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ABSTRACT

Maize growth and development depends highly indagacity of the plants to absorb
Nitrogen (N) from the soil. Producing a high-yieldimaize crop that requires less N input is
currently one important goal of maize breeding paogs. In order to understand the dynamics of
N use in maize, the study of phenotypic and gemesiponse to N deficiency must be performed.
Using lines from the high resolution IBM2Syn10-DHpulation, the goals of this study were: 1)
to identify the phenotypic response of the rootteysarchitecture (RSA) of 14-day old maize
seedlings grown under contrasting levels of N;o20liscover Quantitative Trait Loci (QTL) that
are associated with the RSA response to N variaBpro analyze the agronomic response of
DH lines grown in 4 environments under contrastihtyeatments; and 4) detect QTL associated

with the variation of this agronomic response.

A subset of IBM2Syn10-DH lines grown in a cigarl ralilture under controlled growth
chamber conditions was used to gather phenotype tdaperform a QTL analysis of the RSA
traits. A Low N (LN) treatment increased primarptdength (PRL), lateral root length (LRL),
and lateral root number (LRN) by 8.5%, 31% and 2@08¢pectively. Alternatively, crown root
number (CRN) increased 6.4% and shoot length (8Wd2.9% longer under HN treatment. A
total of 57 QTL among 8 traits were identified sicomposite interval mapping (CIM) and a
high density genetic map. The results suggestgdabdmic regions are triggered by N deficiency

stress, and control the root system growth foreoettitrient acquisition and remobilization.

Several agronomic traits and grain quality trait®rev measured at independent

environments in two locations in lowa and two cangive years. Overall, the data showed that



effective LN treatments reduced the DH-lines penfance significantly. Grain yield decreased
up to 63% at one environment. Grain protein (GPR&$ significantly reduced by 10% under
LN conditions. A total of 302 QTL were identifiedcrass all trait/environment/N-level
combinations. Important QTL clusters located inochosomes 1, 4, 5, 8 and 10 harbored QTL
detected under LN or HN treatments. These clusterdocated near login4 andgln5, which
regulate the activity of glutamine synthetase; amyme involved in N-assimilation and N-

remobilization for  the production protein in the agr of maize.



CHAPTER 1: GENERAL INTRODUCTION

Maize Zea mayd..) is one of the most widely grown crops in aglicte around the
world. The use of Nitrogen (N) application, alonghahigher planting densities over the last
decades have been the key elements for maize yieddsase, especially in the United States.
Today, the rising cost of producing nitrogen wiktermine an extra economic load on the
farmers (Hirel et al., 2007a). This will necessatdad to a change in agriculture management,
especially in the industrialized counties as welsame developing countries; demanding among
other things, a greater productivity of new genes/punder poorer soils conditions. Thus,
farmers must be able to optimize the usage of Mlifer to reduce the contamination with
nitrates and to preserve their net income (Bertid &allais, 2001). On the other hand, new
interesting alternatives have appeared in the nhaide farmers; being one of those the
production of biofuels. Farmers can expand theirketato new business, which helps to
overcome the difficulties with the rising pricesutbit becomes another economic and
environmental challenge to the world. The productid biofuels from plant biomass requires

the same extensive use of N fertilizers for sevgpaties (Hirel et al., 2001).

Overall, the use of N fertilizer will be criticabif the production of high yields in all of
the main crops that contribute to the global sugblfood (FAO, 2012). The required worldwide
production for the next century of rice, wheat amgize among other crops, currently cannot be
achieved while reducing the amount of N fertilizatsthe same time. It is estimated that the
demand for 2016 of nitrogen fertilizer will be o1&.0 million tones worldwide (FAO, 2012).
Then, it is critical to identify main factors cooliing plant nitrogen use efficiency (NUE) from

the physiological and genetic points of view; id@rto maintain a positive balance between the



worldwide food requirements and an economicallyoMasupply of resources from agriculture

(Hirel et al., 2007b).

Thus, to understand better NUE it is necessaryhalgct genetic studies that can explain
the relationship between N metabolism and agronainaind physiological traits that have been
widely studied as part of maize breeding progra@BEL mapping can be a useful tool that can
identify genomic regions that control specific tsaas well as to determine possible breeding
strategies. Consequently, there is the need tg shedcoincidences among the QTL for several
traits associated to N metabolism and specific @IFLNUE (Coque et al., 2008). Furthermore,
it is important to determine genomic regions thatassociated with maize traits that measure N-
assimilation (i.e. root system architecture) andtMzation (i.e. grain yield). The difficulty for
measuring physiological traits, such as root sydieabsorption and its components, at a large
scale represents a disadvantage to determine if &&lassociated with these traits. Thus, it is
important to focus the efforts in the identificatiof QTL for agronomic traits with significant
associations to N remobilization throughout the alliewment of a maize plant (Coque et al.,

2008; Hirel et al., 2007b).

The maize bi-parental IBMSyn10-DH population wagdisn this study to perform a
genetic analysis associated to N response. Twaasiintg N treatments were set up in various
different experiments to provide a stressful enwmnent (i.e. Low N) and a normal growing
environment (i.e. High N). The general objectivéshis study were to: i) identify QTL for grain
yield and related traits and grain quality traftattare associated with N response in field assays,
i) identify QTL for root system architecture traissociated with N response undewitro

conditions in 14-day old maize seedlings.



Literature Review

Nitrogen budget in maize

The input of nutrients, but especially N is ess#@rfor plant growth and development in
agriculture in the US. Nevertheless, excess N nstaim systems has negative impacts on
aqguatic life and limits the use of water bodiesrmreation and as drinking water sources. There
are several sources of N input to the agricultystesn: commercial fertilizer, legume fixation, N
mineralization of organic matter, manure from lteek waste, and atmospheric deposition;
which are collectively known as budget inputs (kilet al., 2004). It has been estimated that
these N inputs total nearly 4 million tons in thats of lowa, and over 90% of it is used in
agriculture, especially for maize production. Gdtthotal, around 200,000 tons of N will be lost
to stream and water resources (Libra et al., 20D4)s there is a need to improve the efficient
use of N by improving management practices (i.eluceng N rate, improving N supply
systems), and by breeding for more NUE crops.

For maize, N fertilizer is one of the largest axpes, and producers need to balance
between an economically profitable harvest androtlimtg environmental harms (Sawyer et al.,
2006). It is also the most limiting nutrient foropluction of maize in the Midwest region of the
US. Thus, it is important to understand how N isuaculated during maize growth to identify
key stages to improve NUE. A report of N use gliméds summarizes key information of N
budget in maize throughout the cycle of developniEigure 1.1; (Sawyer et al., 2006)). Thus,
for high-yielding maize crop, the N accumulatioartt at about 1 Ib. N/acre, until the V4 growth
stage. Then, until the tasseling stage maize watlpce around 9,000 Ib. /acre of aboveground
dry matter, and will accumulate around 200 |b. Kéa®uring this time, the majority of N will

be accumulated in the leaf tissue (75%), with tia¢k 20%) as a second source of storage for



the nutrient. From then on, N-uptake rate will reglauring reproductive stages, but available N
in plant tissue will begin to remobilize for graiormation and protein and starch synthesis. At
physiological maturity, the high-yielding maize pravould have accumulated around 275 Ib.
N/acre to generate more than 20,000 Ib. /acre o¥edround dry matter. Thus, by the end of

maize development more that 50% of the acquiredINoe/in the grain portion of the crop.

NUE and related traits

Nitrogen use efficiency can be defined in severaysvwith slight differences in the
concepts. Agrama et al. (1999) defines NUE as gremauced per unit of N supplied. Another
definition is the amount of grain yield per unit @failable N in the soil (including residual N
present in the soil and the fertilizer) (Moll et,al982). Also, from more of a breeding
perspective, NUE can be defined as the superidityabf a given individual to produce higher
grain yields at low soil N conditions, in compansavith other individuals of the same

population (Presterl et al., 2002).

NUE is divided into two primary components: N-upgakfficiency (NUpE) and N-
utilization efficiency (NUtE) (Moll et al., 1982N-uptake efficiency measures the amount of N
(as nitrates and ammonium ions) absorbed by thet glampared to that available in the soil
(Presterl et al., 2002). Given optimal N conditioNsuptake is important to supply enough N as
it is demanded by the maize plant for growth andettgpment, meanwhile at sub-optimal N
levels it is dependent on the capacity of the system characteristics to acquire and remobilize
the scarcely available N from the soil (Prestedlet2002). N-utilization efficiency measures the

use of available N stored in the plant to producngin the ear. NULE is influenced by the



proficient remobilization of N from the root systémsource tissues (i.e. leaves and stalk) of the

plant (Nichols, 2008).

To be able to reduce the amount of N used to pmeégaal or greater yields as the ones
currently acquired worldwide, a better understagdori NUE components is needed, which
could lead to diminish costs of production and smwnental hazards related with maize
agriculture (Nichols, 2008). However, measuring awhlyzing the components previously
discussed is difficult due to the labor intensigehiniques needed to physiologically assess the
variability within each component. Thus, it is infant to establish a set of N responsive
agronomical traits that can be phenotyped in a thgbughput manner which are related to NUE
in maize. Previous studies, have reported sigmfigzhenotypic and genotypic variation for
NUE-related traits (Bertin and Gallais, 2000; Coaquel Gallais, 2007; Gallais et al., 2005). In
order to determine N-remobilization efficiency fecoan be directed to grain yield and related
traits to search for existing correlations withragten input. It has been reported that significant
reduction in grain yield (23%) and kernel numbe8%d can be associated with low N input
(Coque and Gallais, 2007). Moreover, the authoterdened that to improve grain yield, an
increased N-remobilization and post-silking N-ugtakere key factor during the grain filling
stage. Consequently, the demand of greater grald yon breeding programs has pointed
selection towards maize germplasm that will perfavedl under high N conditions due to the
management practices of agriculture in developadit®s (Moose and Below, 2009); which

represent the main market for the major seed comapan

Likewise, studies have focused in the analysisraingcomposition to better understand
N-utilization efficiency by ears and seeds (Nich@808). The concentration of grain protein has

shown to be responsive to the increment of N sypphpviding evidence of an inverse



relationship grain yield-protein controlled by Nriaion (Uribelarrea et al., 2004). However,
the authors concluded that high grain yield camiagntained by increasing the N-utilization of

the plant to produce higher kernel number whileaaig high grain protein concentration.

Hence, significant research in NUE has focused imilifig differences in genetic
variation, productivity and physiological respons#smaize hybrids between contrasting N
conditions (Moose and Below, 2009), based on agnindraits like grain yield and kernel

composition, among others.

Root system architecture

One of the main components of NUE is the N-uptaKeiency. It has a close
relationship with the capacity that the root systefmplant has to assimilate the nutrients
available in the soil. Thus, it is important to emstand the changing aspects of nutrient
availability and how plants can acquire these eahéa@y developmental stage (Shen et al., 2013).
Under low N conditions, plants have adapted thesponse by the alteration of root system
architecture (RSA) to increase N acquisition frdma soil at minimum metabolic cost (Lynch
and Brown, 2001). Given the mobile nature of Nhe soil, and that it is one of the limiting
factors for plant growth, it is highly important émalyze the RSA of maize to improve overall

NUE (Lynch, 2013).

In maize, the root system of young seedlings ctute8 of two set of root types that
develop during and after seed germination. The gamic roots which are the primary and
seminal roots, and the postembryonic roots thatreecrown and lateral roots (Hochholdinger
and Tuberosa, 2009). During the earlier stage®wéldpment, the embryonic roots make up the

majority of the root system, and the number andim@ will vary depending on specific genetic



background. However, later in development the crovats and especially lateral root will make
up the majority of the RSA. The first ones will lesponsible of initial transportation of nutrient
to the shoot and in adult stages will maintain pents erect. The latter roots are the main
structure in the RSA that are responsible of notrebsorption and assimilation for the plant

(Hochholdinger, 2009).

Several studies under depleted mineral nutrientitions have been performed in order
to determine the variation of the root architectofglants due to this type of stress (Lynch and
Brown, 2001; Wang et al., 2005; Zhu et al., 20d9a, The effect of the nutrient depletion in
root morphology can be complex, but some pattemse tbeen found. First, root elongation
increases under low N and low P levels, resultimdonger seminal roots, crown roots and
primary roots (Liu et al., 2008; Zhu et al., 2004lwu et al., 2006). Longer primary roots, will
provide deeper exploration for the root systemetch N and water which are mobile nutrients.
On the other hand, longer seminal roots will endb& root system to be swallower and thus
explore for P and K availability. Second, an inseaumber and length of lateral roots was
observed (Liu et al., 2008; Zhu et al., 2005a). &dtateral root biomass provides a better
assimilation capacity, which will be highly benédicunder low nutrient conditions. And third, a
higher root-to-shoot ratio (R:S) was observed ining maize seedlings (Abdel-Ghani et al.,
2013; Zhu and Lynch, 2004). Nutrient stress prontipesseedling to develop more root biomass
in order to absorb the limited available N or Ryiisg energy in shoot development at least in
early developmental stages. Overall, it is wellldoented the relationship of nutrient (i.e. N and
P) depletion and the effect on root system morgholbhynch, 2013; Mackay and Barber, 1986;
Mi et al., 2010; Wang et al., 2005). Moreover, tasults indicate that the adaptation of the RSA

is important for effective N-uptake at differenages of development (Cai et al., 2012).



QTL mapping

Several studies have demonstrated the presencenotygic variability across different
maize population for traits associated to N-respargd the components of NUE (Agrama et al.,
1999; Bertin and Gallais, 2001; Cai et al., 2018 and Gallais, 2007; Ribaut et al., 2007).
These works used mainly QTL mapping as the pringagetic analysis NUE-related traits.
Authors were able to map QTL for NUE-related tragdifferent genotypic regions where loci
controlling factors of N metabolism were found. l&wv nitrogen input, QTL for traits related
with N-utilization were found. Meanwhile, at highifNput QTL for traits related with N-uptake
were detected (Bertin and Gallais, 2001; Gallaid Hirel, 2004). Across the studies, authors
identified clusters of QTL that were co-localized $pecific regions throughout the maize
chromosomes. These clusters usually contained @Tlagronomic traits related to NUE (i.e.
grain yield, anthesis-silking interval (ASI), et@nd physiological traits that determined N status
(i.e. leaf N content, N-remobilization, etc.) whielere not specific for either N level (Gallais
and Hirel, 2004; Hirel et al., 2001). However, thesrlier studies had a low genetic resolution
for QTL mapping (99 molecular markers by Agramalet1999 and 152 markers by Hirel et al.,
2001) given by the reduced number of marker loeduslore recently, QTL studies in response
to N have increased the resolution 662 SSRs mafk&aset al., 2012) and more than 2,000
marker loci (Nichols, 2008); which make the resutiisre useful since smaller genomic intervals
can be targeted.

The prior information has characterized the genaimaplexity of NUE and related traits.
Similar to grain yield or drought tolerance, NUEcntrolled by several loci that have varying
effect according to the stress level (Nichols, 20@me of these loci contain genes that have

being described as genes of interest for N metainoland that are involved in N-assimilation



and N-utilization (Hirel et al., 2001). A few ofdke genes are controlling nitrogen reductase
(NR), glutamine synthetase (GS) and cytokinin oz@éCKO) activities, which are involved in
signal transduction in the N pathway as well asnanacids reallocation from source to sink
organs (Hirel et al., 2001; Nichols, 2008).

Similar QTL analysis have been reported for nutrimsponse in RSA traits in maize
presenting high genotypic variability (Bohn et @&006; Cai et al., 2012; Hund et al., 2011; Liu
et al., 2008; Wang et al., 2005; Zhu et al., 20@6&hu et al., 2006). Results showed that QTL
identified for specific traits of RSA can be co-ddized independent of the nutrient stress that the
plants have been submitted to. There are some gemegions that appear to be more involved
in RSA control under different abiotic stress caiotis. Evidence of this is that results of
analysis performed across QTL studies can be aieel throughout a consensus genetic map
to form cluster of QTL with specific physiologicéinctions (Hund et al., 2011). Authors
identified at least six candidate genomic regitimas 1.07, 2.04, 2.08, 3.06, 6.05 and 7 v}
harbored several QTL for root length. More impottgrthe number seminal roots were found to
be continuously associated with grain yield andtesl traits genomic regions. This can present a
great potential for further exploration of theselQdollocations, which could lead to develop
better breeding strategies. Furthermore, genesrdot development in maize have been
described (Hochholdinger and Tuberosa, 2009; Tararet al., 2007; Woll et al., 2005), which
highlight potential genotypic regions to be studmedre in depth. Genes suchRigs, Rum, Rth1
and Rth3 are some of the genes which are involved in croseminal and lateral roots

development that could be affected by the exposukedeficiency conditions.
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Organization of the Dissertation

This dissertation is aimed to address the resptomsd deficiency at two stages of
development of maize doubled haploid lines of B&I$yn10-DH population. The first chapter
is a general introduction and a literature reviéihe main topics concerning research described
in the following chapters. The second chapter fesusn the development of the root system
architecture of 14lay old seedlings grown under controlled conditionke Tmain objectives
were to assess the phenotypic and genotypic vamigiresent in a subset of the bi-parental
population lines exposed to normal and low N grgagonditions. The third chapter will instead
focus in quantifying phenotypic and genotypic viility of the response to high and low N
growing conditions measured in field experiments tfte same bi-parental population. RSA
traits, grain yield and related traits, as welgean composition traits were used to identify QTL
associated to the N response in maize. The firegbteh is used to do a general conclusion of the

studies described throughput the dissertation.
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Figure 1.1. Maize aboveground nitrogen accumulation

Partition of N-uptake accumulation into the differ@lant components during maize growth and
development cycleThe figure is borrowed from (Sawyer et al., 2006).
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CHAPTER 2: GENOTYPIC ANALYSIS OF THE ROOT SYSTEM
ARCHITECTURE OF MAIZE IN RESPONSE TO LOW AND HIGH
NITROGEN INPUT

A paper to be submitted to Experimental Botany

P.J. Gonzalez-Portilla, H. Liu, B. Kumar, T. Lubstdt, M. Lee

Abstract

Maize growth and development depends highly indéeacity of the plants to absorb
Nitrogen (N) from the soil. Low N (LN) availabilitgan become a key limitation to improve
maize performance. The root system is the primasynponent for plant adaptation to
environments that contain reduced amounts of N.dljective of this study was to identify the
response of the root system architecture (RSA)4fldy old maize seedlings to contrasting
levels of N, from a phenotypic and genotypic pahtiiew. A subset of IBM2Syn10-DH lines
grown in a cigar roll culture under controlled carmhs were used to gather phenotypic data to
perform a QTL analysis of the traits. A LN treatrhémcreased primary root length (PRL),
lateral root length (LRL), and lateral root numieRN) by 8.5%, 31% and 20%, respectively.
Alternatively, crown root number (CRN) increased%. and shoot length (SL) grew 12.9%
longer under HN treatment. A total of 57 QTL amdhgraits were identified using composite
interval mapping (CIM) with specific LOD thresholdisr each trait-N treatment combination.
An individual QTL could explain 5.9% to 16.5% ofettphenotypic variation. QTL formed
clusters in chromosomes 3 and 10, which suggestgbgenomic regions associated with
response of RSA traits to LN environments. Our ltssauggest that genomic regions are
triggered by N deficiency stress, and control tlo®trsystem growth for better nutrient

acquisition and remobilization. It should be poksito exploit genetic variation available to
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develop maize varieties that absorb and remobgifeiently N for the final goal of grain

production.

Introduction

Over the past few decades the production of foodrad the world was doubled, which is
closely related with the seven times increase trogen (N) fertilizer utilization (Hirel et al.,
2007a). As the worldwide population increasesyigiag demand for food will continue to cause
an effect on how N and other fertilizers are us¢éolwever, since extensive use of N represents
higher cost for farmers and higher pressure tcetheronment (Lynch, 2013), there is the need
to develop more efficient cultivars which can produhigher yields with less nutrient

supplementation.

Plants adapt their response to nutrient stressitomsl in different ways. The alteration
of the root system architecture (RSA) increasesianitacquisition from the soil at minimum
metabolic cost (Lynch and Brown, 2001). Thus, RSA ipotential target to improve N uptake.
Several efforts have been made to develop suitaddetypes of RSA to improve the
performance of maize under different N requireméhbysich, 2013; Mi et al., 2010; Shen et al.,
2013). An efficient ideotype of maize for improvBidacquisition would have: i)steep and deep
embryonic roots that can reach N moving down thke spswallow and thin seminal roots; iii)
numerous and highly active lateral roots for maximabsorbance of available N; and iv) long
and steep post-embryonic crown roots that supperptant as well as absorb N and water from

surface to deep soil (Lynch, 2013; Mi et al., 2010)

Roots become essential to uptake the small amduNt available in N-depleted soils

(Gallais et al., 2005; Kamara et al., 2003). Desmf its biological importance, there is a
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limitation to study root characteristics in thelstue to the need to extract the whole system
intact (Guingo, 1998). To solve this problem, liéint types of growing techniques have been
used such as germination paper culture system €Zfal., 2005a), artificial soil (Wang et al.,
2005), agar-like gel systems (lyer-Pascuzzi et28l1,0), among others. These methods provide
the ability to examine unbroken roots and also helgxamine the amount and the timing of
nutrient input (Liu et al., 2008; Zhu et al., 2005A disadvantage of using artificial growing
methods is that results may not be directly coteeldo the expected results when growing in
soil. However, with the increasing amount of stedserformed for RSA analysis and increased
capacity of statistical analysis across experimants populations (Hund et al., 2011), it may be
possible to have stronger extrapolations of resutiteng different platforms and the field trials.
New phenotyping methodologies can improve the amofisamples that can be analyzed at the

time and improving the resolution of the analysésnd et al., 2009; lyer-Pascuzzi et al., 2010).

Several studies point out the abundant phenotypitability among different maize
populations subjected to various levels of nutrevdilability (Abdel-Ghani et al., 2013; Liu et
al., 2008; Mackay and Barber, 1986; Wang et al052@hu et al., 2005a; Zhu et al., 2006). The
RSA is constantly adapting to the changing condgim the growth substrate. It has been shown
that the embryonic roots tend to develop more wheénent availability is low (Liu et al., 2008;
Zhu et al., 2005b). More specifically, primary rdehgth (PRL) increases under low N (LN)
treatments (Abdel-Ghani et al., 2013); longer avoals (ARL) were reported to be important for
efficient N acquisition (Liu et al., 2008); and seal root length (SRL) and number (SRN), also

increased as response to P depletion (Zhu etC416)2

In addition to the reports on phenotypic variapjlithere are many reports of high

genotypic variability analyzed in QTL and assoaatimapping studies (Abdel-Ghani et al.,
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2013; Bohn et al., 2006; Cai et al., 2012; Hundlgt2011; Liu et al., 2008; Wang et al., 2005;
Zhu et al., 2005a, b; Zhu et al., 2006). QTL analys a powerful tool to determine the genetic
principles of complex traits like RSA that are Higlaffected by environmental conditions
(Hochholdinger and Tuberosa, 2009; Shen et al.3r08ome QTL for RSA traits measured
under high (HN) and low N conditions have been regab(Liu et al., 2008). The study identified
17 QTL across eight maize chromosomes in 94 reaaembiinbred lines (RILs). The QTL were
detected on 5 root traits that measured root leagthnumber of different sections of the RSA of
20 day-old seedlings. Overall, seven, four and six QTlev®und for LN, HN treatments and
LN/HN ratio, respectively. A major QTL was idenéfl for average axial root length that
explained 43.7% of the phenotypic variability. lasvdetected in chromosome 1 under LN
conditions, and co-localized with QTL for N-upta&ed grain yield. Furthermore, similar QTL
were reported for root traits in response to higt lw P conditions (Zhu et al., 2005a, b; Zhu et
al., 2006). From all QTL identified in these stii®nly few QTL showed a major effect,
suggesting that RSA could be controlled by groupssmall-effect loci that are activated
according to the environmental conditions (de Dawloet al., 2007). A recent QTL meta-
analysis was performed to target the control ot tength in maize across several QTL studies
(Hund et al., 2011). In this study, QTL associatgth traits related to root length were grouped
together at specific genetic positions throughoobmsensus genetic map, also some root length
QTL collocated with QTL for grain yield and drougieisponse. The evidence of phenotypic and
genotypic variability mentioned above suggest thate research is needed to analyze the RSA
phenotypic variability using various maize popuwas and that phenotyping methods in
combination with genetic and statistical analysisdifferent maize populations can help to

determine the genetic basis for RSA response toentidepletion.
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In this study a set of 153 doubled haploid lineshaf IBM2Syn10-DH (Hussain et al.,
2007) population was evaluated, which providesghér genetic resolution for QTL mapping
given the amount of recombination accumulated lbgrimating. The experiments were grown
under low and high N conditions in a germinatiorpgratype culture, and carried under
controlled conditions in growth chamber. To our Wiexige, there are no studies reported for the
analysis of the genotypic variation of the RSA lve iBM maize population under different N
treatments. The objectives were to i) analyze thenptypic variation of the DH-lines at Héy
old seedling stage grown under LN and HN conditiansdetermine significant phenotypic
correlations and the repeatability of the experiteeand iii) identify QTL that control traits of

the RSA under two N treatments.

Materials & Methods

Plant material
The IBM2Syn10 Doubled Haploid (DH) mapping popwatof maize Zea mayd..) was

used for this study. The population was develope®ibneer Hi-Bred, and it consists of a set of
360 doubled haploid lines (Hussain et al., 200Mese DH lines were produced from a
randomly mated population derived from the crogsvben B73 x Mo17 after 10 generations of
inter-mating, which was obtained from A.R. Hallawrthe Department of Agronomy, lowa
State University, Ames, lowa. The amount of recarabon accumulated after 10 generations of
random mating provides the possibility of highesalation genetic mapping. The germplasm
combines important genotypic variability that cobkel representative of some of the current U.S.
maize gene pool. Moreover, the population contansignificant amount of phenotypic
variability between the lines (Hussain et al., 20@vhich makes it useful for QTL mapping. A

subset of 153 DH lines was chosen at random frenetitire population.



20

In a previous study the parental inbred lineshef IBM2Syn10-DH population were
compared under different nitrogen levels (Balko &ubsell, 1980). B73 was found to have a
significant increase in yield and other relatedtdran response to higher supply of N fertilizer
when compared to Mol7. This difference in N respomsovides evidence of possible

phenotypic and genotypic variation in the DH popalafor the objectives of this study.
Root development study in young maize seedlings

The root development analyses were performed inrawth chamber given the
difficulties of carrying controlled experiments ihe field, and because of the need of having
intact root systems to measure. The protocol faddfor germination and root imaging has been

previously described (Abdel-Ghani et al., 2013} amas used with minor modifications.

First, the kernels were sterilized with a 6% sodiwypochlorite (Clorox®) solution for
10 minutes, and then washed three times with degohand sterile water. Sterile kernels of each
DH line were placed on germination paper (Anchopd?aSt. Paul, MN, USA), previously
treated with Captan® fungicide (1.5 g/l), and rdtigp vertically. 11 to 12 rolls were placed per
2 L glass beaker containing Hoagland solution (Heradyand Arnon, 1950). Two separate sets
of Hoagland solution were used, HN containing 15mMNOs and LN containing 1.5mM of
NOs. The pH of each solution was adjusted to 6.0 usla@H. The sets of HN and LN glass
beakers were moved into growth chamber with colelotonditions. The photoperiod was 16

hours light (200 pmol photonsrs-*) to 8 hours dark at 23 °C and 55 — 60% relativeikity.
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Experimental design

Or this study, 153 DH lines were separated into sets and were replicated twice
within the growth chamber. Each replication corsistf HN and LN treatments. The parental
lines B73 and Mo17 were included with each set dflDes and each set was replicated in time.
For each DH line contained in a paper roll, the¢hmost homogeneous and healthiest seedlings
were selected for further measurements. This desighe study allowed having 6 data points

for a genotype per N treatment in a given experimen

Phenotypic measurements

Seedlings were grown for 14 days in controlled @omas, and then placed in 30%
ethanol in a cold chamber to prevent further dgualent of shoots and roots. Several root and
shoot measurements were recorded. Primary rootHefRRL), crown root number (CRN),
seminal root number (SRN), and shoot length (SLievetther manually measured with a metric
tape or counted. Lateral root number (LRN), andrkdtroot length (LRL) were estimated using
the scanner-based root analysis software WinRR¥mRhizo Pro 2009, Regent Instruments,
Quebec, Canada). Once the phenotypes were measactsl,and shoots were oven-dried at
48°C for 60 hours in separate envelopes. Root dnglit (RDW) and shoot dry-weight (SDW)
were measured using an analytical scale (Sart®asearch R300S, Germany). Four phenotypes
were calculated. Total root length (TRL) was cadted] by adding PRL and LRL, total plant
biomass (TPB) by adding RDW and SDW, root to shtatd (R:S) by dividing RDW by SDW,
and root to shoot length ratio (PRL:SL) by dividiR®L by SL. All values were averaged over

three seedlings per genotype, except for RDW an@lVSi@@here all the roots from the three
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seedlings were bulked together in an envelope,akas the shoots in a separate envelope per

genotype.

Data analysis

The means for each of the 12 traits were analyszghrately under HN and LN
treatments. LSmeans, minimums, and maximums wezé tesestablish phenotypic differences
between the respective N levels. The percentagaradtion of the means due to the N stress was
calculated by 100 - ((LN/HN)*100). An analysis canance (ANOVA) was used to establish
significant statistical differences between the ligopN treatment as well as the genotypic
variation and corresponding interactions. A mixeddel procedure (PROC MIXED method =
type3) was chosen to run the SAS software (SAS, 3% linear model used was the following:
Yik = 1 + E + Rpj + Nk + G + N*Giy + E*N*Giq + eju; where observatiorYjy is the
phenotype given by which is the population meah; is the effect of théth experimentRy; is
the effect of thgth replication within theth experimentNy is the effect of th&th nitrogen level,

G is the effect of théth genotypeN*Gy is the N level-by-genotype interactide*N*Gjy, is the
interaction of each experiment-N level-genotype bimration, andeg;q Which is the error term
of the model. Experiments and N levels were comsitleas fixed effects, while genotypes,

replications and the interactions were treatechadom effects.

Variances obtained with this procedure were usedstomate the repeatability of the

o¢

process on an entry-mean basis (Fehr, 1987). Timufa used was—— ——
9¢_  7GNE | 7GN IR, ;2
et NE TN TRTG

whereg? is the genotypic variance;? is the replication variance?y is the variance of the

genotypex N level interactiongZy is the variance of the triple interaction of gepeatx N level
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x experiment, and? is the residual variance. The denominator fadRyrbl, and E represent the
number of replications, N levels and experimentpeetively. Besides, the repeatability was

calculated within each N level using the varianoeponent obtained with a simplified model.

2
Thus, the formula used was:— —¢— - where g2, is the variance of the genot
2 GE
¢  9GE, °R o2
RE E R

experiment interaction, and the other terms infthmula are the same as previously described.
Also, Pearson correlation estimates were calculasgtg PROC CORR in SAS for each N level

separately.
QTL analysis

Of the 153 DH lines included in the study, 142 pred high quality genotypic data.
Due to this factor, 142 DH lines were used for @EL analysis. This analysis was carried out
with QTL Cartographer version 1.7 (Basten et al0%) using the model composite interval
mapping (CIM). The cofactors were set to the 10 ensignificant, and were identified with
forward and backward regression. 1 cM intervalsewgsed to scan within each analyzed QTL
(walking speed); and the window size was set taclM0to block out regions around the test
interval. In order to determine the experiment-wlsgels of significance and control the
comparison-wise probabilities 1000 permutationstegtre conducted in each analysis performed
independently for each trait. Given the permutaiaesults, significant thresholds were
determined for each trait and under each N levabl@ A2.1). These thresholds ranged among

all traits for HN 4.09 to 4.25 LOD. For LN the rang/as from 4.10 to 4.25 LOD.

Eight traits out of the twelve originally measungdre used for the QTL analysis. SRN

and RDW were excluded due to the lack of signifiadifferences at the N level found after the
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analysis of variances. Also, R:S and PRL:SL rafios phenotypic calculations to simplify the
guantitative comparison between the roots and skieoelopment influenced by N stress.
However, ratios are discarded from the QTL analgsie to the interdependence of the traits

used to calculate them.

A high-density genetic map was used for QTL mappirite map developed by (Liu et
al., in preparation) at the Beijing Genomics Ing&t (Beijing, China); consist of 6,618
recombination bins developed by genotyping-by-seqing (GBS). The IBM2Syn10-DH
population was re-sequenced to search for SNPs@thenDH lines. A 15-SNP sliding window
was used to determine the recombination break pdkhiang et al., 2009), which were used to
create recombination maps, or so-called bins malp&H lines were aligned and compared to
intervals of at least 100kb. This comparison yidldbe 6,618 recombination bins, which

captured the majority of recombination events amttegDH lines.

The resulting GBS generated map of the IBM2Syn104d4dl a genetic distance of
11,198.5cM. The average genetic distance amongithearkers was 1.7cM. Additionally, the
map length was adjusted to a F2-based map compaegth to run the QTL analysis. The

2i-1

equation used to calculate the expansion factoais,é+ S

wherej is the number of

generations of inter-mating, counting the two gatiens for creating the F2 segregating
population, and is the number of generations of inbreeding aftégrimating (Teuscher et al.,
2005). In the case of IBM2Syn10-Dk512 andi=1, due to only one generation for the DH
process after inter-mating. The resulting expan$amtor was 6.5, which was directly used to

adjust the new map to 1,722.9cM.
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Results

Phenotypic results

Significant statistical differences over the twaragen levels were found for 10 of the 12
traits (Table 2.1). Only SRN and RDW did not shaegponse to the N treatment, however
significant genotypic variation was observed forthbdraits (Table 2.1). Highly significant
differences among DH lines were observed for altgr

LSmeans were estimated across all experiments gtureathe variation of the means
given by the N treatments (Table 2.1). Root devalept was more prominent under LN levels.
The main evidence is given by the increase in PRE%), LRL (30.5%), and TRL (~26%).
Another important root trait that showed higheruesl under LN levels was LRN. The
development of lateral was 20% greater at LN tharmdld. Weight and length ratios were
consistently higher in the LN treatment (R:S 16.6%RL:SL 23.6%).

However, traits like SL and SDW increase 12.9% atd% respectively in the HN
treatments. Also, CRN was higher under HN levels6bB4£6 compared to LN. Overall shoot

biomass influenced in the TPB positively in HN, alinwas 7% higher than LN.

Variance components and repeatability

The analysis of variances was made across the iExgetis and N levels (Table 2.2). The
variance components calculated showed significtatistical differences among all genotypes
for all traits. Even though the N effect was sigraht for almost all the traits, there were no
significant N*Gen interactions. Using the values tbe variance components (Table 2.2),
repeatability for each trait was calculated on atreemean basis. The results showed that
repeatability ranged between 0.70 (RDW) and 0.88NS Furthermore, repeatability was also

calculated within each N level to assess the quafitthe date for QTL mapping. In HN level
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(Table 2.3) the repeatability values ranged froB0QRDW) to 0.79 (CRN); while in LN level

(Table 2.4), the repeatability ranged between (L&RN) to 0.78 (SRN).

Phenotypic correlations

The phenotypic correlations were calculated seplrédr each N level (Table 2.5). The
majority of correlations were statistically sigedint. The range of the magnitudes of the
correlations varied widely within each N level. RFmw N the range went from -0.64 to 0.99. In
the case of High N, these values ranged from -@%799.

Under LN level, SL has high correlation with SDWHaRPB as expected, but it was also
highly correlated to the TRL and LRL (r = 0.57).i3kalue was even higher than the correlation
among PRL with TRL (r = 0.48) and with LRL (r = @4 LRN, TRL and LRL are highly
correlated as a group, as well as SDW, RDW and T8 are highly correlated as another
group of traits. R:S is the traits with more nogersiicant correlations or with weak correlations
with other traits.

For HN level, the pattern of correlations was samibs in LN (Table 2.5). The
magnitudes of the correlations were also similaomgnall traits, and a few traits formed high
correlation groups among them. One important dé¢fiee to notice is how CRN and LRN were
not significantly correlated in HN but were corttelh at LN. A comparison of the genotype
means shows that the dispersion of the data atredment is greater than in LN (Figures A2.1
& A2.2). The loss of correlation could be due te fireferential development of SL and CRN in
HN, rather than the rest of component of the RSAhasvn in the phenotypic results above. This
is a significant datum given that these traits slQTL in common genetic positions as presented

below.
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Genotypic results

A total of 57 QTL were associated with the 8 roatsl shoots traits (Table 2.6). The
QTL analysis was performed separately by N levela@d 32 QTL were detected under HN and
LN levels respectively. The QTL were distributedaam the 10 chromosomes of maize (Figure
2.1).

For SL, 9 QTL were detected in total. Of those,rfauere under HN and 5 under LN
levels. An individual QTL could explain from 8.1% 2% of the phenotypic variation. One
region in chromosome 4, less that 10cM apg8Lh-4a 20.3cM andqSLI4: 13,7cM), was
detected in both N levels. The total phenotypictebuation of the QTL was 39.5% and 51.4%
for HN and LN levels respectively.

For PRL, 6 QTL were detected in total, three atheat the N levels. The range of
phenotypic variation explained by a single QTL gdrfrom 6.6% to 10.4%. Two QTQPRLh-9
andgPRLI-9 were located at position 14.9 cM in chromosomexX@laining 9.6% and 10.4% of
the phenotypic variation for HN and LN respectivelyie cumulative contribution of the QTL
was 26.4% for HN and 25.7% for LN.

Eight QTL were observed for CRN under the N leviiisge for HN and five for LN. On
chromosome 3, QTIgCRNh-3and gCRNI-3were found at the same position (19.8cM) in HN
and LN levels. The QTL contributed 7.5% to the pitgpic variation in HN and 12.8% in LN.
On chromosome 8 another two QTHQRNh-8and gCRNI-§ were detected at a common
position (75.1cM) under both N levels. In totalet®TL at HN explained for 19.4% of the
phenotypic variation, and 48% was explained byQfi& at LN level.

A total of 9 QTL were detected for LRN, four unddN and five under LN levels. A

single QTL explained 6.6% to 14.5% of the phenatygariation. Some QTL were located in
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chromosomes 1, 3 and 8 under both N lewvel&RNh1 was the second major QTL found in this
study and explained 14.5% of the phenotypic vammtiAt chromosome 8, QTIgLRNh-8
75.4cMandgLRNI-875.5 cM were detected at almost the same posilibase QTL are also
collocated withgCRNh-8and qCRNI-8 The QTL detected under HN explained 40.8% of the
total phenotypic variation, while the ones under &dplained 41.4%.

Five QTL were detected for LRL, two for HN and threr LN levels. Both QTL for HN
were located at chromosome 1, and explained a abthf.2% of the phenotypic variation. The
first QTL, gLRLh-1(34cM), was located in a common regiongioRNh-1(37.7cM). The three
QTL under LN explained a total of 25.6% of the pbtgpic variation of the trait.

For TRL, a total of 9 QTL were found in the anadyssix QTL were detected for HN and
3 for LN. Two of the QTLgTRLh-1aandgTRLI-1bwere collocated witlgLRLh-1aandqLRLI-
1b respectively; differing in less than 1cM apart. ?lgTRLI-3collocated withgLRLI-3 It was
located at position 181.8cM for TRL and 181.9cM fdRL. Besides,qTRLh-5aand qTRLI-5
were located at the same position under both Ndeve

Seven QTL were detected for SDW, in which two weréHdN and five in LN level.
Under HN,gSDWh-597.7cM) was located in a common region wjBLh-5(94.8cM). Besides,
three of the five QTL at LNqSDWI-2, gSDWI-4aand gSDWI6) were located at common
regions with QTLgSLI-2, qSLI-4andqSLI-& Furthermore, in chromosome 9 a common genetic
region was detected foISDWh-%ndqSDWI-9in positions 97.7cM and 98cM respectively. It is
important to mention that the major QTL of the entstudy wagSDWI-2 which explained
16.5% of the phenotypic variation. The total phgpuat variation explained by QTL was 22.5%

at HN and 51% at LN.
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Only 4 QTL were detected for TPB, one at HN an@é¢hat LN level. All the QTL at LN
were located at a common region wgBDWI-2, gSDWI-4tand gSDWI-9as well asqSLI-2
(Table 2.6). These QTL for TPB were detected abrlusomes 2, 4, and 9, which together

explained for 24.1% of the phenotypic variabilifytioe trait.

Discussion

A general observation of this study is that rootedepment was greater under N-limiting
conditions. The lengths of the primary root andldteral roots, as well as the number of lateral
roots were greater under LN level by 8.5%, 31% 20fb, respectively. The effect of these root
components, added to the increase of the TRL by @6éer N-limiting conditions. Similarly,
this increase in TRL in LN treatments has been maskusing five maize inbred lines (Wang et
al., 2005) and a set of 94 RIL from China (Liu kf 2008), respectively. It has been previously
reported that the increase in total length of ti8&ARs one of the main components of an ideal
maize root ideotype for effective N acquisition ficph, 2013; Mi et al., 2010; Shen et al., 2013).
Also, it was found that TRL is highly correlatedtviLRL (0.99) and LRN (0.63) under LN, and
moderately correlated to PRL (0.48). It is impottennotice that 14fay old seedlings RSA is
mainly composed by a primary root (PR), seminatsd8R), lateral roots (LR) and crown roots
(CR) (Hochholdinger and Tuberosa, 2009). Even thatgearly stages of development the PR is
the thicker and usually longer component of thet regstem, the SR and LR are of high
importance at the moment of nutrient acquisitiod aarface exploration (Hochholdinger and
Tuberosa, 2009; Shen et al., 2013; Zhu et al., 20BBu et al., 2006).

There has been some controversy on the respons@lofo N limitation. Wang et al.,
(2005) found that the total length of LR increasath the increment of N concentration in the

culture solution, and at the same time increased\ttaccumulation in the root tissue. On the
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contrary, Liu et al., (2008) found that LRL incredswith low N stress. The results in the present
study concur with an increase in LRL under LN cdtiods, which was also observed using a
diverse panel of maize inbred lines (Abdel-Ghamalet2013). Reasons for these discrepancies
may be attributable to the concentration ofNi® HN solution was 15mM in this study versus
4mM (Wang et al., 2005). Root development can Itebited when N input is high enough
(Shen et al., 2013), thus it could be argued HNellectually reduced the elongation of LR.
However, in Liu et al., (2008) the NTroncentration at HN level was 2mM, which is lowlean

in Wang et al., (2005), and they were still abl@bserve longer LR in LN conditions. Another
reason can be the stage of development at which stetlings where harvested for
measurements. Older seedlings have higher rootdssrand will develop longer roots in either
N level. Wang et al., (2005) used @&y old seedlings versus Hhay old in the present study.
The nutrient requirements vary by developmentaestéhus the needs of older plantlets will be
higher because of the higher biomass been prodhacethe needs of younger seedlings (Cai et
al., 2012). .

Overall, the pronounced development of the RSA uridé¢ conditions increases the
capabilities of a seedling to capture more of teree N in the culture medium or in the field if
that is the case (Shen et al., 2013). In this sthd\effect of N stress increased R:S, meaning that
root mass was higher under LN; this is supportetiglier RDW means under LN. These results
are in agreement to previous reports (Abdel-Ghaal.e2013).

The influence of HN over the maize seedlings waeesally obvious in the development
of the shoot and the shoot-borne roots. SL, SDWGRHY were all greater in the HN medium.
Similar results were observed by (Abdel-Ghani et2013) for SL and SDW, who also found

that crown root length (CRL) was positively incredsinder HN. This suggests that at optimum



31

N conditions in the growth medium, maize seedliags able to prioritize remobilization of
nutrients for development of the shoot and shootooots (Mi et al., 2010; Shen et al., 2013).

The repeatability of the study was relatively highall the traits when calculated across
experiments and N treatments. In general, repdaiedior all traits were higher than 0.70
(Table 2.2), and are comparable to previous regAlbslel-Ghani et al., 2013). Interpretation
suggests that the majority of the variation obsgnwethe study is due to the genetic variability
among the DH lines that were used. Furthermorenwlpeatability was determined within each
N treatment the lowest repeatability values weB9 @nd 0.46 for LRN under HN (Table 2.3)
and LN (Table 3.4), respectively. High repeatapilitlues suggest that the quality of the data
that was used for QTL mapping is acceptable foem&ning genomic regions associated with
the traits. These results diverge from the lowg@esatabilities obtained when RSA traits were
evaluated in field conditions; suggesting that @feof the environment are a factor when
measuring RSA in the field (Cai et al., 2012; Tigadhet al., 2011). Thus, it seems important to
increase the amount measurements performed in fejoeriments, whether that is by
incrementing the number of individuals, replicaiptocations or years where and when the
experiments are performed.

Significant genotypic variation was detected amtrgylines used in this study. This is
comparable with previous reports of genetic vasrafound in maize lines that were subjected to
different forms of abiotic stress. IBM recombinanbred lines (RILsS) were tested under
contrasting levels of phosphorus (P) to study L&grand root hair traits, among others (Zhu et
al., 2005a, b). Several QTL were found in thesealief) providing evidence of significant
genotypic variation for RSA within a population afsimilar genetic makeup to the one used in

the present experiments.
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Furthermore, there is a similar study to the ores@nted here in which the RSA of 94
RILs was analyzed. They analyzed traits such agtheaf lateral roots, as well as length and
number of axial roots, which include crown rootsl @a@minal roots as used in this study. QTL
for some RSA related traits in chromosomes 1, &, %, and 10 were detected in both studies.
For instance, QTL for axial root number (ARN) faw N tolerance and average axial root
length (AARL) in HN, were detected in chromosom@.@i et al., 2008); whereas in the present
study QTL for CRN, LRN and TRL under high and lowwere found in chromosome 3.
Therefore, it is possible that the same genomidonsgin chromosome 3 may control the
development of the number of post-embryonic roatd #otal length of the root system
independently of the N effect. Liu et al., (2008¢mtified QTL for LRL under HN (Chr. 8), and
LN (Chr. 10). In the present study, QTL for LRN a@&N were detected in chromosome 8 but
these were independent of the nitrogen treatmeaibl€T2.6, Figure 2.1). However, there were
other QTL for LRN and CRN detected in chromosomehEd were present only under LN. The
results of these two studies suggest that thesen®gn chromosome 8 and 10 could harbor
important loci responsible of post-embryonic depebent of the RSA, by controlling the lateral
rooting specifically. In addition, QTL that contr¢the length of the RSA were detected in
chromosome 5 in both studies. Liu et al., (200&@ntdied QTL for LRL, AARL and maximum
ARL (MARL) near genomic regions where QTL for TRind PRL were identified in this study.
A total of 57 QTL were identified, which were died among 8 RSA traits related with the early
development of seedlings under contrasting N levEte locations of these QTL were spread
throughout the almost all the chromosomes, onlpmimsome 7 did not presented a QTL. It was
found at least one QTL in each N level for evegjttanalyzed (Figure 2.1). Several of the QTL

were located near or in exact chromosomal regiomsng different traits or N levels (Table 2.6).
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Some QTL collocated for two different traits andbath N levels (e.gqCRNh-8, qCRNI-8,
gLRNh-8, qLRNI-8Table 2.6, Figure 2.1 (Chr. 8)), forming clustefSQTL in what appears to
be important genomic regions for RSA. These tygedusters have been previously reported for
different root traits (Cai et al., 2012; Liu et,&008). Clusters that included QTL for ARN have
been found in chromosomes 6 and 10 at early st#ggsvelopment (Cai et al., 2012), which are
similar to the QTL identified in this study for CR&hd LRN in the same chromosomes. Besides,
clusters of QTL in chromosomes 1, 2, 3 and 6 tlaaehbeen reported in QTL meta-analysis for
different types of abiotic stress (Hund et al., POhave also been described to carry important
loci for RSA in response to P deficiency (Zhu et 2005b). These observations coincide with
the genomic regions were QTL have been identiffrethe present study. Interestingly, Zhu et
al., (2005b) identified QTL for LRL under low P k¢ that collocate with the ones in this study
associated to the same trait under LN. Furthermoueet al., (2008) also found QTL collocated
at chromosome 8 under HN compared to QTL under HRgliZhu et al., 2005b). These
comparable results of QTL analyses made under rdiffe abiotic stresses, in different
populations of maize, and using different set oflenolar markers are a good indication that
several important loci are located at the statecrobsomal regions that control the early
development of the RSA. In the meta-QTL analysidgomed using several reports of QTL for
root traits in diverse mapping populations (Hundhlet 2011); important chromosomal regions,
which contained multiple QTL each (MQTL), were itiéad as central for further analysis.
Some of the QTL for CRN, LRN and LRL, found in theesent study, were located near the
regions containing MQTL; which were described ag ki that regulate the number of axial
roots, and that control the lateral rooting amotigeo functions. Thus, it seems reasonable to

address the importance of these putative genongions with further and deeper analysis to
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start employing these loci in marker assisted sielegrograms in breeding for nutrient-use
efficiency.

The genotypic information developed by GBS (Liwaktin publication) that was used in
this study, was subjected to an adjustment of ¥ipamded genetic map so it could be compared
to F2-based maps used in previous studies. An ebgoghrmap reflects the observed
recombination that is accumulated by meiosis ihegeneration of crossovers (Winkler et al.,
2003). The IBM2Syn10-DH was adjusted after the fdas and theory developed by Teuscher
et al., (2005), considering that the marker densggd was high enough to directly apply the
expansion factor to adjust the original extendeg.nféis procedure yielded an adjusted map of
1,722.9 cM. This allowed the comparison of genptisitions of the QTL observed in this study
to the ones of other studies performed with poputat of lesser resolution or lower marker
densities.

In conclusion, it has been observed that the dewedmt of RSA in maize seedlings is
positively influenced under limiting N condition§he length and number of embryonic roots
and lateral roots increases under LN conditionstebd, high N conditions favor the
development of the shoot length and biomass, asasethe number of shoot-borne roots like
crown roots. Given the significant genotypic vadatamong the DH lines used in the study,
several QTL were identified for the RSA traits azald. Moreover, many of the QTL that were
found can be collocated with QTL that have beewiptesly reported. Thus, there is evidence of
important genomic regions that control the develepimof the RSA under contrasting N
treatments of 14-day old maize seedlings. Thisnes of the few reports available that analyzes
the genotypic variation for RSA traits using theViByn10-DH population under contrasting N

treatments. This information can be utilize in emgtion with the one in previous reports to
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identify loci with large effects over the phenotyprariability found in response to nutrient
deficiency in maize. This could lead to the det@candidate loci to be used in marker assisted

selection for nutrient-use efficiency in the future
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Figure 2.1. QTL identified for RSA traits under low and high N treatments.
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to the left of the figure is given in centiMorgdrhe start and end markers were placed to show the
genetic length for each chromosome (Chr.). QTLtrfaits under HN are underlined and in bold letters.
QTL for 8 traits are shown: SL (red), PRL (greeg@RN (blue), LRN (pink), LRL (light green), TRL
(brown), SDW (turquoise), TPB (olive).



39

Chr 7 Chr 8 Chr 9 Chr 10

A—c7ml c8mil A coml A— c10m1
0 LRNh-9 — qCRNI-10
0 :gPRLh-g quL|-9 qPRLI—lO

SLI-9
0 q
0 gqLRNI-10
0
0
0 gCRNh-8
0 LRNh-8 gLRLI-9
qCRNI-8 gLRNI-8
0
00 B qTPBI-9
10 gLRLI-8
—— c10m372
gPRLh-8

30
40 Im463

—— c7m552 ‘—— c8mb521 —— cOm

N NNNNNREREPRRIERRRERPRPERO-NOOODAWNE O
W NP O O ® N O U )
O O 0o O o o o o o o

a1
o

Figure 2.1 Continued



40

Tables

Table 2.1 Estimates of means and ranges of seedlimgot traits under high and low

nitrogen treatments; and ANOVA for 153 IBM-10 DH lines.

Analysis of Variance

Relative
Trait N Mean  Min Max D|ff(e(:)/r0(§nce N level Genotype Gen;a(type Exp*N*Gen
N level

SL (cm) HN | 30.4 14.8 44.7 12.89 Fhx *hk ns *
LN 26.5 9.3 39.3

PRL (cm) HN 22.2 8.5 31.0 -8.55 Fhk ok ns *hx
LN 24.1 11.2 35.0

CRN HN 4.1 1.0 8.3 6.38 *hk *rk ns ns
LN 3.8 0.0 7.0

SRN HN 2.4 0.0 6.7 1.39 ns rrx ns ol
LN 2.3 0.0 5.7

LRN HN | 1094  30.3 207.7 -20.29 *rk *hk ns *rk
LN | 131.7 30.0 281.3

TRL (cm) HN 93.5 24.9 245.3 -26.17 *hk *rk ns kk
LN | 1180 327 325.8

LRL (cm) HN 71.5 8.2 219.3 -30.45 Frk *hk ns *hk
LN 93.3 12.9 296.7

SDW (mg) HN | 347.9 83.2 842.7 11.56 *rk *hk ns *rk
LN | 307.7 52.1 654.6

RDW (mg) HN | 155.9 42.0 354.3 -2.43 ns *kk ns *
LN | 159.7 17.3 375.7

TPB(mg) HN | 501.3 115.0 11719 7.33 hk rrk ns hk
LN | 464.6 69.4 926.9

R:S HN | 0.45 0.19 0.97 -16.60 Fhx *hk * rrk
LN 0.52 0.21 0.99

PRL:SL HN 0.75 0.39 1.35 -23.61 Fhx *hk ns *hx
LN 0.92 0.52 1.75

* significant at P = 0.05; ** significant at P =(lL; *** significant at P = 0.000Ins non-significant; N
Nitrogen levels; HN High Nitrogen; LN Low Nitrogen
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Table 2.2 Variance component estimates and repeatdity for seedling root traits
calculated across experiments and nitrogen levelsrfIBM-10 DH lines.

_ Variance Components -
Trait Repeatability
Rep (Exp) Gen N*Gen Exp*N*Gen Residual‘

SL |0.02ns 6.53 *** 0.0ns 1.75** 9.75 0.82
PRL | 0.04 ns 2.78 *xx 0.0ns 1.83 *** 5.16 0.73
CRN | 0.01 ** 0.40 *** 0.02ns 0.02ns 0.48 0.83
SRN | 0.01 ** 0.51 *** 0.0ns 0.1 *** 0.41 0.88
LRN |5.67* 314.8 *** 0.0ns 181.1 *** 574.29 0.82
TRL | 13.17 ** 517.7 *** 0.0ns 2491 *** 790.20 0.78
LRL | 12.15* 492.2 *** 0.0 ns 246.7 *** 725.85 0.77
SDW | 234.8 *** 3576.7 *** 0.0 ns 1305 *** 4485.10 0.81
RDW | 260.5 ***  795,Q *** 0.0 ns 191.4* 1468.62 0.70
TPB | 364.9** 8264.1** 0.0ns 2346.2 *** 9369.32 0.82

* significant at P = 0.05; ** significant at P =01; *** significant at P = 0.0001ns non-significant

Table 2.3. Variance component estimates and repedidity for seedling root traits
calculated at high nitrogen level; for IBM-10 DH lines.

Trait Variance Components . Repeatability
Rep(Exp) Gen Exp*Gen  Residual

SL 0.0ns 12.96 ***  3.31** 11.84 0.74
PRL 0.02 ns 3.74 *** 2.03 *** 5.68 0.60
CRN 0.004 ns 0.48 *** 0.0ns 0.53 0.79
SRN 0.002 ns 0.44 *** 0.13 ** 0.41 0.72
LRN 53.4 *** 255 *** 155.9 *** 392.9 0.56
TRL 30.1 ** 4209 ***  111.3* 652.6 0.64
LRL 28.6 ** 407.2**  114.3* 602.6 0.65
SDW 85.5* 5876 *** 939.2 * 5513.6 0.76
RDW 1000.9 *** 959.1 *** 3957 *** 1080.6 0.50
TPB 961.6 ** 12663 **  2462.9 ** 10382 0.75

* significant at P = 0.05; ** significant at P =01, *** significant at P = 0.0001ns non-significant
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Table 2.4. Variance component estimates and repedidity for seedling root traits
calculated at low nitrogen level; for IBM-10 DH lines.

Trait Variance Components . Repeatability
Rep (Exp) Gen Exp*Gen Residual
SL 0.0ns 7.26 %% 1,95 7.84 0.71
PRL 0.0ns 3.09 ¥+ 1.63 *** 4.71 0.61
CRN 0.01* 0.40 **  0.02 ns 0.44 0.76
SRN 0.001ns  056**  0.10* 0.42 0.78
LRN 133.8™* 220 ** 2298 % 572.8 0.40
TRL 13.2* 734.7 %% 401 905.4 0.63
LRL 12.3* 707.6 ***  398.3 ** 829.4 0.63
SDW 147.027* 2897 *+* 2022 ** 3702.4 0.59
RDW 1.6ns 856 ***  289.5 ** 1370.7 0.64
TPB 126.3* 6959 ***  3238.1 *** 7988.3 0.65

* significant at P = 0.05; ** significant at P =01; *** significant at P = 0.0001ns non-significant



Table 2.5. Phenotypic correlations among seedlingot traits estimated across experiments; for 153 IH-10 DH lines

Correlations calculated for low N treatment arenfd@above the diagonal. Correlations results foh INgreatment are below the

diagonal in the table.

SL (cm)
SL (cm)
PRL(cm) 0.41 ***
CRN 0.35 ***
LRN 0.25 **

TRL(cm)  0.51 ***

LRL(cm)  0.49 **
SDW (mg)  0.73 ***
RDW (mg)  0.48 **
TPB (mg)  0.70 ***
R:S -0.16
PRL:SL -0.57 **

* significant at P = 0.05; ** significant at P =0lL; *** significant at P = 0.000Ins non-significant

PRL(cm) CRN

0.35 ***

0.03 ns
0.32 ***
0.59 ***
0.54 ***
0.32 ***
0.33 ***
0.35 ***
0.13 **
0.39 ***

LRN
0.31** (.35 ***
0.05 ns 0.34 ***

0.12 **
0.03 ns
0.11 ** 0.55 ***
0.11 * 0.55 ***
0.26 ***  (0.17 ***
0.23 *** (.27 ***
0.27 *** (.22 ***
-0.01 ns 0.18 ***
-0.31** 0.06 ns

N Level = High

TRL(cm)

0.57 *x*
0.48 ***
0.16 ***
0.63 ***

0.99 ***
0.40 **+*
0.28 *+*
0.39 **+*
-0.04 ns
-0.0 ns

LRL(cm)
0.57 ***
0.44 ***
0.15 **
0.62 ***
0.99 ***

0.43 * **
0.30 * **
0.41**
-0.0B8s
-0.08s

N Level = Low

SDW (mg)
0.71 ***
0.28 ***
0.20 ***
0.31 ***
0.49 ** *
0.49 ** *

0.61 *=*

0.96 **
-0.25 *+
-0.42 %+

RDW (mg)
0.54 ***
0.40 ***
0.25 ***
0.35 ***
0.43 ***
0.41 ***
0.68 ***

0.79 *+*
0.52 ***
-0.14 **

TPB (mg)
0.70 ***
0.34 ***
0.26 ***
0.34 ***
0.49 ***
0.49 ***
0.96 ***
0.86 ***

-0.01 ns
-0.35 ***

R:S
-0.09 *
0.17 **
0.06 ns
0.11 *
-0.0 ns
-0.03 ns
-0.21 ***
0.50 ***
0.07 ns

0.22 »+*

PRL:SL
-0.64 ***
0.43 ***

-0.22 ***
-0.05 ns

-0.14 **

-0.17 ***
-0.41 ***
-0.18 ***

-0.35 ***

0.21 **

ev
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Table 2.6. QTL detected for various root and shoadtraits under two contrasting N levels

Summary of the QTL identified for 8 traits measurmed4-day old maize seedlings. The traits
are shoot length (SL), primary root length (PRIhven root number (CRN), lateral root number
(LRN), lateral root length (LRL), total root leng(lMRL), shoot dry weight (SDW), and total
plant biomass (TPB).

Trait N level Chr. QTL Positon LOD Add. R (%)
(cM) a b Cc d

SL High N 2 gSLh-2 12.1 5.4 -1.4 8.5
4 gSLh-4a 20.3 7.2 -1.7 11.6

4 gSLh-4b 51.3 7.0 15 11.3

5 gSLh-5 94.8 51 1.3 8.1
Low N 2 qSLI-2 156.2 6.6 11 10.8
3 gSLI-3 104.1 7.3 -1.2 12.0

4 gSLI-4 13.7 6.3 -1.2 10.3

6 gSLI-6 78.8 5.6 11 9.1

9 gSLI-9 25.3 5.7 -1.0 9.2

PRL HighN 2 gPRLh-2 67.1 5.8 0.8 9.7
8 gPRLh-8 121.0 4.4 -0.7 7.1

9 gPRLh-9 14.9 5.7 -0.8 9.6

Low N 5 gPRLI-5 38.6 4.4 -0.6 6.6

9 gPRLI-9 14.9 6.7 -0.8 10.4

10 gPRLI-10 16.2 5.7 -0.7 8.7

CRN  High N 2 gCRNh-2  190.1 4.4 0.2 6.0
3 gCRNh-3 19.8 54 0.2 7.5

8 gCRNh-8 75.1 4.4 0.2 5.9

Low N 3 gCRNI-3 19.8 7.5 0.3 12.8

6 gCRNI-6a 225 4.9 -0.2 8.0

6 gCRNI-6b 93.4 6.0 0.3 10.0

8 gCRNI-8 75.5 55 0.2 9.1

10 gCRNI-10 5.7 4.9 0.2 8.1

LRN  High N 1 gLRNh-1 37.7 9.6 8.4 14.5
3 gLRNh-3  111.8 4.9 5.9 6.9

8 gLRNh-8 75.4 8.3 7.6 12.2

9 gLRNh-9 0.4 5.2 -6.0 7.2

Low N 1 gLRNI-1 240.5 6.1 -7.4 9.3

3 gLRNI-3 158.0 4.9 -7.0 7.9

6 gLRNI-6 815 4.8 6.2 7.3

8 gLRNI-8 75.5 6.7 7.6 10.3

10 gLRNI-10 41.3 4.4 6.4 6.6

LRL  High N 1 gLRLh-1a  34.0 5.3 7.2 8.0
1 gLRLh-1b  102.0 6.0 7.9 9.2
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Table 2.6. Continued

Low N 3 gLRLI-3 181.9 5.7 10.5 9.2

8 gLRLI-8 108.6 55 -11.5 8.8

9 gLRLI-9 77.4 4.8 -9.5 7.6

TRL  High N 1 gTRLh-1a  34.6 6.9 8.3 10.1
1 gTRLh-1b  101.0 8.8 9.8 13.3

3 gTRLh-3 93.7 4.4 -6.6 6.1

4 gTRLh-4 13.7 5.9 =17 8.3

5 gTRLh-5a  71.7 6.2 8.4 8.8

5 gTRLh-5b 82.6 5.4 -7.6 7.5

Low N 2 gTRLI-2 38.2 4.9 10.3 7.5
3 gTRLI-3 181.8 7.6 12.4 12.2

5 gTRLI-5 71.6 5.8 11.4 9.2

SDW  High N 5 gSDWh-5 97.8 5.8 35.4 10.8
9 gSDWh-9 97.7 6.6 -33.4 11.7
Low N 2 qSDWI-2 156.1 9.7 30.5 16.5

4 gSDWI-4a  12.2 4.3 -19.5 6.8
4 qgSDWI-4b  147.4 6.2 23.7 10.0

6 qSDWI-6 78.8 5.7 23.5 10.0

9 qSDWI-9 98.0 4.9 -21.5 7.7

TPB  High N 1 gTPBh-1 133.2 4.9 -40.0 8.7
Low N 2 qTPBI-2 156.3 59 34.4 9.7

4 qTPBI-4 147.4 4.6 29.5 7.3

9 qTPBI-9 98.0 4.5 -29.9 7.1

a Position in cM from the top of the chromosome gllted by QTL Cartographer v.1.7

b LOD value corresponding to the position of the CHlculated by QTL Cartographer v.1.7

¢ Additive effects values calculated as the avefega the difference between homozygotes
for each parental allele at a locus. (-) is thedtion of the additive effect for Mo17 inbred paren
d Part of the phenotypic variance explained by €a€h by composite interval mapping
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Appendix
Table A2.1. Thresholds for QTL mapping calculated ér each trait under each N treatment
LR (Likelihood ratio), and LOD (logarithm base 10oalds) calculated after 1000 permutations

Threshold
Trait | N level LR LOD

SL | HighN 19.16 4.16
LowN 18.88 4.10

PRL | HighN 18.97 4.12
LowN 19.03 4.13

CRN | HighN 19.30 4.19
LowN 19.00 4.12

LRN | High N 18.97 4.11
LowN 19.60 4.25

LRL | HighN 18.96 4.11
LowN 19.20 4.16

TRL | HighN 19.61 4.25
LowN 19.20 4.16

SDW | HighN 19.30 4.19
LowN 18.96 4.11

TPB | HighN 18.88 4.09
LowN 19.26 4.18

Formula A2.1 Repeatability: calculated on an entrymean basis across N-levels

O'ZG

H? = 2 2 2 2
o e/RNE+U GNE/NE_l_U GN/N_|_0 R/R_I_O-ZG

Formula A2.2. Repeatability, calculated on an entrymean basis within N-levels

O'ZG

H? = 2 2 2
o e/RE+O- GE/E+O- R/R_|_ O-ZG
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Means of CRN vs. LRN at LN treatment
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Figure A2.1. Comparison of the genotype means of MRand LRN under LN treatment.
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Figure A2.2. Comparison of the genotype means of ®Rand LRN under HN treatment.
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CHAPTER 3: GENOTYPIC ANALYSIS OF GRAIN YIELD/YIELD
RELATED, AND GRAIN QUALITY TRAITS OF MAIZE IN RESPO NSE
TO LOW AND HIGH NITROGEN INPUTS

A paper to be submitted to Plant Breeding

P.J. Gonzalez-Portilla, H. Liu, J.P. San MartinKamar, C. Jansen, |. Trucillo, T. Lubberstedt,
M. Lee

Abstract

Producing a high-yielding maize crop that requiesss Nitrogen (N) input is currently
one important goal of maize breeding programs. thtdeding the genetic mechanism that
control agronomic traits response to N is key foplioving maize varieties. In this study, a QTL
mapping approach was used to analyze a set of elddiaploid (DH) lines that were evaluated
in different environments using contrasting levefsN. Several agronomic traits and grain
guality traits were measured at independent enmeoris. Significant environmental effects
were found in the study, which conditioned the wgsial to be carried separately for each
environment. Overall, the data showed that effectowwv N (LN) treatments reduced the DH-
lines performance significantly. Grain yield desea up to 63% at one environment. Plant
height and ears per plant, among other traits, w&k® affected by around 16% each under LN,
when compared to experiments grown under high N)(t#datments. Grain protein (GPRT) was
significantly reduced by 10% under LN conditions$il grain oil (GO) increased by around 3%
only at one of the environment tested. A total @2 3QTL were identified across all

trait/environment/N-level combinations. ImportantiQclusters located in chromosomes 1, 4, 5,
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8 and 10 harbored QTL detected under LN or HN mneats. These clusters are located near loci
gln4 and gIn5, which regulate the activity of glutamine syntlsetaan enzyme involved in N-

assimilation and N-remobilization for the produatiorotein in the grain of maize.

Introduction

The progressively growing worldwide population deashigher yields of cultivated
crops. As a response, the industry has addresaedeamand by breeding better producing
cultivars, which take up more nutrients. In maanpel other cereals, yields have been actively
improved by providing higher amount of Nitrogen (@ardwell, 1982; Mueller et al., 2012;
Raun and Johnson, 1999). As an elevated amountepidsents higher cost for farmers and
higher pressure to the environment, there is tleel he develop more efficient plants which can

produce high yields with less N supplementation.

Hence, nitrogen use efficiency (NUE) is importaotdgriculture as it addresses these
current economic and ecological problems. NUE aaadhieved by more efficient farming
techniques and by using plant cultivars with imgadvesponse to low N supply (Bertin et al.,
2000). Reports propose that there is consideradiete variation for N response in maize in
US, European and tropical germplasm (Presterl. e2@03; Uribelarrea et al., 2004; Worku et
al., 2007); which can be exploited towards the potidn of more efficient cultivars.
Nonetheless, critical steps need to be associateddametabolism during the vegetative growth

phase of the plant and its seed formation (Hirelle2007b).

NUE is divided into two primary physiological conments: N-uptake efficiency (NUpE)
and N-utilization efficiency (NUtE) (Moll et al.,9B2). N-uptake represents the amount of N (as

nitrates and ammonium ions) absorbed by the plamipared to that available in the soil
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(Presterl et al., 2002). N-utilization efficiencyeasures the use of available N stored in the plant
to produce grain in the ear. NUtE can be influenogthe proficient remobilization of N from

the root system to source tissues (i.e. leavestatk) of the plant (Presterl et al., 2002). This
study focuses on the agronomic performance of ndiZE, rather than a physiological
assessment of N-absorption and accumulation thrplagh development. The variation of grain
yield and yield related traits were analyzed whanected to extreme differences in N
application rates, Bertin and Gallais (2000) shoted genetic variation in N metabolism

differs between low N and high N input. At low $§&nes associated with senescence, anthesis-
silking interval (ASI); and N-utilization efficieycmay be responsible of the adaptation to stress.
On the other hand, when nitrogen input is high ghoi-uptake efficiency is more important,
and is associated with traits like grain yield &ednel weight and nutritional composition. It

has been shown that N availability for protein aflgynthesis balance will impact final

nutritional composition (Tsai et al., 1978).

Little is known regarding the genetic architecttesponsible for the response to N.
Various genetic studies of NUE (Bertin et al., 200bque et al., 2008; Gallais and Hirel, 2004;
Hirel et al., 2001; Nichols, 2008) have identif@dL in maize populations grown under low and
high N rates; and the impact of genes involveN metabolism has been proposed (Gallais and

Hirel, 2004; Hirel et al., 2001; Nichols, 2008).

After determining QTLs for grain yield and relatedits influenced by N availability, the
identification of genomic regions controlling thdsats must be determined. For the N
metabolic pathways, some loci are already knownmaagped which encode for the enzymes
involved in the N assimilation and remobilizatioftvin a plant (Bertin et al., 2001; Hirel et al.,

2001). Overall, finding loci involved in grain yeethrough NUE and producing functional
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markers for these genomic regions will be the wtengoal of researchers in order to provide

useful tools for current breeding programs in maiae other cereals.

Progeny derived from the cross between B73 x Mabved lines (IBM) were randomly
mated several generations with the goal of imprgvire resolution of genetic analysis of
guantitative traits (Lee et al., 2002). Doublelbap(DH) lines were derived from the
IBM2SYN10 population (Hussain et al., 2007), whprovides a high-resolution bi-parental
population for QTL analysis. The IBM2SYN10-DH poatibn insures accurate mapping of
genetic positions that can be co-localized withim intervals of candidate loci for N metabolism
and N response. Since the physical map of B73ddable, a map-based approach for
identification of genomic regions correlated witkJl is possible. Furthermore, a previous study
of N response demonstrated that the parental irlbresi B73 and Mo17 showed phenotypic
variability when grown under different N levels (Baand Russell, 1980). B73 was found to
have a significant increase in grain yield and otk&ated traits due to higher supply of nitrogen
(N) fertilizer when compared to the behavior of MoThis is an important difference in N
response, which provides evidence of significamnaitypic and genotypic variation in the DH

population which is critical for discriminating QTdnalyses.

The main objectives of this study were to: 1) aralthe phenotypic variation of the DH-
lines for grain yield, related traits and grain lifyaraits grown under low N and high N
treatments, 2) determine significant phenotypicalations and the repeatability of the traits
within the experiments, and 3) identify QTL for thgronomic and quality traits that are

associated to N response.
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Materials & Methods

Plant material

The mapping population utilized for QTL analysispesments was a subset of 243
doubled haploid (DH) lines from the IBM2SYN10-DH pmng population of maizeZga mays
L.), which consists of a set of 360 individuals.iSFTBH population was developed by DuPont
Pioneer (Hussain et al., 2007) from the previoyslyduced population derived from the cross
between B73 x Mo17 plus 10 generations of randaerimating, lowa State University. This
population was selected for mapping for three miaasons: 1) The amount of recombination
accumulated after 10 generations of random matrogigles the possibility of higher resolution
genetic mapping; 2) the germplasm combines impbrggmotypic variability that could be
representative of some of the current U.S. maine g@ol, and 3) the population was reported to

contain a significant amount of phenotypic varigpibetween the lines (Hussain et al., 2007).

Experimental design and field management
The field experiments were grown in two locationdawa. The first location (Burkey)

was Burkey Farm, at the ISU Agronomy Research @&tathear Boone, lowa. The second
location (Marion) was the Pioneer Research Certdtaaion, lowa. The later was managed by
DuPont Pioneer, but access was granted to makgoaflible phenotypic measurements. The
experiments were grown in two consecutive yearsaah location. Each combination of year
and location was considered an environment (E)tordesign, with a total of four. Thus, E1
corresponds to growing season 2010 at Burkey, E®1® at Marion, E3 to 2011 at Burkey, and
E4 to 2011 at Marion. Within each E, two nitrogesatments were applied which represented
low N (LN) and high N (HN) conditions for the studgiven the different historical management

conditions of the two locations, different soil &g and changing environmental conditions from
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year to year, the treatments were established Iplyiag different levels of N at each
environment. Thus, for E1, Urea 46-0-0 was the censral product used to target 250 kg N ha
for HN and no N was applied for LN. At E2, N formagv32 UAN and the HN and LN areas
received 269 kg N hand 56 kg N harespectively. E3 received 250 kg N BaHN in the form

of a blend of the commercial product ESN® (Agriuvamd AMS (ammonium sulfate). The LN
area in E3 received 67.2 kg N ha the same form as in HN. At the E4, 269 kg Ndrad 67.2

kg N ha were applied to HN and LN, respectively. All apptions of N were done pre-
planting. Weed control at both locations was madth \application of herbicides (Dual I
Magnum) and insecticides (Lorsban, or Force 3G, idmrdone before planting. That was
followed by cultivation and continuous manual cohtais needed. In E3, a more intensive weed
control had to be done due to higher than normady@resence. Basagran (bentazon), Laudis
(Tembotrione) and Impact (Topramezone) were apgiest emerge to kill broadleaf-type and
grass-type weeds. These procedures proved to édied to control weed impact over the maize
inbreds.

The experiments were grown in a randomized compiktek design (RCBD). Each N
treatment was a block within an experiment. Theoggres were randomly assigned at two
replications, which were nested within each N tresit (block). All plots were planted at a high
seed rate and thinned to a stand density of 67pkglis ha Each plot consisted of two 5.64 m
rows spaced by 0.76 m per row at Burkey. At Matiioa two-row plots were 5.3 m long with
0.76 m spacing between rows. The 243 DH lines fhlasgwo parental inbred lines were grown
in each replication of the experiment, adding ud@ounique observations for each genotype

across all the environments and N treatments.
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Phenotypic measurements

Several agronomic traits were measured in all &muironments used in the experiments.
Plant height (PHT) was measured after anthesis thensoil surface to the node of the flag leaf.
Growing degree units to silking (GDUSLK) and GDUaathesis (GDUSHD) were determined

when 50% of the plants within the plot showed siliible from the shoot and pollen shed from

Tmax + Tmin

> )— Tpase; Wherei=1, ...,n

the tassel, respectively. GDUs were calculate(,’{jé_si:(

is the number of days from planting to 50% silkarganthesisT;, 4, IS maximum daily
temperature and is set equal to 86°F when tempesatxceed 86°H,,;, is the minimum daily
temperature and is set equal to 50°F when tempesatall below 50°F, and, . is the base
temperature for the organism, which in the casmaike is 50°F. Anthesis - silking interval
(ASI) was recorded as the difference between GDUSh& GDUSHD. At Burkey (E1 and E3),
grain yield was measured on all plots by hand hsivvg, and drying the ears for four days to
constant weight at 37.8°C in an air-blown commemtiger. The ears were shelled using single
and bulk-shelling machines. Harvest weight andrgnaoisture was measured for each plot, then
GY was corrected to 15.5% moisture content repartedetric tons per ha (T/ha). In Marion

(E2 and E4), all plots were harvested using a reegaot combine where grain yield and

moisture were measured on the machine at harvest.

Near Infrared spectroscopy (NIR) was used to determrain protein (GPRT), grain oll
(GO), grain starch (GSTH), and grain density (Gijtents only from samples collected at
Burkey (E1 and E3). At this location, the numbeeafs per plants (EPP) and 300 kernel weight
(KW) were estimated as well. In contrast, grairatedl phenotypes were not measured at Marion

due to a regulatory limitation that restricted asct grain harvested at DuPont Pioneer
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locations. Furthermore, since the plots at thiation were not hand harvested, thus there were

not available ears to determine EPP and KW.

In 2010 the nitrogen status of the plots at E1BRdwas evaluated by measuring leaf
chlorophyll content through the use of a chlorophmgter SPAD - 502 (Minolta Camera Co.,
Osaka, Japan). Chlorophyll measurements (CHLO) taden from the ear leaf 15 days after
50% of the plants in a plot showed silks. Ten repngative plants within a plot were randomly

selected and a plot average was calculated by gingréhree readings made per selected plant.

In 2011, nitrogen status of plots at E3 and E4 exaeduated by estimating the nitrogen
percentage (N %) 20 days after 50% of the planpfmrshowed silks. Four representative plants
were tagged within the middle of the plot. Leaf gpéan were taken from the selected plants by a
7/8" leaf puncher. Two 2.4 feaf punches per plant from the leaf immediatélg\e the ear
leaf were collected. The samples were bulked by dhied, weighed and sent to the laboratory

managed by DuPont Pioneer for nitrogen percentaggsurements.
Statistical analysis

The analysis of the phenotypic data was performed mixed model procedure (PROC
MIXED method = type3) using SAS software (SAS, 9Given the significant heterogeneity of
the four environments, all traits were analyzedasaqely by environments and by nitrogen
treatments. The linear model used was the follow¥)g= p + Ni + Rpj + Gk + N*Gik + €j)ik;
where observatiolYjy is the phenotype given ywhich is the population meaN,; is the effect
of the ith nitrogen treatmentRR;; is the effect of thgth replication within theith nitrogen
treatmentGy is the effect of thé&th genotypeN*Gj« is the N treatment-by-genotype interaction,

andegjx which is the error term of the model. N treatmeas considered as fixed effect, while
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genotypes, replications and the interactions weaed as random effects. Best linear unbiased
predictions (BLUPs) were used to estimate the ptypiovalue of each DH line for each trait in

the experiments. These values were calculated atepay N treatment.

Based on the estimated BLUPs for the DH lines ntleans of each one of the traits were
used to establish phenotypic differences betweerm\threatments. The percentage of variation
of the means due to the N stress was calculatdd@y ((LN/HN)*100). An analysis of variance
(ANOVA) was used to establish significant statistidifferences between the applied N

treatment as well as the genotypic variation anmdesponding interaction with the environment.

Variances components estimates obtained with PROXEM method=type3 were used

to estimate the repeatability of the process orertny-mean basis (Fehr, 1987). The formula

2
> %6 ; where ¢ is the genotypic variances? is the replication

2
%e . 9GN | °R 2
RN+ N +R+O'G

used wasH? =

variance,s?y is the variance of the genotypeN treatment interaction, anef is the residual
variance. The denominator factors R and N numberregiications and N treatments,
respectively. Also, Pearson correlation estimatesewalculated using PROC CORR in SAS for

each N treatment separately, as well as for eadinoerment.
QTL analysis

A high-density genetic map was used for QTL mappirite map developed by (Liu et
al., submitted for publication) at the Beijing Gemos Institute (Beijing, China) consists of
6,618 recombination bins developed by genotypingéyuencing (GBS). Around 280 DH lines
of the IBM2SYN10-DH population were re-sequencedséarch for SNPs. A 15 SNP sliding

window was used to determine the recombinationkbpeants (Huang et al., 2009), which were
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used to create recombination maps, or so callesl miaps. All the sequenced DH lines where
then aligned and the genotypes were called baseth@rncomparison of 100kb minimum
intervals. This comparison yielded the 6,618 recomtiion bin markers, which captured the

majority of recombination events among the DH lines

The resulting GBS-generated map of the IBM2SYN10-b&tl a genetic distance of
11,198.5cM; averaging 1.7cM between bin markere ap length was adjusted to a F2-based

map to run the QTL analysis in order to do extrenparisons. The expansion-reduction factor

was calculated using the equatian= Ly o (Teuscher et al., 2005), whgres the number of
2 2t

generations of inter-mating, counting the two gatiens for creating the F2 segregating
population, and is the number of generations of inbreeding aftéerimating. In the case of
IBM2SYN10-DH, j=12 andi=1, due to only one generation for the DH procedssr anter-
mating. The resulting expansion factor was 6.5cWwhvas directly used to adjust the new map to

1,722.9cM.

The agronomic traits were analyzed in 243 DH limethe field experiments. Of those,
209 samples produced high quality genotypic dat@r afhe GBS procedure. Thus, the
phenotypic and genotypic information of the 209 [nés was used for the QTL analysis. This
analysis was carried out with QTL Cartographerieoerd.7 (Basten et al., 2005) using the model
composite interval mapping (CIM). The ten more Higant cofactors were identified with
forward and backward stepwise regression. Cofacharease the power of detection of a given
QTL effect by reducing for genetic background viitity due to other QTL. Intervals of 1 cM
were used to scan within each analyzed QTL (walkpeed); and the window size was set to 10

cM to block out regions around the test interval.order to determine the experiment-wise
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significant levels and control the comparison-wpsebabilities 1000 permutation tests were ran
in each analysis performed independently for eaaih, environments, and nitrogen treatment
combination. Given the permutations results, sigaift thresholds were determined for each one
of the combinations (Table A3.1). Thus, under th¢ treatment the range of values was from
3.50 to 4.14 LOD across all traits and environmebitsder LN treatment the range was from

2.90 up to 4.15 LOD.

Results

Phenotypic results

Four environments were used to measure the N respaingrain yield and related traits.
The overall analysis of the data showed that thexe a significant effect of the environments
over the performance of the DH population acrosgréatments for the majority of the
agronomic traits (Table 3.1). Moreover, the ANOVWow/ed that the magnitude of the effect of
environments in the model was big compared to othgance components. Also, in the cases of
KW and GMST, the combined ANOVA shows that theresw® significant N and G effect,
respectively. Interestingly, N% which was evaluadedy in E3 and E4, showed no E effect and
highly significant N and G effect. It appears todstable phenotype to assess nitrogen status in

a maize population.

The response of the DH population to the N treatmemas heterogeneous across
environments. At E1 and E2, the agronomic perfogeasf the individuals decreased under LN
treatments (Tables 3.2 & 3.3). However, at E3 addthke performance under LN either
improved or equaled the one under HN treatmentl€BaB.4 & 3.5). Thus, the analysis of this

study was performed separate by environments. difables a better assessment of the nature of
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the data within each environment to establish flieiency of the N treatments, as well as the
repeatability of the data to determine putative QThe ANOVA at E1 showed significant
statistical differences between the two N treatmanthe majority of the traits (Table 3.2). Also,
all the traits showed significant genotypic vaoatiAt E1 a higher variation of the means for the
majority of the agronomic traits was observed whempared to the other environments. For
example for GY, a 63% reduction was observed uhdierconditions (Table 3.2). In general,
reducing the N input at E1 decreased the developiffiT: 16.2%) and performance (EPP:
16.2%, KW: 16.9%) of the maize plants and incredkedime to reach maturity (ASI: -52.4%).
With respect to the grain quality analysis, HN tneent primarily favored the synthesis of
proteins (GPRT) in the kernels by more than 10%itcdensity was significantly increased by
HN (1.8%), with not much variation in the other pbe/pes. On average the DH lines observed
30% less chlorophyll content at LN (Table 3.2). Bmalysis for E2 showed a similar pattern as
E1l. Though the variation of the means followed shme direction, the magnitude was reduced
by around half in E2 except for GDUSLK (Table 3.8rain quality assessment was not
performed at this E due to its location. On thetary, the response to N of the DH lines in E3
and E4 was different to what was observed prewoudie analysis at E3 showed that although
there was significant N and G variation, the di@tiand magnitude of the means clearly shifted
for the majority of the traits (Table 3.4). In geale lines at the LN treatment performed better
than at HN conditions. GY at E3 was 25% higher uridé, and was almost 4X higher than the
observed yield at E1. Nonetheless, GPRT and N% &ftevering were still higher in HN
treatment by around 11% and 8%, respectively (Table Finally, the ANOVA at E4 showed
low or nonexistent significant differences at théréatments for the majority of the traits, except

for ASI, which was 16% higher in LN treatment (Tel3l.5).



60

Variance components

The analysis of variance was performed across &tnrents to estimate the genotypic
variability as well as the repeatability within @a&. Significant genotypic variation was
estimated for all traits and across all E (Tabl€s-33.9). Repeatability, on an entry-mean basis,
was calculated using the variance components estimia the analysis; ranging from 0.35
(GMST) to 0.88 (GO) in E1 (Table 3.6). In the otkeevironments, the estimates of repeatability
were maintained. Furthermore, at E3 the majorityraits showed higher repeatability (Table
3.8), where GY reached its highest#.90. These repeatability values indicate thaniagority

of the variation observed was due to the geneti@atran of the DH lines within environments.
Phenotypic correlation

BLUPs were used to estimate the genotypic effatterder to perform a correlation
among all the traits in the study. Pairwise Pedssarorrelations performed across all
environments showed that GY was highly correlateginig with EPP, grain moisture and
chlorophyll content under LN conditions (Table 3.18Y was not found to be highly correlated
with grain quality traits, and it was uncorrelatedGPRT in LN levels. CHLO and N%, which
were used to evaluate N status in the plants fifteering, showed different correlation patterns
between GY and PHT (Table 3.10). While CHLO presgusitive and strong correlations (GY:
0.84; PHT: 0.76), N% showed weaker (GY: 0.24) amenenegative correlation with PHT (-
0.21). Among the grain quality traits, the highersiive correlation under LN was found
between GPRT and GD (0.50). Comparing traits uhthérshowed that GY is correlated with

EPP (0.71) and CHLO (0.68). Also, the trends forLOHand N% were similar as before when
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compared to GY and PHT (Table 3.10). However at thid,correlation between GY and GPRT

(-0.41) is negative and highly significant in cast to the lack of correlation found at LN.

Given that there is a strong environmental compbroeter the phenotypic variation
(Table 3.1), Pairwise correlation analysis were fqgared within each E*N treatment
combination to further examine the previous cotretes. The results of E1 and LN combination
are shown in Table 3.11. GY showed positive cotieia with EPP (0.50), GO (0.31), and
CHLO (0.41). As expected the correlations of GY dlavering traits (GDUs, ASI) were
significant and negative. However, this negativaalation between GY and ASI has a positive
agronomic outcome since higher GY is positivelyuahced by shorter interval between pollen
shed and silking. In contrast to the overall catiehs, at E1 a negative correlation is observed
between GY and GPRT (-0.64), and GD (-0.21). Ajsmsitive correlation with GSTH (0.55)
was found at E1. PHT was the trait that showed nvamation with respect to the overall
analysis. Almost all correlations decreased witlkfi, and some even changed direction
(GDUSLK, GDUSHD). The comparison made under HN lewhowed a pretty similar pattern

of correlations among traits as in LN.

The results are presented for E1, E2, E3, and ERables 3.11, 3.12, 3.13, and 3.14,
respectively. The majority of correlations were mained across environments. The description
of the correlations for E1 shown above can be prteded to the other environments. Thus, in
general GY is positively correlated mainly with ERFO, GSTH, CHLO and N% under both N
treatments. It is interesting to notice that GY &M@RT are negatively correlated, especially at
LN (-0.72, E3). Finally, among the grain qualitgits the higher positive correlations were found
between GPRT and GD at both HN and LN treatmenitsti@ other hand, GPRT and GSTH

showed the highest negative correlations under Ndtieatments at E1 and E3.
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Genotypic results

The genotypic analysis identified QTL associatethwvevery trait under high N and low
N treatments. In total, 302 QTL were identifiedass all trait/environment/N-level combination.
Also, a similar number of QTL were found in HN (3&&hd LN (140) treatments across all traits
and environments. Furthermore, the average nunfd@m b identified for each trait ranged from
3.5 for GMST up to 14 for GO. A complete list obt®QTL identified in the study that contains

the position, LOD peak, additive effect ®alue, and Total Ralue is presented (Table 3.15).

The QTL found were distributed across the 10 chimonues of maize. Only chromosome
6 at E2 did not present any QTL (Figure 3.2). QTéraveither found in the exact same genomic
position or very close even at different environtsesr N treatments. For example, GD showed
consistency at Chr. 1, 33.2 cM; where 1 QTL at Bd 2 QTL for E3were identified for HN and
LN (Figures 3.1 & 3.3). The same type of consisiEmnevere determined for GY, PHT, EPP,
SLK, SHD, ASI, PRT, GO, STH, CHLO, and N% (Figured — 3.4). Furthermore, it was
observed that QTL formed clusters within chromosanigne clear example is chromosome 8,
where several QTL were identified in a region cawgipositions ~81 cM to ~91 cM across the

four environments (Figure 3.5).

For GY, 29 QTL were found across all E*N combinasgTable 3.15). A single QTL
could explain from 5.2% to 10.7% of the phenotypaciation. The total explained phenotypic
variation ranged from 19.4% (E3-LN) to 38.5% (E1-HNhe QTL with a major effect for GY
was identified under LN treatment, and locatedhromosome 7 at 85.3cM. This QTL presented

a negative effect of 0.175 t/ha. One cluster of TB_.@as determined for GY in chromosome 7
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between positions 83.7cM to 101.6¢cM. Also, somespal QTL were identified in the exact or

very close positions in other chromosomes (Figubg 3

For PHT, a total of 25 QTL were found throughouwt #mvironments and N treatments
(Table 3.15). The total phenotypic variation expéal by QTL varied from 28.1% (E2-HN) to
36.8% (E1-HN). An individual QTL could explain frodh7% up to 17.4% of the phenotypic
variation. The latter is a QTL that had a posigfect of 9.7 cm and was collocated with several
other QTL in chromosome 8 between positions 84.@¢ld 85.2cM (Figure 3.5). This genomic
region grouped the QTL for PHT with the higher effever the phenotypic variation. Besides,
in chromosome 1 a total of 11 QTL for PHT were iifeed and were grouped into two clusters.

All of these clusters had QTL found in HN and LMatments.

The flowering traits were among the traits that hamte QTL in the study (Table 3.15).
QTL for SLK (33), SHD (38), and ASI (28) were dibtrited along the 10 chromosomes (Figure
3.5). For GDUSLK, the QTL with the highest RL7.6%) was identified at chromosome 8 in
position 85.2cM. This QTL was collocated with satasther QTL for GDUs as well as PHT,
N% and GPRT. The total phenotypic variation exm@dity the sum of the QTL effects ranged
from 23% (E3-LN) to 46.4% (E2-HN). Four major clerst of QTL were observed for GDUSLK
at chromosomes 1, 5, 8 and 9. The QTL with higlffecegrouped at the cluster in chromosome
8. For GDUSHD, the results of the positioning o QTL were similar to GDUSLK (Table
3.15). Again, four main clusters were determinedhiromosomes 1, 3, 8 and 9 (Figure 3.5). The
two QTL with higher R of the entire study were identified for this traBoth QTL were
collocated at position 84.8cM in chromosome 8, axglained 25.5% and 23.9% of the
phenotypic variation, respectively. The cumulatpleenotypic variance explained by the QTL

ranged from 34.4% (E1-LN) to 47.7% (E2-LN). The Qa&sociated with ASI were located in



64

two main clusters, the first in chromosome 1 aredstcond in chromosome 7 (Figure 3.5). Both
of these clusters collocated QTL of ASI with som&d, and where usually not associated with
GDUs QTL. Single QTL could explain from 5.1% to @%3f the phenotypic variability (Table

3.15). The total phenotypic contribution of QTL @ from 15.2% (E4-HN) to 31% (E1-LN).

Several traits were measured at fewer environm@rable A3.3). QTL for EPP (13),
KW (18), and MST (7) were identified at E1 and Halfle 3.15). For EPP, QTL were found in
pairs closely located in chromosomes 4 and 5 (Eg®:1 & 3.3). QTL with major effect were
not observed, and cumulatively, the QTL explaineamf 9% (E1-HN) to 31.4% (E3-LN). For
KW, the QTL with the R (16.1%) was located at chromosome 8 in positidh4dM. The total
phenotypic variation explained by the QTL rangednfr9.7% (E3-LN) to 41.8% (E1-HN).
Although many QTL were located in pairs or assedawith other traits, two almost exclusive
locations in chromosomes 2 and 10 were observel\r(Figure 3.1). Grain moisture was the
trait that had fewer QTL in the study. Only one QWas identified in E3 (Table 3.15). The QTL
explaining more phenotypic variance?(R0.7%) was located at chromosome 5 in position
125.9cM for LN treatment. Only one QTL was found FN treatment and it was associated

with QTL for N% at chromosome 10 (Figure 3.5).

For the grain quality traits, several QTL were lechacross the 10 maize chromosomes
(Figure 3.5). Thus, for GPRT (13), GO (28), GSTH)(land GD (14) QTL were identified in
clusters associated with other traits. However, @@sented some unique positions in
chromosome 6 (Figures 3.1 & 3.3), and chromosom&sdd10 (Figure 3.3). The QTL with the
highest B (11.6%) was located at chromosome 4 in positi®4.8cM (Table 3.15) forming a
cluster with 3 other GO QTL. The total phenotyparigtion explained by the QTL ranged from

31% (E1-LN) to 51.5% (E3-HN) which was the highesthe study. For GPRT, a single QTL
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could explain from 5.1% to 10.1% of the phenotyaciation. Some of these QTL were located
close to GY and GSTH QTL. GPRT presented the highegative correlations to those two
traits, which is an important factor to notice farther marker-assisted selection strategies. For
GSTH, the QTL with highest®R11.5%) was located in chromosome 10 in positi®8&\V. The
total phenotypic variation explained by the QTLged from 11.8% (E1-LN) to 42.2% (E3-LN).
The majority of GSTH QTL formed clusters with th@IQfor GO and GPRT (Figure 3.5). Of
the QTL found for GD, the only one at E1-LN showkd highest R(10.6%) that explained the
phenotypic variability (Table 3.15). In generaletl@QTL identified for GD formed close

association with QTL found under LN for GMST (Figu8.5).

Finally, several QTL were found for the traits usedvaluate nitrogen status of the DH
lines after flowering (Table 3.15). Under E1 and E2 QTL were identified for CHLO across N
treatments. An individual QTL could explain fronB8% to 9.7% of the phenotypic variation.
The QTL for were spread into the majority of chr@omes, and usually pairs of CHLO QTL
were located in clusters in chromosomes 1, 5, 8 Hhd@Figure 3.5). For N%, 22 QTL were
found in E3 and E4 (Table 3.15). The QTL with thighest B (12%) was located in
chromosome 3 in position 156.cM. The total pheniotyjariance explained by the QTL ranged
from 30.5% (E3-LN) to 41.8% (E4-HN). Some of th€3€L were located close to the ones of
GY in chromosomes 1 and 3 at position where QTLevlecated at higher densities (Figure 3.5).
However, QTL for N% and CHLO were also located elgdut in less denser genomic regions.
Clusters at chromosomes 6 and 10 were observedQidr identified at HN treatments

especially.
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Discussion

Phenotypic analysis

One of the starting premises of this study wasréate environments with contrasting N
levels to analyze the development of the IBM2SYNMH- maize population. Since two
locations with different management history weredufor two years, it was difficult to predict
that the outcome of the N conditions was goingdaimilar at both sites and over the years. The
results showed an important effect of the enviromséor the analysis of the data (Table 3.1).
The weather conditions varied between growing seax010 and 2011. Given that N is a
mobile nutrient in the soil (Lynch, 2013), the dahility of the nutrient could have been
impacted by the extreme amount of precipitationeoled in 2010 compared to 2011. Soll
samples were analyzed in both years at Burkey (HELEB). Results showed that the available
amount of Nitrate (N@) between tasseling and silking stages was 2Xnmwstl 4X higher at the
LN areas of the field in 2011 (Table A3.2). Thigygasts that enough N was available at LN
areas for the DH lines to fully develop and repiat E3eliminating a contrasting N treatment
for the study in 2011 at Burkey. Due to these eyjemtd the results of the statistical analyses, it

makes sense to interpret the outcomes with foceach environment and N treatment.

The focus of this study was on grain yield andteslaraits, as well as grain quality traits;
more than a total plant physiological approachnfiicant variation of the means was observed
for the majority of traits at different environmen®A severe 63% reduction of GY at E1 under
LN treatment was the most extreme variation oftlad study. Similar or even more drastic
reduction have been reported in maize (Ribaut.e2@07) in reduced N experiments. At E2 the

reduction was moderate (31%), which according toesceports is a preferred condition in order
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to ensure the evaluation of GY and other GY relatadis (Bertin and Gallais, 2000). To be able
to target certain percentage of reduction in yigietvious knowledge must be available about
yield scores in a specific location. Since it wae ffirst time that the IBM2SYN10-DH
population was grown at Burkey under the field abads described before, there was no clear
expectation of a specific GY difference. Furthereyathe poor performance of the DH lines
(u=0.93 t/ha) and the low amount of residual N ez in soil tests at mid-season in E1-LN
(Table A3.2), suggested that additional N fertilineas needed prior to the next growing season
at the LN area in E3. The results for GY were 1 é€xpected ones compared to what was
observed in E1 and E2, although there was stiljjaifecant difference of the means at E3 due to
the N treatment (Table 3.4). Other traits like PHIdwering traits (GDUs, ASI), and yield
related traits (EPP, KW) were affected in a simiizanner as GY at E3 and E4. These results
show the plasticity of the set of maize DH lineatlow increment of N in the soil from 0 (E1) to
67.2 kg N ha(E3). It could be argued that N-uptake and renmdtibn of the available N in the
source tissues were effective for the inbred limethis N level. Moreover, it has been reported
negative correlations at LN levels between N-renmdtion and post-silking N-uptake in lines
per secompared to testcross progeny (Coque and Galag). This supports the observed data
that an inbred plant can perform well even if aueal amount of N is available in the soil when
the plant reaches maturity. However it was notsalteéhat was expected in the study, which did

not allow for a differentiation of the desired emmviments.

Results showed a reduction of GY, PHT, EPP, andu&liles at LN levels in E1 and E2,
while flowering traits increased (GDUs, ASI). Thassults were expected based on previous
studies performed using different maize mappingupstpns or at the testcross level (Bertin and

Gallais, 2000; Cai et al., 2012; Ribaut et al., D00nterestingly, the correlations observed
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throughout the study were generally maintained ites$ipe variation in N levels as well as the E
effect. Pairwise correlation between GY and PHTewnmut significant at any level (Tables 3.11-
3.13). Significant positive correlation have beeparted between the two traits under HN and
LN conditions (Ribaut et al., 2007). The authorsweéd that PHT had a stable performance
across the environments, even when the LN treasnehiere in wet or dry environments.
Hence, in is possible that at LN conditions a maitaat will have more difficulty to remobilize
scarce N for grain production. It could be likehat small plants would have less of this latter
problem due to the reduce biomass demanding fahus, increasing GY. In HN conditions, the
balance of N is instead important since there idimding N factor in the soil. A taller plant
could continue to uptake and remobilize N for bisswxdevelopment. However, taller plants are
also more susceptible to stem lodging and greep-doa to environmental pressure at flowering
stages (Blackmer et al., 1996). Moreover, it haanbeported that increase N rate increase stalk
breakage (Elmore and Ferguson, 1999), which coaltainly correlate to lower GY of tall
plants. It was suggested that PHT should be useohdsof an index for selection for plant
performance in LN levels (Ribaut et al., 2007), koar these results do not support this

argument.

Focusing on the grain quality traits, the analydishe means showed that grain protein
and density are a positively influenced by the @ase N levels (Tables 3.2, 3.4). Even at ES3,
where no positive effect of HN for the agronomiaits was observed. It was reported that
selection for grain protein in the lllinois Highd®ein (IHP) maize material transformed N use by
the maize plant by increasing the ability of IHRek to uptake N (Uribelarrea et al., 2007). This
could lead breeders to develop varieties with beajtain quality and that have higher N use

efficiency. However, results in the present stuthp ahow a significantly negative correlation
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between GY and GPRT across both environments artde®tments. This is evidence that
although plants could have a better uptake of M,rémobilization of it is not adequate. Other
report also found significant negative phenotygerelation between GY and %N in the grain
at HN conditions (Bertin and Gallais, 2000). Furthere, strong phenotypic correlations among
grain quality characteristics based in a complexoggic system have been previously
discussed (Cook et al., 2012; Dudley et al., 20043tatus in the plants was estimated based in
the analysis of two physiological traits; leaf alaphyll content (CHLO) and leaf N percentage
at 20 DAF (N %). Even though these traits were atwlyzed in the same environments, both
showed significant response to the N treatmentsids, both traits showed positive correlations
with GY in the respective environment and N treath@mbinations. Reports of using SPAD-
meter and N% have shown that there is a positiveeledion on the detection of N status of the
plants at varying rates of N applied (Bullock anadarson, 1998). Also their results showed that
correlations increased and became more signifigfiert R1 stage in maize, which is when it was
measured in the present study. Furthermore, leaf &fd chlorophyll measurements can
determine prolonged photosynthesis and leaf senescectivity, which has positive effect in N-
assimilation and N-remobilization in maize, andstho yield (Hirel et al., 2007a). However,
there is still the need to understand the reguiatiehind the balance between keeping N in the

leaves for increasing photosynthesis, and the rdimaion for producing grain.

Genotypic analysis

It was found that the IBM2SYN10-DH population hagnsficant genetic variability for
the objectives of the study (Tables 3.2-3.5). Theoant of variation is essential for QTL
mapping to be effective. The analysis of varianees used to estimate variance components

and repeatability of the study (Tables 3.6-3.9)pé&xtability ranged from 0.28 (GMST-ES3) to
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0.95 (SLK-E4). High repeatability is the resulttwfh genetic variance components estimated
within the model. This supports the QTL analysisegadures to better detect genomic regions
associated with the traits of interest.  Withircleaenvironment, significant genotype * N

interactions were observed for almost all the gralat lead to perform QTL analysis for each N
treatment. Furthermore, given that significant isppatariability was observed between the

replications of the experiments (Table 3.1), BLWRse used to estimate the trait values for the
analysis. This in order to reduce the influencepdtial variation and maximize the influence of

the genetic variation observed.

A total of 302 QTL were identified in this studyhdse QTL were located across the 10
maize chromosomes, and were found for almost al/énvironment/N treatment combination
that was analyzed. In general, the QTL showed aletery to form clusters across the
chromosomes. In E1, such clusters can be obsenvedromosomes 1, 5, 7 and 8, where QTL
for HN and LN can be found interchangeably (FigBi®). Also, some of the clusters seemed to
group QTL primarily for agronomic traits (Chr.7,gbre 3.2) and others grouped QTL for grain
quality traits (Chr. 2 & 4, Figure 3.2). This phemenon can be due to associations of traits that
explain a physiological action or due to a genktikage in the population (Bertin and Gallais,
2001). Previous studies have presented the formafiglusters in N-related experiments (Cai et
al., 2012; Gallais and Hirel, 2004; Liu et al., 20Nichols, 2008). These groups of QTL
identified for several agronomic traits can be ¢dargegions in the genome to search for loci
associated with N response. However, it is impdrtandetermine the stability of the QTL
especially across N treatments in order to spettigy effect of these putative loci in the N

metabolism and response.
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In this study, significant environmental effects revedetected, which reduced the
possibilities to do a QTL analysis across all emvwments. Hence, QTL identified at E1 were not
always identified at E3 (Figures 3.1, 3.3). Forochosome 1, QTL associated with GY and KW
were located in E1 but QTL for the same traits weelocated in E3. The same can be observed
for E2 and E4, where QTL for GY identified in chrosomes 7 and 9 were not found at both
environments (Figures 3.2, 3.4). On the other hamdn though significant N * Gen interactions
were observed for almost all the traits (Tables3%, the QTL * N interaction observed was
not substantial across the environments. Some Qarke vdentified only at specific N treatments,
but the majority of clusters grouped QTL for trafids both HN and LN as observed in Figure
3.5. Furthermore, through all E, only one smallstdn for N% and CHLO is observed in
chromosome 6, which groups 3 QTL for HN identified3 different environments. A partial
explanation to the collocation of QTL found for bd¥l treatments in similar or close genetic
position can be repeatability. It was measurednneatry-mean basis, which means that the
values for repeatability (Tables 3.6-3.9) are gredtthe genetic component is higher. So even if
N * Gen interaction is significant, it only accouot a small percentage of the variability. Traits
with higher repeatability values (PHT, GDUs, ASIQ¥usually group QTL for HN and LN
treatments close together, even at E1 and E2 wher®l treatments were effective. So, it is

better to focus in specific QTL for each E in otheecompare to reported studies.

The genotypic information developed by GBS (Liwaktin publication) was subjected to
an adjustment of the expanded genetic map so Itddmei compared to F2-based maps used in
previous studies. Then, QTL identified from enviments E1 and E2 such @&/HN-1a, GYLN-

1, GYLN-3a, GYHN-7, GYLN-7, and GYLN®able 3.15), co-localized with QTL intervals

previously reported for grain yield (Liu et al.,2Z). Moreover, some of the clusters of QTL for
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agronomic traits (Figures 3.1 & 3.2), co-localiziéhwelusters of similar traits in chromosomes 1,
4,5, 8, and 10 (Bertin and Gallais, 2001; Galéaid Hirel, 2004) which are known to carry loci
associated with N metabolism (Liu et al., 2012)e@nh those loci is thglutamine synthetase4
(gln4) that maps between 205,237 and 205,240 kb (Looakup tool;(Andorf et al., 2010) in
chromosome 5 (Figure A3.1). At this locus, theaciGS enzyme is one of the main involved
with N assimilation and glutamine conversion in omatplants (Hirel et al., 2001). This GS
activity had a positive correlation with GY at ldWlevels, and can have a direct impact in KW
as well due the control in N-remobilization afteawering (Gallais and Hirel, 2004). Results of
the present study showed QTL for GY, EPP and CHt.@ia region in chromosome 5 (Figure
3.5); and also for ASI and SLK under both N treattaeThis could mean that ASI and SLK
have a physiological importance to the responsautdent stress tolerance. Although ASI and
SLK had a negative correlation with GY, it is irdgsting to note that shorter ASI and earlier SLK
are actually beneficial for individuals under ssrelsie to the ability to compensate and guarantee
effective pollination earlier in the season (Gallat al., 2007). Another interesting cluster of
QTL is the one identified in chromosome 10 (Fig8rg). Results showed that QTL for CHLO,
N%, and ASI were collocated with QTL intervals repd for leaf senescence and ASI (Bertin
and Gallais, 2001; Gallais and Hirel, 2004). CHLa &N% readings are determinants of the
senescence stage of the leaves, and therefore-tipealke capacity of the plant for grain filling.
The longer the leaf tissue can hold the source dbiNremobilization, the higher possible
influence over GY and KW it will have. The activityf GS enzyme is determined at this
genomic region too (Gallais and Hirel, 2004). TheulsgIn5 has been reported to have a post-

transcriptional control of N-assimilation mediateg the GS enzyme, which could accumulate
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amino-acid in the leaves for further remobilizatibnecessary (Hirel et al., 2007a; Migge et al.,

2000).

QTL identified for grain quality traits also showédge formation of clusters in some
chromosomal regions. These clusters co-localizh seime previously reported using the NAM
maize population (Cook et al., 2012). The most irtgrd regions were located in chromosomes
1, 2,5, 6 and 10, where QTL for grain protein (PRl (GO) and starch (STH) were grouped
(Figures 3.1 & 3.3). It could be expected to finchilar genomic regions that control these
guality traits due to correlations (Tables 3.11.&3. These traits make almost the entire maize
kernel composition; meaning that the increase atgim percentage will reduce the percentage of
the other two traits. Besides, the study in the NAWMbpulation suggested a high level of
pleiotropy for these traits due to the high cotieta between allele effects (Cook et al., 2012).
Results in the IBM2SYN10-DH population showed fagecific genetic positions for QTL only
associated with GO, and no other QTL for grain dy#laits in chromosome 6. QTL for HN and
LN (GOHN-6a, GOLNBDb) co-localized very close to the mapped positiblocusinl: 102,191
to 104391 kb (Figure A3.2) of chromosome 6 (Locumokhup tool, (Andorf et al.,, 2010).
Actually, the QTL analysis in the NAM populatioreiatified the QTL with highest LOD located
in chromosome 6 for grain oil (Cook et al., 20IP)e authors of the study found that this QTL
was overlapping with locukl, where the high oil allel®GAT1-2was located. Furthermore,
they were able to find some alleles with additiemefic effect up to 0.21% for high oil content.
Thus, QTL at this chromosome region can give vdwabformation to detect more loci
associated with increase grain quality in maizeweler, due to negative correlations and
possible pleiotropy reported, it becomes a chalelogimprove protein and oil content in maize

varieties.
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In conclusion, environmental effects are determtinarN related studies and probably
even more critical when studying inbred lines. TB®I2SYN10-DH population showed to be
significantly responsive to the increase of N frone year to another. If results are not stable
across environments, it becomes difficult to prethe performance of maize lines for breeding
purposes. Yet, experiments using the IBM2SYN10-DHh itestcross population are in progress
to be able to determine the response to contrabtit@atments at a hybrid level. Nonetheless,
significant phenotypic and genotypic variation vebserved across the study for grain yield and

related traits, as well as for grain quality traits

Several QTL were identified for specific E and somere consistent across
environments. This lead to the formation of clustevhich included QTL for traits such as GY,
EPP, ASI, CHLO, N% among others, and were locatsat mportant loci that are responsible
of the N metabolism control. Even though the traiese affected by the variation in N supply,
only a few QTL specific for each N treatment wedentified. This could mean that the
population lacks the variation of alleles respolesito low or high N levels, or that more
guantitative genetic approaches are needed to l\clewtermine alleles for N response.
Nonetheless, given the genetic resolution providgdhe IBM2SYN10-DH population, many
QTL or clusters of QTL were co-localized with prewsly described N related loci. It is
important to understand, that these QTL have tdubther analyzed and validated in order to

obtain a better knowledge of the genetics behinddgonse.

Finally, the genetic analysis showed that manyhef ¢lusters of QTL identified in this
study grouped traits that are negatively correla@ne of the goals of maize breeders will be to
develop varieties with improved response to N sirésit also with enhanced agronomic and

qualitative characteristics. These represents at gteallenge according to the results presented
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here and in previous N related studies. Although @V still be the main trait to breed for,

increased demand in high protein grain and moreieft N use keeps adding pressure to find
the underlying genetic basis to be able to imptbeeselection indexes in a positive way without
having to give up on one of the traits listed aboMee identification of NUE related traits that

present a high correlation with yield, will be ayKactor to developing varieties responsive to N
variation (Agrama et al., 1999). Genetic studies balp to understand the dynamics of grain
yield and related traits under varying environmept@ssure, and could help to make better
breeding decision in a near future. Assessing éspanse to N supply with different strategies

will help breeders to improve their maize germpldemnefficient N response.
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