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Abstract 

Stay green is an important trait for maize production under postflowering drought or low nitrogen 

conditions. This study conducted at the Misión Biológica de Galicia research center aimed to identify 

maize stay green visual rating related QTLs by a selective genotyping using Single Sequence Repeats 

(SSR) markers. The two F2 population, used in 2012 (544 individuals) and 2013 (2500 individuals in 

2013) F2 populations were derived from two single crosses between the same stay green line (PHG39) 

and two different non stay green lines (EA1070 in 2012 and B73 in 2013); and parental lines were 

used as checks for the 2013 trial. Upper tails were first genotyped and SSRs with significant (based on 

the binomial distribution) PHG39 allele frequencies were assessed in the lower tails. A marker with 

significant allele probabilities in both tails indicated a marker-trait relationship. For significant 

markers, an ANOVA permitted to separate means of homozygotes and heterozygotes within F2 plants. 

Descriptive statistics showed that F2 plants were superior to parental lines for all traits, apart from 

the visual rating; and those differences were significant for all traits except for Fv/FM1 and Fv/FM2 (t-

test, P<0.05), photosystem II quantum yields at one month after silking and at maturity, respectively. 

Compared with B73, PHG39 had significantly superior chlorophyll contents at silking, one month and 

two months later, respectively Chlo1 Chlo2 and Chlo3. B73 had greater (P<0.05) kernel weight and 

kernel number. For both trials, Chlo1 was more correlated (Pearson (n)) to Chlo2 (r=0.53 in 2012 and 

r=0.62 in 2013) and Chlo3 was more correlated to Fv/FM2 (r=0.62) Chlo3 (r=0.57). Kernel weight and 

kernel number had the highest correlation coefficient (r=0.86). 

The 3 QTLs detected in this study were located on chromosomes 1 (1 QTL) and 5 (1 QTL) in 2012 

and chromosome 10 (1 QTL) in 2013, a single marker locus explaining from 7.99 to 42.22% of the 

visual rating phenotypic variance. QTL on chromosome 1 was a cluster of 4 markers with significant 

allele probabilities in both tails and explained also up to 57.84% of Chlo3 phenotypic variance and 

21.25% of kernel weight phenotypic variance. Between homozygote F2 plants, no difference was 

found neither for Chlo1 and Chlo2 in both populations nor for kernel weight, Fv/FM1 and Fv/FM2 in 

2013. 

Results may help in a better understanding of the genetic control of stay green. And adjacent 

genomic location of detected QTLs for the visual rating trait will facilitate their exploitation in maize 

breeding for the stay green character by marker assisted selection. 

 

Key words: Zea mays, stay green, visual rating, QTL, SSR markers, selective genotyping. 
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Resumen 

La senescencia tardía (stay green) es una característica importante para la producción de maíz en 

condiciones de sequía o de bajo nitrógeno. Este estudio, realizado en el Centro de Investigación 

Misión Biológica de Galicia, tuvo como objetivo de identificar QTL relacionados a la senescencia 

tardía en el maíz, por genotipado selectivo y utilizando marcadores microsatellites (SSR). Las dos 

poblaciones F2 usadas en 2012 (544 personas ) y 2013 (2500 individuos en 2013) se obtuvieron a 

partir de dos simple cruces entre la misma línea stay green ( PHG39 ) y dos que no son stay green ( 

EA1070 en 2012 y B73 en 2013); y las líneas parentales se utilizaron como controles para el ensayo de 

2013. Primero, las colas superiores fueron genotipadas y los marcadores que tenían una probabilidad 

(basada en la distribución binomial) significativa para el alelo de PHG39 fueron evaluadas en las colas 

inferiores. Un marcador con probabilidades alélicas significativas en ambas colas indicó una relación 

marcador-carácter. Para los marcadores significativos, un ANOVA permitió separar los medios de 

homocigotos y heterocigotos dentro de las plantas F2. 

Las estadísticas descriptivas mostraron que las plantas F2 fueron superiores a las líneas parentales 

para todos los caracteres, aparte la apreciación visual; y esas diferencias fueron significativas para 

todos los caracteres, excepto para Fv/FM1 y Fv/FM2 (t-test, P<0,05), rendimiento cuántico de la 

fotosíntesis un mes después de la floración y en la madurez, respectivamente. En comparación con 

B73, PHG39 tenía un contenido de clorofila significativamente superior a la floración femenina, un 

mes y dos meses más tarde, respectivamente Chlo1 Chlo2 y Chlo3. B73 tenía mayor (P<0,05) peso y 

número de granos. Para ambos ensayos, Chlo1 era más correlacionado (Pearson (n)) con Chlo2 

(r=0,53 en 2012 y r=0,62 en 2013) y Chlo3 era más correlacionada con Fv/FM2 (r=0,62) y el score 

(r=0,57) . El peso de grano y el número de granos tenían el mayor coeficiente de correlación (r= 0,86). 

Los 3 QTL detectados en este estudio se encuentran en los cromosomas 1 y 5 en 2012 y en el 

cromosoma 10 en 2013, un único marcador explicando entre 7,99 y 42,22 % de la variación fenotípica. 

El QTL en el cromosoma 1 era un racimo de 4 marcadores con probabilidades alélicas significativas 

en ambas colas y también explicó hasta 57.84 % de Chlo3 variación fenotípica de Chlo3 y 21.25 % de 

la variación fenotípica del peso del grano. Entre plantas F2 homocigotos, no se encontraron diferencias 

ni para Chlo1 y Chlo2 en ambas poblaciones ni para el peso de grano, Fv / FM1 y Fv / FM2 en 2013. 

Los resultados pueden ayudar a una mejor comprensión del control genético del stay green. Y los 

sitios genómicos adyacentes a los QTLs detectados facilitarán su explotación en mejoramiento de 

maíz para el carácter stay grenn  por selección asistida por marcadores. 

 

Palabras clave: Zea mays, stay green, valoración visual QTL, microsatelite, genotipado selectivo.  
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Résumé 

La senescence tardive (stay green) est une caractéristique importante pour la production de maïs 

dans la dans des conditions de sécheresse de faible teneur en azote. Cette étude, menée au centre de 

recherche Misión Biológica de Galicia, avait pour objectif d’identifier des QTL relatifs à la 

senescence tardive chez le maïs par un génotypage sélectif et des marqueurs microsatellites (SSR). Les 

deux populations F2 utilisées en 2012 (544 individus) et 2013 (2500 individus), populations F2 ont été 

obtenues à partir de deux croisements simples entre le même parent avec le caractère stay green 

(PHG39) et deux lignées non stay green (EA1070 en 2012 et B73 en 2013); les parents ont été utilisés 

comme témoins pour l'essai 2013. Les deux extrêmes supérieurs des distributions phénotypiques de 

l’évaluation visuelle ont d'abord été génotypées et les marqueurs avec des fréquences alléliques 

significatives (basées sur la distribution binomiale) ont été évalués dans les extrêmes inférieurs. Un 

marqueur avec des probabilités alléliques significatives dans les deux extrêmes indique une relation 

marqueur-caractère. Pour les marqueurs significatifs, une analyse de variance a permis de séparer les 

moyens des homozygotes et hétérozygotes parmi les plantes de la F2. 

Les statistiques descriptives ont montré que les plantes de la F2 sont supérieures aux parents pour 

tous les caractères, en dehors de l'estimation visuelle; et ces différences étaient significatives pour tous 

les caractères à l'exception de Fv/FM1 et Fv/FM2 (test Student, p<0,05), rendements quantiques du 

photosystème II à un mois après l'apparition la floraison et à maturité, respectivement. Par rapport à 

B73, PHG39 avait la teneur en chlorophylle significativement supérieures à la floraison, un mois et 

deux mois plus tard, respectivement Chlo1 Chlo2 et Chlo3. B73 avait le plus important (P<0,05) poids 

nombre de grains. Pour les deux essais, Chlo1 était plus corrélé (Pearson (n)) à Chlo2 (r=0,53 en 2012 

et r=0,62 en 2013) et Chlo3 était plus corrélée à Fv/FM2 (r=0,62) et le score (r=0,57). Poids du noyau et 

du nombre de noyau ont le coefficient de corrélation le plus élevé (r=0,86). 

Les 3 QTL détectés dans cette étude ont été localisés sur les chromosomes 1 et 5 en 2012 et le 

chromosome 10 en 2013, un seul marqueur expliquant entre 7,99 et 42,22% de la variance 

phénotypique. Le QTL situé sur le chromosome 1 a un ensemble de quatre marqueurs avec des 

probabilités alléliques significatives dans les deux extrêmes et explique jusqu'à 57,84% de la variance 

phénotypique de Chlo3 et 21,25% variance phénotypique du poids des grains. Entre plantes 

homozygotes de la F2, aucune différence n'a été observée ni pour Chlo1 et Chlo2 dans les deux 

populations, ni pour le poids des grains, Fv/FM1 et Fv/FM2 en 2013. 

Les résultats peuvent aider à une meilleure compréhension du contrôle génétique du caractère stay 

green chez le maïs. Et les sites génomiques adjacentes aux QTLs détectés pour faciliteront leur 

exploitation dans l'amélioration du maïs pour la senescence tardive par sélection assistée par 

marqueurs. 

Mots clés : Zea mays, stay green, QTL, microsatellites, génotypage sélectif  
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I. Introduction 

1.1. Maize 

1.1.1. Classification, origin and distribution 

The genus Zea appertains to the Tripsacinae subtribe of the Andropogonae tribe which 

belongs to the Poaceae family. Maize close relatives (nearly 20 known taxa) lie also in the 

Tripsacinae subtribe (Smith et al., 2004). Maize is reputable to be one of the most adaptable 

and variable grass family members. 

Zea mays ssp mays had been domesticated from an annual specie of teosinte, or wild maize 

(Z. mays subsp. parviglumis [Doebley and Iltis, 1980]), in Central America (Smith et al., 

2004). Maize’s true birthplace is not certainly defined; however, the corncobs found at Guila 

Naquitz Cave (Oaxaca, Mexico) are older than the one found in Mexico’s Tehuacan Valley 

which seems to be the oldest (7000-10000 years) entire corncob (Benz, 2001; Piperno and 

Flannery, 2001). 

Maize has been subject to cultivation and selection ever since. Its evolution has resulted in 

multiple biotypes adapted to different environments, ranging from the tropics to the north-

temperate zone, from sea level to 12,000 feet (~3,657.6 m) altitude, and showing different 

growing periods (Brown et al., 1985). 

1.1.2. Importance 

Maize is one of the top three cereal crops grown in the world, along with rice (Oryza 

sativa) and wheat (Triticum spp.). It is a plant of big modern-day economic importance since 

it can be used primarily as a staple food for human consumption, an animal feed and a raw 

material for traditional and industrial use (Moore et al., 1980; Ajayi and Fagade, 2003; 

Thomas and Wilkinson, 2009; Xu et al., 2010). In 2012, the world production was 

approximately 872 million tons with significant differences between regions (Fig. 1); such 

differences are due to different levels of economic development, importance of maize in some 

regions, biotic and abiotic restricting conditions, available germplasm, etc.  

Despite those differences, the world maize production had generally been increased since 

the early 30’s due to improvements in breeding processes leading to hybrid varieties 

commercialization, use of fertilizers and mechanization of agriculture among other factors 

(Fig. 2). 
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1.1.3. Factors reducing maize yield 

Like all other crops, maize’s production can be reduced by bio or abiotic factors with 

different levels of importance depending on the region we are interested in. The most 

common limiting factors are: (1) the organic and mineral inputs and particularly the nitrogen 

supply (Ma, Dwyer, and Gregorich, 1999; Vanlauwe et al., 2001; Mucheru-Muna et al., 

2007), (2) the drought stress which is of big importance nowadays (Earl and Davis, 2003; 

Blum, 2010; Kakumanu et al., 2012; Harrison et al., 2014), (3) the insects, bacteria and 

viruses (Brewbaker, 1979; Smith et al., 2004) within the biotic factors and (4) cold 

temperatures which reduce yields and available area for maize growth (Revilla et al., 2014). A 

lack of weed control can be also problematical and is liable to cause up to 38% of yield 

reduction (Dowsell et al., 1996; Subedi and Ma, 2009). 

1.1.4. Maize in Spain 

In 2012, Europe was the third world biggest maize producer behind The Americas and 

Asia with around 94.69 million tones and more than 18.32 million hectares harvested (Fig. 1). 

Spain ranked eighth for the grain production and had the third greatest yield, i.e. a smaller 

harvested area in comparison with most European countries (Table 1). Since 2001, the grain 

maize harvested area had been significantly reduced but not the production because of an 

improvement of the yield (Fig 3). The enhancement of the cropping system, new and more 

productive and diseases resistant released varieties and, last but not least, the use of 

Genetically Modified Organisms (GMO) could explain this yield improvement. 

 Figure 2: Evolution of maize yield in kg per ha in the United States. 
USDA NASS, modified from Sarkar (1996). 

Figure 1 : World grain maize production, yield and area harvested. 

Data from FAOSTAT (2012). 
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Table 1 : Grain maize production, yield and area harvested in Europe ranked* by country. Data from FAOSTAT (2012) 

Production (million tons) Area harvested million ha Yield (tones/ha) 

Ranking Values Ranking Values Ranking Values 

Ukraine 20.97 Ukraine 4.37 Netherlands 12.34 

France 15.61 Romania 2.72 Belgium-Luxembourg 10.96 

Russian Federation 8.21 Russian Federation 1.94 Spain 10.95 

Italy 8.20 France 1.72 Greece 10.92 

Romania 5.95 Serbia 1.27 Austria 10.70 

Germany 4.99 Hungary 1.19 Belgium 10.24 

Hungary 4.74 Italy 0.98 Germany 9.79 

Spain 4.24 Poland 0.54 France 9.09 

Poland 4.00 Germany 0.51 Switzerland 9.07 

*Only the nine first countries are shown for each group of data 

 

This increase in performance may hide some constraints Spanish agriculture is facing. 

Yield reduction can be caused by (1) diseases -for example, species of the Fusarium gender 

can infect up to 41.80% and 70% of the conventional and organically managed maize 

respectively (Ariño et al., 2007)-, (2) insects such as corn borer which attacks the pith of the 

stalk, and causes yield losses of about 15 % among hybrids (Butrón et al., 1999) and 

significant kernel and husk damage for late or lately sown varieties (Ordás et al., 2013), or (3) 

suboptimal water availability with differences in effects (negative-without-positive) of 

reduced precipitation on irrigated and rain-fed maize according to a specific region (Ferrero, 

Lima, and Gonzalez-Andujar; 2014). 

 

Figure 3: Evolution of Spanish grain maize harvested area and yield between 2001 and 2011. Data from 

FAOSTAT (2012) 

6

7

8

9

10

11

12

250000

300000

350000

400000

450000

500000

550000

H
a

rv
e

s
te

d
 a

re
a

 (
h

a
) 

Years 

Area harvested (Ha)

Yield (tonnes/ha)

Y
ie

ld
 (

to
n

s
/
h

a
) 

R2=0.78 

R2=0.61 



Introduction 

4 

Papa Ndiaga Moctar Kante. MSc thesis in Plant Breeding. 2014. University of Lleida. International Centre for 
Advanced Mediterranean Agronomic Studies-Mediterranean Agronomic Institute of Zaragoza 

1.2. Drought tolerance and stay green 

1.2.1. Drought tolerance: concept and importance 

River flow, precipitation, and underground water can be considered as principal natural 

water accessible for crops. Drought is commonly considered as the incidence of beneath 

average natural water availability. Its importance is variable depending on the considered 

geographic spot but is felt more in arid areas as it affects the difficultly maintained farmlands 

and pasture-lands of smallholder farmers. 

Hillel and Rosenzweig (2002) pointed that global climate change is generally considered to 

be in progress and is expected to result in a long-term trend towards higher temperatures, 

greater evapotranspiration, and an increased incidence of drought in specific regions. Such 

trends, tied to an expansion of cropping into trivial production areas, are generating 

increasingly drought-prone crop production environments. Drought affects plant floral 

development, and the effect is greater on female than male floral development (Herrero and 

Johnson, 1981). 

Temperature and water availability are two factors that affect germination, emergence and 

establishment of range plants (Johnson and Asay, 1994). Drought at the early stage of the 

plant development (emergence) causes changes in radiation-use efficiency and influences the 

radiation intercept; drought at late stage (postflowering) accelerates leaf senescence (Jamieson 

et al., 1995). Drought reduces photosynthesizing leaf area, plant height, total plant weight and 

grain yield by 33, 15, 9.7 and 9.4% respectively (Traore et al., 2000); with a study done in 

sorghum, Garrity et al. (1984) found a reduction in canopy photosynthesis (~14-26%) due 

more to the reduction of the green leaf area than to stomata1 response (evapotranspiration per 

unit leaf area). Late leaf senescence leads to the photosynthesis shutdown and a reduced 

period of grain filling. And when anthesis is not tardy, drought during maize reproductive 

stage causes non-negligible delay in silking (Blum, 1996). 

Drought is therefore a major plant productivity limitation. Figure 4 shows that under 

drought conditions, maize yield and physiological characters are significantly reduced in 

comparison with non-stress conditions. 



Introduction 

5 

Papa Ndiaga Moctar Kante. MSc thesis in Plant Breeding. 2014. University of Lleida. International Centre for 
Advanced Mediterranean Agronomic Studies-Mediterranean Agronomic Institute of Zaragoza 

 

Figure 4: Influence of moisture regime on performance of four experimental varieties of Tuxpeño-1 when 

selected for high grain yield under no stress and stress (A) and for physiological characters for resistance and 

susceptibility to drought (B), Tlaltizapán (Mexico), 1976. Fischer et al. (1983). 

 

Transpiration (mostly through stomata) serves to cool the plant and allow the movement of 

water and nutrients from the soil throughout the plant. However, stomata closure is a common 

response of a plant experiencing a limited soil moisture period. Plant growth can be reduced 

then by a long drought period with a reduction of the plant temperature regulating capacity 

that can lead to a nutrient deficiency and further to a reduction of photosynthesis and lastly to 

senescence. 

1.2.2. Leaves and senescence
1
 

To ensure grain production most cereals proceed through different phases of development. 

Maize and Arabidopsis thaliana have been used as models for the assessment of phase 

changes with a vividly changing leaf structure from an immature to a mature phase and a 

short life cycle and a relatively small genome, respectively (Lawson and Poethig, 1995; 

Kerstetter and Poethig, 1998; Nooden and Penney, 2001). Those changes, forming a 

genetically programmed sequence (Smart, 1994) with close synchronization at the cell and 

                                                 

1
 In this section, only senescence as a natural and final stage of plant development is considered. 
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tissue levels, involve extreme modifications in morphology as the vegetative structures are 

modified or even suppressed for the benefit of the inflorescence or the flower. 

Senescence can be also caused by environmental factors such as dark/shade, heat/light, low 

nitrogen supply, and biotic factors (Gregersen et al., 2013). Since maize is a monocarpic 

plant, its senescence is a natural developmental stage leading to grain filling by the 

mobilization and translocation of mineral nutrients from leaves to grains. This brings death to 

the photosynthesizing tissues by a well regulated catabolism and translocation process 

including chlorophyll, proteins, lipids and RNA catabolism. 

Breeze et al. (2011) showed changes in level of different plant stress related hormones 

such as the salicylic acid (SA), the jasmonic acid (JA) and the abscisic acid (ABA) during the 

leaf development. Kim et al. (2006) showed that ARR2, a B-type response regulator of AHK3, 

one of the three cytokinin receptors in Arabidopsis, is involved in the leaf longevity control. 

SAG2, one of the Arabidopsis Senescence Genes (SAG) used frequently as a molecular 

marker for senescence, was found to be exclusively expressed during senescence; and delayed 

senescence transgenic phenotypes carrying such genes had been associated to drought 

tolerance (Calderini et al., 2007; Rivero et al., 2007). In transgenic plants expressing 

isopentenyltransferase (IPT, enzyme catalyzing the rate-limiting step in cytokinins synthesis), 

it was shown that senescence was delayed (Hajouj, 2000). 

The paradoxical effects of the over or sub expression of wild type ARR2 transcription 

factor show that “other ARR TFs or other senescence control systems compensate for the loss 

of ARR2 TF activity” (Kim et al., 2006). 

1.3. Stay green 

1.3.1. Definition 

Stay green is a general term used for a genotype with an heritable foliar delayed 

senescence compared with a reference genotype (Thomas and Howarth, 2000). The term is 

also used for the trait itself. Drought is known to accelerate leaves’ senescence (Wolfe et al., 

1988, Bolaños and Edmeades, 1993). Delayed senescence in maize is then considered as a 

valuable trait as it improves genotype adaptation to postflowering drought stress by 

maintaining WUE (Water Use Efficiency) and root health, also by increasing the duration of 

kernel filling and so maintaining yield at a relatively normal level (Tollenaar and Daynard, 

1978; Araus et al., 2012; Edmeades, 2013; Gregersen et al., 2013) Since the early decades of 
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the 20
th

 century intensive selection had been progressively increasing both yield and the foliar 

delayed senescence in a large range of agricultural species (Thomas and Ougham, 2014; data 

from Duvick et al., 2004). 

1.3.2. Types of stay green 

Stay green can be cosmetic or functional. In cosmetic stay green phenotypes, only the 

green color is maintained while plants have somehow lost their photosynthetic capacity. A 

functional stay green refers to a phenotype which somewhat keeps up with its capacity of 

photosynthetic activity. 

Diverse ways for plants to keep the green pigment have been described (Thomas and 

Smart, 1993; Thomas and Howarth, 2000). Thomas and Howarth (2000) described five ways 

to stay green which ranked from the delayed setup of the senescence process and a normal 

rate of loss in pigments and function (type A) to plants that stay green just because they 

rapidly died (type D). Senescence can be initiated “on time”; the type B stay green is leaded 

by a slow process in the catabolism while type C stay green phenotypes retain chlorophyll 

indefinitely because of a lesion in pigment breakdown. A comparison of absolute pigment 

contents allows the identification of the type E stay green even if the photosynthetic ability 

seems to follow the normal breakdown model. In other words, the type E stay green can be 

characterized by high initial pigment content but a normal photosynthesis breakdown model. 

Table 2 shows some maize mutants with functional stay green reported by Gregersen et al. 

(2013). Most of them have a normal setup of the senescence process but differ in whether the 

senescence occurs swiftly or slowly. Thomas and Howarth (2000) stated that, in practice, a 

stay green genotype can be accumulating two or more types of stay green. 

1.3.3. Estimation 

Wanous et al. (1991) demonstrated that visual rating of leaf and plant senescence can be a 

trustworthy indicator of stay-green response. This rating is more useful for a large population 

where estimation of some quantitative parameters is complicated and somewhat difficult. 

The stay green has been also estimated in different ways, depending on the crop and the 

size of the population. 

The Chlorophyll content can be measured using a Chlorophyll content meter, a hand-held 

and battery-operated instrument that calculates the Chlorophyll Concentration Index (CCI) 

value. This value is proportional to the quantity of chlorophyll in a leaf measured section. 
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Measurements, possible under normal lighting and growing conditions, are instantaneous and 

non-destructive for plant tissues. 

Table 2: Examples of different mutants and maize cultivars showing associations between leaf area duration/senescence and 

productivity (biomass and/or yield). Extracted from Gregersen et al. (2013) 

Crop species 

mutant or cultivar 

Methods, test 

conditions 
Main result 

Type of 

stay-green
1
 

References 

Inbred line 

Lo876o2 
Field experiments 

Both delayed senescence and 

higher yield 
nOnS (hc) 

Gentinetta et al., 

1986 

Three hybrids 

differing in 

senescence 

Field experiments 

Retarded senescence 

correlated with higher N-uptake 

after flowering 

dOnS Pommel et al., 2006 

Six maize hybrids 

released in different 

years 

Field experiments 

Newer hybrids were 

photosynthetically active for a 

longer time and produced higher 

grain yields 

nOsS 
Ding et al. (2005 

2007) 

see2 mutant 

legumain gene 

Growth under low 

and high nitrogen 

At later stages of development 

the mutant had a higher 

chlorophyll content and higher 

photosynthesis; higher cob weight 

under low nitrogen 

nOsS? 
Donnison et al., 

2007 

Subtropical white 

dent maize lines 

CML444 and 

SCMalawi 

Field experiments 

with three 

different water 

regimes 

Delayed leaf senescence in 

CML444 line correlated with 

higher yield, in particular under 

low water regimes 

- 
Messmer et al. 

(2011) 

1
 nOnS: normal onset of senescence, normal kinetics of senescence (type E); hc: high chlorophyll content; dOnS: 

delayed onset of senescence, normal  kinetics of senescence (type A); nOsS: normal onset of senescence, slow 

kinetics of senescence (type B) 

 

The leaf area under greenness (LAUG) shows differences of green area of the whole plant 

(Wang et al., 2012) during different phases of the plant postflowering life. 

Photosynthetic activity can be measured with a chlorophyll fluorescence meter and 

allows having estimation of the activity of the photosynthetic system. The measure provides 

values of photosynthetic parameters such as (1) the minimum fluorescence F0 which can be 

modified by any environmental stress that leads to alterations at the pigment level of the 

photosystem II, (2) the maximum fluorescence FM which also can be affected by the 

environmental factors such as the heat, (3) and several parameters calculated from F0 and FM. 

Heat, for instance, causes an increase in F0 and a decrease in FM (Reigosa Roger and Weiss, 

2001) leading to an inhibition of the PSII activity. The calculation of the maximal quantum 

yield (FV/FM, where FV is the difference FM-F0) allows an estimation of the PSII activity; this 

value is generally in the range 0.832 ±0.004 for a normally photosynthesizing leaf. 
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1.3.4. Molecular tools and stay green 

Many studies have been done aiming to understand the molecular control of abiotic stress 

tolerance in general (Guiltinan et al., 1990; Wang et al., 2003; Capell and Christou, 2004; 

Chandra Babu et al., 2004; Vinocur and Altman, 2005) and drought stress particularly in rice 

(Champoux et al., 1995; Price and Tomos, 1997; Price et al., 2002), sorghum (Tuinstra et al., 

1998) but not many studies for mapping maize stay green QTL had been published (Beavis et 

al., 1994; Câmara, 2007; Zheng et al., 2009; Messmer et al., 2011; Wang et al., 2012; 

Belícuas et al., 2014). All studies done by now clustered the stay green QTL mainly on 

chromosomes 1, 2, 4, 5 and 10. In a quite general study, using 112 F4 and 112 topcrossed 

offsprings and RFLP markers, Beavis et al. (1994) detected 13 maize stay-green QTLs on 

chromosomes 1, 2, 5, 6, 8 and 9. Messmer et al. (2011) found 32 QTLs for different 

measurements of relative leaf chlorophyll content, 25 for the five visual ratings of plant 

senescence mostly located on chromosome 1, 2, 4 and 10. 

Wang et al. (2012) mapped 189 individuals of an F2 population with a trial conducted at 

Shandong Agricultural University (China). The F2 derived from a cross between a non-stay-

green inbred line (Mo17) and a stay green line (A150-3-2, a local inbred line). For three stay 

green related traits- (1) green leaf area per plant at 30 d after flowering (GLA2), (2) green leaf 

area per plant at the grain ripening stage (GLA3) and (3) left green leaf number per plant at 

the grain ripening stage (LLN) - they detected 14 QTLs located on chromosomes 1, 4, 5, 6 

and 9; every single one explaining from 3.16 to 12.50% of the phenotypic variance. Linkages 

were found between some QTLs and the corresponding nearest markers (<5 cM) with genetic 

distances ranging from 0.3 to 4 cM. 2010.9 cM were covered in the constructed SSR linkage 

map, with an average distance of 17.95 cM between two adjacent markers. This relatively 

large average distance can lead to the incapacity of detecting some QTL (Menz et al., 2002; 

Li et al., 2007; Zheng et al., 2009) due to the “shortage of available markers in the 

corresponding regions”. 

Zheng et al. (2009) also identified 14 QTLs by composite interval mapping analysis using 

a LOD≥2.5 for stay green traits at different stages of postflowering plant life using an F2 

population and 115 SSR. The F2 population was developed from a cross between Mo17 

(Wang et al. [2012] used the same non stay green line) and a stay green inbred line, Q319 

developed in the Shandong Academy of Agricultural Sciences of China. The relative green 

leaf area of the parents and F2:3 lines at 20, 40, 50 and 60 DAF were calculated and expressed 
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as %GL20, %GL40, %GL50 and %GL60, respectively. The QTLs found on %GL20, 

%GL40, %GL50 and %GL60 explained respectively 19.51, 51.07, 34.73 and 22.59% of the 

genetic variation. The mapped QTLs were located on chromosomes 1, 2, 3, 5, 6, 8 and 9 with 

5, 3, 1, 2, 1, 1 and 1 QTL respectively. Each QTL detected contributed from 5.40 to 11.49% 

of phenotypic variance. They also found, by additional QTL analysis, a significant correlation 

between stay green traits and the grain yield as overlaps of QTL intervals for stay green and 

yield were observed. 

By genotyping 250 F2 individual plants and the backcrossed progenies with both inbred 

parents, Belícuas et al. (2014) mapped 17 QTLs, accounting for by 73.08% of the genotypic 

variance, located on 4 chromosomes. The F2 population was obtained from the self-

pollination of the hybrid between a non-stay green inbred line (L-14-04B) and a stay green 

inbred line (L-08-05F), both developed at the Department of Genetics of the Agriculture 

College ‘‘Luiz de Queiroz’’, University of Sao Paulo, Brazil. No information was given about 

the genetic background of the inbred lines used in the study. They found QTLs for in 

chromosomes 1, 2, 3, 6 and 9. 

1.4. Selective genotyping 

Introduced by Lander and Botstein (1989), the term “selective genotyping”, as defined by 

Darvasi and Soller (1992), is used for a marker-trait association analysis approach where only 

individuals from the high or/and low phenotypic distribution extremes of the entire sample 

population are genotyped. This population can be an entire germplasm collection or a 

segregating population (Sun et al., 2010) of which genotyping the whole population can be 

time-consuming and very costly (Navabi et al., 2009), depending on the species implicated, 

the QTLs considered and the chosen markers (Lebowitz et al., 1987). Genotyping phenotypic 

tails allows to phenotype a larger population without necessarily increasing the genotyping 

cost. However, Sun et al. (2010) pointed some significant and remaining issues that must be 

resolved before getting the full potential of selective genotype and DNA pool analysis 

reached. 

Simulations testing the power of both unidirectional and bidirectional selective genotyping 

had been done by Navabi et al. (2009) and simulations comparing bidirectional selective 

genotyping with the simple interval mapping (SIM) and inclusive composite interval mapping 

(ICIM) by Sun et al. (2010). The first study found that genotyping both extremes was more 

powerful than genotyping only one tail of the phenotypic distribution, and this power 
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increases with the size of the considered population. Simulations of the second study showed 

that selective genotyping is more powerful in detecting QTLs than the SIM but less than the 

ICIM. Also, at the marker density of 5 cM, increasing the size of the total population (PS) 

allowed to reduce the selected proportion (SP, of the whole population) which is even more 

reduced by considering a higher phenotypic variation explained (i.e. for PS=2500 individuals, 

SP decreases from 15 to 5% and the power from 95 to 100% when the PVE passes from 1 to 

15%). Selective genotyping is then an efficient and relatively cheap alternative for genotyping 

a large segregating population when resources are limited. Nonetheless, even if the power to 

detect a QTL is augmented with the selective genotyping, the estimation of the QTL effects 

can be biased (Lynch and Walsh, 1998). To obtain unbiased estimates by maximum 

likelihood, Lander and Botstein (1989) just considered the unscored genotypes as missing 

data while Darvasi and Soller (1992) used a likelihood function which directly considers the 

sampling bias. 

II. Objectives of the study 

The objective of this study is to detect QTL relative to stay green in maize using two F2 

populations by selective genotyping of two F2 populations. 
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III. Materials and methods 

3.1. Vegetal material and spatial design 

The field trials were conducted on a sandy loam soil at the “Misión Biológica de Galicia” 

(MBG) research station (Pontevedra-Spain). Two trials, involving two F2 populations, were 

used as mapping populations. The first trial and genotyping were done in 2012-2013 and the 

second one in 2013-2014. 

In 2012, 544 F2 plants derived from the self-pollination of F1 hybrid from PHG39 and 

EA1070, a stay green and a non-stay green lines, respectively, were sown. EA1070 was 

obtained from a Spanish landrace, Hembrilla de Novilla. The sowing was done on June 6 with 

a density of 60000 plants/ha (0.8×0.21 m). The 544 F2 plants were randomly distributed in 36 

rows of 15 plants each. 

In 2013, 2500 individual F2 plants obtained from self-pollination of the hybrid between 

PHG39 and B73, a stay green and a non-stay green lines, respectively, were planted. PHG39 

and B73 are two of the seven progenitor lines stated by Mikel and Dudley (2006) to be the 

source of most of today’s germplasm. The sowing was done on April 24, 2013, with a density 

of 60000 plants/ha in a 625 m
2
 field. In each of the 30 rows of the trial, individual F2 plants 

were sown and the parents of the F2 were repeated and used as checks. Parents were at the 

beginning and the end of rows and, depending on whether the row was odd or not, put after 

22-42-42 and 42-42-22 F2 plants, respectively. Trials were on three sides surrounded by other 

maize trials. 

For both trials, 300 kg/ha of mineral fertilizer (22-8-10) were applied as well as 82 units of 

N using Nitramon
®
 (27% N and 3.5% magnesium oxide). To control the weeds, 2 

applications of 350 L of pesticide (with 1.5 L of Camix
®
 each) were done. Irrigation was 

ceased just before anthesis to allow moisture stress to develop during the grain development 

stage. However, several rainfalls were recorded during that period Fig. 5. In 2013, plants 

started flowering on July 29 and no registered data for the flowering time in 2012. The 

flowering date corresponded to the silking day. 
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Figure 5: Rainfall in 2012 and 2013 at the MBG research station 

3.2. Phenotypic data 

Measurements were done between 10 am and 3 pm and various phenotypic data were taken 

during the plants’ postflowering life. A measurement of the chlorophyll content was made 

with a chlorophyll content meter (CCM200 Opti-Sciences, USA) for every single plant and 

every month starting from the individual plant silking. On the flowering day of every single 

plant, a first measurement (Chlo1) was done; the second and third measurements were done 

exactly one and two months after the flowering date, respectively (Chlo2 and Chlo3). For 

more precise data, the measures were done on both sides of the flag leaf midrib and at the 

same level and the mean calculated. For all plants, this measurement was done at more or less 

10 cm from the ligule. 

Since the photosynthetic activity measurement can inform whether the leaf is 

photosynthesizing or not, the photosystem II maximal quantum yield (Fv/FM) of the dark-

adapted leaves was measured with a chlorophyll fluorometer (OS-30p, Opti Sciences Inc., 

USA) of the dark-adapted leaves of plants from the 2013 trial that stayed green two months 

after silking (Fv/FM2). A first measurement (Fv/FM1) was done on August 28 on five random 

plants per row to have an overview on the differences on photosynthetic activity. The to-

measure leaf area was put into dark condition using a leaf clip, for half an hour before 

measuring, at more or less the same level than where the chlorophyll content was taken. This 

data was not taken in 2012. 

The stay green expression of individual F2 plants (for both years) and parents (B73 and 

PHG39, in 2013) was visually guesstimated with a scale of 1 to 5, and based on the degree of 

leaf and plant death at physiological maturity in the trial. A rating of 5 designated essentially 

Jan Feb Mar Apr May June Jul Aug Sept Oct Nov Dec
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no leaf death, while the score 1 matched up with complete plant death (leaves and stem). This 

scoring was done on November 12, 2012 and October 8, 2013. 

Plants were harvested on December 12, 2012 and November 14, 2013. Ears were threshed, 

dried in a stove for one week at 80 °C and then weighted; and the number of kernels per ear 

was counted either manually or with a seed counter (Contafill, Pfeuffer
®
) in 2013. 

3.3. Genotyping 

Leaf samples for genotyping were collected 3 weeks after plant emergence, then 

lyophilized (Christ
®
 Beta 2.8 Lo plus) and conserved in a freezer at -80 °C. In 2012, the two 

tails of the visual score distribution (1 and 5) were genotyped while, in 2013, the selective 

genotyping concerned the plants with stay green visual scores of 5 and 2. Plants with scores 

of 1 were avoided because they likely dried faster because of some environmental conditions 

(insects, soil heterogeneity, slope, cold…) instead of having unfavorable allele combinations 

for stay green. 

DNA extraction was started on December 2013 after all lyophilized leaf samples had been 

cut to make them easier to mash. Each sample received, before being mashed with a mechanic 

mortar (Retsh ® Mixer Mill MM 300), a tungsten ball and a lysing buffer containing 4 mL of 

trisHCL (pH=9.5; 1.0 M), 8 mL of ethylenediaminetetraacetic acid (EDTA 0.5 M), 16 mL of 

KCl (2.5 M), 100 mL of sucrose (2 M), 40 mL of sodium lauroyl sarcosinate (sarkosyl 20%), 

0.4 mL of β-mercaptoethanol and all filled up to 400 mL with milliQ water. 

The DNA purification followed, with some modifications, the phenol/chloroform/isoamyl 

protocol described by Moore and Dowhan (2002). All extracted samples were quantified with 

a Nanodrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE) in order to know 

the DNA concentration and the quality (260/280 ratio) of the samples. Then all samples were 

diluted at 150 ng/µL before running the Polymerase Chain Reaction (PCR). 

The polymorphism of 279 and 143 Simple Sequence Repeat (SSR) markers (from the 

Maize Genetics and Genomics Database, MaizeGDB) respectively in 2012 and 2013, chosen 

in the aim of having at least one marker per bin, for the maize 10 chromosomes was assessed. 

Markers showing polymorphism between parents were used to screen the selected F2 

genotypes. Non-polymorphic markers were discarded and replaced with another one (when 

available) from the same bin in order to find a polymorphic one for that specific bin. 

Additional markers per bin could be used when it was found a significant effect of one marker 
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at a specific bin. Polymorphic markers were first used to genotype the high tail and those with 

high PHG39 allele frequency (> 0.6) were processed on the low tail. 

The PCR was performed mixing 1.5-2 µL of DNA sample at 150 ng/µL and 19 µL of a 

mix containing milli-Q water (14.06 µL), a reaction buffer (4 µL), 0.4 µL of dNTPs, 0.25 µL 

of each primer and 0.04 µL of DNA polymerase (GoTaq
®

 G2 DNA Polymerase-PROMEGA). 

The PCR conditions were as follow: (1) 5 min at 95 °C; (2) 35 cycles of 30 s at 95 °C, 30 s at 

56 °C (depending on the primers, this temperature could be set at 56, 53, 50 or 47°C), and 30 

s at 72 °C; followed by (3) 10 min at 72 °C and (4) the plate was then maintained at 8 °C in 

the thermocycler (MJ Research PTC-1002 Thermal Cycler–GMI; Bio-Rad MyCycler Thermal 

Cycler PCR) until being taken out of the thermocycler. PCR products were separated with an 

acrylamide gel (6% acrylamide/bis-acrylamide (19:1), 0.5_ TBE buffer [Sambrook et al., 

1989], 0.07% (w/v) ammonium persulfate, and 0.08% (w/v) TEMED) at 250 V for 3h (an 

additional running hour allowed to well separate long fragments if needed). Ethidium bromide 

allows visualizing DNA bands with 254 nm UV light. Images were digitalized with a system 

VisiDoc-it™ “Imaging sYstem 6.4” LCD and Stand UVP lamp (Upland, Ca, USA) and the 

pictures saved. 

3.4. Statistical analysis 

3.4.1. Spatial analysis 

Prior to the genetic analyses, data needed to be adjusted for spatial autocorrelation due to a 

slight spatial heterogeneity on the field trial. The “PROC KRIGING 2D” procedure (SAS 

institute, 1999) was used to model the spatial dependence of the residuals (deviations of an 

observation from the means of the two parents (PHG39 and B73) and the F2 hybrids 

following the method described in Zas (2006). Briefly, the correction analysis consisted of (1) 

calculating the residuals of each plant of the whole trial, (2) estimating the spatial dependence 

of these residuals by computing the empirical semivariograms, (3) determining key theoretical 

parameters from the semivariogram using the “PROC NLIN” procedure (SAS Institute, 1999) 

and (4) modeling the spatial dependence of the residuals using the kriging procedure and the 

theoretical parameters of the semivariogram. 

The kriging procedure, called Ordinary Kriging by Gu et al. (2013), is defined as an 

interpolation method that gets the partial valuation of regionalized variables of unknown 

sample points. Here, the kriging procedure was used to model the spatial variation of the 
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phenotypic trait within the experimental field. The estimated kriging values for each plant 

were used for adjusting the original values by simply subtracting the kriging estimates. 

Corrected data were used for all analysis in 2013; the correction was not made on 2012 data. 

3.4.2. Descriptive statistics 

Descriptive analysis of the F2 populations was done with Minitab
®
 (Minitab 17.1.0 and 

Minitab 16) software. The normal distribution of phenotypic data was assessed using Jarque-

Bera’s model. This test, based on the sample skewness and kurtosis, has an asymptotic chi-

square distribution with two degrees of freedom and is efficient for large samples (Bera and 

Jarque, 1982; Jarque and Bera, 1987; Mantalos, 2010). The JB coefficient calculated is given 

by the formula (1) where K is the kurtosis, S the skewness an n the size of the sample.  

    [
  

 
 
(   ) 

  
]        (1) 

Means of the F2 populations and the parental inbreds were calculated, as well as the 

standard deviations. A t-test among F2 and parental means was performed with the “proc 

ttest” procedure (SAS Institute, 1999) using the corrected data. 

The correlation coefficients (r) were calculated based on the Pearson’s model. A test of 

significance on these r values was done at the significance level of α=5%. The null hypothesis 

(H0) assumed no correlation between variables and the alternative hypothesis Ha supposed a 

significant correlation between them. 

3.4.3. QTL analysis 

The QTL detection, based on the selective genotyping done in this study, used the binomial 

distribution of marker frequencies in the two tails. First, the binomial probabilities of the high 

tail marker to have at least their actual frequencies were calculated and, following the 

Bonferroni correction, markers that had a significant probability were assessed with the low 

tail. 

The binomial distribution corresponds to the number of successes and failures in n 

independent Bernoulli trials. Taking into account high tail (plants with a visual score of 5), 

plants carrying the allele from PHG39 was considered as success and those from B73 or 

EA1070 as failure. For each marker, the probability of success (p) was calculated as the 

division between the number of successes (alleles from PHG39) and the total number of 

alleles n (N = number of plants or sample size), and the probability of failure (1-p) was 
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computed in a similar way. Assuming random sampling of alleles and equal chance of a 

genotype to have one allele or another, the distribution of the allele number in a sample 

follows a binomial distribution which in a sample from a F2 population derived from a cross 

of 2 inbred lines has a probability of success of 0.5. 

The probability that a random marker (X) with binomial distribution
2
 B(n,p) is equal to the 

value k, where k = 0, 1,....,n, is given by the formula (2). The cumulative probability, i.e. the 

probability of having at least k number of PHG39 allele is given by the formula (4). This latter 

formula gives the probability of having k or more alleles from PHG39 in the sample; the 

smaller this probability, the more difficult it is to have more PHG39 alleles in the sample and 

more likely a QTL will be located at the marker site. The same calculation was done with B73 

(or EA1070) allele frequency, considering that having such allele is a success, when the allele 

frequency of that allele is superior to 0.5. 

 (   )  (
 
 )  

  (   )         (2) 

 

Where (
 
 )  

  

  (   ) 
        (3) 

 

 (   )    (   )   (     )     (     ) (4) 

 

At the significance level of α=0.05, the Bonferroni correction has been used to set a 

significance threshold (α’). It is given by the formula     
 

 
 , where N is the sample size. 

Markers with a significant binomial probability (< α’) were considered as linked to a PGH39 

stay green locus. When associations between markers and traits are detected based on allele 

frequency of samples from the high tail the segregation distortion could generate false 

positives as the probability of the F2 population is not 0.5 anymore. To control this effect, the 

probabilities of the low tail (score equal to 1 or 2 in 2012 and 2013 respectively) were also 

                                                 

2
 The binomial distribution explains the behavior of a count variable X if the following conditions apply: 

(1) The number of observations n is fixed. 

(2) Each observation is independent. 

(3) Each observation represents one of two outcomes ("success" or "failure"). 

(4) The probability of "success" p is the same for each outcome. 

From: http://www.stat.yale.edu/Courses/1997-98/101/binom.htm  

http://www.stat.yale.edu/Courses/1997-98/101/binom.htm
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calculated for markers with high probability and those markers with high frequency of the 

same allele in both tails were not considered associated to the trait. 

For those markers with a significant association to the trait means of the three genotypes 

(two homozygous and the heterozygous) were calculated. Assuming a completely randomized 

design with a single factor (marker effect) and three levels (the different genotypes: AA, AB 

and BB), an analysis of variance (ANOVA) was carried out for each marker at a significance 

level α=0.05. The significance of the difference between genotypes was tested with the Tukey 

model. The proportion of phenotypic variance explained (PVE) by a marker was estimated as 

the sum of squares (SS) associated to marker effect in the ANOVA over the total SS. The 

analyses were carried with the “proc glm” procedure of SAS (SAS Institute, 1999). 
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IV. Results
3
 

4.1. Normality test and distribution 

In 2013, the three chlorophyll contents, the score values and the kernel number followed a 

normal distribution at α=0.05, in contrast with the kernel weight and the two photosystem II 

maximal quantum yields. At the significance level α=0.05, none of the variables from 2012 

data followed a normal distribution (Table 3). 

Table 3 : Jarque-Bera normality test for phenotypic data of F2 plants (2012 and 2013). 

Variables N JB observed JB critical P-Value 

2012 

Chlo1 460 35.91 5.99 <0.0001 
Chlo2 450 6.15 5.99 0.0461 
Chlo3 465 10.39 5.99 0.0056 

Kernel weight 250 8.76 5.99 0.0125 
Score 386 15.74 5.99 0.0004 

2013 

Chlo1 2447 1.09 5.99 0.58 
Chlo2 2437 0.63 5.99 0.73 
Chlo3 473 5.06 5.99 0.08 
Score 2350 2.85 5.99 0.24 

Kernel weight(g) 2370 6.71 5.99 0.04 
Kernel number 2370 0.51 5.99 0.78 

Fv/FM1 151 9.19 5.99 0.01 
Fv/FM2 426 104.46 5.99 <.0001 

Chlo1, Chlo2 and Chlo3= Chlorophyll content at the silking day, 
one and two months later, respectively; Fv/FM1 and Fv/FM2= 
photosystem II quantum yields 

 

4.2. Chlorophyll content distribution 

The chlorophyll content decreased during the postflowering stage of plants. The F2 and the 

parents’ chlorophyll contents decreased across the three measurements from 43.41 to 12.18 

(SDChlo1=9.76 and SDChlo3=6.28) for the F2 plants, from 30.35 to 9.31 and from 33.23 to 

5.04 for B73 and PHG39, respectively (Fig. 6 and Table 4). The same trend was noticed in the 

2012 data with chlorophyll content.  

 

                                                 

3
 Parental data do not exist for the 2012 trial 
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Figure 6 : Distribution of the chlorophyll content across the postflowering stage of the F2 population in 2012 and 

2013 

The number of individuals passed from 2447 to 473 F2 plants between the first and the 

third chlorophyll content measurements, from the flowering time to two months after 

flowering in 2013. The photosynthetic activity was generally reduced between the two 

measurements but a t-test revealed no significant difference between genotypes for the same 

measurement. 

F2 plants had the highest means of chlorophyll contents (Chlo1=43.41; Chlo2=34.15; 

Chlo3=12.18), kernel weight (106.22 g) and kernel number (463.76). They also had a slightly 

(but not significant) higher photosystem II quantum yield than the parents (Fv/FM2=0.69, 0.71 

and 0.68 for respectively B73, F2 plants and PHG39). Kernel weight had a scope of 152.75, 

217.65 and 91.43 respectively for B73, F2 plants and PHG39. The kernel number followed the 

same trend with scopes for B73, F2 plants and PHG39 equal to 681.13, 1003.60 and 372.40 

(Table 4). B73 had a higher kernel weight than PHG39 with respectively 53.80 and 35.39 g. 
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Table 4 : Means and Standard deviation of 2013 data separated by genotypic group 

Variables Genotype N Min Max Mean StDev 

Chlo1 
B73 247 13.34 54.09 30.35 6.98 
F2 2510 14.01 78.67 43.41 9.75 

PHG39 246 14.60 56.09 33.23 7.00 

Chlo2 
B73 247 4.31 36.02 17.28 9.13 
F2 2510 0.23 73.75 34.15 10.73 

PHG39 246 3.43 41.61 19.35 7.93 

Chlo3 
B73 247 4.96 13.66 9.31 4.35 
F2 2510 2.01 47.28 12.18 6.28 

PHG39 246 3.19 12.12 5.04 2.58 

Score 
B73 247 1 5 1.55 0.75 
F2 2510 1 5 1.92 1.20 

PHG39 246 1 5 3.19 1.19 

Kernel weight 
(g) 

B73 247 5.75 158.50 53.80 31.68 
F2 2510 0.69 218.34 106.22 38.64 

PHG39 246 0.08 91.51 35.39 20.14 

Kernel number 
B73 247 6.56 687.69 266.64 156.24 
F2 2510 4.88 1008.48 463.76 164.38 

PHG39 246 2.94 375.34 122.86 78.82 

Fv/Fm1 
B73 247 0.79 0.82 0.80 0.01 
F2 2510 0.70 0.85 0.80 0.02 

PHG39 246 0.78 0.78 0.78 0.00 

Fv/Fm2 

B73 247 0.61 0.75 0.69 0.04 

F2 2510 0.19 0.79 0.71 0.05 

PHG39 246 0.39 0.75 0.68 0.07 
Chlo1, Chlo2 and Chlo3= Chlorophyll content at the silking day, one and two 
months later, respectively; Fv/FM1 and Fv/FM2= photosystem II quantum yields 

4.3. Score 

The score means of the F2 individuals were superior to those of the parents in 2013; no data 

available for the parental lines for the 2012 trial. In 2013 more than half of B73 plants died 

early while PHG39 had nearly the same number of plants in both tails. PHG39 had more 5 

scored and a less 1 scored plants than B73. The distribution of the F2 individual scores 

followed a more correct pattern-more individuals with the score 3- in 2012 than in 2013 

where a large number of 1 scored plants were recorded (table 5). The mean of F2 plants in 

2012 (3.16) was superior to the one of the 2013 F2 plants (1.92) but a t-test revealed no 

significant difference between those two means. 

Table 5 : Distribution of the scoring values in 2013 and 2012 

  Score 
N  σ

2
 

Genotype 1 2 3 4 5 

PHG39 19 19 37 40 22 137 3.19 1.44 
B73 85 32 14 3 1 135 1.55 0.56 

F2_2013 1323 280 410 260 77 2350 1.92 1.44 

Total 1427 331 461 303 100 2622 1.97 1.48 

F2_2012 36 42 158 126 24 386 3.16 1.04 
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4.4. F2 plants separated by score values 

In both trials, there was no significant difference between the plant grouped by score for 

Chlo1 and Chlo2. Plants in different scoring groups differed significantly for Chlo3, the 

kernel weight and the number of kernels (for 2013 kernel number). For both years, G5 (group 

of 5 scored F2 plants) had a significantly superior Chlo3 in comparison to other groups; G2 

had a smaller kernel weight and a smaller kernel number (47.86 g in 2012; 109.29 g and 

460.39 kernels in 2013) than G5 (53.61 g in 2012; 126.02 g and 503.48 kernels in 2013). G3 

and G5 had the highest kernel weights respectively in 2012 and 2013. In G1 and G2, the 

chlorophyll content decreased from 48.38 to 6.69 and 47.39 to 14.48 in 2012 and from 43.79 

and 43.87 to 2.12 and 3.25 in 2013 respectively. For the other groups, the chlorophyll loss 

was relatively smaller with scopes of 23.38, 18.71 and 14.49 in 2012 and 38.72, 33.87 and 

28.84 in 2012, respectively for G3, G4 and G5 (Table 6). 

Table 6 : Means and standard deviations of phenotypic data separated by score 

Variables Means StDev Means StDev Means StDev Means StDev Means StDev 

Score (Group) 1 (G1) 2 (G2) 3 (G3) 4 (G4) 5 (G5) 

2012 

Chlo1 48.38 10.83 47.39 12.03 46.77 11.16 45.17 10.86 44.98 11.38 
Chlo2 37.04 10.41 38.33 10.19 39.54 12.21 38.13 11.00 38.83 12.29 
Chlo3 6.69 8.12 14.48 8.75 23.39 10.53 26.46 10.10 30.49 9.40 

Kernel weight 48.50 26.46 47.86 29.39 56.09 25.16 51.13 26.62 53.61 26.05 

2013 

Chlo1 43.79 9.83 43.87 9.78 42.40 10.09 43.81 8.63 44.88 7.96 
Chlo2 33.86 10.52 35.94 11.13 34.41 10.45 36.96 10.25 36.18 8.81 
Chlo3 2.12 2.08 3.25 3.90 3.68 4.36 9.94 6.57 16.04 7.25 

Kernel weight 99.32 35.60 109.29 35.75 118.35 36.32 125.25 36.57 126.02 39.01 

Kernel number 453.42 153.27 460.39 156.33 493.12 166.73 514.41 168.38 503.48 184.00 

Chlo1, Chlo2 and Chlo3= Chlorophyll content at the silking day, one and two months later, 
respectively. 

 

4.5. Differences between parents and F2 individuals 

All measured phenotypic data were significantly different within parents and between 

parents and progenies (table 7). B73 had a significantly superior (t value > 0; P < 0.05) kernel 

weight and number of kernels, compared to PHG39; between parents, PHG39 has 

significantly superior chlorophyll contents during the whole postflowering stage. For all traits 

(apart from Chlo3), the F2 individuals were significantly superior to both parents. 
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Table 7: t-test between parents and F2 plants for phenotypic values in 2013 

Variable Comparison DF t value Pr>t 

Chlo1 
B73 vs F2 2731 -16.02 <.0001 

B73 vs PHG39 2731 -2.57 0.01 

F2 vs PHG39 2731 12.44 <.0001 

Chlo2 
B73 vs F2 2713 -21.04 <.0001 

B73 vs PHG39 2713 -2.01 0.045 

F2 vs PHG39 2713 20.82 <.0001 

Chlo3 
B73 vs F2 523 -13.83 <.0001 

B73 vs PHG39 523 -5.29 <0.000 

F2 vs PHG39 523 3.55 <.0001 

Kernel weight 
B73 vs F2 2525 -12.14 <.0001 

B73 vs PHG39 2525 2.87 0.004 

F2 vs PHG39 2525 15.96 <.0001 

Kernel number 
B73 vs F2 2519 -10.80 <.0001 

B73 vs PHG39 2519 5.28 0.004 
F2 vs PHG39 2519 17.97 <.0001 

Chlo1, Chlo2 and Chlo3= Chlorophyll content at the silking 
day, one and two months later, respectively. 

 

4.6. Correlations between measured variables 

Tables 8 and 9 show no significant negative correlation between measured variables in 

2012 and 2013. In 2012, Chlo1 was more correlated to Chlo2 than to the other traits (r=0.53); 

the score value had a relatively strong correlation with Chlo3 (r=0.59) and no correlation with 

Chlo1, Chlo2 and kernel weight. 

Table 8 : Pearson’s correlation coefficients (r) and p-values of the significance test of the F2 population (2012) 

 
Chlo1 Chlo2 Chlo3 Score 

Chlo2 
0.53 

   0.000 
   

Chlo3 
0.32 0.29 

  0.000 0.000 
  

Score 
0.08 0.07 0.59 

 0.076 0.147 0.000 
 

Kernel weight 
0.17 0.20 0.14 0.05 

0.007 0.002 0.023 0.47 
Chlo1, Chlo2 and Chlo3= Chlorophyll content at the 
silking day, one and two months later, respectively. 

 

Positive and significant correlations were found between the chlorophyll contents, with a 

stronger correlation between chlorophyll contents at the flowering time and one month later 

(Chlo1 and Chlo2) in 2013 (Table 9). The score was more correlated to the chlorophyll 

content, two month after silking (r=0.57) and less correlated to Chlo2 (r=0.10) than Chlo1 
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and kernel weight. Kernel weight and number of kernels have the highest correlation 

coefficient (r=0.86). No correlation was found between Fv/FM1 and Fv/FM2. While no 

correlation existed between Fv/FM1 and the other traits, Fv/FM2 was correlated to Chlo3 

(r=0.54) and the score value (r=0.62). 

Table 9: Pearson’s correlation coefficients (r) and p-values of the significance test of the F2 population (2013) 

Variables Chlo1 Chlo2 Chlo3 Score Kernel weight Kernel number Fv/Fm1 

Chlo2 0.62 
      0.000 
      

Chlo3 0.09 0.176 
     0.000 0.000 
     

Score -0.01 0.10 0.57 
    0.723 0.000 0.000 
    

Kernel weight 0.35 0.44 0.21 0.27 
   0.000 0.000 0.000 0.000 
   

Kernel number 0.30 0.38 0.12 0.14 0.86 
  0.000 0.000 0.000 0.000 0.000 
  

Fv/FM1 
0.151 0.069 -0.111 -0.013 -0.02 -0.01 

 0.064 0.396 0.174 0.876 0.846 0.918 
 

Fv/FM2 
-0.00 0.11 0.54 0.62 0.20 0.11 -0.05 
0.832 0.000 0.000 0.000 0.000 0.000 0.548 

Chlo1, Chlo2 and Chlo3= Chlorophyll content at the silking day, one and two months later, 
respectively; Fv/FM1 and Fv/FM2= photosystem II quantum yields at one months after flowering 
and at maturity, respectively. 

4.7. Genotypic results 

4.7.1. Marker polymorphism 

In 2013, 69 out of 143 assessed markers were monomorphic for the cross PHG39×B73. 68 

were polymorphic and the others did not give any conclusive result and in 2012, among the 

284 used markers, 129 were monomorphic, 150 polymorphic and 5 did not work after several 

trials at different temperatures (table 10). Among monomorphic markers 25 were located on 

chromosome 1, for the cross PHG39×EA1070; where also 24 polymorphic markers were 

found. 

For the cross PHG39×B73, within the monomorphic markers, 11 were located on 

chromosome 5, and the chromosome 8 had the lowest monomorphic markers number. 

Chromosome 10 had the largest number of polymorphic markers (17) while on chromosome 

5, only 3 polymorphic markers were available. 
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Table 10: Morphism level of different markers assed in 2012 and 2013 

Chromosome Polymorphic Monomorphic Total 

Year 2012 2013 2012 2013 2012 2013 

1 24 9 25 9 49 18 
2 20 7 19 5 39 12 
3 12 4 9 6 21 10 
4 21 5 14 9 35 14 
5 12 3 5 11 17 14 
6 12 5 9 8 21 13 
7 7 7 9 6 16 13 
8 11 8 15 3 26 11 
9 16 3 11 4 27 7 
10 15 17 13 8 28 25 

Total 150 68 129 69 279 137 

 

4.7.2. Allele frequencies 

Here we refer by allele frequency to the frequency of the PHG39 alleles, specification will 

be made when talking about other alleles (from EA1070 or B73). The threshold limit was 

obtained from the Bonferroni correction (see material and methods). 

4.7.2.1. High tail 

In 2012, table 11 shows binomial probabilities of markers in G5; only probabilities of 

alleles with higher frequencies were calculated. At a threshold level α’=6.02×10
-4

, 11 markers 

had significant probabilities in the high tail for PHG39 allele frequencies. Nine were located 

on chromosome 1 and 2 on chromosome 5. In six bins (3.01, 3.04, 4.09, 8.03, 8.06, 10.06) 

alleles from EA1070 were more frequent and umc1530 (bin 8.03) had a significant probability 

value for the allele from the non-stay green parent (EA1070). 

At a threshold level α’=6.85×10
-4

, 8 markers had significant probabilities in the high tail in 

2013 (table 12); those markers were located on bin 1.09, 2.00, 2.03, 4.015 and 9.06 for B73 

alleles and umc1077 (bin 10.04), bnlg1028 (bin 10.06) and  umc1045 (bin 10.06) for the 

PHG39 alleles. 43.84% of assessed markers present higher allele frequencies for the B73 

allele. Those markers are not located in a specific region but distributed all over 10 

chromosomes. 
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Table 11: Allelic frequencies and their cumulative binomial probabilities in the high tail in 2012. Only 

alleles probabilities with a frequency >0.5 were considered 

Bin Micro 
Allele 
donor 

Freq Prob   Bin Micro 
Allele 
donor 

Freq Prob 

1.01 bnlg1014 PHG39 0.67 2.18E-02   2.06 umc1875 PHG39 0.56 4.07E-01 

1.03 phi109275 PHG39 0.67 2.18E-02   3.01 umc1746 EA1070 0.55 3.26E-01 

1.04 umc1169 PHG39 0.66 2.44E-02   3.04 phi036 EA1070 0.66 2.44E-02 

1.04 bnlg2295 PHG39 0.69 9.76E-03   4.01 bnlg1318 PHG39 0.5 4.81E-02 

1.04 umc1144 PHG39 0.8 5.30E-05
*
   4.05 bnlg1265 PHG39 0.6 1.40E-01 

1.06 umc2235 PHG39 0.69 9.76E-03   4.09 umc1573 EA1070 0.55 3.22E-01 

1.06 umc1396 PHG39 0.74 4.68E-04
*
   5.00 umc1097 PHG39 0.57 2.20E-01 

1.06 umc1281 PHG39 0.75 2.05E-04
*
   5.02 bnlg1660 PHG39 0.84 1.22E-05

*
 

1.06 umc2083 PHG39 0.69 3.89E-03   5.06 phi101 PHG39 1 1.46E-11
*
 

1.06 umc1323 PHG39 0.77 6.38E-05
*
   5.08 umc1225 PHG39 0.58 2.03E-01 

1.07 bnlg1556 PHG39 0.75 3.59E-04
*
   6.04 umc1979 PHG39 0.53 4.37E-01 

1.07 umc1147 PHG39 0.83 1.02E-06
*
   8.03 umc1530 EA1070 0.82 1.27E-05

*
 

1.08 phi037 PHG39 0.79 1.79E-05
*
   8.06 umc1149 EA1070 0.55 3.22E-01 

1.08 umc2029 PHG39 0.92 6.53E-11
*
   9.03 phi065 PHG39 0.57 2.26E-01 

1.09 umc1512 PHG39 0.82 2.81E-06
*
   9.03 bnlg1688 PHG39 0.52 4.40E-01 

1.11 umc1737 PHG39 0.58 2.09E-01   9.06 umc1789 PHG39 0.5 5.61E-01 

2.03 umc1845 PHG39 0.56 2.98E-01   10.02 bnlg1451 PHG39 0.53 4.37E-01 

2.05 umc2110 PHG39 0.52 4.40E-01   10.06 bnlg1028 EA1070 0.55 3.22E-01 

*= significant at the threshold limit α’=6.02×10-4; Micro= SSR marker used; Allele donor= origin 
of alleles with the highest frequency; Freq=allele frequencies; Prob=Binomial probability of 
having at least the actual frequency of one allele in the sample. 

4.7.2.2. Low tail 

From 11 SSR with significant binomial probabilities for the PHG39 alleles in the high 

tails, 5 were significant for the alleles in the low tails for (PHG39×EA1070) F2. Markers 

umc1281 bin 1.06), bnlg1556 (bin 1.07), phi037 (bin 1.08), umc2029 (bin 1.08) and bnlg1660 

(bin 5.02) had binomial probabilities smaller than 4.55×10
-2

. For (PHG39×B73) F2, only 

bnlg1028 (bin 10.06) had a significant probability in the low tail. 

 

 



Results 

29 

Papa Ndiaga Moctar Kante. MSc thesis in Plant Breeding. 2014. University of Lleida. International Centre for Advanced Mediterranean Agronomic Studies-Mediterranean Agronomic 
Institute of Zaragoza 

Table 12: Cumulative binomial probabilities of alleles in the high tail in 2013. Only alleles probabilities with a frequency >0.5 were considered 

Bin Micro Freq Pr Binomial   Bin Name Freq Pr Binomial   Bin Name Freq Pr Binomial   Bin Micro Freq Pr Binomial 

1.01 phi056 0.58 1.00E-01   3.04 phi036 0.64
+
 1.64E-02   7.00 umc1545 0.59 5.26E-02   9.06 umc1733 0.82

+
 2.63E-09* 

1.02 bnlg1429 0.62 4.35E-02   3.05 bnlg1022 0.52
+
 4.51E-01   7.00 umc1545 0.51 4.52E-01   10.02 phi059 0.50 5.46E-01 

1.03 phi109275 0.55 2.23E-01   3.06 bnlg1449 0.68
+
 1.16E-03   7.02 umc1393 0.51 4.56E-01   10.03 umc1962 0.55

+
 2.20E-01 

1.04 bnlg2295 0.69 2.51E-02   3.07 umc1404 0.51 4.53E-01   7.03 umc1134 0.60 4.65E-02   10.03 umc1381 0.65 5.32E-03 

1.05 umc2232 0.56
+
 2.40E-01   4.015 umc2278 0.73

+
 9.38E-06*   7.04 umc1301 0.55

+
 2.08E-01   10.03 umc2067 0.55 2.08E-01 

1.06 umc1281 0.58
+
 7.78E-02   4.05 umc1303 0.67

+
 2.17E-03   7.05 umc1029 0.56

+
 2.05E-01   10.04 bmc1526 0.51 4.55E-01 

1.08 umc2029 0.57
+
 1.15E-01   4.06 umc2391 0.59

+
 6.77E-02   7.06 phi116 0.50 5.48E-01   10.04 umc1995 0.65 4.39E-03 

1.09 umc1431 0.55 2.93E-01   4.07 bnlg1189 0.58
+
 1.09E-01   8.00 phi420701 0.63+ 3.52E-02   10.04 umc1077 0.76 7.92E-07* 

1.09 phi055 0.81
+
 4.27E-09*   4.08 umc1051 0.59

+
 6.51E-02   8.02 umc1872 0.51 4.55E-01   10.04 umc2350 0.52 3.72E-01 

1.11 phi120 0.58
+
 1.56E-01   4.09 umc1573 0.52 3.73E-01   8.03 umc1530 0.53

+
 3.62E-01   10.05 umc1930 0.59 7.28E-02 

2.00 umc2245 0.78
+
 9.70E-08*   4.11 phi076 0.51 4.54E-01   8.04 umc1765 0.57

+
 1.12E-01   10.05 umc1506 0.64 5.82E-03 

2.03 umc1185 0.50 5.53E-01   5.02 bnlg1660 0.57 1.44E-01   8.05 umc1309 0.53 3.67E-01   10.05 umc2043 0.62 1.76E-02 

2.03 umc1776 0.76
+
 4.07E-06*   5.035 phi113 0.55 2.14E-01   8.06 umc2031 0.62

+
 2.52E-02   10.06 bnlg1028 0.69 3.14E-04* 

2.03 umc1845 0.61 2.99E-02   5.06 umc1941 0.55
+
 2.11E-01   8.07 bnlg1350 0.58

+
 7.78E-02   10.06 umc1045 0.70 1.33E-04* 

2.05 umc2110 0.51
+
 4.56E-01   5.07 phi128 0.51 4.55E-01   8.08 phi015 0.56 1.60E-01   10.06 umc2021 0.59

+
 1.46E-01 

2.07 umc1042 0.54
+
 9.56E-01   5.09 umc1829 0.53 4.56E-01   9.01 bnlg1724 0.62 1.88E-02   10.07 

 
0.58 1.06E-01 

2.08 phi127 0.58 1.03E-01   6.01 phi077 0.62 1.76E-02   9.02 umc1037 0.57 1.51E-01   
   

  
2.10 phi101049 0.53

+
 3.66E-01   6.07 phi070 0.67

+
 4.61E-03   9.03 phi065 0.51 4.57E-01   

   
  

3.03 umc2259 0.58 7.78E-02   6.08 umc2059 0.64
+
 1.28E-02   9.06 umc1789 0.53

+
 2.95E-01           

Calculated from B73 allele frequencies (from the PHG39 alleles frequencies otherwise) ; * =significant at a threshold limit α’= 6.85×10
-

4; 
Freq= Allelic frequencies; Pr binomial=Binomial probability of having at least the actual frequency of one allele in the sample 

 



Results 

30 

Papa Ndiaga Moctar Kante. MSc thesis in Plant Breeding. 2014. University of Lleida. International Centre for 
Advanced Mediterranean Agronomic Studies-Mediterranean Agronomic Institute of Zaragoza 

Table 13: Allelic frequencies and binomial probabilities in the lower tails for the markers with significant binomial 

probabilities in the high tails 

2012   2013 

Bin Micro 
Allele 
donor 

Freq 
Pr 

binomial 
  Bin Micro 

Allele 
donor 

Freq 
Pr 

binomial 

1,04 umc1144 EA1070 0.61 9.20E-02   10.04 umc1077 B73 0.55 1.09E-01 

1,06 umc1396 EA1070 0.58 4.89E-02   10.06 umc1045 PHG39 0.51 4.31E-01 

1,06 umc1281 EA1070 0.64 8.55E-04
*
   10.06 bnlg1028 B73 0.65 1.37E-02

*
 

1,06 umc1323 EA1070 0.57 6.78E-02   
     

1,07 bnlg1556 EA1070 0.66 2.67E-04
*
   

     
1,07 umc1147 EA1070 0.55 1.54E-01   

     
1,08 phi037 EA1070 0.60 1.46E-02

*
   

     
1,08 umc2029 EA1070 0.60 1.46E-02

*
   

     
1,09 umc1512 EA1070 0.53 2.68E-01   

     
5,02 bnlg1660 EA1070 0.62 1.05E-02

*
   

     
5,06 phi101 PHG39 1.00 5.82E-11

*
             

*= significant at a threshold limit α’=4.55×10
-2
 in 2012 and α’=1.67×10

-2
; Micro= SSR 

marker used; Allele donor= origin of alleles with highest frequencies; Freq=allele 
frequencies; Prob=Binomial probability of having at least the actual frequency of one 
allele in the sample 

 

4.7.3. Genotypic means 

For both trials, 6 markers with significant allele frequencies in both tails were detected in 

different chromosomes from one year to the other (table 14). Those markers are localized in 

regions were markers have significantly high allelic frequencies in both tails. In 2012, those 

markers are present on chromosome 1 and 5, and in 2013 the only significant marker was 

located on chromosome 10. umc1281, bnlg1556, phi37, umc2029 and bnlg1660 have 

significant probabilities for both EA1070 alleles in the low tail and PHG39 alleles in the high 

tail. 

For (PHG39×EA1070)F2, score means of the homozygotes with the alleles from PHG39 

varied between 3.36 and 4.47 and means of other homozygotes varied between 1.00 and 1.35 

for the different markers (Table 14). Scores of heterozygotes were intermediate of two 

homozygotes’ score means, although generally closer to the value of homozygotes with no 

stay green alleles (from EA1070). Homozygotes with PHG39 alleles had significantly higher 

scores than other homozygotes and heterozygotes, for all markers except for bnlg1660. The 
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proportion of phenotypic variance varies between 15.02 and 42.22% for all markers. For 

(PHG39×B73)F2, score means of homozygotes with the alleles from PHG39 was 4.36 for 

bnlg1028, while the score means for other homozygotes was 3.25. Heterozygote score was 

intermediate between both homozygotes but those differences were not significant. The 

proportion of phenotypic variance explained by bnlg1028 was lower than the phenotypic 

variances explained by markers in (PHG39 × EA1070)F2. 

Table 14: Score means of homozygotes and heterozygotes within the F2 individuals with significant allelic frequencies in 

both tails in 2012 and 2013 

Marker Bin Flanking loci 
Genotype Means

¥
 

Map position PVE % 
A AB B 

2012 

umc1281 1.06 umc1123-mmp156 3.60
a
 2.05

b
 1.16

b
 541.30

*
 23.50 

bnlg1556 1.07 AY111834-IDP8950 4.47
a
 1.78

b
 1.30

b
 658.6

*
 39.46 

phi037 1.08 
 

3.56
a
 1.68

b
 1.35

b
 

 
25.51 

umc2029 1.08 IDP5014-IDP190 3.71
a
 1.43

b
 1.00

b
 759.64

*
 42.22 

bnlg1660 5.02 
 

3.36
a
 3.50

a
 1.00

a
 13002294-13003041

+
 15.08 

2013 

bnlg1028 10.06 
 

4.36
a
 3.92

a
 3.25

a
 138475535-138476414

+
 7.99 

¥
: within the same row, means followed by the same letter are not significantly different 
(Tukey multiple comparison at α=0.05); PVE=phenotypic variance explained; *=estimated from 
IBM2 2008 Neighbors map (on MaizeGDB).

+
=position estimated position of the locus in base pair 

(MaizeGDB). 

 

Regarding other traits, in (PHG39 × EA1070)F2, there was no difference between 

genotypes for the chlorophyll content at flowering (Chlo1). For the chlorophyll measured one 

month after flowering (Chlo2) no difference between genotypes was found, except for 

bnlg1556. For the chlorophyll measured two months (Chlo3) after flowering, homozygotes 

with the PHG39 allele had a higher value than other homozygotes for all markers. For Chlo3, 

the proportion of phenotypic variance explained for the markers varied between 14.36 to 

57.84%, highest phenotypic variance being explained by bnlg1556. Homozygotes with the 

PHG39 allele had greater means than homozygotes with the other locus and those differences 

were significant except for markers bnlg1660 and bnlg1028 (fig. 7). 

In 2013, for blng1028 no difference were found between genotypes for any trait (Table 15 

and Table 16). The proportion of phenotypic variance explained by bnlg1028 was low for all 

traits, with a maximum of 6.73% of the PVE for Fv/FM2. Values of Fv/FM1 were about 0.80 for 
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the three genotypes and were considerably reduced with relatively low values of Fv/FM2; 

although the reduction was larger for homozygotes with the alleles from B73. Thus, for the 

three markers the values Fv/FM2 for homozygotes with PHG39 alleles were approximately 

twice the value of homozygotes, with alleles from B73, although the differences were not 

statistically significant. 

 

Figure 7: Chlorophyll content two months after silking (Chlo3) of homozygote plants for the marker bnlg1556 

in both phenotypic tails in 2012. Homozygotes A have the PHG39 allele. 
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Table 15: Trait means¥ and phenotypic variance explained (PVE) by detected QTLs for phenotypic data measured both years. Plants are separated according to the level of zygosity 

Traits Chlo1 Chlo2 Chlo3 Kernel weight (g) 

Year 2012 

Marker A AB B PVE % A AB B PVE % A AB B PVE A AB B PVE 

umc1281 45.73
a
 46.11

a
 49.92

a
 2.56 36.25

a
 38.02

a
 33.76

a
 3.00 28.8

a
 15.63

b
 6.68

c
 33.25 63.13

a
 48.67

ab
 21.25

b
 21.25 

bnlg1556 50.58
a
 44.62

a
 47.16

a
 4.33 43.21

a
 33.46

b
 35.6

ab
 13.31 33.38

a
 12.00

b
 7.68

b
 57.84 52.27

a
 47.92

a
 36.70

a
 2.65 

phi037 45.58
a
 47.26

a
 48.53

a
 1.06 38.11

a
 36.22

a
 35.01

a
 1.32 27.76

a
 14.16

b
 6.12

b
 41.04 50.77

a
 42.08

a
 53.80

a
 2.85 

umc2029 44.64
a
 50.08

a
 47.77

a
 4,42 37.09

a
 36.98

a
 34.91

a
 71 22.83

a
 12.01

b
 7.65

b
 23,72 51.18

a
 40,00

a
 62.50

a
 4,93 

bnlg1060 47.32
a
 48.75

a
 37.03

a
 9.90 37.01

a
 46.26

a
 27.17

a
 23.82 19.08

a
 24.07

a
 3.00

a
 14.36 58.82

a
 49.00

a
 

 
2.35 

Year 2013 

bnlg1028 45.26
a
 45.72

a
 45.97

a
 0.11 35.40

a
 34.35

a
 34.99

a
 0.21 12.32

a
 12.64

a
 10.25

a
 0.96 112.68

a
 119.08

a
 107.54

a
 1.41 

¥
: within the same row, means followed by the same letter are not significantly different (Tukey multiple comparison at α=0.05); Chlo1, 
Chlo2 and Chlo3= Chlorophyll content at the silking day, one and two months later, respectively; Fv/FM1 and Fv/FM2= photosystem II 
quantum yields at one months after flowering and at maturity, respectively. 

Table 16: Trait means¥ and phenotypic variance explained (PVE) by bnlg1028 for phenotypic data measured both in 2013. Plants are separated according to the level of zygosity 

Traits Kernel Number Fv/FM1 Fv/FM2 

Marker A AB B PVE % A AB B PVE % A AB B PVE % 

bnlg1028 449.80
a
 495.4

a
 499.80

a
 1.90 0,80

a
 0,80

a
 

 
3.41 0.54

a
 0.44

a
 0.30

a
 6.73 

¥
: within the same row, means followed by the same letter are not significantly different (Tukey 
multiple comparison at α=0.05); Chlo1, Chlo2 and Chlo3= Chlorophyll content at the silking day, one 
and two months later, respectively; Fv/FM1 and Fv/FM2= photosystem II quantum yields at one months 
after flowering and at maturity, respectively. 
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V. Discussion and conclusions 

This study aimed to detect QTLs related to stay green by using two F2 populations on two 

years. Upper and lower tails were genotyped in 2012 and the upper and the penultimate lower 

tails were genotyped in 2013. The lowest tail was not used in 2013 because of the death of a 

lot of F2 plants due to environmental effects. Genotyping only one tail was found to be less 

powerful than genotyping two tails (Navabi, et al., 2009). 3 QTLs were detected on 

chromosomes 1, 5 and 10 explaining from 5.27 to 42.22% of the phenotypic variance. 

5.1. Hybrid and parental means 

In 2013, a t-test revealed that F2 plants were significantly superior to inbreds for all 

phenotypic data (P < 0.05) because of their heterosis which can be accounted for by partial to 

complete dominance (Davenport, 1908) or overdominance (Hull, 1945; Moll and Stuber, 

1974; Stuber et al., 1992). However, true overdominance is less likely to explain heterosis 

than pseudo-overdominance, caused by repulsion-phase linkages (Crow and Gowen, 1952; 

Meghji et al., 1984; Moll et al., 1964). PHG39 was superior to B73 for the three chlorophyll 

contents and B73 had a significantly superior kernel weight and kernel number B73 uses to 

have higher yield and kernel number than PHG39 (Hendrix et al., 2009) and was found to be 

highly sensitive to drought with a significant decrease of photosynthesis rate, leaf area, 

transpiration rate and chlorophyll content (Þerbea and Ciocãzanu, 1999). 

B73 was generally scored 1 while PHG39 had a mean score of 3.19. The reduction of the 

scoring value for the PHG39 may be due to early cold stress as it will be explained later; and 

favorable environmental conditions can explained the fact that one B73 plant was scored 5. 

However, the genetic divergence of the parents B73 and PHG39 (Nelson et al., 2008) allowed 

the development of a F2 population with high genetic variability for the stay green trait. 

5.2. Phenotypic data 

Chlorophyll contents diminished during the plants’ postflowering life. This reduction of 

chlorophyll content is a visible effect of senescence. This phase, during which irreversible 

degenerative processes of structures and cellular functions are settled, results in the 

deterioration of tissues and organs. and ultimately death of those tissues and organs or the 

whole plant (Thomas and Stoddart, 1980). For some plants, this process occurs more or less 
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rapidly; that difference in stay green can be seen with the decreasing number of plants 

phenotyped during plants’ postflowering life. Means of plants plotted in scoring groups show 

that the 5 scored plants have higher chlorophyll content at the third measurement. The 

positive correlation between the chlorophyll content (mainly Chlo3) and the visual rating 

values indicates that the scoring is an efficient and relatively simple way of estimating plant 

stay green as it was found in grain sorghum (Borrell et al., 2000; Xu et al., 2000) and maize 

(Chen et al., 2013; Fleming and Palmer, 1975). 

The distribution of the chlorophyll content during the postflowering stage is very similar to 

the distribution of the green leaf area presented by Wang et al. (2012) with an important 

increase of dead plants during the second month after flowering. The mean chlorophyll 

content passed from 37.94 to 20.73 in 2012 and from 34.15 to 12.18 in 2013. The 

deterioration of tissues during senescence seems to be more important during the second 

month after flowering where many non-stay green plants die.  

We found low-moderate correlation between chlorophyll content and kernel weight at one 

month and a low, but significant, correlation between kernel weight and chlorophyll content at 

two months. Similar correlation have been found by other authors (Beavis et al., 1994; Zheng 

et al., 2009) confirming that stay green can be regarded as a desirable trait for crop 

production. Ma and Dwyer (1998) also found that low chlorophyll contents during the maize 

grain-filling period may lead to considerable reductions in the dry weight. An important 

amount of the seasonal dry matter is fixed during grain filling period (Lee and Tollenaar, 

2007) and the elongation of the period with the photosynthetic apparatus active will suppose 

more accumulation of dry matter. Other authors (Badu-Apraku and Akinwale, 2012; Worku 

and Bänziger, 2012) found higher correlation between senescence and grain yield in soils with 

low N indicating that the stay green trait is particularly useful under those conditions. Dry 

weight was more correlated to the two first chlorophyll measurements. 

Successful pollination and initiation of kernel development are required for the beginning 

of the grain filling period which ends approximately 60 days later when the kernels are 

physiologically mature (Nielsen, 2001). Kernels have 50% of their final weight between 24-

28 and 35-42 days after silking (Nielsen, 2001); which can explain the moderate correlation 

between Chlo2 (taken at one month after flowering) and the dry weight in one of the 

populations. Grain filling is completed within the second month after silking and plants, 
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during this period, pump nutrients from leaves, stem (Schnyder, 1993) and other plants’ parts 

leading to the modification or suppression of vegetative structures. Chlorophyll content at 

grain maturity (Chlo3) must not be necessarily and strongly correlated to grain yield given 

that the process started since the silking, as found by Fleming and Palmer (1975). There were 

a moderate correlation between chlorophyll content and photosystem II maximum efficiency 

(Fv/FM) indicating that, at least partially, the stay green is functional, i.e. not only some plants 

are greener at latest stages, but also the photosynthetic machinery of those plants is working 

more efficiently. 

For bnlg1028, the value of Fv/FM at maturity for the homozygotes with the PHG39 allele 

was higher, although not significantly, than the value for the other homozygote. This suggests 

that the QTL for maintaining chlorophyll content could also be involved in the pace of 

photosynthesis activity. The mean differences were large (about twice) but not significant 

indicating a large error which is associated to the measurement of Fv/FM as other authors 

reported (Wraight and Crofts, 1970; Briantais and Vernotte, 1979; Krause et al., 1982; 

Oxborough and Baker, 1997; Laney, 2003) 

5.3. QTL detection 

We found two genomic regions in (PHG39×EA1070)F2 and one genomic region in 

(PHG39×B73)F2 in which one or several markers have high and low frequency of PHG39 

alleles in the high and low tail of the score distribution, respectively. This is indicative that 

those regions are related to the senescence of the maize plant or to the ability of staying green 

of PHG39 (QTLs for stay green). In addition, some markers had a significantly high 

frequency of the no stay green allele in the high tail, particularly in (PHG39×B73)F2. The 

electrophoresis pictures reveal that some of those markers amplify preferentially B73 alleles; 

i.e. the homozygote genotypes are visible but heterozygote plants show only B73 allele (with 

sometimes a difficulty readable band for the other allele). This can be explained by the 

differential denaturation; i.e. significant GC% differences between alleles if the conditions of 

the PCR allow the denaturation of one allele but not the other (Walsh et al., 1992). 

Alternatively, some alleles from the no stay green could positively contribute to the trait, 

although to confirm this it is needed to check their frequencies in the low tail. Some markers, 

for example phi101 in (PHG39×EA1070)F2, had a high frequency of the PHG39 allele in the 

two tails indicating that the markers present segregation distortion. Segregation distortion can 
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be caused by different factors, including gametophytic factors and natural selection. Lu et al. 

(2002) found 18 chromosomal regions on the ten maize chromosomes associated with 

segregation distortion which attests of the importance of checking the frequencies of alleles in 

the low tail in order to conclude whether or not a marker is associated to a trait. 

QTLs were mapped using two lines with contrasting expression of the trait, one non-stay 

green (EA1070 or B73) and one stay green (PHG39). PHG39 presented the stay green 

characteristics in several environments in our region (personal observation) and several 

environments in US according to the registration documents supporting US Plant Variety 

protection (PVP). QTL experiments for yield or flowering in biparental populations using 

lines with extreme expression of the trait detected many QTLs distributed along the whole 

genome (Semagn et al., 2010). We found two regions in one population and one region in 

other population. Three of the eight QTLs found by Beavis et al. (1994) are located on 

chromosomes 1 and 2; and (Câmara, 2007) mapped 23 QTLs on chromosome 1, 2 and 5; Two 

studies found each 14 QTLs located mainly on chromosomes 1, 2, 4 and 5 (Zheng et al., 

2009; Wang et al., 2012) and Belícuas et al. (2014) mapped 15 out of 17 QTLs on 

chromosomes I (4 QTLs), 2 (5 QTLs), 3 (3 QTLs) and 4 (3 QTLs). These results and ours 

suggest that stay green related QTLs are clustered mainly on chromosomes 1, 2, 4 and 5. One 

of the main clusters is located in a large region of chromosome 1 (bins 1.04-1.09) which was 

found in two different populations of temperate origin (Zheng et al., 2009; Wang et al., 2012) 

and one tropical population (Belícuas et al., 2014). 

5.4. Effects of detected QTLs 

The estimated effect of a marker in the region of chromosome 1was large (25%) (Belícuas 

et al., 2014), although lower in the experiment with temperate maize. We also found several 

significant markers in a large region of chromosome 1 from bin 1.04 to bin 1.09 in 

(PHG39×EA1070)F2, although the most clear effect was detected in bins 1.06, 1.07 and 1.08 

at markers umc1281, bnlg1556, phi037 and umc2029. For those markers the frequency of 

both PHG39 alleles in the high tail and EA1070 alleles in the low tail of the score distribution 

was significant. Furthermore, for the three markers, the proportion of phenotypic variance 

explained for the visual rating was very large, particularly for bnlg1556 and umc2029 (40 %, 

approximately). For a practical point of view, it would be more interesting to deal with 

differences between homozygotes than the proportion of phenotypic variance. But, also the 
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differences between homozygotes showed large differences for score in the three markers, 

thus, the mean score of the homozygotes with the PHG39 allele (close to 4) was much larger 

than the mean score of the homozygotes with the EA1070 allele (close to 1). For those 

markers also the chlorophyll content at two months after silking (related to score but 

objectively measured in a single leaf by a chlorophyll content meter) showed large differences 

between homozygotes and a large proportion of phenotypic variance explained by the 

markers. However, there was no difference between homozygotes for the chlorophyll 

measured at flowering time indicating that the stay green is not due to a higher proportion of 

chlorophyll at flowering which means that we are not dealing with type E stay green (Thomas 

and Howarth, 2000). Marker bnlg1556, explained about 60% of the phenotypic variance; 

which is much larger than the phenotypic variance explained in other experiments (10-20% at 

most) (Zheng et al., 2009; Messmer et al., 2011; Wang et al., 2012; Belícuas et al., 2014). 

Apart from the bias caused by the fact of only genotyping two tails, it is clear that there is a 

gene of large effect close to the marker. SSR bnlg1556 indeed seems to behave as a 

Mendelian gene since the distribution of both homozygotes did not overlap except for one 

individual. In the same region, the effects associated to markers ranged from moderate (Zheng 

et al., 2009; Wang et al., 2012) to large (Belícuas et al., 2014) or even very large as in our 

study. There could be allelic variation in a gene located in that region and, depending on the 

particular allele that is carried out by the genotype, the expression of the character would be 

different. A genomic region around marker bnlg1556, with a large effect facilitates the fine 

mapping and the clonation of gene or genes associated to stay green in the region, particularly 

when the region has also been associated to stay green in other experiments with different 

germplasm and environments. From a practical point of view, the marker could be used to 

improve the efficiency of the selection methods for stay green. The stay green is measured 

after flowering and it is not possible the pollen control, which reduces the response to 

selection. However, all genotypes homozygous for the PHG39 allele have a high content of 

chlorophyll which allows selecting stay green genotypes before the flowering, increasing the 

efficiency of the selection because it is possible to control pollen. Also, the selection of stay 

green plants could be made at early stages, only transplanting to the multiplication field the 

plants with the stay green allele which can save field space. Other advantage of the selection 

based on the marker is that does not need the target environment and can be made in any 

place. The introgression of the PHG39 allele to other germplam as European Flint to which 
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EA1070 belongs is facilitated by the fact that PHG39 is an elite line and no deleterious alleles 

are expected to be transferred together with the stay green allele. Although, the cluster of 

chromosome 1 has been detected in other germplasm and other evaluation environments we 

wanted to verify their consistency in other year and with a no stay green line of different 

origin (Corn Belt Dent). The QTL of large effect in chromosome 1 was not detected in the 

second mapping population. It could be due to a different germplasm or to a different 

environment. The environment in the year 2013 was unusual with colder temperatures during 

weeks when the plants were at the earliest stages of development. The cold stress produces 

structural changes during the development of the photosynthetic machinery that are persistent 

along the time. Furthermore, there are transcripts that are present both in maize senescent and 

cold stressed leaves indicating that cold promote programmed cell death (Leipner and Stamp, 

2009). 

We found in our experiments symptoms of unusual yellowing and early senescence of 

some PHG39 plants and early dry of several B73 plants which could be produced by the early 

cold stress. This could explain why the QTL on chromosome 1 was not detected in 

PHG39×B73 and raises the question about how early stresses can affect the normal 

senescence of plants. Alternatively, a different no stay green line (B73 instead of EA1070) 

could have in chromosome 1 the same alleles or alleles with similar effect that those in 

PHG39. For some traits, QTLs were not consistent in different mapping populations evaluated 

in the same environment (Lu et al., 1996). 

For the marker umc1281 (bin 1.06), one of the significant markers for stay green, the 

homozygotes carrying the PHG39 allele had three times more kernel weight than the 

homozygotes with the EA1070 allele indicating that a QTL for kernel weight co-localized 

with the QTL for stay green, in concordance with the positive correlation found between the 

traits. Besides, the proportion of genetic variance for kernel weight was high (20 %). A gen 

involved in stay green in the genomic region of the detected QTL could have a pleiotropic 

effect on grain yield. Alternatively, in the region there could be linkage between a gen 

involved in stay green and a gen involved in grain yield. 

We detected a QTL for stay green score located in (PHG39×B73)F2 in the region 10.04-

10.06 (markers umc1077 and bnlg1028) in coincidence with (Messmer et al., 2011) who 

detected QTLs for leaf chlorophyll, plant senescence and root capacitance in the same region. 
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High chlorophyll florescence genes were also located in bin 10.06 as well as genes related to 

plant color component and ADP-glucose pyrophosphorylase which is somehow related to the 

photosynthetic activity (Smidansky et al., 2007). There were also differences for chlorophyll 

content two months after flowering in umc1077. At difference of the QTLs in chromosome 1, 

for umc1077 the differences between homozygotes were also significant at flowering and of 

similar magnitude than after two months. The stay green related to this marker could be of 

type E in which the chlorophyll content is higher at flowering, but the senescence happens as 

the same moment and same rate than in the no stay green plants. For this marker the 

homozygote with higher stay green had also higher yield suggesting a pleiotropic gene for 

yield and stay green or linkage between genes for those traits. 

No linkage map was made because of the small sample genotyped. A density of one 

marker per bin was generally used for the genotyping in 2013 while in 2012 most of the 

markers were located on chromosome 1. Considering that core bin markers are separated by 

approximately 20 cM (Anderson, 2004), a non-negligible gap exists and some QTLs will 

remain undetected (Li et al., 2007; Wang et al., 2012). The differences between the QTLs 

detected in the 2 different years using the same stay green parent can be due to the difference 

of moisture and temperature leading to a difference in phenotypic reaction of plants. A multi-

environment trial could reduce the environmental error. To take an entire benefit from the 

genetic variability carried by F2 populations in different environments; immortalized F2 

populations succeeded in QTL detection and genetic analysis in maize (Ma et al., 2007; Guo 

et al., 2014; Wen and Wu, 2014) as well as recombinant inbred and double haploid lines. 

Multiparental populations (Cavanagh et al., 2008; Rakshit et al., 2012; Bardol et al., 2013) 

evaluated with multi-environmental trials could be used to study the QTL × environment 

interaction and the validity of the QTL in other germplasm which is also critical to assess its 

usefulness in maize breeding. However, these options require several years of experiment. 

Studies done to identify stay green related QTLs used either tropical maize (Câmara, 2007; 

Belícuas et al., 2014) or temperate maize (Zheng et al., 2009; Wang et al., 2012) as in our 

study. Even if tropical maize had greater yield than temperate maize (Goldsworthy, 1974), 

their chlorophyll contents were not considerably different (Osaki, 1995). The phenotypic 

variance explained by QTLs found in former studies on temperate maize varied from 5.40 to 

11.49% (Zheng et al., 2009) and from 2.47 to 12.50% (Wang et al., 2012). No many QTLs 

were found on chromosome 10 in previous studies (Messmer et al., 2011). 
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5.5. Conclusion 

. The QTLs found in this study explain up to 42.22% in 2012 and 14.56% in 2013 and 

were clustered in specific regions of the genome specifically on chromosome 1, 5 and 10.  

One marker explained up to 60% of the Chlo3 phenotypic variance. QTLs we detected on 

chromosome 10 may help in a better understanding of the stay green related traits. Adjacent 

genomic location of detected QTLs for the visual rating trait would facilitate their exploitation 

in breeding of maize for the stay green character by marker assisted selection. And more than 

providing molecular markers for efficient breeding, QTLs detected can be of particular value 

in resolving several interacting genetic and environmental effects. PHG39 is an important 

breeding line involved in many breeding programs and can be used to introgress stay green 

alleles in temperate material. However, the type of stay green must be assessed in further 

studies, a cosmetic stay green being not really interesting in maize grain production under 

drought stress; although it would be interesting for the exploitation of residuals (stem and 

leaves) for animal feed or bioenergy. 
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