvest index significantly in many environments via
allocating more nutrients to developing spikes, rather than the straw, resultiniyhearate of

floret survival and increased grain number per spilaissefian eal., 1992; Flintham et al.,

1997) However, the énefits oftheseDELLA mutantsare limited or even reversed hot and dry
rainfed conditionsvhere seeds need to be sown deeper and early establishment, vigour and longer
coleoptile/root length are of importanfeebetzke et al., 2007 fine-tune final grain yield and
adaptation. Especially, theiegative effects on significant agronomic trait&has early vigour
(Rebetzke et al., 2001grain yietl (Rebetzke et al., 200,7grain size ad grain weigh{Borner et

al., 1993)root (Bai et al., 2013and coleoptile lengttBotwright et al., 2001pave been observed.
Therefore, a search for the hot and dry environment specific alterRditigenes without negative
pleiotropic effects on mentioned adaptation and yield relaaitd ha always been on the

breederbé6s agenda.

1.4.3.4.2.1 Genetic basesofi Gr een ReRhtlganes on o

DELLA proteins are part of plasspecific GRAS family of proteins which act as transcription
factors/regulatoréPysh et al., 1999; Locascio et al., 2013; Van De Velde et al., 2017)
Thename is originateddm a short stretch of amino acids-@8L-L-A) in their N-terminus and is
well conserved in all plan{&ocascio et al., 2013)he Nterminal region oDELLA proteins also
presenthe VHYNP domairbeside the DELLA itselfBy contrastthe C-terminal region contains

four domainsncluding twoleucine heptad repeatisHRI andLHRII), anuclear bcalization signal
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(NLS), andSH2like phosphotyrosindindingdomain The Niterminal region is the GAignalling
domain and two highly conserved motifs (DELaAdVHYNP) in this domain are required for
GA-induced degradation in ri¢&oh et al., 2002)Moreover, mutations in the-drminal section
confer dwarfism in Arabidopsis, maize and wheat. Particularlyfa-C substitutionconverts the
Q64 (CGA)codon to a translational stop codon to form fRietBlballele, in contrasta T-for-G
substitutionconverts E61 (GGA) codon to a translational stop cod&thikD1b (Peng et al., 1999)
(Figurel.16).

Rhtgenes
Ch4B T ]r -
Ch4D

e N GEEVDELLAALGYKVRASDMADVAQKLEQLEMANGHGGVGAGAAPDDSFATHLATDTVHYNPTDLSSWVESHLS
I INNGEEVDELLAALGYKVRASDMADVAQK LELSMMANGHGGVGAGAAPDDSFATHLATDTVEYNPTDLSSWVESHLS
U INNGEEVDELLAALGYKVRAS DMADVAQKL) MAMGHGGVGAGAAPDDSFATHLATDTVHYNPTDLSSWVESMLS
B N GEEVDELLAALGYKVRASDHADVAQKLEQLEMANGNGGVGAGAAPDDSFATHLATDTVEYNPTDLSSWVESHLS

Figure 1.16 Wheat Rhtla/b alleles

Source: Ensembl Plants and Penglgt1999 Translational stop codoserepresented by an
asterisk

1.4.3.4.3 Revisiting Rht geneswithout compromising early establishment and growthin

wheat
Alternative height reducing gend2ht8 Rh©9 andRht14could potentially be used to develop high
yielding wheats with longer coleoptile, suitable for semd environments where deep sowing is
required, as there was a small correlation between PH and coleoptile texgtheties carrying
these semdwarf genegRebetzke and Richards, 2000; Rebetzke et al., 2007; Amram et al., 2015;
Vikhe et al., 2019)However, yield penalties étht8were observed in the U&anning et al.,
2012)and UK(Kowalski et al., 2016)The list ofwheatalternativeRhtgenes to replacg Gr e e n
Rev ol ut iatsmidcludsecedysidentified and characteriséthtl2 (Buss et al., 2020)
Rhtl8 (Ford et al., 2018; Tang et al., 202Rh24 (Tian et al., 2017; Wirschum et al., 20and
Rh25 (Mo et al., 2018)Although Rhtl8 reduced biomass and yieldjritreased TGW and harvest
index(Yang et al., 2015)Other semdwarfism genessuchasRht5 Rht§ Rht§ Rht13enhanced
seedling emergen@ndRht4 Rht19 andRht12showed highest for photosynthetic traits while
Rht9 Rht16 andRht15performed best for early seedling growth paramdiohan et al., 2021)
Among these geneRhtl15negatively affects yield component traits, but improves grain quality
(protein content (8.7 %), wet gluten content (9.2 %) andrstaontent (2.3 %{Zhao et al., 2021)
which is an important trading feature of the Kazakh wheat. MoreB¥et4andRht16 could
potentially be used in breeding for improved establishriidatjue et al., 2011Here,Rht14does
not affect root lengtor it affectscoleoptile length and most of theeld componenté macaroni
wheat(Vikhe et al., 2019; Duan et al., 2020herefore, the benefits of thhtldareyet to be
confirmed in bred wheat. A combination d®ht4+ Rhi8 was reported to reduce PH by decreasing

internode length but withowaffecting coleoptile length and improdgield as well agelated
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components such dartile tiller number TGW and plant biomassf rainfed grown wkat(Du et
al., 2018) Recessiv&Rh22 shortens PH via reduciragll numbersvithout affecting internode
length(Peng et al., 2011)

1.4.3.4.4 Other spare Rhtgenes

This thesis does not aim to characterise all exigtintgenes in detail. However, we do provide
readers with general information aboutRlitgenes. For example, Tom ThurRbt3gene,
localised on the same chromosome 4BS sudRtd<B1] severely reduces height aisgartially
dominant, ananoreGA (Gibberellic Acid) insensitive than Norin 1(Gale and Marshall, 1976)
The Ai-bianl (Chinese variety) dwarfing gene on 4DL chromosBim#0is GA insensitive as
well, but more severe thaht3 By contrastRht5is partially dominant, reduces plant height by
50% and associated Wit reduction in yieldGale et al., 1985Rht7is recessive, reduces height
by 24% and has negative effect on grain y{Elbrland et al., 1980HongweiandZhonghua
identifiedRh21i n Chi ne s e w(hagwe ard Zhbdlgbua, 49 Iowever, the
existenceof this gene is debatab(Bérner and Worland, 2002RhtL1 andRhtl7 were found to
reduce leaf elongation rate and coleoptile lerfBths et al., 2004)Rh223 confersdwarfnessand
compact spike phenotypleutdecreased grain number per spike 2@ (Zhao et al.2018)
Perhaps, these height reducing genes are not suitable to low precipitation wheat growing

environments.

1.4.3.4.5 A brief history and origin s of Rht genes

The two old Japanese | andraces, fAAkakomugi 0O
dwarfinggenes and several others originated from induced mutations such as ethyl methyl sulphate
(EMS), MNH, DES, fN, thN and-xay or Gamma rays. Akakomugi is the originator of Rint8

(on chromosome 2D) arikht9(on 7B) genes both of which @®gregate witlPpdlinsensitive
genegGale et al., 1985)Thus, the photoperietisensitive gene?pdl, also reduces plant height

by shortening the life cycl@Vorland et al., 1988)Seeds of Akakomugverebrought to Europe,
particularly to Italy, by NazarenaSr ampe | | i at Ri et in 1911. St
with Akakomugi resulted in two famous shortest varieties Ardito and Villa Glori the former of

which was used in the parentage of the important Russian variety, Bezoftgla &t al., 1985)

which in turn was employed in the patage of our RIL/NIL parent, Pamyati Azieva. Bezostaya 1
carriesRhtB1aD1a, Rht8c(Mcintosh et al., 2000; Zheleva et al. 08) Chebotar, 2008Rht8

(Worland et al., 1998b; Kurkiev et al., 200Bht9(Bespalova, 2003ndRht1Y RhtB1e (Li et

al., 2012) The second variety Daruma has two types; Shirodaruma (white) and Akadaruma (Red)
the formerof which is the parentage of famous and vitally important wheatdemuif Japanese

variety Norin 10. Especially it was obtained from the cross of Shirodaruma (white) with American

varieties. As a result, two gibberellin acid insensitive gé&tigd31 andRhtD1 (initially was
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known asRhtlandRht2 originated from Norin 1@Hedden, 2003Rht4wasinduced by xray. By
contrastRht5 Rht7, Rht15andRh23 are all induced by EMS.

1.4.3.4.6 QTL for plant height in wheat

Plant height is an important characteristic, particularly in common wheat, defining its agronomic
performanceGriffiths et al., 2012)Genetic assessment, identification and characterisation of plant
height related genomic loci quantitatively or conductingatbedquantitative trait loc{QTL)

analyses are the main initial steps of manipulating and optimising gight.fSuch analyss have

been accelerated with the emergence of molecular markers and other genomic technologies. Since
then, numerous heiglatssociated QTL in wheat have been repofitedo et al., 1999; Peng et al.,
1999; Cui et al., 2011; Griffiths et al., 2012; Zhang et al., 2017a; ZHOU et al., 202@QTL
analysis revealed that all wheat chromosomes, except for 3D, 4A, 5D and three chromosome 7
homeologs, possess plant height gdfiths et al., 2012)Tian and ceworkers listed more than

50 QTL localised on all wheat chromosonf€&mn et al., 2017)However, not all QTL are stable.

For example, globajuantitative trait locanalysis found 33 height associated QTL, almost half of
which were stable and these loci wkreated on chromosomes 1B, 2D, 3A, 4B, 4B, 6A, 6D,

7A, and 7B(Guan et al., 2018)

1.4.3.4.7 The list of reduced leight genes on 6Aand 5A wheat chromosomes

Of total 25, five anabneheigh-reducing genes are located on 6A and 5A chromosomes
respectively Figure1.17). These numbers highly corresponith the number of coding genes each
chromosome possesses based on reference sequence of Chinesgg@\Spelsget al., 2018)0ut of
five, two (Rht16 and Rht25and threeRht14, Rht18 and RhtR#eight decreasing genes reside on
short and long arms of the 6A chromosome respectively. Conversely, no QTL nor gene was
reported for 5A short armexcepta singleheight related genindependent o¥/rnl, which was
reportedalongtime ago(Snape et al., 1985 owever theliterature search didot show further
details of that gen&.he underlying genetic mechanism and exact positiG®ht2 are known as
the gene wacloned recentl{Buss et al., 2020Among 6A geneRht18andRhtl4were fine
mappedFord et al., 2018; Duan et al., 2028l these three geneRht12, Rht18 and RiA#, have
similar heightreducing mechanismand shorten PH via increasing #gression of GA -»xidase
genegBuss et al., 2020)nterestingly, it was reported tharsi-dwarfism genes on chromosome
6A may potentially beised inwheatbreeding for improved establishméhtaque et al., 2011)
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Figure 1.17 Rht genes o wheat 6A and 5A chromosomes

1.4.4 Understanding the broad adaptationof Kazakh bread wheat gene podhrough
molecular characterisation ofVrn, Ppd, Rhtand Epsgenes
In Europe Pl wheat varieties can be grown alongside with photoperiod sensitive genotypes
(Worland et al., 1998nd mostly winter wheat is cultivated. Comparatively, most of the wheat
cultivars from Kazakhstan are highly photoperiod sensffivethowan et al., 200&nd more than
80% are sprig type(Turuspekov et al., 2017.a)jo assess thallelic state of Kazakhstani wheat for
the most common alleles of known adaptation genes, we have genotyped 96 spring wheat
accessions usingrn (Vrn-Al, VrnB1, VmD1), Ppd PpdAl, PpdB1, PpdD), Rht RhtB1, Rht
D1), 1RS:1BLlLrye-wheat translation anflps(TaELF3D1, TaFT3Al, TaFT3B1) molecular
markers using KASEKompetative Allele Specific PCRjenotyping platforn{Turuspekov et al.,
2017b) Results suggested that almost all tested accessions are photoperiod sensitive with no
variation at thd&RhtB1 andRhtD1 (Tablel.5). In spiteof the fact that wheat genotypes from
Kazakhstan are spring, tested accessions showed that the wheat gevespemiesented by
different haplotypes d¥frn genes. In addition, getyping results based d&psgenes showed that
most of wheat varieties carr yEpBdgernesieninordd3l el e.
days)(Zikhali et al., 2014)sometimes small earliness plays a significant role in such continental
environments as Kazakhstan. Tdi#ferentiation of samples biRS:1BLmarkers suggested that
genotypes carrying thitranslocation have significantly higher yield in Northern Kazakhstan
(P<0.01) (results are not presented in the table). At the end it was concluded thetriong
breeding efforts of spring wheat in the country led to the selection of photoperiod/gensiti

genotypes with none of the knawemi dwarf mutations &htB1andRhtD1. Since wheat is
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growing in harsh climate environments with very short vegetation period associated with drought
and heat, new genotypes with earlier flowering time are requireeltesed KASP assays for key
genes of wheat adaptation are very efficientdéa application in improvement of local breeding

projects.

Spring Spring Spring Insensiti Insensiti Insensiti Tall Tall Late
71 63 88 ve(d ve® ve@ (96) (96) (77) (96) (7)

Spring Spring Spring Sensitive Sensitive Sensitive Short Short Early AA AA

2 25 33 8 (95) (90) 95 (©) (©) (23) (0) (20

Del
¢ (73)
Nei

0.385 0.449 0.147 0.019 0.113 0.019 0 0 0.365 O
index

Table 1.5 Differentiation of wheat genotypes from Kazakhstan

Commercial wheat varieties from Kazakhstan differentiaedrn-Al, Vin-B1, VD1, PpdAl, PpdB1, TaELF3D1,
TaFT3Al, TaFT3B1, TaFT3D1, RhtBlandRhtD1 KASP assays. Results @fn genes revealed that Kazakh spring
wheat gene pool &ibit different haplotypes. Varietiagith a celetion afTaFT3B1 loci are the latest genotypes in short
days comparing to other specimens possessing two alleles at the locus.

1.4.5 Quantification of genetic componentsn wheat/plants

Breeders use quantitative genstto help identify which genotypes exhibit best performance for

target traits with continuous variation and genotype x environment varigBigtyardo, 2020)

Thus, the main aim of genetic asidion studies is to find the underlying genetic loci/locus which
cause/s or contribute/s to the change in the architecture of a given trait and then use those genomic
locations to improve target traits of agronomic importaiMggonique et al., 2008Basically, plant
geneticists use three approaches: i) developofenappingpopulation/s segregating for the trait

of interest, ii) phenotypic assessment of plant performance and iii) genomic evaluation for the trait
quantification and linking it ta certain chromosomal part. These and other important techniques

will be discussedh the coming sections.

1.4.5.1 Mapping populations

A segregating or mapping population is a population comprised of individuals with different
genotypegXu, 2013) Most of the traits with highmportancefor breeding in these populations are
gquantitative. Genes controlling those traits were mapped mostly using efiheloDbled

haploids) or RILs (recombinant inbred lines) segregating for the trait of interest. Both have been

used successfully to improve yield and diseases resistance in(Weeay et al., 2010Q)out each
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has its own advantages and disadvantabaslé1.6). For example, DH breeding technicaltows
rapidachievement ofiniformity which significantly shortens the breeding cycle in not only wheat,
but in all crops(Santra et al., 2017However, this breeding methaldssociated with a low rate

of embryogenesis, regeneration and recombination, high frequency of albinism, segregation
distortion, and the low frequency of chromosome doubling to obtaifBekhado, 2009;

Dunwell, 2010) Conversely, RIL generation hieswverdifficulties, but takes a longer time to reach
homozygosity ands associated witl higher rate of recombination which increases the response to
selection. Thus, RILs are useful fortkagemapping and quantitative trait loci analy@idansur et

al., 1996)

Population Advantages Limitations
DH Rapid achievement of Low frequencyof
uniformity chromosomeloubling,

recombination, embryogenes
andregenerationHigh
frequency ofalbinism and
segregation distortion
RILs High recombination rate, eas| Longer time required to react
to propagate homozygosity|oss of
phenotypic variation in
outcrossinglart species in
later stages of generation

Table 1.6 Pros and cons of DH and RILs

Doubled haploid wheat breeding - instant homozygous wheat lines

.
>

F2 F3 F4 F5 Fo F7r F8
Year 2 Year 3 Year 4 Year 5 Year6 Year 7 Year 8

Traditional

=y =~
Breeding
s s es i gy
/ "%

homarygoss

—
Haplosd
Breeding
Parents F1 Haploid - 100%
ae o YOMGTYDI
Year 1 doubled

haplold

Figure 1.18 DH vs RILs

Sourcehttps://coloradowheat.org/
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1.4.5.2 Molecular markers

Molecular markes arethe sections of DNAIsed as genomic landmarks ard apowerful tool to

study structure, function, genetic variation and similarity among diffgremotypes within a

species as well as between different spebiledecular markers are oftayutside of genesvhich

are piece®f the genome which have certain biological functionsontributing tophenotyjic

variation Genesare alsaonvertibleinto molecular markerasedto study polymorphism within a
population.Thus, a molecular marker can be used to identify the location of a gene in the genome
and its functionThere are several types of DNA markessich markers @FLP (restriction

fragment leagth polymorphismis AFLP (amplified fragment length polymorphigriBecker et al.,

1995) RAPID andSSR(simple sequence repepfblagaoka and Ogihara, 19%fe largely

outdated now. Instea@NPs (single nucleotide polymorphissharewidely deployed in current

genetic studiegCollard and Mackill, 2008)The importance ofmolecular markers genetic

studies is thatheyare inheritable. This essential phenomenon enables one to track inheritance of a
particular gene/molecular marker/trait from generation to generation. This in turn inadesible

to understand deeply the behaviour of the phenotype of interest. Thetteéa@nstruction of

genetic mapbased on DNA markeis avital prerequisitdor thedesignof successfuimolecular

breeding programs.

1.4.5.3 Geneticlinkage maps

The first concept of a genetic map viaisoducedby Alfred H. Sturtevan{Sturtevant, 1913)

In general, lhe distance between two markers in a genetic map is quantified based on recombination
frequencyl/fraction or number of recombinatmrentsduring gamete formation of sexual cells

during neiosis. Recombination frequency/fraction is the ratio of the number of recombined

gametes to the total number of gametes prod(iXed et al., 2013)In other words, it is a

percentage of chances of genes getting separated. Recombination magigsLorits between

molecular or genetic (twbavethe same meaning and are used interchangeably) markers are
counted in centMorgans, named after famous geneticist Thomas Hunt Morgan. If genes or
molecular markers are located close to each other, alitthese genes or molecular markers will
usually pass on to the next generation together. Those genes and molecular markers are said to be
linked.

A genetic linkage map israpresentation of thnear arrangement of genes and molecular markers

on chromagomes of an organism whether be it plant species, an animal or human. Genetic maps are
an essential instrument in fundamental and applied genetic s(8ties, 1993and can be

represented in the form of graph and a talsle@rder to construct genetic maps or to perform

linkage analysis)ia segregating population needs to be developed, ii) this population must be
genotyped with molecular markers. Nowadays, many genotyping planforms which are based on the

application of large numbers of molecular markers are available. As these platéorenatg large
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amounts of genomic information, the data handling using classic genetic mapping is almost
impossible. Therefore, genetic map construction is fully computerised asthtiséicbehind the

screen is complex. Such software packages have baiabde since the 1980s, particularly
LINKAGE-1 (Suiter et al., 1983nd MAPMAKER (Lander et al., 1987hnd were widely used.

In the 1990s more advanced and dfsendly mapping programmes such as Join N&gam,

1993) GmendelHolloway and Knapp, 1993CarthaGenéSchiex and Gaspin, 1998@nd in the

2000s, MapManagdManly et al., 2001)RECORD(Van Os et al., 2006MSTmap(Wu et al.,

2008) MapDisto(Lorieux, 2012)and ASMap(Taylor and Butler, 201 Have been developed

mostly as opn source software. The large number of individuals used in an experiment for the
construction of genetic magspreferred to deal with obstacles such as genotyping errors and
segregation distortion, even though map construction requires fewer sampl€d thaenapping
(Broman, 2010)Other issues reported in the same article are variations in marker polymorphism,
markerdensity and recombination rate. In addition, large sample size (large size of an experimental
population) is important to estimate the comparatively true value of recombination fraction
(meaning that the estimation is unbiased) between tw@¢Xo& et al., 2013and also is essential

to perform statistical analyses such as-Stilare Test, inrder to determine an appropriate p

value (numerical probability) to reject null hypothesis to conclude whether two genes are linked or
not when pairwise linkage analysis ends up with distorted results. That means even if two markers
do segregate independismthey might appear to be linked as a result of estimation of the
recombination frequency showing low recombination frequency (low recombination frequency

means markers are linked) with high LOD sc@eman, 201Q)

1.4.5.4 Geneticmapping of traits

GWAS and QTL analysi€@Quantitative Trai Loci Analysisare the most important methods
allowing plant scientists to identify genetic lagiderpinningkey agronomidraits of cropsand
enabling thelevelopnent ofaccuratediagnostic moleularmarkers forsystematicbreeding
strategiegfNantawan et al., 2019These two mapping strategies both aimetedt QTL through
linking the trait with genomic marker. The difference between GWAS and QTL analysis is
fundamental and directly related to resolution and power of maf)}ingt al., 2017)For

instance, GWAS involves studyimgnomewide setof geneticvariants across many genomes
(natural population\hich areancestrally similar but differ phenotypicallp identify whether
any of those variantarestatistically associated with a specific trait or diseasestance
(Uffelmann et al., 2021 GWAS takes advantage of historic recombination events and thus the
number of recombinatiGarealways higher than that of family based segregating populations,
particularly DH populatiorfAlqudah et al., 2020)Therefore, GWA®rovideshigher resolution
and greater allele numbdpsu et al., 2017)Unlike GWAS, QTL analysis is done to identify trait
marker association in biparental populations. Thus, it depends on recently created regmmbinat

events which in turn provides lower rate of recombination and allele frequency than that of
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association or linkage disequilibrium mappip et al., 2017put biparental QTL mapping is

powerful because two alleles are compared at each locus at requedrfcy

Biparental population |

| Germplasm/ Natural
e i
| Genotypic population
. data :
Multiparental
ajoinil o1 [
' | - populations
Linkage map not Linkage map available/
available Interval mapping
SIM CIM /ICIM MTM MIM BIM eQTL mQTL/ pQTL
SMA Co-factor Analysis of ; Gene Small/ large
t-test No co-factor lecti Two-locus Use of prior .
2 selection correlated Ivsi ; 5 expression molecular
ANOVA selection possible traits AREYSIS Information data weight
compounds

S

Robustness of results
Figure 1.19 Graphical representation ofQTL detection methods

The figuredemonstrates the graphicapresentation ofariousmethods of QTldetection Whengeneticlinkage map is
availablethe QTL can be identifiethrough simple interval mapping (SIM), composite/inclusive composite interval
mapping (CIM/ICIM), multiple trait mapping (MTM), multiple interval mapping (MIM), Bayesian intenvapping
(BIM), expressiorQTL (eQTL) or metabolite or protein QTL (mQTL/pQTL). Theteria used in each of these interval
mapping approaches are given in the box below the me#imodcrow below showshe relative robustness of results of
these methods over one another. Wtnergenetic data is availabfer thegermplasm/natural population, genome wide
association stud§GWAS) can be performed to map the QTompared to natural populatiamultiparental populations
enable joint linkage and association mapping (JLAM)

Source(Kulwal, 2018)

1.4.5.5 Trait mapping in the era of nextgeneration sequencing

Advanced genomic technologies have opened the door to theaef\genetic mapping of traits
(Varshney et al., 2020Trait mapping using WGS and targésequencing mearssichas exome
and promotor sequencing drecoming increasingly popular in genetic researuth believed to
havea clearcut advantage over pedigree breeding and MASiIlh@ce genetic gains for complex
traits (Crossa et al., 2017However, tause NGS data properly for capturiggnomewide genetic
variation,an urgent need for proppopulation design, statistical methods @anecision
phenotypinghas ariseriXu et al., 2017)Recently published wheat genoidgpels et al., 2018)
and pargenomegWalkowiak et al., 20204retheinitial step in understandirte physical
structureof the wheat genome and these tools have already advancdshsegpcloningJia et al.,
2018) For example, sequencing andra®/o assembly of multiple, independent, allelic mutants for
6A chromosome of wheat allowed to functibpaharacterisdrht18in wheat(Ford et al., 2018)

As a r dasgatédtchroonbsorredised cloning via lorgange assembb(TACCA), wheat
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leaf rust resistance gehe22awas cloned within the short period of tirfienind et al., 2017)We
have also fully sequenced the whole genomes and exons of NIL parents. It allowed & to targ

gene coding as well as regulatory areas of the region of interest during fine mapping.

1.4.6 Overview to thenext generation plant breeding andthe salierce ofour research
Theburstof new generation breeding tools has greatly alleviated the latemsive longasting
solo phenotypdased traditiongblant breedinglt alsoallowed scientists to understand better the
functions of genesf agronomic importancd hus, nodern molecwr genetics, genomics and
bioinformatics methods combined with conventional breeding methodologigeigerful way to
see the desired gene/girh e b rfavaudtesvari@tg withirashorttime. Recently emerged new
phenomics and genomics approachehss speed breeding allow up to six generations of many
crops in a yea(Watson et al., 2018; Cha et al., 20ah}l accelerated gene cloning approaches
such as mapased cloningMunozAmatriain et al., 2011)RNA-seq approacfHabib et al., 2018;
Chen et al., 2021 yext-generation sequencirfghong et al., 2018; Bhat and Yu, 202GWAS
(Juliana et al., 2018MutChromSedSanchezMartin et al., 2016)MutRenSedSteuernadeet al.,
2016) sequence assembly based AgRen@eqgra et al., 2019and bulked segregant exome
capture sequencinBSE-Seq(Dong et al., 2020have simplified old laborious methodad
reduced the cost and time requireldwever,all these methodsequire the knowledgef databases
understandingndsequencing datmanagementMoreover, these gene cloning and validation
approacheblave to be employed with respect to the aira study and the type of research material
being used. A direct genome editing tool, CRISP&9(Cao et al., 2016; Zhang et al., 2028nhy
high-throughput phenotypinglganforms empowered by GRGrain et al., 2018; Song et al., 2021)
and temperaturdaumidity, light sensors, able to monitor the plant throughout its whole life
(Gewin, 2017; Zhou et al., 201dj)e other methodologieghich promise benefits in future plant
breedingMoreover, international cooperation playsignificant role in understanding plant
adaptation better as it provides breeders and researchers with an opportunity to share their

knowledges and experiences, and wheat vatious agreecological niches to be tested.

Here, we developed a segregating populatienived from the cross tfie wheatvarietiesParagon

and Pamyati Azieva, specifically Recombinant Inbred Lines (RILs) followed by Near Isogenic
Lines (NILs), in cdlaboration between John Innes Centre (JIC), UK and Institute of Plant Biology
and Biotechnology (IPBB), Kazakhstan. The beauty of it is that this is the first mapping population
involving wheat cultivar from Kazakhstan. As a result, several QTLs assbuwidtesignificant
agronomic traits have been identifidl. Kazakhstan, plant and animal breeding mainly rests on
using conventional methods. Although several crop species have been genotyped with various set
of molecular markerghe obtained wealth ofenetic information henot been properly captured to
intensify breeding programmes y&hus, we pioneered efforts to quantifgnetic components of

Kazakh bread wheat which might be associated with essential agronomic characteristics.
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1.4.7 Thesis ams and objectives and hypothesis

We think that the most important adaptation genes are likely to be fixed or present at high
frequency in Kazakh wheat gene pool, but genetically uncharacterised. Additionally, what exact
alleles or/and allelic combinations, of thasdient adaptation linked genes, enliagthe grain

yield is still unknown. Thus, the aim of this PhD thesg#s to shed light on how wheat adaptation

and yield is controlled genetically in Kazakh environment

2. Chapter 2: Delineation of adaptation and yield associatedbci for Kazakh bread wheat

2.1 Introduction

In order toidentify trait associatetbci, genetic components of the traitinterestshould be
quantifiedby creating new recombination eveatsdthen relatingeachtrait with alocus This can
be achievedhroughthe developmentf segregating populatiencreatingagenetic map and
obtainingphenotypic valuesf plant characteristiasr traits For this purposeye developeRILs
as theyare a powerful tool for theapping of gene@Broman, 2005and have beesuccessfully
used for the identification and validation of QTLs (quantitative trait loci) underpirkeng
agronomic traitén staplessuchas whea(Griffiths et al., 2012)barley(Algudah et al., 2020QYice
(Shinada et al., 2014ghickpeaSivasakthi et al., 20183o0ybear(Concibido et al., 2004nd
maize(Szalma et al., 2007)We alsocreatedhe genetic mafrom theseRILs andphenoyped
themin controlled and nowontrolled environment#\s a result otheintegrationof genotypic and
phenotypic data, several QTLs were found wlaokassociated with important agronomic traits.
AmongtheseQTLs, two plant heightPH) effectsresiding orchromosomeSA and 6A were
interesting to study further as their @&dce effectswvere large, approachirigcm.We have not
seen such an increase in our previous studigssthe same UK parent (Paraga@myd are really
interestedo understand whigeight increasing alleles anelativelytall wheatsn general still
seem to bémportant for Central AsialVe hypothesisethatPH is an essential contributof
increased adaptation and perhapgield as well Therefore, his chapteprovidesdetailed
information abousteps ofdentification of5A and &\ heightincreasing QTk. We will also
briefly discuss other QTLs found.

2.2 Materials and methods

2.2.1 RIL development

A segregating or mapping population of bread wheat, particularly &hsisted 084 individuals

was developed from a cross between the spring vaduéatars, Pamyati AzievéPam.Az)and
Paragor(Par) through Single Seed Descent (SSD) bulk me{fie@ and Qualset, 197&hich is

widely used among breeders for the last three dec@edirst parent Pamyati Azieva used in

the crossis well adapted to Kazakhstdhis originated from Sibirskii NIISKH in Omsk, Russia,

andis widely grown in Kazakhstan because it was included into the recommended list of the State

Register of the country. Paragon is a UK spring wheat vatidtpas been used extensively in the
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UK 6 s whleeading pragmms as a parent for the development of Nested Association
Mapping (NAM) populations, Near Isogenic Lines (NILs), and mutant populafiwimgen et al.,
2017)asit was recognised as the bread making quality benchmark in the UK. Once these two elite
varieties were crossed and pdpulationwasobtained, in each round of the bulk one seed was

taken to develop next gendmat, that is one seed from p®pulationwas used to obtain F3. Only

one seed of Fgopulation meanwhile, was employed to forrd Rybrids. RIL development was

carried out ugby single seed desceto the F6 generation which produced lines with mosaic
homazygous genome at most of the loci for the parents. All hybridization experiments and
development of RILsverecarried out in glass houses and Controlled Environment Rooms (CER)
of John Innes Centre (JIC), UK, between 2@024.

2.2.2 DNA extraction from Pam x Par RILs and preparation of work DNA for KASP

genotyping
In order to extract DNA from Recombinant Inbred Lines, five seeds of each line were sown into
Petri di shes and put for 2 dawgretransferred®én f or s
incubabr with temperature raeof 27-3 0 ¢ C -6fdays for germination. DNAvas isolatedrom
5-6 days old wheat seedlings. Extracted genomic DNA has been subjected to further purification
using Qiagene Mini spin columns. Qualityand quaritity 2 6 0/ $ 28 0) of extr act
evaluated in Nanodrop spectrophotometer with further visadh on 1% agarose gelsdssess

integrity. DNA of each RIL was standasdid to a concentratiarequired for genotyping.

2.2.3 Genotyping and genetic map constructon

The lllumina iSelecfl5K platform was used to genotype RIIOf 15 thousan@NP markers4595
showedbolymorphismsin RILs. The initial genetic linkage map of a segregating papulation was
constructed by TraitgeneticBhen the quality control of linkag groups was rassessed by an
opensource statistical environment R, partic
to identify several factors by which the quality of genetic linkage maps is negatffedyed Such

factors are segregatiorstirtion, genotyping error, existence of duplicated markers and the
numberof missing values/genotypes for markers as well as samples. Therefore, it is imperative to
validate the genetic map quality with and without markers with aforesaid issues. Eatgydrop

the genetic map quality, it is better to omit them prior to QTL identificafAsralmost all software

tools based on graphical udeendly interface, they do not provide users with such as much
flexibility to work with data as Rloes Two R @ckages, qtl and ASMap, are user frequefatly
linkagemap construction, the latter of which has been developed recently to overcome the
computationally cumbersome combinatoric methods of the former, making the whole process much
quicker and easigBroman et al., 2003Faylor and Butler, 2017)The advantage of ASMap is that
one can still i mpl ement many functions of th

itself.
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2.2.4 Phenotypic assessment of RILs

In thewinter of 2015 RILs (F6) were sent to Kazakhdiabe grown in various environmenBue

to limited number of seeds being sent to Kazakhstan, RILs were only multiplied in the field trials of
Institute of Biology and Biotechnology (IPBB) in the first year. In the following 2016 sSemu
previous yeaallowedusto grow RILsin Almalybak(Alm), Almaty region, soutleastern

Kazakhstanin two replicates with two rows each line. The length of rowfgeld trials was~1 m

and the distance between the seeds sown was approximately 5 cm from eadétt ttbegsame

time, the segregating population was evaluated in the field and controlled environments of JIC
UK. Field experimental design in the UK includiah block of plotsin the greenhouse, RILs were
grown in 1L pots with cereals mix type of compost.

2.2.5 QTL linkage mapping

Dataon phenotyping and genotyping have been combined for QTL analysis. In order to map the
markers on wheat chromosomes and detect QTLs associated withwi@itgoes of mapping
software, WinQTLCart 2.5 and-RTL, havebeen deployedo as to minimize the statistical bias
and increase confidence in the QTLs foundooth composite interval mapping (ClMvith LOD
scoreof not less than threégr all phenotyped plant traits wasnductedo increase thpower and

precision of QTLdetection

2.3 Results
2.3.1 Genetic Map Statistics andQuality Control

As markermphysical and genetichromosomal locations akmown, genetienap construction was

not toilsome. However, at the recommendedifue of 1e3 for the population with up to 100
individuals, two linkage groups were obtained for 2B, 3D, 5D and 7D. The issue was overcome by
a slight increase of theyalue, 0.01, howeveat the same time lessening the minimum threshold

for distinct clusters of markers to appear to be linked. Nevertheless, the maximum spacing of 55
cM was seen for 3D chromosome only, while others, 2B, 5D and 7D, remained betweth ~41

cM once two linkag groups were mergedigble2.1).
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Unmerged Linkage Groups Merged Linkage Groups

LG n.mar length ave.spacingmax.spacing LG n.mar length ave.spacingmax.spacing
1A 269 95.9 0.4 9.3 1A 269 95.9 0.4 9.3
1B 188 139.5 0.7 19.4 1B 188 139.5 0.7 19.4
1D 153 89.9 0.6 11.5 1D 153 90.3 0.6 115
2A 182 142.6 0.8 26.4 2A 182 142.6 0.8 26.4
2B.1 50 25.1 0.5 10.4 2B 563 197.7 0.4 41.7
2B.2 513 121.3 0.2 14.7 - - - - -
2D 222 140.2 0.6 35.0 2D 222 140.2 0.6 35.0
3A 211 166.2 0.8 18.1 3A 211 166.2 0.8 18.1
3B 359 208.8 0.6 15.1 3B 359 209.5 0.6 15.1
3D.1 4 15.0 5.0 10.9 3D 24 119.5 5.2 55.1
3D.2 20 44.9 2.4 33.3 - - - - -
4A 186 118.6 0.6 18.2 4A 186 118.6 0.6 18.2
4B 95 114.8 1.2 23.7 4B 95 114.7 1.2 23.7
4D 20 16.3 0.9 5.3 4D 20 16.3 0.9 5.3
5A 370 244.6 0.7 32.8 5A 370 244.6 0.7 32.8
5B 391 227.3 0.6 20.5 5B 391 227.3 0.6 20.5
5D.1 3 13.7 6.8 12.6 5D 42 103.4 25 42.2
5D.2 39 47.6 1.3 20.5 - - - - -
6A 403 157.7 0.4 11.5 6A 403 157.7 0.4 115
6B 232 155.9 0.7 24.2 6B 232 155.9 0.7 24.2
6D 56 90.8 1.7 36.3 6D 56 90.8 17 36.3
TA 318 159.8 0.5 14.1 7A 318 159.8 0.5 14.1
7B 271 142.7 0.5 18.6 7B 271 142.7 0.5 18.6
7D.1 13 4.5 0.4 2.4 7D 40 75.8 1.9 47.7
7D.2 27 23.6 0.9 7.9 - - - - -
overall 4595 2707.1 0.6 36.3 overall 4595 2908.8 0.6 55.1

Table 2.1 Genetic map summary

LG 1 Linkage Groups, n.marnumber of markers per L&ngthi LG length in cM,ave.spacingnd max.spacing
average and maximum spacing between marker per LG.

Although some, but not a large quantity of markers showed a slight segregation distouiatsto

either AA or BBalleles,p-values from chisquare tests of Mendelian segregation, remained
significant fiot showr). Moreover, almost all markers performed well, except a few showing more
than 20% missing valueadt showr). Pairwise comparisons of getypes allowedhe

identificationof four groups of individuals with a proportion of matching alleles above 80% at the
markers. Most of the genotypes shared around 45% alleles at the markers, thereby proving none of
them are clonef~igure2.1). Thus, any recombinant inbred line has not been excluded from the

analysis.
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Figure 2.1 Pairwise comparisns of genotypes

The assessment of allelic proportions for RILs provided that 46.7% derived from Pamyati Azieva
(red) and 47.5% from Paragon (blue) with remaining 5.8% of being heterozygotes (§igers
2.2). A great deal of missing data was not seen which represented with tiny white dots.
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Figure 2.2 Haplotype Mapof RILs

Recombination rate or crossovers (COs) of each RIL was assessed by using profileGen function.
Based on results, recombination rate of RIL genomes (without distinction of A, B and D genomes)
varied between 5854. Howevertherecombination rate of eightipur RILs out of ninetyfour

was between 5200which is consistentith the previous published works on recombination
frequencyin NAM population(Jordan et al., 2018T herateof recombinationn remainingnine
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RILs was103-244, with only one excessive rate of recombination, 654, which was seen-& RIL

(pxp8) possibly due to higlevel of missing pointghan the restFigure2.3).
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Figure 2.3 Recombination raten RILs

Genotype®n the xaxis show inbred lineshere pxpl is the RH1, pxp5i RIL5 and so on

2.3.2 Trait characteristics of RILs

Data on suclagronomic traits as Plant Height (P&t)d Heading dat(HD) were collected ithe

UK (JIC, Norwich) in controlled and nowontrolled environments in 20 mdPlant Height (PH),

Peduncle length (PL), Number of spikes per plant (NSP), Main spike length (MSL), Awn length
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(AL), Number of spikelets per main spike (NSMS), Number of Kernels per spike (NKS), Weight of
grain in the main spike (WGMS), Grain yield per plant (GYP) and Thau&axain Weight (TGW)

of RILs in KazakhstanlPBB, Almalybak) in 2016. Of 25 plants in each row in two reps, random 5
plantswere involved in collecting the phenotypic data. That is (5 x 2) x 2 = 20 plants of each RIL

were observeth total

2.3.3 The resultsof analysis of quantitative characters

All measured plant traits were involved@TL analysisQTL identification using WinQTLCart

2.5, and RQTL revealed27 QTLsin total, residingon all wheat chromosomes, but not in all
genomes, 7 of which verified Hyoth statistical software packages. They are 3 QTLs of PH on
chromosomes 2B, 5A and 6A, 1 of MSL on 4A and of NKS on 2D, and 2 for WGMS on 2B and
3A respectively. RemainingdXTLs linked with PH, PL, MSL, NKS, WGMS and GYP have been
detected by both appaches, however, they were located on different wheat chromosomes. QTLs
related to AL and NSMS on chromosomes 5A, 5D and 1A, 7D respectively have been identified
only by WinQTLCart 2.5. By conteh TGW QTL on 7A have been detected only bDRL.

Thus, thee were no QTLs found for NSP by both statistical program(ifaisle2.2).

CHROMOSOMES
1 2 3 4 5 6 7
GENOMES A B D A B D A B D A B D A B D A B D A B D
TRAITS
PH Q\\'R Q\\'R Q\\'R Q\V
PL Q\\' QW QR Q“' QR
MSL Q\\' Q\" Q\VR
NKS Q\VR Q\\'
WGMS Q“' Q\VR Q\"’ Q\"‘R QR
GYP Q\" QR Q\\'
TGW Qr
NSP
AL QW Q\\'
NSMS Qv QW

Table2.2 QTLs detected using two QTL statistical programmes

Most of found QTLs were located on the chromosome 2, while the least on cmmdpossessing onlywo QTLSs.
Associations of the same genotypic and phenotypic data loaded into two readable statistical atkegesesulted in
slightly different outcomes. However, PH increasing loci were detected by both statistical programaddgion, they
were stable in controlled and neontrolled environments. QW and QRITLs fourd by WinQTLCart 2.5 and RQTL
respectively and QWR by both.

LOD score was not less than 3 &dktrait - markerassociationsThe most important fact is that of
27 QTL, 3 QTL for Plant Height (PH) located on 2B, 5A and 6A wheat chromogoosesssed

significant additive effects andere stablén controlled environment (JIC UK) as well ashioth
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field trials (IPBB KZ, JIC UK). Biometrical analysis showed that two PH increasing alleles on
chromosomes 5A and 6Aeredonatedoy Pamyati Azieva and PH reducing allele on\2&s

inheritedfrom Paragon(Figure2.4).
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Figure 2.4 The list of QTLsfound in RILs grownin Almalybak

Despite the fact that QTL number varied between two statistical programmes, the graphs showing phenotype and
genotype association in both programmes are very similar. For example, even though PH QTL on 7B, QTLs of PL on 2A
and 2B, QTL on 2D for MSL, WGMS QTL on 2D and QTL for GYP on 2B have been detected as a QTQHy R

statistical programme, genomic overvielwarly showed that the peaks with more than 3 LOD score exist in those
chromosomes. In contrast, there were quite high sgm&V/inQTLCart for QTLs for PL on 7B and for GYP on 3A

although LOD was slightly smaller than@TLs for AL and NSMS were detectén WinQTLCart and TGW in R only.

Therefore, only QTLs on chromosomes 5A and 6A have been subjected to further gerietic stud
More importantly, the responsible sections of the genome for 5A and 6A PH QTLs datyot
anyhowin both controlledandneaont r ol | ed environments. Morec
endo DNA markers to QTL peak and flanking re
Therefore, these SNP DNA markers have been converted to KASP DNA markers to foditate

genotyping processuding NIL preparation. Most of the observed quantitative traits were normally
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distributed withthe only exceptiorbeingAL which is classified aabsemhor preseh The

calculation of the coefficient of determination (R2) between the variables of tworepid

showed that only 0.26 % of total variation in rep one is not described by the variation in rep two.
Therefore, the R2 value of 0.74 explains the fithess of the most variables to the linear model which

in turn shows the higher correlation of variabtd two reficates(Figure2.5).
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Figure 2.5 The coefficient of determination and-palue for PH

Both werecalculated using GraphPad Prism. R square 0.74 and P value < 0.0001

2.3.4 Discussion

Plant heights animportantcomplexplant characteristizvhich definegplant architecturand could
potentally be associated with increased adaptation andgtais yield(Griffiths et al., 2012)
Additionally, like otherpolygenictraits, PH is controlletly manygenesand numerousQTL were
reportedfor PH in wheain recent year§Cui et al., 2011; Griffiths et al., 2012; Guan et al., 2018)
However,no plant keight QTL have beereportedfor Certral Asian wheaso far, especiallysing
segregating populatianSo, it seemshatwheat breederis Kazakhstarhave beeselectingor
favourablealleles of PHunconscioushandthey have never beemaracterised genetically, thus
what specific alleles of PH defines better wheat adaptation in Kazakhstanlgsggily unknown.
Moreover,we think,PH asa critical trait influencing plant stature argtain yield has not been
fixed for wheat growingminienvironments of Kazakhstahhis is clearly evidentin urgency of
studyingand searching for new alternative allelegehes regulatingzheatheightin Kazakh bread
wheatas Kazakhstan is one of the main wheat expodfeitse globeHere, we foundtwo plant
height related QTL witenormousadditive effectsn RILs and validatedtandaloneandjoined-up
effectsof boththroughgeneratingingle and doubl®&lILs (Near Isogenic LinesNILs and dNILs

respectively whichwill be discussed in chapter 3.
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3. Chapter 3: Reshaping the height othe UK spring wheat Paragon for testing its

performance in Kazakhstan

3.1 Introduction

The evaluation ofelatively pure effect of QTlis manlyachievedhroughthe development of Near
Isogenic Linesvhich in turnaregeneratedhroughbackcrossing othe QTL of interestto one of
therecurrentparentslepending on experimentdé¢sign As a result, averal rounds of backcrosses
allow scientists to havewvo contrasting alleles @fenetic markerflanking that quantitative lagsin
thecommongeneticbackgroundZhou et al., 2005)Thus, eliminatingnuch of theheterogeneous
background mutationsiakes it possible teerify genomic regiorcontributing to the trait of
interestsaeen for the functional annotation of its gematent conductmiddleresolution
mappingof the QTLandtagmolecular markers esegregating with the loém many plant species
including of wheatHabib et al., 2018; Halder et al., 202Epr tresereasos, NILs havewidely
been used & essential biological tool tealidate QTL contributiorfior the trait of interesand its
pleiotropic effecton othercomplex traitgFletcher et al., 2013For example,NIL sets were
successfully used &tudy QTL controlling fruitquality in melon(Eduardo et al., 2005¢ating
quality of rice(Cho et al., 2013)kalttolerancemechanismsén barley(Zhu et al., 2020andthe pre-
harvest sprouting resistance in bread wii@&ng et al., 20185uch examples amentiful.
Importantly manyRhtgenes ad theirpleiotropic effects were alsstudied based on NILs
(Appleford et al., 1991; Wojciechowski et al., 2009; Alghabari et al., 2@&btprdingly, this
chapter of the thesis aims to providé information abouthe development of near isogenic lines
for two plant height increasing QTL detectedthe Pam.Az (Pamyati Azieva) x P@Paragon)
segregating populatioBoth PH QTL were donated by Pamyati Azieva and tils were
generated in the Paragon backgrourtte effect of eacPH QTL allele onheight andnanyyield

related traitvas tested i range oeénvironmentsn the UK and Kazakhstaarcross3 years

3.2 Materials and methods

3.2.1 The ddivery of Pamyati Azievaheight increasing5A and 6A QTL allelesto the UK

wheat Paragon forNIL development
Once RILs were multiplied, phenotyped, genotyped and QTLs associated with valuable plant traits
identified, NILs have been developed so as to trace two PH increasing QTLs of Pamyatiizieva
the Paragon backgrounBigure3.1). To implement so, tweecombinantines, PamxPab and
PamxParl6 carryingbA and5A PH QTLsrespectivelyhave been chosen as they were
heterozygous for the QTL regioHowever PamxPaib inbred ine for 6A QTLwas fixedto
Paragon at the 5A QTL region aRdmxPai16 for 5A QTL does the sami® 6A PH QTL.Two
rounds of backcrossing, sd#rtilising and collecting of heterozygotes for three QTL flanking
DNA markers, allowedisto produce BC2F2 segdinally for both QTL Duringeach round of
backcrossingl?2 triple heterozygous plants for QTL flanking markers have been selected to

produce next generation.

43



2RILscarrying x  Paragon
5A PH and 6A 1

PHQTLs
F1 seeds

l

12 heterozygotes with«— F1 plants X Paragon

flanking markers
\J

BC1F1 seeds

12 heterozygotes with +—— BC1F1 plants X Paragon

flanking markers \’J

BC2F2 seeds
BC2F2 plants Potential genes in
. R Medium/High . the QTL region will
Homozygotes for Recombinants Resolution Mapping be identified by
fine mapping

Pamyati Azieva

Homozygotesfor 15 Heterozygotes
Paragon l

They (NILs) were scored N .
for PH in GH and field to Self-fertilize 10 recombinants

see the gene effect to obtain BC2F3 seeds

Figure 3.1 NIL&Recombinant development for 5A and 6A PH QTL

Fifteen heterozygous plants from both lines have been chosen in orderfestsizié to have more hybrids with different

recombination combination. Recombinants will be used to fine map the genesesitinte

Produced®4 BC2F2 seeds and two original paremtse thergenotyped with flanking markers and
germinatedPrior togerminaion, theseeds first were sown on Petri dishes pladedin CER at

6 e f@r two dayso break thesseddormancy then movedd CERwith2 0 e C f o r3déysiaf t h e
germination. After that, seedlings transplanted to 96 well trayf?igiat and Saridsoil type and
leftatCERat2 0 e C f or t wo we e, lDNA waPaxtractad fomtalhli9ozplamse(94i o d
lines + 2 parents ) and DNA samples were genotyped in order to identify heterozygotes,
recombinants and homozygotes for both parétdsnozygous lineghat are NILs, carrying

Pamyati Azieva and Paragon alleles for both QTLs, on wheat 5A and 6A chromosenees,

grownin 1L pots filled with Cereal Mix soiin a glasshouséGH) of the JIC. Each Nllwasbagged

in order to eliminate the possible outcrossing and heights of NILs have been méagunex8.2).

Two Sample-testin R was used to evaluate the significabedweerParagon NiLsarrying and

lackingheight increasing allele of Pamyati &za.
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3.2.2 Field experiments in the UK

3.2.2.1 Seed preparation

Initially, the seeds of NILs were multiplied in the greenhouse at the JIC, UK. About 180 seeds were
sown from eacloriginal NILsin 2018/19 These seeds were usad2019/20 and the seeds from

201920 were used in the 2020/8&ld experiments.

3.2.2.2 Plot design
Each giginal NILs wassownseparately in October 2018the field trials of JIGNorwich) as a

1n? plot experimental design to multiply the seed numbers as well as to mpksureeight.

In the 2019/20 growing seasadyiLs were sown also during winter drillinghe plot dimensions

werel.3m and 5.5m in width and length respectively

In 202021 driling season, each original NIL was drilled in 3piots in randomised manner. Thus,
NIL5A(+), NIL5A(-), NILBA(+), NILBA(-), dNILs (double NILsor 5A(+)-6A(+)) and nNILs
(nonNILs or 5A(-)-6A(-)) were replicated 12, 19, 6, 25, 20 and 10 tirBesidethe NIL5A(+) and
6A(+), we have alsstacked these two height increasing all@ieBaragorand developed ddile
NILs. More information about the development of doulmhelnonNILs is provided in the&oming
fi3.3.1.8 Stacking of two height increasingalleles in UK wheat section.

3.2.2.3 Data collection
In 2018/19 only the plant height and heading date were scored. For that, plant heights of six
random plants withidm? plots were scored during the early maturation when stem elongation

stopped growth.

As inthe previous growing season, only PH was scor@f19/20 For that, we took overalplot
height Moreover, plants from the0cm distanceavithin the plot(representing the plptwerepulled

out carefullyand their heights were measured.

In 2020/21the experiment purpose was to score PH and Y@kId perSquaredveter) For PH,
height of each plot was measured carefaiyeach NIL sets weraultiplied several timesThe

combine usetb harvest and get YSMas a ZURN 150l is fitted with an onboard weighing

system whichis especiallyfor the small 1riplots. Thereforewe only record the weight of the

grain from the plot and not the moisture as the volume of seed coming from the small plots is not

sufficient to gain an accate moisture reading
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3.2.3 Field experiments in KZ
3.2.3.1 The experimental desigrof the year 2019

3.2.3.1.1 Seed preparation

Compared to the field experiments in the W conducte@ large scalé eld testingin
Kazakhstarover the yearas the main aim of the thesiss toassess and evaluate possible positive
and negativeleiotropic effects oheight increasinglecreasinglleles of QTLon adaptation and
yield componentdg-or that the seeds of NILs were multiplied in the greenhouse at the JIC, UK.
Multiplied seed®f seweral original lines to develop Nlwerepooledandsent to Kazakhstan

2018

3.2.3.1.2 Plot design

The poled seeds dflIL sets(NIL5A(-/+) andNIL6A (-/+)) and Paragoweresown in
Almalybak, Almaty region southeastern Kazakhstam field trials of thelPBB (Institute of Plant
Biology and Biotechnologyjluring spring drilling of 209. Theexperimental desigmcludedém
randomiseglotswith 2 replicateger lineexceptNIL 6A(-) which had limited number of seeds
Fifty seeds of NILs were sown in each 1m row within long plots and the rows were spaced
20cm apartThus,1500 seed&0 seeds x 30 rows 1500 seedswvere drilledpereach 6nplot.

3.2.3.1.3 Data collection

Random three plants pplot were scored foeffecive tiller number (ETN)number of kernels per
spike (NKS) grain weight per main spike (GWM3)ndnumber of kernels per plant (NKP)his
allowed us to have six data poii8splants x 2 replicationgerNIL and ParagorlTo assess the
diversity inplant height (PH)lengths of internodeis from top 1st to down 5th (Intd), spike
length (SL)andnumber of spikelets per main spike (NSM8}ween the NILand to compare it
with Paragona widerangeof sample size (45 plésper replication, thus 90 in totalps/
consideredHowever, traits such @sousand kernel weight (TGWjumber of spikes per row
(NSR), rumber of plants per rofNPR),yield per squared metéY SM), YP (yield per plot)otal
aboveground biomas§éTAGB), number of plants per unit arédP_1m2) andNormalized
Difference Vegetation IndefNDVI) were scored per replication/pldthus, each NIL had two data
points per traitY P was calculatethrough multiplying the YSM byen

3.2.3.2 The experimental design ofhe year 2Q0/21
3.2.3.2.1 Seed preparation

The seedsvere multiplied inthe experimentonducted irield trials of JIC (se@.2.3.]. This

allowed us to senseeds fronsingleNIL (not poded from several NILs) to K
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Thus,NIL setswerenotsownonly in the southeast, al$o thecentral(Arkalyk) andnorthern
(Petropav) regions of Kazakhstan, the main wheat growinggarthe countryjn larger plots in
2020 and 2021 drilling seasons

3.2.3.2.2 Plot design

The 2020 growing season

In 2020 drilling seasorNILs, NIL parentsand local check variety (Kazakhstanskdyror Kaz1)
were sown in 10Arandomized plots with two replications Atimalybak In Petropav) thefield
experiment with same setting was conductedwithiout local sandardvariety. Experimental
design in the Cendt Kazakhstamvas different from the resRarticularly,NILs were sown in 5
plots with four replications, two with irrigated atite other two norrrigated treatments
Unfortunately, the experiment ertral Kazakhstan wasot completeddue to COVID pandemic

restrictions

The 2021 growing season

In 2021 drilling season plots were largéran that of 2R20. Although experimental design was the
sameas in the 2020we replicated each Nifour times in 10rirandomisedlots.However the
Central Kazakhstan was excluded from elxperiment. Therefore, NILs were grown in Aliytzak

and Petropavl

3.2.3.2.3 Data collection

Data from the 202@1 experiments were collected usthg sandardized phenotypg protocol
whichwas prepared for partneirs Kazakhstarto measure height and yield components, namely
plant height (PH)lengths ofinternode i from top 1st to down 5tk{Intl - 5), spike length (SL),
effective tiller number (ETN)pumber of spikelets per main spike (NSMS), number of kernels per
spike (NKS), number of kernels per plant (NKRgin spike weight(MSW), grain weight per main
spike (GWMS) grain weight per plant (GWPthousand kernel weight (TGWjield per squared
mete (YSM), yield per plot (10 (YP), number of plants per unit area (NP_2,mumber of

spikes per unit area (NS_#Hnseedling number per unit area (SN 2Llandmain spike weight
(MSW). The ed number per squared meter (SSM) came from the mean of NE&cfosample
multiplied by NP_1m Seed Width (SWI) and seed length (SLE) of ~300 grains of each line from
two replications were measuresing MARMN seed analysemhese data on biomass were used to
calculate total abovground biomass (TAGB) ainthesis and maturity. Harvest index (HI) was

calculated from biomass at maturity

Notably, NRP, YR andNDVI wereextra plant characteristissored in Alnalybak2019 only.
However, hthat yeatYP,NS_1m2 SN_1m2 SSM, HI, SWI, SL, GWMS and GWP were not

measuredn Almalybak In the first year of field experiment in the North that is Petropavl 2020
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GWMS, GWPand MSWwere not scoreddata onSWI and SLexist for Almalybak 2020 and
Petropavl 2020 onl{Table3.1).

In the field experiments conducted in 2620, wheat developmental stagiegermination,

tillering, stemelongation, flag leaf emergence, booting, heading, flowering and maturity, and
lodging were scored in both environmeriswever,stem elongatioandflag leaf emergenceere
notscored in 2020 in Almalybaknformation on resistance of NILs and parenptsliseases such as
Septoria leaf and stripe/yellow rusts is available Admalybakonly in 2020, but present for both
in 2021 Seeds were drilled in the North at the depth-8té from the topsoil.

Location Almalybak Petropavl
List of traits
ABBR\Years 2019 2020 2021 2020 2021

Plant height PH + + + + +
Internode 1 int1 + + + + +
Internode2 int2 + + + + +
Internode3 int3 + + + + +
Internode4 int4 + + + + +
Internode5 int5 + + + + +
Spike Length SL + + + + +
Effective Tiler Number ETN + + + + +
Number of spikelets per Main Spike NSMS + + + + +
Number of Kernels per spike NKS + + + + +
Number of Kernels per Plant NKP + + + + +
Main Spike Weight MSW + + + - +
Grain Weight per Main Spike GWMS - + + - +
Grain Weight per plant GWP - + + - +
Thousand Grain Weight TGW + + + + +
Yield per Square Meter YSM + + + + +
Yield per Plot (gramm) YP - + + + +
Number of Plants per fm NP_1nf + + + + +
Number of Spikes per m NS_1nf - + + + +
Seedling number per m SN_1nf - + + + +
Seed per Square Meter SSM - + + + +
Harvest Index HI - + + + +
Seed width SWI - + - + -
Seed Length SLE - + - + -
Number of Plants per Row NPR + - - - -
Yield per Row YR + - - - -
Total Above Ground Biomass TAGB + + + + +
NDVI NDVI + - - - -

Table3.1 The list ofscoredtraits on NILsgrown in two locations in Kazakhstan fahree
(Almalybak) andtwo (Petropavl) years.

ABBR = Abbreviation
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3.2.3.2.4 Data treatment andstatistical analysis

Data treatments and Statistical analyses werstly done in the statistical environment R, but

some minor arrangements and calculations in Microsoft Excel. Outliers for each measured trait
were removed prior to conducting any calcul a
considers the variablagith coefficients outside of Q1 and Q3 (Q=quatrtile) as outliers was the base
approach for their detection. Depending on a sample size, either ANOVA (fsasytle) or one

sample ttest (for wholesample) were conducted to assess a significance levaedasfured traits.

3.2.4 Statistical analysis

ANOVA or LMM or T-Testwas usedlepending on data structugemodel the data in order to

obtain overall significance for each measured trait. Then, the same model was involved in further
statistical calculations to &®ate the scored trait parameters such as mean, estimated differences
between the meaEST) of group levels, standard error of the méagM), variance, standard
deviationgSD), upperand lowerconfidence interval@JCI and LCI respectivelyandsignificance

values (pvalue) for NILs and NIL comparisons.

Homogeneity of variances of group |l evels was
done to choose appropriate method, amewmga r i ety of approaches such
significant difference (HSD), pairwise-ttests with pooled SD and Gamdso we | | 6 s HSD,
conduct poshoc statistical test between group levélgiong theseGamesHowell was chosen as

it was reported to provide reasonable outcome for pairwise comparisonsoetmesabdr groups

with unequal variancg$hingala, 2015)GamesHowelld s HS D mi ¢ ar t palbdititk ey 0
does not assume normality, equal variances or sample(Bime®n and Beauchamp, 2008)

However, multiple comparisons of traits possessing two data points were analysed based on

Tuk ey 6 s gameés howels tesfuction in R to conducGamesHowelld s HSD does n
handle smaller sample silesst han t hr ee dat a p dimoremwerfllars o, T
Bonferroniwhen testing large numbers of meéifeld, 2009)

Association betweescored plant charactetiiss was assessédised orPearson's correlation

coefficients Plots were produced usiagailable tools such agyplot2 in R.

3.3 Results
3.3.1 Field experimentresultsin the UK and KZ
3.3.1.1 The location of the experimentin Kazakhstan and its geographical and
meteorological characteristics
3.3.1.1.1 Almalybak 2020
Thefield experimentation on NILs wasrriedout onthe stationary fieldrial of thefiKazakh
Research Institute of Agriculture and Plant GrowihgP (Limited Liability Partnership. The
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cente is located inhe town ofAlmalybak near Almaty, in the Southeast part of the cou(8/0
N, 77.0 E, 740m abovéhesea level)From now onwardsAlmalybakwill bereferedas Alm
(short for Almalybalwith years of field trials, e.g., Alm 2019, Al2020 and Alm 2021 for
Almalybak 2019, Almalybak 2020 and Almalybak 2021 respectjubipughout the thesi§he
number of days with temperatures beld€ @anges from 12830. The averageong Term
Annual Average(LTAA) precipitation is 368100 mm. The soil cover of the experimental plot is

light chestnut soil.

In 2020, he amount of precipitation wasaBd 8times highein April andJunecompared to
LTAA (Table3.2) with 3 times an increase in rainfall fire seasarHowever, monthly average
temperature was higher comparing to LTAA for seasonal months, excepvideresthe large

rainfall increase was observed

Precipitation, mm Temperature, °C
Months
Monthly average LTAA DLTAA Monthly averagq LTAA DLTAA
March 52.7 48.8 3.9 6.4 0.7 5.7
April 146.7 56.5 90.2 14.2 10.4 3.8
May 73.5 61.6 11.9 18.7 16.4 2.3
June 426.3 53.9 372.4 16.5 21.2 -4.7
July 38.1 26.6 11.5 24.4 24.1 0.3
Season 737.3 247.4 489.9 80.2 72.8 7.4

Table 3.2 The main meteorological indicators of the growing season @0®malybak

LTAA = Long-Time Annual Average, Deviation from the LTAA = DLTAA.

3.3.1.1.2 Almalybak 2021

The growing season 2021 was unfavourabteafgicultural crops. The monthly average
temperature was higher comparing to LTAA for all seasonal months. Althbaghdrageamount

of precipitation was higher than th& AA in March and May and was the same in April, June
experienced severe droughtihich the month had only 40% of precipitation comparing to LTAA.
July haduneven rainfall throughout the monilhere no rain fell iast ten days (D) the month.
Moreover, this drought period was accompanied by extreme heat wherein daily maximum and
minimum temperature reached to almost4and 30u respectively. The monthly precipitation
accounted for 22.81m which was 3.81m less than the norm. In general, drought and heat in June
and July reduced the yield dramatically as plants are in an impoetagibgmental stage such as

grain filling in these two months.
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Precipitation, mm Temperature, °C
Months

Monthly average LTAA DLTAA Monthly averags LTAA DLTAA
March 117.9 48.8 69.1 41 0.7 3.4
April 56.3 56.5 -0.2 12.4 10.4 2.0
May 81.6 61.6 20.0 19.4 16.4 3.0
June 20.9 53.9 -33.0 23.1 21.2 1.9
July 22.8 26.6 -3.8 26.9 24.1 2.8
Season 299.5 247.4 52.1 85.9 72.8 13.1

Table 3.3 The main meteorological indicators of the growing season 2021, Almalybak

LTAA = Long-Time Annual Average, Deviation from the LTAABLTAA.

3.3.1.1.3 Petropavl 2020

The expementwas conduct ed i-KazakitstanAgreedltural Exgerinfieita r t h
Stationd LLP. The breeding station is | ocate
From now onwardsRetropavwill be referred afet(short forPetropaviwith years of field trials,
e.g.,Pet2020 andPet2021 forPetropavl020 andPetropav2021 respectively) throughout the

thesis The climate of the zone is arid, withoderatéheat. The amount of precipitation is 2380

mm. Thevegetation period varies in the range of 137 days, with HTC (hydrothermal

coefficient) of 0.80.7. The landscape is characterized by the absence of forests and flat with large
number of shallow hollows occupied by lakes. The soil of the experimeatas @n ordinary

carbonate heavy loamy chernozem with a neutral and slightly alkaline reaction, the pH of the water
extract is 7.88.1. The content of humus is 4.5.0%, nitrate nitrogen determination by the
disulfophenol method according to Grandizage in the soil layer-d0 cm 16.6 mg / kg of soil,

and mobile phosphorus according to the method of Machigin B.P. in a lay@0atr@ 10.0 mg/kg

of soil and potassium according to the method of Machigin B.P. 630 mg/kg soil.

According to the data of tHdorth-KazakhstarBreeding StatioifShagalal meteorological

station) May 2020 in the north of the region turned out to be abnormally hot and windy. The
maximum temperature reached 33564 , GDID ¢Growing Degredays)at the end of the

month exceeeldtheLTAA by 2764 . The hot t e sehdaysdSTDpf theenorghe c o n d
where the average dailgmperature was +20 ( n o Pun) , + déidgtbesnormby + %4 . At

the same time, the amount of precipitation recorded was 28.1 mm, which is at tloé tegeiorm.
Despite the severe drought experienced in this growing season, normal germination rate was

detectedThe duration of theowingi germinatingperiod was 7 days.

The first summer monttdune of the year2020is marked by very contrasting meteorological
conditionsfirst ten dayskTD) and STDwere extremely dry 1.1 mm and 1.8 mnTable3.4) and

respectivelythese are ogl8% and 16%of the normHowever, he situation with severe drought
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conditions was significantly improved by precipitatiorLifD of July (33 mm). In general, 35.9
mm or 82% of the climatic norm fell during the month. The accumulation of heat in thaetcurre
year is ahead of the nornat the end of June, tl@DD was 12864, with an averageTAA of
10694 (excess heat amounted to 241

Precipitation, mm Average monthly temperaturiy
Months| 7D of the month TD of the month
Monthly| LTAA | DLTAA Monthly| LTAA | DLTAA
FTD | STD | LTD FTD | STD | LTD
May - - - | 281 ] 28 0.1 - - - 20 | 27| 73

June 11| 1.8 | 33 35.9 44 -8.1 176 17 | 147 | 164 | 185 2.1
July 66.6( 0.2 | 88 | 756 71 4.6 20.7( 246|191 | 214 20 1.4
August| 2.6 | 16.7| 2.3 | 21.6 50 -28.4 25 | 16.2|18.3| 19.8 | 17.2 2.6
Seasor 161.2 | 193 -31.8 19.4 171 2.3

Table 3.4 The main meteorological indicators of the growirsggason 20@, Petropavl

TD = Ten Days (of the monthl;TD = First Ten Days, STD = Second Ten DdyED = Last Ten Dayd, TAA = Long-
Time Annual Average, Deviation from the LTAA = DLTAA

July 2020experiencextremely uneven rainfall throughout the momthgeneral, theamountwas
75.6 mm, or 106% of theTAA. In fact, almost the entimountof moisture (66.6 mm) fell out in
2 days at the beginning BT D. In the followingSTD and LTD the amount of precipitation was
extremely low- 0.2 mm and 8.8 mm, d% and 34% of the nornespectively The average daily
temperature during the month wask.4bove the norm, the maximum reached %5.5

Augustof theyear was also hot and dry. The average daily temperature wés,38tfich is 2.6u
above the normin addition to the facedlevated temperature, the amount of precipitation was
almost 2 times lower than the climatic nor21.6 mm, while the norm was B0mm, which
amounted to 43%. The prevailing weather conditions significantly accelerated the onset of wax
ripeness of wheat. The beginning of the phase was fixed at the beginning of the first decade of
August, i.e., the growing season of wheat in companigith longterm observations was reduced

by ~10 days.

In total, 133.1 mm of precipitation fell during the summ£202Q which, with an average annual
rate of 165.0 mm, amounted to 81% of the norm. The average temperature for the summer months

was within 19.24, which is 0.84 warmer than the norm.

Thus, theagrameteorological conditionsf 2020 for the growth and development of agricultural
cropsare characterized as arid, with early summer and August drought and a pronounced July

maximum of precigation.
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3.3.1.1.4 Petropavl 2021

According to the data of the NorkazakhstarBreeding StatioifShagalal meteorological

station), May 2021 in the north of the region turned out to be abnormally hot. The average
temperature for the month was 1®&1which is 5.4C higher than the nornir@ble3.5). If FTD,

STD and LTDare consideredhen the excess of temperatidentified wasat +2.%4 , a5 . 2
+8.24 respectively. The maximum temperature reached-34.8C. At the end of the month,

GDD (growing degree days tite sum of positive temperatuyesnountedto 638 , whi c h
exceeds theTAA by 1264 . Dur i ng the month, frequhent win
topsoil. The amount of precipitation for the month was only 10.1 mm, or 36% of the norm. Despite
the severe drougleixperienced in this growing seasanrmal germination rate was detectéte
duration of the period of sowiriggerminatingwas 910 das.

Precipitation, mm Average monthly temperatur®y
Months| 1D of the month TD of the month
Monthly | LTAA [DLTAA Monthly | LTAA |DLTAA

FTD | STD | LTD FTD | STD | LTD
April 1.7 0.2 211 23 24 -1 -0.1 4.2 7.5 39 4.3 -04
May 6.1 1.6 2.4 10.1 28 -17.9 13 18.2 22.8 18.1 12.7 54
June 8.8 10 3.2 22 44 -22 145 | 183 19 17.2 185 -1.3
July 0.4 64.6 4.8 69.8 71 -1.2 23.7 | 178 | 20.8 20.8 20 0.8
August | 17.2 0.9 11 29.1 50 -20.9 21.3 | 193 | 20.6 204 17.2 3.2
Season 120.9 165 -44.1 195 18.6 0.9

Table 3.5 The main meteorological indicators of the growing season 2021, Petropavl

TD = Ten Days (of the month), FTD = First Ten Days, STD = Second Ten Days, LTD = Last Teh D®4s; Long-
Time AnnualAverage, Deviation from the LTAA = DLTAA

In June, there was also a significant deficit of precipitation. In total, 22.0 mm fell during the month
(in FTD, STD and LTDof the month 8.8 mm, 10.0 mm, 3.2 mm, respectively). This acctamts

only 50% of the norm (the nord®.0 mn). At the same timehe average dailiemperature was

1724 which is bel%w GhDatthe end af thb nonth reaghed 1%64 whi |
the norm was 1068 , e igthe ETAA by 89C. High-quality and timely seedlings of wheat

were obtained mainly due to good @uiwinter moisture. The beginning of the growing season

of the year2021is characteged by harsh dry conditions, i.e., unfavourable for the cultivation of

major crops, since the lack of precipitation in critical phases of agricultural developmenaruops

high temperatures for a long time had a negative impact on the initial period of growth and

development of plants.

July 2021was marked by extremely uneven rainfall throughout the mditeprecipitationwas
69.8 mm, or 98% of theTAA.. In fact, alnost the entir@mountof moisture (64.6 mm) fell in the

second decade of the monftthus, the expected full amount of July precipitation manifested
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which had a positive effect on the development of agricultural ckapsever, i the first and third
decaes, the amount of precipitation was extremely @4 mm and 4.8 mm, or 2% and 18% of
the norm. cultures. The average daily temperature during the month w2, 2th&hwas

normal

August2021was hot and dry. The average daily temperature wa%20.4 wh i 8h aibso v3®. 2
norm.At the same time with thelevated temperatures, the amount of precipitation was

significantly below the climatic norm29.1 mm, at a norm of 50.0 mm, which amodrit® 58%.

The prevailing weather conditions accelerated the ripening of wheat. The beginning of the phase
was recorded in the second decade of AugustGIDie for the period reached 2429, exceedi
the norm by 24% .

In total, 120.9 mm of precipitatidiell during the summer, which, at a rate of 165.0 mm, amounted
to 73%. The average temperature for the summer months was witHia,3tfch is 0.9u

warmer than the norm.

Thus, theagrometeorological conditionsf 2021 are charactedd as unfavouraélfor the growth
and development of agricultural crops, extremely dry, with an early summer and August drought

and a pronounced maximum of precipitatioduly.

More accurately, the moisture conditicarerefleded byHTC, because in addition to predation,

the temperature reginmeeds to béaken into account (the ratio of the amount of precipitation and

their evaporation to the sum of positive temperatures, reduced by 10 times). In May and June of the
current year, a catastrophically severe droughihe HTC was observed.18 and 0.43,

respectively Table3.6). In July, theHTC is 1.08 at th&. TAA, i.e, precipitation availabilitywas
satisfactory. In August, hHTC- 0.46, i.e, conditions correspond to a catastrophically severe

drought.
Growing season 2021 LTAA
Months
HTC Levels of drought HTC Levels of drought
May 0.18 catastrophically severe |, 7 mild drought
drought
June 0.43 catastrophically severe 0.79 mild drought
drought
July 1.08 satisfactory 1.14 satisfactory
August 0.46 catastrophically severe 0.94 satisfactory
drought

Table3.6 HTC (hydrothermal coefficient) for the growing season 2021, Petropavl!
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Agronomy of the trals and Growing conditions

Spring work consisted in closifsavingthe moisture with BI& harrows, intermediate cultivation
with the simultaneous application Afnmophognitrogenrphosphorous fertilizé (50 kg/h3a, pre
sowing cultivation SZ.1 to a depth of-8 cm, fdlowed by rolling with ringed rollersThe

drilling of genotypesvas carried out at the optimal time for the crdpay 15, with a smalkized
selectivedrilling machineSSN7 in pairs, in four repetitions, the plot area was #0Imthe

tillering phaseherbicide treatment of crops was carried out with an AVAGRO sprayer with a tank
mixture Galantny 12 g/hafi extra 0.4 I/ha, Centurion 0.2 I/ha. During the growing season; inter
rowswerecleaned from theveeds and plots were looked after.

Phenological observations were carried out according to the phases of wheat development:
germination, tillering, steralongationflag leafemergencgebooting, heading floweringand
ripening pased on the protocol provided

Genotypesvere screened foesistance to leaPycciniatriticina) and stemRucciniagraminig
rusts andseptoria The assessment ftreresistance to brown rust agdptoriawas carried out
twice: at the end of the grain fillingnd beginning of the wadeposition For stem rusthe last
screerwas carried out beforthe harvesting The resistance screen was conducted based on
Duveiller et al.(2018)

3.3.1.2 The plant heights (PH) of NILs for 5A and 6A QTL

3.3.1.2.1 Pamyati Azievad keight increasing 5A and 6A QTL allelesnadethe UK wheat
Paragontall in glasshouse

Genotyping results of the 94 BC2F2 seeds with QTL flanking madcetsolling PH allowed us

to identify 9 (16 initially) lines homozygous for Pamyati Aziealieles 12 (16initially) lines

homozygous for Paraga@ilelesand 15 heterozygailines (these lines are for obtaining more

heterozygous recombinants in case of running out homozygous recombinants to zoom in the QTL

region) out of initial 94 samples for PH related QTL on wheat 5A chromosome. Lik@&wifky,

initially) lines homozygosifor Pamyati Azieva, 7 lines homozygous for Paragyuh 15

heterozygotes linesere identifiedout of initial 94 samples for PH related QTL on wheat

chromosome 6A.

Conducted Two Samplet¢st using R showelthat the height means of NILs, designated as
NIL5A(+), NIL5A(-) andNIL6A(+), NIL6A(-), havebeen significantly differentRijgure3.2 and
Figure3.3). Here,NIL5A(+) andNIL5A(-) arenear isogenic lingsvith and withouthe PH
increasingpllele ofPamyati Azieva respectivelin the genetic background of Paragon. Likewise,
NIL6A(+) andNIL6A(-) arenear isogenic linewith and withouthe PH increasing Pamyati

Azievad allelerespectively in the genetic background of Paragon.
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GA_qgtl NILs with Parents 5A_qtl NILs with Parents

Pam.Az Paragon (+) Paragon(-) Paragon Pam.Az Paragon(+) Paragon(-) Paragon
(132.5) (115.4) (105.4) (101.5) (132_5) (114'3) (106.2) (101.5)

Figure 3.2 6A (left) and 5A (right)Near IsogenicLines (in the middle)with parentsPam.Az =
Pamyati Azieva and Paragon on the right and lefteach figure respectively.

Plant height means froglasshouse have shown statistical significance. A QTL additive ffiece 10cm and 9cm for
6A and 5A PH QTL respectively.

Height means 6A_qtl Height means 5A_qtl
125 125 —
- i
120 7 - 120
_ 15 A _ M5+
[ 1 E _
L i 2 i
E 110 - | — £ 110 - !
= | = T !
o ! ] i
T ! T !
| |
100 : 100 4 —
95 05 -
T T T T
Par_with_6Aqtl  Par_without_6Aqtl Par_with_5Aqtl  Par_without_S5Aqtl
NILs with/without PA PH increasing allele NILs withiwithout PA PH increasing allele
a) b)

Figure 3.3 Paragon NILs with and without Pam.Az PH increasing alleles on 6A (a) and 5A (b)
chromosomes.

Figure 3.3 a) represents plant heigh6A NILs with parentsn centimetres and ~éxis shows NILs with/withouplant
height increasing allele. P value of 8.03Beindicates that true difference in means is not equal to 0. During a two
sample {Test the group variances were assumed to be not equal. PA = Pamyati Azieva, PH = Plant Height. The means of

NILs with ard without PH increasing allele are 114.2 cm and 106.1 cm respectively. QTL additive effect was ~10 cm.

Figure 3.3 b) represents plant heighbA NILs with parentsn centimetres and ~éxis shows NILs with/without plant

height increasing allele. P vawf 0.0001257 indicates that true difference in means is not equal to 0. During a two

sample {Test the group variances were assumed to be not equal. PA = Pamyati Azieva, PH = Plant Height. The means of
NILs with and without PH increasing allele are 11&# and 105.1 cm respectively. QTL additive effect was ~10 cm.
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3.3.1.2.2 Testing the tall and short NILs of the 5A and 6A QTL in the UK

3.3.1.2.2.1 Norwich 2018/19

Fifteen originalNIL5A(+) andfourteenNIL5A(-), and seventeeNIL 6A(+) andsevenNIL 6A(-)

were grown in 1mplots in the fields of John Innes Centre. The main purpose of an experiment was

to multiply the seedand measure thaant height (PHPf NILs. However, we also scored heading

data to evaluate the possible pleiotropic effect of PH QTL on flowering date.

As a result of ANOVA, both traits PH and DTEM (Days To Ear Emergence or Heading Date)

showed statistical significance. However, multiple comparisons test did not reveal any significant
difference between the means of DTEM of NILs and the NIL pareata (bt shown)ut did for

plant height Table3.7).

NILs Mean SE DF LCI UcCl

NIL5A(-) 82.8 0.39 330 82 83.5

NIL5A(+) 90 0.36 330 89.3 90.7

NIL6A(-) 85.1 0.55 330 84 86.2

NILGA(+) 91 0.35 330 90.3 91.7

Pam 97 1.46 330 94.1 99.9

Par 86 1.46 330 83.1 88.9

a)

Trait Contrasts EST LCI UCI SED DF p.ad;
NIL5A(-) - NIL5A(+) 7.21 5.49 8.92 0.421 149 ek
NIL5A(+) - Pam 7.03 3.17 10.9 0.699  6.37 ok
NIL5A(+) - Par -3.97  -101 2.17 1.06 5.54 ns

PH NIL6A(-) - NIL6A(+) 5.96 4.41 7.51 0.376  91.6 ok
NIL6A(+) - Pam 5.97 2.11 9.83  0.697 6.3 ok
NIL6A(+) - Par -5.03  -11.2 1.11 1.06 5.51 ns
Pam - Par -11 -17.2  -4.76 1.22 8.49 o

b)

Table 3.7 NIL performance in the UK, 2018/19

a) provides PHmeandn cm, SE (Standard Error), UCI and LCI (lower and upper confidence intervals at the 95%

significance level)

b) Pairwise comparisons of NILs on PH in JIC 2018/C8ntrasts = NIL sets and Parents. Pam = Pamyati Azieva and Par

= Paragon. EST estimated difference on trait means between contrasts. SED = standard error of a difference between
the means of two contrasts. p.adj¥@ | ues at

codes: 0 o6***098 0500 %nonsigrifitadt. LCl.a@dUCI aré fovder &hd upper confidence intervals

respectively.

t he

95 %

significance

| evel
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3.3.1.2.2.2 Norwich 2019/20

3.3.1.2.2.2.1 Data from plot height

Height datgrom the plos revealeda significant difference between the mean®ldf 5A(-) and
NIL5A(+) andNIL6A(-) and 6A+). Moreover heights oNIL5A(+) and 6X+) were significantly
tallerthan that oParagor(Figure3.4).

3.3.1.2.2.2.2 Data from 50cm distance

Multiple comparison®f the height datérom the plants collected from 50cm afenind the leight

of the NIL5A(+) to be significantly differentédm that of NIL5A¢) (Figure3.5). Although, the
difference in the heights of NIL6A(+) and NIL6Awas almost 4cm, this difference between the
means was not statistibakignificart. Nevertheless, NIL5A(+) and NIL6A(+Hveresignificantly
taller thantherecurrent parent Paragon.

NILs_UK2019/20

o

Foeien(%. 48.92)=16.82, p =9.82¢-09, ” =054, Clogy, [0.36. 1.00]. . = 103

A
Purareseg =003 —
urrrecied —
— T
Piroaracied = 0 U
L
1001
I
o
904
804

NILBA[-) NILBA{+ MNILBA(- MILBA[+) Paragon
(n=13) (n=20 (n=20) (n=20) (n=24)
Genotype

Data source: Phenospex_s2020, bye eyes
log,(BF,,)=-15.00, R*2.25 =0.33, Gl [0.20. 0.45]. 20, =0.71

Pairwise test Games-Howell test. Comparisons shown: only significant

Figure 3.4 Plant height of NIL sets and Paragon, UK 2019/20

NILs_UK2018/20

o

Fuyeicn(#. 4153)=7.00, p =2 11e-04, 62 =034, Clog,, [0.11.1.00], n, = 100

Purorrecisd = U-0
1104 Puroxrecse = 0.000717
Poearemea= U 00TET
Prorrecss=0.01
1004
I
o
904
804
MNILBA(-) WILSA{+) MILGA(-) NILGA(+ Paragon
n=15 (n=25 (n=25 n=18) (n=20
Genotype

Data source: Phenospex_s2020
100,(BF ;) =-7.55. R*fmm=0.22. CIi2! [0.10,0.34]. 125, =0.71

Pairwise test: Games-Howell test. Comparisons shown: only significant

Figure 3.5 Plant height of NIL setsand Paragon, UK 2019/20
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3.3.1.2.2.3 The year 2020/21

Conducted experiment was important as this was the first time when double height increased
Paragon that is dNILs were tested in the field conditions. The topdtraits were PH and YSM.
Both revealed overall statistical significance (***). Additionally, when the means of both NILs
possessing 5A and 6A PH increasing alleles were compared with Paragon and short NILs, they
were significantly tallergigure 3.6, Table3.8 andFigure3.7). Importantly, expression oboth

height genes made Paragon almost as tall as Pamayti Azieva in the natural enviionhseboiK
Moreover,what was essenti@é thatdNILs did not lodgealthough Pamyati Azieva did partially
(Figure3.8), because athe excessive rainfall during the mid and late grain filling

NILs_UK2020/21

.
Fiveicn(7. 29.86) =62 80 p = 4.00e-16. 0% = 0.92. Clys,, [087. 1.00], n,, = 108

ﬂ_\
=5

1301 o

e
IH

PH

110

[P
T

1004

dNILs NILBA(-) NILSA(+) NILGA(-) NILBA(+) nhILs Pam.Az Paragon
(n =20) (n=12) (n=19) (n=6) (n=25 (n=10) (n=8) n=8)
Genotype
Data source: Near Field St

log,(BFy,) =-78.34. R*E,25 =083, CI,E [0.80, 0.85]. r2, =071

Figure 3.6 Plant height of NIL setsdNILs and Paragon, UK 220/21

Contrasts Trait EST LCI ucCl SED DF p.adj
dNILs - NIL5A(+) -10.5 -14.4 -6.65 0.85 36.8 ok
dNILs - NIL6A(+) -8.73 -11.8 -5.66 0.67 29.1 ok
dNILs - nNILs -18.9 -24.3 -13.6 1.09 16.6 ok
dNILs - Pam.Az 121 -4.29 6.72 1.09 131 ns
dNILs - Paragon T -19.6 -23.9 -15.3 0.90 17.8 okokok
NIL5A(-) - NILBA(+) o 8.51 3.93 13.1 0.98 23.8 b
NILBA(-) - NILBA(+) 11.3 511 17.5 1.01 6.06 ki
nNILs - Pam.Az 20.2 13.8 26.5 1.30 15.8 okokok
nNILs - Paragon -0.65 -6.27 4.97 1.14 15.5 ns
Pam.Az - Paragon -20.8 -26.6 -15 1.14 12.9 okkok
dNILs - NIL5A(+) 0.00389 -0.146  0.154 0.03 28.9 ns
dNILs - NIL6A(+) 0.0681 -0.0467 0.183 0.03 39.4 ns
dNILs - nNILs 0.0822 -0.0328 0.197 0.02 22.1 ns
dNILs - Pam.Az -0.466 -0.619 -0.313 0.03 14.2 b
dNILs - Paragon % 0.109 0.00268 0.214 0.02 21 *
NIL5A(-) - NIL5A(+) > -0.0788 -0.278  0.121 0.04 225 ns
NILBA(-) - NILBA(+) -0.0376 -0.195 0.12 0.03 12.9 ns
nNILs - Pam.Az -0.548 -0.702 -0.395 0.03 12.4 b
nNILs - Paragon 0.0263 -0.0813 0.134 0.02 13.9 ns
Pam.Az - Paragon 0.575 0.425 0.724 0.03 10.6 el

Table 3.8 NIL performance in the UK, 2@0/21

Contrasts = NIL sets and Parents. EST = estimated difference on trait means between contrasts. SED = standard error of
difference between the meanshob contrasts. p.adj=pal ues at the 95% significance
met hod. Significance codes: 0 o6***% 0.001, o6**6 0.01,

confidence intervals respectively.
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Figure 3.7 dNILs compared to Paragon, UK 2020/21

Figure 3.8 Lodging, UK 2020/21

The data showed that increased helgtg an adverse effect oram yieldin the UK Accordingly,
when PH was correlated with YSM, a significant negative association was d¢fgted3.9).
TheNIL5A(-), NIL6A(-), nNILs and Paragon yietd approximately the same with no significant
difference between them. Conversehg taller NILsdid not yield significantly less thaghorter
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NILs and ParagarMoreover, he reducedmin yield of dNILs compared to NIL5AY{, NIL6A(+)
and nNILsdid not show significancelthough the trend goes down with the increased height.
Pamyati Azievahad the lowest yield comparedNdL5A(+), NIL6A(+), nNILs and Paragon all of
which were statistically significaiisee Table 3.8 for palueg. AlthoughdNILs were a tall as

Pamyati Azieva with smabut not significant differencef 1.2 cmbetween the meaniss grain

yield was significantly higher than that of Pamyati Azieva.

1757

5
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>
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Relationship between PH and YSM, UK
R=0.13, p=""*
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data from UK2020/21
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Figure 3.9 Correlation of PH with YSM, UK 2020/2@jrowing season

a) PH was significantlynegatively correlated with YSM in the UK) and c)lshowPH andyield, respectivelypf both

NILs sets dNILs, nNILs and parenti absolute values
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3.3.1.2.3 Testingthe tall and short NILs of the 5A and 6A QTL in Kazakhstan
Overallplantheight varied considerably across fites as well as yeafBigure3.10) with

Alm 2019 andAlm 2020the environments in which the greatest heights were obsefittedrand
heights 0f91.8cm and96.1cm respectivelyPet2020 and PeR021 produced a shorter crop, as
expected withhe difference imainfall during the growing season for these Hiésl.2mmand
120.9mm seeTable3.4 andTable3.5). Temperature seems to have less of an effexdile3.2,
Table3.3, Table3.4 andTable3.5). AIm 2021 was as short as the wheat grown in Pet. This was
due to the low rainfathcross the natioresulting in57% height reduction comparéd the previous
year. The low rainfall of 2021 s caused height reduction in Pet compared to 20Z6%t

Interestingly althoughthe 5A effect when identified as@TL in the RamxPamappingpopulation
andinitially discovered in thdIC glasshouse antienin thefield in the UKand Kazakhstgmwhen
studied a$A+/- NILs the heigheffect wasnot observedn two out of three growing years in
Almalybak (Figure3.10). In fact NIL5A(+) wasshorterin these twp2019 and 208 growing
seasondn 2021, its heighteduction compared tiNIL5A(-), wasalmost significanat the5%
level (0.06) However,in 2020 the NILs behave more like the originally identified QTL with
NIL5A(+) beingsignificantlytallerthan NIL5A(). The phenomean of reversing allelic height
effectexplainsthe factthatthe QTLwas not identified irall environments in the originQTL
studies Compared t&Alm, no height difference was observed betwBArNIL sets in any of the

experiments conducted in Pet.

As opposite tA QTL, the height increasing effect @A QTL was stable across the sites and
growing seasong.heNIL6A(+) was always significantly taller thats counterpart NIL6AY)
(Figure3.10).

Plant height, errorbar = SEM
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Figure 3.10 The heights of NILs, parents and local check varieties across the years and sites

St = Standard or Local check variefyst = Astanas the local check variety in Repavl Kaz10= Kazakhstanskaya 10

is the local check variety in Alatybak.
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3.3.1.2.3.1.1 Genotyping NIL5A to evaluate the possible genetic effect of the 6A QTL on PH
of 5A (-) and 5A (+) NILs grown in Almalybak 2019

When the 5A height effect silenced in the first field trial in Kazakhstarmaglewohypotheses: i)

it could be sampling erromal/or ii) actually 5A NILs could beegregating atomepart of the 6A

loci although the recombinant linased for NIL development were mostly fixed at the loci.

Thereforethe seedsf all NIL pairs including Paragorfrom the same experimemassent lack

to the UKto conduct genetic assessméfrtom that bag of seedgnmdom 24rainsof each NIL

were sown to extract DNA. Once DNA was isolated, to evaluate the genetic state of 5A and 6A

NILs at the 5A and 6A QTL chromosomal regions, we genotyped biathwth 5A and 6A QTL

flanking markers (QTL start, peak and end markers). TRUL5A(-) andNIL5A(+) were

genotyped with 5A as well as 6A QTL flanking markers Bid6A(-) andNIL 6A(+) with 6A and

5A QTL flanking markers. As a result, regardless of bé&ihgr (+), 5A NILs were segregating at

the 6A QTL start markeibut forsmall chromosomal regigffrigure3.11).

6A QTL start marker
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Figure 3.11 Genetic assessment of the 5A NIL set at the 6A PH QTL and 6A NIL set at the 5A
PH QTL

Therefore, to determine whether the genetic state of)s@n¢l 5A (+) NILs at the 6A QTL start
marker has an overall effect on plantdigj plants which are fixed for Pamyat and Paragon at the
6A QTL start marker have been growrtlire glasshouse in randomized complete blo€ksing

phenotyping, the tallest (canopy) spike of each plant was measured for plant height
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As a result of plantheight data analysis, the significant difference in plant height betweeh 5A(
(6A=0Pamd (fi xed for Pamyati Az)iaredbA) (GAtoPabh ¢ f 6 X e @
for Paragon at the 6A QTL start marRegnd between 5A(HpA=0Pan®) and 5A(+)(6A=0Pal0)

NILs was not detected. Therefore, it was assumed that the Ramyatz iplant leeigghd increasing

allele at the 6A_start_marker (please note fiRamyait Azievad state is only for 6A_start_marker

not for 6A_peak and 6A_end_markers) has no gerétct on plant heights MIL5A(-) and

NIL5A(+) (Figure3.12).

NILs from KZ

o

F(4,18.54) = 16.40, p = < 0.001, &> = 0.60, Clesy, [0.44, 0.79], 1oy, = 47

Pafument £0.001
120 st = 0007
P 20.001

P g = 0.03

110

Height

100
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5A[-)_(BA="Pam™) 5A(-)_(BA="Par") BA(+)_(6A="Pam"”) BA(+)_(BA="Par”) Paragon
(n=13) (n=T7) (n=10) (n=10) (n=T7)
state at 6A_start
Data source: Glasshouse_w2019

In favor of null: 10g,(BF,,) =-14.32, r22%, =071

Pairwise comparisons: Games-Howell test; Adjustment (p-value). Bonferroni

Figure 3.12 PH of the 5A NILs grown in Almalybak 2019 based on genetic state at the
6A start_marker

5A(-)_(6A=Pam) = 5A{) NILs fixed for Pamyat at the 6A_start_marker. 5X6A=Par) = 5A{) NILs fixed for Paragon
at the 6A_start_marker. 5A(+)_(6A=Pam) = 5AILs fixed for Pamyat at the 6A_start_marker. 5A(+)_(6A=Par) =
5A(-) NILs fixed for Paragon at the 6A_start_marker

Then, plant height data of 5A) @nd 5A (+) NILs was combined (not taking the 6A_start_marker
state into account) and analysed. As an outcéié;) NILs were short regardless of carrying
positive plant height increasing allele of Pamyat at the 6A_start_marker with less than 1cm
difference in the means between them. Likewise, despite the 6A_start_marker state, 5A (+) NILs
were taller than theBA (-) NILs counterparts. An additive effect was ~10cm as expéEigdre

3.13).
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NILs from KZ

-~
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Data source: Glasshouse_w2019
In favor of null: 10g,(BF ;) =-17.55, 123, =0.71

Pairwise comparisons: Games-Howell test; Adjustment (p-value): Bonferroni

Figure 3.13 PH of the 5A NILs grownin Almalybak 2019%egardless of thgenetic state at the
6A_start_marker

Figure shows that heights of 5A (\ILs were significantly different from those of 5A (+) NILs with the QTL additive
effect of ten. Moreover, statistical significance was found betwbA (+) NILs and Paragon likewise. Despite some
difference between the plant height means of §Al(Ls and Paragon, it was not statistically different from each other.

3.3.1.3 Comparing the developmental characteristics in NIL sets

3.3.1.3.1 Almalybak

There was nobviousdifferenceobservedhroughout growth stagémtweenall and short Nlis

for both QTLin Alm 2019,2020 and 202IHowever,compared to Pamyati Aziev]L sets for
both QTL started lagginigehindfor 1-2 day at the tillering and for-8 days at tk elongation, flag
leaf emergence and booting developmental stages difference widened for &d 7 days for 5A
and 6A QTL repectivelyat the heading and flowerirggjagesDespite the gap, NILs managed to
ripen at the same time as Pamyati Azieva.

3.3.1.3.2 Petropavl

In Pet 202Gand 2021 NIL sets regardless of QTderminated at the same time between themselves
and compared to parerdgad Astana (local chectested in Pet 2021 onlyHowever,Pamyati
Azieva andAstana matured ~10 days earlier tiNlh pairs in both teing seasondnterestingly,
Paragomnripened exactly 3 days after Pamyati Aziavéoth testing years.

There was no differendsetween NIL5A(+) and NIL5A{ until stem elongatiowhen 3 day
eafiness was observed in NIL5A(+) relative to NILSA{n Pet 2020, buto difference was
observed in Pet 202However,the 3 daydifferencein Pet 202Qvasshortened to one day at
flowering, butagainwidenedto 5.5 dayst physiological maturityAlthoughtall and short 5A NIL
did differ throughout the developmental stad¢ih 5A(+) matured 3 days earlier than

NIL5A(-).
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In 6A NIL pairs,no difference was saantil maturity when 6A(+) ripened @xd1.5days earlier
than 6A€) in Pet 202Gand 202Xespectively

3.3.1.4 Yield benefits ofthe 5A and 6AQTL in Alm and Pet

Overallgrainyield was alsdiighly variablebetween seasons and sjtas was the plant height
(Figure3.14). Crop productiorand yieldwas highly dependent ahe amount of precipitatiofror
example, aignificant increase iminfall gave rise tahehighestgrain yield inAlm 2020
compared to two other growing seasofilsn 2019 and 202, with thefold increaseof 2.2and7.5
respectivelywhen the grantheans of YP wrecomparedFigure3.14). Likewise,a large
improvementn yield was observed in P202Q doublecompared to P&2021 However,as
oppogdto Alm, noincreasdn the rainfallwas observeih Pet 202@sit wasin Pet2021. Instead,
in both growingyearsthe seasonaprecipitation ratelroppedby 16.5 and 27.8 percent cqrared to
LTAA . Neverthelesghe amount of rainfall ithe last ten day4.TD) of Juneandthe first ten days
(FTD) of July seem to play a crucial role in determining the final grain yitlgheatand might
explain theobservedargeyield differencebetween Pet 2020 driPet 2021Althoughthere was
25% reduction irthe amount ofeasonatainfall in Pet2021 compared tdPet 2020, tiis likely that
therainfall in LTD of June and=TD of Julyis of moreimportanceastheprecipitation raten this
time windowdifferedsignificantly between 2020 and 2021 in Feir instancel . TD of June and
FTD of July experiencednexcessive ratef rainfall, 36 and67 mm respectivelyin 2020as
opposed ta.TD of June and FTD of Juj8.2 and).4 mmrespectivelyjn Pet 2021 However,
although no increase therainfall was detected in Jun#yly 2021 had the santerge amount of
rainfall, 65 mm,as in FTD of July 202Qyut it fell in the seconten days (STD) of the month
which wasfollowed by no increase irrgin yield Despitethe fact thathe rainfall in STD of July
in Pet2020waseven smaller than that tfe FTD of July in Pet 2021if did not bring about the
reduction inthe final yield.This conclusions highly consistentith suggestionfighlightingthe
importance of the late June and early July raitifiaiinproving the crop yield ifPet(Morgounov et
al., 2001)

Meanyield gain of the NIL5A(+Wwasobservedn Petcomparedver both seasons although this
was not statistically significant in either cabeAlm there waslsono statistically significant
difference observed for yield Alm 2019 fegative withp = 0.39) and AIn2020 positivewith

p = 0.73)although therevasactuallya significantreduction in mean yield of 5A+ NILs in Alm
2021 (p=0.04). Combined YP data of two growing seasan®etdid notprovideextra statistical
power(p<059,EST = 0.23/ha) althoughthedirection of the effect was the same in betlasons
(positive)(Figure3.15).
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The height increasing allefer 6A also showed no significant effgett 5% level)on yield in any

of the environments testeldowever, the mean yield of lines carrying the height inéngaallele

was lower than theshort counterparts Alm 2019(no pairwise comparisons conducthek to
limited seed number of 6A)j and Pe021 (p =0.16). There verecases when 6Aeight

increasing locus increased grain yield, thet pvalues werdnigher than that of yield reduced
seasond-However,thelonger longtermyield benefits othe 6A PH increasing QTlarelikely
restrictedbased ortombinedyield datafrom two seasonsThus we hypothese thatbreeding
against kight increasingallele should not influencgield negatively yet itcould betheway to
fine-tune the final grain yielth the regionHowever, extra field tals on 6A QTL NIL pairsare
needed to support tipovidedhypothesisin case of 5Aeight increasin@TL, we suggest

keeping the allelen Petastherelative yield increase was observadhis main wheat growing

area However,due toanobservedsignificant reduction igrain yieldin the southeasterregions
(Alm) of the countryin 2019 it isrecommended to bed agaistthePa my at i Azi evaods
5A QTL locus Further studieso confirm the benefits of the 5A QTdhould aim aintrogressing
alleleinto otherforeigncultivars adaptetb other regiosas the local cultivarare mostlyfixed at

the locusHowever there could be othemexplainednolecular systemsontributing to grain yield
in NIL5A(+). To showwhether the yield gain in NIL5A(+i¥ truly due to 5A PH QTLlor not the
reverse selection toeight increasing allele theoption to take for wheat breeders in Kazakhstan.

Yield per plot, errorbar = SEM
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Figure 3.14 Theyieldsof NILs, parents and local check varieties across the years and sites

In general, any yield advantage was not observed from Bathayari Azievaall allelesover the Paragon short alleles in
Near Isogenic Lines in Kazakhstan. Instead, grain yieafwas significantly lower than that of 540 Almalybak

2021(p=0.04)
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Figure 3.15 Combined yield data across the growing years for Pet

3.3.1.5 Dissecting thebenefits of grain yield

Obtained data on yield corapents of NIL pairs were not consistent betweawgrg seasonsWe
sawinsignificant decrease iINGW of NILs possessing the height increasing altélthe 5A QTL
donated by a my a t i .BA zontexst,EGEVf NIL6A(+) was higherhtan that of NIL6A{) in
four environmentsut of five (Figure3.16). Howevernone of the comparisons displaysditistical
importance except Pet 20@hich was relatively clos® the sigificance level at the 5% (p=0.09)
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Figure 3.16 TGW of the 5A and 6A QTL NIL pairs

68



11000
10000
9000
8000+
7000+
6000
5000
4000+
3000+
2000+
1000+

SSM

Seed number per Sg.m, errorbar = SEM

Unscored

0.96
0.93

1.00 087 —

1.00
— 0.33

0.74
L.00

Alm_2019

s MNILSA(-)
enotype NILSA(+)

Alm_2020 Alm_2021 Pet_2020 Pet_2021

Location
NILBA-) Pam.Az Stisst
Paragon Stikaz10

NILBA(+)

Figure 3.17 SSMof the 5A and 6A QTL NIL pairs

The SSMtrendof 5A NIL pairswasdirectly opposite to what was detected in TGWIgure3.16

andFigure3.17), but similarto that of YP (Figure3.14). However,neither single environment nor

combined data on SSkhowed statistical significancé/hen it comes to the 6A NIL pairs, a

partial contrast was observbdtween TGW and SSNutagainnone of then weresignificant.

A little, butnot significantmeanincreaseexcept Pet 2020 (p=0.Q@pwards NIL5A(+)was

observedetween 5A NIL pairén bothyield determinantsuch as plant and spike number per

squareemeter(Figure3.18 andFigure3.19). Although, mostof the comparisons westatistcally

insignificant the directionsn the meandetween YP, SSM, NP_Frand NS 1n? were similarin

5A QTL lines.This was alsgartially true for6A NIL pairs, but as in 5A NILsponeof the

estimated differences between the nseslrowed statistical importance.
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Figure 3.18 NP_1nt of the 5A and 6A QTL NIL pairs
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Figure 3.19NS_1n? of the 5A and 6A QTL NIL pairs

Looking at TAGB andHl andcomparing them betweamvironments and NIL paingas useful to
understand some of physiological bases of grain Viéke. PH, theTAGB in Alm was in general
significantly higher than that dPetin 2020 (p.00with ESTof - 58.9(EST alway®elongs to
secondvariable of the contrasthroughout the thesig. However the substantial reduction grain
yield in Alm 2021gave rise talirectly opposite scenaria TAGB (p=0.00 EST= 14.% (Figure
3.14 andFigure3.20) despitethe fact thaplants were still significantly taller in Alm compared to
Pet Figure3.10). Please atethat in these figures thevaluesstated abovare not shown afe

environmentsre being compareghdnot the NIL sets
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Figure 3.20 TAGB of the 5A and 6A QTL NIL pairs
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Harvest index, errorbar = SEM
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Figure 3.21 HI of the 5A and 6A QTL NIL pairs

Despitethe large differences in PH between Alm andwAgth were higher in Almtheresource
allocationto grains(RAG) wassignificantly higher in Pet iboth2020 and 202fjrowing seasons
(p=r** *) with EST 0f0.17 and 0.22espectivelyFigure3.21). EST waseven highe(0.20)when
two-year data on HI for each environment were combined and comglaradng thaRAG in Pet

is twice as much as ilim (p=****) (Figure3.22).

tyreicn(72.56) =-14 13, p =1 588-22. Ghsnsgea=-3 14. Claosg, [-3.81, -2 47] 1oy, =
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Figure 3.22 Difference in HI (2020+21)betweenAlm and Pet

The marginal increase in the absolute mean of HI or RAG was seen, asritY#gs3SM, NP_1rh
and SN_1r across thgrowing seasons for NIL5A(+) relative to NIL5A( butin fact it did not
add any value to the statistical analysgis.opposite taNIL5A(+), theNIL6A(+) hadreduced
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meansof HI in three out of fouenvironmentsAmong,one of two growing seasoimsAlm, Alm

2020revealed significance at the §i=0.00)and secon@Alm 2021)did not, but also had lower

p-value(p=0.26)compared to Pet 20Zh=0.56) However theserespectivesignificant and

insignificantdrops in HI or RAGin AlIm 2020 and 202tesulted irsignificantreduction innumber

of kernelsper main spike and thyer plantof tall NIL of 6A QTL compared tahe shor{Figure

3.23andFigure3.24). Accordingly, grain weight per maispikeandperplart alsoreduced

substantiallyin Alm (Figure3.25 andFigure3.26).

Compared to NIL5A{), NKS andGWMW of the NIL5A(+) also reduced almost significandy

the 5% leve[(p=0.08)in AIm2021.
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Figure 3.23 NKS of the 5A and 6A QTL NIL pairs
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Grain weight per main spike, errorbar = SEM
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Figure 3.25 GWMS of the 5A and 6A QTL NIL pairs
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Figure 3.26 GWP of the 5A and 6A QTL NIL pairs

The number of effective tillers did not differ significantly between both NIL pairs. However,

countrywide plants grown imAlm set 0.61 spikes more than that of grow®@t This difference

between the means provided a strong statistical significance (p=0.00, plot is not shown).

3.3.1.6 Dissectingthe plant height components
To help understand the action of the 5A and 6A PH QUd_measured the length of plant height

components (RCs) including the main spike and internodes (from the tophich is the
peduncle to the botton"s(Figure3.27 andFigure3.29). Surprisingly, the main spike leng{BL)
of tall NILs for 6A QTL significantly reduced in Alm 2020 (p s08) and 2021 (p = 0.00),
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although it was substantially longer by 0.7cm in Alm 2019 (p 2)cBmpared to short siblings.

By contrast, no difference was observed in SL in any of the field experiments in Pet. The 5A allele
which increased height in the UK had no effecSarn(although this was not measured in the UK
when the height difference wagpressed) with no mean difference in Alm and contrasting but

insignificant small mean differences in Pet.

The increased height in NIL6A(+) resulted in the stable and significant increase in the first
internode across the environments and growing seaschaling only Pet 2020 theyalue of

which was slightly higher (0.20) although the EST @&kcth observed between NIL pairs supported
the trend. The positive and significant effect of the plant height increasing allele of 6A QTL on
other PHCs such as ethode2 and-3 was also expressed in all three growing seasons at Alm
2019, Alm 2020 and Pet 2021 (only Int3), but not in Pet 2020 and Alm 2021. Interestingly,
although PH difference was not observed, the tall allele of 5A QTL had almost the same positive
effect on internod@ and-3 in Alm, except for Alm 2019 when no difference was observed. Both
height increasing alleles seem to hawvaletectablesffect on internodd and 5. The@nly case

when 6A(+) made the™internode statistically longer than that of 6Afas Alm 2020. In Alm

2019 and 2021 the mean length of internetef NIL6A(+) did not show statisticalifference
despite being longeOnly a few plants had™nternode irPetregardless of allelic staat the 5A
and 6A QTL loci. In general, like PH, there was a significant difference in all PHCs bef\veen
andPet

Besides the absolute values of PHCs, we calculated the relative proportion of each component to
the total plant height in both 5A and &@VL NIL pairs across the environments to assess if more
growth has contributed into one particular PHC per line and compare the proportion of each
component between environments. For example, although the spikes were significantly longer in
Alm relative b Pet(p = 0.00, EST =1.7), its relative proportion accounted for only 11.2%

compared to 13.4% iRet(Figure3.28 andFigure3.30). The same was true for internode which

is the peduncle length, with significant mean difference of ~6%. However, the stem height was
mainly compensated by contributing towards more lower intlasuch as internodeand-5 in

Alm. In fact, it was not these lower parts of the stem, yet upper, especially the intdrmddeh
contributed the highest percentage to total stem length, because the peduncle length, and thicknes:
of the node are bottonsidered important in wheat breeding with local breeders widely believing
these to be an indicator of drought tolerance (personal communication). The same concept is also
largelyaccepted within the international commur{iBogale et al., 2011; Farshadfar et al., 2013;
Mursalova et al., 2015; Naoura et al., 2018herelative proportion oPHCs of NILs for both

QTL displyed approximately the same outcomhéhe environmerdl and alleliceffecs are

ignored from the global data on NIL paivge can deduce théhe mearSL, Intl, Int2, Int3, Int4

and Int5proportionaccounts for 11%, 30.6%, 23.5%14.6%, 8.72% and 1.7%f the total height
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respectivelyWhen the data o8L of each NILsetswere consideredhe lowercontribution of
6A(+) allelewas observedompared to 6A-] allelewhich was significant il\lim 2020andPet
2021with p-values of 0.00 and 0.01 respectivebpnversely, no significant difference was
observedn SL proportion in 5A NIL pairsAs seen in real valuas internode3, thetall 5A QTL
allele seemmto haveaconsistent increasing effeatross théive growing seasons the twéim

201921) andone(Pet 2021)pf whichwere significant and close to significant respectively.
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3.3.1.7 Coleoptile length

3.3.1.7.1 Introduction

We have already mentioned in the section 1.4.3.4.2 thatetiefits ofDELLA mutantsare Imited

or even reverseih hot and dry rainfed conditiognere seeds need to be sown deeper and early
establishment, vigour and longer coleoptile/root length are of impor{Retetzke et al., 2007;
Amram et al., 2015)Perhaps, that was the main reason why the use of high yieldinglwseanfi
RhtBlb(Rhtl)and RhD1b (Rht2)genes are likely restricted in Kazakhstemere the wheat is

spring type and rainfédThis question remains unanswered as the sophisticated molecular
characterisation of effects of the alleles of these important adaptation genes on earlhestablis
and vigourarestill less studied or unstudied in Kazakh wheat germplasm. No environment specific
plant height gene lsdbeen identified and characterised for this region. Thus, we have no clear idea
how plant height genes which the breeders have lneemsciously breeding faaffect yield and
adaptation, including the early establishment although they certainly do. If longer coleoptile length
is an important determamtof early establishment and vigourhiot and dry rainfegnvironments

like Kazalhstan, we hypothesised thadht related genes in wheat from Kazakhstan should not
have a negative effect on the length of coleoptile. We also hypothesised that the identified height
increasing alleles of the 5A and 6A QTiightincrease coleoptile lertygsimultaneously as the

two can becorrelate positively (Gulnaz et al., 2011 herefore, the aim of the experiment was to
assess effect of PH increasing alleles of 5A and 6A QTL on the coleoptile length.

3.3.1.7.2 Materials and methods

We followed the met hod #fAci ga r(Bairetal, ROd3)Intotal,s cr e e
the coleoptile length of 127 uniforsized seeds asassessed. Out of 127, 20 and 12 assessions
belonged to NIL5A(+) and NIL5A] respectively. NIL6A(+) and NIL} were represented by 26

and 17 samples respectively. Twenty seeds of double NILs (dNILs) which are NILSA(+)_6A(+)
were included to the experimeiftamyat and Paragon were replicated 10 times &t 1b and
RhtD1b, on the background @aitamaandAlchemyrespectively, were both represented 4 times.

Rht B1xD1lon the background of breeding lird17wasalso replicated 4 times.

Overall, 12 cigatrolls were prepared, 7 and 6 of which had 11 and 10 seeds respectively and the
seeds in each cigaoll were randomised. The seeds were placed 2cm apart horizontally on moist
A b lruoel | &paperocaveréd b4 paper Figure3.31 andFigure3.32). After that, cigarolls

were wrapped and tightened in the middle with tiigberband Once, the wrapping of all 12 cigar
rolls was complete, they were placed verticallt @0mLglassbeakerl/3 of which was filled

with water. Thenglassbeakerwasplaced in a darkened black box with slighapened lid to allow

air flow and left at the room temperature for @lays After 7 days, the coleoptile length cdi@h

seedling wasneasured, imillimeters, from the base of the seed to the coleoptil¢Rigure3.33).
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Figure 3.31 Cigar-rolls for coleoptile length screening

Figure 3.32 The length of coleoptiles of Paragon and Pamyati Azieva

Das#i &# tip of coleoptiles
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Figure 3.33 Coleoptile length measurement

On the left: First leaf inside the coleoptil@n the right: First leaf emerged from the coleoptile.

3.3.1.7.3 Experiment results

Overall statistical significance was detected as a result of the analysis of variari¢e (pvith F

value of 12.6). To evaluate how different taetor levels are, we further conducted multiple
comparisons analysis. Consequently, no difference in the coleoptile length between theparents
both NIL sets including the dNILwasobserved. However, NIL sets, dNILs and parents had
substantially longecoleoptiles than that oRhtB1lb RhtD1bandRhtB1b+RhtD1b controls
(Figure3.34). Interestingly, although coleoptiles did not differ between Pamyati Azieva and
Paragon, NIL5A(+) and NIL5A] and NIL6A(+) and NIL6A{), apparently the length of the first
leaf differentiated clearlyHigure3.32). Images of NIL sets are not givaa they had almost the

same laight profile.

RhtB1lb+RhtD1b severely reduced the coleoptile length by 71.1% relative to 5A and 6A QTL
regardlessf the allelic state. The sole negative effecRbEBlbandRhtD1bon the length of

coleoptile accountedf 29.2% and 44.6% respectively.

Based on our data, it is likely that UK wheat breeders also breeéidghit henes without
compromising coleoptile lengih spring wheat varieties such as Paragon

Regarding the results of our experiment on coleoptileesting, tall and short alleles of the 5A and

6A PH QTL neither increase nor reduce the length of coleoptile.
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Figure 3.34 Coleoptilelength of NILs compared to parents and widespread Rht genes

3.3.1.8 Stacking of two height increasing alleles in UK wheat

3.3.1.8.1 Introduction

The data so fanasshown consistent height effecthe 6A QTLin the UK and KZ While for 5A
height effect was clearer in the UK butichless stable in KZn neither case was any height
effectsignificantly associated with yield.is possiblehat bothalleles do improve performance on
Kazakh conditionsbut they need to be pet togetherQTL pyramiding has long been a

successful way to stack the genes of agronomic importance into a common genetic background in
crops.There are plenty of published studies, however to illustrate JomexampleQTL

pyramiding of eight QTLmproved the grain quality and resistancepopular elite wheat cultivar
PBW343to rust disease@yagi et al., 2014)The similar markeassisted QTL pyramiding

resulted in the development of a new genotype tolerdriagd and bacterial bliglaind \igorous

cold at the fertilization stage rice (Shinada et al., 2014; Jiang et al., 20dndscald and mildew

in barley(Hautsalo et al., 2021kikewise,individualand combined effects &htgenes on yield

were evaluate¢Flintham et al., 1997)Therefore, this section of the thesis aimed at developing
NILs with doubled height effect via combining two height increasing genes on wheat 5A and 6A
chromosomes in the beground of UK wheat Paragon and assessing the performance of double
NILs (dNILs) relative to single (sNILs), non (nNILs) and parents. The main trait we stressed was
PHwhich can provide valuable insightgo how the gereunderlyingthe QTL act on crop

developmentlin the long term (not possible within the 4 years of Ptheyematerialswill be
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valuable resources to further téds¢ main hypothesis of this work which is thaaptation to

Kazakhconditions requires height increasing QTL.

3.3.1.8.2 Materials and methods

We have conducted ten reciprocal hybridisati@sQTL x 6AQTL and AAQTL x 5AQTL) of two
PH QTL on 5A and 6A wheat chromosomBline of ten crosses were succesdfubrder to self
fertilize these obtainedinehybrid lines, initially, they have le& grown in CER (Controlled
Environment Room) in 96 well tray with peat and sand soil type to germinate, thenystaats
transferred into 1L petwith cereal mix and grown alongside with recombinants in a greenhouse
during the winter of 2018 hen, 96 seds from each 9 plants were grown for DNA extraction and
then genotypdwith flanking markers of 5A and 6A QTL.

The double NILs for 5A and 6A PH increasing QTL with their counterparts, single ardibhsn
(nonNILs lack the 5A and 6A PH increasing QTL iags of PamyatAzieva and are almost
Paragon, but still have some Pannyatieva background which might affect slight increase in
plant height than real Paragon) were grown in glasshouse in three complete rantataiseet
blocks. All plants were harvested and threshed. Plant height and height relatealstraitsas

yield and yield related traits were scored.

In the field experimenin Alm 2021,double, single and neNILs with parents andheckvariety,
Kaz1Q were grow in two replicatiorsin 1m? randomised plotsA random three plantsere used
to assess the plant height.

3.3.1.8.3 Results of the experiment

3.3.1.8.3.1 Self-fertilisation to recover homozygotes possessing two PH QTL
Although alltencrosses were successful, omess provided only one seadd it did not survive
while seltfertilising. Thus,nine hybrid lines have been harvested and threshed, and provided

enough seeds for the further experiments.

As we adjusted all QTL flanking markers (start, peak and endetudBlian segregation factahe
expected segregation ratio for two gemesone out of sixteen 1) (Figure3.35). Thus, 96

seeds from eac®hybridline (96 x 9 = 864 plants were grown in tofaiveresubjected furtheior
DNA isolation and thegenotyping to find lines carrying both 5A and 6A increased plant height
QTL. Because of limited seed number for sdmgbridlinesand germination issugeverall

number of phnts genotyped was 768, not 864
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Figure 3.35 Segregation ratioof two PH genes

3.3.1.8.3.2 Genotypingto recover homozygotes possessing two PH QTL

For identification of plants possessing both PH increasing alleles of Pamyati Aé&\hants
were genotypebly six molecular marker@ flanking marker of 5A QTL and 3 of 6A QTL).ubof
768,20 were double NIL§INILs or NIL5A(+)_6(+)) 11 nonNILs (nNILs or NILBA(-) _6A(-))
lacking both PH increasing alleles, but still have some Pardyatva genetibackground), 10
plants for each single NILSNILs or either sNIL5A(+)_6A{) or sNIL5A()_6A(+)) (Figure3.36).
All these recovered lines wegeown ina glasshouse to multiply the sedds further field

experiments on them and to score the plant heights and other traits

GENOTYPING

H5A(+)_6A(+) ®E5A(-)_6A(-) m5A(+)_6A(-) 5A(-)_6A(+)

o
N
i
I I‘_| | |
i i

Figure 3.36 Genotyping results for dNIL recovery
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3.3.1.8.3.3 Glasshouse experiment on double NILs

During phenotyping, the tabt (canopy) stem of each plant was measured for plant height. In
addition, the same stem (the tallest) was used to measure internodes. For spike length (SL), mainly
the main spike length was scored. We countgtiber of spkeletsof a main spike for thepikelet

number per spikeNSMS). Also, thousand grain weight (TGW), seed number per plant (SNP), seed
width (SWI) and length (SLE) were measurkldwever, only plant height data will be shown as at

this exact stagwe are less interested in comparativddyjgerformance.

Unequal spread of light

The fact to note is that, due to the unequal spread of light effect on the top canopy of plants within
and between blocks, the data on PH was analysed separately for plants under the direct and indire
light cover.Statistics, including such sample parameters as population mean, the 95% lower and
upper confidence intervals, standard deviation, minimum/maximum values, ranges and standard
error of the mean were calculated. Gaanple {test was conducted to find otiet 95% lower and

upper confidence intervals for the means of each light effect, No (direct) and Yes (indirect),

separatelyTable3.9).
Light effect Sample size Mean LCI ucCl SD Min Max Range SE
No (direct) 28 97.73 93.73 101.72 10.3 80 118 38 1.95
Yes (indirect) 30 103.8 100.26 107.33 9.46 86 119.5 33.5 1.73

Table 3.9 Light effect on plant height

Estimated difference between the means of plant height of the plants under and outside of the direct light effect was 6 cm
Despite theobserved 6cndifference for minimum plartieight, the maximum values were close with only 1.5cm

difference. Sample parameters as population nfldaan) standard deviatio(SD), minimum(Min) andmaximum

(Max) values,Rangesstandard errof SE) and standard deviation (S&f)the mean were calcué with thefidescribe

function offiphycholibrary in R. OneSample #test was used to determine the 95% lower and upper confidence intervals

for the means.

To determine whether the difference in the means between two groups (No and Yes) was
significantor not, twesample itest was used. Prior to conduct hypothesis testing¢bwmaple
test), first we checked whether the data distributed normally or not and second,
equality/homogeneity of variances of two groups (yes, no) was tested. As a resuligjghantiata
with/without a direct effect of the light showed the relative normal distribution andhthakie for
pooled variances of two groups was not significantalpie = 0.65, which states the homogeneity
of variances. Twssample itest reealedthatthere is statistically significant evidence of a
difference in the mean of plant height from glasshouse with/without light effect, waltup of
0.022* (Figure3.37).
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Figure 3.37 Two-sample ttest of light effect on plant height

Figureshows the difference in plant height of plants (double, single andNia) with/without (yes/no) direct light

effect. Thedifference between the means of with and without light effect was 6 and standard error of difference between
the means with and without light effect was 2.5. Confidence inteavéihe 95% was between 0.9 and 11.3 (if the

difference in the means is 6, @kean that samplegereshorter by 5.9 cm ¢6.1) and taller by 5.3cm (116

respectively).

Despite the significant difference between the plants under direct and indirect lights, the double
NILs were the tallest, and single and fél.s were medium andhortest in both treatments
respectively. The recurrent parent, Paragon, was even shorter thailLisan both treatments.

Thus, although the light affected only overall height, the relative heights of genotypes were
unaffected ANOVA was conducted to eltste the proportion of variance in the data explained by
genotypes, light effect and replication (blocking) and to retrievalpes Table3.10).

DF Sum Sq Mean Sq F-value P
Genotype 4 3171.8 792.95 24.6287 3.258e-11 ***
Light 1 867.7 867.66 26.9491 4.002e-06 ***
Rep 2 150.7 75.35  2.3403 0.107
Residuals 49 1577.6 32.2
Total 56 5767.8 1768.16

Table3.10 The proportion of variance in theplant heightdata explainedy factors

Table3.10 represents ANOVA summary. The model was fitted to assess the effects of genotype, light and replication
effects on plant height. Getype and light showed the significance, but not the replication effect. The proportion of total
variation in plant height phenotype explained by genotype and light were 56% and 15% respectively. A bit more than 2%

variation was explained by replicatiofhe rest ~27% remained unexplained.

Linear Mixed Models
Once the proportional variation in plant heigfggscalculatedLinear Mixed Model{LMM) was
used to estimate such trait parameters as plant height (PH), the lengths of internodes, ETN, SL anc

NSMS (SNPS). During data analysis (LMM), the replication and plant number in each replication
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was set as a random effect to analyse data for Erlaimternode lengths as the replication effect

was not significant. Therefore, genotypes (double, single andNha) and the light effect were

treated as fixed effects in the mixed model, because the means of both were statistically significant
(Table3). However, the replication effect was significant when SL was analysed. Thus, the

genotypes, light effect as well as replication were treated as fixed effect in LMM.

Before conducting pairwise compar i s oitysf, Bart
variances for the genotype and light. The variances of both were not significaati¢p= 0.5063

at the degrees of freedom = 4 for the genotype effect -aadlip = 0.4833 at the degrees of

freedom =1 for the light effect).

Starting with PH as is the main plant characteristic under the current thesis/etsibp-value

was statistically significant. Moreover, to estimate the differences between the means of genotypes
pairwise analysis was performerthe results of pairwise comparisons betwgenotypes/contrasts
revealed thateoluble NILs were significantly different from 5A and 6A NILs, rdiLs and

Paragon. Plant height meand\dt. 5A(+) andNIL6A(+) were not statisticallgifferentbetween

each othealthough thewvere different frormNILs and Paragon. Themasno significant

difference betweenNILs and Paragon. Additive effect of one QTL was ~10cm, of both was at
around 20cnfFigure3.38).

SA(H)_6A(H) 5A()_6A(H) S5A(+)_6A() S5A()_6A() Paragon

101cm 91.5cm 88.5cm

Figure 3.38 The height of Paragondouble, single and nonNILs and wild type Paragon

Pvaluemreadj ust ment by Bonferroni 6s method
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3.3.1.8.3.4 The first field testing of the dNILs

Stacking the twdieight increasing loci of Pamyati Azieva made Paraglyer thaneithersingle
NILs (sNILs). However,no significant difference between double &nel 6AsingleNILs was
observedlthough almost 2cm mean height increass identified between the twBigure3.39).
Interestingly,in Alm 2021 experimenthelocal check varietiKaz1Q which wassignificantly
taller than any of the single NILs imgviousexperimentsn Alm, did not showa significant height
increase in relation teNIL6A. We would like to conduct more experimeirtghe future to
validate whethethe observetieight differenceare stable across the seasdtowever, it was
impossible within the scope of this PhD work due to time limitatibnBiture expements we will
also study the association betweleadoubleQTL whichincreases éight and other traits of

agronomic impodnce.

dNILs Alm2021
7
Fivaico(6. 15.49) = 10.55. p =9.84€-05. 07 = 0.72. Cless; [0.38. 1.00]. no, =42

70

PH

dNIL Kaz10 nMIL Pam.Az Par sMILSA sMILGA
(n=8) (n=86) (n=46) (n=8) (n=8) (n=8) (n=16)
Genotype

Data source: Alm 2021

- i o 5
10g,(BFg) =-11.10. R* 2525 =061, CIL2 [0.45. 073 r.2, =0.71

Figure 3.39 Plant height of sirgle-, double, non-NILs, parents and Kaz10 from the first
experiment on dNILs in AlIm2022

3.3.1.9 Quality

Thegrainquality is an extremely important characteristic for Kazakh wheat breeders. Therefore,

we have evaluated quality related traits such as the content of moisture, protein, fat, crude fiber, asl
and starch. Among these, protein content is paramounisds theforemostcharacteristiavhich

attracts Kazakh wheat customerbus we will focus on protein content outconieis important to

note that grain quality parameters were assasg#te fiLaboratory of biotechnology, physiology,

plant biochemistry androduct quality assessmemtftheL LP fAiKazakh Research
Agricul t ur e almaded @theKjeltahl gnettoeccondmgto GOST 108461

(GOST (Russian: JJfduv) refers to a set of inte
Euro-Asian Council for Standardization, Metrology and Certification (EASC), a regional standards

organization operating under the auspices of the Commonwealth of Independent Sta}es (CIS)
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We used onavay ttest in R to calculate-palues. Prior to significandest, we calculated the mean

and all its corresponding properties. The protein content of NILs in Almalybak was as tiigh as

of parents. Interestingly, local standard cultivar Kaz10 had less protein relative to NILs, Pamyati
Azieva and ParagofTable3.11andTable3.12).

In Pet overall protein content was not as high ag@AIm. NILs of 5A PH QTL had almost the

same protein. However, it is likely that 6A PH QTL positively affectedlityimproving the

proteincontentby 0.2 and).7% in Alm and Pet respectivelyn both environments NIL6A(+) had

the highest values for ptein exceeding even Pamyati Azieva. It is important that NILs could

preserveah i g h
detected irPet

content of

protein.

P a r Adng wan rios

Genotype Protein (%) mear SD SE Cl DF P
NIL5A(-) 14 0.64 0.45 5.72 11 ok
NIL5A(+) 13.9 0.71 0.5 6.35
NIL6A(-) 14.1 0.21 0.15 1.91
NIL6A(+) 14.3 0.07 0.05 0.64
Pam.Az 14.1 0.42 0.3 3.81
Paragon 14.1 0.92 0.65 8.26
Kaz10 13.4 0.14 0.1 1.27

SD = Standard Deviation, SE = Standard Error, Cl = Confidence Interval, DF = Degrees of Freedom, P = overall

Table3.11 Protein conent, Alm 2020

significance level from onway ttest.

Genotype Protein (%) mear SD SE Cl DF P
NIL5A(-) 12.8 0.28 0.2 2.54 13 ok
NIL5A(+) 12.7 0.07 0.05 0.64
NIL6A(-) 12.2 0.28 0.2 2.54
NIL6A(+) 12.9 0.14 0.1 1.27
Pam.Az 12.8 0.14 0.1 1.27
Paragon 12 0.21 0.15 1.91

SD = Standard Deviation, SE = Standard Error, Cl = Confidence Interval, DF = Degrees of Freedom, P = overall

Table3.12 Protein contentPet2020

significance level from onevay ttest.

abi
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3.4 Discussion

3.4.1 Initial hypothesis

The power of a reductionist approach was ueedst the main hypothesis of this wdrktaking
phenotypiacdatafrom homogeneoubnes, that, as much as possildéfered onlyfor the trait of
interest This isusefulin dissectinghe specific traiteffectsandpleictropy for otherpotentially
important adaptation and yield relatedits. Therdore, when the 5A and 6Aeight increasing
QTL with large additiveneighteffects(~10cm)were identifiedbothwereconsidered as possibly
important inimproving wheat adaptation @entralAsia (CA). It is interestingthat CA still
produ@stall wheatvarietieswhen most pastof the worldhave seen selectidowardsshorter
varieties This iseventrue forCanadawith environmental conditionguite similarto northern
Kazakhstar{Kaut et al., 2009; Chen et al., 201®)is generally accepted that this trend of height
reductionresults inincrease grain yieldas a result oihcreasediry matter allocation to grairand
it certainly reduces the risk of lodgiBebetzke and Richards, 2000; Gulnaz et al., 201Bse
points made it interesting to ask htive single and combindeight increasing QTL perform and

interactrespectivelyin anisogenic bacground.

To address #se questions and identify timeportanceof height increasing allelekcated on
wheat 5A and 6A chromosoméis relation to otheplant characteristicsear isogenic linewere
developedtarrying thesallelesin the genetic background tife UK spring wheaParajon.
Subsequent laggscale field experiments in the UK and Kazakhstaed light on the performance
of these bight related alleleacross these two natians

3.4.2 The 6A QTL stably promotes PH inKZ but the 5A QTL exhibits strong GXE

In these experimenthé plant heighivas prioritisedasit is the main trait of interest being studied
in this thesis It is important to see that QTL studies are validated and that the NILs are fit for the
purposes pposed. Theassociatiorof plant heightwith othersignificant adaptation and yield
components asalsoassessedased orthedataobtained theheight controlling modef action of
thesewo QTL seems differenThe effect of thebA locuson height isstablebeing observed iall
experiments in the/K andKazakhstanncludingthe controlled environmentiowever the teight
effect of 5A QTL wassilencedn four out of five expernentsin Kazakhstanonly expressing its
height effect in AIm202Q By contrast,m Alm 2019 and 20Rthe (+) allele, compared to-f, was
shoter in the latteseason witla p-value of 0.06 so representing GXE crossover evémthe two
Pet experimentso height differencevasever identifiedoetween NIL5A(+) and NISA(-) (Figure
3.10).

3.4.3 Grain yield and its components compared between NIL sets
Looking at yield components of the 5A QTL isogenic lings sawno significant effect on grain

yield in Alm 2019 and 2020nsteada significant reductomYPas soci at ed wi t h t |
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was observeth AIm 2021 (p = 0.04)ln this season yield components suciN&®, GWMS and

HI also reduced in NIL5A(+@xpresig relativelylower pvalues of QL7, 0.08 and 0.08t the 5%
significance levelSo, in the Alm experinmésthe lack of a height effect means that no comments
can be made on the id#mtincreasing height might confer some benefit in Kazakhstawever,
there is some evidence that the Bamyait Azieva allele, which certainly does increase height in
the UK, has sompositiveeffect on yield componenis this northernregionwhichis the main

wheat growing area in Kazakhstand the target environment of varieties like Pamyati Azieva.

In the nathern site (Petthere was anonsignificantmean increase in both yedPet 202Qp =
0.37) and 2021(p =0.90)) in favour of 5A(+) It must be stressed ttthis isnot supported by
statistical significancéut there was certainly no reduction in gias a result of this introgression
Looking at potentiatauses of any yield increase that leads to the obsenadtiocreaseciumber
of plants (NP_1rf) p = 0,01 and p = 0.44 in Pet 2020 and 2021 respedtivelgddition,the
NIL5A(+) produced morepikes (SN_1n¥) and seedéSSM)compared to NIL5AY{), but not
significantly.

Looking for the hypothesisebleneficial effects of thell allele of the 6A QTLit was shown that a
significant increase yield componentassociatd with the tall Pamyati Azieva allele was never
observedAlthough these comparisons were natistically important, the{palueswere lowest in
theseasonsvhena mearyield reduction wasbservedMoreover,the NIL6A(+) inyield
components such dKS, NKP, GWMS, GWP and Hignificantly underperformedhen
compared tdNIL6A(-) in AlIm 2020 and 202With only HI being nonsignificant = 0.26.

3.4.4 Plant height componens of 5A and 6A height effects

While the height effect othe 5A(+) allelewasnot observedn Kazakhstanit certainly mae the
internode3 significantlylonger in tall NILs compared to the shortAlm (only Alm 2021 was not
significan). It was also obvious whats relative proportiorwas calculatedn addition,the
internode2 of NIL5A(+) increasa significantlyrelative to NIL5AE) when itspositiveheight effect
is retainedn Alm, butnotin Pet However there isaninsignificant mean increase absolute
values as in proportional percentage,Pet Consideing that some significant increase in yield
components was observed it is interesting to speculate on how this change in the partitioning of
internode growth might havafluenced these yield componer®etheory is that by reducing
biomass commitments internodes more resources can be allocated tgrtivang spikeg(Rivera
Amado et al., 2019)t could be that the 5A+ allele increashe strengtlof sourceraits atthe time
that internode 3 is extending. This results in a longer interpodeossibly the developing spike

al so benefits f resalfowing nfore graingeebéset. n r esour c
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The @ll allele of the 6A QTLhas a significant negative effect on the length of the main épike
Alm, but not in PetHowever, itstably increasgthe length of internodé (peduncle lengthgcross
environments and growing seasonéien it comes to internod2and-3, they were significantly
longer in NIL6A(+)relative to NIL6AE), again in Alm only(only Alm 2021 was not significant)
This shows thttall alleles at th&A ard 6A loci possesanoverlapping positive influence on

internode2 and-3 in Alm.

3.4.5 The 5A and 6A PHeffectsdo notincreasecoleoptile length

It was showrthat 5A and 6A height increasing QTL do not correlate positively wiopdile

l ength. Our hypothesis fAincreased height mos
establ i shme (Gunaaetd., 201M@asrejdetéd as the experiment showed that they
neither increase nor reduce the coleoptile lengidufe 3.32 andFigure3.34). However the

increasingeffectsof both QTL on the first leaf length were clearly visible.

3.4.6 The5A and 6A PH QTL independently increased the Paragon height

Stacking the two height increasiatielesstablyincreasedhe height oParagon byabout 20cnin
the glasshouse and field in the URhis is the additive effect ¢dvo height increasing alleles of 5A
and 6A QTL when combine@earing in mind théypothesighat a height increase could be
beneficial foryield in Kazakhstan it would be interestinggmw double NILs (tall) in
environments such as PéEhis might result in the sudignificantyield increases of 5A being
expressed more fully

3.4.7 The quality remains intact

Quality isa complex traithcorporating mangrain characteristidsut proteincontentis a major

factor. The dynamics in protein content isimlgt dependent on environmental changes and the

level of nitrogen applied although the genetic impact also shmmtlde neglecte(Hussain, 2002;
Igtidar et al., 2006; Chen et al., 2012y an examplegur data showed thapproximately 1% less

of protein was synthesised Retcompared t&Alm, but it was within the range tfiec ount r y 6 s
guality demand which meetsthes u per i or 0 qaafitggrafer{eabla3.ulrarndTable

3.12). NIL5A pairs shared almost the same quality with minor 0.1% difference in both regions. The
tall 6A NIL possessed the Higst content of protein in both regigiperhaps this is the main

reason of breeding for 6A tall all@Jevhich is an important criteria in Kazakhstan, although

previous reports show a negative linear relationship between PH and grain quality in crops
(Amirthadevaathinam, 1983; Yaven et al., 2005; Islam et al., 2014; Barley, 20Zherefore, it is

l i kely that the grain quality in Kazakh brea
quality was as good as Pamyati Aziva in M, its protein dropped tthe lowest inPet

Surprisingly, the local check variety, Kaz10Am had also the lowest protein contddaving
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said allof these, we have to admit thhe quality checkesults aravailable forgrowing season
20200nly.

3.5 Summary

The 5A and 6AParagon NILs validated the height QTL identified. They provided some evidence
that 5Aheight increase could be of benefit in termyiefd (at least some ofield componenis

but this is less likely for 6AThe effects of the QTL are aitide in the UK but the 5A effect is

almost always lost iKZ experiments.

4. Moving towards the identification of causal genes
4.1 Development of recombinants for 5A and 6A QTL regions

4.1.1 Introduction

Once the trait of interest is identified and validated in apimgppopulation angsogenic
background respectivelynost genetists tryto get as much accuratearkers as possibt-
segregating with the traétndto narrow downandor identify acausalgends underpinninghe trait
of interest.Traditionally, it isachieved through malpased cloning methodRecombinant
development i®ne of these techniques ahdishas largelybeenused infine-mappingprocedures.
Recombinantaregeneratediirectly from genotyping large number sfgregatsat any stage of
the hybridfilial developmentor/andthrough several backcrossasthe hybrid line of interest

within the populationio the recurrenparentandidentifying any crossovergXue et al., 2013;
Wang et al., 2021)he latter technique takésnger butpossess greater accuracydaninisheshe
possilte backgroundyeneticnoise There are largaumber of exampleshenQTL regions were
squeezed, mapped physically and finapped in wheat based on recombindfds.instancel.iu
with co-workersused382recombinantslerived from Fheterozygous plants to finaapresistance
to Fusarium head bliglm wheat(Liu et al., 2006)Wheatflag leaf widthgene TaFLW1, which
increasephotosynthetic capacity and yield potentigs mappedsingone hundrecndten
recombinantsvith homogenised genetic backgroumdich belongdto ten recombinant classes
(RC) (Xue et al., 2013)Sixty-one recombinantslentified in kK populationwere helpful to map the
gene TIN4, contributing to ideal plant architecturecommon wheafWang et al., 2021)
Similarly, wealso developed3 and 52 homozygous recombinants, which belonged to 8 and 12
RC, for 5A and 6APH QTL respectively.

4.1.2 Materials and methods

4.1.2.1 Identification of heterozygousrecombinantsfor 5A and 6A QTL chromosomal
regionsfrom BC2F2 seeds

Beddes NILs, gnotyping results of the 94 BC2F2 seeds with QTL flanking markers allowed us

alsoto identify 17 and 29 heterozygous recombinants, for 5A and 6A PH QTL respectvelyf

initial 94 samples These heterozygous recombinants for 5A and 6A FH @gion havebeen
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classified into 7 and 9 recombinant classspectivelyaccording to their recombination
combination(data notshown. However, the number of recombinant classes changed while
saturatingooth QTL regionsvith DNA markers from exome cape and whole genome
sequencingf NIL parentsUltimately, we ended up having 8 ai@ recombinant classder 5A
and6A PH QTL respectively

4.1.2.2 Recovery of homozygous recombinant®r 5A and 6A QTL chromosomal regions

from heterozygotes
Twelve seeds of eadf theseheterozygous recombinant lines, for both@X) and 6A(29) QTLs,
weresownin 96 well tray with peat and sand soil tygedinitially grown in CER Thus,DNA was
isolated from seffertilized 552 heterozygous recombinantsdentify and grow only homozygous
recombinants in 1L pots with cereal mix soil typex glasshouséll 552 heterozygous
recombinants, of which 204 plants (17x12=204) for 5A QTL and 348 (29x12=348) plants for 6A
QTL, weregenotyped with QTL flanking maeks.As a result, we identified3 and52
homozygousecombinantswhich belonged t8 and 12RC, for 5A and 6A QTL respectively

4.1.2.3 The height assessment of recombinants in controlled and naontrolled
environments

Plant heights of identifiedomozygous recombinants for both QTL on 5A and 6A wheat

chromosomesvere assessed in controlled and field conditiarise years of 2018 and 2019

respectively

In a glasshouseaeh homozygous recombinant wamvnand grownn 1L pots withthecereal

mix soil and experimental designcorporateccompletely randomised blocks

In order to support the initial glasshouse data used for medium resolution mapgérgs for
both increased plant height QTL, all recombinant lirfasvo QTLsweresown in randomisedin?
plots in the field of JIC in three replicates. Edci¥ plot was represented by 6 rows. The
experimendl designof eachln? plot consisted ofhreerows of Paragos along with three
randomly selected recombinant linesgardless of theRC andthetotal number ofin? plotsin

the experimentvas 140Two out ofthethree Paragain eachlm? weresown on the margins of
each plot to eliminate the edge effect on recombin@ésmeasured the heights of 5 plants per
line in theplot (1n¥). Thus,in total 15 plantser linewere involved in height measurement in the

field. This helped to compensdta therelativelysmall sample size in the glasshouse.

4.1.2.4 Statistical analysis
Analysis of Variance (ANOVA) was carried out to check the statistical significance of means of

recombinant heights for 5and 6AQTL.Bar t | et t 6s test was used to
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variances are homogenous or rRasthoc statisticatest between R@as evaluated through
calculatinga common SD for all groups attas in turn was usefbr all multiple comparisong>-
valuesfor multiple conparisonsvere adjusted basedontBeo nf er r o nTeétfor met hod
association betwearcombinant classes for both QTL wasformedusing Pearson's product
moment correlation coefficientall statistical procedurgwerecomputedand plos were

conductedand produceth R respectively

4.1.3 Results
4.1.3.1 Homozygous ecombinants were identifiedfor 5A and 6A PH QTL region

As a result of genotypintipe heterozygous recombinantsut of 204 plants, 56 linaserechosen,

44 of which were homozygous renbinants and 12 new heterozygous recombinants for 5A QTL.

By contrast, out of 348 heterozygous recombinants 188 plants have been chosen, 70 of which were
homozygous recombinants and 48 new heterozygous recombinants for 6 AQdhg thesed44
homozygous rombinants for 5A QTL and 70 homozygous recombinants for 6A QTL have been
grown in 1L pots with cereal mix soil the glasshouse in randomised blockiew heterozygous
recombinants were used to generate hemozygous recombinants, libe experiment was not
completed because tife COVID-19 pandemic.

4.1.3.2 Height difference between recombinant classes for 5A and 62TL in the

glasshouse and field

4.1.3.2.1 Height measurements on homozygous recombinants in the glasshouse

Plant heighs of all homozygous recombinant plamieremeasuredThe sample size dhe

glasshouse experiment was smaller than that of the field condiliorthieck the normal

distribution ofbothdata, all recombinant classes (RC) were plotted as a pigoutatherthaneach

RC independently because of the small sampleisites greenhous&-Q plots were produck

using R by plotting empirical quantiles of the data against the theoretical standard normal quantiles.
Height data points of the recombinaimglasshousand field conditiongollowed the trend line

quite closely which indicates that heights of recombinants for 5A ar@BAwere normally

distributed Figure4.1).
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Figure 4.1 Q-Q plotsshowPH data distributionof 5A and 6 Arecombinants

PH dataof homozygous recombinant plants fi% (leaf: a) and c)and 5A (leaf: b) and d)vas normallydistributed.

Analysis of Varianceevealed significant difference among the means of @dth with F value of
9.0807 and P value of 3.5766 (***) for 5A-QTL and F value of 4.0405 and P value of 0.001733
(**) for 6A-QTL. The assumption of homogeneity of varianbesveen RC fobA QTL wasnot
validatedas result otheB a r t | e Thus§RC variansets were significantly different from each
other (p < 2.2eL61in the fieldand p= 03 in the glasshou3éTable4.1).

Recombinant classes mean SE df LCI UCI
RC-01 85.7 2.8 35 80 91.4
RC-02 91.9 1.62 35 88.7 95.2
RC-03 90.1 1.98 35 86.1 94.1
RC-04 93.9 217 35 89.5 98.3
RC-05 96.5 3.43 35 89.5 103.5
RC-06 96.8 1.98 35 92.7 100.8
RC-07 102.9 2.17 35 98.5 107.3
RC-08 99.4 1.83 35 95.6 103.1

a)

Recombinant classes mean SE df LCI UCI
RC-01 99 3 40 92.9 105.1
RC-02 94.2 2.45 40 89.2 90.1
RC-03 91.1 1.6 40 87.9 94.4
RC-04 83.5 2.45 40 78.6 88.4
RC-05 89.5 4.24 40 80.9 98.1
RC-06 87.6 19 40 83.8 91.4
RC-07 88.7 1.73 40 85.2 92.2
RC-08 85.7 141 40 82.9 88.6
RC-09 87.1 2.12 40 82.8 91.4
RC-10 89.8 3 40 83.7 95.8
RC-11 97.7 1.9 40 93.9 101.5
RC-12 82.4 1.9 40 78.6 86.2

b)

Table4.1 Plant heights of RC for 5Aa) and 6A(b) QTLs in the glasshouse

RC= fARecombinant Cl,asSkEss3

(Lower Confidence Interval) and UCI (Upper Confidence Interval)

imRtaaan dca MmdleEmrodDegft eelfle oMe &n
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Therefore pairwise comparisonsetween the RCs for both logiere conductebased orthe

calculaton of a common SD for &ARC andthis in turn was used for all multiple comparisons.

Pooled SD(calculatinga common SPcan be useful if some groups are sraalin our case. We
alsousedukeyébds honestly signifi cant-wiskcohfilemaee nc e
level)and GamesHo we | | 6 s HdGaBseanthd siymifidance between RC. Obtained
outcomes from these three ways of calculating significance level between the groups were mostly
consistent. Thughe results of - tests with pooled SWith pi valuescalculated using
Bonferroni 6s miertahnwliipleaomparigontr both €t¢ @TL(Table4.2 and
Table4.3)

RC-01 RC-02 RC-03 RC-04 RC-05 RC-06 RC-07 RC-08

RC-01 - 097 100 047 039 006 000 001
RC-02 - - 100 100 100 097 001 010
RC-03 - - - 100 1.00 044 000  0.04
RC-04 - - - - 100 100 012 097
RC-05 - - - - - 100  1.00  1.00
RC-06 - - - - - - 074  1.00
RC-07 - - - - - - - 1.00
RC-08 - - - - - - - -

Table 4.2 Pairwise comparisons between RGf 5A QTL using t tests with pooled SD

Pival ues <calcul at ed u$l datagver@®dtentéddront tlrerylaséhsusene t h o d .

RC-01 RC-02 RC-03 RC-04 RC-05 RC-06 RC-07 RC-08 RC-09 RC-10 RC-11 RC-12

RC-01 - 1.00 1.00 0.01 1.00 0.12 0.22 0.01 0.12 1.00 1.00 0.00
RC-02 - - 1.00 0.17 1.00 1.00 1.00 0.22 1.00 1.00 1.00 0.02
RC-03 - - - 0.56 1.00 1.00 1.00 0.67 1.00 1.00 0.53 0.05
RC-04 - - - - 1.00 1.00 1.00 1.00 1.00 1.00 0.00 1.00
RC-05 - - - - - 1.00 1.00 1.00 1.00 1.00 0.94 1.00
RC-06 - - - - - - 1.00 1.00 1.00 1.00 0.03 1.00
RC-07 - - - - - - - 1.00 1.00 1.00 0.05 0.83
RC-08 - - - - - - - - 1.00 1.00 0.00 1.00
RC-09 - - - - - - - - - 1.00 0.03 1.00
RC-10 - - - - - - - - - - 1.00 1.00
RC-11 - - - - - - - - - - - 0.00
RC-12 - - - - - - - - - - - -

Table 4.3 Pairwise comparisons between RGf 6A QTL using t tests with pooled SD

Pivalues calculated using Bonferroni 6s Dataweheaerived &lbr d at a
Table 4.2.

Despite the fact that obtained data from glasshouse was slight variable because of a smaller sampl
size glasshouse effects such as unequal watering, spread of sunlight, light shed and heating, it was
extremely helpfuto conduct initialmedium resolution mapping identify potential coordinates of

the genes, underpinning QTL, in the wheat genome
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4.1.3.2.2 Height measurements of homozygous recombinants in the fietahd comparison

with the data from glasshouse

Plant heights of all recombinants were measured in the glasshouse and fibleldatd were

processed using appropriate methods of statigttessmall sample size dhe glasshouse height

data was compengat bythe height data obtained from field tria@verall, plant heights 0645

and776 plants for 5A and 6A QTL respectively weneasuredData from glasshouse well

matched the data from the field. Thus, short recombinant classes in the glasshouskiivesly

short in the field and tall recombinant classes in the glasshousealaieelytall in the field

(Figure4.2 andFigure4.3)
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Figure 4.2 Height data on RC fol5A QTL in the greenhouse (a) and field (b)

Note: Barplots of the field dataclude only randord3 samples out of 645.
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Figure 4.3 Height data on RC foil6A QTL in the greenhousé€a) and field (b)

Note: Barplots of the field data include only rand62samples out 6776,
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Pearson's correlation coefficient test was conducted for the data on plant height of recombinant
lines from the glasshouse and field both 5A and 6A QTL. Results showed adrotlinear
relationship between plant height data obtained from the glasshouse angifjeté4.4). Samples

followed independent normal distributions.

Relationship between GH_2018 and Field_2018

Relationship between GH_2018 and Field_2019
SAQTL

BAQTL

m)

Field height (cm)

Field height (¢

90

@
=3

a0 100 80 a0 100
Glasshouse height (cm) Glasshouse height (cm)
data from GH_2018 and field_2019 experiments on Recombinants data from GH_2018 and field_2019 experiments on Recombinants

a) b)
Figure 4.4 Correlation between glasshouse and field data on plant h¢sghf recombinants

Scatter plat represent the positive correlation between glasshouse and field data on plant height with P valu@®4f 8.94e
(***), correlation coefficienbf 0.49 and Confidence Intervals at 95% was 0.289 for 5A QTL (a), and with P value
of 4.6e08 (***), correlaton coefficientof 0.59 and Confidence Intervals at 95% was 95%5-0.48 for 6A QTL (b).

Moreover, plant height distributions of recombinant lines grown in the glasshouse and field were
compared. Analyses revealttht despitethe fact thatvariation n plant height of recombinants

grown in the glasshouse was wider than that of field for 5A QTL, the means were similar.
However, plant height variation of recombinants grown in the glasshouse for 6A QTL was almost
the same with very close meafgure4.5). In the next sectionf this chapterwe discuss howe
havesuccessfullyicombinedmapbasedloningwith theexome and whole genome sequendata

for target marker development.
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Figure 4.5 The plant height distributions of recombinastfor 5A (a) and 6A QTL (b) grown in
the glasshouse and field
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4.2 Captuiing the exonsand WGSof Pamyati Azieva and Paragdior targeted marker

developmenand ddineation of the region of interest

4.2.1 Introduction

Although mapbased cloning isrhe-consumingits efficacy in gene identification is rising with the
unprecedented improvements in whole genome and targeted sequencing technologies which have
improved the marker saturating approaches significéRayers et al., 2003Thus, advances in
genomic tots have opened the door to the methods of forward genetics to study larger genomic
regions or QTL controlling the trait of interest in a greater resolution, especially whebaseqg
cloning is restricted due to lack of genetic exchange events duringewemimbination. In this
regard, the most accurate genome of hexaploid wheédegem published arabouthundred

thousand genes have been physically ordered and placed on seven wheat chromosomes
representing three A, B and D genorf@gpels et al., 2018Moreover,DNA sequence assenis

of ten wheat varietieweregeneratedand thepositions and sizes chromosomatentromeres

were determine@Walkowiak et al., 2020)mportantly, all these data weirgegrated into

available genomic databases and resoyidewe et al., 2020; HassaRik et al., 2021)
Thereforethewheat reference genomeickly became a great tool for wheat scientists and
breeders to discover any part of the wheat genome which they are interested in. Partidalarly,
importart to identify all genes under the QTL region and middegr functional annotation to

predict what possible particular gene is contributing to protein biosyntireslacidating the plant
trait the QTL is associated with. Thus, mdgased cloning became relatively straightforward in
organisms in which wholgenomic data are available. To take advantage of these available
genomic tools in wheat, we have fully (Whole Genome Sequencing) and partially (protein coding
regionscec al | ed fAExome Captured) sequenced the wlt
NILs and recombinants. Both sequencing data were useful to develop targeted genetic maker
design and narrow the QTL regions dosubstantially They also were helpful to visualis@y
genomicareasf interestwith the QTL regionsn thegenome viewer softare packages

4.2.2 Materials and methods

4.2.2.1 Sample preparation

To shrinkand finemapthe QTL regionswe hadthe protein coding regions of parents captured
andwhole genomesequencedHigh i quality genomic DNAs of parent®amyati Azieva and

Paragon, werextracted using DNeasy Plant Mini Kit of QiagamdOktopureplatformto conduct

exome capturand WGS respectivelyDnce genomic DNA was isolated with a required
concentratiorio sequence coding regigriswas sent to the private commercial organisation

fiN o v 0 g tha semice of which has been @ to do the analis Entire genomes of parents

were sequenced during sequenaihty h e A Wat ki ns WatBeqsidé mdject gom@in  t h e
Dr Simon Griffiths group.
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4.2.3 Exome capture results

4.2.3.1 Quality control of exome capturereads

Once the commercial organisation received DNgkT us, they prepared gDNA library for exome
capture and released raw sequence data in FASTQ file format using lllumina PE150 platform
which released Paireghd Reads with ~150 bp lgthh. Guaranteed quality of the reads was
Q30080%. QC tests showed the hFiguesdegbelity of

Quality scores across all bases (Sanger / lllumina 1.9 encoding)
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Quality scores across all bases (Sanger f lllumina 1.9 encoding)

: fﬁﬁﬁﬂﬂﬂﬁﬂﬂﬂﬁﬁﬁﬁ%ﬁ

20

28
26
24
22
20
18
16
14
12

L R N L )

1 2 3 456 7 8 9% 1518 30-34 45-49 G0-64 73-79 90-94  105-109% 120-124 135-13% 150
Position in read (bp}

c)

Quality scores across all bases (Sanger / lllumina 1.9 encoding)

a0 - IIIIIII
38 Ny O

38 .
L I
30
28
24
24
22
20
1a

14
14

12—

O MR ;o M@

1 2 2 45868 7 88 1518 20-24 45-48 50-64 75-78 8084 105-109 120-124 135-138 150
Fosition in read {bp)}

d)
Figure 4.6 Per Base Quality

The figures4.6a, andb, provide the quality of reads based on position fronmbéginning to the end of sequerfoe
Pamyat Azieva reads 1 and 2 respectiveigures4.6¢ and d for Paragortach plot shows the quality per base pHire
quality scores are given graxes. The position of read&p) from left to rightare provided ox-axes The background
colourof the graphwhich dvides the yi axesdisplays the qualitper base passii g o ¢gdeen), acceptablerange
and poofred)Yellow bars(boxes)representhe interquartile range (255%) andupper and lower whiskers represent

the 10% and 90% point$he mean quality is shown as a blue line.
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4.2.3.2 Raw Sequence Alignment tahe wheat reference genomand variant calling

The exome capture data of parents were anabsedligned t@Chinese SpringCS) Refseqvl.0.
Duringthealignment, the latest alignment and variant calling tools were utilized, particularly
BWA-MEM (bwa-0.7.5) algorithm of BWA software package for aligning the initial raw exome
capture reads to theference genome. Various options of SAM (Sequence Alignment Map) and
BAM (Binary Alignment Map) tools were used for manipulating and analysing the alignment files.
Especially, Asamtools viewod an-d9wversienwereseditos s 0
convert initial SAM files to BAM and to sort obtained BAM 8leor further analyss respectively.

As the indexing of sorted BAM files is required by I@vtegrative Genomics Viewgor any

ot her genome viewer soft waexphoited® hdexaayressrted BAM a mt
files for both parents.

PCR duplicate marking and removal in sorted BAM files was conducted by Ri€dr@ software,
particularly MarkDuplicates option was used.

Software package freebaygs3.1 with standard filtenwas employed to call variants, that are SNPs
and InDels from the alignment. Finally, source programs such as4@aix and bcftootd..8

were used to index a VQWNariant Call Formatfile, containing called variants, and extract

specific columns (suchs chromosome, position, mutations and quality) from it respectively. All
bioinformatics analyss weredone using HPC (High Performance Computing) cluster available for

NBI (Norwich Research Park) scientific community.

Duringthe alignment oéxome captre analysis, two parents were aligned toGRgeference
genomaeat the same time, thusmulti-sampleVCF file containingall possible allelic combinations
was generated.herefore, allele value combinations used to obtammantgmutations are givemi
Table4.4.

Paragon Pamyat.Az

0/0 0/1
0/1 0/0
0/0 11
1/1 0/0
1/1 2/2

Table4.4 Allele value combinations

The table illustrates the most common allele value combinations used for designing new SNP KASP DN eake
0/0 represents the reference, and 1/1 and 2/2 for parents respetiatelozygous mutations are shown as 0/1 and they

were used very rarely in marker design.
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4.2.3.3 The5A QTL variants

The total number of mutations (SNPs, InDels) found were 53243. Out of 53243, 9361 mutations
were pulled out fothe QTL region. After trimming, based on QUAL>=30 and DP=4, only 4118
mutations were left. The number of uniqiRamyat Azievaarriesalternative alleleomparing to
Paragoror vice verspandidentical(Paragon and Pamyati Azieva carry the saltede, but both
different from C$ mutations were 2938nd 1179 respectivelput of 4118, covering entire QTL

region.

4.2.3.4 The 6A QTL variants

The total number of mutations (SNPs, InDels) found were 43493 (this number is the nimber
mutations pulled out for QTL regiaas it covered almost entire chromos¢nadter trimming,

based on QUAL>=30 and DP=4, only 17591 mutations were left from iaB#03.The number of
unique(Pamyat Azieva carries alternative allele comparing to Paragon or vice versa) and identical
(Paragon and Pamyati Azieva carry the same allele, but both different fromuG&ions were

7379and D212respectively out 0f 17591 covering entire QTL region.

5A PH QTL 6A PH QTL
u Total QTL region = Filtered u Total QTL region = Filtered
Unigie m |dentical Unigie = |dentical
53243 4349343493

17591

9361 7379 10212

4118 2939 1779 .

a) b)

Figure 4.7 Number of variations foundn the coding regiorfor 5A PH QTL (a) and 6A PH QTL
(b)

4.2.3.5 Physical mappingof the 5A and 6A PH QTL

4.2.3.5.1 Inner QTL region gene content assessment

The alignment of QTL flanking molecular markers of 5A and 6A PH QTL to wheat reference
sequence (RefSeqv1.0) revehthat 5A QTL is located in the long arm of the 5A wheat
chromosome, spanning the 37 Mb region under which ab¥@gehes are localised. In
comparison, 6A QTL is coverinpe vastchromosomategion of 513 Mb, almost entire

chromosome, and there are63%enes are locatg@igure4.8).
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Figure 4.8 Unmapped 5A and 6A QTL regions

The fgure demonstratansitial QTL regions for 5A and 6A PH QTL in a mapping populatithe positions of some
candidate genes are shown.

4.2.3.5.2 Homoeologous spefic SNP KASP molecular marker development

While saturating the initial QTL regiongith KASP markerswe focussed on SNPsily. KASP
genotyping requiretree markers (two unique ndabelled forward primers with different SNPs at
the 36 end and different tail sequences at
the mutationg§SNPs in our caseJ.hus,231homoeologous specifibNA markers were designed

for 77 SNP KASP markers to genotype RC for 6A PH Jikewise,to genotypeRC of 5A PH

QTL, 123homoeologous specifibNA markers were designed 4l SNP KASP marker§able

4.5 andTable4.6). Althoughthe results of exome capture were used to design all these markers,
some of thentlid not hit protein coding regions. This is dueatwolder version of thevheat

reference genome which was used for the bait de§igme of the markexdid not work ofand

were uninformative.
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Genomic coordinate Target gene FAM VIC Common Informative Function
1 528114084 TraesCS5A02G317100 GGTGGTTCACCATTTGCTCCTTT  GGTGGTTCACCATTTGCTCCTTC  AAGGGACCAAAATAATGCTCATTCGGTA yes
2 528261326 TraesCS5A02G317200 CTGTAATTCATTTTTTTAATGAAG CTGTAATTCATTTTTTTAATGAAA  GCTAACAGAATTGCAGGG yes
3 531236012 TraesCS5A02G453200LGCGTGTGGGCTTAAATGTTGTAT  GCGTGTGGGCTTAAATGTTGTAG TGGTTACATTCTCTACTAC no shoot system morphology tre
4 533554208 TraesCS5A02G320500 GTGTCCTGTTGCTGGCATTGTTT GTGTCCTGTTGCTGGCATTGTTG CATCACGATAGAATGCAAGT yes shoot system morphology tre
5 534253659 TraesCS5A02G321500 GCCAGTGAATGGGCTCCTTCCC  GCCAGTGAATGGGCTCCTTCCA  GTGGTTCTGGGGGAGAGTCAA no
6 535578125 TraesCS5A02G324200 CCATTCTAGAGTGAGGGACAAGA CCATTCTAGAGTGAGGGACAAGC TGGAATTTTCTGGATTAATATCT yes stem internode
7 536773464 TraesCS5A02G326300 CTAAGCTCTAGCTATGCAAAAA CTAAGCTCTAGCTATGCAAAAG ATATCACGGTCTTCAAGCCAC yes plant height
8 537952270 TraesCS5A02G328900 ACCTCGCCTTCTCCTCCTACCT  ACCTCGCCTTCTCCTCCTACCC  CATTGGAAGCTCCCGGAATGG yes coleoptile emergence stagt
9 540052320 TraesCS5A02G330500 CCCAGGCCGCGTGTTCTTACA CCCAGGCCGCGTGTTCTTACG GCAACCGGATAGAAGTAGAGG yes shoot system
10 542384407 CCGAGCGCTCCATCCTCGTCA CCGAGCGCTCCATCCTCGTCG GAAGTGGAGGCTAGGATGTAG no
11 536261749 TraesCS5A02G325600 GCTCACGCTCGCCCCCCCA GCTCACGCTCGCCCCCCCC TGTTGCGGCCTTGCCCGA no
12 536814443 CTCCTTCCAGCGCCCCCTT CTCCTTCCAGCGCCCCCTC GATTTGAATCCTCAAATCA no
13 538350743 TraesCS5A02G329500 ACTCGCACTGTGCTCCGGAGCAT ACTCGCACTGTGCTCCGGAGCAA CTCCTTGTACACCTTCCCTGGCC no root number
14 540369986 TraesCS5A02G331500 CGTACTCACAAAATACTTC CGTACTCACAAAATACTTT ACAAATAGTTTCTGTTTTA no
15 540822721 TraesCS5A02G332400 GCGCCGGCGTGGCGTGGACCTT GCGCCGGCGTGGCGTGGACCTG CTCCTTGCGACGGCGGCCATAG no
16 544154759 TraesCS5A02G334600 CACTTCGGGTTAGCTAATTGTTA  CACTTCGGGTTAGCTAATTGTTG GACAGCAGAGTCGACAAGGTA yes shoot apical meristem
17 544613546 TraesCS5A02G335700 TTGGACCCCTAGAATGTTTCC TTGGACCCCTAGAATGTTTCT CCTAATTTTAATCAGCGTCAG no coleoptile emergence stagt
18 545047977 TraesCS5A02G335900 GGTGGCCATGGCAGCTGGTAT GGTGGCCATGGCAGCTGGTAC GCGCCATGCCACGGAGTACGC no seedling coleoptile
19 546206195 TraesCS5A02G338100 CTCCTTGATCCGTGTGGAC CTCCTTGATCCGTGTGGAT AATTATGCATGTGCTTTTAGA no
20 546239406 TraesCS5A02G338300 CGCCAGCAGCGCCGCCTTCAA  CGCCAGCAGCGCCGCCTTCAG  GCGTACAGGCGCGTGGAGGAG no plant height and coleoptile
21 546704568 TraesCS5A02G339400 TGGAGCGCGCGGTAGCCGCGA TGGAGCGCGCGGTAGCCGCGG CCTCTCCGACCCCGGCTTCGC no stem internode
22 546972873 TraesCS5A02G340300 CCTTCTTTCACTAGTATTGGC CCTTCTTTCACTAGTATTGGT TGTAACTTTCAAGGCACTAAA yes hypocotyl endodermis
23 547344101 TraesCS5A02G341000 CAAGAAACTTGATGACGCATTGT CAAGAAACTTGATGACGCATTGC TCGAGAGGTAAGTGACATGCT no
24 547818913 TGTGTGTTGATGTTTGTTTGCT TGTGTGTTGATGTTTGTTTGCC GATATCCTATCCAAGCCTTCCC no
25 547613987 TraesCS5A02G341800 AAACAGCAAAGCTGAACAAGT AAACAGCAAAGCTGAACAAGC CAAGCAGAGTTTGTATACTTA no
26 548234636 TraesCS5A02G343400 GCATGATGTACACCGCAGACG GCATGATGTACACCGCAGACT GAGGGACCTCCAACCGGGTTC yes stem internode
27 549154332 TraesCS5A02G344600 ACAGTGTAAGATAGTAAGATAAG ACAGTGTAAGATAGTAAGATAAC  CAATTTTCCTGCTCCTATTGCCT no shoot system morphology
28 550645755 TraesCS5A02G347600 CATGGCCAAAATACTTGCTGG CATGGCCAAAATACTTGCTGA GAACAGAAGCATCACCTCCGC yes
29 552515212 TraesCS5A02G349400 TGCCGAGCACATTCAGAGA CTTGCCGAGCACATTCAGAGC AGGGAAGGAGCTGCAGAAGATGAAA yes
30 552602170 CGAAGAACCAACGATGGC CGAAGAACCAACGATGGA TGTCTTCTCGTCGTTGCA yes
31 552777433 TraesCS5A02G489700LATCGTGTTGGAATTATGTGTCC ATCGTGTTGGAATTATGTGTCT TTTGAAAATAGTTGCA no
32 554188721 TraesCS5A02G351600 AACTTGATCTATTTCTAAATTTG AACTTGATCTATTTCTAAATTTT CCACAAGAGTTCTATGAAGTTC no grain number
33 555541006 TraesCS5A02G352700 GATTGGCCATTCATTTGAG GATTGGCCATTCATTTGAT GCTTCTTTGTATTAGATT no
34 555548303 TraesCS5A02G352700 ATCTAAGGAAACCATTGATTGACG ATCTAAGGAAACCATTGATTGACA AGCGCAGTAAGTCCAGACT yes
35 558684533 TraesCS5A02G356300 GCTGCCCAAAGCTTACCTCAGC  GCTGCCCAAAGCTTACCTCAGG  GATCAGAGCTAACTGATCA yes
36 561662630 TraesCS5A02G359900 AGAGAGTAGGGCAGACAG AGAGAGTAGGGCAGACAA AACGACATCACCGCCCTG yes
37 559038834 TraesCS5A02G356800 TGCTCCGGCAGAAGGACACA TGCTCCGGCAGAAGGACACG GGTGAGCGAGGAGGAGCT no
38 559039564 TraesCS5A02G356800 TACATGGCGTCGGCTGTC TACATGGCGTCGGCTGTT AATACGAGGGTTTGGTGG no
39 561662630 TraesCS5A02G359900 CATGAACAACAAGAAAAAAAAAC CATGAACAACAAGAAAAAAAAAA  GTGATACCTGCTTTGCCT yes
40 562991229 TraesCS5A02G361800 TCGCACGGAGCGAGTCATCA TCGCACGGAGCGAGTCATCG TGACCCGGACTTCTCCAA yes
41 565540546 TraesCS5A02G365500 CATCTTAGATAGCTGAAGGC CATCTTAGATAGCTGAAGGT TCCTGACCAAATCAGTCAC yes

Table4.5 KASP SNP markers for 5A QTL

Functional annotation is availatfter some genes only.

109



~ Genomic coordinate Target gene FAM VIC Common Informative Function
1 18705935 TraesCS6A02G037800 ATTCTAAAGTAAACCTTACACAGATGTTGT CTAAAGTAAACCTTACACAGATGTTGC CTAGAGTTAAGCATGTAAGGTTACACAGTT yes

2 21519942 TraesCS6A02G041000 GAAGAAAAGTGATAGTGATA GAAGAAAAGTGATAGTGATG CCCATCGTCAACGTAACT yes

3 22954779 TraesCS6A02G043900 ACCGTTGCCATGGGTGGATCGT ACCGTTGCCATGGGTGGATCGC CTCCGTTGCAATTCTCAG yes

4 22954779 TraesCS6A02G044700 ATGCCGAACCCGCCGCACCCC ATGCCGAACCCGCCGCACCCG TGAAGGCGACGGGGGACTT yes

5 23602641 TraesCS6A02G045800 CCTTTCGCCACTGTTGGCA CCTTTCGCCACTGTTGGCG CGACAAAATGGAACCA no

6 23602809 TraesCS6A02G045800 ATTGCCATGGCTATCATAC ATTGCCATGGCTATCATAG ACAATGGACACAGTGGTG no

7 24458056 ATAGTGTCTCTGATACATT ATAGTGTCTCTGATACATC TCAACCGCCTGCACACAC yes

8 24921964 TraesCS6A02G048900 ATCCACAACCGCAAACACAA ATCCACAACCGCAAACACAG CAATTTCGCAGCAACAAGTA no

9 25697521 TraesCS6A02G050300 GCTGTCAGCGAATAAAAGCGC GCTGTCAGCGAATAAAAGCGG TGAGAACCCATGTTATTGCTG yes

10 25775827 TraesCS6A02G060200LGACCATCAAATTTGAATCT ACCATCAAATTTGAATCG TTAACGCTTTACCAGA no

11 25776587 TraesCS6A02G060200LGEGAAGCATGTCTATTACAA GGAAGCATGTCTATTACAC ACGATAGATTCTTCTTGA no

12 26530636 TraesCS6A02G050800 GAATTGCTGACGCAAAAGT GAATTGCTGACGCAAAAGC TACAAGATCGAGAGCACA yes

13 26565185 TraesCS6A02G050900 GAATTGCAAGAGGGCCAAATC GAATTGCAAGAGGGCCAAATT GAACTTACATGTTCGACT no

14 26735596 TraesCS6A02G051300 CGAAGCAACGACGATGAGGAT GAAGCAACGACGATGAGGAG GCGTACGTGTGGCTCTGTC yes

15 32865132 CGCGAAGCACCGCCCCA CGCGAAGCACCGCCCCT GCGGAGGGTGATATCAG yes

16 44094117 TraesCS6A02G074800 AACTGTCCTGCAATAAGAT AACTGTCCTGCAATAAGAA GGCAGCTGCAGTGCACCAG yes

17 53260463 TraesCS6A02G085200 TAAATACGGTCAAACTTTG TAAATACGGTCAAACTTTC GCACGAACATGTAGAGGGA yes stem internode
18 65066575 TraesCS6A02G097800 GCACCGGACGCACCGGCA CACCGGACGCACCGGCG CATCAGAAGACGCCTAGATGTCCAT yes

19 63783428 TraesCS6A02G096600 TGCTGTCTGCTGTTTCTCCG TGCTGTCTGCTGTTTCTCCA GCTCCCTGAAGCCTGCAG no

20 68128977 TraesCS6A02G100500 GGTGAAGGTAAGCACATATTTTT GGTGAAGGTAAGCACATATTTTC CCTGACAATAGAAGGCCG yes

21 73672142 TraesCS6A02G105000 CATGGAAACTGGTAGGAGAT CATGGAAACTGGTAGGAGAC CCAGTCATTAGGTATATGTG yes

22 73566796 TraesCS6A02G104800 CTCTACTGTGACTACTCTAGCG CTCTACTGTGACTACTCTAGCT TAAAGAAGGGGATGGCACA no

23 79958221 TraesCS6A02G110800 TGACGGCCTCATCCAGGTG TGACGGCCTCATCCAGGTT TTTTCTACCGTAACTACAT yes

24 104413593 TraesCS6A02G132400 CGCGACGAAGAGCGCGATGCC CGCGACGAAGAGCGCGATGCT CCCCGACGTGAGCGCCAAC yes

25 107211012 TraesCS6A02G135600 TGCTCCGTCTTCCTGCATGCG TGCTCCGTCTTCCTGCATGCA CATCTAGTGTACCTTTGAGGT yes shoot system
27 109987873 TraesCS6A02G138600 AGCTACCATGAACTTCGTAGT AGCTACCATGAACTTCGTAGC GCCAAATAGGCGCCCTACCTC yes plant height
28 112593834 CGGCTACCCTGTGCCCCGACG CGGCTACCCTGTGCCCCGACC TCAACTCCTCTGACATCGGCT no

29 115412680 TraesCS6A02G140800 CTAGCGGGTGAGAAGCCGGAC CTAGCGGGTGAGAAGCCGGAG GCGACCGCGGCAACCCGGTAC yes hypocotyl length
30 116706958 TraesCS6A02G141800 GCTGAATATGTCCTGGATATGGAT GCTGAATATGTCCTGGATATGGAG CTCCATCTTCAAGCTACCTGG no stem internode
31 116949974 TraesCS6A02G193500LGECTCCATCATACATTTGGTCCC GCTCCATCATACATTTGGTCCT ACCGAAAAATGGATAGATGACCC yes

32 117713598 GCAAGCCCCGGATGCGACGAG GCAAGCCCCGGATGCGACGAC GCGATCCAGCAGAGCATGTCG yes

33 118181303 GCGTCTCTGACTTGGGCACCG GCGTCTCTGACTTGGGCACCT TACAGTTGTGGTGGACCTTGG yes

34 119186730 GCGAAATGAAAGCTTGAAGCA GCGAAATGAAAGCTTGAAGCG GCTTGCCTAGCATCTGCCCGA no

35 120275935 AATATGAATTCATAGATCAAC AATATGAATTCATAGATCAAT ATTTCAATGCAACCCATGTCA yes

36 117412598 TraesCS6A02G142600 TATGAGCGCGTTGAAGTAAGT TATGAGCGCGTTGAAGTAAGC CAGCTTGCAGTTGCGTCCGCA no

37 117412598 TraesCS6A02G142600 TATGAGCGCGTTGAAGTAAGT TATGAGCGCGTTGAAGTAAGC CCTCCCTCTCTATTGTCAGCG no

38 121616502 TraesCS6A02G143900 CCCCACCCCCTCCTCCGACCG CCCCACCCCCTCCTCCGACCC TTCGCCATTGCCAACGACCAG no

39 121885552 TraesCS6A02G144700 GTGCATAATTATTGATCTGCAATGA GTGCATAATTATTGATCTGCAATGG GTTTTAATTTATCTCTTGCGAACCG yes

40 124715996 TraesCS6A02G146200 CGTGTGCAATGTGTTGTTATGG CGTGTGCAATGTGTTGTTATGC GCCTGCCCAGTGGTTGTG yes

41 125496419 TraesCS6A02G146500 CGACAGCGGCAACCTCAAT CGACAGCGGCAACCTCAAC GTACGCGTCCGGTATCTCC yes

continued on next page
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continued from previous page

Genomic coordinate Target gene FAM VIC Common Informative Function
42 127779586 CGGTGAGGCAGGTTAGCA CGGTGAGGCAGGTTAGCG GCCCAGATCCCGTTACCG yes
43 129340989 TraesCS6A02G148200 TGCGCAGACGCCGCCGCCGCT TGCGCAGACGCCGCCGCCGCC GGTCGTGGCACTCCTGGCCTC no shoot system
44 131444641 TraesCS6A02G149400 GAGAAGAGGAGCAGAGCTGAG GAGAAGAGGAGCAGAGCTGAA AGGTGATCTTGAGCAGAGTTG yes stem internode
45 132411901 ACGAGGAGCTCAGCCGCATCG ACGAGGAGCTCAGCCGCATCA TGGGCTCCACGGCGGCGTCCA no
46 132412042 TACCATTGTGATTCACATGTC TACCATTGTGATTCACATGTA AATACACTGTAGAGTAATTTG no
a7 132412346 TATAGTGCTAAAACTCGTACA TATAGTGCTAAAACTCGTACG AGTAATCAAATTTATGCATCA yes
48 134683037 TraesCS6A02G150700 CGACGACAACCGCGTCGGCCC CGACGACAACCGCGTCGGCCA TTTGTTTTGGTACGTATAATC no
49 134683626 TCGCCGTCCCGCCCTTCCCTC TCGCCGTCCCGCCCTTCCCTT ACACGGCGGTGGGGAGAGGTA yes
50 135067509 TraesCS6A02G151000 AGGTAACACCAGCACACTGCA AGGTAACACCAGCACACTGCG TGGACTTGGACACTTCGACGA yes
51 137977057 CAAGCTTCAAACGACTCCGA CAAGCTTCAAACGACTCCGG GAAGCTTGCAATGGAGCGAC yes
52 142784074 TraesCS6A02G154100 CCTGTTTCTGATCTCAGTCAATATG CCTGTTTCTGATCTCAGTCAATATA GTGGATATTGCAAAGGTCAGC yes
53 144524574 TraesCS6A02G155700 GGTCGTTTCAACAAACAGCTG GGTCGTTTCAACAAACAGCTC GTGCTCGTCCCTTCTATCCTA yes
54 146445114 TCCCTCTGTTCCCAAATACGA TCCCTCTGTTCCCAAATACGG CCTCTACGCCCACTTCACTC no
55 146744128 CGGTTCAGGGTACAGTGTAGAG CGGTTCAGGGTACAGTGTAGAC CAAATTTTCAGATCCACCGCT no
56 146743603 TraesCS6A02G222100LOCCCTTGGCATTGCATACAA TCCCTTGGCATTGCATACAG GACATTCAGGATCTCCCCTTG yes
57 148248467 TraesCS6A02G158100 CAGCTCGTGAAGACGATTAAC CAGCTCGTGAAGACGATTAAT CCGTCTGCTGCAGCAACAACA yes
58 148530677 TraesCS6A02G158200 ACCTTTGGAAAGTTTGTCACTACT ACCTTTGGAAAGTTTGTCACTACC CCAGTCAACCTGTTGCAGTTG yes
59 150395091 CGTGGCAGGAGGAAGAATAAAT CGTGGCAGGAGGAAGAATAAAC GGATGCCTACGCCACTGC yes
60 153351294 TraesCS6A02G160100 CTCTTTACATTTGGCAGTGAC CTCTTTACATTTGGCAGTGAT AATGCTATGTTCTGTCAATTC yes shoot system
61 176574357 TraesCS6A02G169100 CGTGCGGTCCCGCCGCTACGC CGTGCGGTCCCGCCGCTACGT ACGCCGTCGTCTGCCAGGAGC yes shoot system
62 201107376 TraesCS6A02G179000 TCCCTCTTCACCAGAGGCGTT TCCCTCTTCACCAGAGGCGTC GGTACTCACAGGCCGCGGGC yes Auxins promote stem elongatic
63 201107376 TraesCS6A02G179000 TCCCTCTTCACCAGAGGCGTC TCCCTCTTCACCAGAGGCGTG GGTACTCACAGGCCGCGGGC no Auxins promote stem elongatic
64 215528325 TraesCS6A02G184500 GCATCCTCTACCACCTCCTCC GCATCCTCTACCACCTCCTCT CGCTCCGGTGGAAGCCGAGGC no shoot system
65 224281364 TraesCS6A02G187700 TAATTAAGCTTCACCTTGATG TAATTAAGCTTCACCTTGATA TCCTCTGTAGGTACGTGATCA yes shoot apical meristem
66 250202610 TraesCS6A02G190100 CCTACCTCCCTGCAACCGAGC CCTACCTCCCTGCAACCGAGT TTTGGCCTCTCTAAGCCCTAA yes
67 258373792 TraesCS6A02G191400 GCATCCTCTACCACCTCCTCC GCATCCTCTACCACCTCCTCT CGCTCCGGTGGAAGCCGAGGC no shoot system morphology trai
68 277274586 TraesCS6A02G195100 CGAAGGCTGGTAATCTTTGAG CGAAGGCTGGTAATCTTTGAA TAAACGAGGTGTGGTGTAGTC yes shoot system morphology trai
69 299335643 TraesCS6A02G197800 CAACAAATTTGCTGTCAGCGC CAACAAATTTGCTGTCAGCGT GTTATCAGGAGAAGCTTTATA yes stem internode
70 402952170 TraesCS6A02G218100 CTCAACACGGAAAATAAG CTCAACACGGAAAATAAA TTGCGAACACACTTGAAAA yes coleoptile emergence stage
71 410244708 TraesCS6A02G383400LACGCCGTGGTGGGAAGCCAG CGCCGTGGTGGGAAGCCAT ACGACGACAGTGATATCGT yes plant height
72 420412399 TraesCS6A02G223700 GTGGGCACTTTTTGATCAG GTGGGCACTTTTTGATCAC CTATCTCCAGGTGCTCCTCACT yes hypocotyl length
73 426315033 TraesCS6A02G226500 TGAATGGCCATGGCAGAGGAT TGAATGGCCATGGCAGAGGAC GTGCGTACCTTGAAGTTGCCC yes stem internode
74 429227551 GTTCGAATTACCAAAAATAT GTTCGAATTACCAAAAATAA TCATGGAACAGATCCTGCG yes
75 441431948 TraesCS6A02G233300 TGCTGTTGGAAGGTTCAGAT TGCTGTTGGAAGGTTCAGAG ACCATATATAGACAGCTTAT no shoot apical meristem
76 495254850 TraesCS6A02G268600 TTCCTTGCTCTTTTCCTTT TTCCTTGCTCTTTTCCTTG TACAGATTATAAAGAGTTT no
77 531522332 TraesCS6A02G298200 TCGAGAACGCATCATGCACAC CTTCGAGAACGCATCATGCACAT CGCGATGATCCAGGAGAGGAATTTT yes

Table4.6 KASP SNP markers for 6A QTL

Functional annotation is available for some genes only.
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4.2.3.5.3 Geneticmapping ofthe 5A and 6A PH QTL

In the sectiort.1 of chapter 4ve mentioned abouhe development of homozygous recombinants
belongingto several recombinant classes @rfor 5A and 6APH QTL. Moreoverwe provided

height data on tse recombinants in controlled and vwamtrolled environmentwith

comprehensive experimental design and appropriate statistical analysis used to describdrthe data.
the previous section of thchapterwe have given details of KASP marker developmiete,we
combinedthe obtained genetic and phenotypic data to map the 5A PH QTL.

Overall, 5A PH QTL recombinants were genotyped udihNP KASP markers some of which
were not informativeFigure4.4 ashowed a significant relationsh@ymongglasshouse and field
height data on recombinardkhough the variatiobetween the R@as smaller inhefield
compared tan the glasshous@igure4.5a). Using these data, we mappthe 5A PH QTL to a
physicalinterval of ~18.8Vib, from initial 37Mh, between 5281 546.9Mb based on CS reference
genomgTable4.7 andFigure4.9).

RC-01 RC-02 RC-03 RC-04 RC-05 RC-06 RC-07 RC-08

RC-01

- 0.97 1.00 0.47 0.39 0.06 0.00 0.01
RC-02 1.00

- 1.00 1.00 1.00 0.97 0.01 0.10
RC-03 0.47 0.37 - 1.00 1.00 0.44 0.00 0.04
RC-04 1.00 0.12 0.00 - 1.00 1.00 0.12 0.97
RC-05 1.00 1.00 0.06 1.00 - 1.00 1.00 1.00

RC-06 0.24 0.00 0.00 1.00 1.00 0.74 1.00

RC-07 0.40 0.01 0.00 1.00 1.00 1.00 - 1.00
RC-08 0.07 0.00 0.00 1.00 1.00 1.00 1.00 -

Table4.7 P1 values from the pirwise comparisons between BR@r 5A QTL in glasshouse
(upper triangle) and field (lower triangle) conditions

In comparison, the total numberagsigned SNP KASP markers fgenotyping of thé&A PH
QTL recombinants weré7, 25 of which did not stw polymorphism.As in 5A recombinants, the
dataobtainedn the glasshouse were strongigrrelated with the data collected in the field
howeverthe variation in plant heightag consisterih 6A comparedo 5A recombinantgFigure
4.5b). The combination of genetic and phenotypic data on 6A recombinants thus alisteed
conductmedium resolutiomapping locating the 6A QTinto ~28Mb physical locatiorirom the
initial 513Mbregion which spanned almdsie entire chromosomelhe mappedegioncovered
theinterval betweeri20.27 148.2Mb on 6A chromosome of th€hinese SpringTable4.8 and
Figure4.10).
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RC-01
RC-02
RC-03
RC-04
RC-05
RC-06
RC-07
RC-08
RC-09
RC-10
RC-11
RC-12

RC-01 RC-02 RC-03 RC-04 RC-05 RC-06 RC-07 RC-08 RC-09 RC-10 RC-11 RC-12

0.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.00
0.00

1.00
0.02
0.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.00
0.00

0.01
0.17
0.56
0.31
0.10
0.15
0.60
1.00
1.00
0.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.61
1.00
0.00
0.04

0.12
1.00
1.00
1.00
1.00
1.00
1.00
0.33
1.00
0.00
0.00

0.22
1.00
1.00
1.00
1.00
1.00
1.00
0.47
1.00
0.00
0.00

0.01
0.22
0.67
1.00
1.00
1.00
1.00
1.00
1.00
0.00
0.01

0.12
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.00
0.54

1.00
1.00
0.53
0.00
0.94
0.03
0.05
0.00
0.03
1.00

0.00

0.00
0.02
0.05
1.00
1.00
1.00
0.83
1.00
1.00
1.00
0.00

Table4.8 P1 valuesfrom the mirwise comparisons between Rr 6A QTL in glasshouse

(upper triangle) and field (lower triangle) conditits
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4.2.4 WGS outcomes to discovemapped regions

4.2.4.1 Quality control and variant calling

As the parents were sequenedth modern wheavarieties representing the wogdenetic
diversityandhistoricWa t k icallectioslandracestheQC andSNPcalling were carried out by
partnersDespitethiswe have alsonade he alignment and called thariants the results of
partners were used for further mapping processtweasriant calling itargepopulations
provides an extra powéor the exotic variants to be discovertt thus increases the confidence

on discoveed variants/mutations

In general, the alignment of parents to Chinese Spring reference genome revealed that Pamyati
Azieva possess more than twice as many differential expressed mutations as Paragon based on th

size of VCF files obtained asresult of the alignment.

4.2.4.2 Further discovery of the 5Aand 6A QTL mapped interval

To squeeze the mapped 8Ad 6AQTL intervak we took advantage of data from WG3cerall,
61503 SNPs were foundor the region of interest (528546.9Mb) within the5A QTL region
between Pagati Azievaand Paagonbased on reference sequence of Chinese Spmicgntrast
to 5A QTL,the6A QTL mapped interval comprised 7636IPs only althoughthe region was

wider.

The 61503 and 7676&ariants for 5A and 6A respectivetypvered coding, nenoding and
regulatory regionas opposed to only coding regions in exome capiore of the found variants
were used for the marker desigdme to lack of recombination events viiitlhe regions ofriterest.
Thus, the datavereused forwvisualisingthe mapped genomic intervals di if there are some

interesting insertions and deletions.

4.2.5 The functional annotation of genesfor mapped intervalsand shrinking the 5A and 6A
QTL into smaller interval
The 5A PH QTL was mapped to physical distance &8Mb on the long arm of wheat 5A
chromosome. The region is located between’b2846.9Mb on the CS genome and in total
contains 168 genes amowtyich the numbeof height related genes 24. These heighissociated
genesarelocalisedbetween 522 7 5405Mb thereby allowing us to squeeze the mapped interval
into 125Mb region.The list of genes for the 5A QTL mapped interval incthidAAl - Indole-3-
acetic acigd FLS2- Flagellinsensing 2DAW1- DUO1-activated WD40 1AXR1- NEDDS&-
activating enzyme E1 regulatory subunit AXFSHI- Short internodesRLCK185- Receptoilike
cytoplasmic kinase 18&AUT1 (TaGT) Galacturonosyltransferase and the wheat ortholog is
TaGT, SGR- Staygreen/shoot gravitropis®PRR5- Arabidopsis pseudtesponseegulators
ODO1- Odorantl PAP14- Probable plastidipid-associated protein {4hloroplastic) RLCK176
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- Receptoilike cytoplasmic kinase 178AE3- Pectinacetylesterase, 2tGH9B5-Endoglucanase
B class ER2i ERECTA SRKG6- Serine protein kinase receptbtDG6 - Homeodomain glabrous6
GLC1- Glucan enddl,3-betaglucosidaseNORK- Nodulation receptor kinasdSK3 (TaSKP)
Shaggyrelated protein kinase gama and wheat orthologueTaSKR MSI1- Multicopy
suppressor of iradndTRAB1- bZIP transcription factofTable4.9).

The 6A PH QTL was mapped to physical distance of ~28Mb on the long arm of wheat 6A
chromosome. The region is located between 12048.2Mb on the CS genome and in total
contains 109 gaess among which the number of height related genes iBh23ist of genes for the
5A QTL mapped interval include®PS1- Sucrosephosphate synthase 3RSE Small and round
seed]1PAP9- purple acid phosphataseAMYB48- MYB -Related Transcription Faar, HOS58-
Homeobox protein knottett-like 2 of Orysa SativgRice)) RLCK185- Receptoilike cytoplasmic
kinase 185RR24- response regulat@4, WRKY18 WRKY transcription factor 18CCR1-
Cinnamoyl CoA reductas®UB1- ubiquitin-like protein related to ubiquitiHHP2 - Heptahelical
transmembrane protein PULP4- tubby-like proteing CER3- eceriferum3GHD7 - Grain
number plant height and heading dat&F1- Apetalal 4CL1- 4-coumarate CoA ligase 1JUVR8
- Ultraviolet-B receptor UVR8SRF1- Strubbeligreceptor family 1ERF8- Ethylene response
factor § TULP4- Tubby-like proteing BZIP9- Basic leucine zipper,PRK1- Pollen receptor like
kinase landAPL - Altered phloem developme(ifable4.10)

Further, height related genes, with corresponding articles, were pulled out based on the information
available in databaskooking at each of these height related genes individimilgoth QTL

mapped intervalsve found that most of them are multitrait genes contributing to important
adaptation and yield related traits such lasitpgrowthanddevelopmen{PGD), plant height (PH),

quality (QL), disease resistan¢PR), gay greenSG), Yield (YD), drought tolerance (DT), abiotic
stress tolerance (AST)hioroplast protein degradatig@PD), enhan@dbiomass yieldEBY),
nodulation(NDL), flowering time (FT), slf-incompatibility (Sl), cold tolerancgCT), slow growth

(SLG), plant architecire (PA) regulators of floral fragrandd&RFF)andSalinity toleranc€ST)

(Table4.9 andTable4.10).

Moreover the databases showed thzd genes provided abokave widerange of matcular
functionssuch a$rotein Binding(PB), DNA Binding (DB), Damaged DNA BindingDDB),
miRNA Binding (mRB), DNA Binding Transcription FactdiDBTF), Protein Binding
Transcription FactofPBTH, miRNA Binding Transcription FactdmRBTR), Auxin Receptor
Activity (ARA), Auxin Binding(AB), Auxin ResistanfAR), Auxin Efflux Transmembrane
(AET), ATP Binding(ATPB), Protein kinase activitfPKA), Protein serine kinase activity
(PSKA), Protein threonine kinase activifip THKA), Proteintyrosine kinase activitfPTYKA),
Transcription cigegulatory region bindinfCRRB), Iron-sulfur Cluster BindindISCB),
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Accession Gene ID Chr Start Score Expressed organ Mol.Function Trait Source
TRAESCS5A02G31720( IAA1 5A 528260775 15.48 RAM, SAM DBTF, PBTF, mRBTF, ARA PH, PGD CS Timpte, et al., 1992, Planta
LC Strader, et al., 2002, BMC
B Singla, et al., 2006, J Exp Bot
TRAESCS5A02G317700 FLS2 5A 528558253 4.65 AN PSKA, PTHKA, PTYKA, ATPB, PB PH, DR S Sarowatr, et al., 2019, Mol Plant Pathol
TRAESCS5A02G31850( AXR1 5A 529088921 21.98 Int2, SP, SPK, AR, AET, DB, mRB, PB PH C Lincoln, et al., 1990, Plant Cell
GR, SAM, RAM AS Kndler, et al., 2010, J Exp Bot
TRAESCS5A02G319200 SHI 5A 530301334 14.41 EM, SPK, AN TCRRB PH H Litken et al., 2010, Plant Biotechnol J
TRAESCS5A02G31940( RLCK185 5A 531082002 2.36 RT PKA, PHA PH, DR D Couto and C Zipfel, 2016, Nat Rev Immunol
D Li, et al., 2009, Plant Bio J
TRAESCS5A02G31980( GAUT1 (TaGT) 5A 533020331 16.43 GR, SP, STG, OVR, Int GLCA PH, QL, PGD TK Peliny, et al., 2012, Plant Physiol
Ch Wang, et al., 2019, BMC Genomics
TRAESCS5A02G319900 SGR 5A 533071317 2.71 ANT, FL ISCB, CB SG, SLG, PA AN Farhood, et al., 2020, Sys Rev Pharm
TRAESCS5A02G32030( APRR5 5A 533290702 18.83 Int2, FLB SSDB, TCRRB PH, YD, FT S Fowler, et al., 1999, EMBO J
H Gao, et al., 2014, Proc Natl Acad SciU S A
H Sun, et al., 2020, Front Plant Sci
TRAESCS5A02G320500 ODO1 5A 533553547 4.87 PDC TCRRB, SSDB RFF, PA MP Fenske, et al, 2015, Proc Natl Acad Sci U S
TRAESCS5A02G32120( PAP14 5A 53410749¢ 9.78 RT, FLS, Int2 APA, PPB DT, PGD, CPD S Frank, et al., 2019, J Exp Bot
Y Jiang, et al., 2020, PeerJ
TRAESCS5A02G32230( RLCK176 5A 534816681 2.36 LM, GL, AN PHA, PSKA PH, DR D Couto and C Zipfel, 2016, Nat Rev Immunol
D Li, et al., 2009, Plant Bio J
Y Ao, et al., 2014, Plant J
TRAESCS5A02G32240( PAE3 5A 53498640C 2.61 STG, OVR TMRP, PKA PH, DR, AST A Souza, et al., 2014, Planta
F Philippe, et al., 2017, BMC Genomics
TRAESCS5A02G32270( AtGHO9B5 5A 535136781 10.76 PDC CLA, CHB PH, EBY M Glass, et al., 2015, J Integr Plant Biol
Y Wang, et al., 2016, Biotechnol Adv
TRAESCS5A02G32380( ER2 5A 53551978C 4.65 ANT IPB, TMRP PH, YD, DT J Zheng, et al, 2015, PLoS One
M Kulkarni, et al., 2017, Front Chem
TA Yasir, et al, 2018, Biol Plant
TRAESCS5A02G32390( SRK6 5A 53552823¢ 7.01 FLS IPB, TMRP PH, SI SJ Hiscock, 2002, Genome Biol
D Li, et al., 2009, Plant Bio J
TRAESCS5A02G329600 GLC1 5A 538581665 9.78 ANT GLC DR RN Pudake, et al., 2009, Acta Agron Sin
TRAESCS5A02G33020( HDG6 5A 539504334 21.98 STG, OVR, GR DBTF, SSDB PH, FT W Chew, et al., 2013, Int J Mol Sci
HB Patil, et al., 2018, Tree Physiol
TRAESCS5A02G330500 NORK 5A 540050948 2.36 FLS, FLB PSKA, SB NDL G Endre, 2002., 2002, Nature
TRAESCS5A02G33130( ASK3 (TaSKP) 5A 540364015 19.85 STG, OVR, AN ARA, AB, CFPB PGD, AST MJ Hong, et al., 2013, Mol Biol Rep
G Ameen, 2019, PhD thesis
TRAESCS5A02G331900 MSI1 5A 540395209 2.35 SAM, SAX DDB, RB PGD J Rodrigues, et al., 2009, Sex Plant Reprod
TRAESCS5A02G33200( TRAB1 5A 540593912 12.93 SAM, SAX TCRRB, DBTF, SSDB PH, AST, CT T Hobo, et al, 1999, Proc Natl Acad SciU S A

W Zong, et al., 2016, Plant Physiol

Table4.9 The functional annotation of genes for the 5@TL mapped interval
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Accession Gene ID  Chr Start Score Expressed organ Mol.Function Trait Source
TRAESCS6A02G14480 SPS1 (TaSPS. 6A 121919225 4.71 SAM, GR, PDC SSA PH, PGD, YD CK Castleden, et al., 2004, Plant Physiol
K Ishimaru, et al., 2003, Planta
TRAESCS6A02G145000 SRS1 6A 122679378 4.87 EM, STG, OVR PH, GRS F Shang, et al., 2020, Agronomy
TRAESCS6A02G145200 PAP9 6A 123446047 15.15 RAM PB PGD X Zhu, et ak., 2019, J. Plant Biol.
TRAESCS6A02G145400 AtMYB438 6A 123521873 9.78 PDC DT, ST H Xiong, et al., 2014, PLoS One
TRAESCS6A02G145500 HOS58 6A 123536071 7.5 LF PH, PGD M Sheng, et al., 2002, Plant J.
TRAESCS6A02G145700 RLCK185 6A 124265146 2.36 PDC PKA, PHA PH, DR D Couto and C Zipfel, 2016, Nat Rev Immunol
D Lij, et al., 2009, Plant Bio J
TRAESCS6A02G146200 RR24 6A 124714684 2.92 RT, SAM DB, TCRRB PH JM Worthen, et al., 2019, Development
TRAESCS6A02G146900 WRKY18 6A 126344720 9.86 LM NA DT, ST I Ahmad, et al., 2019, Biol. Plant.
TRAESCS6A02G14730 CCR1 6A 127189408 2.59 FLB PH, PGD R Ren, et al., 2022, pre-print, under-review in Bv
T Goujon, et al., 2003, Planta
TRAESCS6A02G14750 RUB1 6A 127604722 21.17 SAM mRB, DB, UBT PH, DR AW Woodward, et al., 2007, Plant Physiol
Y Yang, et al., 2017, Plant Cell Rep.
TRAESCS6A02G149300 HHP2 6A 131230859 4.87 SPK SRA PGD, CT HG Lee and PJ Seo, 2015, Plant J.
TRAESCS6A02G149400 TULP4 6A 131443174 4.87 SAM DBTF AST Mwang, et al., 2018, Gene.
TRAESCS6A02G150000 CER3 6A 133755943 4.36 LF, CLP, SPK OXA PH, DT H Kim et al., 2019, The Plant Cell
TRAESCS6A02G150900 GHD7 6A 134947729 16.26 GL, FL DBTF PH, YD, FT W Xue, et al., 2008. Nat. Genet.
TRAESCS6A02G151400 AP1 6A 135433120 4.87 PDC, FLS PH,FT, PDC Hyu, et al., 2020, Sci. Hortic
TRAESCS6A02G151700 4CL1 6A 135557573 2.52 PDC PH, PGD Jyang, et al., 2011, Plant Physiol. Biochem.
TRAESCS6A02G153100 UVRS8 6A 139127657 2.27 SAM PKA, PB, IPB PGD C Shiand H Liu, 2021, Plant Physiol
TRAESCS6A02G153600 SRF1 6A 141358991 9.89 RT, STG, OVR, GR PKA, PSKA PH, PGD D Chevalier, et al., 2005, PNAS
TRAESCS6A02G153700 ERF8 6A 141851251 4.87 LM, GL PGD, AST, DR M Dubois, et al., 2018, Trends Plant Sci.
TRAESCS6A02G154100 TULP4 6A 142780132 9.78 ANT DB AST Mwang, et al., 2018, Gene.
TRAESCS6A02G15460 BZIP9 6A 143376818 4.87 PDC, ANT, SAX PH, AST, CT, D1 P Das, et al.,, 2019, Rice (N Y)
P Agarwal, et al., 2019, Sci Rep
H Wang, et al., 2022, Front Plant Sci
TRAESCS6A02G154900 PRK1 6A 143697737 2.36 ANT PKA, PB PGD, DR SH Shiu and AB Bleecker, 2001, Sci STKE
TRAESCS6A02G15540 APL 6A 144247225 20.39 RT DBTF PH M Bonke, et al., 2003, Nature

Y Zhang, et al., 2017, PLoS One

Table4.10 The functional annotation of genes for th@A QTL mappednterval
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Chlorophyll Binding(CB), Sequencespecific DNA Binding(SSDB), ProteinHomodimerization
Activity (PHA), Transmembrane Receptor Prot€liMRP), Identical Protein BindinglPB),
Glucan endel,3-betaD-glucosidase activityGLC), Steroid Binding(SB), Cullin family protein
binding (CFPB), Ribosome BindingRB), Cellulase activif (CLA), Carbohydrate BindingCHB),
Acid Phosphatase ActivitfAPA), Pyridoxal Phosphate Bindi(@PB), Glycosyltransferase
Activity (GLCA), Ubiquitin-protein Transferas@JBT), Signaling Receptor ActivitySRA),
Oxidoreductase ActivitfOXA), Protein Kinase ActivityfPKA) andSucrose Synthase Activity
(SSA) (Table4.9 andTable4.10).

We also were able to pull out the informatamoutthe expressed orgamd genesThese expected
gene expression orgaskouldprovide avaluableclue for future studiet filter outthe most
suitablecandidategene/do conduchigher resolution mappings there werplant organs such as
Root apical meristeifRAM), Shoot apical meristefSAM), Shoot Axis(SAX), Awns (AN), -
Embryo(EM), Spike- (SP, Spikelet SPK), Grain(GR), Stigma(STG), Ovary(OVR), Anther
(ANT), Flagleaf(FL), Flag leaf blad€FLB), Flag leaf sheatfFLS), Pedunclg§PDC), Roots(RT),
Lemma(LM), Glumes(GL), Endospern{ESB, LeavesLF), Coleoptile(CLP) andGrain shape
(GRS that we couldocusandselectivelytarget(Table4.9 andTable4.10).

4.3 Discussion

4.3.1 Defining the mapped intervals

Creation and identification of new recombinant events within a genomic region of interest are
essential prerequisitésr the QTL fine mapping in a mamased cloning. In this respect, we
generated homozygous recombinants for 5A and 6A plant height regukati. Identified
recombinantgor both PH QTLwere assigned to several recombinant classdsexamined in the
glasshouse and fiel@he pant height profileof theseRCs obtained fronglasshouséollowed the
field PH dataprofile closely(Figure4.9 andFigure4.10).

However thevariation in PHof 5A RCs wascompresedin the fieldleaving some pairwise
comparisondetween tall and short R®eing nonrsignificant althoughelative height difference
wasobservedEven ifwe mappednostof the contributindheight effect within an interval of
5281Mb 1 546.9MDb, it is likely thatother half of the QTL region also asihlue to the height
guantitatively based on Pidataof RG-057 RC-08,when the mapped intervabssesseisll
alleles Comparatvely, when the mapped interval is fixed to Paradba other half of the QT
region has less or no influence on Rigarding height profile of RO17 RC-03. A clear example
is provided by R&)3 and R@4. The RG03 was shortest in the glasshouse as well as field.
Regardless of the large estimated difference between the mahesetwo RE the statistical
significance in the glasshousasdebunked, but it was retrieved in the field due to increased

sample siz€Table4.7).
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As opposite to RCs of 5A QTL, th&A QTL RCs were muchoreinformativeand stable
displaying almost the same height profilross th&kCsin the glasshouse and figldigure4.10).

This was extremely useful to map the Qifloreprecisely

4.3.2 Predicting the potential candidate genes

The functional gene analysisnductedetrievedPH related genes for bo@TL mappedyenomic
intervals. Thefurther investigions ofeach genaimed atfinding the most suitable candidates
among these gends. this respect, wenvestigated important characteristics of each gect as
molecular function, expressedgan and other traits the geisassociated withbesides PHusing
wheatgene expression atlasdevidencesupported gene discovery togWinter et al., 2007;
RamirezGonzélez et al., 2018; Hassd®ak et al., 2021 However,the expression pattern is

provided for some genes only.

The functional gene analysis identified 21 candidate genes for the 5A QTL mapped genomic
interval. The search for the mofitely candidate gersmmamongthese lists of genagssulted in the
identification ofeightgenesout of 21 IAA1, AXRL, SHI, RLCK185 GAUT], APRR5HDG6and
TRAB1 Surprisingly these genes also possessed the highest stbitig the traitwith the
exception oRLCK185(Table4.9). Despite this factRLCK from subfamily VII(PATTERN-
TRIGGERED IMMUNITY COMPROMISED RECEPTORIKE CYTOPLASMIC KINASE 1
(PCRKY) mediates BAK1dependen{BRI1-ASSOCIATED RECEPTOR KINASE &lso known
as SOMATIC EMBRYOGENESIS RECEPTOR KINASE 3 (SERKBJ'| (PRRtriggered
immunity or PAMRtriggered immunity) responseandRLCK185is themember of the ricRLCK
family VII (Sreekanta et al., 2015; Couto and Zipfel, 206jurn,OsBAK1gene which is the
closest relative oAtBAK1, was use@s a molecular tool to innpve rice architecture for high yield
(Li et al., 2009) Overexpression ddsBAK1(intracellular, not extracellul@dsBAK2 shortened

PH (similar to the rice BRnsensitive mutant plantand altereatell length of the internod2 and-
3. Moreover,OsBAKlexpressiorchanged important agricultural traitsrafe such as grain
morphologi@l featuresresistanceao diseasandleaf erectneswhere the latter isegulated by
brassinosteroids (BRgartially in Oryzasativa (Li et al., 2009) The @ect led phenotypevas
something wanoticedin NIL5A(+) whenthey were sowiin the UK but the trait was nattable
across the year§hedevelopment of leaf architectuneArabidopsis thalianavas demonstrated to
be controlled bfERECTAwhich encodes a recepttike kinase and is proposed as a candidate for
determining transpiration efficiency of plarfddasle et al., 2005)nterestingly, thenapped

interval also containeER2(ERECTA) which might have contributetb thealtered leaf angle in
NIL5A(+). The wheat ortholog§aER1andTaER2 were mainly demonstrated to impraveinly
drought tolerancéDT) and yield(Zheng et al., 2015; Kulkarni et al., 2017; Yasir et al., 208)
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addition, he HDG6 alsoimproved DT, but delayed th#lowering which in turn increased PH
(Chew et al., 2013; Patil et al., 2017)

BesidesRLCK185 threegenes]AAL AXR1 andTRABI] arealsoinduced by oinvolved in the
regulatiors of well-known plantphytohormones such asixin (AUX) andabscisic acid (ABA)
respectivelywhich playa crucial role incontrollingmany plant growth and developmalaspects
including plant heighfHobo et al., 1999; Singla et al., 2008) addition,the IAAlis found to be
highly expresseth SAM/RAM andAXR1in the internode (Figure4.11), aswell asAPRR5

Considering thatheyield gainin NIL5A(+) wasmainly due toincreasedermination rate, there is
a specibgene, TRAB1 abZIP transcriptionfactor, whichinteracts withVvP1and mediate8BA -
induced transcriptianTheVP1in turn conferredmaturation and dormancy in plant seeds by
activating genes responsive to the stress hormone abscisi¢tAd® et al., 1999)A bZIP
transcriptionfactorenhanced DThroughtheregulation of ABAsignallingin riceandit was found
thatespeciallyOsbZIP23TF positively regulate OsPP2C49he overexpression of whighcreased
PH significantly relative to wild typ&Zong et al., 2016Here, we can see thaZIPs arekey
players in ABA signalling pathwagnd ABA, through the interaction @&ftbZIP39/ABI5 blocked
seed germination and early seedling developrfiakioby et al., 2002)
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Despite that fact thatehfiltered 23genes, fothe 6A QTL, conferrecthe alteration iPH, there
weresome genes whiamostlywereinvolved in directregulation of plant heighTherefore, we
selectedhosenine genes as promising candidates toesearchedfirst in future studiesThe list
includedRLCK185, RR24CCR1, RUB1 (TaRUB1EHD7, AP1ACLL,BZIP9andAPL
Importantly,as in the 5A QTL mapped intervalyo genesRLCK185andBZIP9 (bZIP
transcriptiorfactor), were also found to be controllitgightin the 6AQTL mapped regiofLi et
al., 2009; Couto and Zipfel, 2016; Agarwal et al., 2019; Das et al., 2019; Wang et al. 2022)
addition, the accessisnelated 8 RLCK185andBZIP9in wheatwerehighly expressed ithe PDC
(Winter et al., 2007; Ramire@onzalez et al., 2018Figure4.12). This supportive evidence
automatically puts tree genesn the top of the list to betudiedas the effect of 6A PH QTL was
conditioned tpeduncle lengthThe next candidategPland4CL1, are also attractive as thake
intenselysynthesised in theD®C. RegardingAP1, two genesMiAP1-1 andMiAP1-2, were cloned
in mango Mangifera indica L) thelatter of which reduce®H of transgenidrabidopsis(Yu et
al., 2020a) The secondjene 4CL1, wasinvolved in the regulation aftem growth(Yang et al.,
2011) TheRR24(RRsare TF anglay significantrole in cytokinin signalling in riceandRUB1
(also defines DRboth reduced plant heigbitvoodward et al., 2007; Yang et al., 2017; Worthen et
al., 2019) Thenextpromising candidate gesegsHD7 andAPL which encade CCT domain protein
and MYB TF, respectivelyhad major influence oRH and both enhanaogeld potentialin rice
(Bonke et al., 2003; Xue et al., 2008; Zhang et al., 20TH® last cadidate, CCR1, mediated the
regulation of plant heighh Brassica napugtwo SNPs in the promoter regionBAiCCR1;
BnaC03g60490pandArabidopsigGoujon et al., 2003; Ren et al., 2022)

All of this providedevidencemakes all aforementionedjenes perfect candidatesconsider The
close kamination ofcoding non-codingand regulatory regiayincluding of promotorsfor the
genes of intereseveded severalSNPs and InDelshowingthe high genetic diversitpetween
parentdor the region of interest. Therefore, further comprehensive genetic studies need to be
carried outo pinpoint theunderlyingcausal polymorphisre.
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5. Broader analysis of genetic variation in CentralAsian wheat

5.1 Introduction

Breeding for only favourable alleles (targeted breeding) led to the limited genetic diversity in
contemporary crop cultivars including wheat. Nevertheless, important gene sources are kept as wilc
relatives, landraces atichditional cultivars in gene banks and/or conserved by farwies

continue to grow old cultivars and even landraces. A recovery of those alleles for genes of
agricultural importance has always been an important target for breedera méweastrain of
diseaseemerge®r to improve adaptation to overcome issues caused by abiotic s{i@sgesler

et al., 2018)With the advent of or/and advance in new molecular breeding technologies, tracking
and delivering these essential genomic sections, discovered in one particular genotype, to the next
became easier and quick®farshney et al., 2020Especially, molecular tools such as DNA

markers, cesegregating with the trait of interest, make it possible to transfer the gene/s and alleles
between accessiomdth greatprecision compared wonventional seldion methods. Genetic
fingerprinting of wider populations adapted to diverse environments with thousands of genetic
markersallows specifianspectionof exoticgenomic regions under selection pressure in certain
environments in a greater resolutionrtiweghen these populations are only compared

phenotypicallyIn this chapter, the assembly of a new CA wheat panel is desaibadside its

genetic fingerprinting and comparisonwét u r opean wheat panel and &
landraces collection knowrs &BSEEDIFLUX and Watkins collection respectivelyingen et al.,

2014) The GEDIFLUX is a collection comprised of 4Waestern Europe and UK elite varieties

and he Watkins collectioronsisted omore than 7000 accessions (g used the core collection
consisting 0825 line$ collected from local markets in 32 countries in the 198@kthus nearly
capturegylobal wheat diversityWingen et al., 2014; Aradottir et al., 201Therefore, in this

chapter wealso discuss how we used these valuable genetic resources to validate the marker effect
which were used to feamap the two height related genes studied in this PhD research and to

estimate their allelic frequencies.

5.2 Materials and methods

5.2.1 Plant resourcepreparation

The germplasm panel consistedd8d®wheat accessions from all over the CA countries,

Kazakhstan (276 spring, 64 winter and 3 facultative wheat varieties), Uzbekistan (30 winter),
Kyrgyzstan (19 winter and 11 facultative), Afghanistan (7 spring), Tajikistan (9 winter), Russia (25
winter and 1 facultative), Turkey (30 winter), Ukraine (2t&r) and others (12 winter). The panel

was assembled as a result of the Central Asian Workshop, funded by BBSRC, which took place in
Astana (currently NuBultan) and Almaty in May 2018, Kazakhstan. By the end of the year 2018
the panel was sent to andeg/ed by John Innes Centihe rew germplasm panel has been

named a£entralAsianWheatBreedinglnitiative (CAWBIN) althoughthere aresomewheat

accessions frorRussia(southerrSiberiawhichis located in Eurasjavhich wereprovided by
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Central Asian partner§hus, we want to stress that the namihges not bear any politicahd

regional rationale

The CAWBIN wastakenthroughone round of SSSingle Seed Descemrificationduring this

PhD work (2018 2020) to minimiséheterogendy and heterozygosityror that the entire

population was grown in the JIC glasshouse. Some lines were not viable at all and thus excluded
from the final collectionSeventy fivdines gave SSD purified seeds, but they were not viable.
Therefore, while muiplying, the original seeds were used for these lines. ifike Wwith F1 SSD
purified seeds and the seeds from original lines (these lines either did not survive during SSD
purification or seeds were not viable) were sown, bagged, gtawwested as wedls thresheth

the glasshous@hen the glasshouse seeds were sent to KZ and grown in Alm 2021.

5.2.2 Genetic fingerprinting

From the SSD purified plantsigh-quality genomic DNA was extracted wi@ktopureat the JIC
using the services of the-lhouse genotying platform. Then genomic DNA wasntto and
genotypedising35K Axiom® wheat HD Genotypin§liroarray by Bristol University(Burridge et
al., 2018) The panel was genotyped, and data were received. Becausayafedaited issues, 73
out of 475 lines failed, 15 lines did not pass QS and 10 lines did not clustefiese &ils and

lines with QC problemswvere resent and rggenotyped

Watkins and GEDIFLX were already genotyped with the same microarraypéattbrm.

5.2.3 Assigning the physical positions to markers

The raw genetic data of CAWBIN h&%143SNP markers in total withemotyping call codes

NocCall (-1), AA (0), AB (1) and BB (2) where AA (0) and BB (2) are for homozygotes, AB (1)
and NocCall {1) areheterozygotes and missing genotypes respectively. We then converted the
homozygotegienotyping callso singlenucleotidesAccordingly, leterozygotes and missing
genotypingcallswere convertetb IUPAC nucleotide codes using R. The IWGSC physical
coordnates were assignéal eachaxiom marker, based on 16 genetic maps developed at JIC, with
Python.

5.2.4 Quality control of the genetic data

Quality control of the genotype data was performed with PLINK version 1.9. We removed SNPs
and individuals having moredh half of their values missing. Genotyping data then were masked
and imputed by widely used method LD KNNi in TASSEL software v5.2.73
(https://doi.org/10.1534/93.115.021§6The number of sites andarest neighbours for

imputation were set as 525 and 85 respectively with the default maximum distance betwéen site

find LD. Forthepurpose of masking, we used default settings.
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5.3 Results

5.3.1 Quality control

The btal genotyping rate accounted tdmost 97 percerdf markers Fifty-six SNPs of initial

35143, did not pass the QC, and therefore 35087 genomic regions were used to assess the genetic
relatedness of a germplasm panel. In contrast, all samples had more than 50% of their genotypes
presentt the SNPs positions. More than ninety four percent imputation accuracy between original,
masked and masked imputed HapMaps was detected

5.3.2 The geneticfingerprints of wheat breeding in Central Asian wheatcompared with
GEDIFLUX and Watkins landraces

The Watkins landraces were used as a source to evaluate wheat breeding prutjféstorical

relationshipsn Central Asia compared to EurofieU, GEDIFLUX). Particularly, it was

interesting to understand how the genetic history of wheat breeding in thesivaped the Central

Asian wheat compared taEopean In addition it was used to asseBew much the Central Asian

wheathasdiverged from the ancestral roatsmpared to Eropean F o r t h a tPrincigal u s e d

CoordinatesAnalysi® (Gower, 1966)known asPCA analysis, to calculate the genetic distances

between individualsHigureb.1). The resultsevealedhat CAWBIN and GEDIFLUX overlap with

the Watkins collection which certainly can theoretically be explained. However, CA and EU lines

grouped far from each other, showing a minor genetic interaction between the two. Those bridging

lines were found to bedm Germany. Looking at the origins of these lines we found that that the

lines clustered closer to CAWBIN and GEDIFLUX were from G{@&rman Democratic

Republig and FRGFederal Republic of Germansespectively. This obviously shows the

signature of potics in plar breeding and perhaps partially explains the fact of CAWBIN and

GEDIFLUX being geneticallglistantdistinct. Of course, there are other important factor to

consider such as plant habitat. For instance, EU mostly sows winter wheats comppriad)to

dominated CA (mainly KZ and RUS). Within CAWBI&lhigh genetic relatedness between

Kazakh and Russian wheatempared to other Central Asian statgas identified whiclis not a

fi s ur pHigure5d)das the two have been sharing wheat breeding history since Soviet times and

still have a close partnership in plant breeding especially of wheat. Moreover, it could also be due

to thehigher selection pressurewheat breeding programs in these two countries as Kazakhstan

and Russia are the main wheat exporters in the region.
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Figure 5.1 PCA ofthe world accessions and Watkins landraces

The PCA plotincludes wheat accession fromuntriessuch asifghanistan (AFG), Austria (AUT), Bglum (BEL),
Denmark (DNK), France (FRARreat Britain(GBR), Germany (GER), Kazakhstan (KAZ), Kyrgyzstan (KGZ)
Netherlands (NLD), Russia (RUS), Sweden (SWIE)jkistan(TAJ), Turkey (TUR)UK/KAZ (NILs), Uzbekistan
(UZB) and Watkins (Watkins collection)

PCA analysis divided the varieties from Kazakhstan into three main clusters (KZ1, KZ2 and KZ3).
The main cluster KZ1 - overlapped closely with the Russian varietied has minimal overlap

with Watkins. These lines were mostly spring habit. The second gri§dg 1 is distinct from the

main cluster and overlaps with the cluster containing lines mainly belonging to other CA countries
(CAC) such as UZB, KGZ an@lJK. Suprisingly, half of them were a mixture of spring and winter
growth. In the latter case it is understandable as all of the CAGgvimter wheats except KZ and
southern part of RUS. However, in the formmase where relatively large number of Kazakh spring
wheats grouped with other CAC and some of the Watkins collection is something interesting as the
vast majority of these varieties were develo
result of the reent wheat breeding programs establisafter the dissolution of USSR. The third

groupi KZ31 containedT.timopheeviandT.millitinae crossed lines developed by Prof A

Abugalieva (may Allah grdrher with the highest statusinJannahthal. L P i Kazakh Re-¢
I nstitute of Agr i c(KRIAPG)ara theyrldsterPuitrénrihe Watkine wi n g o
collection. When the PCA outconlookedat from the different angle, PC2 against PC3, this

group clearly is distant from the refidure5.2). Interestingly, thergvas afourth group,

containing six lines from CAWBIN, which tightly grouped with AFG lines. However, there were
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only two samples (@08 _KAZ W aml G368 _KAZ_S) fomKZ. Theothersweretwo and two

from from UZB (G-072_UZB_W and D53 _UZB W) and RUS (387_RUS_S and
C-442_RUS_S) respectively. Interestingly, five of them were varieties released between 2000
2012, excep€-387_RUS Swhichwas developd duri ng USSR in 19806s.
varieties possessing facultative growtibitin Kazakh gene pool, there were two separate clusters
one of which went into KZ1 and the second grouped with KAgufe5.4).

PCA of Gediflux_Cawbin_Watkins_NILs
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Figure 5.2 PCA of T.timopheeviiand T.millitinae lines

In the previous PCA plofigure 5.) T.timopheeviandT.millitinae linesclustered together with Watkins lines under
KZ3 group. Fottheir better visualisation, PCA1 was plotted against PCA3

The lines in the Watkins collection overlapping with the second KZ and CAC are found to be
mainly from USSR Figureb5.5). Perhaps these lines were sent to Watkins by Vavwimu(e5.3)
and CA could be the regiaf origin of these lines. There were other USSR lines in the Watkins
collection clustering far from the rest. They were close to Afghan lines which ceeditihct
cluster from the rest. However, almost half of the AFG lines grouped with KZ2 wizstty CAC
dominate.
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U.S.S.R. INSTITUTE OF PLANT INDUSTRY
OF THE LENIN ACADEMY OF AGRICULTURAL SCIENCES

44, Herzen Sv;:'.
Leningrad the 9th January 1934
Ne 05//2/5~

Dr. A.B,Watkins
University of Cambridge
Cambridge.

o
v/
We shall be very pleasea to send you all you
are interested in. The Inaian collection you write about presen
of course the greatest interest for us, as the samples of Indian
varieties at our disposal are few anu do not satisfy us at all.
Therefore we shall be very obliﬁad to you for the sending of yo
complete collection of Inaian wheats u%th the geographical a

if aneiblo ecolo§1cal data altitnaoz and we should be very
glad to reciprocate nonuin§ you all the new varieties and spe-
cies which may be of any interest to you.

Dear Dr. Watkins,

The list of the new species and varieties, which may inter-
est you will be sent to yog by Dr.Plaeksberger in a few {.’:.er

Yours sincerely

N Vo

M' o~ & el o Py
Rl el

Figure 5.3 The letter of N Vavilov to A. E. Watkins

The genetic data were split by chromosomes and are being analysed. However, the results are not
provided as this was not the maurpose the PhD research aimed at. Rather we intended to use

this important genetic resource to validate the markesegeegating with the height loci.
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PCA oftwo distinct facultative groups in CAWBIN
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Figure 5.4 The growth habitof wheat from Kazakhstan

F-G1 and FG2referfacultative group 1 and group$ 2 respectivelyS and W are groups with spring and winter growth
habit. NA is Watkinscollection(the growth habibf Watkins lines wer@ot of interes}.

The Watkins lines overlapping with CAWBIN
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Figure 5.5 USSR lines withinthe Watkins collection

The Watkins lines overlapping with KZ2 and CAC are label@alintry codeefersto nations such a&fghanistan

(AFG), Austria (AUT), Belgium (BEL), Denmark (DNK), France (FRA), GrBatain (GBR), Germany (GER),
Kazakhstan (KAZ), Kyrgyzstan (KGZ), Netherlands (NLD), Russia (RUS), Sweden (SWE), Tajikistan (TAJ), Turkey
(TUR), UK/KAZ (NILs), Uzbekistan {ZB) and Watkins (Watkins collection)
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5.3.3 Harnessing theCAWBIN and GEDIFLUX population for marker validation

Once the twdneight increasing loci were firmapped using recombinants, the genotyping of
CAWBIN and GEDIFLUX with the flanking markeedlowed the validation of the emolecular
markers in terms of their association with PH in independent and diverse populations. In this
respect, CAWBIN was grown in Alm 2020, Kazakhstan. The GEDIFLUX field data however were
collected in 2011 and 2016 ihe UK.

Genotyping the CAWBIN with three markers (at the beginning, peak and end of the mapped
interval located at physical positions 528.1Mb, 537.9Mb and 546.9Mb) controlling the 5A height
allele resulted in the idefitcation of four haplotype blocks {HB) (Figure5.6) . The t wo fit
(HTB-O1 and 02) were significa*rB8angO4twghnber t hat
significant height difference between thefass. Importantly, the vast majority of lines (68%) in
CAWBIN were fixed for Pamyati Azieva allele at the locus and this was the first RiGBré5.7).
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Figure 5.6 Allelic combination of HTB for CAWBIN at the 5A locus

Coral and blue correspond to Paragon and Pamyati Arspectively PH of each HTB igiven on the right of the map
as horizontal bar plo{gm). Asterisk indicate®5% statistical significance level betweentwa al | 6 and t wo A
HTBs.Si gni fi cance codes: O o6***% 0.001, o6**6 0.01, ¢6*d6 O

Haplotypes in CAWBIN at the 5A locus
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Figure 5.7 The relative percetageof haplotype groups in CAWBIN at the 5A locus
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In the second HTB, the lines had a recombination event taking place approximately at the 537.9Mb
genomic position. This block comprised 22% of the total. The third and fourth haplotype groups
each had 5%f lines. The HTB 03 was fixed for Paragon at the first marker (528.1Mb). The last
block, HTBT 04, was fixed also for Paragon at the peak and end markers for the mapped interval.
The height difference was noticeable and significant between these HEB edhild be due to
background mutation including at the 6A loci. In addition, this variation in plant height does not

add value to our understanding of how 5A Pamyati Azieva allele controls height (locus is silenced
at the environment where it was condtabted for and always expresses as height locus in the

UK).

Compared to CAWBIN, the western European panel (GEDIFLUX) was highly diverse at the 5A
locus. We identified 13 major HTB (there were even more, but these were the main ones with the
comparablesamples sizes) in the panel. In total 12 markers, located within the mapped interval,
were used for genotyping. Although, the number of HTB in GEDIFLUX was high, there were also
two groups with clear height difference. The first one includes-dTBHTB-02 and HTB03.

These were taller than the second group which included the rest starting frofpdHOBITB-13.
Pairwise comparisons were conducted and showed that many of these comparisons are not
significant. Amo n g02fvds aidnificantialErBhanHTBs08,109; 10HLT &hd

13 (Figure5.8).
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Figure 5.8 Allelic combination of HTB for GEDIFLUX at the 5A locus

Coral and blue correspond to Paragon and Pamyati Amspectively PH of each HTB is given on the right of the map
as horizontal bar plofgm). Single marker effect on the bottom of the magterisk indicate®5% statistical
significance IHEBORaN ® efi svle eSignificaneelcd@es:6* **6 0. 001, 6**d6 0.

= nonsignificant.
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The molecular markers we developed for the 6A mapped interval were te<EdIBIN. This

genetic data then was combined with the field data on CAWBIN which was grown and phenotyped
by ProfYer |l an Turuspekovds team in Alm 2021. Mos
allele for the entire mapped interval in CAWBIN as expected. There were only two haplotype
groups. The HTEB)1 and HTBO2 was entirely fixed for Pamyati Azieva and Rararespectively
(Figureb.9). Proportionally, HTBO1 dominated significantly over the HT®R (Figure5.10).

Figure 5.9 Allelic combination of HTB for CAWBIN at the 6A locus

Coral and blue correspond to Paragon and Pamyati Amspectively PH of each HTB is given on the righttok map
as horizontal bar plo{®m). Asterisk indicate®5% statistical significance levéheb et ween At al |l 6 and
Significance codes: 0O 6***6 0.001, 6**6 0.01, 6*6 0.05

13

Haplotypes in CAWBIN at the 6A locus

= HTB-01 = HTB-02

4%

Figure 5.10 The relative percentage of haplotype groupsGAWBIN at the 6A locus

When the 6A markers for the mapped interval were run on GEDIFLUX, again two haplotype

blocks were identified the first of which consisted of 405 andéhersl of 33 lines. So, in total

438 lines were useful out of initial 473 to form the HTBs in GEDIFLUX. Interestingly, the first
group(HTBO 1) which was the | argest in GEDIFLUX w
allele at the 6A mapped interval asGAWBIN. The height difference between the two HTBs,

which showed the same additivity when the locus was identified in PamxPar, was significant at the
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