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Summary

Summary

Abiotic stress, like unfavorable temperature, sponsible for reduced yields throughout the
world. Therefore, breeders aim to develop plaras éine adapted to changing and challenging
environments. In maize, breeders selected and oj@e@|heterotic groups of germplasm to
take advantage of non-additive genetic variation.cbol regions of central and northern
Europe these heterotic groups comprise the flinth ®uropean flint and Flint/Lancaster
background and the dents with lodent and lowa/Stiflk background. In this project a set of
inbred lines from these backgrounds was used. $tdegived from a breeding program of the
University of Hohenheim, Stuttgart, Germany. Saegtjrowth was tested through a range of
favorable and unfavorable temperatures in growtlhuches, consisting of an A4-size
germination blotter covered by a plastic sheetr@ss stopped growing at the extremes of
12°C and 40°C, limits were set accordingly and tslamere tested at chilling stress of 16°C,
close-to-optimal conditions of 28°C and heat st#s36°C.

The first part of this study aimed to assess rémgation and photosynthesis-related traits
with regard to temperature performance. Temperatsiress affected all measured
physiological and morphological traits. Elongatioh both axile and lateral roots, shoot
growth and photosynthesis were strongly affectedhijing. Heat stress effects occurred but
were less severe than chilling stress effectstghnd dents were clearly separated according
to principle coordinate analysis, which justifiedeparate analysis for both groups. The flints
had greener, smaller leaves and an increased phtttesis under chilling stress. They grew
thicker roots and less seminal roots than the dé@tis dents developed axile roots elongating
faster at optimum temperature than the flints andumulated more leaf dry weight at
optimum temperature and under heat stress. Theciaiea mapping yielded 1 to 50
associations, dependent on the trait, and explgnggbrtions of the genetic variance ranging
from 27.3 to 92.6%. The individual effect per asaten averaged at 30%. The flints were
genetically less diverse at temperature-tolerancethan the dents, but carried the chilling
tolerance alleles fobps; more frequently. The dents carried the trait iasieg alleles for
axile root length and heat tolerance alleles fa¥|Rax. A higher number of associations for
the root elongation traits like BRR was detected compared to the static traits, hieetotal
root length at the end of experiment. This incrdgsewer of using elongation rates to detect

association-by-temperature interaction effectsifjast the greater time expense for the
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repeated measurements. The altered root morphelagymostly caused by the response of
ERax to temperature, as an increase QfER.x was frequently collocated with a decrease of
ERax. Candidate genes have been selected accordihgitcassumed function in temperature
stress tolerance. A major proportion of those gemesrelated to the sugar metabolism.
Therefore, the cytosolic glycolysis pathway wasitfieed as a candidate pathway based on
its metabolic adaptability, which facilitates plaaiclimation to challenging environments.

The second part of the study aimed to examine testye-dependent heterosis for
physiological and morphological traits by using ialldl cross of two flint and two dent
inbred lines. It was hypothesized that i) tempemtependent combining ability could be
used to establish a wider temperature range irhytoeids and ii) that mid-parent heterosis
(MPH) and better-parent heterosis (BPH) could seweredictors for hybrid performance
from inbred performance. The first hypothesis wast for treatment-by-SCA (specific
combining ability) interactions meaning that onered line was conferring chilling or heat
tolerance in a specific combination with anothdar@d line. The second hypothesis was not
met since MPH and BPH regressions on genotypic naalues were not significant for most
traits. In general, hybrids performed better thhe inbreds. Inbred lines differed in their
physiological and morphological performance andpalformed best at optimum conditions.
Heterosis was more expressed at the temperatureneed for the photosynthetic traits and
was greatest at optimum conditions for shoot gravetits.

The third part of this study aimed to improve tleparation of axile from lateral roots after
the digital image analysis. The image analysisns# supplies a distribution of root lengths
in diameter classes, which is typically bimodakase of maize seedling roots. The peak at
the smaller diameter classes represents the lataris, the one for the lager diameter classes
represents the axile roots. Finding the approptiateshold to separate the two peaks is a
critical step in the analysis of root morphology far this step was not automated and the
threshold had to be selected manually. To impréwe grocedure, different non-parametric
and parametric functions were evaluated to autoregeseparation of the putative peaks of
axile and lateral roots. A Gaussian mixture modetweo normal distributions was most
suitable to determine this threshold.

In conclusion, the phenotyping platform succesgfallowed for a precise application of the
desired temperature stress and a high throughpeeriog of the study material as it is

required for an association mapping approach. T$soa@ation-by-temperature interaction
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model was successful in detecting significant assons especially for the root elongation
rates. The flint heterotic group was geneticalbsldivers than the dent group and their allelic
contribution to tolerance differed with regard tulling and heat stress. The map projection
with a publicly available genetic map revealed ddat genes involved in the sugar
metabolic pathway to play a key role in root eldiga under unfavorable temperature

conditions.



Zusammenfassung

Zusammenfassung

Ernteertrage von Mais werden weltweit durch abobisy Stress, wie z. B. unginstige
Wachstumstemperaturen, stark reduziert. Das Zisl Zlgchters ist es daher, Pflanzen zu
entwickeln, die an wechselnde und unginstige Unbedihgungen angepasst sind. Im Falle
von Mais haben Ziichter heterotische Gruppen sektktnd entwickelt, um die nicht-additive
genetische Variation zu nutzen. In den kiihlen Laggmtral- und Nordeuropas bestehen diese
Gruppen aus dem Hartmais, mit europaischer undat/Eancaster® Herkunft, und aus dem
Zahnmais, mit ,lodent* und ,lowa/Stiff Stalk” Herkdt. Das ausgewahlte Material enthalt
europaische Inzuchtlinien aus beiden heterotis@mippen. Das Material stammt aus einem
Zuchtprogramm der Universitat Hohenheim in  Stuttga{Deutschland). Die
Jugendentwicklung unter optimalen und ungunstigeemgeraturbereichen wurde in
sogenannten Wachstumshullen getestet. Diese bastelseeinem A4 Keimpapier, welches
mit einer schwarzen PET-Folie bedeckt ist. Da dag2élwachstum bei 12°C und 40°C
stagnierte, wurden Testtemperaturen von 16°C dkrenSchwellenwert (Kuhlestress), 36°C
als oberer Schwellenwert (Hitzestress) und 28°Kal#rolle (Optimum) ausgewahlt.

Der erste Teil der Dissertation hatte zum Ziel, ¥élwachstum und Photosyntheseparameter
im Hinblick auf ihr Temperaturverhalten zu bewert®®r Temperaturstress beeintrachtigte
alle  physiologischen und  morphologischen  ParameteDas  Haupt- und
Seitenwurzelwachstum, die Sprossentwicklung undrtietosynthese waren stark durch die
kihlen Temperaturen beeintrachtigt. Der Hitzestrestte ebenfalls negative Auswirkungen,
wobei diese weniger gravierend waren als die delldsiresses. Hartmais und Zahnmais
Linien waren laut der Faktorenanalyse genetisclew@nder verschieden was eine separate
Auswertung der beiden Gruppen erlaubte. Der Hagraatwickelte griinere, kleinere Blatter
und hatte eine hohere Photosyntheseleistung ifdlele, im Vergleich zum Zahnmais. Des
Weiteren entwickelte er weniger, aber dafur dickéagiptwurzeln. Der Zahnmais entwickelte
Hauptwurzeln mit einer erh6hten Wachstumsrate wyémalen Temperaturen im Vergleich
zum Hartmais. Ebenso bildete er mehr Blatttrockessmdei optimalen Temperaturen sowie
in der Hitze. Die Assoziationskartierung ergab 4 50 signifikante Assoziationen, abh&angig
von den untersuchten Parametern, welche 27,3 b8®©8er genotypischen Varianz erklaren.
Der Einfluss der einzelnen Assoziation lag im Dsatimitt bei 30%. Der Hartmais war an

den Genorten fur Temperaturtoleranz weniger diviess) jedoch das Kihletoleranzallel fir
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die Quanteneffizienz des Photosystems Il einesdddptierten Blattes{ps;) haufiger als der
Zahnmais. Der Zahnmais wiederum trug die merkmatdeanden Allele fur die
Hauptwurzellange und auch die Hitzetoleranzalléledas Verhaltnis von Seitenwurzel- zu
Hauptwurzelwachstumsrate {KERax). Es wurden mehr QTLs fur die dynamischen
Wurzelwachstumsmerkmale gefunden als fur statiddeekmale, die nur am Ende des
Experiments gemessen wurden. Dies deutet auf eiierd Prazision der dynamischen
Merkmale hin, was die zeitaufwendigeren wiederholt®essungen rechtfertigt. Die
veranderte Wurzelmorphologie basierte meistens airier Reaktion seitens der
Hauptwurzelwachstumsrate (ERR Das schliesst sich daraus, dass eine Erhtéhusg de
Merkmals ka/ERax h@ufig mit einer Verminderung von kReinherging. Aufgrund ihrer
mutmasslichen Funktion bei der Toleranz gegenlubesmperaturstress wurden
Kandidatengene ausgewahlt. Ein grosser Teil di€smre ist in den Zucker-Metabolismus,
insbesondere die zytosolische Glykolyse, involvidiine gute Anpassungsfahigkeit der
zytosolischen Glykolyse an schwankende Temperatusenfir das Gleichgewicht des
pflanzlichen Stoffwechsels wichtig.

Der zweite Teil dieser Arbeit zielte darauf ab, pematurabhéngige Heterosis flr
physiologische und morphologische Merkmale anhaimreTeilmenge von Hart- und
Zahnmais Inzuchtlinien zu eruieren. Folgende Hyeséim wurden aufgestellt: i), dass
temperaturabhangige Kombinationseignung zur Schgffu eines breiteren
Temperaturoptimums in den Hybriden genutzt werdennkund ii), dass die Heterosis im
Vergleich zum Elternmittel (MPH) und im Vergleichum besseren Elter (BPH) die
Hybridleistung aufgrund der Elternleistung vorhegesakann. Die erste Hypothese konnte fur
die Umwelt x SCA Interaktion (SCA, spezifische Kdmdtionseignung) bestétigt werden,
was bedeutet, dass eine bestimmte Inzuchtlinieoimiination mit einer anderen bestimmten
Inzuchtlinie die Kihle- oder Hitzetoleranz des Hgbn erhdhte. Die zweite Hypothese
wurde nicht bestatigt, da die MPH und BPH Regresgiam Mittelwert der Genotypen fur
die meisten Merkmale nicht signifikant war. Das d&et@t, dass die Hybridleistung in den
meisten Fallen nicht durch die Eigenleistung dederal vorhersagbar war. Im allgemeinen
zeigten die Hybriden eine bessere Leistung als ldieuchtlinien. Letztere zeigten
physiologische und morphologische Unterschiede alledentwickelten sich unter optimalen

Bedingungen am besten. Heterosis fur die Photosgetliusserte sich am starksten in den
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Extremtemperaturen, wahrend Heterosis Effekte s 8prosswachstum unter optimalen
Bedingungen am groéssten waren.

Der dritte Teil dieser Arbeit zielt darauf ab, dieennung von Haupt- und Seitenwurzeln im
Anschluss an die Bildanalyse zu verbessern. DakaBdlyseprogramm liefert eine Verteilung
der Wurzellangen in Durchmesserklassen, die imeFatn Mais typischerweise einen
zweigipfligen Verlauf zeigt. Der Scheitelpunkt demiedrigen Durchmesserklassen
reprasentiert die Seitenwurzeln und der Scheitéipder hohen Klassen die Hauptwurzeln.
Den adaquaten Schwellenwert zwischen beiden Sthaileen zu finden, ist ein kritischer
Schritt in der Analyse der Wurzelmorpholgie. Biglanar dieser Schritt nicht automatisiert
und der Schwellenwert wurde manuell ausgewdahlt. dles zu automatisieren, wurden
verschiedene nicht-parametrische und parametristdoelle geprift. Ein gemischtes Model
von zwei Gauss’schen Normalverteilungen erwies dafiir als am besten geeignet.
Schlussfolgernd kann gesagt werden, dass die Bfpisietungs-Plattform, bestehend aus
den Wachstumshitillen, eine prazise Einstellung desigschten Temperaturstresses erlaubte
und eine Hochdurchsatz-Analyse des Materials ernctitgl Das Model war geeignet zur
Detektion von signifikanten Assoziation x Umweltdraktionen insbesondere flir solche im
Zusammenhang mit dem Wurzelwachstum. Der Hartmais genetisch weniger divers als
der Zahnmais und der Beitrag ihrer jeweiligen Adleur Toleranz unterschied sich fur Kihle-
und Hitzestress. Die Projizierung der Assoziatioagheine offentlich verfligbare genetische
Karte fuhrte zur Identifikation von Kandidatengerdas Zucker-Metabolismus, welche eine
entscheidende Rolle fur das Wurzelwachstum untegnstigen Temperaturbedingungen

spielen.
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Chapter 1

General introduction

MAIZE AND ITS EXPANSION TO NORTHERN LATITUDES

Today, maize 4ea mayd..) is the third important cereal crop beside wihaad rice. Low
temperature is a major factor limiting the produtyi and geographical distribution of
important agricultural crops like maize (&N and GrT 2001). But maize has high
temperature needs for germination and growth anthéefore, a thermophilic plant species
(MIEDEMA 1982). Early development of maize is already affecby temperatures below
15°C (Samvp 1984). Accordingly, its seedling growth is limitéd northern latitudes by low
temperature in spring BRHEUL et al. 1995). Despite this fact, the cultivation of malzes
been extended to areas in cooler regions overabe5d years and it has become a major crop
in northern regions where its high temperature irequent is not always fulfilled
(FRACHEBOUD et al. 1999). This northwards migration is a combine@@&fbf global warming
and breeding efforts to improve chilling tolerarinemaize. Improving early vigor remains
crucial for the adaptation of maize to the climatienditions of central Europe and the
northern Mediterranean zone, where early sowingnismportant strategy for avoiding the
effect of summer drought (D et al.2004).

PLANTS RESPONSE TO CHILLING STRESS

The temperature optimum is 30°C for growth processemaize. This is described for
germination, shoot elongation (BbEmA et al. 1987), for leaf development (INCAN and
HESKETH 1968), elongation and dry matter accumulationradteergence (MLDOON et al.
1984).

Many plant species have mechanisms to adapt tarselemvironmental conditions like low
temperature (fomAsHow 1999), but as a chilling sensitive plant, maizeveh limited
capacity to acclimate to low growth temperatureYEr et al. 2002). Adverse temperature
affects the photosynthetic capacity of seedlingsaffHEBOUD et al. 1999; \ERHEUL et al.
1996), leading to a decreased dry matter accuroulaind thus poor yields (&vr 1986) due
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to a disturbed root (fGELS 1994a) and leaf developmentr(BiE et al. 1999). Furthermore,
the formation of destructive oxygen species in@sda$EIPNER et al. 1997), leading to an
increased expression of active-oxygen-scavengirmymnees. Changes in lipid composition
(ALLEN and ®T 2001) and anthocyanin accumulation are knowroNg et al. (1999)
demonstrated that soil temperature determinesatgeaf early maize development when the
shoot meristem is still below ground. Plant growathsuboptimal root zone temperature is
limited by both a direct temperature effect on shaagivity and an indirect effect via reduced
nutrient supply (EGELS and MARSCHNER 1990) and water uptake ABSIRIRAD et al. 1991)

by the roots. According toNGELS (1994Db), inhibition of root growth is the most lting
factor for the early acquisition of nutrients awldemperature. In a nutshell, almost every
cellular process is altered during cold acclimatiBrowseand XN 2001). Thus, a chilling
sensitive maize variety is affected by reduced @éwithesis and decreased root growth while
a chilling tolerant variety can maintain growth ishgr low temperature periods I(EHNER et

al. 1996).

PLANTS RESPONSE TO HEAT STRESS

Temperate maize is usually not affected by highpenature during the seedling stage. But
sown as a second main season crop, high soil tatypercan harm the isolated young maize
seedlings, a situation that has become real a®mwadreals are harvested earlier and very
early maturing hybrids are on the market. Sincéhtggil temperature is considered to be
more harmful than high air temperatureu(and HJANG 2001), maize seedlings are
vulnerable to a heated soil surface before candpguce. Heat stress can have direct
damaging effects on the plant associated with lestué¢ temperature or indirect effects
associated with increased evaporative demandsvfifTH 2005) resulting in plant-water-
deficits due to high transpiration rates. Heatsstrieas been shown to lead to oxidative stress
(KocHHAR and KocHHAR 2005) and damaged thylakoid membranes of the apllast and
membrane properties (AKHATIB and RWULSEN 1999), which are components of the
photosystem Il. Such a situation leads to a deetkgshotosynthetic activity, reducing
growth.
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ROOT GROWTH AND ROOT MORPHOLOGY

The acquisition of water and nutrients from thd soid plant anchorage are the two major
functions of plant roots (BICHHOLDINGER et al. 2004a; TBEROSA et al. 2002). The root
system of maize consists of three root types wifflerént origin. First an embryonic primary
root is formed that becomes visible two or thregsdafter germination @EDMAN 1994;
HOCHHOLDINGER et al. 2004b). The primary root has a very simple andneef anatomical
structure with only little variability, thus repmesting a very stable morphological system
(HOCHHOLDINGER et al. 2004a). It has a defined longitudinal sequencealefelopmental
zones (SHIKAWA and EvANs 1995) including the meristematic zone followed the
elongation and the differentiation zonec@tKeR et al. 2006). The primary root is followed
by a variable number of seminal roots emerging ftbenscutellar node. Both root types are
embryo-borne. Postembryonic shoot-borne roots @iteted from underground as well as
aboveground nodes of the stem and are called ceowinbrace roots, respectively. These
shoot-borne nodal roots represent the major parthef root system of a mature plant
(FELDMAN 1994). Lateral root initiation starts approximgtébur days after germination
(HOECKER et al. 2006). They emerge from all axile growing rootsl &arthermore from
already existing first order lateral roots, formiagecond order of lateral roots. Lateral roots
are important for the root system architecturengH 1995) and they play a major role in
water and nutrient uptake (e.g.cRluLLy and Q\NNY 1988). Plant species differ in root
development in both the overall root system archite and the anatomy of individual roots.
An appropriate rootstock is an important factoplaint survival in response to environmental
conditions such as unfavorable temperatureang et al. 1997) or drought ($ArRP and
Davies 1979). Knowledge about root characteristics sushraot proliferation rate and
rooting depth (81T and GROENwOLD 2005) is crucial if the efficiency of modern crapgp

systems in varying environments shall be optimiddYER et al. 1987).

DIFFERENCES OF FLINT AND DENT

Root morphology was found to be dependent on therdtic group. Studies in the early"20
century (WGGANS 1916) revealed that flint varieties often produzedo or one seminal root

while dent varieties often produced between threar seminal roots. Such a difference is
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still described nowadays by dH#CKeErR et al. (2006). Furthermore, this study revealed
differences in lateral root density between thetwgic groups.

SowiNskl et al. (1998) observed differences in rooting depth dtd daemperature as flint
varieties explored the upper soil layers, which \pasitively correlated with early vigor,
while dent lines had a less dense upper root systeima deeper rooting profile. Similar
differences in root morphology were also obsenadaf tropical dent (Penjalinan) compared
to a temperate flint (Z7) in a field study at eadgring sowing (RRHNER et al. 1996).
Chilling-sensitive Penjalinan decreased its rongta but had a greater proportion of its roots
in deeper soil layers. Chilling-tolerant Z7 maintd its root length and had a greater
proportion of roots in superficial soil layerstévp et al. 1997). The flint gene pool has a
long history of adaptation to chilling conditionadais used as a source of cold tolerance
(HALLAUER 1990). By contrast, plants from the dent pool lavewn to be better adapted to
warmer climates and are associated with a highd yeltential at optimal conditions. No

comparable studies have been done for seedlingyroatth under heat stress.

ROOT RESEARCH SYSTEMS

Roots have mainly been studied in the field. Fielkstigations of root traits have major
disadvantages like tedious work reducing sample aizd loss of root material due to the
excavation process. Various alternative samplieyrigjues and root imaging methods have
been reported. Recent techniques provide improveanen labor, time and accuracy.
Hydroponics (8NGUINETI et al. 1998) and sand columnsyR et al. 2010) for root growth
in controlled environments offer alternative apmptues of root traits investigations.
Simplifying the image acquisition can be done usintamera (WLTER et al. 2002), camera
in minirhizotrons (LEDGENS and RCHNER 2001), photocopier (@.LINS et al. 1987), flatbed-
scanner (NG et al. 2003; HUND et al. 2009; MANSCHADI et al. 2008), or X-ray techniques
(GREGORY et al. 2003). Limitations of recent techniques are gtk low sample size or
tedious and destructive root sampling. Furthermareggges taken from soil grown roots
contain unavoidable noise that can never be eli®théDONG et al. 2003), complicating the
separation of root and background. A newly deveadofmt phenotyping platform D et

al. 2009) aimed for digital measurement of early segdtoot growth followed by an

automated image analysis. It provides an easedihgntligh throughput opportunity with a

1C



General introduction

non-destructive root observation. The latter overes the disadvantage of the strategy of
‘minimizing the loss of roots’ (MNK 1966) by growing roots on germination paper. Image
series taken from one growing root over a certaire tperiod is particularly attractive to

guantify root growth with a temporal resolution.

ASSOCIATION MAPPING APPROACH

Breeding research has revealed that the expreskioost traits of ecological and agricultural
importance such as yield, quality and some formdisgase resistance@@ ARD et al.2005)
are based on the action of quantitative trait (TL), i.e. influenced by multiple genes and
the environmentaf. MALOOF 2003; 2006). The identification of QTLs for reletdraits and
the availability of molecular markers linked to Qsllcontrolling variation for those traits
would allow for the implementation of marker-assikt selection to improve plant
productivity €f. RBAUT and HbISINGTON 1998). Selection for root traits could lead to
important benefits for improving and stabilizinggd under special conditionsREKCHEBOUD

et al. 2004; TUBEROSA et al. 2002), because information available on the geradntrol of
root traits under varying temperature conditiondinsited. Corresponding QTLs for root
performance are highly valuable as no breeder twaiine access to roots. Up to now little
research has been done for QTLs controlling roapimaogy under mild-chilling stress.
Traditionally linkage mapping approaches have besed to study QTLs in plants.
Alternatively, QTLs can be mapped using the linkaggequilibrium (LD) in populations.
Linkage refers to the correlated inheritance ofi lilwough the physical connection on a
chromosome, whereas LD refers to the correlationvdxen alleles in a population. This
method uses the non-random association of allélesffarent loci within the material and
utilizes DNA polymorphisms associated with phenatypaits. It is a promising approach to
overcome the limitations of conventional linkageppiag (KRAAKMAN et al. 2004) providing

a higher mapping resolution KT-GARCIA et al. 2003) and a higher number of alleles that
can be captured simultaneousBithough association studies have been studiechsixtely

in animal systems, research on plants has moshyb@men done iArabidopsis thalianand
maize. Successful association mapping dependsepdbsibility of detecting LD between
marker alleles and alleles affecting the expressiophenotypic traits and it determines the

resolution of an association studyLifffr-GARCIA et al. 2003). This is only feasible if LD is
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present in the breeding material to be studigucSet al. 2005). Association analysis has the
potential to identify a single polymorphism witrangene that is responsible for the difference
in the phenotype (fNT-GARCIA et al. 2003), which is a useful tool for fine mapping of
candidate genes. Alternatively, it may also be ueguerform genome-wide scans in case LD
is large enough to enable an appropriate saturasfothe genetic map with molecular

markers.

PLANT MATERIAL

A set of 74 European maize inbred lines derivethfeobreeding program of the University of
Hohenheim, Stuttgart, Germany was used for therarpats described in Chapters 2 and 3.
The inbreds comprised 32 flints with European fand Flint/Lancaster background and 42
dents with lodent and lowa/Stiff Stalk backgrouSdHRAG et al. 2006). Analyses of linkage
disequilibrium (LD) indicate that the dent lineshéit a higher LD (21.7%/14.9%) than the
flints (11.1%/4.8%) for intrachromosomal and intemmosomal LD, respectively
(SCHRAG, T., personal communications).

A set of selected elite inbred lines was usedHerexperiment described in Chapter 4. The set
comprised the two flints (UH002 and UHO005) and tdents (UH250 and UH301) maize
inbred lines. Their genetic background is as folo®uropean flint (UH002 and UHO005),
lodent (UH301) and lowa Stiff Stalk synthetic (UHMB5The lines have been developed in
order to improve combining ability for earlinesglyg of grain and stover as well as for stalk
quality and root lodging resistance. They werectetefor GCA (general combining ability)
with European flint and with dents of B14/Stifftand lodent origin, respectively. Genetic
distances between the different hybrids were deteun with 53 SSR markers at the
University of Hohenheim. Distance measure was tatled with modified Roger’s distance:
UHO002-UHO005: 0.643; UH002-UH301: 0.791; UH002-UH250.819; UHO005-UH301:
0.772; UH005-UH250: 0.795; UH301-UH250: 0.714f¢KER et al. 2006).

TREATMENT SELECTION

A small set of selected genotypes was used to ateathe limits and optimum of root growth

in the new developed phenotyping platformuitd et al. 2009). Seedlings were tested in
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growth containers, which allowed for a precise omnof root-zone temperature. Seedlings
were tested at a temperature range from 12°C t€ #ith 4°C increments. As roots stopped
growing at the extremes of 12°C and 40°C, limitgevset accordingly at 16°C and 36°C.
Therefore, plants were tested at chilling stres&65C, close-to-optimal conditions of 28°C

and mild heat stress of 36°C.
STRUCTURE AND OBJECTIVES

Aim 1: providing a morpho-physiological and genetlaracterization of the material under
study by means of shoot and root parameters, ulmguviie genetic basis of chilling or heat
tolerance by tracing the effect of an allele thiomgt the whole temperature range.
Specific objectives:
1. evaluate temperature dependent early seedlingstlyrow means of optimal and
extreme growth conditions
2. determine if the European breeding pools dent Anddiffer for key traits regarding
temperature sensitivity
3. map key loci controlling plant performance deperiden their environment and
genetic basis

(Chapter 2 shoot parameter§€hapter 3 root parameters)

Aim 2: examination of a physiological and morphatad temperature dependent heterosis by
means of seedling shoot parameters in hybrid coatioims of flint and dent inbred lines
(Chapter 4).

Specific objectives:

1. test the hypothesis whether temperature-dependamgrgl and specific combining
ability can serve as a basic assumption to eskabliwider temperature range in the
hybrids

2. test the hypothesis whether mid-parent and be#ierrt heterosis would serve as a

predictor of hybrid performance from inbred perfamme.
Aim 3: determination of further improvements in aggiing lateral form axile roots. The aim

was to evaluate an appropriate, more precise #hgorfor separating axile and lateral roots

based on diameter classes for future applicatiGhater 5).
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Chapter 2

Association mapping of temperate maize Zea mays L.) for
seedlings response to temperature extremes

* A publication based on this chapter has been stén
ABSTRACT

The shoot growth of maiz&Zéa mayd..) is hampered by chilling and heat. An assoorati
mapping approach on a germplasm set of Europe#rafid dent inbred lines was carried out.
Photosynthesis-related traits and seedling growsniewassessed under three temperature
regimes. The flint lines were less diverse thandéet lines at loci for temperature tolerance
and developed greener, smaller leaves and higtesr o& photosynthesis under chilling stress.
The proportion of genotypic variance explained iy detected associations ranged from 34.4
to 67.4%. The observed pattern of allele responggests that the alleles responsible for
shoot growth confer tolerance to only one tempegagxtreme. A combination of inbred lines
carrying alleles, which are superior under extrenoéstemperature should lead to a
complementary effect in the hybrid and would leadadaptation to a wider range of
temperature. Genes adjacent to those alleles gmeo@mpate candidates for testing this

approach.
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INTRODUCTION

As a result of advanced breeding strategies, thehitio maize Zea mayd..) is increasingly
cultivated in more temperate regions. In cool terageclimates, maize is sown as early as
possible to ensure a high and consistent yield. érasrging varieties with early development
under cool conditions are valuable in regions wharel spring temperatures hamper early
development of the seedling. Therefore, chillingetance is an important feature of well
adapted maize cultivars. With the predicted chamgetobal weather, earliness may become
even more important to avoid heat and drought dufliowering €f. BARNABAS et al. 2008)

in an increasing number of target environments.

High temperature during the seedling stage rarélsces temperate maize. However, high
temperature may hinder plant productivity; as shdamrice grain yields declined by 10%
with each 1°C increase in minimum temperature dutim growing season ERG et al.
2004). Furthermore, early maize hybrids are alreamhsidered to be potential second main
season crops, i.e., in southern regions of cerdtabpe where winter barleyH6rdeum
vulgarel.) is early harvested. Then, young, isolated maiedlings surrounded by bare soll,
can be exposed to very high temperatB8ace heat and chilling stress can affect plant
growth in one life cycle, adaptation of the genetyp these conditions is required.

Chilling affects the assimilation rate and phloemnsport (Swinski et al. 1999) due to
downstream effects of disturbed photosynthesissiBlogical changes help to prevent injury
to the plant due to temperature stress. Such agaghianges include the capacity to activate
the antioxidant system and changes in lipid contjpms{ALLEN and QrT 2001). It is essential
to determine whether the response to stress idfispec unspecific. Although plants may
respond similarly to different types of stress,ithhesponses are often specific, such as that of
stress-related protein production INPERIO et al. 2008 and references therein). The
development of heat shock proteittsf) and glutathione S-transferagasf are considered
to be unspecific, because both responses occur tede and chilling stress. In contrast, an
unsaturation of membrane lipids is reported to anbathe stability of the photosynthetic
machinery under low temperature @\ et al. 1995) but not under high temperatureafx

et al. 1994). Furthermore, DEAD box RNA helicaderlf) encodes an enzyme involved in
RNA metabolism which plays a key role in mRNA expamder abiotic stresscf(
CHINNUSAMY et al.2007)
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Temperate hybrids, grown in northern and centrabfe, are usually crosses between inbred
lines of the flint and dent heterotic groupsiA% 1988). Early breeding programs, beginning
in the 1950s, grew inbred lines derived from Euespdint landraces and combined them
with lines of Corn Belt dent. The flint lines caobited chilling tolerance, while the dent lines
contributed high yield potential @iLAUER 1990). Both groups were genetically separated at
the start of the breeding programs in Europe aerdstil separated today (®WERSEN et al.
2005; ReIF et al. 2005). However, the allelic constitution has crethgver time (RIF et al.
2005), indicating that the breeding had fixed ddéfe alleles in each heterotic group.
Therefore, the effect of population structure andimnment are essential (WERSENet al.
2005) to confirm the relationship of an allele toeoheterotic group and to a certain
environment

The genetic basis of tolerance of photosynthesisaize to cold has been investigated by
means of QTL studies based on biparental crossesceBoUD et al. 2002; HUND et al.
2004; dMPUK et al. 2005). These studies clearly confirmed that phottesis-related traits
are quantitatively inherited and that many loci imweplved. Traditional QTL mapping, e.g.,
of biparental crosses, is often limited in mappiegolution and the number of sampled
alleles. To overcome these shortcomings, QTLs eam&pped by association analyses based
on linkage disequilibrium (LD). Applicable in unegéd germplasms @RAKMAN et al.
2004), this method offers the advantage that a mmgmber of alleles can be captured
simultaneously at a high resolution_(#r-GARCIA et al. 2003). A disadvantage is the risk of
spurious associations (false positives) due tordmaown population structure. So far, little
effort has been made to trace the effect of anlealtbroughout the whole range of
temperatures, to which maize seedlings may be exiadepending on the conditions of
cultivation and climate. Therefore, the goal wageaome-wide association mapping of the
response of seedlings to temperature in a temppdelation of maize. Specific questions
were: i) Do seedlings show a differential respotes®w, optimal and high temperature? ii)
Are key loci that control the temperature respansee frequent in one of the gene pools?
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MATERIAL AND METHODS

A set of 74 European maize inbreds was studied,pdsing flint (32) and dent (42) lines
from the breeding program of the University of Hoheim. Their genetic background is
described in ADERSENet al.(2005) and S8HRAG et al.(2006).

Plant growth:

Plants were tested under chilling stress of 16°@ mild heat stress of 36°C, temperature
extremes, and at 28°C, i.e. close-to-optimal comust These temperature regimes were
selected according to preliminary studies of a widenge of favorable and unfavorable
conditions (data not shown).

Seeds were imbibed over night at room temperatsugface-sterilized with 2.5%
sodiumhypoclorite (NaOCI (aq)) for 10 min, rinsedbrioughly with distilled water, and
germinated on filter paper§l(70 mm, Macherey-Nagel AG, Oensingen, Switzerldandn
incubator at 27°C. Seedlings with a similar radielegth were transferred to growth pouches
(HunD et al. 2009) and cultivated until the respective V2 stéigigure 2.1), indicated by a
fully visible collar on the second leaf (furthertaiés see Chapter 3). To establish the
seedlings, they were first grown under optimal dbms (28°C) for two days. The
photoperiod throughout the whole experiment was E PPFD 350 umol fnis* and the
relative humidity 60%. The temperature treatmentsrewcommenced two days after

transplanting when the lateral roots had appeared.

7 Figure 2.1 Growth containers with plants in growthuches at the V2
| stage.
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Physiological measurements:

Leaf greenness (SPAD) was measured with a SPADrri®&RAD 502, Minolta Corporation,
Ramsey, NJ, USA). For each replicate four measunesnef one leaf were averaged. The
operating quantum efficiency of the photosysterfibis;, GENTY et al. 1989) was measured
with a PAM-2000 fluorometer (Walz, Effeltrich, Geamy) equipped with a leaf clip holder
20030-B. Leaves were cut at the coleoptilar node e leaf area was measured with a
portable area meter (LI-3000A, LICOR, Inc., LincoME, USA). The shoot material was
dried at 60°C to constant weight and the dry matetermined. Specific leaf area (SLA) was
calculated as the leaf area divided by the leafndright.

Experimental design and statistics:

The experimental design in each temperature envieon () was an alpha lattice BRETO
et al. 1997) with eight biological replicationd.e., four independent replications per
environment 1) and two blocks l§) per growth chamber, each containing a full set of

inbred lines @;). The 74 inbred lines in each block were assigoesight incomplete blocks

(ckm)- They were distributed in four sections of twawgth containers. The final model to

obtain the best linear unbiased estimates (BLUEggnotypes was:
Yium =4+ 0, +1; + 0t [gtry, 1y +Dy +Cry + i » 1)

where Yjum is the effect of théth inbred line in thgth temperature treatment, tki growth
chamber run, th&h block and thenth growth containergjum is the residual error andthe
intercept. The terms to the left and right of tieetical bar (|) are considered to be fixed and
random, respectively. Analysis of variance was mhbygethe asreml-R package (ASReml
release 2.0, BMOUR et al. 2006) and the best linear unbiased estimates (Bl Uitracted
for each genotype-by-treatment combination, andewesed as the input values for the
association mapping.

Analysis of variance of the heterotic groups, flamd dent, and for the heterotic group-by-

environment interaction was:

Y =H +tj +h, +thjn |g; + gtij +gtrijk Tyt bjkl * Ciam ¥ Cjiamn » 2

ijkimn
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where Yiumn is the effect of theth inbred line in thenth heterotic group, in thgth
environment, théth growth chamber run, and thd block andmth containerh is thenth
heterotic group (flint or dent) and all other pasers are the same as in model 1. If not
stated, then the effects of the temperatures ersem the trait are always given compared to

the close-to-optimum temperature.

Heritability on an entry means @dLAND et al.2003) for each treatment was calculated as:

2
h2 - O
_0.2 +;0.2 +L0’2v +i0’21
gt gt 0 ar T4 r

®3)

where o®y is the genetic varianceg®y the variance of the genotype-by-temperature

interaction, o’y the variance of the genotype-by-temperature-byintieraction, ando?
the residual error variancg k, andl denote the number of treatments (3), runs (4),bhocks

(2), respectivelyg?y is the genetic variance after correcting for effeaf the heterotic group.

Association mapping approach:

Genome-wide association mapping was performed Wdthmaize inbred lines, genotyped
with 1415 AFLPs, of which 748 were mapped to on¢heften chromosomes on the Keygene
integrated map. The remaining markers are mappegséudo chromosomes. First, we
analyzed the population structure of the lines.nThie main marker effects and marker-by-
temperature interaction effects were determinedtlier growth traits of the seedlings. To
detect markers linked to genome regions associaitda specific stress response, markers
showing significant interactions with the environthevere classified according to their allele
substitution effects. Finally, we attempted to shight on the distribution of alleles, which
increase tolerance in the heterotic groups.

Analysis of population structure

This analysis was based on 163 SSR3(&G et al, 2010) using the R Statistics Software (R
DevELOPMENT CORE TEAM 2008). The Rogers' distance (RD) was calculatedrding to
ROGERS (1972). Associations among the 74 inbred linesewsrvealed by a principal

coordinate analysis (@VER 1966) based on RD estimates between pairs ofdsbinalysis
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of the first principal coordinate (PC1) revealedear separation of the heterotic groups, flint
and dent, confirming that they are two distinctugs.

The combined analysis of adjusted entry means (Bl)l#€ross environments obtained from
model (1) did not enable us to infer entry-by-eamiment interactionsc{. PIEPHO 2000).
Nevertheless, the results offi& et al. (2008a) indicate that the power for detection of
marker-phenotype associations with a two-step ambrdased on adjusted entry means for
each environment is only slightly lower than withoae-step approach. Therefore, the
analyses were based on the adjusted entry meandatatl for each environment. The K
method, described byT&H et al. (2008b), was used to detect the AFLP phenotype

associations:

My =t 30 RV, +1 +a, +(al) , +3, +6, (4)

where M, is the adjusted entry mean of ftie maize inbred at thgh environment carrying
the pth allele, pan intercept,v, the effect of theuth column of the population structure
matrix P, |, the effect of thgth environmenta the effect of allele, (al);, the effect of the
interaction of thepth allele with thgth environment, andj, the genetic effect of théh entry,
with the exception ok, andg, the residuals.

According to AAo et al. (2007), the first two principal componeni=2) of the SSR allele

frequency matrix, which explained 28.8% of the ande, were used as tRematrix.

The variance of the random effedgs={ g,,...,0,,} ande={ey 1, 1,..., €4 3,3 was assumed

to be Var@) = Z(optazg and Varg) = Ro?*, whereKo, was a 7474 matrix of kinship
coefficients that define the degree of genetic danae between all pairs of entries aRd
222 x 222 the identity matrix. Genetic varianegs andresidual varianceg? were both
estimated by REML. For each examined trigp: was calculated according taiSH et al.
(2008b) using the SSR markers.

To solve the multiple test problem, the Bonferromd procedure (dLm 1979) was applied
to detect AFLPs with significant (P < 0.05) (1) maffects across environments and (2)
AFLP x environment interactions. The proportion engtypic variance, explained by one
marker, was calculated from the reduction of theegje variance in a model with marker
effects compared to the genetic variance in a mad&iout marker effects. The total

proportion of genotypic variance explained by akLA&s with significant main effects was
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obtained by fitting a model, which included all ars. All mixed-model calculations were
performed with ASReml release 2.0i(BOUR et al.2006).

Test for group specificity:

Since the flint and dent heterotic groups were rbjeaeparated, the population structure
matrix P was used to avoid detection of spurios®aations. It is, therefore, unlikely that
traits controlled by alleles associated with theetaic group were detected. However, it was
determined, whether the detected associations paetly associated with the heterotic group.
Thus, the frequency of alleles in the flint groupsvessessed for trait-associated markers. The
frequency was expressed as the ratio of the numb#nts carrying the allele to the total
number of genotypes carrying the allele. The fregyevas O when the allele was absent in
the flint group, and was 1 when the allele was detkin the flints but not in the dents. A
x2 two sample test was conducted to determine whekieeheterotic groups differed in the
frequency of alleles, i.e. whether the alleles wgmaeup-specific. The average effect of the
flints (Effect flint, Tables 2.2 and 2.3) on the tsabf a virtual flint-by-dent hybrid was
qualified based on the allele substitution effext the frequency of alleles in the flint pool. In
the case of the loci with association-by-tempematateractions, the “effect flint” revealed the
relative change in the allele effect at temperaexéremes compared to the control. For
example, a positive “effect flint” was recorded wha%z changed positively from the
optimum towards the extreme and the trait-incrensiliele was more frequent in the flints
(Table 2.2).

The detected associations were projected on the IBMIB Neighbors Frame genetic map
(SCHAEFFER et al. 2008) obtained from the Maize Genetics and Gensnibatabase
(MaizeGDB, LAwRENCE et al. 2005). This was performed by the software BioMtoca
(ARCADE et al. 2004) using 135 common SSR markers. A collocatbrassociations of
different traits was considered to be positive witenadditive effects had the same algebraic
sign (+or -) and negative when the signs were oppositee&eanvolved in temperature
tolerance in the = 20 cM region around the deteatsbciations were selected from the IBM2
2008 Neighbors Frame map (MaizeGDB: http://www.regdb.org/) to pinpoint the most

interesting associations.
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Classification of allele responses:

The allele substitution effectil/2) is given as the additive effect of replacirigla 1 by
allele 2. To obtain the relative allele substitoteffects, we set the absoluwé/2 relative to
the adjusted means (BLUES). Figure 2.2 shows tleéeaiésponses to temperature. Allele-by-
temperature treatment interaction effects are shéwnclose-to-optimal (here 28°C) and
extreme (here 16°C and 36°C) temperature. All€l&2) shows two possible reactions of one
allele in relation to the reference allele 1 (Alhe allele confers tolerance to only one of the
temperature extremes (a), both temperature extrgiimesor indifferent (c). Classes are
subdivided into those with interactions,, (&) and those without interactionsnéa acoid, Popt,
bey). Class (a) displays the response of an alleleitteer chilling or heat stress while (b)
illustrates a similar response to the temperatuiteemes. Furthermore, the subscript “x”
denotes “interaction”. Classes without interactidligstrate a response to heat-ne{@,
chilling- (a.oid), optimal- () and extreme conditions . Subclasses of ¢ show either a

similar response to optimal and heat4{Eor to optimal and chilling ¢gi4) temperature.

Figure 2.2 Classification of AFLP allele
response based on the relative allele
substitution  effects o1/2) in each
temperature treatment. A2 shows two
possible reactions of one allele in relation to
the reference allele (Al zero line). Alleles
confer tolerance to temperature extreme (a),
or to both temperature extremes (b), and
indifferent (c). Classes are subdivided into
crossover interactions Jfa b) and no
a1 Crossover interactions but responsive to heat
(anea), chilling (&), optimal (Ry) and
extreme conditions ). Subclasses of ¢
show either a similar response to optimal
heat (ges) Or to optimal chilling (&)
conditions.

>
)

aX A2

=2
x

Al Al

A2

A2 Acold

>
N

Aheat

\
<PV 2R

>
N

>
N

A2

Trait Value
Trait Value

Tkl

A2 bopt

Al

>
)

A2

>
N

Cheat A2 Ccold

Al Al

A2

>
N

cold optimal heat cold optimal heat
Temperature

22



Results

RESULTS

Seedling growth was strongly affected by chilling md moderately affected by heat:

The temperature treatments had significant effeatshe growth of seedlings for all the
evaluated traits (Table 2.1, Figure 2.3). Planswgr under chilling conditions developed
paler leaves and showed a lower photosynthetiovigectiUnder chilling, leaf greenness
(SPAD) decreased by 33% and the operating quantiicreacy of the photosystem Itbpg))
decreased by 35.2% compared to the close-to-optiteumperature. In contrast, the SLA and
root-to-shoot dry weight (DWsy) increased by 25 and 19%, respectively, undefigil
stress. The surface area ratio of roots to leaeesedsed considerably under high and low
temperature, whereas other traits were hardly &ffeby heat. Average heritabilith?) was
0.74. Exceptions werdpg; (0.29) and SLA (0.57) owing to low genotypic vawxia and the
strong effect of treatment and run interactionsT&R) (Table 2.1). Heritability increased for
the flints (0.79), while it decreased for the deftiss4) when calculated separately for the
heterotic groups. The decreased heritability ofdéets was most apparent for SLA and was
caused by a lower genotypic variance (data not sho@ompared to the flints, the dents had

a higher GxT and GxTxR for SLA, indicating a strongp@nse to environmental changes.

The flint heterotic group was genetically separatedrom the dents, had greener and

smaller leaves and a higher rate of photosynthesisder chilling:

The first two principal components of the SSR allieégjuency matrix separated the inbred
lines into two major subgroups (Figure 2.4) coimpgdwith the flint and dent heterotic
groups. This justifies a separate analysis of egop and a confirmation of their genetic
separation due to breeding. For most traits, difiees between the flints and dents were
small across all three environments (Table 2.1)weier, significant effects on the SPAD
and shoot dry weight (DW) were found in each group. The flints maintainemnparably
greener leaves, while the dents accumulated mgerendtter in all three environments (Table
2.1). The groups differed slightly with respectligs, and leaf area. Temperature-by-heterotic
group interactions were found for leaf dry weigbBtN a7 and the surface area ratio of roots

and leaves. The dents outperformed the flints inhilgl temperature environment for both
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traits. The dry weight of the leaves was also greaimpared to optimal conditions. Heterotic
group-by-temperature interactions were found faf l@rea andbps), (P < 0.1), because the
leaf area of the dents was greater under high teatyre, while the flint maintained

photosynthesis#{ps)) better at low temperatures (Table 2.1).
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Figure 2.3 Box-Whisker-Plots for temperature effeah leaf greenness (SPAD), operating quantumiefity
of photosystem 1l ®pg), dry weight of leaves (DW.y), total dry weight of shoots (DYY, specific leaf area
(SLA), ratio of surface area of roots and leave&gBA), and ratio of dry weight of root and shoot ([R\).
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Table 2.1 Adjusted means for the heterotic grotipg &nd dent) within temperature treatments gaflgreenness (SPAD), operating quantum efficiency
of photosystem |l @pg)), leaf area (LA), dry weight of leaves (QWY), total dry weight of shoots (DYY, ratio of surface area of roots and leaves
(SArLA), ratio of dry weight of root and shoot (D), and specific leaf area (SLA). Proportion of totariance for genotype (G), genotype-by-
treatment interaction (GxT), and genotype-by-treatiiby-run interaction (GxTxR) as well as heritapiéstimatest®). ANOVA results for the effect of
treatment (T), and heterotic group (HetGr) andrtiméraction.

SPAD Dpg LA DW eat DWs; SARLA DW gist SLA
cnt mg mg crien? mg/mg kg
Heterotic Group
16°C flint 22.6 0.526 154 26.6 57.1 .0128 0.779 54.7
dent 18.6 0.478 15.6 25.7 59.1 0.0700 0.700 56.7
28°C flint 32.9 0.773 15.2 31.4 514 027 0.629 45.0
dent 28.4 0.771 16.7 34.7 56.1 0.0924 0.604 441
36°C flint 29.5 0.754 14.1 32.4 50.6 .0an5 0.621 40.5
dent 26.8 0.747 155 36.4 56.8 0.0749 0.557 39.1
Variance components
G 0.605 0.042 0.376 0.330 0.473 0.576 0.828 0.168
GXT 0.140 0.125 0.118 0.118 0.111 0.157 0.171 0.17
GXTxR 0.259 0.220 0.138 0.100 0.091 0.051 0.0734 0.319
h? 0.85 0.29 0.8 0.79 0.85 0.85 0.89 0.57
ANOVA
T ok - ok - sk sk sk sk
HetGr  * NS * NS NS NS
TxHetGr NS o NS * NS NS

., X, * e NS indicate significance level of P& 1, <0.05, <0.01, <0.001 and not significant, eesipely.
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Seedlings response to temperature

Association studies:

The analysis yielded 16 marker-trait associationsh wnain effects for seven traits
(Table 2.2). Seven of the 16 associations were wbddpr AFLPs, which have not yet been
mapped to one of the ten chromosomes on the Keygeegrated map (NA, Table 2.2).
Twenty-three marker-by-temperature interactions far traits were detected (Table 2.3).
Nine of the 23 markers have not yet been mappeshtoof the ten chromosomes on the
Keygene integrated map (NA, Table 2.3). Not consmgerpopulation structure, the
association analysis yielded 115 associations wiidin effects and 24 association-by-
temperature interactions (data not shown). The nurnobesignificant associations ranged
from one for DWea;, DWst and SLA to five for SPAD. The genetic variance eipdd by all
the markers ranged from 34.4% for DM/to 67.4% for SPAD. Single marker contributions
ranged from 23.3 to 37.8%. Marker-by-temperatuteractions ranged from one for SPAD to
11 for SLA (Table 2.3).

[e0]
e Q%
DNAD
— ~
T S N
ﬂ'.
i 0
S5 ° 2
[}
© o]
.E o o & oY A
'g S °© L%, °
S o Sﬁ@"o o A Ap
© -~ ] A AA
s 9 A% AA
£
a ~ AN A
T A
O Flint & Dent A
™M A Aﬁ
Q | T T | T
-0.4 -0.2 0.0 0.2 04

Principal coordinate 1 (39.6 %)

Figure 2.4 Principal coordinate analysis based ogeRs' distance estimates. Flint lines (open Qirdént lines
(triangle).
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Collocations of important traits describing shoot gowth:

The detected associations were projected on the IBMIB Neighbors Frame genetic map.
Collocations of marker-trait associations were cletg on chromosomes 2 and 5 (Figure 2.5).
A positive collocation among DW,;, leaf area, and DWW was detected in bin 2.09
(Figure 2.5). This collocation coincides with thewaigh correlations (r ~ 0.85) among these
traits. Furthermore, a positive/negative collocaticas detected for an association for RV
and SLA in bin 5.05. This relationship cannot bepsuged by correlations. However, the
correlation was the highest for plants grown atG3@°= 0.25). A large number of known and
unknown genes are in a £ 20 cM region around thectied associations. Of those the most
interesting genes with regard to temperature-talsganechanisms were selected from map
IBM2 2008 Neighbors Frame (MaizeGDB: http://www.megdb.org/). In bin 1.02, the
cytokinin response regulato€xr8) was 2 cM from a marker-by-temperature interacfion
Dpg). Furthermore, the heat shock protdifsfp2§ was 17 cM away. In bin 3.05, glutathione
S-transferases&st7, Gst21, Gstd8were ~ 4 cM from a marker-by-temperature inteoact
for dpgy. The cytokinin response regulat@r(5) was 9 cM from the interaction association.
In bin 3.05, the DEAD box RNA helicaseDrhl) was ten cM from the marker-by-
temperature interaction for SPAD. In bin 6.05, glatathione S-transferas&$t4]) was

15 cM from an association for N@;, andGst23was 7 cM from a marker-by-temperature

interaction fordpg) in bin 7.02.

There are more alleles with main effects on traitén the dent pool:

The aim was to assess whether alleles are groujfispe®. whether the allele, which
increases a trait or its tolerance to temperasiredre frequent in one heterotic group. Group-
specificity was found for ten of the 16 associatighable 2-2X2)- In the flints, an allele was
fixed in one case but was absent in four cases.€effieet of flint on the trait increase was
negative at a majority of eight loci where thetiniffered significantly from the dents. Thus,
the dents carried more alleles, which favor traiues. Based on the smaller leaf area of the
flints (Table 2.1), the “effect flint” (Table 2.2) wanegative for this trait at the two detected
loci. In the case of SPAD, two of the three locthwsignificant group specificity showed a
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negative effect. Based on the consistently higlaues for SPAD of the flints (Table 2.1),

more flint-specific alleles were expected for tngst.

The response of alleles to temperature extremes waly differed:

The marker-by-temperature interactions were classificcording to the allele response to
temperature (Figure 2.2). The allele substitutidiectffor each trait and treatment was of a
similar magnitude for all the detected associatidtewever, the effects of alleles differed
strongly with respect to temperature and trait. haiby-temperature interactions fdps)
were mainly affected by chilling, marker-by-tempera interactions for D\Ms;were mainly
affected by heat, and those for SLA and SPAD wéected by both temperature extremes.
Most of the responses were those with at leastorgsover interaction (Table 2.4,l&, Giear

Or Colg); allele 2 had a positive effect at one tempermtand a negative effect at the opposite
one. This was especially apparent dais, and SLA where the majority of cases classifigd a
with divergent responses of the alleles to the tevoperature extremes. Only the marker-by-
temperature interactions for SPAD were clearlyhaf type k, because the underlying alleles
showed a positive effect at the optimum temperabutea negative effect at both extremes or

vice versa

Flints exclusively carried alleles that increase dting tolerance of ®pg);:

Group specificity was also observed for the matketemperature interactions (Table 2.3,
%). The allocation of the alleles to one heterotiougr compared to the other was significant
for 65% of the associations. In the flint group alele was fixed in only one case and one
allele was absent in 12 cases. In summary, thegbol was genetically less diverse at these
loci compared to the dent pool. The alleles witmsigant group specificity were tested for
the conferring of chilling or heat tolerance. Th@de examined best for the two traits with
the highest number of detected associationsibeey and SLA. In the case dbpg);, an allele
was absent in the flints four times and was fixedy once. The flints carried the allele
conferring chilling tolerance more frequently, thesntributing to the relative increase in
01/2 between 28 and 16°C (Table 2.3, effect flintdkoThis supports the sizable difference

between the heterotic groups at low temperaturetlamdnteraction between temperature and
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the heterotic group (Table 2.1). In contrast, theled conferring heat tolerance ®fs); were
balanced between the heterotic groups (Table Z&stdfint: heat).

In the case of SLA, an allele was absent in thedlseven times. The flints most frequently
carried alleles decreasing SLA under chilling mareasing SLA under high temperature and,
thus, showed ancdype response (Table 2.4). Since the mean valu&i Afdecreased from
low temperature to optimal conditions to high tenapere (Figure 2.2) this response pattern
of the alleles indicates that the flints carriec thlleles, which kept SLA most stable
throughout temperatures. However, this pattern ssioeiations was not confirmed by the

interaction between temperature and the heteratigyfor SLA (Table 2.1).
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Table 2.2 List of marker-trait associations withimaffects. See Table 2.1 for abbreviations oftétaAFLP marker according to Keygene; marker positon the
Keygene integrated map (unpublished) (Pos. KG)taedBM2 2008 Neighbors Frame (Pos. IBM); proparta genotypic variance explained by each margg(%))
including total variance as explained by all sigmint markers; allele substitution effeatl(2) as the additive effect of replacing allele ithvallele 2;x? two sample
test for allele distribution between flint/dentticaof number of flints carrying the allele vs. ttwgal number of genotypes carrying the allele i&RBtint); algebraic sign
of the effect of the more frequent allele in thatfhroup with respect to chilling or heat toleran{&ffect).

2
Associations with main effects sa)r(n;)\lléotest Ratio Flint E_ffect
Pos. KG Pos. IBM FlinyDent. Fltl:gi? "
Trait Marker (CM) (CM) Bin Py (%) a2 Allele 1 Allele 2 .

NOLea 489 42.6 189 1.02 25.6 -1.70 NS 0.38 0.48 -
486 181 1120 1.12 23.3 1.78 NS 0.5 0.38 -
919 72.6 300 6.05 26.7 -1.91 NS 0.37 0.58 -
593 NA NA NA 25.6 1.84 NS 0.31 0.51 +

total 48.3
DW _eaf 834 151 676 2.09 34.4 -0.21 ok 0.12 0.68 -
LA 834 151 676 2.09 33.2 -9.50 ok 0.12 0.68 -
1611 NA NA NA 32.8 -13.6 Fkk 0 0.84 -

total 42.3
DWg; 834 151 676 2.09 34.9 -8.40 i 0.12 0.68 -
SPAD 769 58.6 277 3.04 33.2 -5.64 NS 0.45 0.42 +
57 61.3 301 3.05 31.6 -6.22 *% 0.28 0.67 -
92 NA NA NA 30.7 6.02 * 0.82 0.38 -

888 NA NA NA 29.8 -5.81 NS 0.43 0.42
1722 NA NA NA 37.8 8.48 * 0 0.47

total 67.4
DWhrist 767 93.9 409 5.05 35.2 -19.8 * 0 0.51 -
1356 NA NA NA 31.5 22.3 Fhk 0.65 0 -

total 53.1
SLA 604 NA NA NA 41.2 -0.16 * 1 0.4 +

* ** *% NS indicate significance level of P <05, <0.01, <0.001 and not significant, respectivbsed on &2 two sample test for allele distribution betweba t
heterotic groups.
NA: Marker is not yet mapped to one of the ten chrsonues on the Keygene integrated map.



Table 2.3 List of marker-by-temperature interactioSee Table 2.1 for abbreviations of traits. AFh&ker according to Keygene; marker position onKkggene
integrated map (unpublished) (Pos. KG) and the IB¥I28 Neighbors Frame (Pos. IBM); allele substituteffect ¢1/2) as the additive effect of replacing allele 1
with allele 2;%? two sample test for allele distribution betweentftlent; allele response class; ratio of numbeflinfs carrying the allele vs. the total number of

genotypes carrying the allele (Ratio Flint); alggbisign of the effect of the more frequent allaléhe flint group with respect to chilling or hdaterance (Effect).
2

Associations with tergfpfg(r:?;ure treatment interactiol o allele é(artr\wl\;;cl)e Ratio Flint Effect Flint
respons  test
Trait Marker 0S-KG  Pos.IBM o, 16°C 28°C 3e°c  eclass FlinUDen ajgje 1 Allele2 cold heat
(cM) (cM)

SPALC 479 73.4 362 3.05 -2.33 1.85 -1.84 by * 0.32 0.7 - -

Dpg) 85 43.7 194 1.02 15.3 -1.11 -2.59 a NS 0.33 0.45 + -

1743 86 502 1.06 4.65 -1.55 0.05 by NS 0.33 0.45 + +

611 74.3 294 2.04 17.7 -0.70 1.38 by NS 0.37 0.75 + +

1128 67.4 335 3.05 22.5 -0.02 -2.35 a NS 0.2 0.44 + -

966 54.1 200 5.02 14.0 0.64 1.25 bey *x 0 0.52 + +

943 60.7 288 7.02 14.8 -1.18 -2.15 a * 0 0.48 + -

1289 NA NA NA -13.7 151 0.72 Cheat * 0.49 0 + +

1384 NA NA NA 15.1 -1.29 -2.29 ay NS 0 0.44 + -

1661 NA NA NA -19.8 3.20 3.97 ay NS 1 0.4 + -

DWhest 151 83.8 370 805 287  -387 871 by = 0 0.6 N +

1584 NA NA NA -0.46 -5.03 15.30 Ceold * 0.08 0.52 + +

SLA 971 56.1 269 1.03 0.091 0.038 0.011 Bcold NS 0 0.48 + R
629 67.2 265 5.03 0.136 -0.041 -0.020 Cheat whk 0.55 0 -

767 93.9 409 5.05 0.126 0.029 -0.052 a * 0 0.51 + -

43 541 232 7.02 -0.120 0.018 0.049 a, NS 0.15 0.5 - +

332 79.1 363 7.03 -0.076 0.101 0.087 Cheat i 0 0.55 - -

157 64.1 311 10.04 -0.036 0.046 -0.018 by *x 0.69 0.3 + +

75 NA NA NA -0.133 0.032 0.033 ay *x 0.07 0.53 - +

133 NA NA NA -0.043 0.044 0.055 ay * 0 0.48 - +

1350 NA NA NA -0.017 0.000 0.041 ay ok 0.05 0.58 - +

1597 NA NA NA 0.189 0.004 -0.006 ay * 0 0.53 + -

1611 NA NA NA -0.134 -0.048 0.004 Ay ohk 0 0.84 - +

* *x w0k NS indicate significance level of P <05, <0.01, <0.001 and not significant, respectivbysed on &° two sample test for allele distribution betweea th
heterotic groups.
NA: Marker is not yet mapped to one of the ten chsontes on the Keygene integrated map.
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Seedlings response to temperature

Table 2.4 List of allele response classes for nrabketemperature interactions. Leaf greenness (SPAD
operating quantum efficiency of the photosystertdls), ratio of dry weight of root and shoot (QV), and
specific leaf area (SLA). Symbols refer to the tistlasses in Figure 2.2.

No. sig. Percentages of allele response classes
marker with
e_nvwonment S bx Sheat Sold bex bopt Cheat Ceold
interaction

Trait/Symbol  effects x XX < > < < x X
SPAD 1 - 100 - - - ] ] ]

Dpg)) 9 56 22 - - 11 - 11 -

DWhast 2 - 50 - - - - - 50

SLA 11 64 9 - 9 - - 18 -
DISCUSSION

To obtain a phenotypic and genotypic descriptiontlttd maize material, temperature-
dependent early shoot growth was elucidated by me&mphotosynthesis-related traits and
dry matter accumulation. The flint heterotic groups genetically separated from the dents,
as it was also reported byNAERSEN et al. (2005) and 8®cH et al. (2006). One study
(Camus-KULANDAIVELU et al. 2006) reports the separation of the flint anddbat breeding
pools, also within other populations. Retfal (2005) illustrates the clear isolation of theffli
and dent parental lines used to breed hybrids guhe past 50 years. The composition of
alleles in both groups changed, while the genetmagation of the groups did notHR et al.
2005).

A greater variability indpg) at low temperature compared to optimum and highperature
was found. This is in line with other studies, whigport that chilling tolerant and chilling
sensitive plants usually show little variation imgbosynthesis dps;) under optimum
temperatures and that chilling tolerant plants tenchaintain®ps better under chilling stress
(FRACHEBOUD et al. 1999; HUND et al. 2005). The most striking constitutive difference
among heterotic groups was the greener leavesedfiitits, in line with the observations of
FRACHEBOUD et al. (1999). This raises the question as to whethediffierences between the
two groups manifest partially in constitutive diéaces in the chlorophyll content per unit

leaf area.
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LEIPNER et al. (1999) emphasized the problem of introducing oiglitolerant material from
tropical highlands into European breeding matenad tb the inherent low specific leaf area.
A group-specific impact onbpg, appeared only under chilling stress, because relect
transport in the flints was slightly better thanthe dents. This supports our hypothesis that
the flint group can better maintain photosynthegisow temperature, which is corroborated
by the results for chilling tolerant flint lines§ECHEBOUD et al. 1999). At high temperature,
®pg) was hardly affected and the plants did not seerespond negatively in contrast to the
results of 8NSAWAT et al. (2004), who reported that thies, decreased to below 0.4 when
the plants were exposed to high temperature fomk@ The strong effect observed by
SINSAWAT et al. (2004) was probably due to the short exposuresty kigh temperature. The
heat stress was probably not severe enough tot gffextosynthesis. However, rates of root
elongation of the same seedlings (Chapter 3) rededdiat root elongation stopped when the
temperature increased to above 36°C. Since thesdzeel was defined based on root growth,
it is concluded that heat stress had occurred.

Constitutively higher SPAD values and a relativelgh number of associations with main
effects were detected for the flints, which ind&caa constitutive behavior in all the
environments. The opposite was found for specitat dgea. There was one association with
main effects and 11 marker-by-temperature intesaatiffects. This suggests that SLA tend to
be an adaptive trait, which is, unfortunately, saapported by the ANOVA results. Similar
results were obtained fops; This trait revealed significant marker-by-temparat
interaction effects only.

Despite the observed positive collocations, theeeted collocations between leaf greenness
and specific leaf area were not detected, as regpday HUND et al. (2005). SPAD and SLA,
and SPAD andbps; were not collocated and not correlated. Therefinese traits seemed to
be controlled by different mechanisms, which woeddroborate the findings ob#Puk et al.
(2005), who reported that photosynthetic traits daf greenness were only moderately

related.

®pg; and flints are a measure of high yield in flint xdent crosses:

The chilling-tolerant allele fops; was consistently associated with the flint poads@ming

additivity and that all the existing associatiorsrgvdetected, this increases the possibility that
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flint x dent crosses derived from this populatioa @ery tolerant to chilling stress. The effect
of the alleles for chilling tolerance at optimumdahigh temperature was weak; therefore,
their mainly negative effects under these cond#tiomay not have a strong effect on the
plant’s performance. Similar conclusions were drémem other selection experiments, where
genotypes selected for high and labes; values under chilling did not show different
photosynthetic performance under optimum tempegatitACHEBOUD et al. 1999; HUND et

al. 2005). This indicates that chilling tolerance ok tphotosynthetic apparatus can be
increased without affecting photosynthesis unddimapm conditions. However, during the
life of the plants they are exposed to optimal ¢omas for a much longer period than to
chilling stress. This raises the question as to hdretwveak effects, which are usually
insignificant, may add up to a negative effect @idy especially in years with a warm spring.
This would explain why some QTLs detected for chillioerance ofpg; had a negative
effect on grain yield @vpPuk et al. 2005) or why test crosses with the lowest chilling

tolerance had the highest yield.

Pattern a, may indicate specific adaptation strategies:

Most allele effects were strongest at one extrezngperature, becoming weaker at the other
one (). Thus, the genetic differences were greatest ucli#ing stress and marginal under
close-to-optimal temperature RECHEBOUD et al. 2002). The allele response pattern of a
may indicate specific adaptation strategies. Theemwesl allele response pattern to
temperature may reveal alleles, which confer toleeaat one temperature extreme. Therefore,
typical candidate genes are those, which are linkedgronomically important traits and
activate stress-specific mechanisms.

Specifically expressed proteins may be inferior amthe respective opposite temperature
extreme. Therefore, a combination of flint and dgahotypes, which have a contrasting
pattern of alleles with regard to the target traquld result in a hybrid, in which both
mechanisms are combined and which, thus, possalisks, which have a positive effect at
both temperature extremes. This, too, would expaedrange of temperature, to which the

hybrid is tolerant and would reduce intolerancere of the temperature extremes.
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Discussion

Since the traits were usually controlled by a smathber of main markers with strong effects
(030%) they are suitable for a maker assisted sefe@AS) (SCHON et al.2004; Uz et al.
2000). However, a fine mapping of a candidate gestpiires a large sample and a high
marker density to obtain a high resolution. Ourydapon may thus, be unsuitable for the fine
mapping of candidate genes. However, combiningnap&a of 74 with a marker density of
~1500 AFLPs it is suitable for a genome wide scarali#les associated with important

agronomic traits.

Associated genes involved in chilling or heat tolance:

Genes near the detected associations were seleasedl on their assumed function in the
response to chilling or heat stress. The gdsp26in bin 1.02 is interesting, because heat-
shock proteins are involved in several stress mesponechanisms. They play a major role in
sensing ROScf. TIMPERIO et al. 2008) and, therefore, in protecting the photosytith
apparatus from oxidative damage. Certain H&Rsinduced by low temperaturegffduT et

al. 2004).

The genes encoding glutathione S-transferase amsdbignits in bins 3.05, 6.05, and 7.02 are
involved in gene expression responsive to temperastress by detoxification of reactive
oxygen species. An increase in oxygen-detoxifyimgyenes helps to protect maize from
damage caused by low temperatucé ReEvVILLA et al. 2005). BothGst and Hsp induce
unspecific responses to several types of stresghwirould anticipate an unspecific pattern
(by) rather than the specificy-type for the related associations. Although théatesl
associations fo®ps; showed an,atype response, the effect of the decrease froimmapt to
high temperature, was minor. This may indicate thatplants either had to antagonize more
ROS under low temperature than under high temperatuthat the heat stress was not severe
enough.

DEAD box RNA helicasedene, detected in bin 3.05, encodes an enzymdvatvan RNA
metabolism, which is important in mMRNA export ofadidopsis (GNG et al. 2005) under
abiotic stressdf. CHINNUSAMY et al. 2007). In maize, the DEAD box RNA helicase protein
interacts with the glycine-rich RNA-binding prote(GENDRA et al. 2004), which is also

reported to be expressed specifically under cotebst(TVPERIO et al. 2008).
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The cytokinin response regulataene encodes cytokinins that influence shoot dewvedmt
by maintaining stomatal opening and by delayingeseance under stressod®IsiLovA and
RuLcovA 1999; TEPLOVA et al. 1999). Appropriate amounts of cytokinin would riede and
maintain photosynthesis under temperature str€ss8 (bin 1.02) is a type-B regulator
(ASAKURA et al. 2003), which activates cytokinin transcription,emsasCrr5 (bin 3.05) is a
type-A regulator (SAKURA et al. 2003), which represses transcription. Thus, seledor

genotypes with upregulation Gfrr8 under stress would be the most plausible.

CONCLUSION

The development of seedlings was affected by batipésature extremes but to a lesser
extent under high temperature. Dents usually dhraiéeles that increase the trait values at
optimum and high temperature. Flints usually cdrtiee alleles that favor chilling tolerance
for ®ps). The detected loci usually conferred tolerancecifipeto low or high temperature.
This was most apparent fabps, for which the more frequent alleles in the flippol
consistently conferred chilling tolerance. Those lagy may be involved in tolerance to heat
or chilling stress. A combination of inbred linearying alleles, which are superior under
extremes of temperature should lead to a compleaneeffect in the hybrid and would lead
to adaptation to a wider range of temperature. ifleatified candidate genes, which confer
chilling tolerance, such as tlegtokinin response regulator8puld be validated further for the
use in MAS.
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Temperature effects on root growth

Chapter 3

Root response to temperature extremes: associatianapping of

temperate maize Zea maysL.)

* A publication based on this chapter has been sidxdn

ABSTRACT

Little is known about the genetic control of thetrarchitecture of maize&Zéa may4..) and

its response to temperature extremes. An assatiatapping panel, including 32 flint and 42
dent inbred lines, was characterized for rootgraithe growth of axile and lateral roots was
assessed non-destructively in growth pouches &t X6hilling), 28°C (control) and 36°C
(heat). Associations were mapped using thegPKnixed-model association-mapping
approach. Heat slowed down the development of sepdbots to a lesser extent than
chilling, but differences between the heterotic up® were observed mainly at optimal
temperature. Of 1415 AFLP markers 70 showed sigmitienarker-trait associations and 90
showed significant marker-trait associations wimperature interaction effectShe dents
showed stronger growth of axile roots, especiatigar optimal conditions, and carried more
of the trait-increasing alleles for the length afl@ roots. In contrast, the flints accumulated
more root dry weight at low temperature and exsllgi carried the alleles favoring tolerance
to chilling. A combination of inbreds carrying dée positive for performance under
contrasting temperature conditions should lead tmraplementary effect in the hybrid and

would increase adaptation to a wider range of teaipee.
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Introduction

INTRODUCTION

The adaptation of maize to a wide range of envirartaleconditions including temperature
remains a central target of breeding programs. &breeders work with inbred lines that are
selected for their ability to produce superior, maadapted commercial hybrids. Temperate
hybrids in northern and central Europe are usualbross of inbred lines from the heterotic
groups flint and dent (8w 1988). Both were established in the 1950s, baseHuopean
flint landraces and lines of Corn Belt dent. Thatflines contributed chilling tolerance and
the dent lines contributed a high yield potentidAi(LAUER 1990).

In cool temperate climates maize is sown as ealpassible when soil temperatures are
above 7 to 8°C to ensure a high and consisterd.yi&dwever, when temperatures are low for
a prolonged period of time they have severe negatffects on early development. Chilling
decreases the photosynthetic performance of maiedlings (GAssoT 2000; HUND 2003;
HUND et al. 2007) as well as the root growth and leaf expan@GELS 1994; SONE et al.
1999). Temperate maize is rarely affected by higmperature during the seedling stage.
However, higher temperatures may hamper plant @todty as shown for rice (NG et al.
2004). Early maize hybrids are considered to betanpial second-season crop when winter
barley may be harvested earlier in southern regidreentral Europe. Accordingly, seedlings
may be exposed to chilling stress when sown inngpor to heat stress when sown in
summer. A range of physiological and morphologiedaptation is required to achieve
adaptation to chilling and heat stress. Physiokmigédlaptation to heat and chilling includes
activation of the antioxidant system and the acdatiman of soluble carbohydrates.
Antioxidants prevent damage to the plant causedebgtive oxygen species I@NOSOTELO
and Hb 1986; TMPERIO et al. 2008). Furthermore, morphological adaptation may b
beneficial to plant productivity, for example thgiuthe development of more lateral roots
(HunD et al. 2008) or an increase in root diametelutEoRTH et al. 1986). Some of the
adaptation mechanism of the plants, as for exanm@dormation of stress related proteins,
are, for heat and cold stress, i) the same or &inait ii) stress specific or iii) can have a
negative effect under the respective opposite stiese rapid accumulation of antioxidants or
soluble carbohydrates is a similar response, wisigkequired under heat and chilling stress.
By observing the allele effects that underlie thgponse to temperature extremes, the reaction

type becomes evident. So far, little effort hasrbe®de to trace the effect of an allele over
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Temperature effects on root growth

the whole range of temperatures, to which a magesll;ng may be exposed, depending on
the environment. Furthermore, there is still litttdormation on the genetic mechanisms
controlling root traits.

Quantitative trait loci for root traits of maize weeidentified in relation to early vigor (WD

et al. 2004) as well as for physiological traits and gitownder chilling stress @PuK et al.
2005). More information exists for seedling rodits at optimal temperature (Ra et al.
2010; TRACHSEL et al. 2009b; TUBEROSA et al. 2003). All these QTL studies were based on
biparental crosses, which have the disadvantageeofg limited by the number and the
resolution of alleles that can be sampled. Alteved, in the mapping of marker-trait
associations in plant-breeding populations, a hmimber of alleles can be mapped
simultaneously at a high resolution (Flint-Garciaak 2003). Statistical methods, to account
for population structure minimize the risk of fajsesitive associations (Pritchard et al. 2000).
Our goal was a genome-wide association mappingoof elongation and its response to
temperature in a temperate breeding population aizen Specific questions were: i) Do
alleles show a differential response to low, optjmaad high temperatures? ii) Are tolerance

alleles more abundant in one of the gene poolsatidig their fixation due to selection?
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Material and Methods

MATERIAL AND METHODS

We used a set of 74 European maize inbreds of(8if and dent (42) lines from a breeding
program at the University of Hohenheim. Their gamétickground was described elsewhere
(ANDERSENet al.2005; $HRAG et al.2006).

Plant growth:

Plants were tested under chilling stress (16°)sestim-optimal temperature (28°) and mild
heat stress (36°). The upper and lower temperataresconsidered to be temperature
extremes. These temperatures were based on pratinshalies of a wide range of favorable
and unfavorable conditions (data not shown).

Seeds were imbibed over night at room temperatgigface sterilised with 2.5%
sodiumhypoclorite (NaOCI (aq)) for 10 min, rinseabrioughly with distilled water, and
germinated on filter paper§l(70 mm, Macherey-Nagel AG, Oensingen, Switzerlandin
incubator at 27°. Seedlings with a similar radigegth were transferred to growth pouches
(HunD et al. 2009) and cultivated until the respective V2 stdgdicated by a fully visible
collar on the second leafhe pouches were made of black plastic sheetingantined blue
germination blotting paper (24 x 29.5 cm) (Anchap®r, St. Paul, MIl, USA) and were hung
in growth containers (33 cm wide x 132 cm long xcB8high). The bottom of the pouch was
submerged in nutrient solution (0.23% (v/v) of WlixaAglukon Spezialdiinger GmbH,
Dusseldorf, Germany; composition per liter: 100 gI100 g P205, 75 g K20, 190 mg Fe,
162 mg Mn, 102 mg B, 81 mg Cu, 61 mg Zn, 10 mg Ma).establish the seedlinsg, they
were grown under optimal conditions (28°) for twayd. The photoperiod throughout the
experiment was 12 h, the PPFD was 350 umbkmand the relative humidity 60%. The
temperature treatments were commenced two days taftesplanting the seedlings, when
lateral roots had appeared. At harvest, the roete warefully washed and removed from the
blotting paper. The root material was dried at 6@6Cconstant weight and the dry matter

determined.
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Imaging and analyses:

Images were taken at three specified times bytadthscanner (HP scanjet 4600 series, ‘see-
through’, Hewlett-Packard Company): i) before tipplacation of the temperature treatment
(to) to determine the initial root length, ii) halfwathrough the treatment period;)(tto
determine the increase of root length as a funatiotime and iii) at the V2 stage when the
plants were harvested)(to determine root morphology depending on thgestdo scan the
roots, the pouch was placed on a specially butk.ra&he front of the pouch was opened and
the pouch was fixed; the scanner was in a horizgusition in front of the blotting paper.
The acquired 24 bit images were subsequently predelsg Adobe Photoshop 7.0 in three
steps (Adobe Systems Inc., San Jose, CA, USA)t, Rive saturation channel was used to
obtain 8-bit images with enhanced contrast betweeis and the background. Second, the
median filter with a radius of three pixels wasdise remove noise, which may have been
present when detecting spurious roots by WinRhi2d3p (Regent instruments, Montreal,
QC, Canada). Third, binary images were obtaineddmtyang a threshold to the tonal value.
These images were manually controlled to ensuratyuwdlthe data, which was subsequently
processed by WinRhizo, revealing 72 width classdianf{eter for roots) ranging from
42.33um (1 pixel) to 3.05 mm (72 pixels)'he debris removal filter was set to remove
objects with an area smaller than 0.0Z @nd a length/width ratio lower than 5. The lengths
of axile and lateral roots were extracted from thet length in diameter-class distribution
(RLDD) obtained by WinRhizo as described bynt et al. (2009). Axile and lateral roots
were separated by temperature-dependent threskettds from the RLDD. Lateral roots
were characterized by root length below this thoégshlonger roots were attributed to axile
roots.
The elongation rate of the axile roots (&Rwas linearly modeled, and the elongation rate of
the lateral roots (k&) was exponentially modeled. The corresponding risogere

_ X(t) = x(t0)
Cot (1)

for axile root elongation, where x(t) is the roendgith at time t after germination t&) is the

X(t) = x(t0) x ER,t ; ER,

root length at the first scanning day, dxtds the lag betweenandtO

and

X(t) = X(t0) x ! g =200 = X(10)) )

lat t
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for lateral root elongation rate, wherg; ks the growth constant for lateral roots. The gfow

constant k is inversely proportional to the douplime of the lateral roots.

Experimental design and statistics:

The experimental design within each temperaturér@mment () was an alpha lattice design
(BARRETO et al. 1997) with eight biological replications.e. four independent growth
chamber replications per environmeng)(and two blocks k) per growth chamber, each

containing a full set of inbred linegy(). The 74 inbred lines in each block were distrlout

across eight incomplete blocksu,), which were distributed in four sections in eathwo
growth containers. The final model to obtain thetdamear unbiased estimates (BLUES) of
genotypes was:

Yiam =M+ G+t + 0t | gty +1 +Dy +Cpn + G » (3)

whereYijum is the effect of théth inbred line in thgth environment, thé&th growth chamber
run, thelth block and thenth growth containerejm is the residual error andthe intercept.
The terms to the left and right of the verticakli(j) are considered to be fixed and random,
respectively. Analysis of variance was made byabeml|-R package (ASReml release 2.0,
GILMOUR et al. 2006) and the best linear unbiased estimates (B)U&ktracted for each
genotype-by-treatment combination, were the inpliles for the association mapping.

The analysis of variance of the heterotic groulrst &nd dent, and for the heterotic group-by-
environment interaction was made according to itied model:

Yiamn =M+t +h +th, | g + gt +atry, +1, +Dy +Ch + Einn » (4)

where Yjumn is the effect of theth inbred line in thenth heterotic group, in thgth
environment, thekth growth chamber run, théh block and themth containerh is thenth
heterotic group (flint or dent); all other paramstare the same as in model 3. If not stated,
then the effects of the extreme temperatures s &ee given compared to close-to-optimum

temperature.

The heritability based on an entry meani(EAND et al. 2003) for each treatment was

calculated as:
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2
h2 — g g
Uzg+i0'2_+i0'2_ +i0—2’
g j at ik gtr jki r

(5)

where g®y is the genetic varianceg®y the variance of the genotype-by-temperature

interaction,o”q the variance of the genotype-by-temperature-byimteraction, ands? the
residual error variancg, k, andl denote the number of treatments (3), runs (4), @dadks

(2), respectivelyo?y is the genetic variance after correction for effeaf the heterotic group.

Association mapping:

A genome-wide association mapping was performeth wWie 74 maize inbred lines. This
approach concluding the analysis of populationcstme, the test for group-specificity and the

classification of allele response was describedetail in Chapter 2.

RESULTS

Chilling had the strongest effect on growth:

Chilling reduced the elongation of axile (&R and lateral (k) roots by 81 and 72%,
respectively. Both traits were affected less byt lsti@@ss. At the end of the experiment total
root length (lry), root diameter, and root surface area had ineck@s plants grown under
extreme temperatures. The root dry weight Wand the root-to-shoot dry weight ratio
(DWhrsy) decreased from chilling temperature to optimumgerature to high temperature.
Thus, shoot growth increased more than root growltlen temperature increased. The
heritability was high for all the traits (g 0.81)jth the exception of |l (0.43) due to low
genotypic variance (Table 3.1). When heritabilitgsacalculated separately for each heterotic
group that of the flints increased slightly (g Q,8Bhile that of the dents decreased (g 0.73).
The decrease in heritability in the dents was napgtarent for k., Nose and ka/ERax and

was caused by lower genotype variance in the ddata not shown).
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Table 3.1 Adjusted means for population and hetegrbups (flint and dent) within temperature treahts for elongation rate of axile roots (&R relative elongation
rate of lateral roots (k), length of axile roots (k), diameter of axile roots (fQ), surface area of axile roots (84 length of lateral roots (L;), diameter of lateral
roots (D4), surface area of lateral roots (S number of seminal roots (N, dry weight of roots (DW), ratio of dry weight of root and shoot (B¥), total surface
area of roots (S4), total length of roots (%) and elongation rate ratio of lateral roots tat thiaaxile roots (ki/ERax). Proportion of total variance of genotype (G),

genotype-by-treatment interactions (GxT) and geuetyy-treatment-by-run interactions (GxTxR) as wslheritability estimate£). ANOVA results for the effect of
treatment (T) heterotic group (HetGr) and theierattion.

ERax Kiat Lax Dax SAx Liat Diat SA at NOse DWgt  DWhrest  SAg Lkt KLa ERax
cmd®  cmd! cm mm cr cm mm cr mg mg/mg  crh cm
Population mean
16°C 2.62 0.123 57.57 1.00 191.9 22.77 0.317 23.1 1.78 3.34 0.750 218.7 81.4 0.072
2g°ec  9.35 0.641 56.92 0.85 159.7 19.14 0.250 15.1 1.70 3.33 0.628 179.9 75.3 0.090
36°c 6.55 0.436 57.43 0.94 175.9 25.70 0.306 24.9 1.81 213 0.599 206.5 85.3 0.087
Heterotic Group
16°C flint 2-39 0.122 52.70 1.043 183.2 22.03 0.316 22.4 1.60 44.3 0.779 211.1 76.0 0.074
dent 2.68 0.124 60.34 0.965 195.1 21.73 0.318 22.2 191 414 0.700 220.8 82.1 0.071
og°C fint 816  0.664 5050 0.890 1495 17.68 0253  14.0 155 31.7 0629 1691 668  0.097
dent 10.08 0.611 60.72 0.812 164.1 19.10 0.246 15.1 1.80 34.0 0.604 184.4 78.5 0.084
36°C flint ©.65 0.436 55.67 0.997 178.7 24.12 0.309 23.5 1.65 31.4 0.621 209.5 82.3 0.085
dent 6.22 0.432 57.13 0.900 168.5 25.10 0.302 24.3 1.91 32.0 0.557 198.5 82.9 0.089

Variance components
c 0.426 0.0774 0.815 0.814 0.785 0.291 0.249 0.289 20%0. 0.691 0.828 0.760 0.659 0.101

exT 0.199 0.117 0.112 0.067 0.099 0.017 0.016 0.015 S5EA@B  0.079 0.171 0.100 0.124 0.112
GxTxR 0.199 0.279 0.105 0.026 0.121 0.231 0.018 0.216 98B08 0.218 0.0734 0.170 0.173 0.192

R 077 043 0.9 0.92 0.9 081 084 082 0.83 089 908 0.9 0.87 0.52
ANOVA
T ik NS ook W A e * ik " PR " x
Hetar NS NS NS ik NS NS NS NS ik NS NS NS NS NS
TxHetar ™ NS . NS . NS NS NS NS * NS NS NS o

., % F #x NS indicate significance level of P& 1, <0.05, <0.01, <0.001 and not significant, exspely.

D
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Temperature effects on root growth

Interactions among temperature and heterotic groupnere due to stronger elongation of

axile roots of the dents at optimal temperature:

Only differences in the diameter of axile roots dne number of seminal roots for the flint
and the dent groups were significant (ANOVA Tabl&)30n average, the axile roots of the
flints were 0.09 mm thicker and the number of sexthmoots lower compared to the dents.
The number of seminal roots of the dents showexai genotypic variance, indicating less
diversity among the dent lines for this trait. Hete group-by-temperature treatment
interactions were found for &R for the ratio of the elongation rates of axilel dateral roots
(kLa/ERAx), and for the total root dry weight. Compared he flints, the dents had a 19%
higher ERx at optimum temperature, which led to axile rocs longer by 17% at the end
of the experiment. In contrast, the relative growate of the lateral roots of the flints was
higher at optimum temperature, indicated by a wkigfERax ratio. Furthermore, the flints
produced more root dry matter under chilling coodis (+7% weight) and less dry matter
under close-to-optimal temperatures (-7% weight).

The association analysis yielded 70 marker-trabaigtions with main effects for 12 traits
(Table 3.2). The number of significant associaticaxsged from one for the surface area of
lateral roots (SAy), total root length (ky), and ka/ERax to 24 for the median diameter of the
axile roots (k). The genetic variance explained by all the markanged from about 27%
for Lgt to 93% for the number of seminal roots goThe contribution of single markers was
highest and lowest for Ne (77.7 and 7.7%, respectively) and averaged 30.6€alf the
markers of all traits. A total of 27 of the 70 asstions were observed for AFLPs, which
have not yet been mapped to one of the 10 chromesomthe Keygene integrated map (NA,
Table 3.2).

Dents carried trait-increasing alleles for length ad surface area of axile roots:

The heterotic groups were compared for the frequehalleles in the detected associations
to determine whether some alleles were group-specsb it was the case for 50% of the
associations with main effects, where the frequeoiclleles differed among the groups
(Table 3.2y°). In the flints, an allele was fixed in seven casx of the fixed alleles were for

the number of seminal roots (Table 3.2).
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An allele was absent in six cases without traitcemity. The flints showed slightly higher
ratios for the trait-increasing allele fonD(‘Effect Flint on trait increase’, Table 3.2), ke
effects were not significant. The frequency of mostthe trait-decreasing alleles at loci
controlling axile root length (), surface area of the axile roots (A and total root

surface area (S4) was significantly higher in the flints.

Alleles mainly responded to close-to-optimal treatmnt and, similar to temperature

extremes:

The allele substitution effectal/2) among each trait and treatment was of a simila
magnitude for most detected associations, withettmeption of ER, (16°). Howevera1/2
differed strongly between the temperature treatmémteach trait and within the treatments.
We classified the detected marker-by-temperatuegastions according to the allele response
classes based oml/2 (Figure 2.2). The majority of alleles respondeith at least one
crossover interaction (Table 3.4y, &, Cieat OF Gog). The type of allele response to
temperature can be examined best for the two treaiils the highest number of detected
associations, i.e. ER (50 associations) and{ERax (28 associations) (Table 3.4). For &R
most of the responses were assigned to scenarimdicating similar allele responses to
temperature extremes. Among these, 30% showedenaation (R) and 24% showed sizable
effects at optimal temperature,ff Accordingly, there were nine loci, where the rf@ in
the relative effect on trait values was above 6%ppdimal temperatures. These were detected
in bins 5.01, 5.03, 7.02, and 10.04, to mentiory dhbse mapped to a chromosome. Under
chilling, there were four sizable loci, with onlyn@ being mapped to a chromosome
(bin 7.02). Under high temperature, no sizable sowtas detected. FordfERax, all the
responses were assigned (0(&82%) and giq (18%) (Table 3.4). The effect of most loci was
around 20% at the control temperature. A closek kothe go-type responses revealed that
they were similar to §3- or b-type responses with a large effect at the conewiperature
and small or even negative effects at extreme tesmyes. Thus, the majority of loci showed
a clear effect at the control temperature but weaknvers effects at the extremes. One
remarkable locus (bin 10.04) caused a particulattpng change in root morphology at

extreme temperatures,fbA negative collocation was observed for two neask(bin 10.04)
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for ERax and ka/ERax. Furthermore, the effect flint (Table 3.3) indiedtgreater tolerance of
ERax to temperature extremes but lesser tolerance gfakd, accordingly, a decrease in
I(Lat/ERAx-

Flints carried alleles favoring chilling toleranceof root dry weight; dents carried alleles

for higher k at/ERax under heat stress:

There were 90 marker-by-temperature interactionsefght traits (Table 3.3), ranging from
one for the median diameter of both root types« (D, 4) to 50 for ER. Thirty-two of the

90 associations were observed for AFLPs, which heoteyet been mapped to one of the 10
chromosomes on the Keygene integrated map (NAeTa)). Group specificity was the case
for 83.3% of the marker-by-temperature interacti¢fisble 3.3,;%). At most of the group-
specific loci, there was a clear association of tilerance-increasing allele to one of the
heterotic groups. For most marker-trait associatiothe flint group carried the allele
increasing tolerance to heat and cold; fer/ERax, the flint group carried the allele
decreasing tolerance to heat and cold. Thus, edletlassociations were clearly trait and group

specific.

Response of ERy to temperature altered root morphology as indicatd by ki ot/ERax:

The detected associations were projected ontoBRE 12008 Neighbors Frame genetic map.
Collocations of marker-trait associations were deig on all chromosomes (Figure 3.1).
Collocations for association-by-temperature inteosceffects were found to a greater extent
for axile root traits. Eleven collocations betwdeRax and ka/ERax appeared on different
chromosomes (Figure 3.1). A positive collocatiomwszn the ratio k/ERax and ks was
detected in only one case (bin 10.04) (Table 3m8licating that a change in ERgenerally
influenced this ratio. This is supported by theselmegative correlation between &Rnd
kia/ERax (r ~-0.74), while ki was not correlated with the ratio and, thus, ditl influence
the ratio. Two collocations for i/ERax and axile root length @) were detected in bins 2.09
(negative collocation) and 10.04 (positive colléza) (Table 3.3, Figure 3.1). Collocations

for associations with main effects were found f®vesal traits. On chromosome 5, the surface
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area of axile roots (S#) and the total root surface area gAollocated positively with the
ratio between the dry weight of the root and theosliDWk:sy in bin 5.05. In bin 6.08, SA

and SAk collocated positively with total root dry weighD\Wgy). This is supported by the
high correlations between these traits (r ~ 01Yhih 7.02, the surface area of the lateral roots
(SALa), the length of axile roots gk), and the total root surface area ggAvere collocated.
Accordingly, the correlation of Ax and SAky was close (r ~ 0.9), but lateral roots also played

a major role in determining root surface area QtA.

Linked genes involved in temperature response mechsms:

Genes close to the detected association (+ 20 gMmg which are involved in temperature-
tolerance mechanisms, were selected from the IBMI®82 Neighbors Frame map
(MaizeGDB: http://www.maizegdb.org/). In bin 1.08lutathione S-transferasgst32 and
Gst42were located ~12 cMnd Gstl4was ~5 cM from an association for ERIn bin 8.05,
Gstl5was 2 cM from a marker-by-temperature interaction ERax. In bin 1.04, sucrose
synthase $us2)(pos 329.06 cM) was in 13 cM from marker-by-tengpeare interactions for
ERax and K,/ERax (Figure 3.1). In bin 9.06uslwas 8 cM from a cluster of EBR and

ki o/ ERax associations. Vacuolar acid invertasé22) (bin 5.03, 288 cM) was 3 cM from a
marker-by-temperature interaction for ERtype ky,: response). The second gene in bin 5.04,
cell wall invertasellficwl) (376.4 cM), was 1 cM from a marker-by-temperatateraction
for ERax. Incw3 (bin 10.04, 272.2 cM), from the same gene familgis 7 cM from a cluster
of marker-by-temperature interactions for &Rk a., Lax, and ka/ERax. Sus Ivr andincw all
provide sucrose cleavage mechanisms so that sogarke transported to and utilized in the
sink organs.

In bin 1.08, a gene coding for a glycine-rich pmot¢Grpl) was only 2 cM from an
association for B and 4 cM from a marker-by-temperature interactmrERay. In bin 5.03,

a similar geneGrp3 (243.5 cM), was 1 cM from a marker-by-temperatuneraction for

ERax and 2 cM from an association for §o
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Table 3.2 List of marker-trait associations withimaffects. See Table 3.1 for abbreviations oftérahFLP
marker according to Keygene, marker position onkbhggene integrated map (unpublished) (Pos. KG)thad
IBM2 2008 Neighbors Frame (Pos. IBM); proportiongainotypic variance explained by each marker (pp (%
including the total variance explained by all sfgr@int markers; allele substitution effectl{(2) as the additive
effect of replacing allele 1 with allele 22 two sample test for allele distribution betweéntfident; ratio of
number of flints carrying the allele vs. the tataimber of genotypes carrying the allele (Ratiotflialgebraic
sign of the effect of the more frequent allelehia flint group with respect to chilling or heatadnce (Effect).

Associations with main effects ¥? two Ratio Flint Effect
Pos. Pos. sample Flint on
Trait Marker KG IBM  Bin py(%) o% test  Allele 1 Allele2 trait
(cM)  (cM) Flint/Dent increase
ERAx 269 774 410 1.05 309 -7.65 NS 0.43 0.44 -
318 126 581 6.08 28.7 -10.1 rkk 0.31 0.83 -
927 NA NA NA 28.2 -10.1 rkk 0 0.57 -
1263 NA NA NA 28.4 6.51 NS 0.25 0.49 +
710 NA NA NA 339 17.3 *rk 0.96 0.11 -
total 79.5
Lax 962 51.3 200 7.02 279 4.38 Frk 0.96 0.11 -
294 56.4 256 7.02 28.3 4.18 ok 0.93 0.09 -
710 NA NA NA 31.3 4.89 *rk 0.96 0.11 -
total 30.3
Dax 1548 57 275 1.03 294 4.16 NS 0.41 0.45 +
972 69.7 359 1.04 255 -4.60 NS 0.7 0.4 +
2169 84.1 361 2.05 30.3 4.43 NS 0.42 0.44 +
869 51.6 208 3.04 29.7 4.27 NS 0.39 0.47 +
2036 57.8 269 3.04 294 4.6 NS 0.41 0.45 +
587 59.2 283 3.04 294 4.6 NS 0.41 0.45 +
2133 104 559 3.07 25.6 -3.93 NS 0.44 0.42 +
753 614 286 405 304 3.85 NS 0.42 0.43 +

1101 794 374 406 245 3.86 * 0.65 0.33

1113 812 350 5.04 313 381 NS 0.34 0.45 +
2158 141 622 5.08 294 416 NS 0.41 0.45 +
661 44,1 155 6.02 294 -4.16 NS 0.45 0.41 +
336 595 281 7.02 25.1 5.24 NS 0.33 0.47 +
2047 129 544 8.08 26.2 3.74 NS 0.42 0.44 +
1541 NA NA NA 29.4 4.16 NS 0.41 0.45 +
1829 NA NA NA 25.6 3.86 NS 0.4 0.4 =
2049 NA NA NA 25.6 3.93 NS 0.42 0.44 +
2054 NA NA NA 29.7 4.27 NS 0.39 0.47 +
2058 NA NA NA 29.7 4.27 NS 0.39 0.47 +
2083 NA NA NA 294 4.16 NS 0.41 0.45 +
2086 NA NA NA 234 3.85 NS 0.45 0.42 -
2089 NA NA NA 29.6 4.23 NS 0.42 0.44 +
2117 NA NA NA 29.0 4.07 NS 0.39 0.47 +
2123 NA NA NA 29.4 4.16 NS 0.41 0.45 +
total 515
SAx 767 939 409 5.05 281 -0.565 * 0 0.51 -
318 126 581 6.08 24.8 -0.656 « *** 0.31 0.83 -
544 558 251 7.02 224 0.696 bl 0.93 0.13 -
710 NA NA NA 28.7 0.906 ol 0.96 0.11 -
total 61.6
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Results

continued:
Associations with main effects x2 two Ratio Flint Effect
Pos. Pos. sample Flint on
Trait Marker KG IBM  Bin pg(%) oY% test  Allele 1 Allele2 trait
(CM) (CM) Flint/Dent increase

Dyat 542 123 773 1.08 30.7 -481 NS 0.45 0.38 +
543 NA NA NA 30.7 481 NS 0.38 0.45 +
1365 NA NA NA 29.8 4.71 NS 0.38 0.46 +

total 29.8
SA 294 564 256 7.02 273 1.12 okl 0.93 0.09 -
NOse 308 754 397 1.04 8.78 -13.2 NS 0.67 0.42 +
129 836 475 105 511 6.80 * 1 0.36 -
832 151 676 2.09 7.71 -6.56 xx 0.92 0.34 +
1177 584 275 3.04 725 -193 *x 1 0.36 +
1371 140 668 4.09 70.0 245 NS 0.48 0.4 -
930 64 245 5.03 17.0 -544 ol 0.1 0.34 +
1253 102 452 5.05 722 -2.73 NS 0.13 0.46 -
1776 636 296 7.02 351 215 xx 0.68 0.28 -
560 102 501 7.04 188 -5.89 okl 0.81 0.22 +
1059 685 208 9.03 152 -11.1 * 1 0.39 +
1247 NA NA NA 31.0 7.08 xx 1 0.38 -
1379 NA NA NA 547 2.69 NS 0.39 0.83 +
1382 NA NA NA 777 3.37 bl 0.22 0.91 +
1465 NA NA NA 225 124 NS 1 0.41 -
1790 NA NA NA 461 -5.87 NS 0.51 0.24 +

total 92.6
DWhki 639 91 396 2.06 38.0 -1.72 * 0.07 0.51 -
467 61.8 232 503 226 084 ol 0.65 0.07 -
318 126 581 6.08 264 -0.98 ol 0.31 0.83 -
94 NA NA NA 28.8 -1.89 xx 0 0.54 -

total 60.6
SArt 767 939 409 505 254 -0475 * 0 0.51 -
318 126 581 6.08 25.7 -0.579  x** 0.31 0.83 -
962 513 200 7.02 258 0.723 bl 0.96 0.11 -
544 558 251 7.02 23.3 0.628 ol 0.93 0.13 -
294 564 256 7.02 25.2 0.680 ol 0.93 0.09 -
755 NA NA NA 23.2 0.752 ol 1 0.13 -
710 NA NA NA 29.8 0.818 ol 0.96 0.11 -

total 58.6
Lkt 217 852 411 3.06 315 -0.129 *x 0.32 0.8 -
DWhist 767 939 409 505 352 -19.8 * 0 0.51 -
1356 NA NA NA 315 223 ol 0.65 0 -

total 53.1

Kia ERax 1379 NA NA NA 442 5.44 NS 0.39 0.83 +

* xx *xk NS indicate significance level of P <05, <0.01, <0.001 and not significant, respectivbbsed on a
x? two sample test for allele distribution betweea kieterotic groups.
NA: Marker is not yet mapped to one of the ten chrsontes on the Keygene integrated map.
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Temperature effects on root growth

Table 3.3 List of marker-by-temperature treatmeigriactions. See Table 3.1 for abbreviations dfstré&FLP
marker according to Keygene, position of markettte Keygene integrated map (unpublished) (Pos. &)
the IBM2 2008 Neighbors Frame (Pos. IBM), alleldstitution effect ¢1/2) as the additive effect of replacing
allele 1 with allele 2)x2 two sample test for allele distribution betwedintdent; ratio of number of flints
carrying the allele vs. the total number of genegyparrying the allele (Ratio Flint); algebraicrsigf the effect
of the more frequent allele in the flint group wit/spect to chilling or heat tolerance (Effect).

. . X2 two Eff
-bv- < ect
Marker-by-temperature interactions al/2 allele Satlg;?le Ratio Flint Flint
Marke POS- Pos. resl‘;zgs' Flint/
Trait KG IBM bin 16°C 28°C 36°C Allele 1 Allele 2 cold heat
r Dent
(cM) (cM)

Kiat 765 60.4 279 10.04 -18.9 14.1 -0.52 b, *x 0.17 06 - -
1786 NA NA NA 196 -21.2 401 b, o 0 052 + +
ERax 31 632 316 1.04 -14.4 -10.9 -3.25 & ok 0 057 - +
473 712 369 1.04 0.84 5.69 -451 Ceou Hoxk 096 015 + +
787 714 370 1.04 1.83 597 -158 Ceup ok 092 0.2 + o+
657 123 775 1.08 -0.35 6.53 -2.37 b, ok 079 023 + +
1774 959 420 207 7.76 -6.21 -0.36 Chea NS 041 048 + 4
715 116 520 2.08 0.60 -7.86 -0.66 Cheat NS 022 05 + o+
786 16.2 43 3.01 -4.98 -7.46 258  Ceou Hoxk 0.04 062 + +
944 143 801 3.09 410 6.78 -1.62 Ceon Hoxk 086 025 + +
47 38.7 179 4.03 273 -4.07 7.14 b, o 0 052 + +
93 46 212 4.04 3.86 -8.24 3.04 Dby o 0 052 + +
1234 59.7 277 4.05 123 830 011 &y Hoxk 093 013 - +
13 199 77 5.01 -2.69 -7.32 -2.13 by NS 028 05 + o+
222 379 148 501 213 -7.76 0.63 b, oxk 0.1 059 + +
344 443 169 5.01 -3.97 -10.6 -2.56 gy oxk 0.05 058 + +
1437 63.9 245 5.03 1.01 824 222 by ok 065 013 + +
313 67 264 5.03 -11.0 -12.7 -7.59  byy ok 0 062 + +
1206 715 291 5.03 -2.02 -11.4 -5.04 by oxk 0 054 + +
174 723 296 5.03 -0.59 9.90 3.30 Cpea * 0.5 012 + +
973 845 370 504 -0.41 -9.01 052  Ceon oxk 0 059 + +
538 86 376 5.04 -1.05 -8.89 135 Ceou NS 0.3 0.5 + o+
953 90.3 394 505 -1.34 -532 3.06 Ceon ok 0.08 076 + +
546 53.9 230 7.02 -6.64 -9.10 -2.19  bgy ok 011 078 + +
1274 555 248 7.02 -6.10 -9.37 -2.62 by oxk 011 075 + +
544 558 251 7.02 257 127 7.62  aq Hoxk 093 013 - +
280 58.7 197 8.03 245 892 -1.00 Ceou oxk 1 023 + +
24 817 355 8.05 -11.4 431 -488 b * 052 013 + +
1162 77.7 304 9.04 -3.57 -10.8 -2.93 by ok 0 063 + +
754 60.3 278 10.04 3.35 -5.82 3.28 b, ok 0.04 065 + +
756 60.4 279 10.04 6.19 -3.15 6.34 b ** 0.17 0.6 + o+
279 605 280 10.04 -531 -8.67 -0.93 lbyy Hoxk 0.08 061 + +
1119 625 297 10.04 -2.07 6.53 -0.24 by, ok 071 021 + +
474 635 306 10.04 -8.38 3.24 -5.83 Dby *x 066 024 + +
11 NA NA NA 113 -4.04 448 b, o 0 054 + +
18 NA NA NA 969 980 3.65 by NS 052 027 + +
164 NA NA NA -292 546 -1.59 b oxk 0.74 0.06 + +
287 NA NA NA -393 -453 512  Ceon oxk 006 073 + +
438 NA NA NA -28.9 -14.2 -8.63 &gy ok 003 082 - +
737 NA NA NA -16.9 -13.9 -8.19 &y ok 0 058 - +
755 NA NA NA 275 129 7.24 &y ok 1 013 - +
927 NA NA NA -221 -154 -890 &y ok 0 057 - +
985 NA NA NA 226 104 251 Dby oxk 0.55 0 + o+
1041 NA NA NA -3.27 -10.4 -3.25 by oxk 0 059 + +
1429 NA NA NA 090 -7.49 232 by il 009 075 + +
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Results

continued:

; N XZ two Effect
Marker-by-temperature interactions al/2 allele sample oL Flint
Pos. Pos. respons  t€s
Trait Mak® o' BM bin  16°C 28°C 3eec class PNV o1 Allele 2 cold heat
Dent
(cM) (cM™)

1471 NA NA NA 1.04 -7.94 -290 Cheat NS 0.42 0.49 + +
1472 NA NA NA -4.28 6.84 142 Chea NS 049 041 + +
1623 NA NA NA 6.95 -571 4.38 by ok 0 0.54 + +
1758 NA NA NA 13.2 -4.84 5.08 b, ok 0 0.59 + +
1818 NA NA NA 109 -5.44 354 by ok 0.11 0.61 + +
20 NA NA NA -0.83 6.99 0.74 Cheat *x 055 0.11 + +
625 NA NA NA -14.0 -13.1 -4.74 aq ok 0.05 0.6 - +
L ax 1511 137 611 2.09 -0.13 0.96 -0.83 by rxk 091 0.06 + +
756 60.4 279 10.04 0.21 -1.76 0.51 by *x 0.17 0.6 + +
Dax 1177 58.4 275 3.04 091 275 -242 cCeouq *x 1 0.36 + +
Dpat 804 105 504 9.06 156 0.71 -1.02 a ok 1 0.25 - +
DWhkg 1138 69.8 360 1.04 0.536 -0.28 0.524 by * 0.19 0.56 + +
955 69.9 360 1.04 1.089 0.091 0.727 by ok 0 0.54 + +
642 133 642 9.07 0.494 -0.39 0.086 b, ok 0.12 0.7 + +
1638 NA NA NA 0.705 -0.59 -0.42 Cheat * 0 0.44 + +
DWhgist 151 83.8 370 8.05 2.87 -3.87 8.71 b, ok 0 0.6 + +
1584 NA NA NA -0.46 -5.03 15.3 cCyq * 0.08 0.52 + +
kia/ERa 31 63.2 316 1.04 0.74 996 -1.57 Ceuq ok 0 0.57 - -
7 101 608 1.04 129 -7.91 6.18 b, NS 0 0.47 + +
1774 959 420 2.07 -3.72 10.8 -0.44 by NS 0.41 0.48 - -
581 105 468 2.07 6.70 -8.07 4.39 by * 0.62 0.31 - -
1511 137 611 2.09 4.02 -4.38 8.10 b, ok 0.91 0.06 - -
2 143 637 2.09 0.21 -4.85 5.38 b, ok 1 0.18 - -
726 8.9 4 3.0 -5.46 10.2 -4.11 b, ok 0 0.67 - -
786 162 43 3.01 -0.26 11.6 -5.17 b, ok 0.04 0.62 - -
47 38.7 179 4.03 -6.67 8.08 -7.82 by *x 0 0.52 - -
93 46 212 4.04 -5.66 11.5 -6.08 by *x 0 0.52 - -
13 199 77 5.01 -251 9.30 -0.75 b, NS 0.28 0.5 - -
336 595 281 7.02 -0.02 9.81 -3.89 b, NS 0.33 0.47 - -
24 81.7 355 8.05 4.85 -6.65 5.28 b, * 052 0.13 - -
1162 77.7 304 9.04 056 13.4 -0.78 Ceoq ok 0 0.63 - -
754 60.3 278 10.04 -4.97 9.67 -6.03 by ok 0.04 0.65 - -
756 60.4 279 10.04 -3.68 10.2 -7.43 by *x 0.17 0.6 - -
279 605 280 10.04 0.07 12.1 -252 Ceon ok 0.08 0.61 - -
11 NA NA NA -511 8.49 -6.25 b, *x 0 0.54 - -
32 NA NA NA 1.04 -4.77 5.89 b, ok 0.7 0.26 - -
287 NA NA NA 515 10.8 -2.73 Cep ok 0.06 0.73 - -
1002 NA NA NA -1.71 7.98 -2.81 by ok 0.07 0.73 - -
1041 NA NA NA -478 10.6 -1.42 by ok 0 0.59 - -
1273 NA NA NA -7.65 12.6 -7.10 b, NS 0.14 0.46 - -
1430 NA NA NA -0.77 -13.6 3.93 Cp NS 0.65 0.36 - -
1471 NA NA NA -2.23 12.7 -0.05 b, NS 0.41 0.49 - -
1472 NA NA NA 147 -11.7 0.14 b, NS 049 041 - -
1818 NA NA NA -6.80 9.02 -5.17 by ok 0.11 0.61 - -
20 NA NA NA 844 -455 3.14 by *x 055 0.11 - -

* % *xk NS indicate significance level of P <05, <0.01, <0.001 and not significant, respectivbBsed on a

52 two sample test for allele distribution betweea hieterotic groups.
A: Marker is not yet mapped to one of the ten chresntes on the Keygene integrated map.
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Temperature effects on root growth

Table 3.4 List of allele response classes for nrabketemperature interactions. See Table 3.1 farediations
of traits. Symbols refer to the list of classe§igure 2.2.

No. marker Percentages of allele response classes
with sig.

temperature & by Sheat Seold Dex Bopt Cheat Ceold

interaction
Kiat 2 - 100 - - - - - -
ERax 50 - 30 - 16 - 24 12 18
L ax 2 - 100 - - - - - -
Dax 1 - - - - - - - 100
Dat 1 100 - - - - - - -
DWhkt 4 - 50 - - 25 - 25 -
DWhrtst 2 - 50 - - - - - 50
K af ERAx 28 - 82 - - - - - 18

DiscussION

Although the genetic response of the root systesesefllings had been studied byn et al.
(2004), no attempt had been made to compare thetadf optimum temperature in contrast
to high or low temperature. Roots stopped growing2dC and 40°C (data not shown), so the
temperature extremes were set accordingly at 16/C3%°C. Roots grew best at 28°C, as
described by BRBER et al.(1988) and RHLAVANIAN and .k (1988).

Morphology:

Fewer seminal roots and a larger median diametaxitd roots was associated with the flints,
as observed too by MGANS (1916). Wiggans also found that flints had onlyedo two
seminal roots, whereas the dents had three todemninal roots. This difference was also
described by HECKER et al. (2006). Seedlings grown at 15°C had thicker rowmith
considerably fewer hairs than roots grown at higieenperature (CTFORTH et al. 1986).
Therefore, the increased diameter of the flints rbaya strategy to achieve tolerance to
chilling, because thicker roots enable better wa@rsport under chilling stress due to xylem

vessels with a greater diameteQKEY et al. 1991).
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Root elongation vs. final root length:

We found a greater number of marker-by-temperaituteractions for traits related to root
elongation rates than was found for measuremeriteeagnd of the experiment. For example,
ERax yielded 50 associations compared i@,lwhich had only two. The detection of fewer
associations for Ax may be due to unaccounted differences in gernunalihese differences
can result in large errors and can be overcome &gsnring elongation rates YND et al.
2009). The detection of a greater number of mabyeenvironment interactions resulting
from the measurement of elongation rates is coraibd by a QTL study of the response of

root elongation to water deficit (RA et al.2010).

The response of alleles is similar at both temperate extremes:

The relative allele effects were usually strongatstthe optimum temperature, decreased
towards the extremesd)), and sometimes reverted into the opposite eftggt The pattern

of allele response ofland the subclasses (Figure 2.2) indicates thaitgees are ‘equipped’
with alleles that are superior or inferior at ba#mperature extremes in contrast to the
optimum. Thus, relative differences in growth ra¢®xtreme temperatures might be due to
the activation of stress-response pathways. These melp to maintain organ growth or,
alternatively, stop organ growth as we observee. ffect of the greatest genetic differences
at optimal temperature is confirmed again by tHéerkinces between the heterotic groups.
The contribution of the alleles to temperature ranhee is best explained by ¥ERax and
ERax, Which showed most marker-by-temperature intevasti In the case of {/ERax, the
inversion of the relative allele effect from thetrexnes to the close-to-optimal temperature
was strong and affected many loci. Furthermorejnanease in k/ERax was frequently
collocated with a decrease in ERThe relative increase at these loci might be wuthe
effect of temperature on the growing meristem efdlile root, not on the lateral root. Hund
et al. (2008) also found that the overall length of tht&edal roots was not influenced by
temperature. This may be related to apical domimamd to compensation for stress effects
on the axile root meristem by subsequent lateraistoAn increase in lateral roots was also
observed when roots grew at very high concentratadPEG, which caused a very low water

potential (Trachsel, S.: personal communicatiornder lateral roots have been associated
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with better plant performance at low temperatureNbl et al. 2007) and are considered to be
a key factor in improving early vigor (HiD et al.2008).

In the case of ER, the majority of alleles showed the strongestatff@inder chilling stress
and weaker effects at optimum temperature. Thishtmégiggest that alleles responsible for
cold tolerance can have a negative effect on pimowth at optimal temperature. This
phenomenon has been described for photosynthdatedetraits (GMPuUK et al. 2005), but

not yet for root elongation.

Allelic composition of heterotic groups:

For almost all traits, the alleles were clearly urepecific, i.e. all trait-increasing alleles
tended to be more abundant in one of the hetegodiaps. This is remarkable, because these
associations were detected, despite the fact tiatpbpulation structure was taken into
account. Thus, only those associations were detetde which the marker was not fully
associated with the heterotic group. When populasibucture was not taken into account,
there was an increase in the number of detected maiker-trait associations (142 compared
to 70), probably due mainly to a high number okéapositives. In the case of marker-trait
associations, which interacted with temperatureintathe population structure into account
did not increase the number of detections (90 €. I8 population structure is not considered,
then the detection of false positive associaticarsnot be avoided (#DERSEN et al. 2005;
CAamus-KULANDAIVELU et al. 2006). On the other hand, fixed alleles for thgdatrait are
closely associated with population structure (lwiergroup) and might not be detected if
population structure were not considerediifARSEN et al. 2005; AMUS-KULANDAIVELU et

al. 2006).

The detected group specificity is remarkable siiics unlikely that it would happen by
chance. But what causes a “synchronized” unequtilglition of the trait-increasing alleles
in both heterotic groups? Our results indicate thatheterotic groups may have been selected
to allow for a wider adaptation to temperature by tesulting hybrid. The flint contributed
alleles for chilling tolerance, and the dent liremtributed to productivity under optimal
conditions and, thus, to a high yield potentiab(HhUER 1990). However, little is known
about how modern flint and dent lines differ withspect to their allelic contribution to

temperature tolerance. dWiLLiaM and QRIFFING (1965) evaluated the temperature-
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dependence of heterosis in maize and its contdbuto hybrid vigor. They compared a
northern flint inbred line with a southern dentredh line and did not find strong differences
among them. However, they noted a genetic defettiarflint line due to inbreeding, which
affected the formation of chlorophyll, especialtythe cold. This is critical. At the beginning
of the hybrid breeding, the genetic burden hampéhedevaluation of effects such as the
temperature-dependence of heterosis. Inbred smbedtir hybrid breeding decreased the
frequency of such unfavorable alleles in the geod.[Did it also result in a diversification of
selection? Judging from the trend in the genetiemity of European maize cultivars and
their parental components during the past 50 y@&s et al. 2005), this may not be the case.

Both heterotic groups were clearly separated sit dind developed in parallel thereafter.

Candidate pathways and their genes:

A high proportion of genes located around the detbassociations are related to glycolysis,
suggesting that this pathway plays a key role spoase to temperature. It is striking that
three different invertase genes were detectedgesisg far, only six forms are known for
maize (solubldvrl andlvr2, insolubleincwl, 2, 3 and ¥ Invertase and sucrose synthase are
the starting enzymes of the cytosolic glycolysishpay, which enables essential metabolic
adaptability, which facilitates plant developmemtdaacclimation to environmental stress
(FERNANDES et al. 2008). This network seems to play a pivotal raleeigulating the response
to multiple types of abiotic stress. The expressanstress-specific isozymes may be
regulating this pathway BRNANDES et al. 2008) with glucose being the potential signaling
molecule (RITSCHand GNzALEz 2004). The accumulation of sugars like sucrosenes of
the most commonly observed responses to abiogssstfluUNN and FURBANK 1999) and is
also observed under chilling E¥HEUL et al. 1995). The root tips accumulate assimilated
carbon to a greater extent than at optimal tempexatndicating that they cannot utilize the
carbohydrates for growth and respiratiom@sL et al. 2009). An important regulatory role of
invertase and sucrose synthase has already been $tiothe root elongation of Arabidopsis
(SERGEEVA et al. 2006). One of our candidate genks2, was identified as a candidate gene
in a study on the genetic control of acclimationtb& photosynthetic apparatus to low

temperature at night (ERRA-PERAZA et al.2010).

57



Temperature effects on root growth

Genes encoding for glycine-rich proteins were dipseked with root traits like Dy and
ERax. Glycine-rich proteins are root-tissue specificl @mought to be proteins of the cell wall
(GoDDEMEIER et al. 1998). Grp synthesis is induced by external stimuli like afiscacid
(ABA) (DE OLIVEIRA et al. 1990; G®bDoy et al. 1990). Since ER is a response association
and is usually classified as &nd Iy, and since chilling stress is accompanied by arease
in the ABA concentrationGrp might be an appropriate candidate for selectingotyges

with the expression of large amountsGrp in the roots.

CONCLUSIONS

Most of the differences between the heterotic gsowpre at optimal temperature: the dents
grew longer axile roots, and the flints produceelatively larger proportion of lateral roots.
This pattern was also observed for the detectedkendrait associations. The dents carried
more alleles increasing RBR and more alleles increasing the sensitivity of AERO
temperature extremes. In general, the majoritylleles showed a similar response to cold
and heat (k: and R). The inverted allele effect (pat many loci indicates that the favorable
effect of the different alleles depends on tempeeat The development of the heterotic
groups was based on the selection of hybridsphé: parents with good combining ability
were retained in the groups. This raises the quesis to whether the combination of alleles
with different responses to temperature would endid adaptation of the hybrid to a wider
range of temperature. A good locus to test thisohygsis is that in bin 10.04, which has a

temperature dependent effect on overall root mdggyo
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Figure 3.1 Linkage group map. Marker-trait assome with main effects are indicated in bold typgrker-by-temperature interactions are underlifkitions of
traits are displayed next to the closest SSR markehe IBM2 2008 Neighbors Frame reference map @ scarce of clarity markers between traitsremteshown.
Associated genes involved in temperature resporeghamisms are indicated in italic, and were sealefitem the IBM2 2008 Neighbors Frame map (MaizeGDB:
http://www.maizegdb.org/).
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Temperature-dependent heterosis

Chapter 4

Temperature-dependent heterosis for photosynthest

flint x dent crosses

ABSTRACT

Heterosis occurs when the progeny are able toat@emvironmental stress. Many studies on
heterosis in maize have been conducted, but itkemown about the dependence of heterosis
on temperature. We tested inbred lines, which diffein their response to temperature, to
obtain hybrids, which adapt to a wide range of terafure. A complete diallel cross of four
European inbred lines, two flint and two dent, vgmewn under chilling stress, optimum
temperature and heat stress until the three-legkstVv3). Contrary to our assumptions, only
one flint and one dent line were chilling toleraHeterosis was greatest at the temperature
extremes for photosynthesis-related traits (cark@nhange rate, quantum efficiency of
photosystem I, leaf greenness, and maximal quamfficiency of photosystem Il of a dark-
adapted leaf) and at optimal temperature for leah aand shoot dry weight. Some of the
hybrids were similar in their expression of hetesam the different temperature treatments.
Heterosis of flint x dent hybrids is explained part, by adaptation of the photosynthesis and

growth of seedlings to a greater range of tempszatu
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Introduction

INTRODUCTION

Heterosis is typically reflected in an increaseyifld of the offspring of cross-pollinated
plants. In northern and central Europe, the typicaize hybrid is a combination of European
flint lines and US dent lines. While northern finhave well adapted to the climatic
conditions of central Europe, Corn Belt dents weteoduced to central Europe only about 60
years ago. Flint inbred lines contribute chillimjerance alleles, while dent inbred lines are a
source of alleles for potential high vyield underosd-to-optimal growth conditions
(MORENOGONZALEZ et al. 1997; $HNELL 1992). These two gene pools reflect the proven
positive correlation between a large genetic de#abetween the parental lines and the
performance of the resulting hybrid ABsOsA et al. 2003; Lu et al. 2002a). Heterosis is
referred to as mid-parent heterosis (MPH) or bgiteent heterosis (BPH). MPH is how the
hybrid differs from the mean of both parental lireesl BPH is how the hybrid differs from
the better parental line.

Heterosis is assumed to be caused by: i) a ‘doroeiagffect as a result of complementing
genes where the most beneficial allele is partiatlyotally dominant, ii) an ‘overdominance’
effect, where the heterozygous offspring is bettem both of its parents due to overly
dominant controlling loci (BRCHLER et al. 2003), and iii) ‘epistatic’ effects based on adel
interactions. There is little information about ttiependence of heterosis on environmental
conditions such as temperature. A temperature-akgetrpattern of heterosis @WILLIAM

and QRIFFING 1965) has been explained by enzymatic polymorph{§sHwARTZ and
LAUGHNER 1969) and/or an intergenomic interactiorRi@STAVA 2004). Based on these
theories, heterosis is the result of greater méiabiversity, due to which hybrids adapt to a
wide range of environmental conditions; accordingtgdict that hybrids would outperform
their parental inbreds under adverse temperatunditons (LANGRIDGE 1962; MCWILLIAM

and QRIFFING 1965). To achieve adaptation to a wide rangeraptratures, a combination of
alleles, conferring tolerance to heat and cold @tipie heterozygous loci, are necessary.

Our goal was to study the temperature dependenhetefosis at the seedling stage of maize
and to determine whether the performance of therittyban be predicted form the
performance of the inbred lines. The hypothesis W inbred lines, which respond
differently to temperature, result in hybrids tlha¢ adapted to a wider range of temperature.

We tested i) temperature-dependent combining wl@iktthe basis of adaptation of hybrids to
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a wide range of temperature and ii) mid-parentdoste (MPH) and better-parent heterosis

(BPH) as predictors of hybrid performance basethemerformance of the inbred lines.

MATERIAL AND METHODS

The study was based on a set of four European nvabzed lines from the breeding program

of the University of Hohenheim, Germany.

Table 4.1 Origin of the material: inbred lines dryibrids are accordingly allocated to the intra-painter-pool

family.
Name Type Pool Name Pool
UHO002 IL Flint UHO002xUH250 Inter-pool famil
UH005 IL Flint UH250xUH002 P y
UH250 IL Dent UHO002xUH301 .
Inter-pool family
UH301 IL Dent UH301xUHO002
UHO002xUHO005 . UHO005xUH250 .
Intra-pool Flint Inter-pool family
UHO005xUH002 UH250xUHO005
UH250xUH301 UHO005xUH301 .
Intra-pool Dent Inter-pool family
UH301xUH250 UH301xUHO005

Seeds were imbibed overnight at room temperatungface-sterilized with 2.5%
sodiumhypoclorite (NaOCI (ag)) for 10 min and ridsthoroughly with distilled water.
Seedlings were grown in growth columns (25 cm higlem in diameter) filled with a 1:1
(v/v) mixture of fine peat and soil (Ricoter, Schmer Recycling Erden, Aarberg,
Switzerland) in a growth chamber (PGW36, ConviMmnnipeg, Canada).

The photoperiod was 12 h at PPFD 400 pmdlsh and a relative humidity of 40/50%
(day/night). To establish the seedlings, an optiteaiperature was maintained (26/24°C)
until the third leaf tip emerged. Afterwards seedé were divided among different growth
chambers and tested under chilling stress (16/14f&y/night), optimal

(26°C/24°C) and mild heat stress (38/34°C). Plantye watered regularly and, after

conditions
emergence, the seedlings were irrigated with a@emnitsolution (0.23% of Wuxal(Aglukon

Spezialdinger GmbH, Dusseldorf, Germany): 100 d0®0 g P205, 75 g K20, 190 mg Fe,
162 mg Mn, 102 mg B, 81 mg Cu, 61 mg Zn, 10 mg k&)l
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Physiological and morphological measurements:

Measurements were conducted at the V3 stage intea&tment, indicated by a fully visible
collar of the third leaf. Leaf greenness (SPAD) wesasured in the middle of each third leaf
with a SPAD meter (SPAD 502, Minolta Corporatiomnisey, NJ, USA) and is the average
of three data points. The same leaf was exposédltoadiation at least 20 min before CER
and ®ps;; were measured by a portable, open-flow gas-exaaggtem (LI-6400, LI-COR)
equipped with a 6400-40 leaf chamber fluoromet&GOR). The flow rate of air through the
chamber and the sample side IRGA was 300 Moas ambient C@ To avoid strong
fluctuations, the intake air was taken from a buffelume. Light and temperature in the
measuring chamber were the same as in the grovetimloér. The rate of carbon exchange
(CER) and the fluorescence in the light (F') weeearded when the total coefficient of
variation ACO, + AH,O+ Aflow) was just below 0.2. A 0.8-second saturatidasl
(>8.000pumol quanta rif s*) was then applied to determine the maximum fluzease in the
light-adapted state {f. The actinic light was turned off, and the leeds illuminated with
far red light for 3 s to determine the ground flesrence of light-adapted leaveg’\FThe
chlorophyll fluorescence parameters were calculatedording to RSENQVIST and VAN
KOOTEN (2003). The operating quantum efficiency of phgstem Il @ps)) was calculated as
(Fm'-F)/F ' (GENTY et al.1989).

The maximum quantum efficiency of photosystem Ileofdark-adapted leaf () was
measured with a PAM-2000 fluorometer (Walz, Effelir Germany) equipped with a leaf
clip holder (20030-B). The ground fluorescencehef tlark-adapted leaves,kvas measured
after 30 min in the dark at a light frequency 0068z. The maximum fluorescence yieldnJF
was recorded during a 0.8-second saturation flaBf0Q0pmol quanta rif s*) at 20 KHz.
The maximum quantum efficiency of PSII primary phadtemistry (FFn) was calculated as
(Fm-Fo)/Fn.

Leaves were cut at the coleoptilar node and thiedesa was measured with a portable area
meter (LI-3000A, LICOR, Inc., Lincoln, NE, USA). €hshoot material was dried at 55°C to

constant weight and the weight of the dry mattes determined.

Experimental design and statistics:

The experimental design was a split-plot randomizednplete-block design with six

biological replications, i.e. three growth chambeplications per temperature treatmeg} (
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and two sets of inbreds (genotypeas).(Therefore, the final model for genotype estiradig
ASReml-R (BJTLER 2006) was:

Yikr= tk + g + (gt + br +eikr,

wheretyis the effect of théth treatmentg; the effect of théth genotype(gt)k the interaction
between thath genotype, and thigh treatmentp, the rth replication, andey, the residual
error.

Hybrid combinations were assigned as intra-poointer-pool hybrid families (Table 4.1).
Mid-parent heterosis (MPH) was calculated as theqm#age of the parental mean of a
certain trait and better-parent heterosis (BPH)tles percentage of the better parent.
Individual effects of the F1 progeny were estimatgdthe reciprocal effects model of
(GRIFFING 1956), excluding the crosses within inbreds. Asalyf variance for hybrid effects

and effects of hybrid-by-treatment interactions weasle with the final model

Yijkl':y + tk + Oi + gj + Sij + rij + (gt)lk + (gt)lk + (St)ijk +(I’t) ijk + br + (bt) rk+eijkr ,

wherety is the effect of théth treatmentg; andg; the combining abilities (GCAs) of theh
and thejth parentssij = sji the specific combining ability (SCA) of thex j crossesr; the
composite estimate of the extranuclear effectsetesy = -rj), (gt)i and(gt)x the interactions

of the GCAs with theth treatment(st)c the interaction of the SCA with tHeh treatment,
(rt)ix the interaction of the extranuclear effects with kth treatmentp;, the effect of theth
replication, anaj, the residual error. All treatment factors wereasefixed except factots,

bt, ande.

If pure dominance is assumed to explain heterdhisn two hypothetical scenarios for
combining contrasting genotypes would lead to tep#ation of the resulting hybrids to a
wide range of temperatures: a) the “varying rangeénario and b) the “optimum shift”
scenario (Figure 4.1). Accordingly, temperatureedefent heterosis can be explained by two
sets of hypothetical genotypes: a) inbred paremitsch perform best at the same optimum
temperature, but the trait values differ, and whaclapt to a different range of temperatures
and b) inbred parents, adapted to the same rangenpkerature with the same values for traits
but for which the optimum temperature is differefibe resulting hypothetical hybrids
(Figure 4.1 a/b, solid line) would always perfornellvat all temperatures. Temperature-

dependent mid-parent heterosis would be highesheatwo temperature extremes (Figure
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4.1 c/d). Combining inbred lines, which have difetr responses to temperature, might
explain the effects of heterosis: for example, cioiinly the inbred line P1, which, on average,
performs well under chilling and heat stress, whith inbred line P2, which performs well at
optimal temperature (Figure 4.1e). The hybrid woubn average, perform well at all
temperatures and would be most strongly influertgethe better parent in each temperature
regime. Two inbred lines, one performing best a tamperature extreme and the other one
performing best at the opposite temperature extréfigeire 4.1 f), would result in a hybrid,
which, on average, performs well at both extreragsuming that the better parent exerts the

greatest influence at the respective temperatureree.

Trait Value
Trait value

dominance
- dominance

Heterosis
Heterosis

Trait Value
-
/
Trait value

cold optimal  heat cold optimal  heat
Temperature

Figure 4.1 Diagram of performance profiles of hymical genotypes (P1 and P2) and their F1 hybsid a
dependent on growth temperature. It was assumedtliieatrait value Y decreases symmetrically as the
-(x-p)?

temperatures deviate from the optimuum): (Y = Yoo 8 , Where x is the temperature,¥; the trait value

at optimum temperature awdthe operating temperature range. Two cases wergdmyed: a) both inbred lines
show the samg but differents and Yyax and b) both inbred lines show the sasnend Y.« but differ inp by

Ax. Solid lines represent overdominance, where therih exceeds the trait values of the better parent
Temperature-dependent mid-parent heterosis fonédpgare displayed in figures c) and d), respebtiwalues
are normalized to fit both cases, i.e. dominanak @arerdominance, on the same scale. Figure e dhdtfate
the deviation of the parents from their parentahmeithin each of the three extreme environments.
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RESULTS

The inbred lines differ at extreme and optimum temggrature - UH002 and UH301 were

both chilling tolerant:

Both temperature extremes had significant effectsthe growth of seedlings (Table 4.2).
Effects of genotype-by-treatment interactions weignificant for all traits (Table 4.2,
ANOVA), indicating that the performance of the iatls was temperature-dependent.

In general, plants developed light green leave®\(§Rand had a lower rate of photosynthesis
(CER, ®pg), R/Fy). The effect of chilling was strongest for thelmar exchange rate (CER),
which decreased by 43%. These plants had a smeliéerarea and lower dry weight than
plants grown at optimum temperature. Heat stressedsed the leaf area and W6 a much
greater extent than chilling stress (Table 4.2Jucéng leaf area by 61% compared to
optimum conditions. Lines generally performed batsbptimum temperature. The flint line
UHO002 performed best under chilling stress follovbgdthe dent line UH301, while UH250
and UHOO5 tended to be sensitive to chilling. HoareWHO0O05 developed bigger leaves and
thus accumulated more dry weight under optimum tatpre and showed a good rate of
photosynthesis under heat stress. Thus, UH005 tasmtost vigorous line under more
favorable conditions. As well as good performanceles chilling stress, UH301 had the
highest rate of photosynthesis (CERys)) at optimum temperature and the most vigorous
growth (leaf area, D\) under heat stress. UH250 generally performedlpobiote that the
germination of UH250 was usually very slow, whichght have influenced its overall
performance. UH002 and UH301, with a high CER uraleling stress, showed a relative
decrease in CER compared to the mean value ohbred lines with increasing temperature.
The opposite was the case for UH005 and UH250. BH0®@duced greener leaves with
increasing temperature compared to the mean ofinbheeds (Table 4.2). However, this
pattern was not found for the other traits. Thét tralues for the inbred lines decreased or
increased from the optimum temperature to the teatpee extremes (Table 4.2). Relative
differences forbpg; and R/Fy, of the inbreds were found at the temperature mxdseand for

LA and DWs; at optimum temperature.
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Table 4.2 Adjusted mean values of UH inbreds asnépnt on temperature for carbon exchange rate YCER
quantum efficiency of PSlld{sg), leaf greenness (SPAD), maximum quantum effigreofcPSII (R/F.,), leaf
area (LA), and dry weight of the shoot (R)VWald statistics for effects of genotype (G).eets of temperature
(T) and effects of genotype-by-treatment interaxgi(GxT).

CER Dps SPAD F/Fm LA DW g,
pmol m? s? cnt g
Adjusted means
16°C/14°C  8.47 0.36 29.3 0.741 80.4 0.225
26°C/24°C 147 0.563 43.4 0.774 111.6 0.276
38°C/34°C 111 0.517 37.3 0.731 43.9 0.123
IL performance
UHO002 12.7 0.434 331 0.738 103.8 0.275
UHO005 6.0 0.369 28.7 0.741 76.8 0.198
16°C/14°C
UH250 3.83 0.21 23.9 0.723 55.5 0.159
UH301 11.4 0.428 317 0.761 85.3 0.267
UHO002 16.1 0.573 49.3 0.777 136.9 0.323
UHO005 13.2 0.549 44.7 0.768 146.2 0.358
26°C/24°C
UH250 12.9 0.553 41.0 0.774 55.8 0.131
UH301 16.8 0.576 38.7 0.779 107.6 0.29
UHO002 10.3 0.515 40.1 0.739 50.3 0.138
UHO005 13.9 0.566 42.9 0.759 47.5 0.115
38°C/34°C
UH250 9.17 0.446 29.1 0.676 24.7 0.066
UH301 10.8 0.539 37.2 0.751 53.2 0.173
LSD 2.25 0.027 4.38 0.016 39.3 0.096
ANOVA
G *k*k **k%k *k% * *k% *k*%
T *k*k *kk *kk *k*k *k% *kk
GXT *k*k *kk *%* *kk * *%

* *x ke indicate significance level of P< 0.05,<0.01,<0.001, respectively.
LSD: Fisher's least significant differences<®.05).

Performance of the hybrids:

In general, hybrids performed better than the idbrevith regard to all the measured traits
(adjusted means: Tables 4.2 and 4.3). The perfaenahthe hybrid families differed at all

temperatures. Under chilling stress the UH002xUHf20nily performed best (Table 4.3), as
did their parental lines, while intra-pool flint Iiyds did not perform as well as their parental
lines (Table 4.2). The remaining families were samere in between. On average, hybrid

performance was best at optimum temperature. Ties & photosynthesis (CERps;) and
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growth (LA and DW) of the hybrid family UH005xUH301 were highest aptimal
temperature (Table 4.3), the same as for theirnpalrdines (Table 4.2). Under heat stress
hybrid families with UH005 and UH301 inbreds penfmd best. The hybrid family
UHO002xUH301 developed greener leaves, had morealesf and higher dry weight, while
UHO005xUH250 maintained a good rate of photosynth¢SER anddps;). The CER and
Dpg) of the families differed at the temperature exeemwhereas differences for leaf
greenness were found only at optimum temperatugr(€ 4.2). For SPAD, all the families
followed the same pattern (Figure 4.1 e); chlordipbgntent increased or decreased from
optimum to extreme temperature. Thus, major diffees were observed at optimum
temperature, e.g. the SPAD of UH002xUH301 incredseards both extremes relative to
the mean of the families. The CER abgds, of some families followed the pattern illustrated
in Figure 4.1 f, with the largest differences fouatdhe extremes. All the UH002 families had

lower values with increasing temperature and paréat better under chilling stress.

Specific combinations of inbreds confer toleranceotchilling or heat stress:

The breeding value of the inbreds differed withamelgto GCA when the values for all the
hybrids were averaged for each treatment. Thus,gbssible to predict the performance of a
hybrid, when a certain inbred line is chosen fdrpalssible combinations with other lines
(Table 4.3). The effect of GCA did not usually degen temperature, indicating that none of
the inbred lines is a good combiner for confertiolgrance to heat or chilling stress. Effects
of SCA were significant for leaf area and dry weiigilore importantly, effects of treatment-
by-SCA interactions were significant for all traiesxcept CER, meaning that specific
combinations of inbred lines confer chilling or hdalerance.Extranuclear effects were
significant for the morphological traits, indicagithat the choice of inbred line as the male or
female parent influences performance of the hybrlids might be due to differences in the

reserves in the seed at this early stage.
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Table 4.3 Adjusted mean values of hybrid familisglapendent on temperature for carbon exchangéGEtR),
quantum efficiency of PSlld{sg)), leaf greenness (SPAD), maximum quantum effigreofcPSII (R/F.,), leaf
area (LA), and dry weight of the shoot (RYYWald statistics for a diallel mating design fobreds including
reciprocal crosses but not crosses within linesgeftects of temperature (T), general combinindigh{GCA),

specific combining ability (SCA), extranuclear effe and their effects of treatment interactions.

CER Dpg) SPAD F/Fm LA DW g
Adjusted means umol m” s cnt 9
16°C/14°C 124 0.465 34.6 0.765 141.1 0.389

26°C/24°C 171 0.586 45.9 0.788 241.9 0.59
38°C/34°C 135 0.561 40.6 0.763 83.5 0.263

Hybrid performance
Intra-pool flint ~ 10.0 0.434 33.5 0.755 126.3 0.33
UHO002xUH250 12.3 0.470 34.2 0.76 140.7 0.384
16°C/14°C UHO002xUH301  13.6 0.486 37.7 0.763 126.6 0.387
UHO05xUH250 12.1 0.451 33.1 0.761 158.2 0.408
UHO05xUH301  13.2 0.466 34.6 0.776 142.2 0.412

Intra-pool dent  13.2 0.481 34.4 0.774 152.8 0.413

Intra-pool flint 17.0 0.585 49.2 0.794 227.4 0.52
UHO002xUH250  16.5 0.586 47.2 0.784 260.7 0.558

26°C/24°C UHO002xUH301  16.9 0.581 45.6 0.784 211.3 0.536
UHO005xUH250 17.3 0.585 42.2 0.789 2355 0.623
UHOO05xUH301  17.6 0.591 45.4 0.791 262.9 0.666

Intra-pool dent  17.3 0.591 45.8 0.787 253.3 0.636

Intra-pool flint ~ 11.8 0.546 40.6 0.771 77.6 0.204
UH002xUH250 12.4 0.554 38.4 0.756 90.6 0.263

38°C/34°C UH002xUH301  13.0 0.545 43.2 0.757 91.9 0.321
UHO005xUH250  15.3 0.59 39.6 0.767 83.7 0.255
UHO005xUH301  13.9 0.555 42.4 0.772 85.7 0.289

Intra-pool dent  14.7 0.575 39.2 0.757 71.7 0.247

LSD 2.25 0.033 3.91 0.023 92.7 0.209

ANOVA
T *%k% *kk *kk *% *%k%k *%k%k
GCA *% *%% *%% *%% * *%k%
SCA NS NS NS NS * ol
extranuclear effects NS NS * NS ke Fkk
TxGCA NS NS * NS * NS
Tx SCA NS *%k% *%k% *%k% *% *%k%
Txextranuclear effects NS NS * NS NS NS

*, ** *x NS indicate significance level of & 0.05,<0.01,<0.001 and not significant, respectively.
LSD: Fisher’s least significant differences<®.05).

69



Temperature-dependent heterosis

MPH and BPH were positive for growth at optimum tenperature and positive for

photosynthesis at the extreme temperatures:

The mid-parent and better-parent regression tormban values of the genotypes was not
significant (Table 4.4), except for/F, and leaf area. Thus, the performance of the hybrid
cannot usually be predicted from the performanciefparents. For,A,, it was possible to
predict the performance of the hybrids under afglland heat stress from the performance of
the better parent. Mid-parent heterosis (MPH) wasitive for all the measured traits, with
the exception of SPAD, where MPH was negative fad005xUH250 at optimum
temperature and for the intra-pool flint under hsi@éss. The most positive effect of MPH
was found for leaf area and Dy\Vat optimum temperature (Figure 4.3). MPH was most
positive for®pg; and SPAD under chilling stress and fofFm under heat stress. The intra-
pool dent hybrids and UHO05xUH250 and UH002xUH2%d khe highest values for these
traits, which matched the pattern of temperatuggeddent mid-parent heterosis with highest
values at the extreme temperatures (Figure 4.1 Batjer-parent heterosis (BPH) usually had
a positive effect but was slightly negative for CEPys; and SPAD in hybrid combinations,
in which one of the parental lines already had higltues for these traits under certain
conditions. For leaf area and RWWheterosis was most pronounced at optimum temyrerat
where the effects of heterosis were significantiierintra-pool dent family®ps;, SPAD and
F./Fm of the UHO05%UH250 hybrids were superior undefliclg stress, and heterosis had the

most positive effects on growth-related traitshat temperature extremes.

Table 4.4 Mid-parent- and better-parent regressffii®n genotypic mean values of the resulting hybrigkse
Table 4.2 for abbreviations of traits.

CER @pg, SPAD R/Fo LA DW g
MP
16°C/14°C  0.03' ohs 0.29' 0.27% 0.38 0.03's
26°C/24°C  0.01"° 0.03's 0.27% 0.4* 0.07%° 0.3
38°C/34°C oNS 0.18'S 0.16'S 0.3 0.02'S 0.09'
BP
16°C/14°C oNs 0.07"° 0.13' 0.53* 0.3% 0.02'S
26°C/24°C oNS 0.01"S 0.19'S 0.02'S 0.02'S oNs
38°C/34°C  0.03' 0.03's 0.03'S 0.54* oNs 0.13'S

* *x kNS indicate significance level of i 0.05,<0.01,<0.001 and not significant, respectively.
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Figure 4.2 Performance of the hybrid family relatio the adjusted families mean for quantum efficyeof
PSII (@psy), carbon exchange rate (CER), and leaf green®3A0). Inter-pool hybrid families are represented
by a symbol (square, triangle) and a line (daslsetid); each intra-pool hybrid is represented bgpacific
symbol. Inbreds with the same letter within tempaes are not significantly different €0.05) and genotypes
within treatments without letters are not signifitig different. Each point represents 12 replicasio
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Figure 4.3 Mid-parent heterosis for quantum efficie of PSII (Ppg)), R/Fm, leaf area (LA), and dry weight of
the shoot (DW). Inter-pool hybrid families are represented bgyabol (square, triangle) and a line (dashed,
solid); each intra-pool hybrid is represented Ispacific symbol. Each point represents 12 replicesti

DISCUSSION

The hypothesis that flint inbreds perform betteloat temperatures compared to dent inbreds,
as shown for old inbreds of both typeg4A8p 1984), was not verified with the small subset
in this study; the dent UH301 was quite toleranthdling, and the rate of photosynthesis of
flint UHOO05 was exceptionally high under heat sérddowever, the leaf area and shoot dry
weight of UHOO5 decreased under heat stress, itidgcdhat different factors determine
growth and photosynthesis. Root growth may haven begted by heat stress, because the
temperature regime was the same for the shootr@idzone. This might impair synthesis of
cytokinin in the roots, resulting in lower levelsaytokinins in the shoots, which would, thus,
limit growth (Liu et al. 2002b; WOMPRASERT et al. 1995). The hybrid family
UHO005xUH301 grew best (leaf area, @YVat close-to-optimum temperatures (Table 4.3).
Extranuclear effects of an inbred line, as the fente male parent, were highly significant
only for LA and DW; (Table 4.3).
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In the case of UH002xUH301, this may have causedbilow-average growth, because

UHO0O02 is an unsuitable female parent (personal conication UHOH).

Are the requirements for temperature-dependent hetesis, as based on dominance

effects, met?

According to deductions based on the hypothetieabtypes, it should be possible to design
hybrids, which are well adapted to a wide rangéeaiperatures, by selecting inbreds, which
show a contrasting temperature-dependent perforeakssuming that the resulting hybrid
always performs at least as good as the best patembuld be possible to achieve better
adaptation to high and low temperature. The praséqa for testing this theory were i)
inbred-by-treatment interaction for a target tratd ii) significant better-parent offspring
regressions or at least a significant temperatepeddent GCA or SCA. While the former
prerequisite was met, i.e. the performance of tieeids depended on temperature, the latter
one was not. None of the combinations of inbredsstamtly conferred chilling or heat
tolerance. The only significant proof of a positieéfect of R/F, on a better-parent-to-
offspring regression did not reveal relevant défezes in the performance of the hybrid
families at the extreme temperatures. However, tteatment-by-SCA interactions were
significant for most traits, indicating that a siieccombination of two inbred lines resulted
in a temperature-dependent SCA and that one dfatbeconferred chilling or heat tolerance.
The low parent-to-offspring correlation might beedto the inclusion of the intra-pool
hybrids. When these hybrids were omitted from thgression analysis, the coefficients of
determination (B increased (data not shown); this would justifgeparate analysis of the
intra-pool and inter-pool crosses. The combinatibthe chilling tolerant UH301 and the heat
tolerant UHO05 resulted in a hybrid with above-ager performance at the temperature
extremes and average or better than average penficerat optimum temperature, indicating
an overall improvement in performance independérih® temperature. The same was true

when the chilling tolerant UH002 was crossed whth generally chilling sensitive UH250.

Positive effects of heterosis on photosynthesisthe extreme temperatures:

The growth parameters of the hybrids were highestpéimum temperature, in contrast to
earlier studies, which reported the most positiffecés of heterosis on plant growth under

temperature stress @WiLLiIAM and QRIFFING 1965). On the other hand, heterosis had the
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most positive effects on photosynthesis-relateitistest extreme temperature. This confirms a
general pattern of the temperature dependencetefdsés (Figure 4.1 c/d), as reported in
earlier studies (ANGRIDGE 1962; McWILLIAM and RIFFING 1965), where the positive effect
of heterosis was much more pronounced in extremgaments (RRSONS1971). Negative
effects of heterosis were found for a few comborai such as UH002xUH301, where the
BPH was negative for CER and SPAD at optimum temipee. Since its parental inbreds
performed best with regard to SPAD or CER, the mhiggical limit may have already been
reached.

The strongest effects of MPH and BPH were found dbotosynthesisd®ps;, SPAD) for
UHO005xUH250 under chilling stress.OHCKER et al (2006) also observed positive MPH
effects on the length of the primary root for UH8Q#H250 under controlled conditions
(26°C). Fast development of the primary root i©dbvorable under chilling stress and may
have contributed to the positive effect on the gantance. However, the parental inbreds did
not perform well under chilling stress, which mayplain why the performance of the hybrids
was not much better. A reverse pattern of heterbais also been described, where low-
performance x low-performance combinations showmsl strongest effects ML et al.
1965).

Is there any proof that the hypothetical scenarioscontributed to adaptation of the

hybrids to a wider range of temperature?

Advantageous crossing of inbreds might result ibrits that adapt to a wider range of
environmental conditions, thus leading to betteryspdiogical and morphological
performance under stress conditions as a resuteof‘'optimum shift” or “varying range”
scenarios. Since the physiological and morpholdgicaits differed depending on the
environmental conditions, under which heterosisuoed, it is assumed that there are a
number of reasons for these differences. In the cA<CER andDpg;, the response of the
inbreds to temperature more or less followed timeespattern as the “optimum shift” scenario
(Figure 4.1 b), with the optimum temperature forirggividual line being shifted towards the
high or low temperature extreme. The same pattas faund at an earlier stage for alleles at
loci controlling the temperature tolerance s, (Chapter 2). In the case of the

morphological traits, the response of the inbrexdi to temperature tended to follow the
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pattern of the “varying range” scenario (Figure &),lwhere the flints showed better growth
compared to the dents at optimum temperature bthh bBbowed similar growth at the
temperature extremes. The same pattern was fouad aarlier stage for alleles controlling
the temperature tolerance of morphological traitsgpter 2). However, in the latter case, the
dents grew better at optimal temperature. Thisrdsncy is probably due to the small
sample size (four inbred lines) in this study. kengral, none of the crosses were above
average in any of the temperatures treatments. @eddrmance at one temperature extreme
was not matched at the other extreme. Similarlpdgperformance at optimum temperature

often resulted in poor performance at the tempezagutremes.

CONCLUSIONS

There are indications that the hypothetical “optimshift” and “varying range” scenarios
contributed to the adaptation of the hybrids toidewrange of temperature and that they are
useful in explaining the dependence of heterositeniperature.

If the goal is to make use of the effect of hetessahen it is important to know that traits of
photosynthesis follow the pattern of “optimum shdhd morphological traits the pattern of

“varying range”.
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Chapter 5

An algorithm to separate axile and lateral roots oimaize based on

diameter classes

INTRODUCTION

The axile and lateral root types differ in origindatime of appearance. The axile root system
described in here includes the embryo-borne pringaxy seminal roots and postembryonic
underground shoot-borne crown rootEuBMAN 1994). While the primary root becomes
visible two or three days after germinationo@HHOLDINGER et al. 2004b) followed by the
seminal roots, the crown roots develop in lategesa Lateral roots of*lorder are initiated
approximately four days after germinationgitker et al. 2006) and emerge from the
pericycle of all axile growing roots. Because d#itlarge metaxylem, laterals are considered
mainly responsible for water and nutrient upta&k KHOCHHOLDINGER 2009). HUND et al.
(2004) demonstrated that the root system of maarebe separated into lateral and axile roots
using the root length in diameter-class distributiRLDD). The results were based on
destructive sampling, followed by manual separatdraxile and lateral roots. The data
suggested that the diameter of both population®afs, were normally distributed and that
the two peaks were clearly distinguishable. Thipragch, proved also to be feasible to
classify roots non-destructively via root systenages taken from growth pouchesufid et

al. 2009). However, the threshold to distinguish betveaxile and lateral roots varied
dependent on experimental factors. For exampie wviell known that root diameter increases
at low temperature (@FORTH et al. 1986; KEL and SAamp 1992) and, accordingly,
temperature-dependent thresholds were necessasgparate into lateral and axile roots
(Chapter 3). Furthermore, slight differences iniegt properties during the scanning
procedure made individual threshold for each inddpat experiment necessary.
Accordingly, we applied thresholds for each tempeeaby-run combination. Beside that,
there are indications that diameters also depenth@menotype and even on the root type.
For example, diameter of the primary roots of tlegept of a QTL mapping population

(Lo964) was considerably larger as compared todiaeneter of the other parent (Lo1016)
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(HunD et al.2004). This implies that there is a need to eshlhdividual thresholds for each
genotype-by-temperature-by-run combination. Furttere, there usually appeared additional
dips and peaks within the bimodal RLDD profile, athiare artifacts generated by the image
processing software (D et al.2009; 2BEL et al. 2007). These artifacts make it difficult to
identify the trough between the two main peaks. {darametric kernel density estimation
(SILVERMAN 1986) may be used to smooth the RLDD profile aetéunine the trough with
higher accuracy. However, it may be difficult tot ¢he smoothing parameter of these
functions in an optimal way to avoid detection péisous peaks in every case. Alternatively,
general optimization for a bimodal distribution miag used to smooth and interpolate the
data (NELDER and MEAD 1965). Accordingly, our objectives were to develpnethod to
determine the threshold of axile and lateral rofds a large number of individual

experimental units of a designed experiment usorgparametric or parametric approaches.

MATERIAL AND METHODS

WinRhizo usually delivers the distribution of meeesiroot length, within diameter classes.

This so-called root length in diameter-class dsition (RLDD) can be used to extract

information about root diameters or the length iffiecent classes of roots. In case of maize
seedling, there are at least two root classemndisghable: the large-diameter axile roots and
their first order laterals (BND et al. 2009). The process involves the separation oRIbBeD

into diameters most likely belonging to the popiolatof axile and lateral roots. For this study

a dataset was used, derived from an experimenngimai determine the response of maize
roots to temperature (Chapter 3). A set of 74 idbiees was grown in growth pouches

exposed to three temperature regimes within fodependent replications. In the original

study a separate threshold for each replicatiohiwiemperature was applied. The thresholds

were determined based on the average RLDD profiles.

Large-diameter axile roots and small-diameter lateal roots are distinguished using a

mixture model:

Non-parametric and parametric methods were evaluateetect the trough between the peak

belonging to the axile roots and the one belongmghe lateral rootsA first approach to
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detect the position of the trough was to usen-parametric kernel density estimates
implemented in the R-function density() lBVELOPMENT CORE TEAM 2008). The bandwidth
was determined either using the normal referencelwath (width = “nrd”) according to
Silverman 's ‘rule of thumb’ (BvERMAN 1986, p 48) or the Sheather-Jones ‘direct plug-in’
(width = “SJ-dpi”) ($1EATHER and HNES 1991) using pilot estimation of derivatives.

A second approach to detect the trough was applefitting a Gaussians mixture model of
two normal distributions. The model was fitted asaibed by ¥NABLES and RrLEY (2002,

pp 436-444) using the Nelder-Mead method implentente the R-function optim() (R
DeVELOPMENTCORETEAM 2008). The log-likelihood function for the mixtuneodel is

L(7, 1,04, 14,,0,) :anlog|:£‘{)’i _:ulJ_l_l_”‘{yi _,uzﬂ (1)

i=1 01 01 02 02

The parameters, 1,,0,, i,, 1, were estimated by minimizing—whereu ands are the mean
and the standard deviation of each normal distiobyutrespectively, and the subscripts
identify the distribution of the lateral roots (@)d axile roots (2)z is the proportion of the
overall root length attributed to lateral roots an@ = 1,2, ...,n) the diameter classes in mm.
The accuracy of the model was assessed using RtQrhe plot was produced by solving
for the quantiles by using the reduced-step Newtathod as described byEMABLES and
RIPLEY (2002, p 440).

The estimated parameters were used to determinthtbshold to separate the RLDD into
diameter classes most likely representing lat@mtisrand those most likely representing axile
roots. The threshold diameter was chosen in a Wway the same proportion of roots was
falsely classified for both root types. The equatieas accordingly:

TrSD= g + H2 = H) 2)

1+&
Ul

The experimental design within each temperaturér@mwment {;) was an alpha lattice design
(BARRETO et al. 1997) with 8 biological replications.e. four independent growth chamber
replications per environmenty and two blockskg) per growth chamber, containing a full
set of inbred lines) each. The 74 inbred lines within each block waistributed to eight
incomplete blocks dum). These were distributed in four sections withimot growth

containers. Therefore the final model was:
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Thmgum =4+ G+ + 0t + gt |+, + iy + £y 3)
whereTh_aaxikim IS the effect of théth inbred line in thgth environmentkth growth chamber
run, Ith block andmth growth containergjum the residual error and the intercept. The term
left and right of the vertical line (|) are consiele fixed and random, respectively. Analysis of
variance was made by ASReml-R UBER 2006). The best linear unbiased estimates
(BLUES), extracted for each genotype-by-treatment-by-runtioation, were used to obtain
the estimates of the Thax. In order to get more robust estimates for subseganalyses,
10% outliners based on standardized residuals rgemeved from the analysis. These missing

data were subsequently re-estimated based onttine finodel.

RESULTS

In the original dataset the thresholds were chasanually for each replication within each
treatment. This resulted in thresholds of 0.63300663 and 0.63 for the chilling, 0.46, 0.63,
0.63 and 0.46 for the optimum and 0.63, 0.63, &BA 0.51 for the heat treatment and
averaged at 0.57. Genotype-specific troughs wettetaleen into account. However, the
median diameters determined from the RLDDs of thakp of axile and lateral roots, where
highly heritable and showed differences among b&tegroups (Chapter 3) indicating that

genotype-specific thresholds would be appropriate.
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Figure 5.1 Histogram of the root length in diametiass distribution (RLDD) untransformed (top) @uare
root transformed (bottom) of the average of thetrmdrreatment plants (left). Superimposed on tlstolgrams
are i) a mixture model of two normal componentdidsolack), and ii) kernel estimates estimated vétkernel
function and normal bandwidth (dashed, green),thadSheather-Jones ‘direct plug-in’ (dotted, r&ahQ plots
of observed diameter, measured by WinRhizo agajonantiles of the mixture model (right). Quantilesres
solved using a reduced-step Newton method as deschy \ENABLES and RPLEY. (2002, p 440). Vertical
black line indicates the determined threshold vadugistinguish axile from lateral roots.

When applying the kernel density functions to indii)al plots (data not shown), many plots
yielded multiple dips and peaks making it diffictdt automate the detection of the trough.
The normal reference bandwidth resulted in a smogtthat was too strong in many cases
while the Sheather-Jones ‘direct plug-in’ did nmio®th strong enough to remove the artifacts
(e.g. Figure 5.1, dashed lines). The mixture mbeadélveen two normal distributions, one for
the lateral, one for the axile roots (Equationgtived a good solution to the problem (Figure
5.1, solid lines). The model was forced to detead peaks, disregarding additional dips
caused by artifacts generated by WinRhizo. Whenntbdel was run on the untransformed
RLDD (Figure 5.1, top, left), it resulted in a rathow threshold to separate into axile and
lateral roots (Thyax) Of 0.32 for the control treatment plants. Furthere, the Q-Q plot

showed a fat upper tail of the distribution indicgtsuboptimal model fit
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(Figure 5.1, top, right). The square root transfation significantly improved the distribution,
resulting in a higher Thx and a Q-Q plot suggesting a normal distributiothef data and a
good model fit (Figure 5.1, bottom, right). In theansformed RLDD the Thux fell
proximately to the trough between the two peakslevfor the untransformed RLDD this
threshold was lower (Figure 5.1, left, verticakljnOut of the total of 1700 plots analyzed, the
model failed to detect a Thax in the range between 0 and 2 mm for 20 plots. ¢Jsnuation

3, we tested the effect of the genotypéreatment and runk on the determined threshold
value between axile and lateral roots. There wasgaificant interaction between every
treatment combination indicating that individuateshold values were necessary (data not
shown). The significant run effects were not swipg since we expected random effects
related to differences in handling and scanningc&ithere were only two observations per
genotype-by-treatment-by-run combination, keeping term in the model resulted in an
imprecise model fit. Therefore, the tegtr was dropped from the model. To avoid that poor
adjustment of the mixture model, which had a stronflyence on subsequent analyses we
identified 10% of the outliers based on standadlimsiduals (Figure 5.2). This way, 102
outliers were detected and set as missing. Theolilizrs and the 20 plots, where the model
failed to detect a trough in the expected rangee we-estimated by running reduced Equation
3 again. The resulted thresholds fell within a embgtween 0.2 and 0.8 mm (Figure 5.3). The
application of the mixture model to the means & RLDDs across treatments, revealed a
temperature-dependent shift in the modes of thepgeaks and in the trough between them.
Trough and modes were lowest at optimal temperaam@ highest at the temperature-

extremes (Figure 5.4)
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Figure 5.3 Histogram of the thresholds betweereaaild
m lateral roots (Equation 3) after re-estimating 103iers

based on the fitted model of the remaining obsermat
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Figure 5.4 Histogram of the square root transformoed length in diameter-class distribution (RLDEgsed on
mean values within the three temperature treatm&uigerimposed on the histograms are i) the mixtuveel
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untransformed data, respectively.
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DISCUSSION

The assessed averaged threshold of 0.57 obtainkdhei kernel density functions is similar
to the threshold of 0.55 obtained in drought stresperiments (BTA 2008; TRACHSEL
2009a). As the thresholds ranged from 0.39 to (b63he treatment and run combination an
even more detailed analysis is suggested. Therefmean improvement, each genotype
should be taken into account. We therefore aimea fmore flexible approach, extracting the
trough between the axile and lateral roots basegkeantypes within treatments and runs.

The main problem in determining the trough betwéw®an putative peaks of the axile and
lateral roots was the presence of additional dijpg peaks in the density plot generated by
WinRhizo. The dips and peaks were detected at @heesplace for every environment for
each individual last image (Figure 5.4peEEL (2008) examined the nature of the artifacts and
summarised that the observed dips occur everyd3pigel (occasionally two and five) widths
along the abscissa (diameter-class distributiagrgppeared that an individual bandwidth was
necessary making the compromise between smoothimggé to remove the artifacts and not
smoothing too much to smear out the real peaksorAatic bandwidth selection using the
“second generation” rules such as Sheather-Joeesssto be preferable and close-to-optimal
(JoNEs et al. 1996). However, in our case the algorithm wasdensitive and the resulting
kernel density estimates tended to follow the iaréif dips and peaks in the density plot.

The alternative optimization of the mixture modétwo normal distributions seemed to be a
better solution to determine the threshold betwaeele and lateral roots. The assumption of a
normal distribution of the diameters of each rogiet is supported by the observation of
HUND et al.(2004). Normal distribution of diameters was tlase; when roots were separated
manually and spread on a scanner with minimal amofuaverlapping or parallel orientation
of roots. However, in growth pouches, where roeteain intact during the scanning process,
parallel rooting and crossing can not be ruled dherefore, diameters in growth pouches
were overestimated due to a certain proportiomofs growing in parallel. This effect may
be the cause of the fat upper tail of the densgiridution.

Re-estimating the 10% outliers using the fitted slddr the remaining values resulted in
thresholds lying in the expected range betweenab@ 0.8 mm. This diameter range is
consistent with the range reported to hold the nitgjof lateral roots of maize ARNEY et

al. 1991),
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even though we have to note, that the system wasatibrated to measure the true diameter
of the roots. Several factors can possibly inflgetite root diameters. Especially root hairs
may cause an effect of enlarged apparent root damerhis can be avoided by a washing
step of the pouch just before image acquisition.

Apart from determining the threshold value to sepabetween axile and lateral roots, the
parameters estimates derived from a mixture modsl directly be used as target traits. The
diameters and the standard deviations of the twab types may be valuable key traits to
determine differences among genotypes and thegorese to the environment. This approach
was used by @BeL et al. (2007), who employed a non-linear model to deteerifnroot
diameters of very fine roots changed dependenthennutrient concentration based on the

derived model parameters.

The more precise the separation of axile and latex@ts is the more accurate following

assessments based on that data become. In examgeral root observation for both root

types separately are interesting parameters toysimdchanging environments. These
parameters are well suitable for an associationpmgpapproach on roots as we reported in
Chapter 3.

85



General conclusions

Chapter 6

General conclusions

Maize breeding for challenging environments:

Maize cultivation is increasing year by year. Amain cattle forage crop, the production of
maize needs to keep up with the increasing demanchéat. Furthermore, the development
on the biogas market increases the demand for ymeajze. While the cropping area is
decreasing due to soil sealing and growth conditiare challenging, yields are expected to
rise. Though, the full yield potential of a plaranconly be realized at optimal growing
conditions. Abiotic stresses like chilling or heae severely disturbing this optimum. Maize
cultivation has been extended to areas in coolgioms where its high temperature
requirement is not always fulfilled. Accordinglyreleding for chilling tolerance is the main
focus of many breeding programs. Early maize segdlevelopment is usually not affected
by heat stress. However, current climate modeksctst an average temperature increase and
strong temperature fluctuations to cold and heaptrature extremes. Therefore, tolerance to
heat stress is becoming increasingly important, too

Considering the fluctuations as a challenge, bnseden to adapt crops to a wide range of
environmental conditions. However, little effortave been made so far to study the response
of maize to the whole range of possible temperatuf® allow for a better adaptation of
plants to fluctuating temperature it is necessarynderstand how allele effects vary with

temperature regimes.

Chilling and heat stress effects:

This study sheds light on the genetic control affgerature response in temperate maize. The
results indicate that heat stress diminished segslldevelopment less severe than chilling
stress. This was mainly expressed for the shoatstrdhe high amount of detected
association-by-temperature interactions fonERdicates that axile roots seemed to be more
temperature sensitive than lateral roots. The nao®ercollocations to the ratio JERax

indicate that the relative increase at these l@ad due to the temperature effect on developing
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axile roots. In general, the root elongation tréigsl a greater power to detect marker-trait
associations than the traits describing end lengtdécated by the higher number of detected
associations. This suggests that root elongatiar tme should not be neglected in future
association mapping approaches for temperatureatate of roots.

Phenotypic and genotypic results corroborated Fer ¢bserved differences between the
heterotic groups. The flints accumulated more rdot weight, maintained the rate of
photosynthesis at chilling stress and carried eskedlly alleles favoring chilling tolerance for
root dry weight and®ps;. The dents grew axile roots better under optimumd &eat
conditions and carried trait increasing allelestfer length of axile root, the root surface area
and for heat tolerance of the ratia:kERax. Alleles underlying the observed root traits could
mostly be classified as,bas they showed similar responses to both tempera&ixtremes.
This indicates that changes in temperature away fitee optimum initiate general response
pathways. In contrast, the shoot parameters mdetlpwed the @ pattern, indicating a
response to either temperature. Those underlyietealmay be involved in true tolerance to

chilling or heat stress.

How are shoot and root growth parameters related? D they depend on temperature

and heterotic group?

The different allele-response pattern of roots simdots indicate different genetic control of
the two organs concerning temperature toleranceeSieither root nor shoot traits alone are
reliable indicators for tolerance strategies, threlatedness has to be identified. The best
positive relationships for root dry matter accuntiola were found for leaf area and for total
shoot dry weight. Most intriguing correlation fdpg) to root traits was found forik (r = 0.3,
0.52, 0.43; chilling, optimum, heat). This positivelationship betweenbps; and ka
suggested that a strong photosynthetic performascenportant for early lateral root
elongation orvice versa However, only at chilling the flints (r = 0.46¢dated from the
dents. A weak positive relationship fdps; and root dry weight was only found under heat
stress (r = 0.355).

All correlations though between shoot and rootdravere moderate to weak and their use as
a measure for inferring root development from stamielopment is limited. Furthermore, it
can’t be completely ruled out that population sinoe played a role. On the genetic level, a

selection for SLA could probably go along with &Rince closely located associations were
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detected in bin 5.03 and 7.02. However, only very positive correlations were found for
this parameter combination, meaning that a high 8. Aot necessarily associated with fast

axile root elongation.

Was the phenotyping methodology suitable to meet ¢hrequirements of an association

mapping for root response to temperature?

For this study a genetically diverse germplasmvset chosen. This set is used in breeding
programs tackling different breeding questions oéjan agricultural importance. The
phenotyping in growth pouches allowed for a preeaipplication of the desired temperature
stress and a high throughput screening of the mhtes it is required for an association
mapping approach. The new insights on temperatepesntdent root growth and its genetic
control would possibly not have been observed iid smedia such as sand or soil. Root
elongation rates could be measured non-destrugto@@tecting for differences in root length
at the beginning of the stress experiment. Thiddea greater precision of the measurements,
which was possibly the reason for the greater nunidfeassociations detected for the
elongation rates. A more flexible and precise apphoto separate axile from lateral roots
after digital image analysis was developed for feitepplications. Furthermore RACHSEL
(2009a) discussed the transferability to more métgrowth conditions and reported the
pouch system root growth parameters as sufficiedicators for root development at later

stages in more natural substrates.

Outlook:

The association-by-temperature interaction mode$ waccessful in detecting significant
associations. However, in this approach, tempezaivas modeled as a factor rather than a
covariate. Alternatively, temperature could be niedeas an environmental gradient
described by a non-linear function (e.g. by a Gansgistribution). The individual parameters
of this function could be used as “traits” themsslvThis approach would be similar to the
mixture model of two normal distributions to evatishe threshold between axile and lateral
roots (Chapter 5). For example, if the temperatasponse curves would satisfy some sort of

normal distribution, the parameters could be meath standard deviation of this function.
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Accordingly, the concept of “optimum shift” vs. “wang range” scenarios (Chapter 4) would
be testable in a much more precise manner. Thisoapp would not demand for a higher
number of replications since the number of replcaper temperature could be reduced with
increasing the number of different temperature @mrs. The wider range of tested

temperature conditions would also solve the prolilea the sensitivity to temperature stress
depends on the target trait (Chapter 2 and 3). farther step, it needs to be tested if the
combination of inbred lines with different temperat optima or ranges leads to a hybrid with
a broadened temperature tolerance. This approashaWweady taken with a limited set of
genotypes (Chapter 4) and the results indicate ithiat worth up scaling this experiment.

Those plants would be able to realize their fuklgi potential even at changing and
challenging environments. Since association mappiegrs the risk of discovering false-
positives due to unaccounted population structime most promising loci should be further
confirmed in QTL experiments using biparental cesssMost promising parental lines for
these crosses are those which are divergent atotheof interest and/or differ in their

response to temperature.
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