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Abstract 

Drought stress is one of the most important abiotic constraints to agricultural production. In 

conjunction with the expected rise in temperatures it will have even larger negative effects in 

coming decades. These perspectives are aggravated as 50% of the world’s potentially arable 

land is acidic and therefore prone to aluminum toxicity. There is a need for more efficient root 

systems tolerant to an array of abiotic stresses. For example, fast growing axile roots, tolerant 

to aluminum (Al) and desiccation, would be able to explore deep water sources in Al-toxic 

soils. It may be anticipated that maize (Zea mays L.) genotypes selected under these 

conditions combine tolerance alleles for multiple stresses. The goal was to assess the root 

systems of contrasting tropical maize genotypes for their morphology and growth and for their 

response to Al, heat, and desiccation.  

Three main experiments were carried out:  i) abiotic stress in growth pouches (consisting of 

germination blotter covered by plastic foil),  ii) root architecture in PVC columns and  iii) 

mapping of quantitative trait loci (QTLs) in growth pouches. For the first two experiments, six 

tropical inbred lines were chosen based on their field performance:  H16, CML444 and 

Ac7643 (P1) were drought resistant; K64R, SC-Malawi and Ac7729TZSRW (P2) were 

drought susceptible. For the QTL experiment, 236 recombinant inbred lines from the 

CML444 x SC-Malawi cross were used. The results were compared with results from field 

experiments from CIMMYT. Growth of axile and lateral roots on germination blotter in 

pouches was measured non-destructively between 3 and 9 days after germination. Plants were 

harvested when two leaves were fully developed (V2 stage); and the leaf area, leaf chlorophyll 

content (SPAD) and quantum efficiency of photosystem II (ΦPSII) were measured. Growth of 

axile and lateral roots in a sand-clay mixture in 80-cm growth columns was measured 

destructively at the V2, V4 and V6 stage. All root lengths were measured by digital image 

analysis. Lateral roots grew exponentially (kLat), while axile roots grew linearly (ERAx). 

In the abiotic stress experiment, H16 and CML444 had a high proportion of axile roots, while 

SC-Malawi, K64R, P1 and P2 had a high proportion of lateral roots, irrespective of the 

treatment. In response to stress, kLat and ERAx were reduced. In response to desiccation stress, 

ERAx was reduced in favor of the primary axile root (LPrAx). However, there were no 

differences among genotypes indicating that desiccation tolerance of the root system may not 

be of major importance for drought resistance in the field. Instead, genotype H16 was most 

tolerant to Al; H16, CML444 and SC-Malawi were most tolerant to heat. As H16 and 

CML444 formed a root system with a high proportion of axile roots, their resistance to 
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drought in the field might be caused by the formation of a deep rooting system avoiding 

desiccation. 

Lateral and axile root length in pouches were predictive for the length of the respective root 

type (lateral and axile) at the V4 and the V6 stage in growth columns (r
2
 ranging from 0.53-

0.75). Therefore, root traits measured at and early developmental stage could be used to gain 

information about later root development in a more natural substrate. 

In the mapping experiment, QTLs were identified for ERAx (4), kLat (3), the number of axile 

roots (NoAx ; 4), and LPrAx (1). A QTL for general root vigor (bins 2.04 to 2.05) affecting kLat, 

ERAx and NoAx was identified. Furthermore, positive collocations with grain yield and kernel 

number were identified for NoAx and ERAx (bins 1.03, 1.08, 7.04). This indicates that root 

QTLs at the seedling stage also control root morphology at later developmental stages leading 

to enhanced water and nutrient uptake. QTLs for ERAx and NoAx (bins 1.03 and 1.08) and kLat 

(bins 2.04-05) collocated with root QTLs in several populations. This indicates that these are 

major loci controlling root traits which could be used to tailor root systems. Thereby it could 

be aimed for a root system with less lateral roots but longer and deeper axile roots. 

A strong photosynthetic performance and a rapid leaf development are indispensable for a 

good plant performance. CML444 constitutively formed smaller leaves with higher leaf 

chlorophyll content than SC-Malawi. Ten QTLs were identified for ΦPSII (4), SPAD (3) and 

the specific leaf area (SLA) (3). The relevance of these QTLs for yield formation was 

underlined by seven collocations (bins 5.01, 7.03, 8.05) with QTLs for kernel number and 

grain yield (Messmer, 2006). QTLs for SPAD in pouches and at the reproductive stage did not 

collocate, indicating a different genetic control. 

In summary, a large genotypic variation for root morphology was observed. The three 

genotypes tolerant to drought in the field did not show a common root morphology; but two 

had a greater proportion of axile roots. A root morphology allowing the avoidance of 

desiccation seems to be more important than mechanisms conveying tolerance of desiccation. 

QTLs identified could be used to tailor a root system more efficient with respect to 

desiccation avoidance. Thereby the impact of seasonal drought on crop yield could be 

reduced. 
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Zusammenfassung 

Dürrestress ist der für die landwirtschaftliche Produktion am stärksten limitierende Faktor. 

Einhergehend mit dem erwarteten globalen Temperaturanstieg wird Dürrestress an Bedeutung 

gewinnen. Verschärfend kommt hinzu, dass 50% der landwirtschaftlich nutzbaren Flächen 

sauer, und dadurch anfällig auf Aluminiumtoxizität sind. Es werden daher Wurzelsysteme mit 

Toleranzen gegenüber abiotischem Stress benötigt. Zum Beispiel könnte eine schnell 

wachsende, dürrereertragende und aluminiumtolerante Axialwurzel, in einem 

aluminiumhaltigen Boden tiefe Grundwasserreserven erschliessen. Es wird erwartet, dass 

Maisgenotypen, die in solchen Umwelten selektiert wurden, Toleranzallele gegenüber diesen 

Stressen kombinieren. Das Ziel dieser Studie war es die Auswirkung genetischer Unterschiede 

und deren phänotypische Ausprägung in Bezug auf Wurzelmorphologie und 

Wurzelarchitektur in 6 tropischen Maisinzuchtlinien unter optimalen Bedingungen sowie 

unter Trocken- Hitze- und Aluminiumstress zu quantifizieren. 

Dazu wurden drei Experimente durchgeführt:  i) abiotischer Stress in „Pouches“ (bestehend 

aus mit Plastikfolie bedecktem Keimpapier),  ii) Wurzelarchitektur in PVC-Röhren und  iii) 

Studie zur Kartierung von quantitativen Genorten (QTL) in Pouches. Für die ersten zwei 

Versuche wurden 6 tropische Maisinzuchtlinien, basierend auf deren Leistung im Feld, 

ausgewählt: H16, CML444 und Ac7643 (P1) sind dürreresistent; K64R, SC-Malawi und 

Ac7729TZSRW (P2) dürreempfindlich. Für das QTL-Experiment wurden 236 rekombinante 

Inzuchtlinien (RIL) aus der Kreuzung zwischen CML444 und SC-Malawi verwendet. Die 

Ergebnisse wurden mit Ergebnissen aus einer bei CIMMYT durchgeführten Feldstudie 

verglichen (Messmer, 2006). Das Wachstum der Lateral und Axialwurzeln auf Keimpapier 

wurde zwischen 3 und 9 Tagen nach der Keimung nicht-destruktiv erfasst. Die Pflanzen 

wurden geerntet, wenn 2 Blätter voll entwickelt waren (V2); dabei wurde die Blattfläche, der 

Blattchlorophyllgehalt (SPAD) und die Quanteneffizienz von Photosystem II (ΦPSII) 

gemessen. Die Länge von Axial- und Lateralwurzeln in mit einer Sand–Ton Mischung 

gefüllten, 80 cm langen PVC-Röhren wurde im V2, V4 und V6-Stadium bei der Ernte 

destruktiv erfasst. Sämtliche Wurzellängen wurden mittels digitaler Bildanalyse gemessen. 

Die Lateralwurzeln wuchsen exponentiell (kLat), während die Axialwurzeln linear (ERAx) 

wuchsen. 

Im abiotischen Stressexperiment wiesen H16 und CML444 unabhängig vom Verfahren einen 

hohen Anteil an Axialwurzeln auf, während SC-Malawi, K64R, P1 und P2 ein Wurzelsystem 

mit einem hohen Anteil an Lateralwurzeln bildeten. In Abhängigkeit von Stress wurden kLat 

und ERAx reduziert. Trockenstress hatte zur Folge dass ERAx zugunsten der primären 
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Keimwurzel (LPrAx) reduziert wurde. Zwischen Genotypen konnten keine Unterschiede 

bezüglich der Toleranz auf Austrocknung festgestellt werden. Dies deutet daraufhin dass die 

im Feld beobachtete Dürreresistenz nicht auf Toleranz von Austrocknung zurückzuführen ist. 

Stattdessen war H16 tolerant gegenüber Aluminium; H16, CML444 und SC-Malawi am 

tolerantesten gegenüber Hitzestress. Da H16 und CML444 ein Wurzelsystem mit einem 

hohen Anteil an Axialwurzeln bildeten, scheint es möglich dass diese zwei Genotypen im 

Feld ein tiefes Wurzelsystem bilden, das es ihnen ermöglicht Trockenstress zu vermeiden. 

Lateral- und Axialwurzellängen im V2 Stadium in Pouches ermöglichten eine zuverlässige 

Vorhersage über die Länge der entsprechenden Wurzeltypen im V4- und V6-Stadium in PVC-

Röhren (r
2
 im Bereich von 0.51 bis 0.79). Daher können die in einem frühen Stadium 

gemessenen Merkmale dazu verwendet werden Informationen über das Wurzelwachstum in 

späteren Stadien zu gewinnen. 

Im Kartierungsversuch wurden QTLs für ERAx (4), kLat (3), die Anzahl Axialwurzeln (NoAx; 

4) sowie LPrAx (1) entdeckt. Ein QTL für allgemeine Wurzelwuchskraft, aufgezeigt durch 

Kollokationen von ERAx, kLat und NoAx, wurde in Bins 2.04-05 gefunden. Positive 

Kollokationen mit Ertragskomponenten im Feld wurden für NoAx und ERAx entdeckt (Bins 

1.03, 1.08 und 7.04). Dies deutet daraufhin dass die im Jugendstadium entdeckten QTLs fürs 

Wurzelwachstum, die Wurzelmorphologie auch in einem späteren Zeitpunkt beeinflussen und 

dabei Auswirkungen auf die Aufnahme von Wasser und Nährstoffen hat. Die Entdeckung 

kollokierender QTLs für Axialwurzeln (Bins 1.03 und 1.08) und eines QTLs für kLat (Bins 

2.04-2.07) in mehreren Populationen, deuten daraufhin dass dies ein bedeutender QTL ist, der 

dazu verwendet werden könnten die Wurzelmorphologie zu verändern. So könnte 

beispielsweise ein Wurzelsystem mit weniger Lateralwurzeln und mehr tiefreichender 

Axialwurzeln erzielt werden. 

Eine hohe Photosyntheseleistung und ein rasches Blattwachstum sind unabdingbar für eine 

rasche Pflanzenentwicklung. CML444 bildete generell kleinere Blätter mit höherem 

Chlorophyllgehalt und höherer ΦPSII als SC-Malawi. Es wurden zehn QTLs für ΦPSII (4), 

SPAD (3) und die spezifische Blattfläche (SLA) (3) entdeckt. Die Bedeutung der im 

Jungpflanzenstadium entdeckten QTLs für ΦPSII , SPAD und SLA wird durch insgesamt 

sieben Kollokationen mit QTLs für Körnerzahl und Kornertrag im Feld untermauert. Die im 

Jungpflanzenstadium entdeckten QTLs für SPAD kollokierten nicht mit QTLs für SPAD in 

späteren Entwicklungsstadien. 

Zusammenfassend halten wir fest, dass eine grosse genotypische Variation beobachtet wurde. 

Die drei auf Dürreresistenz selektierten Genotypen, wiesen keine einheitliche 
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Wurzelmorphologie auf; allerdings hatten zwei dieser Genotypen ein Wurzelsystem mit 

einem höheren Anteil Axialwurzeln. Eine Wurzelmorphologie die es den Pflanzen ermöglicht 

Austrocknung zu vermeiden scheint daher eine grössere Bedeutung zu haben als 

Mechanismen die für Toleranz bezüglich Austrocknung verantwortlich sind. Die 

identifizierten QTLs könnten dazu verwendet werden ein in Bezug auf die Vermeidung von 

Austrocknung effizienteres Wurzelsystem zu erzielen. Dadurch könnten die negativen Effekte 

von saisonaler Dürre auf den Kornertrag reduziert werden. 
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Abbreviations 
Abbreviation Definition Unit 

ADD Additive effect of an identified QTL  

ASI Anthesis silking interval D 

Bin 
Segment of a Chromosome located between two core markers on the 
maize consensus map cM 

BLUP Best linear unbiased predictor  

Chrom  Chromosome  

D50 Soil depth at which 50% of the cumulated root length is located cm 

D75 Soil depth at which 75% of the cumulated root length is located cm 

D95 Soil depth at which 95% of the cumulated root length is located cm 

DAG Days after germination D 

DAP Days after planting D 

ERAx Elongation rate of axile roots cm d
-1

 

Ext50 Extinctions standardized to 50 ml CaCl2  

ΦPSII quantum efficiency of Photosystem II µmsec
-1

m
-2

 

H
2
 broad sense heritability  

h
2
 Narrow sense heritability  

HKW Hundert kernel weight mg 

kLat Relative elongation rate of lateral roots cm d
-1

 

kLatERAx The ratio between kLat and ERAx  

LA Leaf area cm
2
 

LAx Axile root length cm 

LAxCount 

Axile root length being the product of the number of roots in a soil 
segment and the length of this segment corrected for the amount of 
roots ending in that specific soil segment  

LAxSeg Axile root length per segment cm 

LDW Leaf dry weight mg 

LLat Lateral root length cm 

LLatLAx The ratio between LLat and LAx  

LLatLAxStain The ratio between LLat and LAx obtained by staining  

LOD  Base 10 logarithm of the likelihood odds ratio  

LSeg Length of the soil column segment cm 

LWP Predwan leaf water potential MPa 

NoAx Number of axile roots  

NoLat Number of lateral roots  

NoAxSeg Number of axile roots per segment  

Peak Position with highest LOD score for an identified QTL cM 

PEG Polyethylene glycol  

PVE Percent of observed variance that is explained by an identified QTL % 

QTL Quantitative trait locus  

RDW Root dry weight Mg 

RIL Recombinant inbred line  

LPrAx Length of the primary axile root cm 

L Root length cm 

RLDD  Root length in diameter distribution  

LStain Root Length obtained by staining cm 

RSR Root-to-shoot weight ratio  

SDW Shoot dry weight mg 

SLA Specific leaf area cm
2
 mg

-1
 

SPAD Leaf chlorophyll content  

V2 Stage of 2 fully developed leaves  

V4 Stage of 4 fully developed leaves  

V6 Stage of 6 fully developed leaves  
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1 General Introduction 

1.1.1 Importance of maize for human nutrition 

On a global scale more than 800 million people suffer from energy and/or protein 

deficiencies. It is predicted that by 2010, every third person in Sub-Saharan Africa, every 

ninth person in South Asia and every twentieth person in East Asia (Clugston and Smith, 

2002) will experience a food shortage. There are many countries, in which food production 

must increase to overcome food and feed deficiencies (Flachowsky, 2003). As maize accounts 

for a high percentage of total cereal production, the successful and continuous production of 

maize is a key to global food security (Edmeades et al., 1999). Most of the grain maize 

produced globally is destined for human nutrition (Aguino, Carrion & Calvo, 1999). In Africa 

maize accounts for at least one fifth of the total daily calorie intake per capita in 12 countries 

and for more than 50% in countries like Lesotho, Zambia and Malawi (Krivanek et al., 2007). 

In West African coastal countries the estimated maize consumption per capita ranges from 41 

to 102 kg year
-1

 (Oikeh et al., 2004). 

Drought stress is one of the most important abiotic constraints to agricultural production 

(Beck et al., 1996). In conjunction with high temperatures and radiation it will have even 

stronger negative effects on agricultural production in coming decades. Fifty percent of the 

world’s potentially arable land is acidic (von Uexküll and Mutert, 1995) and, therefore, may 

contain toxic levels of aluminum. 

 

1.1.2 Impact of drought on plants 

Roots, embedded in the soil are responsible for water uptake; hence, they are the first plant 

organs to perceive a water shortage. In response to desiccation, the relative or even absolute 

size of the root might increase, depending on the root type and the intensity and duration of 

desiccation stress (e.g. van der Weele et al., 2000). Several authors (Sharp et al., 1979; van der 

Weele et al., 2000) observed increases in the root length of plants under moderate desiccation 

stress. However, severe desiccation stress resulted in an inhibition of all root types (van der 

Weele et al., 2000). In order to cope with dry environmental plants develop different strategies 

(Ludlow and Muchow (1990):  escape and resistance. While escape is related to the 

completion of the life cycle before the onset of severe stress, resistance is related to 

dehydration avoidance and tolerance. These traits are not mutually exclusive. Plants may 

exhibit both responses (Ludlow and Muchow, 1990). Desiccation tolerance depends strongly 
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on osmotic adjustment, the lowering of the osmotic potential by an increase in intracellular 

solutes in response to water deficit. This might involve the accumulation of solutes (Morgan, 

1984), more rigid cell walls or smaller cells (Wilson et al., 1980). It enables plants to continue 

photosynthesis and to use water over a wide range of soil water potentials and might be 

advantageous in situations, in which water availability varies considerably (Morgan, 1980). 

Desiccation avoidance is associated with a variety of adaptive traits involving a minimization 

of water loss and/or a maximization of water uptake. Water loss can be reduced by stomata 

closure or by a decrease in the transpiration of the leaf area, e.g. leaf rolling or leaf shedding. 

Water uptake can be improved by optimizing access to water-bearing soil layers in drying 

soils. At the whole plant level, this is predominantly achieved by the adjustment of carbon 

allocation patterns, namely by directing relatively more resources to the root system at the 

expense of the shoot (Jackson et al., 2000). At the level of the root system it can be optimized 

by a reduction in the mean root diameter. It implies a longer root system at fixed carbon costs 

and thus, increases the chance for a more thorough exploitation of water stored in the soil 

(Eissenstatt, 1992). Drought is most successfully avoided when changes in carbon allocation 

patterns result in the formation of a deep root system before the onset of a growth limiting 

water-shortage (Fisher and Turner, 1978; Blum, 1985; Bolaños et al., 1993). Deeper soil 

layers are predominantly reached by axile roots (Cahn et al., 1989, Hund et al., 2008a), since 

they show a higher vertical inclination than lateral roots and do not have determinate growth 

(McCully, 1999). Since these roots will provide water and nutrients therein solubilized to the 

plant, it is assumed that they will have an important effect on crop physiology. Sharp and 

Davies (1985) showed that soil segments with a higher rooting density proliferated more 

water to plants. In sorghum and pearl millet the ability to maintain a high leaf water status, net 

assimilation rate and plant growth rate was related to the ability to increase total root length 

and to maintain of water uptake in drying soil (Matsuura et al. (1996). The selection for maize 

genotypes with a deep root system might, therefore, be a suitable method to increase a plant’s 

ability to cope with drought stress, as proposed by Campos et al. (2004). 

 

1.1.3 Impact of high temperatures on plants 

Drought stress usually goes along with high temperature. In this conjunction drought has even 

more accentuated detrimental effects on crop production (Barnabas et al., 2008). It has been 

suggested that high soil temperature is even more detrimental to plant growth than high air 

temperatures (Xu and Huang. 2000, 2001; Huang and Xu, 2000); high soil temperatures are 

likely to occur in a row crop like maize before canopy closure. As a result, the uptake of water 
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and nutrient to the root have been shown to be reduced in various species (Gur et al., 1979; 

Graves et al., 1991; Huang et al., 1991). On the cellular level, heat stress has been shown to 

result in oxidative stress (Kochhar and Kochhar, 2005), reduced enzyme activity and 

destabilized membranes. Consequently, high root-zone temperatures decrease photosynthetic 

activity and chlorophyll accumulation and thus slow down shoot growth (He et al., 2001; 

Caers et al., 1985). Thereby, high soil temperatures reduce root growth and also entail 

reductions in shoot growth (Liu and Huang, 2005). Avoidance of heat in the root zone is 

hardly possible before until closure provides shade. An higher planting density would increase 

shading on the one hand but could endanger grain yield by early exhaustion of soil water 

reserves on the other hand (Passioura, 1983). Avoiding heat by choosing a different sowing 

date is not a solution as sowing is mostly determined by the rainy season patterns. A genetic 

approach could be planophilic orientation of leaves, which ensures a greater shading at an 

earlier stage of growth. 

For the shoot, heat stress and the ensuing damages can be prevented by morphological and 

physiological adaptations of the plant. Morphological adaptations, such as diurnal leaf 

movement and leaf rolling (Taiz and Zeiger, 2002), help to reduce the effects of high 

temperature by minimizing incident radiation and dissipating heat. 

Physiological changes in the leaf can result un cooling through an increases in transpiration. 

Since drought and high temperatures usually coincide, this is not a sustainable solution 

(Rizhsky et al., 2002). Damage resulting from excessive heat can be circumvented by the 

formation of antioxidants and heat-shock proteins in the plant. These form in response to  

sudden as well as upon a more gradual and moderate increases in temperature; heat shock 

proteins act as molecular chaperons and serve to prevent misfolding of proteins (Taiz and 

Zeiger, 2002). 

 

1.1.4 Impact of aluminum of plants 

In developing countries where acidic soils predominate (Kochian, 1995) and liming is too 

costly, aluminum toxicity has strong detrimental effects on crop production. Aluminum in soil 

is present as insoluble alumino-silicates and oxides. When the soil pH drops below 5, Al
3+

 

(Al(H2O)6
3+

) is solubilized into the soil solution. This form of aluminum seems to be the most 

rhizotoxic aluminum species (Kochian, 2005). Because Al is so reactive, many possible sites 

of injury to plants (roots) have been identified. Aluminum can potentially interfere with plants 

at the cell wall, the plasma membrane, signal transduction pathways, the root cytoskeleton and 

the nucleus (Kochian, 2005). Aluminum can enter the cytosol of cells within minutes of being 
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exposed to aluminum (e.g. Silva et al., 2000). The almost immediate root growth inhibition 

upon exposure to aluminum indicates that aluminum quickly disrupts root cell expansion, 

prior to the inhibition of cell division (Frantzios et al., 2001). Prolonged exposure to 

aluminum leads to interactions with the root cell nuclei, resulting in disruption of cell division 

and the cytoskeleton (Silva et al., 2000). As a result, growth and function of the root are 

impaired entailing considerable yield losses. 

The most important mechanisms of aluminum tolerance are soil alkalinization, aluminum 

complexation and aluminum compartmentation. Alkalinization of the rhizosphere relies on the 

fact that toxic aluminum species become less available with increasing pH (Kochian, 2004). 

Aluminum exclusion is related to the ability of plants to excrete organic acids (predominantly 

citric acid and oxalate in maize) and phenolics (Barcelo and Poschenrieder, 2002). As a result 

aluminum in the rhizosphere is chelated and is thereby prevented from entering the root 

(Miyaska et al., 1991). Internal detoxification relies on complexation of aluminum by organic 

acids in the symplast and subsequent sequestration to the vacuole (Kochian, 2004). However, 

there is still no evidence for the activity of this mechanism in maize. 

 

1.1.5 Little research has been devoted to roots 

As roots are embedded in the soil, it is assumed that they are the first plant organs perceiving 

changes in the soil medium. Nevertheless, the majority of studies on abiotic stress deal with 

above-ground plant parameters (Stasovski and Peterson, 1991). The root system has hardly 

been studied (Payero et al., 2006) or in some studies, is ignored (e.g. Ribaut et al., 1996; 

Grzesiak et al., 2006). Unfortunately, assessment of the root morphology of maize at the 

reproductive stage is hardly feasible. This is due mainly to certain factors which make it 

difficult to investigate the root. Investigation of root systems in soil is predominantly done 

destructively, and the analysis of the root system is usually time-consuming. Furthermore, 

mechanical damage to the roots, due to excavation, extraction and handling, is unavoidable.  

 

1.1.6 Identifying the genetic basis of morphophysiological traits by mapping QTLs 

Genetic maps, based on molecular markers, have become available over the last two decades, 

and an alternative approach to traditional phenotypic selection of target traits has been 

developed: Marker Assisted Selection (MAS) for quantitative trait loci (QTL) identified for 

target traits. QTLs are considered to be chromosomal locations of individual genes or groups 

of genes that influence complex traits. MAS for QTLs has the potential to increase the 
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efficiency of traditional breeding strategies for improvement of varieties as reported by Ribaut 

and Ragot (2007). In most cases, the first steps in MAS-based introgression programs are the 

identification and mapping of the chromosomal segments targeted for transfer to the desired 

maize line (Stuber et al., 1999). Typically a QTL study includes an accurate phenotypic 

evaluation of an adequately large mapping population, its molecular mapping profile and a 

statistical analysis of the association between a phenotype and a marker genotype (Tuberosa et 

al., 2002). Thus far this approach has been scarcely applied for root traits due to the shear 

amount of work required phenotyping roots in QTL mapping studies. 

 

1.1.7 The pouch system allows for the evaluation of large sets of genotypes 

A system suitable to map QTLs for root traits is the growth pouch system. Growth pouches 

were used by Bonser et al. (1996) and Liao et al. (2001, 2004). Hund et al. (2008b) enhanced 

the pouch system to allow for the repeated, non-destructive scanning of root length in pouches 

followed by digital image analyses. It has a high throughput, and allows for non-destructive 

sampling and the evaluation of large sets of genotypes (e.g. as required for QTL mapping), 

including the temporal development of their roots’. 

 

1.2 Application of environmental stress to plants in growth pouches 

1.2.1 Desiccation stress can be applied by Polyethylene glycol 8000 

The pouch system allows for the exposure of plants (and their roots) to controlled 

environmental conditions. Traditionally simulation of drought has been achieved mainly by 

withholding water. A similar effect can also be produced by exposing roots to a nutrient 

solution containing an osmolyte. Adding chemical compounds increases the osmotic pressure 

of the nutrient solution/growth substrate, thereby lowering water potential and making it more 

difficult for plants to take up water. Chemical compounds used to induce desiccation stress 

can be divided in permeant (to biological membranes) and non-permeant compounds. 

Depending on the molecular weight, these compounds enter plant tissue and may damage 

plant cells. Lagerwerff et al. (1961) were the first to indicate that PEG can be used to modify 

the osmotic potential of nutrient solutions and, thus, induce a water deficit in in the plants a 

relatively controlled manner. Since then, PEG of different molecular weight has been used to 

study water relations in plants in various growth systems (Lawlor, 1970; Oertli, 1985; van der 

Weele et al., 2000, Nayyar and Gupta, 2006; Sanguineti et al., 2006). It is probably desirable 
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to use a compound, which does not interact with plants in any other way than lowering the 

osmotic potential of the solution, as required for physiological studies. Such a compound is 

PEG8000 (Verslues et al., 1998). 

 

1.2.2 Application of heat stress 

The optimal temperature for maize growth is approximately 30°C. Changes in temperature 

will unavoidably lead to reductions in or a retardation of plant growth. Several approaches 

have been used to evaluate the plant response to changes in temperature. Together with the 

subjection of plants to ambient temperatures in hot environments, other systems with more 

controllable conditions have been used (e.g. Machado et al., 2001). Accordingly, experiments 

were conducted in growth chambers with controlled temperature or in growth systems, in 

which the temperature around the root and shoot could be adjusted independently. Conducting 

heat stress experiments under controlled conditions is advisable, because heat stress usually 

coincides with drought in the field. In order assess only the effects of heat, the effects of 

drought must be excluded, since a combination of both leads to more accentuated detrimental 

effects (Barnabas et al., 2008). Provided that sufficient water is available to plants, 

temperature stress can also be applied to plants in growth pouches by appropriately altering 

the temperature in the growth chamber. 

 

1.2.3 Application of  AlCl3 to induce aluminum stress 

The most toxic form of aluminum is Al
3+

 (Kochian, 1995). So far artificial aluminum stress 

has been induced mainly by applying AlCl3. Since the toxic form of Al is only solubilized into 

nutrient/soil solution at pH below 5 (Kochian, 2004), the pH must be adjusted accordingly. 

Aluminum stress has been applied in hydroponics (e.g. Kumari et al., 2008; Giannakoula et 

al., 2008), in pots, in the field (de Souza et al., 2000) as well as on germination paper (Tamas 

et al., 2006) with different levels of aluminum saturation. Callose formation (Stass et al., 

2006), aluminum concentration in the root tip and root growth inhibition have been used 

(Collet et al., 2002) as indicators of the prevalence of alumium. In order to screen tropical 

maize inbred lines for tolerance to aluminum in pouches, AlCl3 should be applied at different 

concentrations in the nutrient solution. In order to evaluate the impact of AlCl3 on plants, root 

dynamics could be monitored as a reliable indicator of the prevalence of aluminum. 
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1.3 Breeding for stress tolerance is necessary to maintain or augment yields 

Selection for drought resistance has been carried out by selecting plants for high yields under 

drought-stressed conditions. Selection for grain yield under severe drought stress has been 

considered to be inefficient. Due to small genetic variance and poorly understood genotype-

by-environment interactions, the estimate of heritability of grain yield has been observed to 

decline as yields fall (Bolanos et al., 1993). Under these conditions, secondary traits may 

increase selection efficiency, provided they have high adaptive value, high heritability and are 

easy to measure (Bolanos et al., 1993). Desirable secondary traits associated with better 

performance under drought include those, which allow plants to gain access to, and absorb a 

greater volume of soil water, to reduce rates of water loss and to maintain high physiological 

activity at low water potential. Bolanos et al. (1993) state that from 1975 recurrent selection of 

Tuxpeno germplasm was implemented, using an index including amongst others grain yield 

and anthesis silking interval (ASI) under drought stressed conditions. A wider ASI (Edmeades 

et al., 1999) at suboptimal water availability is caused by delayed silk proliferation (Schoper 

et al., 1987), resulting in low fertilization of the ovule. As a result of the lower fecundation 

rate, fewer kernels form per ear. 

The selection for maize genotypes having a deep root system would therefore be a suitable 

method to increase a plants ability to cope with drought stress as has been proposed by several 

authors (e.g. Campos et al., 2004; Richards et al., 1996). It would allow plants to avoid 

desiccation and to maintain physiological processes. 

 

1.4 Selection for drought tolerance in sub-Saharan Africa probably led to co-selection 

for heat and aluminum tolerance 

Selection of tropical maize inbred lines for drought tolerance has been carried out in mega-

environments, where drought (in combination with high temperatures) is not the only stress. 

As reported by Bänziger et al. (2006) and Nyamangara et al. (2000) selection for drought 

tolerant plant material in Zimbabwe was, in part, carried out on soils with a pH below 4.5. 

The predominating palentustalfs and kandiustalfs (Nyamangara et al., 2000; USDA Natural 

Resources Conservation Service; Soil Survey Division World Soil Resources) probably 

solubilize aluminum into the soil solution at pH below 4.5. As toxic forms of aluminum are 

solubilized into the soil solution at a pH below 5 (Kochian, 2005), inhibiting growth and 

function of roots, plant performance would have been further reduced due to aluminum 
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effects, unless plants were able to cope with such conditions. Selection for drought tolerance, 

probably led, therefore, to co-selection for heat and aluminum tolerance. 

 

1.5 Objectives 

We hypothesized that a specific root morphology exists for genotypes that were selected for 

an adaptation to dry environments. This led to the general objective to assess the root systems 

of contrasting tropical maize (Zea mays L.) genotypes for their morphology and growth and 

for their response to Al, heat, and desiccation. This was done in three steps: 

i)  abiotic stress in growth pouches:  investigation of constitutive and stress adaptive root 

morphology of preselected tropical maize inbred lines in pouches (see Chapter 2). 

ii)  root architecture in PVC columns: As quantitative genetic studies demand a high 

throughput system providing accurate data, it is intended to use the pouch system instead of 

the better known growth columns. However results obtained in pouches need to be validated. 

A comparison of results obtained in the pouch system will therefore be made with trait values 

measured at later growth stages in growth columns. Concurrently a method speeding up root 

measurements in soil columns will be tested (see Chapter 3). 

iii)  mapping of QTL in growth pouches: Analysis of the genetic basis responsible for root 

morphology that allows coping with selected abiotic stresses. For this purpose a recombinant 

inbred line (RIL) population of parental lines with divergent root morphology could be used 

(see Chapter 4).  

Beside a well developed root system a strong photosynthetic performance and a rapid leaf 

development are indispensable for a good plant performance (see Chapter 5). 
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2 Seedling root growth of tropical maize lines at various abiotic stresses 

2.1 Introduction 

Drought stress is one of the most important abiotic constraints to agricultural production 

(Beck et al., 1996). In conjunction with high temperatures and radiation it will have even 

larger negative effects on agricultural production in coming decades. Additionally 50% of the 

world’s potentially arable land is acidic (von Uexküll and Mutert, 1995) and therefore has the 

potential of aluminum toxicity. Aluminum toxicity has large detrimental effects on crop 

production, especially in developing countries, where acid soils coincide with soils derived 

from bedrocks containing aluminum (Kochian, 1995) and liming is not feasible due to lack of 

funds. In order to maintain economically acceptable yields, plants need to cope with drought, 

high temperatures and aluminum toxicity. In this context the continuous adaptation of maize 

to these constraints is indispensable as maize accounts for a high percentage of total cereal 

production and the successful production of maize is a key to global food security (Edmeades 

et al., 1999). 

Roots, embedded in the soil, are responsible for water uptake. Hence, they are the first plant 

organs sensing water shortage. In response to desiccation, relative or even absolute size of the 

root might increase, depending on the root type and the intensity and the duration of 

desiccation stress (e.g. van der Weele et al., 2000). Several authors (Sharp et al., 1979; van 

der Weele et al., 2000) observed increases in the root length of plants under moderate 

desiccation stress. However, severe desiccation stress resulted in an inhibition of all root types 

(van der Weele et al., 2000). 

Plants resistance to drought may follow different strategies: escape, avoidance and tolerance 

(Levitt, 1972; Turner, 1986; Ludlow and Muchow, 1990). Escape relies on successfully 

completing growth before the onset of drought stress. Tolerance of desiccation highly 

depends on osmotic adjustment, the lowering of the osmotic potential by an increase in 

intracellular solutes. Drought avoidance depends on a variety of traits which contribute to 

minimize water loss and maximize water uptake (Ehleringer and Cooper, 1992). 

At the whole plant level, desiccation avoidance can be achieved by the adjustment of carbon 

allocation patterns, namely by directing more resources to the root system at the expense of 

the shoot (Jackson et al., 2000). Drought will be most successfully avoided when changes in 

carbon allocation patterns result in the formation of a deep root system before the onset of 

growth limiting water shortage (Bolaños et al., 1993; Fisher and Turner, 1978; Blum, 1985). 
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The formation of such a deep root system will subsequently allow the plant to tap water 

reserves in deeper soil layers (Weerathaworn et al., 1992)  

Drought stress usually goes along with high temperature. In this conjunction drought has even 

more accentuated detrimental effects on crop production (Barnabas et al., 2008). High soil 

temperatures have been suggested to be more detrimental to plant growth than high air 

temperatures (Xu and Huang 2000, 2001; Huang and Xu, 2000); high soil temperatures are 

likely to occur in a row crop like maize before canopy closure. As a result of increased 

temperatures water and nutrient uptake to the root have been shown to be reduced in various 

species (Gur et al., 1979; Graves et al., 1991; Huang et al., 1991). On the cellular level, heat 

stress has been shown to result in oxidative stress (Kochhar and Kochhar, 2005), reduced 

enzyme activity and destabilized membranes. Consequently, high root-zone temperatures 

decrease photosynthetic activity and chlorophyll accumulation entailing reductions in shoot 

growth (He et al., 2001; Caers et al., 1985; Liu and Huang, 2005). Avoidance of heat in the 

root zone is hardly possible before canopy closure provides shade. An increased planting 

density would on the one hand increase shading but on the other hand could endanger grain 

yield by early exhaustion of soil water reserves (Passioura, 1983). Avoiding heat by choosing 

a different sowing date is not a solution as sowing is mostly determined by the rainy season 

patterns. A genetic approach could be to stay or return to the planophile, i.e. mostly horizontal 

orientation of leaves that provides more shading at an earlier stage. Leaves would 

subsequently be able to dissipate heat by increased transpiration (Taiz and Zeiger, 2002). 

Aluminum toxicity has large detrimental effects on crop production. At pH below 5, 

aluminum is solubilized into the soil solution (Kochian, 2005). As a result root growth and 

function are impaired entailing considerable yield losses. In the short run Al has a direct toxic 

effect on microtubules within the transition zone (located between the meristem and the zone 

of elongation, Baluska et al., 2001) of the root leading to a reduction in root elongation and 

distorted growth (Schwarzerova et al., 2002) upon contact with aluminum. Prolonged 

exposure to aluminum damages cell walls, plasma membranes and signal transduction 

pathways (Kochian, 2004) and results in an arrest of the cell cycle in root tip cells (Baluska et 

al., 2001). 

Prevention of aluminum from entering the roots system is the most important mechanism 

involved in aluminum tolerance in maize (Kinraide et al., 2005). This is achieved by 

alkalinization of the soil rhizosphere and by chelation of toxic aluminum compounds in the 

rhizosphere. Alkalinization of the rhizosphere by the plant has been shown to result in 

changes of up to two pH units, at a distance of 2-3 mm from the root surface (Hinsinger et al., 
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2003). Thereby the amount of toxic aluminum species is reduced. Aluminum exclusion by 

chelation is related to the ability of plants to excrete organic acid (mainly citrate and oxalate 

in maize; Kochian, 2005) and phenolics (catechin and quercentin; Barcelo and Poschenrieder, 

2002). As aluminum is chelated in the rhizosphere, it is prevented to penetrate the root. 

Although desiccation stress in conjunction with high temperatures is the most important 

abiotic stress for tropical maize production, selection was mainly effected with a focus on 

drought tolerance in the field. Selection for drought tolerant genotypes occurred in 

environments where drought (in combination with high temperatures) was not the only stress.  

As reported by Bänziger et al. (2006) selection for drought tolerant plant material by 

CIMMYT in Zimbabwe was in part carried out on soils with low pH. The predominating 

palentustalfs and kandiustalfs (Nyamangara et al., 2000) are likely to solubilize aluminum 

into the soil solution at pH below 4.5. It is therefore likely that plants’ roots were subjected to 

aluminum in the soil. 

Investigations of root systems in the soil are predominantly done destructively and are time-

consuming. So-called growth pouches, consisting of a piece of blotting paper covered with 

plastic film, are well suited for the phenotyping of the root system at the seedling stage and 

allow the application of stress. Pouches were used to investigate root angle of common beans 

in response to high and low P (Bonser et al., 1996), to investigate desiccation tolerance in 

tropical maize (Trachsel et al., 2008) and to assess heat tolerance in temperate elite 

germplasm (Regina Reimer, personal communication). Similarly Tamas et al. (2006) used 

germination blotter, as contained in pouches, to screen barley roots for aluminum tolerance. 

At the seedling stage trait values measured might be biased by effects of the seed size on 

germination (e.g. Pommel, 2005). In order to reduce these effects Hund et al. (2008) 

suggested repeated measurements on the same seedlings by digital image analysis. 

As outlined above it was hypothesized that tolerance of the root system to heat and aluminum 

stress was co-selected by the selection towards high yield under drought stressed conditions. 

The aims here were:  i) to separately ascertain differences in seedling tolerance towards 

desiccation, aluminum and heat in tropical maize inbred lines used by CIMMYT  ii) to 

evaluate whether selection strategies for drought tolerance at anthesis had an impact on early 

root morphology under such conditions. 
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2.2 Materials and Methods 

2.2.1 Plant Material 

In the present study six tropical maize inbred lines were used according to CIMMYT 

experience on their contrasting performance from field drought tests. H16, CML444 and 

Ac7643 (P1) were selected for short ASI, resulting in good performance under drought 

stressed conditions; K64R, SC-Malawi and Ac7729TZSRW (P2) are genotypes known to be 

drought susceptible under field conditions. CML247 was dropped from the analysis since 

only few plants germinated. 

 

2.2.2 Growth conditions 

Pregerminated seeds were transferred to moistened blotting paper (Anchor Paper, St. Paul, 

MN, USA) which was placed in growth pouches (21 cm width x 30 cm length) as these allow 

a rapid and very early repeatable measurement ( Hund et al., 2008b). They were placed 

upright into 27 cm width x 37 cm length x 32 cm height plastic containers containing 4 l of a 

modified Hoagland solution (5 mM KNO3 , 5 mM Ca(NO3)2, 2 mM MgSO4, 1 mM KH2PO4). 

The containers were placed in a growth chamber (PGW36 Conviron, Winnipeg, MB, Canada) 

at a temperature of 27° C at the seed level, a relative humidity of 70% and a photosynthetic 

active radiation of 400 µmol sec
-1 

m
-2

 at a photoperiod of 12 h. 

 

2.2.3 Experimental design and statistics 

The treatments series (PEG8000, temperature and aluminum) were investigated in three 

independent experiments under similar environmental conditions. Each of the three stress 

experiments (desiccation, aluminum and heat) included a non-stressed control treatment. Each 

experiment was carried out in two growth chambers with three consecutive runs translating 

into a split-split-split-plot design. 6 genotypes were randomly assigned to n treatments, were n 

was four for the aluminum experiment, three for the desiccation experiment and 2 for the 

temperature experiment. The treatments were randomly assigned to plastic containers within 

the growth chamber for the aluminum and desiccation experiment, while treatments were 

randomly assigned to growth chambers for the temperature experiment. 
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Genotype comparison under non-stressed conditions  

Control treatments slightly differed depending on the stress to be applied in the specific 

experiment. In the desiccation and aluminum experiments pouches were daily immersed in 

treatment solutions. For the temperature experiment, the lowest 2 cm of the pouches were 

permanently hung in nutrient solution to prevent strong fluctuations of the water content in 

the pouches as a result of higher evaporation. In the aluminum stress experiment pH was 

adjusted to 4.3 in order to solubilize aluminum in the treatment solution, while for the 

desiccation and the heat stress experiment pH remained at 5.8. Due to confounding effects 

between experiments and growth chamber runs, differences between experiments (pH and 

watering management) were not tested here. The mixed linear model used for the analysis of 

traits measured under non-stressed conditions was: 

 

Yijkl = µ + αi + βj + (αβ)ij +rk +(rβ)jk+bjkl+εijkl 

 

where Yijk is the trait value of the ith genotype within the jth experiment (j = 1,…,3) within the 

kth growth chamber run (k = 1,…,9) and the lth block (l = 1,2); α the main effect of the 

genotype, β the main effect of the experiment, αβ the genotype-by-experiment interaction, r 

the effect of the growth chamber, b the effect of the position of the plastic container within 

growth chamber, and εijk the sub-plot error (residual). All but r, rβ, b and εijk were fixed 

effects. The R package asreml (Butler, 2006) was used for the calculation. 

The repeatability across the replications with j = 3 subsamples per growth chamber run was 

calculated according to (Falconer and Mackkay, 1996): 
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G , σ
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GE and σ
2

e are the ANOVA estimates of the variance for genotype, genotype-by-

experiment and error, respectively. σ
2

G has two components: VG and VEG. VG is the genetic 

variance and VEG the general experimental variance associated with the permanent differences 

between individuals. j is the number of experiments and k is the number of growth chamber 

runs. 

The princomp() function of the R package ‘stats’ (R development core team) was used for the 

calculation and evaluation of the principal components. The data was graphed as scaled 

column metric preserving biplot using the function g.biplot() of R (Werner Stahel, personal 

communication) using standardized variables.  
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Analysis of Stress experiments 

The mixed linear model applied to analyze the stress experiments was: 

 

Yijkl = µ + αi + βj + (αβ)ij + (rβ)kj+ rk+bjkl+εijkl 

 

where Yijk is the trait value of the ith genotype within the jth treatment within the kth growth 

chamber run (k = 1,…,3) and the lth block (l = 1,2); α the main effect of the genotype, β the 

main effect of the treatment, αβ the genotype-by-treatment interaction, r the effect of the 

growth chamber, rβ the growth chamber-by-treatment interaction, b the effect of the position 

of the plastic container within the growth chamber, and εijkl the sub-plot error (residual). All 

effects were fixed, except for r and the random error terms rβ, b and εijk. 

Analysis of variance was performed using the GLM procedure in NCSS (Number Cruncher 

System, Kaysville, UT, USA). Comparisons among treatment levels and among genotypes 

were carried out using the Tukey-Kramer multiple comparison test. 

 

2.2.4 Application of Stress treatments 

According to pretests (data not shown) the nutrient solution was removed for plants to be 

subjected to the desiccation and aluminum stress solutions on DAG 3, whereas the nutrient 

solution remained in place for the plants included in the temperature stress experiments in 

order to compensate for increased levels of transpiration. Subsequently, plants subjected to 

the desiccation and aluminum treatments were immersed daily in their respective treatment 

solutions for 10 minutes. Aluminum was applied in concentrations of 0 mM, 5 mM, 10 mM 

and 15 mM. The pH of the aluminum treatment solutions was adjusted daily to 4.3 before 

immersion of the plants. In order to induce desiccation, PEG8000 was applied in 

concentrations of 15% and 20% (w/w). Changes in temperature were achieved by raising the 

temperature in one of the two growth chambers to 37° C. 

 

2.2.5 Digital root measurements 

Root measurements were carried out non-destructively by scanning the roots in the growth 

pouches as described by Hund et al. (2008b). Accordingly, pouches were scanned on days 4, 

6, 8 and 10 after germination (DAG). The acquired 24 bit images were converted to 1 bit 

images in Adobe Photoshop (Adobe Systems Inc., San Jose, Ca, USA) as described by Hund 

et al. (2008b). Subsequently, 1 bit images were processed in WinRHIZO (Regent instruments, 
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Montreal, QC, Canada) and the root lengths of lateral and axile roots were extracted from the 

root-length-in-diameter class distribution (RLDD) as described by Hund et al. (2008b). The 

length of the primary axile root (LPrAx) was determined on non-processed images acquired on 

the first and the last day of measurement. The length of the primary axile root (LPrAx) was 

determined manually on non-processed images acquired on the first and the last day of 

measurement. The elongation rate of the primary root (ERPrAx) was calculated as the 

increment in length divided by the number of days between the first and the last measurement. 

The linear density of lateral roots was measured by counting the lateral roots on the primary 

axile root and on a representative seminal root at 2 cm from the top of the pouch on a 4 cm 

segment. 

2.2.6 Root growth analysis 

Axile roots exhibited a linear growth pattern. Their length was modeled according to: 
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where x(t) is the root length at time t after germination, x(t0) is the root length at the first day 

of scanning (DAG 4), whereas a represents the elongation rate per day. Lateral roots exhibited 

an exponential growth pattern and data was fit as: 
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2.2.7 Harvest 

The plants were harvested on DAG 11. Leaf area (LA) was measured using a Li-3000A (LI-

COR Biosciences, Lincoln, NE, USA). The predawn leaf water potential (LWP) of freshly 

dissected shoots was measured with a pressure chamber (Plant water status console 3000, Soil 

Moisture Equipment Corporation, Santa Barbara, CA, USA) using the method of Scholander 

et al. (1965). Dry weights of the shoots (SDW) and the roots (RDW) were determined after 

drying for 72h at 65° C. 

Phenotypic Pearson’s correlations between pairs of traits were estimated using the function 

cor.test() in R (R Development Core Team, 2008). Significant correlations with 

0.44 ≤ r ≤ 0.71, 0.71 < r ≤0.89, 0.89 < r, are declared weak, moderate and strong, respectively. 

 



 26 

2.3 Results 

2.3.1 A high repeatability across experiments could be ascertained 

Differences between experiments in pH and watering management had minor impacts on 

measured trait values across stress experiments. Except for NoAx (37%) repeatability between 

experiments ranged from 75% (ERPrAx) to 92% (kLat) (Table 2.1). The high repeatability 

indicated that the differences in pH, watering management and different growth chambers had 

only minor effects on the genotype-by-environment interaction. The effects of pH and water 

management were not tested separately since different growth chambers were used and the 

factors were, therefore, confounded with the factor growth chamber. 

2.3.2 Correlations based on values obtained under optimal growth conditions 

LS-means of the trait values of the control treatment were correlated. Hierarchical dependent 

root traits like RDW and the leaf area were closely correlated, indicating an allometric 

relationship between growth of root traits and the leaf area (Table 2.2). Since elongation rates 

of lateral and axile roots are the result of number and length of lateral and axile roots, 

respectively, a strong correlation with their number and final lengths is not surprising; 

similarly, the ratio between kLat and ERAx showed a strong negative correlation with ERAx. 

ERAx showed a strong positive correlation with RDW, while the contribution of kLat to the 

ratio of kLat and ERAx was not significant. 

 
Table 2.2: Pearson’s phenotypic correlation coefficients among traits measured for CML444, SC-
Malawi, H16, K64R, P1 and P2: hundred kernel weight (HKW), lateral root length (LLat), the linear 
density of lateral root (LinLat) axile root length (LAx), the relative elongation rate of lateral roots (kLat), 
the elongation rate of axile roots (ERAx), the ratio between kLat and ERAx (kLatERAx), the number of 
axile roots (NoAx), the elongation rate of the primary root (ERPrAx), the root dry weight (RDW) and 
leaf area (LA). 

  LAx kLatERAx kLat ERAx NoLat NoAx ERPrAx RDW LA 

LLat 0.38*** -0.14 0.53*** 0.29*** 0.71*** 0.16 0.29*** 0.49** 0.59*** 

LAx  -0.83*** 0.29** 0.96*** 0.65*** 0.47*** 0.35** 0.44*** 0.39*** 

kLatERAx  -0.013 -0.82*** -0.41** -0.49*** -0.31** -0.29 -0.21 

kLat    0.32** 0.38** 0.023 0.33** 0.038 0.36 

ERAx     0.58*** 0.41*** 0.38** 0.32** 0.28* 

LinLat      0.46** 0.2 0.66*** 0.77* 

NoAx       0.003** 0.32** 0.25* 

ERPrAx        0.22 0.22* 

RDW                 0.63*** 
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2.3.3 Differentiation of genotypes according to the key traits kLat, ERAx , ERPrAx and LA 

under non-stressed conditions 

The values obtained in the control treatments of the three experiments were used to compare 

genotypes under non-stressed conditions by the means of a PCA. The root system is best  
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Table 2.1: Means and repeatability determined for the 6 inbred lines under control conditions of the three experiments. Traits were the relative 
elongation rate of lateral roots (kLat), the elongation rate of axile roots (ERAx), the ratio between kLat and ERAx (kLatERAx), the elongation rate of 
the primary root (ERPrAx), root dry weight (RDW), predawn leaf water potential (LWP), leaf area (LA), the number of axile roots (NoAx) and the 

linea of  density of lateral roots (LinLat). Mean values followed by the same letter are not significantly different at p = 0.05. 

 

 kLat  ERAx  kLatERAx  ERPrAx  NoAx  LinLat  RDW  LWP  LA  

  (cm d
-1

)   (cm d
-1

)       (cm d
-1

)           (mg)   (-MPa)   (cm
2
)   

Repeatability (%)  92  82  81  75  37  na
1)

  81    84  

                   

                   

                   

Genotype mean   mean   mean   mean   mean   mean   mean   mean   mean   

CML444 0.429 
a
 7.58 

a
 0.0604 

a
 1.87 

a
 5.23  3.96 

a
 63.4 

a
 0.174 

a
 18.5 

a
 

SC-Malawi 0.511 
b
 5.51 

b
 0.0916 

bc
 1.78 

b
 4.47  5.79 

b
 68.8 

ab
 0.12 

b
 26.5 

b
 

H16 0.462 
a
 6.87 

abc
 0.0702 

ade
 2.41  4.5  3.74 

a
 69.3 

ab
 0.111 

b
 22.6 

ab
 

K64R 0.552 
bc

 6.28 
abc

 0.091 
ce

 2.35 
a
 3.74  4.7  61 

ab
 0.114 

b
 14.5 

c
 

P1 0.598 
c
 8.45 

ac
 0.0701 

ad
 2.15 

a
 5.42  5.53  77.7 

bc
 0.138 

b
 27 

b
 

P2 0.529 
bc

 9.91 
c
 0.0615 

a
 2.07 

a
 5.02   4.02 

 
 88.9 

c
 0.126 

b
 24.3 

b
 

1)
 trait could not be computed 
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described by traits determining axile (ERAx), lateral root growth (kLat) and ERPrAx which 

indicates the contribution of the primary root to the entire root system. By furthermore adding 

LA to the analysis it becomes possible to relate root traits to shoot parameters. Thereby 

genotypes can be described and differences among genotypes be identified. The first two 

components account for 54 % and 38 % of the observed variability, respectively (data not 

shown). The first principal component (Comp.1) has high positive loadings for kLat, ERAx, 

ERPrAx and LA, as indicated by the length of the arrows in Figure 2.1. Comp.1 can be 

interpreted as representing general vigor (Fig. 2.1). The second principal component 

(Comp.2) has high positive loadings for kLat and LA and negative loadings for ERAx and 

ERPrAx. It therefore differentiates between genotypes mainly growing axile roots and 

genotypes  

 

Figure 2.1: Column metric preserving biplot based on standardized 

variables showing the principal components 1 and 2. Variables are leaf 

area (LA), relative elongation rate of lateral roots (kLat ), elongation rate 

of axile roots (ERAx ) and the elongation rate of the primary root 

(PrimLen) for the 6 tropical maize inbred lines measured under non-

stressed conditions in all three stress-experiments. 

 

exhibiting strong lateral root growth going along with a large LA. P1 and P2 showed the 

highest vigor (Fig. 2.1) and they also produced the highest RDW (78 mg and 89 mg; Table 

2.1). CML444, H16 and SC-Malawi were genotypes with lower vigor. SC-Malawi and P1 had 
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a strong lateral root growth going along with a large LA. As a result of a low kLat (CML444) 

and a small LA (K64R) CML444 and K64R could be found at the lower end of Comp. 2. 

 

2.3.4 Differences among Genotypes under non-stressed conditions 

Independent of LA and expected water losses through transpiration, highest predawn LWP 

were identified for H16, K64R and SC-Malawi (-0.115 MPa), while at the other end CML444 

had the lowest one (-0.174 MPa). H16 and CML444 had a weak lateral root growth, reflected 

by low kLat (0.45 and 0.42 cm d
-1

) and low LinLat (3.74 and 3.96 cm
-1

), whereas lateral roots of 

P1 grew more vigorously (Table 2.2), reflected by high kLat (0.59 cm d
-1

); while SC-Malawi 

formed more lateral roots as indicated by the highest values measured for LinLat (5.79 cm
-1

). 

Low ERAx (5.5 cm d
-1

) for SC-Malawi resulted in the highest ratio of kLatERAx (0.0975). An 

intermediate ERAx (7.6 cm d
-1

) for CML444 in combination with the lowest kLat (0.429 cm d
-

1
) accounted for the lowest kLatERAx ratio (0.0604) found here. Although large differences 

between the NoAx was observed among genotypes, large variability within genotypes did not 

allow to ascertain significant differences. Lowest ERPrAx was observed for SC-Malawi, while 

H16 and K64R grew the most vigorous primary root. The contribution of the primary root to 

the axile root system was highest for H16 and K64R, while it was lowest for P2.  

 

2.3.5 Desiccation stress reduced root growth, while increasing the elongation rate of the 

primary axile root 

The desiccation treatment significantly affected all traits investigated. Significant genotype 

effects were detected for all traits except for ERPrAx. No significant genotype-by-desiccation 

treatment interaction could be ascertained. Differences between genotypes were similar to the 

ones obtained under non-stressed conditions. It is noteworthy that genotypes performing well 

in dry environments under field conditions (P1, H16 and CML444) did not show tolerance in 

response to desiccation stress in the present study. Root growth was reduced with increasing 

desiccation stress (Table 2.3). ERAx and kLat were reduced by 17% and 6% at the moderate 

desiccation stress level and by 36% and 22% at the severe desiccation stress level, 

respectively; while ERPrAx increased in response to desiccation stress (+20%; +18%), 

indicating that growth of seminal axile roots was reduced in favor of the primary axile root 

upon application of desiccation stress. As a result of changes in kLat and ERAx the ratio 

between both increased by 30% at the severe desiccation level. NoAx (-38%) decreased at the 



 31 

severe desiccation level. LinLat (+62%; +37%) increased in response to desiccation stress. The 

finding that kLat was reduced while LinLat increased indicates that more shorter lateral roots 

were formed. Root dry weight was reduced by 31% and 54% for the moderate and the severe 

desiccation stress, respectively. Correspondingly, LWP decreased by 64% and 77% and LA 

decreased by 44% and 56%, in response to the increased levels of desiccation stress. 

 

2.3.6 Aluminum reduced root growth 

The aluminum treatment significantly affected all traits (Table 2.4). Significant genotype-by-

aluminum treatment interactions were identified for kLat and ERPrAx only. The significant 

genotype-by-treatment interaction can be explained by the fact that H16 showed a slight 

increase for kLat (+6%) and only slight reductions for ERPrAx (-24%) in response to the 10
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Table 2.3: Analysis of variance for root and shoot traits of 6 tropical maize inbred lines as affected by the application of desiccation stress induced by 
polyethylene glycol (PEG8000) . P-values and mean values for each treatment are displayed for the relative elongation rate of lateral roots (kLat ), 
elongation rate of axile roots (ERAx ), the ratio between kLat and ERAx (kLatERAx), predawn leaf water potential (LWP), leaf area (LA), root dry weight 
(RDW), the elongation rate of the primary root length (ERPrAx), the number of axiles (NoAx) and the linear density of laterals (LinLat). Mean values followed 
by the same letter are not significantly different at p = 0.05. Since no significant genotype-by-treatment interaction was observed mean values for 
genotypes across treatments are not shown. For differences among genotypes refer to Table 2.1. 

ANOVA  kLat  ERAx  kLatERAx  ERPrAx  NoAx  LinLat  RDW  LWP  LA  

  (cm d
-1

)   (cm d
-1

)       (cm d
-1

)       (no cm
-1

)    (mg)   (-MPa)   (cm
2
)   

                   

                   

                   

Factor significance level 

Treatment ***  ***  **  ***  ***  ***  ***  ***  ***  

Genotype ***  ***  ***  ns  **  ***  ***  ***  **  

Treatment xGenotype ns  ns  ns  ns  ns  ns  ns  ns  ns  

                   

Treatment (% PEG8000) mean 
 
 mean 

 
 mean 

 
 mean   mean 

 
 mean 

 
 mean 

 
 mean 

 
 mean 

 
 

0 0.495 a
 6.96 a

 0.0784 a
 2.21 a

 5.22 a
 5.27 a

 62.7 a
 0.139 a

 23.6 a
 

15 0.463 a
 5.75 b

 0.087  2.65 b
 3.88 b

 8.54 b
 43.2 b

 0.397 b
 13.1 b

 

20 0.387 b
 4.43 c

 0.112 b
 2.6 b

 3.22 b
 7.26 b

 28.8 c
 0.606 c

 10.2 c
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Table 2.4: Analysis of Variance for root and shoot traits of 6 tropical maize inbred lines as affected by the application of aluminum stress in the range from 0 
to 15 mmol AlCl3. For more details see Table 2.3. Means of genotypes for significant genotype-by-aluminum treatment interaction are shown in Figure 2.2. 

ANOVA  kLat  ERAx  kLatERAx  ERPrAx  NoAx  LinLat  RDW  LWP  LA  

  (cm d
-1

) 
 
 (cm d

-1
) 

 
   

 
 

 
 (cm d

-1
) 

 
   

 
 (no cm

-1
)  

 
 (mg) 

 
 (-MPa) 

 
 (cm

2
) 

 
 

                     

                     

                     

Factor significance level 

Treatment ***  ***  **  ***  ***  ***  ***  ***  ***  ***  

Genotype ***  ***  ***  ns  **  ***  ***  ***  **  **  

Treatment x Genotype ns  ns  ns  ns  ns  ns  ns  ns  ns  ns  

                     

Treatment (% PEG8000) mean 
 
 mean 

 
 mean 

 
 mean   mean 

 
 mean 

 
 mean 

 
 mean 

 
 mean 

 
 mean 

 
 

0 0.495 a
 6.96 a

 0.078 a
 2.21 a

 5.22 a
 5.27 a

 62.7 a
 0.139 a

 23.6 a
 23.6 a

 

15 0.463 a
 5.75 b

 0.087  2.65 b
 3.88 b

 8.54 b
 43.2 b

 0.397 b
 13.1 b

 13.1 b
 

20 0.387 b
 4.43 c

 0.112 b
 2.6 b

 3.22 b
 7.26 b

 28.8 c
 0.606 c

 10.2 c
 10.2 c
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Table 2.5: Analysis of Variance for root and shoot traits of 6 tropical maize inbred lines as affected by an increase in temperature from 28° C to 37° C. For 
more details see Table 2.3. Means of genotypes for significant genotype-by-temperature treatment interaction are shown in Figure 2.3. 

ANOVA kLat  ERAx  kLatERAx  ERPrAx  NoAx  LinLat  RDW  LWP  LA  

  (cm d
-1

) 
 
 (cm d

-1
) 

 
   

 
 (cm d

-1
) 

 
   

 
   

 
 (mg) 

 
 (-MPa) 

 
 (cm

2
) 

 
 

Factor significance level 

Treatment ***  ***  **  **  ***  * 
 

***  ***  *  

Genotype ns  ***  ***  *  ***  ns 
 

**  **  ***  

Treatment x Genotype ns  *  ns  ns  ns  ns 
 

ns  ns  ns  

                   

Treatment (°C) mean 
 
 mean 

 
 mean 

 
 mean 

 
 mean 

 
 mean 

  

mean 
 
 mean 

 
 mean 

 
 

28 0.574 
a
 10.1 

a
 0.0666 

a
 2.46 

a
 4.71 

a
 3.3  54.2 

a
 0.101 

a
 21.1 

a
 

37 0.356 
b
 4.59 

b
 0.0832 

b
 1.82 

b
 3.3 

b
 3.9 

 
 32.9 

b
 0.245 

b
 17 

b
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Figure 2.2: Relative changes for the relative elongation rate of 
lateral roots (kLat; a) and the elongation rate of the primary axile root 
(b) in response to AlCl3-induced aluminum stress in the range from 0 
to 15 mmol for 6 tropical maize inbred lines. Significant differences 
for pairwise comparisons at an aluminum level are indicated by 
different letters. 

 

and 15 mmol AlCl3 treatment, while the other genotypes exhibited accentuated reductions for 

kLat (-14%, -25%; at 10 and 15 mmol AlCl3), and ERPrAx (-46%, -52%; at 10 and 15 mmol 

AlCl3, respectively) (Fig. 2.2). The aluminum treatment significantly affected all traits 

(Table 4). Significant genotype-by-aluminum treatment interactions were identified for kLat 

and ERPrAx only. The significant genotype-by-treatment interaction can be explained by the 

fact that H16 showed a slight increase for kLat (+6%) and only slight reductions for ERPrAx 

(-24%) in response to the 10 and 15 mmol AlCl3 treatment, while the other genotypes 

exhibited accentuated reductions for kLat ( 14%,  25%; at 10 and 15 mmol AlCl3), and ERPrAx 

( 46%,  52%) (Fig. 2.2). In response to the two highest Al treatments ERAx ( 40%,  61%) was 
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reduced. Since ERAx was reduced more strongly than kLat, the ratio between both traits 

increased (+44%; +55%) for the 10 and 15 mmol treatment. At the 15 mmol treatment LinLat 

and NoAx were reduced by 23% and 63%, respectively (Table 2.4). RDW ( 22%,  50%) was 

reduced reflecting reductions in root length and root number. With respect to shoot traits 

LWP ( 53%,  61%) and LA ( 24%,  37%) were reduced. 

2.3.7 Heat stress reduced root growth 

Significant temperature effects were identified for all traits. A significant genotype-by-heat 

treatment interaction was identified for ERAx only (Table 5). CML444 (-27%) and SC-Malawi 

(-27%) exhibited smaller reductions for ERAx in response to raised temperatures, whereas the 

other genotypes (except H16: -37%) exhibited reductions of at least 60% (Fig. 3). kLat (-38%), 

NoAx (-30%), ERPrAx (-26%), RDW (-39%), LWP (-59) and LA ( 19%) were reduced in 

response to a raise in temperature from 28 to 37 °C, while kLatERAx was increased (+25%). 
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Figure 2.3: Relative changes for the elongation rate of axile roots in 
response to an increase in temperature from 28°C to 37°C for 6 tropical 
maize inbred lines. Significant differences for pair wise comparisons at a 
temperature level are indicated by different letters. 
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2.4 Discussion 

In the present study six tropical maize inbred lines were subjected to various levels of 

desiccation, heat and aluminum in independent experiments. Each stress experiment had its 

own control. The repeatability across experiments was high. These findings indicate that 

neither differences in watering management nor diferences in pH had negative consequences 

for the development of the seedlings. 

 

2.4.1 The application of all stresses resulted in a similar response of the plants 

Although only few genotype-by-treatment interactions were identified, some interesting stress 

effects were observed. The application of desiccation, aluminum and heat stress generally 

resulted in reductions for all traits, except for ERPrAx under desiccation stress and in kLatERAx 

upon subjection to all stresses. Reductions in trait values differed depending on stress type 

and stress level. With respect to root traits ERAx was more strongly reduced than kLat, 

generally resulting in higher kLatERAx upon subjection to stress. Consequently, the application 

of stress resulted in the formation of a root system with a higher proportion of lateral roots. 

 

The stress treatment resulted in symptoms observed previously. In accordance with results 

obtained in maize grown in a vermiculite growth substrate, the desiccation treatments in 

pouches decreased LWP, LA (Sharp et al., 1985) and root elongation rates (Sharp et al., 

2004). Similarly, aluminum has previously been shown to severely reduce root elongation 

rates, as reported for maize in hydroponical systems (Mariano and Keltjens, 2004) and barley 

on germination paper (Tamas et al., 2006). In accordance with results here, Seiler et al. (1998) 

showed that increasing the root-zone temperature for sunflowers in growth pouches from 25 

to 35 °C largely reduced length of the primary and lateral roots as well as the number of 

lateral roots. Similarly, Tahir et al. (2008) showed that an increase in root-zone temperature 

from 22 to 38 °C for wheat grown hydroponically, reduced the overall root length by 40 to 

60% depending on the level of tolerance of the evaluated genotypes. 
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2.4.2 Aluminum 

AlCl3 concentrations applied in the present study were 1000 fold higher than concentrations 

used by most other authors in hydroponics (e.g. Mariano and Keltjens, 2004), but in the same 

order of magnitude as applied in another study conducted with germination paper (Tamas et 

al., 2006). The degree of toxicity largely depends on growth conditions, the aluminum species 

used, and the duration of exposure of a plant to aluminum as outlined by Kochian (2005). In 

the growth pouches, the higher aluminum levels needed to reach the same effect on root 

growth as in hydroponics may be attributed to i) an unstirred liquid film surrounding root 

surface maintaining a protective layer with increased pH; and ii) the fact that aluminum is 

bound to the germination blotter. The latter is indeed the case according to Tamas et al. 

(2006). 

The application of aluminum resulted in reduced leaf water potential. The aluminum 

concentration of 15 mmol applied in the present study is expected to induce an osmotic 

pressure of 0.0825 MPa. However, predawn leaf water potential measured in the plants 

subjected to the 15 mmol treatment was as low as -0.345 MPa. This result indicates 

disturbance of water homeostasis as suggested by Gunse et al. (1997). Further experiments 

would be necessary to prove this hypothesis.  

We found that H16 was tolerant to aluminum. H16 was able to maintain root growth of kLat, 

ERPrAx and ERAx (interaction ns) at aluminum levels that strongly limited root growth of all 

other genotypes. Mechanisms potentially allowing H16 to maintain root growth might be 

alkalinization of the rhizosphere, (Kochian, 2005) or complexation of aluminum in the 

rhizosphere (Kochian et al., 2004; Kinraide et al., 2005; Pellet et al., 1995). 

 

2.4.3 Heat 

We found that H16, SC-Malawi and CML444 were less severely affected by raised 

temperatures. SC-Malawi, CML444 and H16 showed lowest reductions in ERAx and kLat (ns) 

in response to raised temperatures. Several mechanisms may be responsible for this, such as 

osmotic adjustment, altered cell wall properties (e.g. expansins, changes in pH; Kumar et al., 

2006), the formation of heat shock proteins (Taiz and Zeiger, 2002), detoxification of reactive 

oxygen species or the increase in saturated fatty acids in cell membranes (Raison et al., 1982).  



 39 

2.4.4 Desiccation  

In response to all stresses ERAx was more strongly reduced than ERPrAx. It is intriguing that in 

response to desiccation stress ERPrAx increased while kLat and ERAx were reduced. Apparently, 

growth of seminal axile roots is reduced in favor of the primary axile root. This finding 

indicates an attempt of the plant to avoid desiccation after the application of desiccation. The 

maintenance of growth of the primary root’s main axis would make sense in an 

ecophysiological context: under field conditions it would increase the likelyhood to avoid 

desiccation by reaching water contained in deeper soil layers after the onset of drought. The 

finding that LinLat increased while kLat was reduced, indicated that the application of stress 

mainly affected elongation of lateral roots, while initiation of lateral roots was sustained. 

We found that no genotype was tolerant to desiccation stress induced by PEG8000. Although 

H16, CML444 and P1 are known to be drought resistant under field conditions (Bolanos et 

al., 1993; Welcker et al., 2004) none of these genotypes was tolerant to desiccation stress in 

the present study. Tolerance mechanisms entailing an altered root morphology, ultimately 

allowing the plant to avoid desiccation under field conditions, are the likely cause for the 

observed suppression of seminal and lateral root growth in favor of the ERPrAx irrespective of 

the genotype. It is likely that desiccation tolerance, defined as the ability to sustain growth 

upon subjection to desiccation, was not of importance in the present study. It can therefore be 

speculated that resistance to drought observed under field conditions is neither related to the 

ability to tolerate desiccation. PEG was used to induce desiccation stress in many studies. 

However it should be kept in mind that in the soil drought stress manifests in multiple ways 

for plants including mechanical impedance and desiccation. It is therefore conceivable that 

soil grown plants respond to drought in a more complex way that could not be simulated here. 

H16 and CML444 avoid desiccation in the field 

Genotypes selected for drought tolerance at flowering did not have a similar root morphology 

as defined by the relative investment in axile vs. lateral roots. Among the drought tolerant 

genotypes, H16 and CML444 formed a rooting system with a high proportion of axile roots, 

as indicated by low kLatERAx ratios, while P1 formed a rooting system that had a high 

proportion of lateral roots. Similar to P1, all genotypes not selected for drought tolerance at 

flowering formed a rooting system with a higher proportion of lateral roots. The high 

proportion of axile roots observed for H16 and CML444 indicate that these genotypes might 

be avoiding desiccation by investing relatively more resource in the growth of axile roots. 
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According to Hund et al. (2008a) CML444 and P2, which had a lower proportion of lateral 

roots, rooted deeper in 80 cm tall growth columns. This is intriguing, as under dry conditions 

lateral roots in the topsoil can be considered as wastage due to their high construction 

(McCully and Canny, 1985) and maintenance (Nielsen et al., 1994) costs. Hund et al. (2008a) 

suggested that few lateral roots in the topsoil and a deeper root system will be advantageous 

when water is available in deeper soil layers under severe drought stress under field 

conditions. Root elongation increases when additional carbon is available (Pritchard and 

Rogers, 2000). Therefore, axile roots would probably grow faster in a root system with fewer 

lateral roots. Assuming that the low proportion of lateral roots, observed in the present study, 

is indicative of a deep rooting system in the field, H16 and CML444 are genotypes able to 

avoid / minimize desiccation. 

The mechanisms allowing P1 to perform well under drought in the field are not clear. Based 

on results obtained here neither an avoidance strategy nor tolerance is a satisfactory 

explanation for its drought resistance in the field. Nevertheless, previous investigations of P1 

have suggested that P1 might be tolerant to desiccation (Trachsel et al., 2008). Furthermore, 

Welcker et al. (2007) have shown that P1 sustained leaf elongation under drought stressed 

conditions. They suggested that the ability to osmotically adjust cell turgor was responsible 

for sustained growth under drought. 

 

A root ideotype combines both avoidance and tolerance 

With respect to drought resistance, root morphology and architecture allowing avoidance of 

desiccation seem to be more important than mechanisms involved in tolerance of desiccation. 

Nevertheless physiological mechanisms conveying tolerance should not be neglected as they 

might contribute to a plants performance with respect to drought as well as for other abiotic 

stresses. The root system of a maize ideotype would therefore combine a root morphology 

enabling the plant to avoid desiccation, with physiological tolerance mechanisms allowing 

root elongation after the onset of desiccation. Beside water, other nutrients such as N and P 

are equally needed for crop production. P is predominantly found in the topsoil (Lynch, 

1995). A root system accessing water in deeper soil layers would therefore incur tradeoffs for 

P uptake from the topsoil (Lynch and Ho, 2005). The availability and distribution of water 

and P in the soil, will determine the root system best suited for a specific environment. 
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2.5 Conclusion 

The application of PEG8000, AlCl3 and high temperatures resulted in symptoms typical for 

desiccation, aluminum and heat stress, respectively. Elongation rates and numbers of lateral 

and axile roots as well as root dry weight and leaf area were reduced in response to all three 

stresses. In response to desiccation stress, initiation of lateral roots and growth of seminal 

axile roots was reduced in favor of the primary axile root. H16 did not show accentuated 

stress symptoms upon subjection to aluminum stress, while H16, SC-Malawi and CML444 

were less severely affected by heat stress than most other genotypes. Genotypes selected for 

short ASI did not exhibit a uniform rooting pattern. However, based on the obtained data it is 

likely that H16 and CML444 avoid desiccation stress, by the formation of a deep rooting 

system. Data obtained in this and a previous study indicate that P1 is the only genotype 

selected for short ASI (in the present study) which seems to be really tolerant to desiccation 

stress. Drought avoidance by an altered morphology and architecture of the root system 

enabling deep water access seems to be more important than mechanisms involved in the 

root’s tolerance to drought. 
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3 Measurement of roots in growth columns by means of scanning and 

methylene blue staining 

3.1 Introduction 

The root length, vertical distribution and rooting depth of a plant are important key 

parameters determining its potential of water and nutrient uptake (e.g. Lynch and Ho, 2005; 

Hund et al., 2008a). A number of methods for examining morphology and topology of the 

root system, have been developed, each having its advantages and disadvantages. Quantitative 

genetic studies require a system that allows for high throughput and yields reliable data. For 

this purpose several high throughput systems have been used at an early developmental stage. 

Sanguineti et al. (2006) investigated morphophysiological characteristics of root traits in 

hydroponics. Paper rolls have been used to investigate the genetic base of lateral roots (Zhu et 

al., 2005b), seminal roots (Zhu et al., 2004) and root hairs (Zhu et al., 2005a) in response to 

high and low availability of phosphorous. Growth pouches, consisting of germination blotter 

covered by a plastic foil, were used to assess root growth at an early phenological stage by 

various authors. Pouches were used to investigate the root angle of beans in response to high 

and low P (Bonser et al., 1996), to investigate the stress tolerance of tropical maize (see 

chapter 2) and to map quantitative trait loci (QTL) for different root traits of tropical maize 

inbred lines (Ruta, 2008; ETH Diss No. 17900). The growth pouch system is cheap, high 

throughput, requires small work force and allows for the assessment of root dynamics, when 

used in combination with digital image analysis (Hund et al., 2008b). However, maize can 

only be grown up to the two leaf stage in pouches. Detection of genetic differences among 

genotypes might therefore be biased by effects of the seed on the germination and initial 

growth as described by various authors (e.g. Pommel, 1990; Manga and Yadav, 1995; Smith 

et al., 2003). At the seedling stage these effects can be reduced by assessing root dynamics 

rather than measuring the final length as suggested by Hund et al. (2008b), but can not be 

avoided completely. Furthermore, the artificial substrate surrounding the roots may be 

problematic if the environment-by-genotype interaction is high. 

At later developmental stages, roots have been measured in the field (Laboski et al., 1998; 

Kato et al., 2006), in soil boxes (Araki et al., 2000) and in soil columns (Hund et al., 2008a; 

Araki et al., 1998). Growing plants in columns or boxes, filled with soil or artificial substrate, 

can help to reduce sampling efforts compared to field studies and allows growth under 
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controlled conditions. However, the excavation and measurement of root traits in these 

systems remains labor-intensive and does not allow for a high throughput. In the past decade 

more powerful computer hardware and more sophisticated scanners and software for image 

analysis have been developed. As a result, digital image analysis has significantly reduced the 

time required to measure root traits. However, these methods remain time-consuming and 

prone to inaccuracy when the samples have a large proportion of fine roots (Smit et al., 1994), 

as roots have to be evenly spread on the scanner surface before scanning them. In 1962 

staining of roots has been proposed to be a rapid method for measuring root traits (Kolosov, 

1962). This method is based on the principle that roots are stained with methylene blue 

followed by the removal of the colorant by rinsing the roots in a CaCl2 solution. Based on the 

intensity of the colorant it is possible to deduce the amount of colorant that has been 

exchanged from the root; this correlates highly with the root surface. Exchange of methylene 

blue on the root surface by CaCl2 ions depends on the cation exchange capacity of the root, 

which differs depending on the plant species (Ward et al., 1978). 

There are only few experimental data on the variation in rooting depth of maize (Hund et al., 

2008a). Wan et al. (2000) reported 2.3 to 3.3 times more axile roots in the deep moist soil 

layers of two drought-tolerant maize hybrids compared to a drought-sensitive hybrid. 

Similarly Lorens et al. (1987) observed a deeper root profile for the maize hybrids Pioneer-

3165, which wilted later under drought, compared to Pioneer-3192. Hund et al. (2008a) found 

differences between CML444 and SC-Malawi in rooting depth, influencing their ability to 

take up water. 

To conduct quantitative genetic studies a high throughput system that produces reliable data is 

indispensable. The pouch system seems to be a suitable method; however, the results obtained 

must be validated at a later stage. An alternative method would be to increase the throughput 

in growth columns. The objectives of the present study were to  i) develop a high throughput 

method using columns by means of methylene blue as a dye and to  ii) assess the relevance of 

root traits, measured at the seedling stage in a previous study in pouches (Chapter 2). 

3.2 Material and Methods  

3.2.1 Plant material 

Six tropical maize inbred lines, Ac7643 (P1), Ac7729TZSRW (P2), CML247, CML444, SC-

Malawi and H16, were used in this experiment. These six inbred lines are a subset of a larger 
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genotypic set (33 inbred lines). H16, CML444 and P1 were selected for short anthesis silking 

interval (ASI), resulting in good performance under drought stressed conditions; CML247, 

SC-Malawi and P2 are genotypes known to be drought susceptible under field conditions. All 

lines were developed or recommended by CIMMYT on their contrasting performance from 

field drought tests. 

3.2.2 Experimental design 

The six genotypes described were randomly integrated into an experiment, designed to assess 

patterns of root distribution in a set of 33 inbred lines. The experiment was set up as an 

incomplete block design with three replications (rj), three complete blocks (bjk) per replication 

and seven incomplete blocks per block (ibjkl). Each incomplete block contained 5 plots (one 

plant per growth column). The harvest times (t; V2, V4 and V6) were randomly assigned to 

the complete blocks. The 33 genotypes (gi) and two unplanted controls were assigned to the 

incomplete blocks in an α lattice fashion. The spatial variability across replications was 

controlled by rows (rowm) across blocks and columns (coln) within blocks as well as their 

interaction rowcolmn. Linear regressions were calculated according to the asreml() function of 

R (Butler, 2006): 

 ijklmnmnnmjkljkjiiiijklmn erowcolcolrowibbrtgtgttgy ++++++++++++= 22µ  [1] 

 

where yijklmn represents the trait values of the plots and eijklmn , the residual error. Time (t) was 

expressed in days after the harvest of plants at the V2 stage. The factors genotype and time 

were set as fix, all the other factors were set as random. 

 

3.2.3 Growth conditions 

Seeds were surface-sterilized in a 2.5% NaOCl solution for 15 minutes and then rinsed three 

times with water. Seeds were pre-germinated for three days at 27 °C on moistened blotting 

paper. Thereafter, seedlings were transplanted to PVC growth columns. The growth columns 

were 10.5 cm in diameter and 40, 60 and 80 cm in height for plants to be harvested at the V2, 

V4 and V6 stage, respectively. Each column was filled with quartz sand (0.08-0.2 mm particle 

diameter) and a porous baked clay granulate (0.5 – 4 mm particle diameter; SERAMIS, Mars 

Inc., McLean, VA, USA), mixed in a proportion of 3.5:1 w/w. Before filling, the substrate 

was moistened with a 0.23% (v/v) Wuxal nutrient solution (Aglukon Spezialdünger GmbH, 
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Düsseldorf, Germany) (16 mM N; 1 mM P2O5; 2 mM K2O; 7.8 µM Fe; 6.7 µM Mn; 

21.3 µM B; 2.9 µM Cu; 2.2 µM Zn 1.1 µM Mo) to its maximum water holding capacity (35% 

of dry weight of the substrate). To transplant the germinated seeds to the growth columns, a 

humus (Ricoter Erdaufbereitung AG, Aarberg, Switzerland) core 3 cm in diameter and 3 cm 

deep was delved into the sand-clay substrate mixture at the top. Two germinated seeds per 

growth column were placed into the humus core at a depth of 2.5 cm and thinned to one plant 

per tube four to five days after germination. Right after transplanting, 100 ml of water were 

added to each growth column, which were then covered with aluminum foil, leaving a hole 

through which the seedlings could grow. From three days after planting, the pots were 

watered twice a week to maintain the maximum water holding capacity. To determine the 

amount of nutrient solution required, the evapotranspiration from three randomly chosen 

growth columns per greenhouse wagon was determined by weighing. 

 

3.2.4 Harvest and sample preparation 

The experiment was harvested when half of the plants had reached the respective growth 

stage: V2 (10-11 days after planting, DAP), V4 (18 DAP) and V6 (26-28 DAP). The growth 

columns were placed on their side and opened longitudinally (two half pipes) to facilitate 

harvest of the roots from eight different segments of 5, 7.5 and 10 cm long ( V2, V4 and V6 

stage, respectively). The roots were extracted from the growth substrate under running tap 

water and stored at 4° C for further processing. 

 

3.2.5 Root length measurement 

Determining root length based on the methylene-blue adsorption method (staining) 

The methylene-blue adsorption method described by Sattelmacher et al. (1983), enables the 

indirect measurement of root length and surface area. Roots samples were rinsed with distilled 

water and stained for 60 seconds in a methylene blue solution (74.7 mg/l) followed by rinsing 

off the surplus solution with distilled water. After staining, the root samples were transferred 

to a 0.1 M CaCl2 solution for 60 seconds to exchange the methylene blue from the roots. The 

amount of CaCl2 solution was adjusted to the root sample size, estimated visually; it ranged 

from 5 ml for smallest to 75 ml for largest samples. Two aliquots (200 µl) of each sample of 
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the CaCl2 solutions containing the extracted methylene-blue, were transferred to 96-well 

plates, and extinctions were measured at 650 nm with a photometer (ELISA Reader MR 5000, 

Dynatech, Burlington, VT, USA). The obtained extinctions were standardized to the 

extinction of 50 ml CaCl2 solution (Ext). To avoid air bubbles forming on the bottom of the 

96-well plates, which would interfere with the measurements, the samples were heated to 

60°C for 10 minutes before measurement and gas bubbles patted out. 

A linear regression of the root lengths measured by WinRHIZO with Ext was used to 

calibrate the staining method and express Ext as root length. The following linear model was 

used: 

 

ln(L) ~ ln(Ext)*Pers + ln(Ext)* CaCl2*Pers     [2] 

 

where ln(L) is the natural logarithm of total root length (L), measured by WinRHIZO, ln(Ext) 

the natural logarithm of the standardized extinction of 50 ml CaCl2 solution, Pers the effect of 

the person carrying out the staining and CaCl2 the amount of CaCl2 solution used. 

To obtain an estimate of the axile root length, independent of the WinRHIZO output, the 

number of axile roots per depth-segment was counted. The axile root length (LAx) of each 

segment was then approximated based on the assumptions that i) axile roots grow straight and 

in a vertical line through the segments and ii) roots ending in a segment have an average 

length that is half that of the length of the segment. Accordingly, the LAx was calculated as: 

 

 LAxSeg i = NoAxSeg i+1 * LSeg i + (NoAxSeg i - NoAxSeg i+1) * LSeg i * 0.5  [3] 

 

where i indicates the position of the depth-segment (from the top segment), LSeg the length of 

the segment, LAx the root length and NoAx the number of axile roots. 

In addition to the LLatAx of the root length determined by WinRHIZO, LLatAx was also 

determined by the the methylene-blue staining method in combination with LAx based on root 

counts in segment depth as: 

 

LLatAxStain = (LStain – LAxCount) / LAxCount [4] 
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where LStain is the total root length determined by staining and LAxCount the axile root length 

determined by counting. 

Determation of root length by digital image analysis with WinRHIZO (scanning) 

Stained roots were spread in a plastic tray filled with water and then scanned with a scanner 

equipped with top light (Epson, Expression 1640 XL, Epson America, Inc., USA) at 600 dpi 

as 8 bit. In order to enhance the contrast between the roots and the background, the images 

were further processed with Photoshop 7.0 (Adobe Systems Inc., San Jose, CA, USA). In a 

first step, a median filter with a radius of 2 pixels was applied to remove image noise, e.g. air 

bubbles and scratches on the Plexiglas surface. In a second step, a threshold tonal value of 

220 was applied to reduce the 8 bit images to monochrome images, containing only 

information about the roots and the background. All the images were subsequently analyzed 

with WinRHIZO 2003b (Regent Instruments, Montreal, QC, Canada) to measure the length of 

the roots. The diameter classes detected by the software were set at a size of 42.333 µm, the 

equivalent of one pixel. The debris removal filter was set to remove objects with an area 

smaller than 0.005 cm
2
 and a length/width ratio lower than 5. The software’s output of the 

root length in diameter-class distribution (RLDD) was used to separate the roots into axile and 

lateral roots. Roots with a diameter smaller than 0.546 mm were attributed to lateral roots 

(LLat), and roots above 0.546 mm were attributed to axile roots (LAx). The ratio between LLat 

and LAx (LLatAx) was calculated as LLat/LAx. 

 

3.2.6 Distribution of vertical root length  

In order to quantify rooting depth and distribution, so called D-values were calculated. D-

values indicate the soil depth above which a certain percentage of the plant’s root system is 

located. In a first step, a plant-specific cumulative root depth-distribution was calculated by 

summing the total root length at a specific soil depth according to: 

 

∑
=

=
i

k

kSegiSeg LLCum
1

 [5] 

 

where LCumSegi is the cumulative root length in the i
th

 segment (from the top segment) and 

LSegk the root length in the k
th

 segment. These cumulated root lengths were then expressed as 
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a percentage of the total root length. The depth reached by 50 and 95% of the roots (D50 and 

D95, respectively) was then determined by linear interpolation between the cumulated root 

lengths (Fig. 3.1). 

 

 

 
Figure 3.1: Diagram of the linear interpolation of a 
standardized cumulative root length distribution curve to 
calculate D-values. 

 

3.2.7 Growth pouch versus growth column 

Phenotypic Pearson’s correlations between traits measured in the growth pouches and traits 

measured in columns were estimated according to the cor.test() function in R (R development 

Core team, 2008). Significant correlations with 0.2 ≤ r
2
≤ 0.5, 0.5≤ r

2
≤ 0.8, 0.8 <     r

2
 are 

considered to be weak, moderate, and strong, respectively. 

 

3.2.8 Comparison of methods with regard to time  

To compare the man hours required for each method, the total time was recorded after 

extracting root samples from the growth substrate (15-20 min per plant). The time needed to 

count the axile roots was therefore not included. For the staining method the man hours for 

the staining procedure and extinction were considered. For the scanning method, only the 

acquisition of the images (scanning) was considered, because the other steps were automated. 
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Figure 3.2: Vertical root length distribution and corresponding D-values of six genotypes measured by digital image 
analysis. a) Root depth-distribution: Root length of three replications per genotypes for each harvest stage: V2 (circles), 
V4 (triangles) and V6 plants (crosses), lines display the mean values for each growth stage. b) D-value: Lines represent 
D50 and D95 (lowest line) for each harvest stage. 
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3.3 Results 

3.3.1 Root depth distribution 

The amount of roots decreased with soil depth and increased with plant age (Fig. 3.2a). The 

mean total root length per plant (V2, V4, and V6) were 3.71 m, 19.2 m and 60.9 m, 

respectively. Roots were longest in the uppermost segment (Fig. 3.2a). The young V2 plants 

showed a rapid decrease of root length in the second depth-segment (-66%) which to a lesser 

extent was also found for plants harvested at the V4 (-58%) and the V6 stage (-20%). The 

total root length of V2 plants continued to decrease rapidly with depth, resulting in a high 

proportion of root length in the top soil segment. This decrease was not as strong for the V4 

and V6 plants.  

 

3.3.2 D-values 

D-values (Fig. 3.2b) enable a better comparison of genotypes with regard to rooting depth and 

distribution. An analysis of variance of the different D-values showed a significant influence 

of harvest stage and genotype, but there was no significant interaction between harvest stage 

and genotype (Table 3.1). 

 
Table 3.1: p values of the ANOVA testing for the dependence of D50 and D95 
(transformed using natural logarithm) on the genotype and harvest stage. 
 

Source of variation  Df  Log(D50)   Log(D95) 

          

Intercept  1  < 0.001 ***   < 0.001 *** 

harvest stage  2  < 0.001 ***   < 0.001 *** 

Genotype  4  0.007 **   0.022 * 

harvest stage x genotype  8  0.616     0.530   

Error  30        

                    

 

V2 plants had the lowest D-values; they increased with age up to the V6 stage (Fig. 3.2b). For 

V2 plants, mean D50 values were found at a depth of 4.2 cm, indicating a shallow root 

distribution over the soil profile. The mean D95 value of V2 plants was 16.2 cm, and the 

mean D50 of V4 plants was 9.2 cm (D95 being 33.2 cm). The corresponding D-values for V6 

plants were 21.1 cm and 57.0 cm, respectively.  
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The D95 values for V6 plants were highest for H16 and lowest for P1 (Fig. 3.2b). As can be 

seen from the curve of the root depth-distribution (Fig. 3.2a), the root length of H16 at V6 

stage hardly decreased with depth. P1 showed a high root length in the upper part of the 

growth column that decreased strongly with depth. SC-Malawi had the highest amounts of 

roots at a depth of 40 cm, in accordance with the observed D-values. 

 

3.3.3 Correlation between methods 

Correlation between measured extinctions and root length by scanning 

Since Ext is related to the amount of methylene blue adsorbed on the root surface, we 

anticipate a close correlation with the root surface area, as determined by the scanning 

method. The scanned root length and the root surface area were highly correlated (r
2
 = 0.97). 

Consequently, both surface area and length were correlated with Ext (Fig. 3.3; r
2
 = 0.902 and 

0.903, respectively). 
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Figure 3.3. Scanned root length (LScan) depending on the 
standardized extinction (Ext) values with both axis 
transformed according to the natural logarithm. The line 
gives the simple linear regression fit (r

2
 = 0.90, p < 0.001).  

 

When both axes are logarithmic-transformed, the resulting best fitting linear regression model 

is expressed in equation [2] (valid for root length as well as for root surface area). 
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The r
2
 of the whole model was slightly higher for root length (0.9027) than for the root 

surface area (0.9017). 

 

Correlation between axile root length determined by counting and by scanning 

LAx determined by counting consistently resulted in lower values than those obtained by 

scanning (50.5 vs. 113.4 cm mean axile root length over all samples, excluding those without 

axile roots). This is also the case when logarithmic-transformed data are plotted, because most 

of the points are below the 1:1 linear correlation line (Fig. 3.4).  
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Figure 3.4. Axile root length obtained from counting (LAxCount) 
as dependent on the axile root length obtained from 
scanning (LAxScan) with both axes transformed according to 
the natural logarithm. Symbols indicate the developmental 
stage of the plant, at which the sample was obtained. Lines 
give the linear regression fit of the data (r

2 
=0.88, p < 0.001) 

and the theoretical 1:1 linear fit. 

 

The comparison of the axile and the lateral roots according to diameter, (WinRHIZO), may 

not have been accurate in all cases; some of the plants developed lateral roots of the same 

diameter as the axile root, from which they had emerged. This phenomenon was observed 

mainly on the primary seminal root (Fig. 3.5). 
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Figure 3.5. Primary root of SC-Malawi. Some lateral roots show unlimited 
(arrows) growth with abundant second-order laterals. 

 

Correlation between LLatAx obtained by scanning (LLatAxScan) and the combined 

staining/counting method (LLatAxStain) (Fig. 3.6) was quite low, with r
2
 = 0.24 for 320 

measurements. Transforming both variables based on the natural logarithm, the correlation 

improved slightly to r
2
 = 0.35. 
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Figure 3.6. The proportion of lateral to axile root length 
obtained according to the staining/counting method (LLatAxStain) 
as dependent on the scanned data (LLatAxScan) a) for the 
untransformed data. Straight lines indicate the linear 
regression fit (r

2
 = 0.24, p < 0.001). 
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Correlations between pouches and columns 

The correlations identified between the number, the length and the relative elongation rates of 

lateral roots measured in pouches (see Chapter 2) with lateral root lengths measured in 

columns indicate that the lateral roots measured in pouches were good predictors of the 

occurrence of lateral roots at the V4 and V6 stages. A moderate positive correlation was 

obtained between the number of lateral roots (NoLat) in the pouch system, with the lateral root 

length (LLat) at the V6 stage, while a moderate positive correlation was observed with LLat at 

the V4 stage. LLat of plants in the pouches was moderately correlated with LLat at the V4 and 

V6 stages in growth columns and the ratio between LLat and LAx as well as with L at the V4 

stage. Furthermore, the relative elongation rate of lateral roots (kLat ) at the seedlings stage 

was highly (moderately) correlated with the LLat at the V4 (V6) stage and the ratio between 

LLat and LAx at the V4 stage. 

 
Table 3.2: Pearson’s phenotypic correlation coefficients among traits of six tropical maize inbred lines 
in growth pouches at the V1 stage and in soil columns at the V2, V4 and V6 stages: total root length (L), 
length of axile roots (LAx), length of lateral roots (LLat), the ratio between LLat and LAx (LLatAx), rooting 
depths of 50% (D50), 95% (D95), the elongation rate of the primary root (ERPrAx ), the number of lateral 
roots (NoLat), the number of axile roots (NoAx), root dry weight (RDW) and elongation rates of lateral 
(kLat) and axile roots (ERAx). Subscripts following the trait indicate harvest stage. 
 
       Pouch 
Column LLat 

 
LAx 

 
L 

 
kLat 

 
ERAx 

 
NoAx NoLat 

 
ERPrAx 

 
RDW 

 

LAx_V2 0.48  -0.18  0.29  0.56  -0.23  -0.59 -0.05  -0.15  0.15  

LAx_V4 0.19  0.76 * 0.50  0.05  0.74 * 0.62 0.54  0.15  0.87 ** 

LAx_V6 0.19  0.73 * 0.47  0.09  0.71  0.39 0.39  0.14  0.91 ** 

D50V2 -0.27  0.33  -0.06  -0.27  0.36  0.05 -0.09  0  0.44  

D50V4 -0.11  -0.39  -0.25  -0.08  -0.42  -0.39 -0.2  -0.80 * 0.01  

D50V6 -0.54  -0.31  -0.58  -0.45  -0.29  -0.62 -0.87 * -0.42  -0.24  

D95V2 -0.04  -0.09  -0.07  0.02  -0.09  -0.34 -0.16  -0.27  0.17  

D95V4 -0.57  -0.37  -0.59  -0.53  -0.35  -0.3 -0.46  -0.80 * -0.11  

D95V6 -0.48  0.54  -0.41  -0.45  0.03  -0.28 -0.72 * 0.05  -0.19  

LLatV2 0.52  0.23  0.51  0.53  0.19  -0.04 0.42  0.17  0.46  

LLatV4 0.81 * 0.35  0.79 * 0.72 * 0.28  0.33 0.77 * 0.24  0.49  

LLatV6 0.87 * 0.52  0.92 ** 0.79 * 0.46  0.39 0.89 ** 0.39  0.69  

LLatAxV2 0.58  0.46  0.67  0.53  0.44  0.4 0.76  0.46  0.54  

LLatAxV4 0.84 * -0.04  0.64  0.83 * -0.1  0.02 0.59  0.18  0.08  

LLatAxV6 0.33  -0.47  0.06  0.38  -0.49  -0.11 0.19  0.05  -0.55  

LV2 0.53  0.11  0.46  0.57  0.07  -0.22 0.29  0.07  0.38  

LV4 0.75 ** 0.45  0.8 * 0.65  0.39  0.41 0.78 * 0.24  0.6  

LV6 0.71  0.69  0.87 ** 0.62  0.64  0.45 0.82 * 0.35  0.89 * 

 

There was a moderate negative correlation between the NoLat and the D50 at the V4 stage and 

a moderate negative correlation with D95 at the V6 stage, indicative of the rather horizontal 

growth of lateral roots. The identified correlations similarly suggest that LAx and ERAx 
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measured in pouches, were good indicators of axile roots at the V4 and V6 stage. A moderate 

positive correlation was obtained for axile root length (LAx) at the seedling stage with LAx at 

the V4 and V6 stages, while the elongation rate of axile roots (ERAx) at the seedling stage 

showed a moderate positive correlation with LAx at the V4 stage.  

Similarly root dry weight at the seedling stage is indicative of overall root length and axile 

root length at later stages as it was strongly correlated with LAx (L) at the V4 (V6) stage and 

moderately with LAx at the V6 stage. A moderate negative correlation was identified between 

ERPrAx and D50 and D95 at the V4 stage. L in the pouches positively correlated with LLat at 

the V2 (moderate) and V4 (high), while NoLat, LLat and L measured in the pouches positively 

correlated (moderately) with root length measured at the V4 and/or the V6 stage. It is 

notheworthy that no correlations were obtained between traits measured in the pouch system 

and in growth columns at the V2 stage. 

 

3.3.4 Labor requirement 

Table 3.3 lists labor requirements for both the staining and the scanning method. Manual 

labor for processing the roots of one plant increased 4-fold from V2 to V6 for the scanning 

method, whereas it only increased 1.5-fold for the staining method. For small plants with a 

low number of roots as observed for V2 plants, the labor required for scanning was equal to or 

even less than that required for staining. Staining had advantages with respect to time as 

plants grew (V4 and V6) and had longer roots. For the V6 plants, the staining method 

required 50% fewer man hours than the scanning method. 

 
Table 3.3: Average man hours for sample processing until the raw data is available. 
     

  Time needed for sample preparation in minutes per plant and (sample
a
) 

Harvest Stage Scanning method Staining method 
Time advantage of methylene 
blue (in % of scanning time) 

V2  20 (3.5) 25 (4.8) +25% 

V4  48 (7.2) 31 (4.7) -35% 

V6  83 (10.6) 38 (5.0) -54% 
  

 
a
 the root sample of one depth segment 
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3.4 Discussion 

3.4.1 D-values 

The root length and distribution of six tropical maize inbred lines were measured in soil 

columns using different approaches. Resolution of the root length per column depth was 

sufficient to differentiate between genotypes for D95 and to provide information about the 

distribution of roots in the soil based on D50. However, since more than 50% of the root 

length was located in the first segment at the V2 stage, the resolution of root length at various 

depths was insufficient to differentiate among genotypes. 

The D95 average of 57 cm at the V6 stage was comparable to the D95 of 47 cm found by 

Hund et al. (2008a) in a similar experiment at the V5 stage. However, the discrepancy 

between this study and those of others with different growth systems is large. D-values 

measured at the V6 stage here were larger than those found by Yu et al. (2007) and Laboski et 

al. (1998) for mature maize plants. Yu et al. (2007) reported D-values for plants grown in 

field containers until maturity of 10 cm for D50 and 30 cm for D80. Similarly, Laboski et al. 

(1998) reported D85 values of 30 cm for field-grown maize at maturity in a sandy soil. These 

seeming inconsistencies can be explained by the presence of a pressure pan (Laboski et al., 

1998). Similarly, a higher soil density, as a result of the experimental design was probably 

responsible for the much lower D-values found in the study by Yu et al. (2007). While plow 

pans and higher soil bulk densities may restrict the proliferation of roots in deeper layers, 

roots in growth columns may be “forced” to grow to a greater depth. Araki et al. (2000) 

reported that axile roots which would usually elongate horizontally, took on the 

characteristics of deep roots and elongated downward, along the wall of the column. 

Therefore, rooting depth is clearly affected by the cultivation system and care must be taken 

when interpreting results of growth column experiments and for predicting behavior in the 

field. 

Nevertheless, the column-method is not labor-intensive and gives a clear picture of 

morphology and distribution of roots in the soil and branching patterns and is therefore 

suitable for gaining initial insight into differences among root systems. To obtain information 

about the horizontal spread of the roots in the field the set-point angles of the crown roots 

could also be measured. 
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3.4.2 Staining – scanning 

Correlation of the root length/ surface area with Ext resulted in a satisfactory r
2
 being slightly 

higher than 0.9 for both logarithmic-transformed variables. There was a strong 

heteroscedasticity observed for the non transformed root length derived by plotting scanned 

lengths against lengths derived by staining. As methylene blue staining does not seem to be 

affected by root surface structures such as root hairs (Sattelmacher et al., 1983), the 

differences in root microstructure, which increase with the plant development do not seem to 

be responsible for the increasing variation when root samples are larger. The increasing 

variation with increasing amounts of roots per sample is explained by an error being 

proportional to the length of every measured root, in the staining as well as in the scanning 

method. By logarithmic transformation of both axes, a homoscedastic distribution of the 

residuals of the linear regression was obtained. 

 

3.4.3 Axile root length 

The fact that the counting method resulted in a lower LAx than the scanning method, 

especially in samples with a large number of roots, is attributed to both an overestimation by 

WinRHIZO and an underestimation by counting. LAx may have been overestimated by 

WinRHIZO due to very thick lateral roots (Fig. 3.5) (Pellerin and Pages, 1994). Thick lateral 

roots may have been interpreted incorrectly as axile roots based on the WinRHIZO output. 

Underestimation of LAx by counting might have resulted from the assumption that axile roots 

grow straight through the segments. Deviations from this growth pattern would have resulted 

in root lengths somehow longer than the length of the segments. The counting method 

therefore seems to be a more conservative approach for determining LAx. 

 

3.4.4 Lateral - axile root length ratios 

The correlation of LLatAx determined from scanning and from staining was unsatisfactory with 

an r
2
 of 0.24 (or 0.35 for the logarithmic transformed data). As discussed above, LAx, the 

denominator of the equation for this ratio, may be overestimated by scanning and 

underestimated by counting resulting in low r
2
. LLat determined by staining must be calculated 

indirectly as the difference between L and LAx and is therefore, prone to inaccuracy. Thus, 
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both variables for the ratio and LLat and LAx, are afflicted with a variable error, resulting in an 

error of disproportional increase. 

Although values obtained by staining show the same trends as data obtained by scanning 

when pooled over all genotypes, it is questionable as to whether this parameter can be used to 

compare different genotypes where high accuracy is required, as the variation for the staining 

and counting method is much higher than for the scanning method (average standard 

deviations for genotype means of 3.9 and 1.6, respectively). 

 

3.4.5 Correlation between pouches and growth columns 

Results obtained for the the number, length and elongation rates of axile and lateral roots in 

growth pouches at the heterotrophic seedling stage were validated by a comparison with the 

same traits measured in growth columns at the autotrophic V4 and V6 stage. The number, 

length and elongation rates of axile and lateral roots were predictive of the occurence of the 

respective root type (axile or lateral) at the V4 and/or the V6 stage. The pouch system yielded 

results that were good indicators of root morphology at later growth stages in a more natural 

growth substrate. Similar results were obtained by Zhu et al. (2005 a/b), who showed that 

morphological differences related to P efficiency under field conditions could already be 

identified at the seedling stage in paper rolls. Since the pouch system yields reliable 

information on the root system relevant for later growth stages and has high throughput, 

studies of quantitative genetics can be carried out in the pouch system. 

The negative correlation between NoLat at the seedling stage and D-values in growth columns 

is supported by the hypothesis of Hund et al. (2008a), who suggested that fewer lateral roots 

in the topsoil going along with a deeper root system was related to the optimization of carbon 

allocation. This theory is supported by findings of Nielsen et al. (1994), who suggested that 

the formation of (lateral) root meristems requires considerable amounts of carbon. The 

formation of a root system with fewer lateral roots could be achieved at lower carbon costs. 

Root elongation increases when additional carbon is available (Pritchard and Rogers, 2000). 

Therefore, axile roots would probably grow faster in a root system with fewer lateral roots 

and probably have higher D-values. 

ERPrAx negatively correlated with D-values at the V4 stage, indicating the importance of other 

axile roots (such as seminal and crown roots) for root proliferation into depth. However, this 
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negative correlation was only found at the V4 stage and should therefore not be given too 

much weight. 

No correlations were ascertained between traits measured at the seedling stage in pouches 

with traits measured at the V2 stage in growth columns. Trait values measured at the V2 stage 

are likely to be influenced by the seed weight (e.g. Pommel, 1990). At the V2 stage a high 

number of plants was measured in the pouch system (approx. 18 per genoytpe under non-

stressed conditions), while only 3 plants per genotype (and harvest stage) were measured in 

columns. Due to the low number of replications in columns differences between genotypes 

might have been masked by the effect of the seed weight. Hence correlations with traits 

measured at the V2 stage in soil columns were low, not significant, respectively. 

 

3.4.6 Labor requirement 

For smaller root samples, it is recommended to use the scanning method; as it is less labor 

intensive and the amount of data to be retrieved is larger (e.g. root diameter). With larger root 

samples, the staining method has advantages, especially when only total root length and a 

high throughput are required. 

Another advantage of the staining method is that man hours do not increase proportionally 

with increasing root length per sample. The slight increase in man hours for the measurement 

of a sample from 4.8 minutes for V2 plants to 5 minutes for V6 plants (Table 3.3), was mainly 

due to larger amounts of CaCl2 solution needed to be pipetted and to larger numbers of roots. 

As plants grew deeper at later harvest stages, more samples per plant had to be analyzed, thus 

explaining the increase in man hours per plant. For the scanning method, man hours per plant 

and sample increased with sample size (Table 3.3) as more root material had to be spread on 

the scanner.  

Compared to mesurements of root material extracted from growth columns, the man hours 

can be further reduced when the pouch system is used. Extracting roots from the surrounding 

soil substrate took about 15 to 20 minutes per plant in the growth column system. Time 

needed for digital measurement of roots grown in growth pouches is therefore considerably 

shorter. Accordingly measurement of roots in growth pouches requires only a few minutes 

(approximately 2 minutes per plant for four non-destructive measurements) (Hund et al., 

2008b). Considering man hours required and the predictive value of traits measured in growth 
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pouches for later developmental stages (as outlined above) it is advisable to investigate root 

traits in growth pouches.  

 

3.5 Conclusions 

We have described the rooting system, and compared genotypes by digitally measuring 

overall root length and depth above which 50% (D50) and 95% (D95) of roots are located. 

The measurement of root length by the methylene blue method proved to be a suitable 

alternative to the classical approach based on scanning and digital image analysis. Measuring 

roots by the methylene blue method considerably reduced man hours required for measuring 

the roots grown in soil columns. As a result, the throughput in the soil column system is 

increased. The soil column system could therefore be used for the evaluation of large sets of 

genotypes. However, it still required considerably more time than the assessment of root traits 

in growth pouches. 

We furthermore show that the length and the elongation rate of lateral and axile roots 

measured in pouches were predictive of lateral and axile roots, respectively measured at the 

V4 and the V6 stage in growth columns. Root morphology in later developmental stages can 

therefore reliably be predicted by measurement of the root system at the early seedling stage 

in growth pouches. Both growth systems are therefore well suited for the assessment of root 

traits of large genotypical sets. The aims of the study, the availability of labor and the 

infrastructure will determine the selection of the most suitable system. 
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4 Mapping of QTLs for lateral and axile root growth of tropical maize 

4.1 Introduction 

Drought avoidance, as defined by Ludlow and Muchow (1990), is associated with a variety of 

constitutive and adaptive traits, including the minimization of water loss and/ or the 

maximization of water uptake. Water uptake in drying soils can be improved by optimizing 

access to water-bearing soil layers. For the individual plant, drought will be most successfully 

avoided when changes in carbon allocation patterns result in the formation of a deep root 

system before the onset of a growth-limiting water shortage (Campos, 2004; Fisher and 

Turner, 1978; Blum, 1985). In order to optimize yield in drought-prone environments, 

improvement of root distribution (Price et al., 2002), root length density and root hydraulic 

conductivity (Steudle et al., 2000) are important targets for selection. 

Several authors have shown genotypic variation for rooting depth. Two drought-tolerant 

maize hybrids had 2.3 to 3.3 times more axile roots (referred to as primary roots) in the deep 

moist soil layers than a drought-sensitive hybrid (Wan et al., 2000).  

The maize hybrid Pioneer-3165, with a deeper root profile, wilted later under drought than 

Pioneer-3192 (Lorens et al., 1987). Hund et al. (2008a) reported greater rooting depth of the 

drought-resistant CML444 compared to drought-sensitive SC-Malawi, associated with a 

greater extraction of water from deep soil layers. 

In drought-prone environments, many traits that are related to the water status of the plant 

may be affected by deeper rooting. A drought-tolerant ideotype with improved morphology 

can be defined according to Ribaut et al. (2008) as a plant with smaller tassels, smaller leaves 

above the ear, erect leaves, larger stem diameter, stay-green and deeper rooting with less 

lateral branching and less root biomass. 

With respect to vegetative growth, Matsuura et al. (1996) reported that the ability to maintain 

a high leaf water status, net assimilation rate and plant growth rate was related to the ability to 

increase total root length. 

Flowering synchrony is related to an improved water status of the plant by maintaining 

growth. Desiccation stress during flowering slows down ear and silk growth and delays silk 

emergence (Fuad-Hassan et al., 2008). As a result, the interval between anthesis and silking 

(ASI) widenes, and pollination and grain yield are reduced (Edmeades et al. 1999).  

Stay-green, measured as the maintenance of a high leaf chlorophyll content during grain 

filling, is related to a sufficient uptake of N and water (Rajcan and Tollenaar, 1999). This, in 

turn, may be related to higher uptake rates of a deep root system (Gallais and Hirel, 2004). As 
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a consequence of the higher leaf chlorophyll content, leaf longvity and the potential duration 

of grain filling are both extended (Paponov et al., 2005), thereby increasing the weight per 

kernel (Wang et al., 1999). 

Despite considerable variability in root morphology and root architecture, and their link to 

drought tolerance these characteristics are usually not directly accessible for breeders. The 

obvious reason is that roots cannot be assessed with current methodologies. For example, 

investigations of root systems in the soil are predominantly done destructively and are time-

consuming. However, the combination of genetic maps based on molecular markers with 

quantitative traits, offer an alternative approach to phenotypic selection: marker-assisted 

selection (MAS) for quantitative trait loci (QTL). MAS provides the opportunity to tailor 

more efficient root systems, if reliable QTLs are identified. Marker-assisted backcross 

selection has been applied to improve drought tolerance in Indian upland rice varieties, by 

introgressing four unlinked QTLs conveying longer and thicker roots (Steele et al., 2006). 

Shen et al. (2001) transfered Azucena alleles to IR64 in rice for deeper roots by means of 

marker-aided backcross selection. Furthermore, Ribaut and Ragot (2007) used MAS to 

introgress alleles for yield and flowering traits in five target regions in tropical maize. 

There is increasing knowledge about the genetic control of the root morphology of temperate 

maize, at least at the early stages of development. QTLs for root traits (Tuberosa, 2002 and 

references therein) as well as their response to drought (Lebreton et al., 1995), low 

phosphorous (Zhu et al., 2005a and b), low nitrogen availability (Liu et al., 2008; Gallais and 

Hirel, 2004) and cold stress (Hund et al., 2004) have been identified. Tuberosa et al. (2002) 

and Liu et al. (2008) collocated early root morphology with traits related to drought tolerance 

in the field and grain yield, respectively. However, little is known about the genetic factors 

influencing the root architecture and morphology of tropical maize, which is expected to 

harbour alleles increasing drought resistance. 

Preliminary experiments revealed that CML444 produced more axile than lateral roots in 

growth pouches compared to SC-Malawi. Therefore it may be anticipated, that this relative 

increase of axile roots led to deeper rooting of CML444 at later stages of development as 

shown by Hund et al. (2008a). 

The objectives of this study were: i) to identify QTLs for root traits at the juvenile stage and 

after successful identification ii)  compare these QTLs to QTLs previously identified in the 

reproductive stage under field conditions (Messmer, 2006; ETH Diss. No. 16695). 
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4.2 Materials and Methods 

4.2.1 Plant material 

A population of 236 recombinant inbred lines (RILs) of the cross between the two tropical 

maize lines CML444 and SC-Malawi was phenotyped. The genotype CML444 was developed 

at CIMMYT during the 1990s. It currently represents one of the most drought-tolerant 

germplasm available at CIMMYT. SC-Malawi was developed in Zimbabwe in the 1960s and 

was widely used in crosses for the development of public and private hybrids. Compared to 

CML444, SC-Malawi has a low yield potential and performs poorly under stress (Messmer, 

2006; ETH Diss. No. 16695). 

 

4.2.2 Growth conditions 

Pregerminated seeds were transferred to a moist blue germination blotter (21 cm x 30 cm; 

Anchor Paper, St. Paul, MN, USA) and covered by an opaque plastic foil to form a pouch, as 

described by Hund et al. (2008b). 

The pouches were placed in containers (132 cm long x 37 cm wide 32 cm high), containing 

15 l of a 25% strength Hoagland solution, so that the lowest 2 cm of the pouch were 

immersed in the nutrient solution. The containers were placed in a growth chamber (PGW36 

Conviron, Winnipeg, MB, Canada) at a temperature of 27° C at the seed level, a relative 

humidity of 70% and a photosynthetically active radiation of 400 µmol sec
-1 

m
-2

 at a 

photoperiod of 12 h. In order to minimize heating due to light radiation, the containers were 

covered with aluminum laminated styrofoam, leaving a 2 cm wide opening at the seedlings 

position. 

 

4.2.3 Root measurements 

Roots growing on the surface of the germination blotter were measured non-destructively, by 

scanning with a Hewlett Packard Scanjet 4670 “See Thru Scanner”, (Hewlett-Packard, Palo 

Alto, CA, USA). The pouches were scanned 2, 5, 7 and 9 days after germination (DAG). The 

acquired 24-bit jpg images were subsequently processed in Adobe Photoshop 7.0 in three 

steps (Adobe Systems Inc., San Jose, CA, USA) as described by Hund et al. (2008b). In a first 

step the saturation channel was used to obtain 8-bit images, with enhanced contrast between 

the roots and the background. In a second step a median filter, with a radius of three pixels, 

was used to remove image noise, which would have resulted in the detection of spurious roots 

in WinRHIZO 2003b (Regent instruments, Montreal, QC, Canada). In a third step, a threshold 
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of 120 was applied to the tonal value to obtain binary images. These images were then 

analyzed by means of WinRHIZO. Seventy-two root diameter-width classes were defined, 

ranging from 42.33 µm (1 pixel) to 3.05 mm (72 pixels). The debris removal filter was set to 

remove objects with an area smaller than 0.02 cm
2
 and a length/width ratio lower than 5. The 

lengths of axile and lateral roots were extracted from the root length in diameter class 

distribution obtained by WinRHIZO, by applying a threshold of 0.546 mm. Root lengths at 

diameters smaller than 0.546 mm were attributed to lateral roots, while root length above this 

threshold was attributed to axile roots. 

 

Figure 4.1: Mean values of lateral root length (a) and axile root length (b) of the CML444 x SC-
Malawi population non-invasively measured 2, 5, 7 and 9 days after germination. Error bars 
represent 1 standard error. 

 

Axile and lateral roots seemed to elongate at constant rates up to the destructive harvest. Root 

elongation was modeled according to the elongation patterns (Fig. 4.1a/b) using either an 

exponential or a linear growth function for lateral and axile roots, respectively. Therefore, the 

increase in the axile root length was modeled according to: 
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where x(t) is the root length at time t after germination, x(t0) is the root length at the first day 

of scanning (DAG 3) and ERAx represents the daily elongation rate. Accordingly, increases in 

the lateral root length were modeled as: 
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where kLat is the relative elongation rate of lateral roots. The mean r
2
 of each fitted model (see 

Fig. 4.2) was extracted and used to identify plots with a bad model fit (r
2 

below 0.8). These 

plots were evaluated separately and problematic images were eventually eliminated from the 
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analysis. In order to obtain a measure of the inrease of lateral root length per unit increase of 

axile root length, the ratio between kLat and ERAx was calculated (kLatERAx). 

The plants were harvested 10 DAG. The dry weights of the shoots (SDW) and roots (RDW) 

was determined after drying for 72h at 65° C. The length of the primary axile root (LPrAx) was 

measured digitally in images acquired 9 DAG using the ruler tool in Photoshop. The number 

of axile roots (NoAx) was counted manually 9 DAG. 

4.2.4 Experimental design and statistics 

The experiment was designed as an alpha lattice (0,1) with six independent replications (rj), 

240 genotypes (gi; 236 RILs and 2 x 2 parents) and 12 plots per incomplete block (pjkl). The 

20 incomplete blocks were distributed in five growth containers (bjk; 132 cm x 32 cm 5 cm) in 

a growth chamber. The effects of the replication were considered to be fixed, while 

genotypes, containers and incomplete blocks were random. 

Accordingly, the mixed linear model was: 

Yijkl  = µ + rj + gi + bjk  + pjkl + εijkl   

where Yijkl is the effect of genotype i, in the growth chamber run j, the growth container k, the 

incomplete block l and ε the residual error. 

Analysis of variance was done with the asreml-R package (Butler, 2006), and the best linear 

unbiased predictors (BLUPs) were extracted and used as the input values for the QTL 

mapping. The broad-sense heritability of each trait was calculated as:  
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where σ2
g is the genetic variance, σ2

ε the residual error variance and j the number of 

replications.  

Phenotypic Pearson’s correlations between pairs of traits were estimated using the function 

cor.test() in R (R Development Core Team, 2008). Significant correlations with 0.2 ≤ r
2
 ≤ 0.5, 

0.5 < r
2
 ≤0.8, 0.8 < r

2
, were defined as weak, moderate and strong, respectively. 

 

4.2.5 QTL analysis 

QTLs were identifed by composite interval mapping (CIM) using QTL cartographer 1.17 

(Basten et al., 2002) based on genetic information from the linkage map published in 

Messmer (2006). Co-factors were selected by forward and backward regression with the in 
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and out values set at 0.05 and 0.1, respectively. In zmapqtl a walking speed of 2 cM was 

selected. The number of background parameters was set to 5. QTLs were estimated on the 

basis of the BLUPs and a corresponding LOD threshold of 2.6. Assuming that each 

chromosome arm segregates independently, the corresponding experimental Type-I error 

probability (α´) is approximately 0.05. 

Two QTLs for different traits were considered coincidental (collocated) when their 

confidence intervals (defined as the intervals on the chromosome where the LOD-score at the 

peak decreased by half) overlapped. A collocation was considered to be positive, when the 

additive effects had the same algebraic sign (+ or −) and negative when they had opposing 

algebraic signs. 
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Results 

4.2.6 Phenotypic differences between parental lines 

Differences in root traits 

The axile roots grew linearly (Fig. 4.1b), while lateral roots grew exponentially (Fig. 4.1a). 

The coefficient of determination (r
2
) of the fitted models per RIL ranged from 0.78 to 0.99 for 

the linear ERAx and from 0.69 to 0.99 for the exponential kLat of single plants, with average 

values of 0.96 and 0.97 per RIL (Fig. 4.2). 

 

Figure 4.2: Frequency distribution of the coefficients of determination (r
2
) of model 1 

(a) and model 2 (b), fitted to the development of each individual plant to estimate the 
elongations rates of lateral (kLat) and axile (ERAx) roots, respectively. 

 

In contrast to SC-Malawi, CML444 formed a root system with a low proportion of lateral 

roots, indicated by a low kLatERAx (Table 4.1). This low ratio was a result of both a significant 

lower kLat ( -12%) and an insignificant but markedly higher ERAx (+24%) of CML444. The 

means were as expected, based on results obtained in a preliminary study. 

The interquartile range (IQR) for kLat in the RIL population ranged from 0.363 to 0.413 cm d
-1

 

with a heritability of 0.73, whereas values for the IQR of ERAx ranged from 6.72 to 9.40 cm d
-

1
 with a heritability of 0.8. As a result, the IQR for the ratio between kLat and ERAx ranged 

from 0.0416 to 0.0569 with a heritability of 0.83. Similar heritabilities were obtained for 

RDW (0.87) and leaf area (0.84). 

Weak positive correlations were found for HKW with NoAx, ERAx and the length of the axile 

root (LAx), indicating that the growth of the axile roots was affected by seed reserves 

(Table 4.2). With regard to root morphological traits, we observed typical covariance among 

the hierarchically dependent root traits. Since ERAx estimates the  
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Table 4.1: Summary statistics of traits measured for the parental inbred lines (means) and their 
segregating RIL offspring. Traits were axile root length (LAx), the number of axile roots (NoAx), 
the elongation rate of axile roots (ERAx), the length of the primary root (LPrAx), the relative 
elongation rate of lateral roots (LLat), the ratio between kLat and ERAx (kLatERAx), root dry weight 
(RDW), leaf area (LA) and hundred kernel weight (HKW).  

 
Trait  CML444 Malawi sig

a
 Pop_Mean 1

st
 Quartile 3

rd
 Quartile h

2  b
 

LAx (cm) 54.48 42.95 ns 63.2 52.2 72.9 0.81 

NoAx  5.17 4.09 ns 5.08 4.51 5.54 0.69 

ERAx (cm d
-1

) 7.33 5.60 ns 8.11 6.72 9.40 0.8 

LPrAx (cm) 21.1 22.8 ns 23.1 21.0 34.3 0.81 

LLat (cm) 28.53 38.92 ns 43.4 31.6 51.2 0.88 

kLat (cm d
-1

) 0.37 0.42 * 0.387 0.363 0.413 0.73 

kLatERAx  0.0509 0.0756 * 0.0500 0.0416 0.0569 0.83 

RDW (mg) 54.79 29.22 ns 42.5 37.2 46.4 0.87 

LA (cm
2
) 16.42 17.93 ns 21.29 18.65 23.77 0.84 

HKW (g) 25.00 25.00 na* 24.4 20.6 28.0 na* 

a Differences between parents are denoted by * at p = 0.05. 
b mean-based heritability 
na* not available 

 

 

 

 

Table 4.2: Pearson’s phenotypic correlation coefficients among traits measured in the RIL 
population: hundred kernel weight (HKW), leaf area (LA), root dry weight (RDW), the relative 
elongation rate of lateral roots (kLat), the elongation rate of axile roots (ERAx), the number of 
axile roots (NoAx) and the ratio between kLat and ERAx (kLatERAx) and the length of the primary 
root (LPrAx). 
 

Trait LA   RDW   kLat   ERAx   NoAx   kLatERAx   LPrAx   

HKW 0.533 *** 0.211 * 0.018 * 0.424 *** 0.395 *** 0.144 *** 0.002  

LA   0.507 *** 0.124  0.506 *** 0.467 *** -0.560 *** 0.149 *** 

RDW     0.139  0.521 ** 0.421 *** -0.450 *** 0.146 *** 

kLat       0.381 *** 0.209 ** 0.082 ns 0.073 *** 

ERAx         0.818 *** -0.852 *** 0.177 *** 

NoAx           -0.766 *** 0.121  

kLatERAx             0.110 *** 
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overall growth rate of all the axile roots, a strong positive correlation was found with the 

number of axile roots; since the lateral roots emerged from the mother axile root, kLat showed 

a weak positive correlation with ERAx. Similarly, the ratio between kLat and ERAx showed a 

strong negative correlation. ERAx showed a strong positive correlation with RDW, while the 

contribution of kLat was not significant. This finding is confirmed by a weak negative 

correlation between the ratio of kLat and ERAx with RDW. Furthermore, a moderate negative 

correlation was found between leaf area and the ratio of kLat to ERAx 

 

4.2.7 Detected QTLs  

All in all 12 QTLs were identified for 4 different root traits (Table 4.3): 1 QTL for LPrAx, 3 

QTLs for kLat (all of them with negative additivity), 4 QTLs for both ERAx and NoAx and 5 

QTLs were found for HKW. No QTL was detected for kLatERAx. 

The genomic region in bins 2.03 to 07 affected general root vigor. Four QTLs for NoAx, 

HKW, ERAx and kLat were positively collocated in bins 2.03 to 07. The allele of SC-Malawi 

increased the trait values for NoAx, HKW, ERAx and kLat by 0.19, 1.36 g, 0.48 cm d
-1

 and 

0.01 cm d
-1

, respectively. The fact that HKW was involved indicates that root vigor was 

affected by seed reserves. Therefore, the QTL for root vigor may in fact be a seed vigor QTL, 

which affects root growth. 

In addition to the QTL for root vigor which affects all the root traits, some QTLs unilaterally 

altered ERAx, (Table 4.3). At these loci, ERAx was altered by 0.54 cm d
-1

 (bin 1.03-04), 

0.55 cm d
-1

 (bin 1.07-08) and -0.54 cm d
-1

 (bin 7.03-04). The inconsistent signs of additivity 

corresponded to the observed transgressive segregation for this trait (Table 4.1). Each of the 

QTLs in these 3 regions explained about 7.6%, of the phenotypic variance (PVE). Most QTLs 

identified for ERAx collocated with QTLs for NoAx, reinforcing the strong correlation among 

the traits. 

QTLs unilaterally altering kLat were identified in bins 1.01 and 8.01. Values for kLat were 

increased by alleles derived from SC-Malawi. Trait values for kLat were altered by -0.0093 

and 0.0111 cm d
-1

 , respectively for both QTLs at PVE of 5.1% and 7.4%. 
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Table 4.3: QTLs (LOD > 2.6) involved in the expression of the number of axile roots (NoAx), the 
elongation rate of axile roots (ERAx), the length of the primary root (LPrAx), the relative elongation 
rate of lateral roots (kLat), the ratio between kLat and ERAx (kLatERAx), root dry weight (RDW), leaf 
area (LA) and hundred kernel weight (HKW). 

 
Trait   Chr  Marker Mark  bin Peak Interval LOD ADD PVE % 

NoAx (cm) 1   3 umc1041 1.01 45.41 23 - 53 4.89 0.24 8.93 

NoAx (cm) 1  17 Umc128 1.08 219.01 214 - 231 2.61 0.17 4.31 

NoAx (cm) 2   5 Csu40 2.03 100.01 88 - 114 3.16 -0.19 5.49 

NoAx (cm) 7  10 bnl14.07 7.04 106.31 97 - 129 4.97 -0.26 10.1 

ERAx (cm d
-1

) 1   9 Bnlg439 1.03 108.31 98 - 130 4.23 0.54 7.39 

ERAx (cm d
-1

) 1  17 Umc128 1.08 219.01 214 - 231 4.53 0.55 7.81 

ERAx (cm d
-1

) 2   7 Umc8g 2.05 114.41 100 - 121 3.43 -0.48 5.83 

ERAx (cm d
-1

) 7   9 bnlg1805 7.03 93.91 81 - 110 3.26 -0.54 7.46 

LPrAx (cm) 8   4 umc103a 8.02 63.31 51 - 78 2.72 -0.84 5.57 

kLat (cm d
-1

) 1   1 phi056 1.01 10.01 0 - 20 2.97 -0.0093 5.15 

kLat (cm d
-1

) 2   7 Umc8g 2.05 116.41 100 - 123 3.81 -0.011 7.21 

kLat (cm d
-1

) 8   1 npi114a 8.01 0.01 0 - 14 4.24 -0.011 7.36 

LA (cm
2
) 5  17 umc104b 5.08 244 228 - 244 3.06 1.01 6.09 

LA (cm
2
) 6   6 Umc65a 6.04 65 55 - 72 3.80 -1.10 7.24 

HKW (g) 1  24 bnlg2331 1.11 347.11 330 - 360 2.93 1.16 4.87 

HKW (g) 2   6 Umc135 2.04 102.41 90 - 114 3.31 -1.36 6.42 

HKW (g) 2  12 csu154a 2.07 162.21 155 - 167 2.67 -1.12 4.71 

HKW (g) 6   6 Umc65a 6.04 56.71 43 - 68 4.18 -1.38 7.14 

HKW (g) 7   2 umc1066 7.01 13.21 1 - 25 6.45 1.91 12.7 

chromosome number (Chr), marker number (Marker), marker name (Mark), position on the 
chromosome (Bin), position of the peak in cM (Peak), position in cM on the chromosome, 
where the LOD-score at the peak decreases by half (Interval), score of the QTL at the peak 
position (LOD), additive genetic effect of the CML444 allel on trait expression (ADD) and 
percentage of phenotypic variation explained by an individual QTL (PVE). 

 

4.2.8 Collocation of QTLs for root traits with QTLs identified in the reproductive stage in 

the field 

In order to get an idea of possible associations between the genetic control of seedling root 

traits and morpho-physiologcial traits measured in the same RIL population in several field 

experiments involving well-watered conditions and drought stress at flowering, the QTLs of 

the present study were compared with QTLs reported by Messmer (2006). Three genomic 

regions were identified on chromosomes 1, 2 and 7. The LOD support interval of the QTL for 

ERAx in bin 1.03 (near bnlg439) overlapped with those of QTLs in the most outstanding 
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region identified by Messmer (2006) (Figure 4.3). The latter comprises QTLs for grain yield 

and plant height in different environments, which suggested the presence of major genes 

regulating carbon-partitioning mechanisms, as well as QTLs for leaf greenness (SPAD-value) 

and a visual score of plant senescence, mostly under well-watered conditions. The alleles of 

CML444 contributed to an increase in ERAx, to higher leaf greenness and to either higher 

grain yield (under well-watered conditions) or a reduced plant height (under drought stress). 

The cluster of QTLs for root vigor on chromosome 2 (bin 2.03-2.05) collocated with a cluster 

of QTLs controlling the greenness of the ear leaf and the second leaf from the tassel at 

flowering in six field experiments with different levels of water availability. While the allele 

of CML444 decreased the phenotypic value of all concerned root traits in the present study 

(Table 4.3), it was associated with higher leaf greenness at flowering (Messmer, 2006). The 

third cluster of collocating QTLs was located on chromosome 7 (bin 7.03-7.04), where the 

support intervals of QTLs for NoAx and ERAx overlapped with those of QTLs for grain yield, 

kernel number and hundred kernel fresh weight, which were identified in a combined QTL 

analysis across seven experiments. The allele of CML444 at these QTLs decreased the 

phenotypic values of NoAx and ERAx (Table 4.3) as well as those of the yield parameters (data 

not shown). 
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Figure 4.3: Collocations of QTLs for seedling traits (red boxplots) with those detected by Messmer 
(2006) at the reproductive stage (black boxplots) under water stress (ws), well watered (ww) or both 
conditions (no indicator). Seedling traits were the relative elongation rate of lateral roots (kLat), 
elongation rate of axile roots (ERAx), the number of axile roots (NoAx), the length of the primary root 
(LPrAx) and the hundred kernel weight (HKW). Traits at the reproductive stage were the time to male 
flowering (MFLW), plant height (PHT), ear leaf chlorophyll content (SPAD), time to senescence (SEN), 
kernel number (KNO), hundred kernel weight (HKW) and grain yield (GY). The box of the boxplots 
indicates the area ± 4 cM around the peak of the QTL. Whiskers indicate the confidence interval 
where the LOD at the peak decreased by half. Closed symbols represent trait increasing alleles 
derived from CML444. 

 

4.3 Discussion 

4.3.1 A deep rooting system is of advantage under drought stressed conditions 

CML444 formed a root system with constitutively less lateral roots and in relation to the 

entire root length more axile roots than SC-Malawi, as indicated by a higher ERAx (ns), LPrAx 

(ns) and a lower kLat. Root elongation depends on carbon availability within the plant 

(Pritchard and Rogers, 2000). Assuming an ample nutrient supply in the soil, the growth of 

axile roots may be increased in a root system with fewer lateral roots, leading to deeper 

rooting. This hypothesis is supported by findings of Hund et al. (2009a) who showed that 

CML444 had a root system with fewer lateral roots in the topsoil but with thicker, deep-

reaching axile roots, compared to SC-Malawi. As a consequence CML444 took up more 

water than SC-Malawi (Hund et al., 2009a). There are other studies supporting the hypothesis 

that the relationship between axile and lateral roots may be a critical trigger for the resource 

allocation within the root system leading to increased rooting depths. Maize genotypes with a 
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reduced development of crown (adventitious) and lateral roots at the seedling stage (Bruce et 

al., 2002) and with a smaller amount of roots in the top 50 cm of the soil profile (Bolaños et 

al., 1993) extract less water from the topsoil (Campos et al., 2004) and are better adapted to 

drought conditions. This gives rise to the important question whether the root morphology in 

growth pouches can be predictive for the performance under drought at later stages of 

development. 

 

4.3.2 QTLs located in bins 2.03 to 2.07 affect early vigor 

The coincidence of QTLs for HKW and root vigor in bins 2.03 to 07, and the positive 

correlations between the HKW and the number and the elongation rates of axile roots 

indicated that seed weight had a strong influence on early root development. This is in 

accordance with findings of Pommel (1990), who suggested that growth rates of maize largely 

depend on seed reserves until about the 3-leaf stage. Accordingly, Manga and Yadav (1995) 

suggested that larger seeds promoted seedling growth in pearl millet, and Smith et al. (2003) 

found that the seed mass affected seedling height 10 days after germination and leaf length, 

width and dry matter 33 days after germination in Lolium perenne. 

 

4.3.3 Collocation with QTLs identified in the same population under field conditions. 

The allelic effects at QTLs in the two genomic regions where collocating QTLs for seedling 

root traits and yield parameters field were observed are in agreement with the hypothesis that 

the growth of axile roots (at the seedling stage) is positively associated with rooting depth 

and, potentially, with drought resistance in the field (at flowering). The increase in the 

elongation of axile roots provoked by the CML444 allele at the respective QTL in bin 1.03 

coincided with a positive effect on grain yield in an optimal growing environment. Under 

suboptimal conditions in the field, when the carbon allocation pattern within the plant seemed 

altered and the overall carbon assimilation was reduced, the CML444 allele provoked a 

reduction in plant growth. It is likely that the CML444 allele and the collocating QTL for 

ERAx reduced the elongation rate of axile roots in the field. This would explain why the QTL 

effect on grain yield disappeared in these situations. Moreover and as outlined below, this 

genomic region seems to be generally important for the genetic control of both shoot and root 

development. 
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The corresponding signs of the additive effects at the collocating QTLs on chromosome seven 

further suggest that the genetic control of root growth may be linked with the reproductive 

behavior in the plant material studied. However, the QTL effect on grain yield and kernel 

number has to be interpreted with care, as it was not significant in the analyses of individual 

experiments (data not shown). 

4.3.4 Collocations obtained with other studies aiming to unravel the ecophysiological 

importance of root traits 

We identified a QTL for NoAx in the vicinity of the anchor marker umc157a (at 29.8 cM on 

the 1999 Pioneer composite map). The rtcs mutant (Hetz et al., 1996) lacking crown and 

seminal roots maps to the same region (Table 4.4). The rtcs locus has been cloned and is 

relevant for the activation of auxin-responsive genes involved in the initiation of root 

formation (Taromina et al., 2007). It is therefore possible that the QTL detected for NoAx is a 

QTL involved in hormone physiology determining the number of axile roots. 

The QTL identified for ERAx in bin 1.03 collocated with QTLs identified in the 

Lo964 x Lo1016 population for the weight of the seminal roots of hydroponically-grown 

seedlings and for grain yield in the field (Tuberosa et al., 2002) and the number and length of 

the seminal roots (Hund 2004). Thus, in two independent populations and in several QTL 

studies, seminal root numbers and length were controlled by this locus. The QTL identified 

for ERAx in bin 1.08 collocated with QTLs for leaf ABA-content (Tuberosa et al., 1998), the 

weight of the seminal roots (Tuberosa et al., 2002), N-uptake (Gallais and Hirel, 2004) and 

the average axile root length under high and low N (Liu et al., 2008). Overall these 

collocations indicate that the QTLs identified for ERAx in bins 1.03 and 1.08 are very 

important for axile root growth and underline the importance of a well developed root system 

for sufficient uptake of water and N, and for yield formation. Furthermore the QTL for kLat in 

bin 2.05 identified in the present study, collocated with a QTL for the number and length of 

lateral roots under conditions of high and low phosphorous in the IBM population (Zhu et al., 

2005b). In summary, QTLs for root mass and axile root growth were found at the same 
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position in several populations. Therefore it may be anticipated that the identified QTLs 

revealed a common genetic basis of (axile) root growth, N-acquisition and ABA-homeostasis.  

Although growth rates of axile and lateral roots were affected by several QTLs, these 

explained only a small proportion of the observed phenotypic variance. None of the seven  
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Table 4.4: Analysis of variance for root and shoot traits of CML444 and SC-Malawi as affected by desiccation stress induced by polyethylene 
glycol (PEG). Significance level and mean values for each treatment are displayed for the number of axile roots (NoAx), the elongation rate of 
axile roots (ERAx), the length of the primary axile root (LPrAx), the rate constant of lateral root elongation (kLat), the ratio between kLat and ERAx 
(kLat/ERAx), the root dry weight (RDW), water potential (WP) and leaf area (LA). Values followed by the same letter are not significantly different 
at P = 0.05. Since no significant genotype-by-treatment interaction was observed mean values for genotypes across treatments are not shown. 

Bin Marker Pioneer Trait Population Reference 

1.02 umc157a 29.8 NoAx CML444 x SC-Malawi  

1.02 bnlg1014 20.7 rtcs  

1.02 bnlg1429 34.5 rtcs  

Hochholdinger et al., 1998; 

Taromina et al., 2007 

      

1.03 bnlg439 61 ERAx;NoAx CML444 x SC-Malawi  

1.03 bnlg2238 69 ERAx;NoAx CML444 x SC-Malawi  

1.03 bnlg2086 101 ERAx;NoAx CML444 x SC-Malawi  

      

1.03 bnlg176 51 Length and weight of the primary root Lo964× Lo1016 Tuberosa et al., 2002 

1.03 umc11a 53 Leaf abscisic acid content Os420 x IABO78 Tuberosa et al., 1998 

1.03 umc11a 53 Primary root weight, seminal axile root length  Lo964× Lo1016  

1.03 asg45 74   Hund et al., 2004 

      

1.03 bnlg1866 60 Axile root length Z3×87-1  

1.03 bnlg2180 64   Liu et al., 2008 

      

      

1.08 umc128 187 ERAx;NoAx CML444 x SC-Malawi  

1.08 dupssr12 160 ERAx;NoAx CML444 x SC-Malawi  

      

1.08 gsy282 160 Whole plant nitrogen uptake efficiency Io×F2  

1.08 umc83a 174 Whole plant nitrogen uptake efficiency Io×F2 Gallais and Hirel, 2004 

1.08 php20644 137 Length and weight of the primary root Lo964× Lo1016 Tuberosa et al., 2002 

1.08 umc128 187 Leaf abscisic acid content Os420 x IABO78 Tuberosa et al., 1998 



 77 

 

QTLs identified for ERAx and kLat explained more than 7% PVE. Therefore, it is likely that 

ERAx and kLat are controlled by many other loci, probably with lower PVE values, which were 

not identified in the present study. 

 

4.3.5 Application of root QTLs in marker-assisted selection 

Although growth rates of axile and lateral roots were affected by several QTLs, these 

explained only a small proportion of the observed phenotypic variance (PVE). None of the 

seven QTLs identified for ERAx and kLat explained more than 7% PVE. It is, therefore, likely 

that ERAx and kLat are controlled by many other loci, probably with lower PVE values, which 

were not identified in the present study. Even QTLs with small effects might be useful for 

MAS, given that the target region affects several traits of interest (especially traits in the 

field), and/or can be detected consistently in the breeding population (QTL validation). For 

example, the QTLs in bin 1.03 to 04, 1.07 to 08 and 2.03 to 07, collocating with similar QTLs 

in other populations should be considered in more detail. 

4.4 Conclusion 

The detection of two QTLs for axile roots (bins 1.03 and 1.08) and one QTL for lateral roots 

(bin 2.04-07) across populations suggests a common genetic control. The collocation of QTLs 

for axile roots (1.03-04 and 7.03-04) with QTLs for yield components indicates that the 

genetic control of early root development is closely related to the genetic control of traits that 

are relevant for performance in the field. Considering the breeding history of the two parental 

lines, it is assumed that the differences in early root morphology are the indirect results of the 

improvement of drought tolerance at flowering. Marker assisted backcross selection of several 

of these loci could be a first step to verify the effect of changes in root morphology at an early 

stage on the performance of the plants at later stages of development. 
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5 QTLs for early vigor in tropical maize 

5.1 Introduction 

A strong photosynthetic performance and an early canopy closure, i.e. a rapid leaf 

development, are the two most important target traits for vigorous early growth. There is an 

optimization function between the maximization of the leaf area on the one hand, and the 

photosynthetic performance on the other hand.  

Photosynthesis, measured as carbon exchange rate, depends on the amount of photons 

absorbed by the chlorophyll of the leaves and on how efficient photons are used for carbon 

assimilation. The leaf chlorophyll content can be measured using a chlorophyll meter (SPAD; 

Xu et al., 2000) since the SPAD values explain 82% of the variation in the leaf chlorophyll 

content. The leaf chlorophyll content itself is not indicative for the functioning of the 

photosynthetic apparatus. While it provides information about the amount of nitrogen stored 

in the leaf (Piekielek and Fox, 1992) and the amount of photons captured (Earl et al. 1997), it 

does not provide information about how efficient they are used for carbon fixation. This 

information can be gained, either by measuring carbon exchange rate (CER) itself, or by using 

the quantum efficiency of photosystem II (ΦPSII; Genty et al., 1989) as a proxy measure. ΦPSII 

describes the proportion of light absorbed by chlorophyll associated with photosystem II that 

is used for photochemistry given that there are no alternative electron sinks, such as 

photorespiration. 

The gross assimilation rate on a plant level may also be increased by maximizing the leaf 

area. As stated by Richards et al. (2000) the leaf area can be increased without additional 

costs by decreasing the amount of photosynthetic machinery per unit leaf area (Richards, 

2000). This in turn increases the leaf area per unit weight, measured as specific leaf area 

(SLA). If the gain in assimilates due to the additional leaf area is larger than the reduction due 

to the reduced photosynthetic machinery, the net assimilation rate is increased. SLA was 

suggested to be suitable for selecting plants with a high early vigor (Rebetzke et al., 2004), as 

a high SLA allows the plant to close the leaf canopy at minimal carbon expenses. Thus, when 

a rapid canopy closure is a solution to improve the water use efficiency, as suggested for 

small grain cereals (Richards et al. 2002), the maximization of leaf area, by increasing SLA, 

may be important. However, Wright et al. (1994) demonstrated a negative relationship 

between SLA and transpiration efficiency in peanut. A high SLA would result in increased 

water losses after canopy closure, due to a larger leaf area and a lower transpiration efficiency 

(Sheshayee et al., 2006). Therefore, a decline in SLA, as observed in temperate cereals 
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(Rawson et al., 1987), may be an important mechanism of adaptation to drought after canopy 

closure. For example, a small SLA is an indicator for drought tolerance in grass species 

(Triticum aestivum and Tragus racemosus), reflected in a more xeromorphic leaf anatomy for 

the drought tolerant Triticum aestivum when the leaf had developed under drought (Kalapsos 

et al., 1996). 

As already outlined the four parameters leaf area, SLA (determining leaf area and the density 

of photosynthetic machinery), SPAD (determining the amount of photons intercepted by 

leaves), and ΦPSII (determining the efficiency of the photosynthetic machinery) can be used to 

differentiate among genotypes for early vigor. Their influence on plant performance mainly 

depends on the target environment and developmental stage. For example under chilling 

conditions of about 15°C during the early plant development the maintenance of a high 

photosynthetic performance is of great importance. Accordingly, ΦPSII and SPAD are 

routinely used to assess the photosynthetic performance of maize seedlings at low temperature 

(Fracheboud et al., 2002, 2004, Hund et al., 2004, 2005, 2007, Jompuk et al., 2005). Leaf 

chlorophyll content is known to be affected by drought in many crops including sorghum 

(Thomas and Howarth, 2000) and wheat (Sarker et al., 1999). Arunyanark et al. (2008) 

therefore suggested SPAD to be a suitable tool for rapid assessment of the photosynthetic 

machinery for the indirect selection towards drought tolerance in the field. After flowering the 

maintenance of high values for green leaf area, chlorophyll content and photosynthetic 

activity are indispensable for yield formation. The ability to allocate photosynthetates to the 

kernel after flowering is largely accountable for kernel set and ovule abortion (Thomas and 

Howarth, 2000). Photosynthetic activity has furthermore been shown to influence kernel 

weight and overall grain yield (Wang et al., 1999). Leaf chlorophyll content affects stay-green 

towards the end of the cropping season and thereby determines duration of grain filling and 

grain yield (Paponov et al., 2005; Wang et al., 1999). 

The genetic control of the four parameters leaf area, SLA, SPAD and ΦPSII and their 

interrelations are not well understood. However, there are some indications of pleiotropic 

effects among these traits indicating that a better understanding is necessary in order to 

optimize the light harvest by the canopy. For example, pleiotropic effects were reported based 

on collocations obtained between QTLs for SLA, SPAD and ΦPSII (Hund et al. 2005). SPAD 

and CER are negatively correlated with SLA (Hund et al., 2005) as higher amounts of 

photosynthetic machinery per unit leaf area entail a more structured and heavier leaf. 

However, Hund et al. (2005) did not find evidence that selection for a high photosynthetic 
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performance under low temperatures led to co-selection for constitutive low SLA, which 

might result in low productivity. 

In order to predict early vigor and resulting performance at the reproductive stage the genetic 

basis should be known for traits related to photosynthesis. Such an evaluation could be carried 

out most efficiently at the early seedling stage. However, trait values measured then can relate 

to seed biomass (Pommel, 1990), potentially biasing the relationship between early vigor in 

photosynthetic traits at early and late developmental stages. We therefore tested the target 

material of the present study in the heterotrophic and the early autotrophic growth stage and 

measured the seed weight. 

The objectives here were:  i) to compare seedlings grown at the heterotrophic V2 stage to 

those at the autotrophic V5 stage for the consistency in traits related to photosynthesis; ii) to 

identify QTLs for photosynthesis-related traits at the seedling stage and iii) to compare them 

with QTLs identified under field conditions at the reproductive stage reported by Messmer 

(2006). The parental lines CML444 and SC-Malawi were used for a comparison between 

plants measured at the V2 and at the V5 stage, while their RIL population was subsequently 

used for a QTL mapping study.  

 

5.2 Materials and Methods 

5.2.1 Evaluation of the parents CML444 and SC-Malawi 

The seeds of two tropical maize inbred lines and 236 recombinant inbred lines (RILs, F7:S6) 

were obtained from CIMMYT. The parental line CML444 has the characteristics of a drought 

tolerant maize ideotype as described by Ribaut et al. (2008). It has been developed at 

CIMMYT during the 1990s, by selecting for high yield under drought stress at flowering. SC-

Malawi is an old inbred line developed in Zimbabwe in the 1960s. Compared to CML444, 

SC-Malawi has a low yield under stress and non-stress conditions (Messmer, 2006). In two 

experiments prior to the QTL study CML444 and SC-Malawi were tested in growth pouches 

(unpublished data) and in growth columns (Hund et al., 2008) at the heterotrophic V2 stage 

and at the autotrophic V4 to V5 stages, respectively.  

5.2.2 Test of parental lines in growth columns 

Growth conditions and experimental design 

CML444 and SC-Malawi were tested in growth columns (80 cm high, 10.5 cm in diameter) 

filled with quartz sand. The experiment was designed to test the effect of rooting depth on 
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water uptake (Hund et al., 2008a). Here we present physiological measurements that have not 

been reported yet. The growth columns were filled with batches of quartz sand (0.08-0.2 mm 

diameter) mixed with a nutrient solution containing 0.23% (v/v) of the liquid fertilizer Wuxal 

(Aglukon Spezialdünger GmbH, Düsseldorf, Germany; (16 mM N; 1 mM P2O5; 2 mM K2O; 

7.8 µM Fe; 6.7 µM Mn; 21.3 µM B; 2.9 µM Cu; 2.2 µM Zn 1.1 µM Mo)). The amount of 

nutrient solution was adjusted to obtain 100% (well-watered; WW) and 30% (water-stressed; 

WS) of the maximum water-holding capacity (0.228 m
3 

m
-3

) of the substrate. Plants were 

grown in a growth chamber (PGW36, Conviron, Winnipeg, Canada) at 28/24°C (day/night), 

70/60% relative humidity (day/night) and a 12 h photo period at 600 µmol cm
-2

 s
-1

 light 

intensity. All the plants were harvested 30 days after transplanting when plants had reached 

the V5 and the V4 stage in WW and WS treatment, respectively. 

The experiment consisted of three runs, each set up as a factorial design with two water 

treatments (WW and WS) and four genotypes. All factorial combinations were assigned to 

plots of three complete randomized blocks in each of three runs. One plot consisted of one 

growth column containing one plant. Analysis of variance was computed using PROC 

MIXED (SAS 8.2). Block within run was considered random; all other factors were 

considered fixed. 

Physiological measurements in growth columns 

The operating quantum efficiency of photosystem II photochemistry (ΦPSII), the specific leaf 

area (SLA) and the leaf chlorophyll content (SPAD) were assessed. All measurements were 

conducted in the center of the last fully developed leaf, i.e. leaf 4 for WS and leaf 5 for WW. 

The third leaf was exposed to the full radiation in the growth chamber at least 20 min before 

the measurements, were taken by rotating the pots accordingly. ΦPSII was measured using a 

portable, open-flow gas-exchange system LI-6400 (LI-COR, Lincoln, NE, USA) equipped 

with a 6400-40 leaf chamber fluorometer (LI-COR). The maximum fluorescence in the light-

adapted state (Fm’) was determined by applying a 0.8-second saturation flash (>8000 mmol 

quanta m
-2

 s
-1

). ΦPSII was calculated as (Fm’-F’)/Fm’ (Genty et al., 1989). The environmental 

settings of the LI-6400 were the same as specified by Hund et al. (2009). The chlorophyll 

content was measured with a SPAD-502 instrument (Konica Minolta Sensing, Inc., Sakai, 

Osaka, Japan) by averaging three measurements taken at random locations in the middle of 

the leaf. 

The area of the fully developed leaves was measured separately with a leaf-area meter (LI- 

3000a, LI-COR, Lincoln, NE, USA); the dry weight of the fully developed leaves was 
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recorded after drying the leaves at 65 °C for 72h. The SLA was calculated as the ratio 

between the area and the weight of the fully developed leaves. 

 

5.2.3 Test of parental lines in growth pouches 

In a preliminary study the parental lines CML444 and SC-Malawi (12 plants each) were 

grown in order to assess comparability with results obtained in the sand column study. 

Growth conditions and duration, measurements and harvest were done in the same way as in 

the QTL mapping study described below.  

 

5.2.4 QTL experiment  

Plant material and growth conditions 

A population of 236 recombinant inbred lines (RILs) of the cross between the two tropical 

maize inbred lines CML444 and SC-Malawi was phenotyped. Pre-germinated seeds were 

transferred to moistened blue germination blotter (Anchor Paper, St. Paul, MN, USA) of 

21 cm x 30 cm, and covered by plastic foil to form a growth pouch as described by Hund et 

al. (2008b). 

The pouches were placed in containers (132 cm length x 37 cm width x 32 cm height) 

containing 15 l of a modified Hoagland solution (5 mM KNO3 , 5 mM Ca(NO3)2, 

2 mM MgSO4, 1 mM KH2PO4), in a way that the lowest 2 cm of the pouch were immersed in 

the nutrient solution. The containers were placed in a growth chamber (PGW36 Conviron, 

Winnipeg, MB, Canada) at a temperature of 27° C at the seed level, a relative humidity of 

70% and a photosynthetically active radiation of 400 µmol sec
-1 

m
-2

 at a photoperiod of 12 h. 

In order to minimize heating due to light radiation, the containers were covered with 

aluminum laminated styrofoam, leaving a 2 cm wide opening at the seedlings position. 

 

Physiological measurements in the growth pouch experiment 

In the QTL mapping experiment, the quantum efficicency of photosystem II photochemistry 

(ΦPSII; Genty, 1989) and SPAD were measured on the second leaf 10 days after germination 

(DAG). ΦPSII was measured with a PAM-2000 (Walz, Effeltrich, Germany). ΦPSII was 

calculated as (Fm’-F’)/Fm’ (Genty et al., 1989). The chlorophyll content was measured with a 

SPAD-502 instrument (Konica Minolta Sensing, Inc., Sakai, Osaka, Japan) by averaging three 

measurements taken at random locations in the middle of the youngest fully developed leaf. 
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Plants were harvested 11 DAG. At harvest the leaf area (LA) was measured using a Li-3000A 

instrument (LI-COR Biosciences, Lincoln, NE, USA). The dry weight of shoots (SDW) and 

roots (RDW) were determined after drying for 72h at 65  C. The SLA was calculated as the 

ratio of total leaf area to total leaf weight. In order to quantify the effect of seed reserves on 

plant growth hundred kernel weight (HKW) was measured based on the weight of 50 

randomly selected seeds for all maize lines evaluated in the present study. 

 

 

Experimental design and statistics 

The experiment was designed as an alpha lattice (0,1) with six independent replications (rj), 

240 genotypes (gi; 236 RILs and 2 x 2 parents) and 12 plots per incomplete block (pjkl). 

Overall each genotype was replicated six times. The 20 incomplete blocks (pjkl) were 

distributed among five growth containers (bjk; 132 x 32 cm) in a growth chamber. The 

replication effects were considered to be fixed, while the genotypes and incomplete blocks 

nested within containers were considered to be random. The design was chosen to control the 

spatial variation of environmental conditions in the growth chamber and the variation 

resulting from handling of the pouches. Accordingly, the mixed linear model was: 

Yijkl  = µ + rj + gi + bjk  + pjkl + εijkl   

where Yijkl is the effect of genotype i in growth chamber run j (j=1,...,6), growth container k 

(k= 1,...,5) and incomplete block l (l=1,...,20); µ is the overall mean, and ε the residual error. 

Analysis of variance was carried out using the R package asreml (Butler, 2006) and the best 

linear unbiased predictors (BLUPs), extracted for each genotype-by-block combination, were 

used as the input values for the QTL mapping. The broad-sense heritability for each treatment 

was calculated as: 

εσσ

σ

22

2
2

1

j

h

g

g

+

=   

where σ2
g is the genetic variance, σ2

ε is the residual error variance and j is the number of 

replications.  

Phenotypic Pearson’s correlations between pairs of traits were estimated using the function 

cor.test() in R (R Development Core Team, 2008). Significant correlations with 0.2 ≤ r
2
≤ 0.5, 

0.5 < r
2
 ≤0.8 and 0.8 < r

2
, were considered weak, moderate and strong, respectively. 
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QTL analysis 

The QTLs were identified by composite interval mapping (CIM) using QTL cartographer 

1.17 (Basten et al., 2002) using the linkage map created by Messmer (2006). Blocking 

window size was set to 10 cM. Co-factors were selected by forward and backward regression 

with the in and out values set at 0.05 and 0.1, respectively. The walking speed was 2 cM and 

the background parameters were set to 5. QTLs with a LOD-score above 2.6 were considered 

significant (α = 0.05). 

QTLs for different traits were declared coincident (collocated) when their positions with 

highest LOD scores (peak) were located in the same bin. The collocation was “positive” when 

the additive effects had the same algebraic sign (+ or − ) and “negative” when they had 

opposite algebraic signs. 
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5.3 Results 

5.3.1 CML444 had greener leaves independent of culture system and developmental stage 

Under well-watered conditions in growth columns, CML444 had 9.9% higher SPAD values 

accompanied by a 29.5% lower SLA but a similar ΦPSII compared to SC-Malawi (Table 5.1).  

 

Table 5.1: Photosynthetic traits measured on two genotypes grown in 80 cm growth columns under 
well watered (WW) and water stressed (WS) conditions at the V5 stage; quantum efficiency of 

photosystem II in the light (ΦPSII), specific leaf area of the fully developed leaves two to four (SLA) and 
leaf greenness (SPAD). Genotypes-treatment combinations followed by the same letter are not 
significantly different. 
 

  ΦΦΦΦPSII   SLA   SPAD   LA  

  µmolm
-2

s
-1

  (cm
2
 mg

-1
)    (cm

2
)  

 Treatment  ***  ns  ***  *** 

 Genotype  ***  ***  ***  ns 

 Genotype x Treatment  ***  *  ns  ns 

WW CML444 0.423 
a 

0.0246 b 46.7 
ab 

467 
a 

 SC-Malawi 0.429 
a 

0.0349 a 42.1 
c 

402 
a 

WS CML444 0.386 
b 

0.0307 a 42.4 
a 

145 
b 

 SC-Malawi 0.281 
c 

0.0313 a 34.3 
b 

133 
b 

 

Under water stressed conditions, CML444 maintained its higher SPAD values (19.1%) but 

both genotypes had similar SLA as it increased for CML444. Furthermore, CML444 could 

maintain a high ΦPSII, while the values for SC-Malawi decreased, resulting in ΦPSII 27.2% 

higher for CML444. Under water stressed conditions LA was reduced by 68%. 

Results obtained in the preliminary study at the V2 stage in growth pouches showed that 

CML444 leaves were 32% smaller than those of SC-Malawi (Table 5.2), whereas its ΦPSII and 

SPAD values were 19% and 50% higher. 

Values obtained for SPAD in growth pouches at the V2 stage were comparable to those 

measured at the V4/ V5 stage in soil columns. Higher SPAD values for CML444 than the 

ones from SC-Malawi were found under both well-watered and water-stressed conditions in 

columns as well as in growth pouches. Higher values for ΦPSII were identified in pouches as 

well as under water stressed conditions in the growth columns. Higher SLA values could only 

be ascertained under well watered conditions in the growth columns. However, similar 

tendencies could be observed in the pouches (ns) and under water stress in the growth 

columns. Therefore, the observations indicate constitutive differences between the two 

parental lines at least for SPAD values.  
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5.3.2 QTL experiment 

In the QTL-study due to a low germination rate of SC-Malawi no balanced statistical 

comparison could be carried out between the parental lines. The differences between parental 

lines were similar but less pronounced than those in the preliminary study in the growth 

pouches (Table 5.3). The high broad sense heritability for ΦPSII (76% ) and SPAD (82%) 

indicate the genetic stability of these traits across generations. 

 

 

Table 5.2: Average values for the parental lines 
measured in the parental comparison study for the 
following traits measured at the V2 stage: quantum 
efficiency of photosystem II (ΦPSII), leaf chlorophyll 
content (SPAD), specific leaf area (SLA), leaf area 
(LA), leaf dry weight (LDW), shoot dry weight (SDW), 
predawn leaf water potential (LWP) and root dry 
weight (RDW). * indicates differences between 
CML444 and SC-Malawi. 
 

  CML444 SC-Malawi  

ΦΦΦΦPSII µmolm
-2

s
-1

 0.632 0.534 * 

SPAD  34.4 22.8 * 

SLA (cm
2 
mg

-1
) 0.499 0.510 ns 

LA (cm
2
) 18.0 26.5 * 

LDW (mg) 37.5 48.0 ns 

SDW (mg) 64.9 83.4 ns 

RDW (mg) 46.1 51.1 ns 

 
 
 
Table 5.3: Average, 1

st
 quartile and 3

rd
 quartile values fort the parental lines and the RILs and 

trait heritability measured in the QTL experiment for the following traits: hundred kernel weight 
(HKW), quantum efficiency of photosystem II (ΦPSII), leaf chlorophyll content (SPAD), predawn 
leaf water potential (LWP), leaf area (LA), leaf dry weight (LDW), shoot dry weight (SDW), 
specific leaf area (SLA) and root dry weight (RDW). 
 

Trait   CML444 Malawi sig Pop_Mean 1
st

 Quartile 3
rd

 Quartile h
2
 

ΦΦΦΦPSII µmolm
-2

s
-1

 0.636 0.625 ns 0.598 0.580 0.623 0.76 

SPAD  27.8 23.5 ns 23.7 21.9 25.8 0.82 

SLA (cm
2 
mg

-1
) 0.522 0.522 ns 0.534 0.516 0.553 0.61 

LA (cm
2
) 16.4 17.9 ns 21.3 18.7 23.8 0.84 

LDW (mg) 32.3 34.7 ns 40.2 34.9 45.2 0.81 

SDW (mg) 48.0 55.1 ns 62.8 19.9 25.0 0.82 

RDW (mg) 54.8 29.2 ns 42.5 37.2 46.4 0.87 

HKW (g) 25 25.0 ns 24.4 20.6 28.0 na
1
 

1
 not available 

 

Population means for SLA (2%), LA (18%), LDW (16%) and SDW (18%) were higher than 

means of the two parental lines, while population means were lower for ΦPSII (5%), HKW 

(3%) and SPAD (8%). Transgressive segregation was observed for SLA and HKW, indicated 
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by values for the first quartile of the population being lower and the third quartile of the 

population being larger than the means of the parental lines. The broad sense heritability 

ranged from 0.61 for SLA to 0.84 for LA. 

 

5.3.3 Phenotypic correlations 

HKW was weakly correlated with SPAD, SLA and LA, the correlation was moderate with 

LDW and SDW, highlighting the influence of seed reserves on these traits (Table 4). ΦPSII 

was weakly and negatively correlated with LA, SDW and SLA, indicating that plants with a 

smaller canopy and thicker leaves have a higher carbon exchange rate per unit leaf area. 

SPAD showed a weak negative correlation with SLA. A weak positive correlation was found 

between SPAD and ΦPSII as well as between SPAD and LWP. 

 
Table 5.4: Pearson’s phenotypic correlations coefficients among traits measured in the RIL population 
for the following traits: quantum efficiency of photosystem II (ΦPSII), leaf chlorophyll content (SPAD), 
predawn leaf water potential (LWP), leaf area (LA), leaf dry weight (LDW), root dry weight (RDW), 
specific leaf area (SLA). 
 

Trait ΦΦΦΦPSII     SPAD  LWP  LA  LDW  SDW  RDW  SLA  

HKW -0.01  0.36 *** 0.19  0.53 *** 0.58 *** 0.52 *** 0.21 * -0.17 * 

ΦΦΦΦPSII   0.30 *** 0.13  -0.26 *** -0.17 * -0.23 *** -0.20  -0.26 *** 

SPAD     0.22 * 0.02  0.10  0.12  0.12  -0.30 *** 

LWP       -0.02  0.09  0.06  -0.07  -0.25 * 

LA         0.93  0.77 *** 0.51 *** 0.08  

LDW           0.80 *** 0.47 *** -0.26 *** 

SDW             0.35 *** -0.16 * 

RDW               -0.03  

 

5.3.4 QTL detected in growth pouches 

22 QTLs were identified for 7 traits (Table 5.5): HKW (5), ΦPSII (4), SPAD (3), SDW (3) and 

SLA (3), LA (2) and LDW (2). Except for SPAD, alleles increasing trait values were derived 

from both parental lines.  

In accordance with values obtained for the parental lines, the sum of the additive effects of the 

alleles derived from CML444 generally increased trait values for ΦPSII and SPAD, while 

alleles derived from SC-Malawi generally increased trait values for SLA, LA, LDW and 

SDW. 

Two of the four QTLs identified for ΦPSII collocated positively with QTLs for SPAD, in bins 

1.06-07 and 7.03 (62-95 cM) accounting for 7% and 10% of the observed phenotypic variance 
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(PVE). Three QTLs identified for SLA (bins 1.06-07, 1.11 and 5.01) exhibited PVE values of 

10%, 7% and 13%. 

Positive collocations were identified for LA and SDW (bin 5.08) and for LA and LDW (bin 

6.04) with PVE values ranging from 6 to 8%. Three additional QTLs for LDW (1) and SDW 

(2) were identified in bins 1.08, 1.02 and 1.06 exhibiting PVE values of 5 to 10%. 

Several positive collocations were identified between HKW and SPAD (7.01-02), LA (6.03-

04), LDW (6.03-04), ΦPSII (2.06-07) indicating pleiotropic effects of the availability of seed 

reserves. 

 

5.3.5 Collocations with QTLs identified in the field 

We compared our QTLs with those detected by Messmer (2006) under field conditions. Seven 

collocations obtained between QTLs for photosynthesis-related traits (SPAD, SLA and ΦPSII) 

measured at the seedling stage, with QTLs for traits related to yield formation at the 

reproductive stage (kernel number, grain yield), suggested a common genetic basis (Fig. 5.1). 

Accordingly, five positive collocations were identified: In bin 5.01 SLA was collocated with 

kernel number under well watered and water stressed conditions as well as with grain yield 

under water stressed conditions. In bin 7.03 two QTL for ΦPSII and SPAD positively 

collocated with kernel number under well watered conditions. Two negative collocations were 

identified in bin 8.06: ΦPSII and SPAD were collocated with grain yield and kernel number 

under well watered conditions. Again collocations obtained for QTLs for photosynthesis-

related traits with QTLs for the HKW of the harvested grains emphasized the possible effects 

of seed reserves on seedling performance (bins 1.06-07, 7.01). 

The two most important QTLs for SPAD measured in the field around flowering, i.e. on 

chromosomes 2 and 10, did not collocate with QTLs identified for SPAD in the pouch 

system. This disproves our hypothesis that leaf greenness of the examined population is 

controlled by the same set of genes throughout the development of the plant.  

Indications of the effects of the photosynthetic machinery on the anthesis silking interval 

(ASI) were obtained by collocations of QTLs for traits related to photosynthesis at the 

seedling stage and QTLs for ASI measured under field conditions. In bin (1.07) a QTL for 

ASI positively collocated with two QTLs for SPAD and ΦPSII, while it negatively collocated 

with a QTL for SLA. Another QTL for ASI negatively collocated with a QTL for ΦPSII in bin 

8.06. The QTLs for the time to male flowering under field conditions in bin 1.06-07 positively 

collocated with QTLs for SPAD and ΦPSII and negatively with a QTL for SLA.  
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Table 5.5: Genetic characteristics of the QTLs (LOD > 2.6) involved in the expression of leaf area 

(LA), leaf dry weight (LDW), quantum efficiency of photosystem II (ΦPSII), shoot dry weight (SDW), 

specific leaf area (SLA), leaf chlorophyll content (SPAD) and hundred kernel weight (HKW). 

Chromosome number (Chr), marker number (Marker), marker name (mark), position on the 

chromosome (bin), position of the peak in cM (Peak), position in centiMorgan on the chromosome, 

where the LOD-score at the peak decreases by half (Interval), score of the QTL at the peak position 

(LOD), additive genetic effect of the CML444 allele on trait expression (ADD), percentage of 

phenotypic variation explained by an individual QTL (PVE). 

 

Trait   Chr  Marker Mark bin Peak Interval LOD ADD PVE % 

ΦΦΦΦPSII µmolm
-2

s
-1

 1  15 umc1122 1.06 204 185 - 221 2.72 0.009 6.9 

ΦΦΦΦPSII µmolm
-2

s
-1

 2   7 umc8g 2.05 116 90 - 125 2.97 0.008 5.2 

ΦΦΦΦPSII µmolm
-2

s
-1

 7   9 bnlg1805 7.03 82 74 - 95 5.80 0.011 10.4 

ΦΦΦΦPSII µmolm
-2

s
-1

 8   8 umc48a 8.06 132 118 - 148 6.39 -0.012 11.9 

SPAD  1  15 umc1122 1.06 202 183 - 218 2.65 0.855 7.9 

SPAD  7   2 umc1066 7.01 11 1 - 25 4.84 1.02 10.7 

SPAD  7   8 bnlg155 7.03 78 62 - 93 5.23 1.02 11.2 

SLA (cm
2 
mg

-1
) 1  18 umc166b 1.08 224 195 - 231 5.31 -0.009 10.2 

SLA (cm
2 
mg

-1
) 1  25 bnlg2123 1.11 369 347 - 370 3.68 -0.007 7.1 

SLA (cm
2 
mg

-1
) 5   2 npi409 5.01 11 1 - 30 5.78 0.010 13.3 

LA (cm
2
) 5  17 umc104b 5.08 244 228 - 244 3.06 1.01 6.1 

LA (cm
2
) 6   6 umc65a 6.04 65 55 - 72 3.80 -1.10 7.24 

LDW (mg) 1  18 umc166b 1.08 222 219 - 231 3.15 1.91 5.9 

LDW (mg) 6   6 umc65a 6.04 65 55 - 72 3.59 -2.07 6.9 

SDW (mg) 1   7 bnlg1627 1.02 64 47 - 76 5.55 -1.41 10.2 

SDW (mg) 1  12 umc177a 1.06 160 148 - 185 2.87 -1.01 5.5 

SDW (mg) 5  17 umc104b 5.08 244 230 - 244 4.09 1.29 8.9 

HKW (g) 1  24 bnlg2123 1.11 347 330 - 360 2.93 1.16 4.9 

HKW (g) 2   6 umc135 2.04 102 90 - 114 3.31 -1.36 6.4 

HKW (g) 2  12 csu154a 2.07 162 155 - 167 2.67 -1.12 4.7 

HKW (g) 6   6 umc65a 6.04 57 43 - 68 4.18 -1.38 7.1 

HKW (g) 7   2 umc1066 7.01 13 1 - 25 6.45 1.91 12.7 
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Figure 5.1: Collocations of QTLs for quantum efficiency of photosystem II (ΦPSII), leaf chlorophyll 
content (SPAD), the specific leaf area (SLA), leaf area (LA), shoot dry weight (SDW) and hundred 
kernel weight (HKW) identified at the seedling stage (red box plots) in the present study, with QTLs for 
time to male flowering (MFLW), the anthesis silking interval (ASI), plant height (PHT), ear leaf 
chlorophyll content (SPAD), time to senescence (SEN), kernel number (KNO), hundred kernel weight 
(HKW) and grain yield (GY) identified in the same population at the reproductive stage under field 
conditions (black boxplots)(Messmer, 2006; ETH Diss. NO. 16695). Environmental conditions in the 
field were either water stressed (WS) or well watered (WW). QTLs identified under field conditions 
(black boxplots) not followed by an indicator for the environment were identified under both well 
watered and water stressed conditions. The box of the boxplots indicates the area ± 4 cM around the 
peak of the QTL. Whiskers indicate the confidence interval i.e. the interval on the chromosome where 
the LOD at the peak decreased by half. Full symbols represent trait increasing alleles derived from 
CML444. 

 

Indications of the effects of the photosynthetic machinery on the anthesis silking interval 

(ASI) were obtained by collocations of QTLs for traits related to photosynthesis at the 

seedling stage and QTLs for ASI measured under field conditions. Accordingly one QTL 

identified for ASI positively collocated with two QTLs for SPAD and ΦPSII, while it 

negatively collocated with a QTL for SLA. Another QTL for ASI negatively collocated with a 

QTL for ΦPSII in bin 8.06. Two QTLs for time to male flowering, measured under field 

conditions, positively collocated with SPAD, ΦPSII (bins 1.06-07) and SLA (bin 5.01). The 

one in bins 1.06-07 negatively collocated with a QTL for SLA. Additional negative 

collocations were identified for QTLs for plant height in the field with a QTL for 

photosynthesis related traits in bin 8.06. 
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5.4 Discussion 

5.4.1 SPAD measured at the seedling stage is not controlled by the same genes as in later 

stages 

CML444 had higher SPAD values compared to SC-Malawi irrespective of the growing 

conditions or the developmental stage. Accordingly alleles increasing trait values for SPAD 

were derived from CML444. This strongly supports constitutive differences among the 

genotypes for leaf chlorophyll content. Messmer (2006), furthermore, suggested that CML444 

had a delayed onset of senescence and a lower rate of senescence than SC-Malawi. The 

observed differences seem to represent the adaptation of CML444 to dry environmental 

conditions trying to minimize water loss with a smaller leaf area while maximizing 

photosynthetic capacity, as indicated by higher trait values for SPAD and ΦPSII. However, 

while SPAD values were constitutively high, the ability to maintain high ΦPSII under water 

stress was likely due to a deeper root system of CML444 leading to an increase in water 

uptake as outlined by Hund et al. (2008a). 

The higher SPAD values of CML444 during several growth stages suggest a common genetic 

basis across stages. Therefore, it may be anticipated that early SPAD values are predictive for 

SPAD values in later growth stages and even for improved stay green after flowering. The 

results of Hirel et al. (2001) support this hypothesis as they found correlations between leaf N 

content at the juvenile stage, leaf N content at anthesis and kernel yield in the field, indicative 

for a general mechanism responsible for absorption and storage of N. 

However, a common genetic basis across developmental stages was not supported in the 

CML444 x SC-Malawi population since no collocations for QTLs for SPAD measured at the 

seedling stage (1.06, 7.01 and 7.03) and at the reproductive stage (2.04, 10.04 and 1.06) were 

identified. Apparently leaf chlorophyll content is not controlled by few major QTLs at both 

the seedling and the reproductive stage. The obtained results rather suggest many QTLs of 

small effects to be responsible for the genetic control of SPAD across growth stages. QTLs 

for SPAD with small effects might have been pyramided in the germplasm investigated in the 

present study in the course of its breeding history. In the present study they might not have 

been detected due to their low impact on phenotypical trait values. 

5.4.2 Photosynthesis related traits are under strong genetic control 

Two positive collocations identified for SPAD and ΦPSII (bins 1.06 and 7.03) are indicative of 

pleiotropic effects of these loci on ΦPSII and SPAD. This finding does not come as a surprise 

as leaf chlorophyll is involved in the formation of the photosynthetic machinery. Although 
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SLA was negatively correlated with ΦPSII and SPAD, no corresponding QTLs were detected. 

The negative correlation is in accordance with findings of Hund et al. (2005), who confirmed 

negative pleiotropic effects between QTLs for SLA and photosynthesis–related traits like 

SPAD and ΦPSII in two mapping populations. Given the negative pleiotropic effects between 

SLA and photosynthesis, the selection for thinner and larger leaves would decrease the carbon 

exchange rate per unit leaf area. This is important as SLA has been shown to be one of the 

most important factors determining early vigor and relative growth rate (Poorter and Van der 

Werf, 1998; Richards et al., 2002). Furthermore, in dry environments, an increased SLA 

would reduce transpiration efficiency (Sheshayee et al., 2006). Therefore, knowing which loci 

affect SLA, SPAD and ΦPSII simultaneously, and considering the high heritabilities for ΦPSII 

(76%) and SPAD (82%) and trait consistency at the V2 and V5 stage QTLs identified for 

SPAD and ΦPSII could be used to optimize light harvest by the canopy. 

5.4.3 Seed weight had an influence on shoot traits 

We found that several QTLs for shoot traits coincided with QTLs for seed HKW and that seed 

HKW correlated with most shoot traits (SLA, SPAD, LA, LDW, SDW). This indicates that 

shoot traits were affected by nutrient supply which is in accordance with the fact that the 

heterotrophic growth lasts until about 9 to 10 DAG (Bourdu and Gregory, 1983; Cooper and 

Mac Donald, 1970, Delèes et al., 1984). Seed size has previously been shown to have a 

positive influence on seedling vigor in maize (Lopez-Santillan et al., 2005). Furthermore 

growth and development in maize are dependent on seed reserves till the plants exceed the 3 

leaf stage (Pommel, 1990). Seed size, might therefore be used as a selection criterion for rapid 

seedling establishment. Thereby the performance of seedlings could be improved. 

Explanations are not possible with he present data base why heavier seeds resulted in thicker 

and greener leaves as indicated by lower SLA and larger SPAD values.  

 

5.4.4 SLA improves early vigor 

We found three QTLs for SLA explaining a high proportion of phenotypic variance observed. 

By selection for high SLA a good early vigor entailing good field performance could be 

attained. SLA was suggested to be a trait suitable to select plants with a good early vigor 

(Rebetzke et al., 2004), as SLA allows the plant to close the leaf canopy at minimal carbon 

expenses. Early vigor of a cereal crop is in turn associated with improvements in water use 

efficiency (Richards and Townley-Smith, 1987). As a result of early vigor and improved 

water use efficiency, plants have been shown to form larger biomass and grain yield (Fischer, 
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1979). However, it should be taken in to account that under drought stressed conditions a high 

SLA could result in increased water losses, due to a larger leaf area exposed to the 

surrounding air, resulting in lower transpiration efficiency (Sheshayee et al., 2006). 

 

5.4.5 Collocations with QTLs identified in the field 

Collocations with QTLs identified under field conditions indicate pleiotropic effects for traits 

related to photosynthesis at the seedling stage and traits involved in yield formation at the 

reproductive stage. Relevance for traits involved in photosynthesis at the seedling stage (ΦPSII, 

SLA, SPAD) for yield formation under field conditions (kernel number and grain yield) is 

indicated by the positive collocation of five out of seven identified collocations for these 

traits. These collocations can be explained on a physiological basis. Traits related to 

photosynthesis are crucial for a high early vigor and rapid canopy closure (Richards, 2002). A 

well established plant will subsequently have positive effects on kernel weight and kernel 

number via a high photosynthetic capacity (Paponov et al. 2005), SLA (Fischer, 1979) and 

leaf chlorophyll content (Wang et al., 1999). 

Collocations identified between QTLs for traits related to photosynthesis at the seedling stage 

with QTLs for time to male flowering and for the anthesis silking interval measured under 

field conditions, indicate the influence of traits related to photosynthesis on general plant 

vigor as influenced by the allocation of assimilates. Accordingly the photosynthetic activity 

would influence initiation of silk growth (Hashemidezfouli and Herbert, 1992) and would 

thereby determine the interval between anthesis and silking. 
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Table 5.6: Position of potential candidate genes in 
relation to the QTLs detected in the present study 
and to common SSR markers from the CML444 x 
SC-Malawi population and from the Pioneer 
composite 1999 map. 

 

Marker/Gene/QTL Position (cM) 

 CIMMYT-Population Pioneer 

   

Chromosome 1   

hcf50 - 148 

bnlg1025 - 147.7 

   

QTL SPAD/ ΦPSII 183-221  

umc1122 186 151 

umc1128 214 - 

   

Chromosome 2   

hcf106 - 79.9 

bnlg1818 - 78 

   

QTL ΦPSII 90-125  

umc8g 114 102 

csu54a 119 - 

 

5.4.6 Collocations with QTLs identified in other studies 

We identified several QTLs that were putatively also detected in other studies. A QTL for 

SPAD and ΦPSII in bin 1.06 collocated with a QTL identified for SPAD in the ETH-DL3 x 

ETH-DH7 population measured at the 2
nd

 leaf stage at 15° C Jompuk et al. (2005). 

Furthermore, a collocation for ΦPSII was identified in bin 2.05 in the same population at the 

seedling stage. The observed collocations strongly suggest, that the QTLs identified for SPAD 

(bins 1.06) and ΦPSII (bins 1.06, 2.05) are relevant for photosynthesis and leaf chlorophyll 

content as they mapped to the same position in two populations at the same developmental 

stage. 

A candidate gene affecting both SPAD and ΦPSII in bin 1.06 is hcf50 (high chlorophyll 

fluorescence; Miles et al. 1979; Table 5.6). It primarily affects the formation of the thylakoid 

membrane core complex of photosystem I. Accordingly Miller (1980) showed that the 

thylakoid membrane of the hcf50 mutant was lacking two polypeptide bands associated with 

photosystem I. They furthermore showed that the absence of these two polypeptides was 

associated with a measurable decline in particle diameter on the unstacked protoplasmic 

fracture face. As a result changes in the activity of photosystem I (-80%), photosystem II (-

“somewhat”), ATP-synthesis  

(-80%) and CO2 fixation (-95%; Miles, 1980; Miles and Metz, 1985) could be observed. 
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Fracheboud et al. (2004) suggested that the QTL in bin 2.05 harbored a gene involved in the 

accumulation of chlorophyll and, furthermore, was responsible for cold tolerance. A possible 

candidate gene at this locus, affecting photosystem II would be hcf106 (high chlorophyll 

fluorescence; Martienssen et al., 1990; Table 5.6). hcf106 contains a single nuclear mutation 

that prevents the normal assembly of photosynthetic electron complexes and causes aberrant 

thylakoid membrane organization (Barkan et al., 1986). The presence of hcf50 and hcf106 at 

these loci would strengthen the importance of these loci for the genetic control of ΦPSII and 

SPAD in two different populations. 

5.5 Conclusion 

CML444 constitutively had a higher leaf chlorophyll content than SC-Malawi. CML444 

furthermore had a lower leaf area at the V2 stage and a higher quantum efficiency of 

photosystem II at the V2 stage and under water-stressed conditions at the V5 stage. 

Knowing which loci affect SLA, SPAD and ΦPSII could be used for the optimization of light 

harvest by the canopy. Collocations between QTLs for traits related to photosynthesis (ΦPSII, 

SPAD and SLA) with QTLs for kernel number, hundred kernel weight and grain yield (bins 

1.06-07, 5.01, 7.01, 7.03, 8.05) under field conditions (Messmer, 2006) suggest pleiotropic 

effects of these loci. However, the genetic control of SPAD does not seem to be the same at 

the seedling stage and at the reproductive stage.  

We furthermore identified QTLs for ΦPSII (1.06 and 2.05) and SPAD (1.06) across 

populations. Possible candidate genes at these loci are hcf50 and hcf106. hcf50 is known to 

affect the formation of the thylakoid membrane core complex of photosystem I, while hcf106 

is involved in the organization of the thylakoid membrane. Considering the importance of 

ΦPSII, SPAD and SLA for rapid plant establishment and putative influence on later 

performance of the plant, information gained here could be used to improve early vigor and 

plant establishment. 
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6 General Conclusions and Outlook 

6.1 Hypothesis 

It was hypothesized that a specific root morphology exists for genotypes that had been 

selected for an adaptation to drought in environments with coinciding drought, heat and 

aluminum stress. For these abiotic stresses, the root morphology and growth of contrasting 

tropical maize (Zea mays L.) genotypes was assessed. 

 

6.2 Achievements 

Results obtained in the present study could not prove the hypothesis for a root morphology 

common to genotypes selected for dry environments. However, H16 and CML444 (both 

drought resistant in the field) formed a rooting system with a high proportion of axile roots, 

while Ac7643 (drought resistant in the field) and all genotypes not selected for an adaptation 

to dry environments formed a rooting system with a high portion of lateral roots. 

Elongation rates and numbers of lateral and axile roots as well as root dry weight and leaf 

area were reduced in response to desiccation, aluminum and heat stress. In response to 

desiccation stress initiation of lateral roots and growth of seminal axile roots was reduced in 

favor of the primary axile root. H16 did not show accentuated stress symptoms upon 

subjection to aluminum stress, while SC-Malawi and CML444 were less severely affected by 

heat stress than most other genotypes. Based on the obtained data it is likely that H16 and 

CML444 avoid desiccation stress by the formation of a deep rooting system. Data obtained in 

this and a previous study indicated that P1 was the only genotype selected for drought 

tolerance at flowering (in the present study) which seemed to be really tolerant to desiccation 

stress. 

Results obtained for the the number, length and elongation rates of axile and lateral roots in 

growth pouches at the heterotrophic seedling stage were validated by a comparison with the 

same traits from growth columns filled with solid substrate at the autotrophic V6 stage; 

indeed the number, the length and the elongation rate of lateral and axile roots from pouches 

were predictive for lateral and axile root growth, respectively measured at the V4 and V6 

stages in growth columns. This allows a wider extrapolation of data from the high throughput 

pouch system therefore in studies of quantitative genetics, since it can yield information on 

the root system relevant for later growth stages. 
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Several QTLs have been identified putatively controlling growth of axile and lateral roots. 

These QTLs could be used in breeding to tailor a root system adapted to a specific target 

environment. The detection of two QTLs for axile roots (bins 1.03 and 1.08) and one QTL for 

lateral roots (bin 2.04-07) across populations suggested a common genetic control. The 

collocation of QTLs for axile roots (1.03-04 and 7.03-04) with QTLs for yield components 

indicated that the genetic control of early root development was closely related to the genetic 

control of traits that are relevant for performance in the field. Beside a well developed root 

system a strong photosynthetic performance and a rapid leaf development are indispensable 

for a good plant performance. CML444 constitutively formed smaller leaves than SC-Malawi, 

going along with higher leaf chlorophyll content and a higher ΦPSII. Ten QTLs were identified 

for ΦPSII (4), SPAD (3) and the specific leaf area (SLA) (3). QTLs identified for SPAD at the 

V2 stage and at the reproductive stage did not collocate, indicating differences in the genetic 

control of SPAD at different growth stages. 

6.3 Contribution of this thesis to the knowledge base 

Results obtained in the present study considerably enhanced the knowledge about genetic 

differences in abiotic stress tolerance in selected tropical maize inbred lines at the seedling 

stage. It is likely that the differences in early root morphology are the indirect result of the 

improvement of drought tolerance at flowering. Performance under drought is most likely 

related to constitutive differences in root morphology, rather than physiological adaptations; 

the formation of a root system with a high proportion of axile roots, as observed for H16 and 

CML444, might be of advantage under dry conditions if water is available in deeper soil 

layers. However physiological mechanisms should not be neglected, as the initiation of lateral 

roots and growth of seminal axile roots could be reduced in favor of the primary axile root in 

response to desiccation stress. The physiological tolerance of H16 to aluminum would allow 

this genotype to grow under conditions, where aluminum toxicity and drought occur 

simultaneously. A maize root ideotype would need to be adapted to conditions prevailing in 

dry environments, i.e. conveying desiccation avoidance, desiccation tolerance, and aluminum 

tolerance in combinations. 

By the means of the pouch system root characteristcs become accesible, which would have 

been difficult if not impossible to measure at later growth stages under field conditions. Trait 

values measured for number, length and elongation rates for both axile and lateral roots in the 

pouch system were predictive of the respective root traits at a later develomental stage in 

growth columns. The assessment of the genetic basis of a root morphology relevant at later 

developmental can therefore be reliably carried out at the very early seedling stage in growth 
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pouches; the high throughput of large sets of genotypes makes it perfectly suited for root 

studies of quantitative genetics. 

Results here increased the understanding of the genetic control of lateral and axile roots in 

tropical maize seedlings. Several QTLs responsible for lateral and axile root growth were 

identified. The detection of two QTLs for axile roots and one QTL for lateral roots across 

populations suggests a common genetic control. Beside these three QTLs detected in several 

mapping populations for lateral (bins 2.04-05) and axile roots (bins 1.03; 1.08), several new 

QTLs controlling lateral and axile root growth were detected. QTLs for the number and the 

elongation rate of axile root were closely related to QTLs controlling grain yield and kernel 

number under field conditions, supporting the predictive value of early seedling root traits to 

relevant agronomic traits. 

No collocations were identified for QTLs measured for SPAD at the seedling and at the 

reproductive stage in the same population. It is therefore likely that the leaf chlorophyll 

content is not controlled by the same QTLs at the seedling stage and at the reproductive stage. 

6.4 Outlook 

6.4.1 Why is H16 tolerant to aluminum? 

H16 was able to maintain root growth at aluminum levels that strongly impaired root growth 

of all other genotypes. Permanent damage of roots is known to be caused by the uptake of 

aluminum beyond a plants limits (Kochian, 2004). Mechanisms that putatively prevent 

aluminum from entering the root of H16, accounting for its tolerance to aluminum, must still 

be identified. 

6.4.2 Validation of QTLs  

Two QTLs for axile roots (bins 1.03 and 1.08) and one QTL for lateral roots (bin 2.04-07) 

were also found in other populations, suggesting a common genetic control. These QTLs 

should be considered in more detail for marker assisted selection (MAS).  

A further validation of QTLs identified here is indispensable in order to use them in MAS. 

Two strategies are conceiveable for the validation of QTLs:  i) marker assisted backcrossing 

of alleles from CML444 of loci of interest into modern elite germplasm already being used in 

breeding  ii) by confirmation of QTLs for root traits in a later developmental stage. Upon 

validation of these QTLs MAS could be used to tailor a root system well adapted to its target 

environment. 
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