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Life is like riding a bicycle 
La vie c’est comme à vélo 
To keep your balance 

Pour garder l’équilibre 
You must keep moving 

IL faut rester en action 
 

(Albert Einstein)
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GENERAL SUMMARY 
 

 Cytoplasmic male sterility (CMS) in maize (Zea maize L.) is usually unknown 

from the large public, but this trait is widespread in the professional jargon of breeders 

over decades. CMS plants do not produce and release functional pollen following a 

dysfunction in the respiratory cell metabolism of the anther tapetum during sporogenesis. 

Maize has three major types of male-sterile cytoplasm (T-, C- and S-type) defined 

according to the specific nuclear restorer genes (rf genes) that are able to countermand 

the male sterility and restore fertility to the first-generation (F1) progeny.  Breeders used 

this natural maternally inherited trait since the 1950ies to simplify the high purity hybrid 

seed production and above all minimize the costs. In 1970, 85% of US hybrid maize 

belonged already to one CMS type, called CMS-T. But in the early 1970ies, a pathogen, 

Bipolaris maydis, caused an epidemic of Southern Corn Leaf Blight in maize produced 

with CMS-T genotypes. It was already known before that CMS-T and disease 

susceptibility traits were closely linked. The epidemic involved a loss of yield up to 50%. 

Seed companies immediately returned to the use of normal male-fertile cytoplasm and/or 

in a lower extent to the other two CMS types with C and S cytoplasms that were usually 

not fertility restored and mixed one to one with normal male-fertile seeds. 

 Today, while the genetically modified (GM) cultivations are spreading all over 

the world, the question of coexistence between the different farming systems is a main 

concern in the European community. As for GM maize cultivation, the main concern is 

based on the release of GM pollen in the environment and the potential fertilization of 

conventional and/or organic neighboring fields. The Plus-hybrid system is an interesting 

way of controlling the release of pollen from genetically modified maize and increasing 

its grain yield by growing suitable mixtures of GM cytoplasmic male-sterile plants (80%) 

and non-related non-GM male-fertile  plants (20%), the latter acting as pollen donors.  

 The Plus-hybrid system relies on the fact that the female fertility of CMS plants is 

not affected, and seeds can be set if vital pollen is provided. One prerequisite is however 

essential; the male-sterile trait must be reliable under various environmental conditions. 

Our hypothesis in this thesis was that one or more environmental factors may influence 

the male-sterile expression. Therefore, field investigations were carried out in 2005 and 

2006 with twenty modern European CMS hybrids from all three cytoplasm types in 17 
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environments in Switzerland, Bulgaria and in France. While eleven hybrids, mainly from 

C- and T-cytoplasm were perfectly sterile under all environments, nine other hybrids, 

mainly from S-cytoplasm, were affected by reversion to partial fertility. The results 

indicated an interaction between genetic (partial restorer genes of fertility) and climatic 

factors (air temperature, evapotranspiration and water vapor).  

  The positive side effect of the Plus-Hybrid system is a potential gain in yield 

through both male-sterile and xenia effects. Several field trials were carried out in 2005 

and 2006 in Switzerland with different CMS hybrids and many pollinators (including the 

fertile counterparts) to better understand the pathways that govern both effects that can 

lead to a yield increase. Regarding the male-sterile effect, we hypothesized that CMS 

plants have the advantage of not producing pollen; therefore they could store and 

relocated the saved resources, and especially the nitrogen, in the female organs to 

contribute to yield increases. The results of the study realized with both versions, normal 

cytoplasm and CMS, of the LIM1 hybrid showed that the CMS plants were able to use 

the nitrogen in a more efficient way than their fertile counterparts for the induction of a 

higher grain number per ear leading to a stronger yield.  

 The xenia trait corresponds to the effect of non-isogenic pollinations on the kernel 

traits, i.e. to the effects of foreign pollen on the embryo and the endosperm. A field study 

was carried out in three different environments in Switzerland to compare the kernels 

derived from the combination of three different modern European CMS hybrids with six 

current pollinator hybrids. The effect of allo-pollination was generally positive and 

significant. Furthermore, the influence on the endosperm / embryo weight ratio was 

generally negative expressing a stronger increase in weight of the embryo relative to the 

endosperm; this relates rather to a heterosis effect than an epigenetic pathway. In the 

latter case it would have been much easier to identify marker genes for ideal pollinators 

within the Plus-Hybrid system than in the case of a multi-gene action in the scope of 

heterosis. 

 Today, the male-sterile trait has become very important again for the breeders due 

to a strong competition on the seed market. The ease of conversion to stable and reliable 

CMS lines and the many advantages of CMS are the motor of this trend. Especially 

cytoplasm C is intensively used in the breeding process of several companies. This will 
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definitely favor the development and the use of the Plus-hybrid system as a 

biocontainment tool in the future. 

 



 VI

RÉSUMÉ GÉNÉRAL 
 

 La stérilité mâle cytoplasmique (CMS) chez le maïs (Zea maize L.) est 

généralement peu connue du grand public. Par contre, dans le jargon professionnel des 

sélectionneurs, ce caractère particulier est très répandu et ceci depuis plusieurs dizaines 

d’années.  Les plantes CMS ne produisent ni ne relâchent de pollen vital. C’est une 

mutation dans le génome mitochondrial des cellules du tapetum des anthères qui est à 

l’origine de ce dysfonctionnement. En effet, les cellules du tissu nourricier des anthères 

ne jouent plus correctement leur rôle dans la sporogénèse ce qui empêche tout bon 

développement des grains de pollen. Le maïs a trois types de cytoplasmes mâle stérile (T, 

C et S) ; chacun est défini par les gènes de restauration nucléaire (gènes rf) qui lui sont 

propres et qui sont capables d’annuler l’effet de la stérilité mâle et a fortiori de restaurer 

la fertilité de la première génération (F1) qui en est issue.  

Les sélectionneurs ont massivement employé ce caractère naturel (transmis 

maternellement à la génération suivante) depuis le début des années cinquante, afin de 

simplifier la multiplication de semences hybrides tout en réduisant les coûts de 

production. En 1970, 85% des hybrides produits aux Etats-Unis portaient le cytoplasme 

mâle-sterile du type T. Mais au début des années soixante-dix, un nouveau pathogène 

(Bipolaris maydis race T) va être la cause d’une vaste épidémie d’helminthosporiose 

(Southern Corn leaf Blight) touchant le maïs porteur du cytoplasme de type T. Pourtant 

les sélectionneurs savaient que les deux caractères, celui de la stérilité mâle 

cytoplasmique et celui de la sensibilité au pathogène, étaient indissociables. Cette 

épidémie aura engendré des pertes en biomasse de près de 50% et des rendements 

désastreux. Après ce revers, les sélectionneurs décidèrent de repartir sur de bonnes bases 

en laissant de coté la CMS-T dans leur programme de sélection, ou bien en faisant appel, 

mais à moindre mesure, à la CMS de type C et/ou S qui n’étaient pas restaurées. 

 Aujourd’hui, alors que la production de maïs transgénique croît fortement dans le 

monde, la question de la coexistence entre les différents systèmes de production devient 

un sujet majeur au sein de la communauté Européenne. L’argument principal des 

opposants à la culture de maïs transgénique concerne la libération de pollen transgénique 

dans l’environnement, et la potentielle contamination de champs conventionnels ou 

biologiques voisins. Le système Hybride-Plus présente une manière très intéressante de 
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contrôler la libération de pollen transgénique et par la même occasion d’augmenter les 

rendements. Il s’agirait de cultiver un mélange composé de 80% de plantes mâle stériles 

transgéniques et de 20% de plantes fertiles conventionnelles, ces dernières jouant le rôle 

de pollinisateurs. Le système Hybride-Plus repose sur le fait que la fertilité femelle des 

plantes CMS n’est pas affectée, et que des grains peuvent se développer normalement si 

du pollen viable est fourni. Cependant, il est tout à fait essentiel que le caractère de la 

stérilité mâle soit parfaitement stable sous différentes conditions environnementales. 

Notre hypothèse dans cette thèse était qu’un voire plusieurs facteurs environnementaux 

pouvaient influencer d’une manière ou d’une autre l’expression de la stérilité male 

cytoplasmique. C’est pourquoi nous avons réalisé entre 2005 et 2006 des essais en 

champs. En tout, ce sont vingt-deux hybrides CMS modernes provenant de différents 

sélectionneurs européens qui ont été testés dans 17 environnements en Suisse, en France 

et en Bulgarie. Alors que onze d’entre eux, majoritairement des hybrides du type C et T, 

étaient parfaitement stériles dans tous les environnements, neuf autres hybrides 

(essentiellement du type S) ont été touchés par des retours partiels à la fertilité. Les 

résultats obtenus indiquent une interaction entre les facteurs génétiques  (gènes de 

restauration partiels) et les facteurs climatiques (température et humidité de l’air, 

évapotranspiration). 

 Le système Hybride-Plus a également pour avantage un potentiel gain en 

rendement dû aux effets combinés de la stérilité mâle cytoplasmique et de la xénie. 

Plusieurs essais en champs réalisés entre 2005 et 2006 en Suisse ont permis d’étudier 

différents hybrides CMS ainsi qu’un grand nombre de pollinisateurs (incluant les versions 

fertiles des hybrides CMS). Le but de ces essais était d’essayer de mieux cerner les 

mécanismes pouvant gouverner les deux effets conduisant à des augmentations de 

rendement. Concernant l’effet de la stérilité, nous avons fait l’hypothèse que les plantes 

CMS avaient l’avantage de ne pas produire de pollen ; elles pourraient ainsi stocker et 

remobiliser ces ressources épargnées tel que l’azote dans les organes femelles, ce qui 

pourrait contribuer à une augmentation de rendement. Les résultats de l’expérience 

réalisée avec les deux versions mâle stérile et mâle fertile de l’hybride LIM1, ont montré 

que les plantes CMS étaient capables d’utiliser l’azote de manière plus efficace avec pour 

conséquence l’induction d’un plus grand nombre de grain par épi et a fortiori un gain en 

rendement. 
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 La xénie correspond à l’effet direct d’une pollinisation non-isogénique sur les 

caractéristiques physiques du grain ; en d’autres termes, il s’agit de l’effet de pollen 

étranger sur l’endosperme et l’embryon, qui sont les deux compartiments constituant la 

graine. Une étude aux champs a été réalisée dans trois différents environnements suisses 

afin de comparer les graines issues de la combinaison de trois hybrides CMS et de six 

pollinisateurs. Tous ces hybrides sont récents et ont été collectés auprès de sélectionneurs 

européens. L’effet de l’allopollinisation était généralement positif et significatif. Par 

ailleurs, l’influence sur le ratio « poids endosperme /  poids embryon »  était 

généralement négatif, ce qui traduit une croissance plus rapide de l’embryon par rapport à 

l’endosperme. Ceci serait plutôt le résultat d’un effet d’hétérosis que d’un effet 

épigénétique. Dans le cas d’un mécanisme épigénétique, il aurait été plus facile 

d’identifier des marqueurs génétiques afin de simplifier et d’assister la sélection des 

pollinisateurs idéals dans le cadre du système Hybride-Plus.  

 Aujourd’hui, la stérilité mâle cytoplasmique est devenue à nouveau un outil 

privilégié pour les sélectionneurs, du fait d’une forte concurrence sur le marché des 

semences. Comme la conversion de lignées fertiles en lignées stériles stables et fiables est 

facile à entreprendre et que les avantages des CMS sont nombreux, les sélectionneurs 

n’hésitent plus à l’utiliser. Particulièrement le cytoplasme du type C est employé dans le 

processus de sélection de plusieurs entreprises. Ceci va définitivement favoriser le 

développement ainsi que l’utilisation du système Hybride-Plus en tant que système de 

confinement pour les OGM. 
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1. GENERAL INTRODUCTION 
 

Importance and evolution of the maize cultivation in the world 

 

Social and economic facts 

 

Maize (Zea mays L.) is the most cultivated crop in the world. Discovered for the 

old world by Christopher Columbus in tropical America, this crop traveled all around the 

world and its adaptation to many different climatic regions and latitudes was a success. 

Nowadays, the maize cultivation is present on all five continents through thousands of 

different varieties. The world wide success of this plant is also due to its large number of 

ways of utilization. Indeed, maize is grown for both human and animal consumption. In 

the industrialized countries, maize is used primarily as animal feed and secondarily for 

production of food and industrial products such as starch, oil, sweeteners, and alcohol. In 

developing countries, maize often is grown as a food-crop for home consumption as well 

as for the market; increasingly it is also used for animal feed.  

Over 140 million hectares world wide are destined to maize production, which 

ranks at the very top among field crops. Thanks to the development of hybrids during the 

20th century and through the improvement of the production techniques, maize cultivation 

grew as fast as the demand. The world production of maize reached in 2006 nearly 700 

million tons (FAO, FAOSTAT Data, 2006). Whereas the world mean yield is situated 

around 4.3 tons per hectare, the yield in developed countries can reach 9 tons per hectare, 

and even more with exceptional climatic conditions. The USA produces over 40% (280 

million tons) of the world volumes followed by Latin America and the European Union 

(90 million tons and 80 million tons, respectively). Nevertheless, the demand for maize, 

which is constantly growing, was the last few years even higher than the production. This 

leads since beginning of the 21st century to a significant diminution of the world stock. 

Furthermore, the world demand in 2020 is predicted to rise to 138 percent of the 1995 

demand and will then surpass the demand for rice and wheat in developing countries.  

The question of the global warming and its consequences on humanity makes 

people more and more conscious about their responsibilities. Most of the observed 

increase in globally averaged temperatures since the mid-20th century is very likely due 
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to the observed increase in anthropogenic greenhouse gas concentrations. Greenhouse 

gases are released by activities such as the burning of fossil fuels, land clearing, and 

agriculture. The development of sustainable energy as well as a decrease in energy 

demand is therefore seen as essential even imperative to protect the environments. 

Nevertheless, the part of the crop production dedicated to biofuel has been politically 

pushed and is dramatically  increasing since a few years. Furthemore, maize may be used 

more and more by pharmeuceutical industries as one of the most favored and high 

expressing bioreactor for drugs production.   
 

In this tight economic context, is the maize production going to be able to respond to 

the expectation and needs of the future world market? Is it technically feasible and safe to 

increase the production? Several strategies may be available to satisfy the growing 

demand: (i) an increase in yield per unit field area thanks to new high-yielding hybrids, 

(ii) an extension of the maize acreage (iii) the use of genetically modified plants, (iv) the 

use of the Plus-Hybrid system (Stamp et al., 2000; Weingartner et al., 2002). 

 
Genetically Modified Organisms (GMO): statement and perspectives 

 

Transgenic plants are now widely used around the world and especially in North 

and South America, but also in Asia (Fig.1.1). 

 

                          
           Fig. 1.1: Global area of Biotech Crops. (in million hectares) (Clive James, 2007) 
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An increase up to 12.3 million hectares (+12%) has been recorded between 2006 and 

2007, hence reaching 120 million hectares (Fig.1.1). The countries of the European 

Union (EU), however with few exceptions, still insist on a free-GMO. The main 

arguments that have been put forward against the use of GMOs in agriculture include 

potential negative effects on the environment (through the release of transgenic pollen 

and/or seeds) and potential negative effects on human health (allergenic transgenes, 

antibiotic resistance) (FAO, FAOSTAT Data, 2003).  

While GM cultivations are continuously growing out of the European border, the 

European community tries to establish balanced rules between consumer’s concerns and 

knowledge progress based on scientific reports. GM cultivation of maize is especially 

debated although no wild relatives exist in Europe and volunteers do not usually occur 

north of the Alps. However, maize is an allo-pollination species and GM-pollen flow is a 

main concern. To enable efficient and reliable coexistence between GM, conventional 

and/or organic maize cultivation, it is essential to avoid/reduce crosspollination through 

the release of GM-pollen.  

 

Coexistence between GM and conventional/ organic farming system 

 

Coexistence as an issue relates to the economic consequence of adventitious presence 

of material from one crop in another and the principle that farmers should be able to 

cultivate freely the agricultural crops they choose: GM, conventional or organic crops, all 

approved for production and marketing (European commission 2003). Coexistence is 

only an issue when there is a distinct demand for non-GM products/ crops.  

GM plants are used by the pharmaceutical industries mainly for research but also 

and already to produce active ingredients. Field crops can be engineered to produce 

pharmaceutical and industrial chemicals at lower cost, higher amount and especially 

higher quality. Nevertheless, the risk that a transgene contaminates the human and/or 

animal food chain exists. Therefore, it is essential to find the most efficient and reliable 

biocontainment system of GM fields. Many studies have already been realized with the 

aim to determine whether coexistence between GM and non-GM cultivation is feasible. 

Isolation distance between GM and conventional fields can be a useful tool for 

controlling gene flow via pollination: Luna V. et al (2001) showed that cross pollinations 
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occurred at a maximum distance of 200 m from the source planting, and only a limited 

number of cross pollinations occurred at the shortest distance (100 m); no cross 

pollinations occurred at 300 m from the source planting. More recently studies showed 

that above 50 m of separation, cross-pollination rate was below 0.02%, much lower than 

the official EU labeling threshold of 0.9% (Bannert and Stamp, 2007).  

 

Coexistence between GM and conventional plants must be possible. A new way to 

ensure safe and therefore acceptable coexistence between the different farming systems 

would be the use of cytoplasmic male sterility (CMS), a natural trait.   

 

Cytoplasmic male sterility (CMS) in maize (Zea mays L.) 

 

Discovery of cytoplasmic male sterility (CMS) 

 

 Rhoades (1933) was the first to describe cytoplasmic male sterility (CMS) in 

Peruvian maize population in 1931. After being lost for a time, this male-sterile strain 

reappeared as a trait with economic importance. Breeders realized that the cytoplasmic 

male-sterile trait could be used to enable crosses without manual detasseling, therefore 

saving time and money. Hundreds of CMS forms were rapidly identified. It was only in 

the early 1950s that they could be classified into different types of CMS in maize. 

The CMS trait has been observed in over 150 plant species (Laser and Lersten, 

1972) and has been characterized in many crop species, including beet, carrot, maize, 

onion, petunia, rice, rye, sorghum, sunflower and wheat. 

 

Definition of cytoplasmic male sterility 

 

Cytoplasmic male sterility is a natural trait. It is a form of male sterility induced 

by the complementary action of nuclear and mitochondrial genes. Specific mutations in 

mitochondrial DNA (maternally inherited) are responsible for developing a dysfunction 

in the respiratory metabolism which results in severe deleterious phenotypes including 

stunting, striping and female sterility, in addition to male sterility (Chase, 2007). While in 

some instances, CMS phenotypes result from homeotic changes (male reproductive 
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organs are converted to petals, or to female reproductive organs), in other instances, they 

result from the degeneration of stamens or specific stamen components such as the anther 

or the tapetal cells, which line the anther and support pollen development within the 

anther (Cilier et al., 2004). This results in an abnormal development program of male 

gamete production (Budar et al., 2003). Therefore, no pollen or non-viable pollen is 

produced by the plant. However, female fertility is not affected by CMS used in the 

breeding process, and male-sterile plants can set seeds if viable pollen is provided. 

Nevertheless, nuclear restorer of fertility genes (rf genes) can countermand the CMS 

effect to the F1 progeny to enable development of functional pollen.  

Three main CMS types have been described: CMS-T (Texas) (Rogers and 

Edwardson, 1952),  CMS-C (Charrua) (Beckett, 1971), and  CMS-S (USDA) (Jones, 

1957). Rapid, efficient and inexpensive multiplex polymerase chain reaction (PCR) 

assays enable to distinguish the three major types of CMS in maize (Liu et al., 2002). 

Three pairs of PCR primers, corresponding to the chimeric regions of mitochondrial 

DNA sequences, are specific for the three types of male-sterile cytoplasm (Fig.1.2).  

 

 

 

 

 

 

 

 

 
Fig.1.2: Recombinant mtDNA regions of the CMS T, C and S. Black arrows indicate the binding sites 

of the specific primer pairs; the sizes of the expected amplification products are given between the 

arrows (Liu et al., 2002). 

 

 Today, the above CMS types still represent the main classes of male-sterile 

cytoplasm, although many new sources have been found. CMS-T and CMS-C affects the 

earliest stages of sporogenesis prior to meiosis (sporophytic sterility). This results in 

complete and very stable sterility in contrast to CMS-S, which occurs later, after meiosis 
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in microspores or pollen grains (gametophytic sterility) and is therefore prone to 

spontaneous reversion to fertility (Kamps et al., 1996).   
 

Restoration of fertility 

Breeders used the CMS system in the commercial production of hybrid seeds 

because they were able to restore fertility thanks to nuclear restorer genes. These nuclear 

rf genes are present in the genetic pool and are carried through the pollen to the female 

gamete. 
    

CMS types and their restorer genes 

The three main CMS types are defined according to the specific restorer genes (rf) that 

countermand the CMS trait and restore fertility (Table 1.1). The diversity in restoration 

systems extends to the number of restorer genes. In some systems, one or two major 

restorer loci confer complete restoration. In others, full restoration depends on the 

concerted action of a number of genes, many of which have only small incremental 

effects (Schnable and Wise, 1998; Chase, 2007). The mechanism as well as the number 

of rf genes that are really involved in the restoration of fertility are still unclear and are 

probably as diverse as the mechanisms by which mitochondrial disruptions cause CMS. 

Table 1.1 gives an overview of the current knowledge. 

  
Table 1.1: CMS type and their restorer genes (rf genes). 

 T-CMS  ‡ S-CMS  † C-CMS § 
    

Restoration system Sporophytic Gametophytic Sporophytic 

Restorer genes rf1 – Chr 1 

rf2 – Chr 9 

rf8 – Chr 2 

rf* – Chr 2 

rf3 – Chr 1 

rf9 - Chr 1 

rf4 – Chr 8 

rf5 – Chr 5 

rf6 – Chr 7 

 

Remarks rf8 and rf* either closely 

linked or allelic 

rf3 located closely to 

rf8/rf*. rf9 new major 

gene discovered in 2007 

Maybe rf6 = rf-I 

‡   (Duvick, 1965) (Dill et al., 1997; Wise et al., 1999) 
   †   (Duvick, 1965)(personal communication, Newton and Gabay-Laughnan, 2007) 

   §   (Josephson and Arnold, 1978; Kheyr-Pour et al., 1981; Gabay-Laughnan and Laughnan, 1994; Hu et 

al., 2006) 
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Restoration systems are as well classified as being either sporophytic or gametophytic: 

sporophytic restorers act prior to meiosis or in sporophytic tissue; gametophytic restorers 

act after meiosis in microspores or pollen grains. These differences lead to very different 

fertility patterns. A diploid plant that carries a male-sterile cytoplasm and is heterozygous 

for a restorer (Rf / rf) will produce two classes of pollen grains (Fig.1.3). 

 

 

 

 

 

 

 

 

 
      
 

 

 

 

In the case of a sporophytic restorer, both genotypic classes of gametes will be functional. 

In contrast, in the case of a plant heterozygous for a gametophytic restorer, only those 

gametes that carry the restorer will be functional. 

 

An example of restoration by CMS-T 

Whereas CMS-S type restoration may have two dominant rf genes (rf3 and rf9), CMS-C 

restoration is mediated by two or three dominant genes, rf4, rf5 and rf6. The rf4 gene has 

the ability to restore all genotypes of CMS-C lines. However, there is an inhibitor rf-I 

gene for the other restorer gene, rf5. Thus, rf5 can restore only those genotypes of CMS-

C lines lacking the rf-I inhibitor. CMS-T seems to be the best mastered restoration 

system, which is also the reason why breeders used mostly this cytoplasm type for hybrid 

seed production. In CMS-T maize, rf1 and rf2 are unlinked restorers of fertility required 

to override the CMS effects due to T-urfl3 mitochondrial gene, whose encoded protein 

URF13 is responsible for both CMS and susceptibility for Bipolaris maydis (Wise et al., 

Fig.1.3: Maize-CMS Restoration of fertility system: different classes of pollen 

grains are   produced, but not all of them are viable (Rainer Messmer).  

CMS plant; 
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restorer (Rfrf)
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1996).  Nevertheless, the rare Rf8 and Rf* alleles can each substitute for the Rf1 allele to 

partially restore fertility in the presence of Rf2 (Fig.1.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rf2 is present in almost all maize lines. This suggests that this gene has been maintained 

by selection during evolution and must, therefore, have a significant function other than 

restoration (Schnable and Wise, 1994).  

 

Current and future applications for CMS in maize production 

 

CMS in hybrid seed production 

 

 CMS had already been widely used in the commercial production of hybrid seeds, 

according to a method that was developed to restore the fertility with nuclear restorer-of-

fertility genes. In 1970, 85% of US hybrid maize was produced with CMS-T (Dewey and 

Korth, 1994). The CMS-T type was the most extensively used because it was easy to find 

suitable restorer genotypes and because it is a reliable and stable source of CMS for 

hybrid seed production (complete absence of pollen). However, in the early 1970s, a 

pathogen, Bipolaris maydis, caused an epidemic of Southern Corn leaf blight in maize 

produced with CMS-T genotypes (Tatum, 1971; Ullstrup, 1972). Both male sterility and 

Fig.1.4: Tassel phenotypes of T-cytoplasm maize plants with defined 

restorer genotypes. (Dill et al. 1997) 



 9

disease susceptibility traits appear to be closely linked and are associated with a 

mitochondrial gene, T-urf13 that encodes a 13-kilodalton polypeptide (URF13)(Levings 

III, 1990). An interaction between fungal toxins and URF13, which results in 

permeabilization of the inner mitochondrial membrane, accounts for the specific 

susceptibility to the fungal pathogens. The epidemic involved a loss of yield up to 50% 

(Schnable and Wise, 1998) and an immediate reversal to the use of normal male-fertile 

cytoplasms and/or in a lower extent to C and S cytoplasms.  

 

CMS combined with Xenia in the Plus-Hybrid System 

 

A new prospect for the use of CMS in maize is the Plus-Hybrid System (Stamp et 

al., 2000; Weingartner et al., 2002). This system consists of blending a non-restored CMS 

hybrid together with an unrelated male-fertile hybrid that acts as a pollinator. The 

combined effect of both CMS and Xenia effects are referred to as the “Plus-Hybrid” 

effect (Fig.1.5), which often leads to significant grain yield increases (up to 

21%)(Weingartner et al., 2002).                                                                                                                        

 

 

 

 

 

 

 

 

 
 

 

 

 
Fig. 1.5: Diagram of the Plus-Hybrid effect. The third column (in Parentheses) refers to a system that 

is not practicable in the field due to uncontrolled pollination       

(Urs Weingartner, 2002) 
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The effect of male sterility: 

Already at the end of the 19th century, long before the discovery of CMS, Watson (1893) 

presented results of comparative trials with manually detasseled and fertile maize, 

indicating that the yield of the detasseled plants increased considerably (by 20 and 50 %). 

Thus, Watson concluded that the over-production of pollen (14 to 50 million pollen 

grains produced) in a maize field is an exhaustive process. Indeed, less than 15% of this 

pollen production would be sufficient to ensure full fertilization of a plot.  Immediately 

after the discovery of CMS, breeders began to investigate this new trait and to compare it 

to detasseling with regard to grain yield and other agronomic attributes (Rogers and 

Edwardson, 1952; Duvick, 1958; Duvick, 1959; Everett, 1960; Chinwuba et al., 1961; 

Sanford et al., 1965). The results of detasseling or CMS were often inconsistent, but a 

yield increase was usually observed. Most researchers found a highly significant 

dependence on the investigated genotype and/or the environmental conditions (Duvick, 

1965). The process of pollen generation in maize requires the mobilization of many 

essential resources and particularly nitrogen. The initiation of the reproductive phase is a 

critical period for the plant and a sufficient nitrogen supply is essential for an optimal 

development of the ear. A limited source of nitrogen would definitely have negative 

effects on both yield components, total kernel number (KN) and thousand kernel weight 

(TKW) (Chinwuba et al., 1961). In maize, the ear has a high sink strength and 

continuously imports carbon and nitrogen assimilates during grain filling (Hirel et al., 

2005). Cytoplasmic male-sterile plants could store and relocate nitrogen in the female 

organs to contribute to yield increases.  

 

Xenia effect: 

Xenia can be defined as the immediate effect of a non-related pollinator on the 

non-maternal tissue of the kernel (Kiesselbach, 1960). In maize kernels, half of the 

embryo genome and one third of the endosperm genome is directly derived from the 

pollen. Therefore, the influence of the male parent on the different kernel traits related to 

the embryo and to the endosperm is not negligible. Eventually, at maturity, these two 

kernel compartments account for 94% of the total kernel weight (Kiesselbach, 1960). In 

the case of allo-pollination, paternal effects, encoded in pollen genes, probably influence 

the size or quality of the endosperm and the embryo, which can result in a yield increase. 
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One of the first studies on this topic was carried out by Kiesselbach (1924), who verified 

the theory in different maize varieties. In 1998, Bulant and Gallais (1998) confirmed 

these results for inbred lines and single-cross hybrids.    

Additionally to a potential gain in yield, the Plus-Hybrid system may also be a 

very efficient and reliable tool to control the release of pollen from genetically modified 

maize by integrating the transgene(s) in the male-sterile plants (Feil and Stamp, 2002; 

Feil et al., 2003). Thus, coexistence between GM and conventional farming system would 

be feasible and therefore enable farmers to choose their favorite cultivation system. 

Besides, the potential gain in yield through the Plus-Hybrid system could firstly respond 

to the high expectation of the world market, secondly, result in a higher income to the 

farmer. However, a perfect and reliable male sterility is required for the acceptance of 

this biological pollen containment system.  

 

Reliability of the cytoplasmic male sterility 

 
 Hybrids with reliable male-sterile expression do not develop any anthers and 

therefore no pollen is produced and released in the environment. Unstable CMS hybrids 

exhibit anthers in a variable range and viable pollen may be released in the environment.  

 

Microsporogenesis and the mechanisms of CMS 

 

 The potential unstable expression of the cytoplasmic male-sterile trait and the 

spontaneous reversion to fertility often reported by breeders are still unexplained. 

Microsporogenesis and the mechanism of CMS may help to find the clues to these events. 

A number of cytological and molecular studies have already been carried out to 

investigate CMS mechanisms and understand the factors responsible for pollen abortion. 

Several reports have highlighted the importance of the tapetal layer of anthers in the 

development of viable pollen grains (Colhoun, 1981; Wen and Chase, 1999; Kapoor, 

2002; Luo, 2006). The mitochondrial genetic defect might cause premature cellular 

degradation of the tapetum, which deprives the developing microspores of nutrients, 

resulting in their premature abortion. Therefore, the mitochondrial genome is clearly 

implicated in the pollen abortion process (Levings, 1979; Luo, 2006). In CMS maize, it is 
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still unclear when exactly pollen abortion occurs. It has been hypothesized that the 

abortion is stage specific for each CMS type (Flavell, 1974). In CMS-S maize (with 

gametophytic restoration), microsporogenesis proceeds further than in CMS-T and –C 

(both sporophytic restoration) before degeneration occurs. According to Lee et al. (1980), 

degeneration does not occur before grain filling. This is the reason why tassels of S-

hybrids often develop anthers without necessarily releasing pollen.    

   

Environmental effects on CMS in maize 

 

Thus far, only a few studies have been published that focus on the stable or 

unstable behavior of cytoplasmic male-sterile maize when grown under various 

environmental conditions. Tracy (1991) reported that environmental conditions have a 

major effect on the degree of complete pollen fertility, late-breaking partial pollen 

fertility or sterility of a maize line in all three groups of cytoplasms. The degree of late-

breaking may change from year to year, location to location (Rhoades, 1951; Briggle, 

1957; Brooks, 1961). 

 Tassels of CMS maize can be classified in three classes as shown in Fig.1.6. 

Tassels of stable CMS maize (A) do not exhibit any anthers, and therefore do not release 

any pollen grains. Tassel of restored CMS maize (C) exhibit plenty of anthers on all 

branches, and viable pollen is produced in a large amount. In between these two classes, 

the partially restored class (B) gathers all plants whose tassels exhibit more or less 

anthers and release or not viable pollen. This is a very heterogeneous class.   
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Fig.1.6: Classification of the CMS hybrid tassels: A/ Sterile tassel without anthers. B/ Partially 

restored tassel with variable number of anthers released. C/ Fertile tassel with anthers on all the 

branches. 

Source: ARVALIS 

 

Only a few publications dealing with CMS in other crops mentioned potential 

influence of different climatic factors on male sterility. In CMS cottons (Sarvella, 1966; 

Marshall et al., 1974), wind velocity, air temperature, global radiation and pan 

evaporation appeared to influence positively or negatively and in a very variable way the 

expression of sterility, two to three weeks before anthesis. A soybean CMS line has been 

investigated under a wide range of photoperiod-temperature conditions (Smith et al., 

2001), since both of these factors play an essential role in floral induction. The 

experiment showed that sterility of the CMS line was stable under all environmental 

conditions tested and the fertility-restored control plants remained fertile; but extreme 

environmental conditions led to delayed floral induction and/or stunted growth.  

 

 The restorer genes of fertility (rf genes) 

 

 The rf genes play an essential role in the restoration mechanisms.  However, their 

difficult identification seems to be a real brake to breed CMS hybrids with perfectly 

stable male-sterile expression. Furthermore, some of the rf genes appear to be 

environmental sensitive (Gabay-Laughnan and Laughnan, 1994; Gabay-Laughnan et al., 

1995; Gabay-Laughnan et al., 2004). Therefore, a CMS hybrid carrying an 

environmentally sensitive restorer gene might be sterile at one location while partially 
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restored at another one. Thus far, there is no published rapid molecular method that 

would enable breeders to identify easily the presence of rf genes in their genetic pool, and 

yet this would be essential to develop well characterized father lines. Deeper 

investigations are necessary to fulfil the lack of knowledge about rf genes: (i) their 

number as well as their way of acting, (ii) the interactions between different main and/or 

secondary rf genes (Table 2.1), and (iii) the influence of environmental factors. 

 

Outline of the thesis 

 

 The Plus-hybrid system may be a remarkable tool to enable coexistence between 

GM and non-GM cultivation and by the way increase the grain yields (Weingartner et al., 

2002; Feil et al., 2003; Weingartner et al., 2004). However, many aspects of the system 

still need to be cleared up. 

 

 The first part of this thesis was dedicated to the stability of the cytoplasmic male-

sterile trait. Perfect and reliable sterility are required for the validation of the Plus-hybrid 

system as a biocontainment tool. In maize, the three types of cytoplasms (T, S and C) can 

be subjected to partial fertility restoration under specific environmental influences. 

Twenty-two modern European maize hybrids in CMS versions were tested with the aim 

to evaluate the reliability of their male-sterile trait and to understand the pathways of the 

partial restoration to fertility. Field trials were carried out in seventeen environments in 

Switzerland, France and Bulgaria in 2005 and 2006. 

 In a second part, we investigated how cytoplasmic male sterility in maize 

influences nitrogen use efficiency, grain yield and grain nitrogen content. Indeed, CMS 

plants have this advantage of not producing pollen and could store and relocate nitrogen 

in the female organs to contribute to yield increases. Field trials were performed in 2005 

and 2006 at different locations in Switzerland. The hybrid LIM1 (Limagrain France) in 

its two versions, male-fertile and CMS-C, were compared for grain yield and nitrogen 

content across six environments.  

 In a third part, we investigated the effects of allo-pollination (xenia effect) on the 

kernel traits, i.e. the effects of foreign pollen on the endosperm, on the embryo and on the 

endosperm / embryo weight ratio. A recent hypothesis could be an epigenetic effect, 
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which would favor a faster gain in weight of the endosperm (important site of imprinting) 

(Berger, 2003; Gehring et al., 2004; Makarevich et al., 2008). In the latter case it would 

be much easier to identify marker genes for ideal pollinators within the Plus-Hybrid 

system than in the case of a multi-gene action in the scope of heterosis. A field study was 

carried out in three different environments in Switzerland in 2006 to compare the kernels 

derived from the combination of three different modern European CMS hybrids with six 

current pollinator hybrids.  
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2. RELIABILITY OF CYTOPLASMIC MALE STERILITY (CMS) IN 

MAIZE (ZEA MAYS L.) UNDER VARIOUS ENVIRONMENTAL 

CONDITIONS 
 

 
Accepted for publication in Crop Science (2008) 

 

 
 
 
 
 
 
 
Abbreviations: Amt, annual mean temperature – Ap, annual precipitation – ASI, 

anthesis-silking interval – CMS, cytoplasmic male sterile/sterility – CT, cumulative 

temperature – ETP, evapotranspiration – masl, m above sea level – MKS, mean kernel set 

– R, rain fall – rf gene, restorer fertility gene – Srp, strongest rain fall – WV, water vapor  
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ABSTRACT 

 

Cytoplasmic male sterility (CMS) is a maternally transmitted trait, whereby a 

plant is unable to produce viable pollen. Studies have revealed that this trait is a tool for 

enabling efficient and reliable coexistence between genetically modified (GM) and non-

GM cultivation by biocontainment of GM maize (Zea Mays L.) pollen. Maize has three 

types of male-sterile cytoplasm (T, S and C), the fertility of which can be restored by 

nuclear rf genes or by interactions with the environment. Twenty-two CMS versions of 

modern European maize hybrids were evaluated in 17 environments in Switzerland, 

France and Bulgaria, with two or three sowing dates, in 2005 and 2006. Stable and 

unstable male sterility occurred in all three CMS types. T-cytoplasm hybrids were the 

most stable, while S-cytoplasm hybrids often showed partial restoration of fertility. C-

cytoplasm was similar to T-cytoplasm with regard to maintaining male sterility. Climatic 

factors, especially air temperature, evapotranspiration and water vapor, during the 10 

days before anthesis as well as during anthesis, were correlated positively or negatively 

with the partial reversion to male fertility of CMS hybrids, indicating an interaction 

between genetic and climatic factors. This study illustrates that T- and C-cytoplasm in 

particular open up viable prospects for containing transgenic pollen, especially for Bt-

maize.  

 

 

 

 

 

 

 

 

 

 

 



 18

INTRODUCTION 

 

ytoplasmic male sterility (CMS) is defined as a form of male sterility induced by 

the complementary action of nuclear and cytoplasmic genes. CMS, a natural trait, 

renders a plant unable to produce functional pollen (Laser and Lersten, 1972; Schnable 

and Wise, 1998). Specific mutations in mitochondrial DNA (maternally inherited) are 

responsible for a dysfunction in the respiratory metabolism which can lead to severe 

deleterious phenotypes (Cilier et al., 2004; Chase, 2007), resulting in the abnormal 

production of male gametes (Budar et al., 2003). Therefore, plants either produce no 

pollen or pollen that is not viable. However, female fertility is not affected by CMS that 

is integrated in the breeding process, and male-sterile plants can set seeds if viable pollen 

is available.  

 Maize has three major types of male-sterile cytoplasm: Texas cytoplasm, or T-

cytoplasm of maize (Rogers and Edwardson, 1952), S-cytoplasm (USDA)(Jenkins, 1950) 

and C-cytoplasm (Charrua)(Beckett, 1971). These three CMS types are defined according 

to the specific nuclear restorer genes (rf genes) that are able to counteract the CMS trait 

and restore fertility in the first-generation (F1) progeny (Schnable and Wise, 1998). 

CMS-T was the most extensively used type of cytoplasm because suitable restorer 

genotypes were found easily and there was no pollen.  

 Two Rf alleles, Rf1 and Rf2 (Duvick, 1965), acting jointly, are essential to fully 

restore pollen fertility to CMS-T.  These two Rf alleles are, however, unable to restore 

pollen fertility to CMS-S and CMS-C. A single major allele (Rf3) is required for pollen 

fertility in the S-system (Duvick, 1965), while Rf4, Rf5 and Rf6 are involved in the 

restoration of fertility in the C-type (Kheyr-Pour et al., 1981; Gabay-Laughnan et al., 

2004). Nevertheless, other unknown rf genes may be involved. It was estimated that 85% 

of hybrid maize grown in the US in 1970 was produced with CMS-T (Ullstrup, 1972). 

Breeders used CMS-T even though the CMS trait and sensitivity to the pathogen 

Bipolaris maydis were closely linked (Duvick, 1959; Levings, 1993). As a consequence, 

an epidemic of Southern Corn Leaf Blight occurred during the summer of 1970, which 

led to the immediate decision to use normal cytoplasm and/or S and C-cytoplasm. 

However, the two latter cytoplasms are not always reliable and may revert spontaneously 

to fertility and produce variable amounts of viable pollen. 

C
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 Cytoplasmic male sterility is a reliable solution to the problem of coexistence 

between GM (genetically modified) and non-GM maize, since producers of non-GM 

maize are usually concerned about the potential risks of outcrossings by pollen from GM 

maize. Indeed, suitable transgenic CMS plants would not release pollen to the 

environment and, therefore, would not fertilize non-GM adjacent plants. It is particularly 

important to avoid the release of pollen by GM plants that are bred for the production of 

pharmaceuticals.  

 Environmental influences on male sterility were noted for several plant species. In 

CMS cotton, wind velocity, air temperature, global radiation and pan evaporation 

appeared to influence, either positively or negatively, the expression of male sterility two 

to three weeks before anthesis (Sarvella, 1966; Marshall et al., 1974).  The effect of 

different day/night temperature regimes on two CMS systems of rape seed (Brassica 

napus L.)was investigated (Fan and Stefansson, 1986). The lowest temperature regime 

(22/16°C) resulted in the maintenance of sterility in both systems, while the highest 

temperature regime (30/24°C) promoted anther development. High humidity and low 

temperature were associated with increases in the fertility of maize, whereas long 

photoperiods at high temperature reduced fertility (Duvick, 1965). Peterson and Foskett 

(1953) found that, like maize, CMS onions had more mature pollen at low temperature 

probably due to a delay in or absence of pollen abortion.  

Environmental factors influence the sterility patterns of various plant species. Our 

research focused on the impact of the following climatic factors: air temperature (°C), 

cumulative temperature (°C), rainfall (mm), global radiation (Wh/m²), water vapor (%) 

and evapotranspiration (mm/day) on the male-sterile expression in CMS maize. The 

objectives of this study were (i) to investigate the stability of the male-sterile trait of a 

large number of modern European CMS hybrids under various conditions in the field; (ii) 

to ascertain the environmental and genetic impacts of spontaneous reversion to fertility 

and (iii) to provide an efficient field-adapted system for using cytoplasmic male sterility 

as a reliable tool to enable the coexistence of GM and non-GM maize.   
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MATERIALS AND METHODS 

 

Plant material and experimental design 

 

 Twenty-two early- to late-maturing modern cytoplasmic male-sterile dent-flint 

hybrids from different European breeders and tested in 2005 and 2006 under field 

conditions were used in this study (Table 2.1).  

 
Table 2.1: Hybrids evaluated in 2005 and 2006 at two locations in Switzerland (Eschikon= CH-E, 

Delley= CH-D), two locations in France (Le Rheu= F-R, Coublucq= F-C) and one location in 

Bulgaria (B). 

 2005 2006 
 Hybrid Breeder 

CH-E CH-D F-R  CH-E CH-D F-C F-R B 
             

CMS-T DSP1 DSP † ■ ■ ■ ■ ■ ■ ■ ■ 
 DSP2 DSP ■ ■ ■ ■ ■ ■ ■ ■ 
 DSP4 DSP ■ ■ ■ ■ ■ ■ ■ ■ 
 DSP5 DSP ■ ■ ■ ■ ■ ■ ■ ■ 
 DSP7 DSP ■ ■ ■ □ □ □ □ □ 
 DSP9 DSP ■ ■ ■ □ □ □ □ □ 
 MAD1 Maïsadour ‡ ■ ■ ■ □ □ □ □ □ 
             

CMS-C LIM1 Limagrain # ■ ■ ■ ■ ■ ■ ■ ■ 
 LIM4 Limagrain ■ ■ ■ ■ ■ ■ ■ ■ 
 LIM3 Limagrain ■ ■ ■ ■ ■ ■ ■ ■ 
 EUR1 Euralis § ■ ■ ■ □ □ □ □ □ 
 DSP10 DSP ■ ■ ■ □ □ □ □ □ 
 LIM6 Limagrain ■ ■ ■ □ □ □ □ □ 
 LIM5 Limagrain ■ ■ ■ □ □ □ □ □ 
 MAD2 Maïsadour ■ ■ ■ □ □ □ □ □ 
             

CMS-S KWS1 KWS ¶ ■ ■ ■ ■ ■ ■ ■ ■ 
 DSP5 DSP ■ ■ ■ ■ ■ ■ ■ ■ 
 DSP6 DSP ■ ■ ■ ■ ■ ■ ■ ■ 
 DSP8 DSP ■ ■ ■ ■ ■ ■ ■ ■ 
 SYN1 Syngenta †† ■ ■ ■ ■ ■ ■ ■ ■ 
 SYN2 Syngenta ■ ■ ■ ■ ■ ■ ■ ■ 
 KWS2 KWS ■ ■ ■ ■ ■ ■ ■ ■ 

 
■, □; tested or not tested at this location, respectively 
† Delley Seeds and Pants, Delley, Switzerland 
‡ Maïsadour Semences SA, Mont De Marsan, France 
§ Euralis Saaten GmbH, Norderstedt, Germany 
¶ KWS Saat AG, Einbeck, Germany 
# Limagrain Genetics, Riom, France 
†† Syngenta Seeds S.A.S, Saint-Sauveur, France 
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These hybrids are recommended for grain maize production in the midlands of 

Switzerland, i.e. in a moderate maritime climate. The three cytoplasm types (S, C and T) 

with different hybrid nuclear backgrounds were investigated for the stability of their 

male-sterile trait using seven CMS-T, eight CMS-C and seven CMS-S hybrids.  

 The CMS-hybrids were grown in a randomized complete block design with five 

replicates (Fig.2.1), each arranged into sub-plots, each of which contained one CMS 

hybrid in one row, 6 m long. The single-row sub-plots, 0.80 m apart, were sown 

randomly inside each block at plant density of 6.25 m-2. Two rows of a commercial 

hybrid (Goldenso) were sown at the edges to avoid border effects. Fertilization and plant 

protection measures were carried out according to local recommendations to give a grain 

yield of 10 t ha-1. 

 

 

 

 

 

 

 

 

 

 
Fig. 2.1: Example of an experimental layout with twenty-two CMS-hybrids in 2005. 

 

 

Site description 

 

In 2005, the experiments were conducted at Eschikon (canton Zurich) in 

northeastern Switzerland, at Delley (canton Fribourg) in western Switzerland and at Le 

Rheu (Brittany) in northwestern France (Fig.2.2). The soils at each site were a Eutric 

Cambisol, a Chromic Luvisol and a Humic Cambisol, respectively. In 2006, field trials 

were conducted at the same locations as well as at two other locations: in Slavianovo 

(Pleven Province) in western Bulgaria and in Coublucq (Aquitaine) in southwestern 
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France; the soils at the two latter sites were a Chernozem and a Clay Loamic Cambisol, 

respectively.  

Eschikon lies between a western maritime temperate climate and an eastern 

continental climate. This location is the only one that is considered to be marginal for 

grain maize production. Delley has a semi-continental climate. 
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Fig. 2.2: Diagrammatic representation of the different locations on an 8/10 000 000 scale with their 

main geographic and climatic data. (Altitude (Alt.), Annual mean temperature (Amt), Annual 

precipitation (Ap), Warmest month (Wm) and Strongest rainfall period (Srp)). 

 

Le Rheu’s climate is similar to an oceanic climate with little variation in the mean daily 

temperature; this climate is dominated all year round by a polar front, leading to 

changeable and often overcast weather. Coublucq has an attenuated oceanic climate with 

mild humid conditions and low temperature amplitudes. Slavianovo has a moderate 

continental climate with high temperature amplitudes.  

To increase variation in the environmental conditions, the experiments were sown 

on one to three dates per location, about two weeks apart (Table 2.2). Each sowing date 

location combination was considered to be an environment.   
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Table 2.2: Sowing dates at all locations in 2005 and 2006 

   Switzerland  France  Bulgaria 

 Sowing Date  Eschikon Delley  Coublucq Le Rheu  Slavianovo 
          

2005 1  30.04.2005 10.05.2005  □ 07.05.2005  □ 
 2  15.05.2005 28.05.2005  □ □  □ 
 3  29.05.2005 12.06.2005  □ □  □ 
          

2006 1  03.05.2006 03.05.2006  05.05.2006 11.05.2006  05.05.2006 

 2  07.06.2006 18.05.2006  17.05.2006 23.05.2006  19.05.2006 
          

 

 

Both years were marked by unfavorable climatic periods at the different locations. 

In 2005, despite a relatively dry and cool spring, conditions to grow maize were 

favorable. In 2006, the weather conditions were more restricting with a mild and wet 

spring in both Switzerland and France and a mild and very dry spring in Bulgaria. 

Therefore, the soil moisture during seed emergence was not sufficient especially for the 

first sowing date in Bulgaria. Warm and dry conditions prevailed at the beginning of the 

summer at all locations and these conditions prevailed until flowering period of the first 

sowing dates (mid to end of July). Then a longer rainy period started in August, affecting 

the flowering period of the second sowing dates.  

 

Control of male sterility and investigated parameters 

 

Molecular analysis  

A rapid, efficient and inexpensive single-seed multiplex polymerase chain 

reaction (PCR) assay (Liu et al., 2002) was applied to 30 kernels per genotype to 

determine or to confirm the three major types of CMS and to ensure the quality of the 

seed sets provided by the breeders.    

 

Male sterility 

 Observations were carried out during the flowering period which extended from 

July to August in both years, depending on the location and the sowing date. Tassels were 

grouped according to one of three classes (Fig.2.3).  
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Fig.2.3: Classification of the CMS hybrid tassels: A/ Sterile tassel without anthers. B/ Partially 

restored tassel with variable number of anthers released. C/ Fertile tassel with anthers on all the 

branches. 

Source: ARVALIS 

 

 Class A includes all hybrids, which did not release anthers and therefore did not 

release pollen. Classes B and C include all hybrids, which may release pollen: partially 

restored, releasing anthers in a variable range, and fertile, morphologically and 

physiologically similar to fertile plants. To determine whether or not viable pollen was 

released, self-pollination was carried out from 09:00 to 11:00h, i.e the optimal time frame 

(Jarosz, 2003). Before silking, the young ear shoots were isolated by means of plastic 

bags to avoid contamination by foreign pollen. On the day preceding self-pollination, the 

silks were shortened (1cm) to optimize accessibility to the pollen and the tassels were put 

into paper bags to collect the pollen. Self-pollination was performed according to the 

method used by the breeders. Fifteen plants per hybrid and per replication were assessed. 

Thus, 75 plants per hybrid, per sowing date and per location were tested for male sterility. 

Furthermore, tests of pollen germination were carried out at the same time as the self-

pollination in environments 1 and 2 in Eschikon. In both environments, fresh pollen was 

gathered from 10 individuals of DSP4, DSP6 and SYN2.  

At each location, daily meteorological data (air temperatures (mean, min and 

max) (°C), cumulative temperature (°C), rainfall (mm), water vapor (%), global radiation 

(Wh/m²) and evapotranspiration (° C)) were assessed. Meteorological stations from 

METEO France, AGROMETEO Suisse and PLEVEN Bulgaria provided the daily 

measurements in both seasons at the three sites. 

Sterile 

A/

Partially restored

B/

Fertile 

C/A/A/ B/ C/C/

Sterile 

A/

Partially restored

B/

Fertile 

C/A/A/ B/ C/C/
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Harvesting and data analysis 

 

 All self-pollinated ears per replication were harvested. Total kernel number was 

assessed, because kernel production indicates viable pollen. The percentage of seed set 

was determined for each ear relative to a mean kernel set of 10 fully pollinated ears 

(hand-pollinated with viable pollen collected from fertile plants) for each CMS hybrid. 

The statistical analysis was conducted using a generalized linear mixed model (PROC 

GLIMMIX in SAS 9.1.3 (2002)): 

 

Yijk = µ + αi + βj + (αβ)ij + γk(j) +  εijk 

 

where µ is the overall mean, αi the effect of the ith CMS genotype, βj the effect of the jth 

environment and (αβ)ij the effect of the ijth CMS genotype by environment interaction.  

γk(j)  is the effect of the kth repetition within the jth environment, and εijk is the error term. 

For the latter two parameters we assumed that γk(j) ~N(0, σ2
γ) and εijk ~N(0, σ2

ε).  

We used the REML (Restricted Maximum Likelihood) estimation technique. 

Approximate degrees of freedom for the type III test of fixed effect were calculated 

according to the Satterthwaite formula. The first objective was to identify a genotype x 

environment interaction. To determine the environmental effect on expression of male 

sterility of the different CMS hybrids, we compared the kernel percentage (KP) of each 

genotype in the various environments by a pairwise comparison of the Tukey-adjusted 

LSM (Least Square Means). 

 When there were significant differences in kernel set (P<0.05) among the various 

environments, tests were conducted to determine whether one or more climatic factors, 

characteristic of the environment, influenced the male sterility of each hybrid, either 

positively or negatively. Therefore, correlations between the percentage of kernel set and 

each of the climatic factors were analyzed according to the Spearman’s rank correlation 

coefficient (CORR procedure, spearman option, SAS 9.1.3 program), which does not 

require normally distributed variables. Two key growth stages were found: pre-anthesis 

and anthesis. For anthesis, the average of daily climatic data over a six-day period 

(starting at flowering) was calculated. The pre-anthesis period was split into three 

periods: a ten-day period before flowering, a five-day period right before flowering and a 
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five-day period five days before flowering. For each period and each factor, the average 

daily climatic variables were calculated.     
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RESULTS 
 

Molecular analysis and patterns of male sterility  

 

 The molecular analyses showed that all seeds were of the CMS type, as rated by 

the breeders; the seed sets were not contaminated. The average male sterility of 22 S-, C- 

and T-cytoplasm hybrids, tested in 17 environments showed that cytoplasm S had the 

least reliable male sterility; six of seven hybrids showed fluctuating male sterility 

(Fig.2.4).  

 

 

 

 

 

 

 

 

 

 
 
 
 
Fig. 2.4: Average male sterility of 22 S-, C- and T-cytoplasms tested in 17 environments.  
† Number of hybrids per class 
 

 

Only one S-cytoplasm was fully sterile. Cytoplasms T and C were the most reliable; both 

included five hybrids that were fully sterile across all environments (Table 2.3). In the T-

cytoplasm, two hybrids had partially restored male sterility, whereas in the C-cytoplasm 

one hybrid showed intermediate male sterility while two hybrids showed fully restored 

male sterility. 
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Table 2.3: Fully restored hybrids and completely sterile hybrids across all environments 
 

Sterile behavior  Fertile behavior 

Name  Cytoplasm  Name  Cytoplasm 

DSP1  T  DSP10  †  C 

MAD1  †  T  LIM6  †  C 

DSP9  †  T     

DSP5  T     

DSP7  †  T     

LIM5  †  C     

EUR1  †  C     

LIM1  C     

MAD2  †  C     

KWS2  S     
        

             
              † MAD1, DSP9, DSP7, LIM5, EUR1, MAD2, DSP10 and LIM6, tested only in 2005 

 

Partially restored hybrids: a heterogeneous class 

 
Among all the tested hybrids, nine hybrids (41%) showed variable expression of 

male sterility. Cytoplasm S was the most affected by reversion to partial restoration of 

fertility. However, the S and T types did not show full reversion to fertility. The class of 

partially restored hybrids was very heterogeneous and included two main groups. The 

first group of five hybrids (KWS1, DSP5, DSP6, SYN2, and DSP4) was homogeneous in 

all environments. The tassels of these hybrids released various numbers of anthers and 

viable pollen was released. The other group with four hybrids (SYN1, DSP8, LIM3, and 

DSP2) usually contained only a few individual plants with partial male sterility, thus 

enabling viable pollen to be produced. The Genotype x Environment interaction was 

highly significant (P< 0.001). The expression of male sterility of the hybrids was 

influenced by the environment. However, a partially restored hybrid expressed different 

degrees of male fertility in the various environments. 

Self-pollination was carried out at the beginning of male flowering. Therefore the 

number of kernels developed on the ears provided objective and complementary 

information about the potential amount of viable pollen that was released at this time.  

Figure 2.5 presents the Mean Kernel Set (MKS) per ear in all environments for each of 

the partially restored hybrids. 
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Fig. 2.5: Mean Kernel Set (MKS) per ear of DSP4, DSP2, LIM3, DSP6, SYN2, SYN1, DSP5, DSP8 

and KWS1 across all environments. The box defined between the first quartile (Q1) and the third 

quartile (Q3) represents 50% of the environments. The line in the box indicates the median value. 

Any data observation which lies more than 1.5-IQR (the interquartile range IQR = Q3-Q1) lower 

than the first quartile or 1.5-IQR higher than the third quartile is considered to be an outlier (bullet 

point). The lowest and highest value that is not an outlier is indicated by connecting it to the box with 

a horizontal line or "whisker". 

 

 DSP4, DSP6 and SYN2 hybrids were most affected by reversion to partial 

fertility. Although the tassels of these hybrids were not morphologically comparable to 

those of fertile plants, they released large amounts of anthers and released a significant 

quantity of viable pollen in some environments.  High MKS per ear was reached in some 

environments. However, only a few pollen grains are necessary to reach full seed set. 

Tests of Pollen germination indicated that the rate of viability was about 71, 52 and 36% 

respectively for these three hybrids, whereas the rate of viability of a fertile individual 

ranged from 80 to 90%.     

Although KWS1 released a large number of anthers in all environments, this 

hybrid as well as DSP2, LIM3 and DSP8 produced few kernels. The MKS per ear of 

these four hybrids was 0.5, 2.0, 1.1 and 2.5%, respectively. DSP2 produced significantly 

more kernels in two environments (P<0.05) and DSP8 produced significantly more 
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kernels in one environment (P<0.001). The MKS per ear of the other two hybrids was 

comparable across all environments.  

  

Relationship between partial reversion to fertility and climatic parameters 

 

 The climatic parameters measured during consecutive five-day periods before 

anthesis did not provide additional information compared to the cumulative ten-day 

period. Therefore, only the results from the ten-day period are presented with regard to 

pre-anthesis climatic conditions. The climatic factors did not affect the expression of 

male sterility of SYN2 and DSP5. No significant correlations were found for these two 

hybrids between the percentage of MKS and the different climatic factors. However, for 

the other seven hybrids, there were correlations between MKS and the different climatic 

factors (Table 2.4), especially with the temperature parameters, water vapor and rainfall.  

 
Table 2.4: Spearman’s rank correlation coefficients between the percentage Mean Kernel Set (MKS) 

per ear and the climatic factors across all environments.  
 

   DSP4 DSP2 SYN1 DSP8 DSP6 KWS1 LIM3 
          

Tmean  -0.73 ** ns ns 0.50 † ns ns ns 

Tmin  -0.62 * ns ns 0.57 * ns ns 0.52 † 

Tmax  -0.57 * ns 0.50 † ns ns 0.59 * ns 
R  0.72 ** ns ns -0.68 ** ns ns ns 
GR  ns ns 0.72 ** ns ns ns 0.52 † 

WV  -0.68 ** ns ns ns ns ns 0.72 ** 

Pre-

anthesis 

ETP  ns ns -0.56 * ns ns -0.56 * ns 
          

Tmean  -0.75 ** -0.59 * ns ns -.056 * 0.55 * ns 
Tmin  -0.64 * -0.52 † 0.65 * ns ns 0.72 ** ns 
Tmax  -0.73 ** -0.61 * ns ns -0.54 * 0.58 * ns 
R  0.52 † ns ns ns ns ns ns 

Anthesis 

WV  -0.59 * ns ns ns ns ns 0.59 * 
          

 

*, ** Significant at the 0.05 and 0.01probability levels, respectively. †, tendency at 0.1 probability level. 

NS: non significant. 

The climatic factors are air temperature (Tmean, Tmin and Tmax) (°C), rainfall (R) (mm), global radiation 

(GR)(Wh/m2), water vapor (WV) and evapotranspiration (ETP)(C°).  
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There was no general rule that controlled the interaction between the different climatic 

factors and the expression of male sterility. Each partially restored hybrid was sensitive to 

one or more factors during the two investigated growth periods. There was a negative 

correlation between pre-anthesis male fertility and/or male fertility during anthesis with 

the temperature parameters for DSP4, DSP6 and DSP2; i.e., when temperature increased 

the MKS percentage per ear decreased. In contrast, there was a positive correlation 

between temperature and MKS for SYN1, DSP8, KWS1 and LIM3.  

 

 

 



 32

DISCUSSION 

 

 The coexistence of GM and non-GM maize is an important issue in Europe, but 

there are concerns in other parts of the world. For the production of pharmaceuticals from 

GM maize, it is mandatory that pollen flow is contained. Cytoplasmic male sterility is the 

only natural way to prevent the release of GM pollen and to enable the coexistence of 

different farming systems. In this study, all three types of cytoplasm provided sterile 

hybrids. Cytoplasm T had the most reliable male sterility; only two of seven hybrids, 

DSP2 and DSP4, showed unstable behavior. DSP2 male-sterile hybrids reverted to male 

fertility only a few times across all environments, while the expression of male sterility of 

DSP4 was similarly unstable across all environments. No main rf genes seemed to be 

responsible for this phenomenon. In plants carrying T-cytoplasm, the complementary 

expression of dominant alleles of both the rf1 and rf2 nuclear restorer loci allows normal 

pollen development (Laughnan and Gabay-Laughnan, 1983). Dominant alleles of at least 

two other genes, rf8 and rf*, can substitute for the Rf1 allele to partially restore fertility in 

the presence of Rf2 (Dill et al., 1997). These two alleles are rare in maize germplasm and 

their expression is affected by the environment. In DSP2 CMS T, only a few individuals 

were affected by reversion to partial fertility; thus it was hypothesized that minor Rf 

alleles may be involved. The case of DSP4 is different since this hybrid showed similar 

morphological behavior across all environments, and the implication of an 

environmentally sensitive restorer allele, such as Rf8, is consistent. Indeed, tassels of 

these partially restored plants released variable but always lower numbers of anthers that 

produced different amounts of viable pollen. Furthermore, their anthesis-silking interval 

(ASI) was short and anthers were often released two to five days after silk emergence 

rather than two to three days before silk emergence, which is more usual (Tracy et al., 

1991). Similar behavior was reported by Dill et al.(1997) about T CMS lines, inbreds or 

hybrids carrying the dominant allele of the rf8 gene. Since the restoration system by T-

cytoplasm is sporophytic (Dill et al., 1997), all existing pollen is viable. Pollen 

germination tests in environments 1 and 2 indicated that the pollen viability rate of DSP4 

was 75%, whereas viability rate for a fertile individual ranged between 80 and 90%.  This 

high rate of pollen viability resulted in a high MKS in both environments. The important 

heterogeneity of MKS definitely reflects the sensitivity of DSP4 to environmental 
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conditions, which was illustrated by the correlations found especially with temperature 

parameters.  

Many breeders focus on C-cytoplasm. The stability of male sterility in this group 

is known to be between that of S- and T-cytoplasm. The restoration system is still 

unclear, and the number of rf genes involved have not been defined (Josephson and 

Arnold, 1978; Kheyr-Pour et al., 1981; Gabay-Laughnan and Laughnan, 1994; Hu et al., 

2006). In this study, five of the eight hybrids tested were fully sterile. This indicates that 

the European breeding pool is still relatively free of rf genes. Two hybrids were fully 

restored, which clearly indicates the presence of one or more major Rf alleles. Male 

sterility of LIM3 was unstable in few plants only. In this cytoplasm, partial restoration of 

fertility linked to minor rf genes is known to be highly influenced by the environment 

(Tracy et al., 1991). In this study, some correlations were found, particularly with water 

vapor.  

For S-cytoplasm, the situation is more complex, probably due to a large number 

of alleles at the Rf3 locus but also due to spontaneous nuclear and cytoplasmic mutations 

at loci other than Rf3, all of which condition restoration of fertility (Gabay-Laughnan et 

al., 1995). A second major restorer gene has been characterized recently (personal 

communication, Newton and Gabay-Laughnan, 2007). A dominant allele at this locus has 

been officially designated Rf9 and is environmentally sensitive. This genetic instability of 

S-cytoplasm, coupled with its sensitivity to environmental conditions makes the S system 

generally unreliable for hybrid seed production and as well for coexistence. The 

correlations found between climatic factors and the MKS of several S hybrids clearly 

indicate that their restorer genes are sensitive to the environment. Under very specific 

conditions, an rf gene might be activated or inactivated, which could explain the extent of 

heterogeneity in grain set, especially in the case of DSP6 and SYN2. After germination 

tests, the rate of pollen vitality of the two latter hybrids was around 50 and 40%, 

respectively, which is in agreement with the theoretical value of 50% vitality expected for 

a gametophytic restoration system (Wise et al., 1999). Stable S hybrids, such as KWS2, 

exist and breeders should be able to produce S hybrids with stable genetic backgrounds. 

Different backgrounds may be required for different growing regions. More information 

is required about the exact number of rf genes involved and about the different alleles and 

their sensitivity to environmental factors in order to develop an efficient and simple 



 34

molecular tool to identify the genes. Many of the tested S hybrids (DSP8, KWS1, SYN1 

and DSP5) produced only a very small amount of viable pollen. On average over all 

environments, less than 5% kernel set was obtained. Therefore, it is possible to use this 

class of hybrids to achieve coexistence, since pollen pressure would be drastically 

reduced compared to normal fertile individuals. 

In Europe, an attempt to control coexistence between GM and non-GM crops has 

been made by relying on different, often very long isolation distances; 25 to 50 m may be 

sufficient, however, to achieve the controversial threshold of 0.9%, as fixed by the EU 

(Bannert and Stamp, 2007). Cytoplasmic male sterility is an elegant way to minimize or 

even eliminate the problem of GM pollen flow of adjacent conventional or organic fields 

if stable T- and C-cytoplasm is used. The Plus-Hybrid System (Feil and Stamp, 2002; 

Feil et al., 2003), developed at ETH Zurich would be a useful tool to achieve an 

agricultural biocontainment system. It consists of growing 80:20% mixtures of 

cytoplasmic male-sterile GM hybrids and male-fertile non-GM hybrids, whereby the 

latter component acts as pollen donor for the entire stand. For this system, a high level of 

male sterility must be maintained, as shown by this study. Furthermore, appropriate 

combinations of CMS hybrids and fertile pollinators could lead to a significant gain in 

yield (Stamp et al., 2000; Weingartner et al., 2002). The confirmation of a gain in yield or 

at least a stable yield would definitely boost the acceptance of a biocontainment system 

with cytoplasmic male sterility. 

 

 



 35

AKNOWLEDGEMENT 

 

Gratitude is expressed to the European Commission, which gave financial support 

to this study through the Integrated Project "Co-Extra" (contract no. 007158), 

within the 6th Framework Program “Priority 5”: Food Quality and Safety. We 

thank all breeders who delivered CMS hybrids and showed interest in our study. 

 



 36

3. CYTOPLASMIC MALE STERILITY IN MAIZE (ZEA MAYS L.) 

INFLUENCES NITROGEN USE EFFICIENCY, GRAIN YIELD AND 
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ABSTRACT 

 

 The process of pollen generation in maize (Zea mays L.) requires the mobilization 

of many essential resources, including nitrogen. Cytoplasmic male-sterile (CMS) plants 

have the advantage of not producing pollen and could store and relocate nitrogen in the 

female organs to contribute to yield increases. Such CMS plants, which are grown in 

mixtures with male-fertile plants, cover already a wide acreage in the USA. Field trials 

were performed in 2005 and 2006 at different locations in Switzerland. The hybrid LIM1 

in its two versions, male-fertile and CMS-C, were compared for grain yield and nitrogen 

content across six environments. The nitrogen uptake dynamic around flowering was also 

investigated in both cytoplasms within two of the six environments. The CMS hybrid had 

a greater grain nitrogen content when compared to its fertile counterpart (+11.0% **). 

The male-fertile plants accumulated significantly more nitrogen in their tassels (+1.5 

kg.ha-1 **) before flowering, and the loss of nitrogen through pollen release was 1.9 

kg.ha-1 compared to the CMS plants. However, CMS plants accumulated more nitrogen 

(+117.7% ***) in their ears prior to silking, which could contribute to an increased kernel 

number per ear. It can be concluded that the capacity of CMS plants to mobilize nitrogen 

in the ear before flowering favors a potential increase in yield and in grain quality.  
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INTRODUCTION 

 

n the USA, cytoplasmic male-sterile (CMS) plants are grown with male-fertile plants 

with the main purpose to reduce costs in hybrids seed production. This cultivation 

method covers already a wide acreage (personal communication, W. Beversdorf). Maize 

plants produce pollen in abundance. One fertile plant can produce three to fifty million 

pollen grains (Kiesselbach, 1949; Miller, 1985; Uribelarrea et al., 2002; Westgate et al., 

2003) whereas less than 15% of it would be sufficient to ensure a full seed-set 

(Kiesselbach, 1949). Pollen production is demanding in energy and nitrogen. According 

to Hess (1990), the fresh weight per pollen grain is 2.47x10-7g and the dry pollen grains 

contain between 16 to 30% of protein. Therefore, stable cytoplasmic male-sterile (CMS) 

maize plants, which do not produce any pollen grains, could save up 10 to 30kg N.ha-1 

(Weingartner et al., 2002).  

 Cytoplasmic male sterility is a natural trait, which renders a plant unable to 

produce functional pollen. It has been observed in over 150 species (Laser and Lersten, 

1972; Schnable and Wise, 1998) and is defined as a form of male sterility induced by the 

complementary action of nuclear and cytoplasmic genes. Specific mutations in 

mitochondrial DNA, which are maternally inherited, are responsible for a dysfunction in 

the respiratory metabolism in the cells of the anther Tapetum during sporogenesis (Cilier 

et al., 2004). This results in an abnormal development program of male gametes (Budar 

et al., 2003). Therefore, no pollen or non-viable pollen is produced by the plant. 

However, female fertility is not affected by CMS and male-sterile plants can set seeds if 

viable pollen is provided.  

 In many past studies, both cytoplasmic male sterility and detasseling of fertile 

plants led to similar effects on the performance of the maize individuals, i.e. a significant 

increase in yield (Rogers and Edwardson, 1952; Grogan, 1956; Chinwuba et al., 1961; 

Hunter et al., 1969; Stamp et al., 2000; Weingartner et al., 2002).  Duvick (1958) and 

Andrade et al. (1996) reported similar results with higher differences when plants were 

subjected to stress (e.g. drought, low nitrogen availability, high plant density). However, 

other studies did not show an increase in yield when CMS or detasseled maize plants 

were compared to their normal fertile version (Uribelarrea et al., 2008). Maize grain yield 

I 
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is closely associated with kernel number at harvest and this yield component is a function 

of the physiological condition of the crop during the period bracketing flowering. Early 

kernel growth and development in maize is highly dependent on assimilates supply such 

as water and nitrogen (Andrade et al., 2002). A limited source of nitrogen would 

definitely have negative effects on both yield components, total kernel number (KN) and 

thousand kernel weight (TKW) (Chinwuba et al., 1961; Uhart and Andrade, 1995b). In 

maize, the ear has a high sink strength and continuously imports carbon and nitrogen 

assimilates during grain filling (Hirel et al., 2005).  

 Since the CMS effect on yield is mainly due to a higher kernel number per ear  by 

the male-sterile plants compared to their fertile counterparts (Duvick, 1958; Sanford et 

al., 1965; Weingartner et al., 2002), it is reasonable to hypothesize that the nitrogen 

surplus, saved during anthesis through apical dominance of the tassel in male-sterile 

plants, could be remobilized and relocated to the reproductive tissues to contribute to the 

gain in yield. The aim of this study was to evaluate the effect of cytoplasmic male 

sterility on grain nitrogen content, on the grain yield and its different components (TKW, 

and KN), focussing on nitrogen uptake dynamics around flowering and nitrogen use 

efficiency.  
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MATERIALS AND METHODS 

 

Plant material and experimental design 

 

 One modern European cytoplasmic male-sterile dent x flint single cross hybrid 

and its fertile counterpart, LIM1-CMS and LIM1-F (Limagrain, France) respectively, 

were tested in 2005 and 2006 under field conditions. This hybrid is recommended for 

grain maize production in the midlands of Switzerland, i.e. in a moderate maritime 

climate. This CMS-C hybrid (for C-cytoplasm see Beckett (1971)) was perfectly sterile 

and did not produce any pollen. 

 The male-fertile and male-sterile versions of LIM1 were grown in small plot 

trials. The fertile hybrid and its CMS counterpart were grown in a randomized split-plot 

design with three to five replications under six environmental conditions (Table 3.1). The 

main plot (Fig.3.1) was the pollinator block, consisting of 10 rows, each 16.8 m long and 

0.75 m apart. Two sub-plots, each 2 rows wide and 5 m long were randomly distributed 

within the pollinator block. Four border rows and rows on the lateral sides (3.4 m long) 

were the pollen sources and acted as a buffer zone to minimize contamination by pollen 

from neighboring fields. The sowing density was 10 plants per square meter.   

 

 
 

Fig. 3.1: Schematic experimental layout of one pollinator block. The pollinator is LIM1-F, the fertile 

version of the tested hybrid. This genotype surrounds both sub-plots with LIM1-CMS and LIM1-F. 

The first sub-plot (in grey) gives an isogenic pollination of the LIM1-CMS and the second represents 

the status quo value (isogenic pollination of LIM1-F). 
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 The number of replications as well as the characteristics of the different 

environments are represented in Table 3.1. These environments were representative for 

arable regions of Switzerland and favorable for grain maize production. Plant protection 

measures and fertilization were performed according to local recommendations for a 

grain yield of 10 t ha-1. Nevertheless in environment 6, a deficit fertilisation level (60 kg 

N.ha-1) was provided, with the aim to place plants under stress. 

 
Table 3.1: Environmental characteristics: the Coordinates (Coord.), the Altitude (Alt.), the Soil Type, 

the Sowing Dates and the number of Replications (Rep.) 

Environment  Coord.  Alt. 
(masl)  Soil Type  Sowing 

Dates  Rep. 
           

1. Lindau  47°27’N 
8°41’E  540  Eutric Cambisol  10.05.2005  4 

2. Avenches  46°53’N 
7°03’E  430  Sandy Mollic 

Cambisol  15.05.2005  3 

3. Delley  46°55’N 
6°58’E  500  Chromic Luvisol  24.05.2006  3 

4. Lindau  47°27’N 
8°41’E  540  Eutric Cambisol  04.05.2006  3 

5. Eschikon a  47°23’N 
8°32’E  550  Eutric Cambisol  03.05.2006  5 

6. Eschikon b  47°23’N 
8°32’E  550  Eutric Cambisol  03.05.2006  5 

 
 

Both years were marked by unfavorable climatic periods. In 2005, despite a relatively 

cool and dry spring, conditions to grow maize were good. In 2006, however, the weather 

conditions were more restrictive with a mild and wet spring. Warm and dry conditions 

prevailed at the beginning of the summer until the flowering period. A longer rainy and 

cooler period started in August, leading eventually to a lower maize grain yield.  

 

Pollination control and final harvest 

 

 The LIM1-CMS plants did not produce any pollen; therefore it was essential that 

both female flowering of the male-sterile LIM1 and male flowering of the fertile LIM1 

were synchronized to enable a successful fertilization of all plants. Therefore, the anthesis 

silking interval (ASI) at the plot level was measured. The ASI corresponds to the date 
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when 50% of the plants have visible silks minus the date when 50% of the plants release 

anthers (Edmeades et al., 2000). 

 The ears of each sub-plot were harvested manually at physiological maturity 

(formation of the black layer) and shelled. After drying for 24h at 60°C the ears were 

threshed and the total grain yield was determined. A sub sample of 300 kernels was 

collected and dried over 3 days at 95°C (until constant weight) to determine moisture, dry 

weight basis, thousand-kernels weight (TKW) and to calculate the total number of 

kernels per surface (KN).  

 

Determination of nitrogen content  

 

 After drying and grinding a sub sample of 100 kernels into a fine powder, total 

nitrogen content was calculated for each cytoplasmic version of LIM1 with a TruSpec 

CNH 900 (Leco Corp., St. Joseph, Michigan, USA).    

 

Nitrogen uptake dynamics  

 

 In addition to the normal protocol described previously, nitrogen uptake dynamics 

around flowering was also investigated in both environments 5 and 6. In these two 

environments, two more sub-plots of both CMS and fertile LIM1 were integrated in the 

experimental design. At two different specific dates, (i) before anthesis (BBCH 59), and 

(ii) at the end of anthesis (BBCH 67) (Weber and Bleiholder, 1990; Lancashire et al., 

1991), fourteen plants (seven per row) were harvested from each subplot, subdivided into 

stalks, leaves, tassels and ears all of which were finally chopped. Two plants per row 

were left between each harvest to avoid border effects. After drying and grinding into a 

fine powder, nitrogen content was calculated for each of the four plant compartments 

with a TruSpec CNH 900. 
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Calculation of effects and statistics 

 

CMS effect: The grain nitrogen content as well as the grain yield (moisture of 150g H2O. 

kg-1) and its components (TKW and KN) of both, the isogenically pollinated LIM1-CMS 

and the corresponding male-fertile version LIM1-F, were compared. “Isogenically 

pollinated” means that the male-sterile hybrid was pollinated by a plant carrying the same 

genotype. Therefore, differences in the grain quality and yield traits were considered to 

be only an effect of cytoplasmic male sterility. 

 

Nitrogen uptake dynamics: Nitrogen content in each plant compartment (stalks, leaves, 

tassels, and ears) of both male-sterile and fertile LIM1 were determined and compared. 

 

Statistical analyses: Analyses of variance (ANOVA) and mean comparisons for absolute 

and relative grain yields, TKW, KN and grain nitrogen content were conducted using the 

MIXED Procedure (SAS 9.1.3 program)(SAS, 2002), based on the REML (restricted 

maximum likelihood method) approach. Environments were treated as random factors; 

the analysis of variance was performed as suggested by McIntosh (1983). The 

comparison of means was performed with the Student-Newman-Keuls test. In addition, 

correlations between the nitrogen content and the yield, between the nitrogen content and 

the KN and between the yield and the KN, were analyzed with S.A.S 9.1.3 program 

(CORR. Procedure).  
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RESULTS 

 

CMS effect on grain nitrogen content and on yield components  

 

 The ASI was 2.4 days (standard deviation of 1.3), thus, according Bassetti and 

Westgate (1994), the pollen supply enabled a successful fertilization of all plants. 

Nitrogen content in kernels was significantly influenced by the cytoplasms (male-sterile 

and male-fertile) and by the environment (Table 3.2). Furthermore, the yield and its 

components (TKW and KN) were significantly influenced by the environment. However, 

the cytoplasm x environment interaction was not significant across the six environments. 

This indicates that the male-sterile effect on the different investigated traits was relatively 

consistent across environments.  

 
Table 3.2: ANOVA for the effect of cytoplasmic male sterility on the grain nitrogen (N) content as 
well as on the grain yield, on the thousand kernel weight (TKW) and on the total kernel number 
(KN) of LIM1-CMS and its fertile counterpart LIM1-F, tested in six environments. 
 

Source of 
variation  Df N  Yield TKW  KN 

 
   kg.ha-1  kg.ha-1  g   

Environment (E)  5  ***  ***  ***  *** 
Cytoplasm (C)  1  **  NS  NS  NS 
           

C x E  5  NS  NS  NS  NS 
           
REP    0  141275  51.9  0 
Residual    0.61  463702  330.6  507.3 

 
**, ***, significant at 0.01, and 0.001 probability levels, respectively. NS, non-significant. 

 
 

 The kernels of the cytoplasmic male-sterile version of LIM1 hybrid contained 

significantly more nitrogen (+11.0 % **) than the kernels of its fertile counterpart across 

all six environments (Table 3.3). The nitrogen content was positively correlated with the 

yield (r = 0.83 *) and with the KN (r = 0.64 †). Furthermore, the CMS hybrid tended to 

have a higher yield than its fertile version (+1.7 %). This marginal increase in yield was 

not significant but seemed to be explained by a higher KN (+3.0 % †) produced by the 
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male-sterile hybrid. Indeed, both yield and KN were positively correlated (r = 0.87 *). 

The male-sterile effect on TKW tended to be slightly negative (-0.7 % ns), but this 

difference was not statistically significant.  

 
Table 3.3: Grain nitrogen content (N), yield, Thousand Kernel Weight (TKW) and Total Kernel 
Number (KN) of LIM1-CMS and its fertile counterpart tested in six environments and the relative 
differences (CMS Effect) (%). 
 

   LIM1-F  LIM1-CMS  CMS Effect  

       %  
N kg.ha-1  105.4  117.1  +11.0 ** 
         

Yield kg.ha-1  9133.1  9289.2  +1.7 NS 
         

TKW g  286.3  284.3  -0.7 NS 
         

KN   328.5  338.2  +3.0 † 
         

 
**, significant at 0.01 probability level. †, tendency at 0.1 probability level. NS, non-significant. 

 

 Nitrogen uptake dynamics  

 

 Total nitrogen content in the LIM1 plants was not significantly influenced by the 

cytoplasm, male-sterile or male-fertile (Table 3.4); there was only a slight tendency at the 

first harvest time (before anthesis). Furthermore, the cytoplasm x environment interaction 

was not significant for nitrogen uptake at any harvest, indicating that the effect of male 

sterility on nitrogen uptake was independent of the environments. The environmental 

factor was therefore excluded, and the effect of male sterility on nitrogen content was 

calculated from the average of both situations. 
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Table 3.4: ANOVA for the effect of cytoplasmic male sterility on total nitrogen (N) uptake at two 
different harvest times (Hi) of LIM1-CMS and its fertile counterparts LIM1-F tested in 
environments 5 and 6. 
 

   Total N uptake (kg.ha-1) 
Source of 
variation Df  H1  H2 

       

Environment (E) 1  ***  *** 
Cytoplasm (C) 1  †  NS 
       

C x E 1  NS  NS 
       
REP   0  0 
Residual   4.54  5.97 

 
***, significant at 0.001 probability level. †, tendency at 0.1 probability level. NS, non-significant. 

 

The main differences between the male-sterile and the male-fertile hybrid appeared at H1 

(Table 3.5). 

 
Table 3.5: Content of nitrogen in four plant compartments (P.C.) of LIM1-CMS and its fertile 
counterpart tested in two environments at two different harvest times (Hi), and relative differences 
(%). 

 
  H1 H2 
  F CMS   F CMS   

           

P.C.  kg.ha-1 kg.ha-1 %  kg.ha-1 kg.ha-1 %  
           

Tassel  4.6 3.1 -33.6 ** 2.0 2.3 +16.7 NS 
           

Ear  4.5 9.8 +117.7 *** 25.8 33.1 +28.1 † 
           

Leaves  41.3 48.8 +18.3 † 46.3 46.7 +0.9 NS 
           

Stalk  22.5 23.7 +5.1 NS 27.1 26.5 -2.4 NS 
           

 
**, ***, significant at 0.01, and 0.001 probability levels, respectively. †, tendency at 0.1 probability level. 
NS, non-significant. 
 

 

 The nitrogen content was significantly lower in the tassels (-33.6% **) of the 

CMS hybrid. Additionally, when compared to the CMS plants, the male-fertile plants lost 

1.9 kg.ha-1 of nitrogen through pollen release between H1 and H2. However, nitrogen 

content was significantly higher (+117.7% ***) in the ears of the CMS hybrid before 
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flowering. Nitrogen content was also higher (+18.3% †) in the leaves of the male-sterile 

hybrid, but this effect was not significant. The differences in the stalk were low and 

always non-significant. At the second harvest time H2, the nitrogen content in the ears 

was still higher (+ 28.1%) in LIM1-CMS than in LIM1-F, but this difference was not 

significant. 
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DISCUSSION 

 

 The years 2005 and 2006 were both marked by a rather low CMS effect with 

respect to yield increase, contrary to former investigation (Weingartner et al., 2002). 

Other field investigations (personal communication, Munsch, 2007) using many CMS 

hybrids, including LIM1 hybrid, and performed under similar environmental conditions 

as this present study, confirmed a low CMS effect on grain yield. Nevertheless, we can 

conclude from our data that LIM1-CMS hybrid provided a slightly higher yield than its 

fertile counterpart (+1.7% NS) across all six environments. This increase in yield due to 

CMS was associated with a higher KN (+3.0% †) (r = 0.87 *). Furthermore, the grain 

nitrogen content of the CMS hybrid was significantly higher (+11.0% **), which proves 

that kernels of the LIM1-CMS plants had a stronger sink capacity than those of the fertile 

counterparts. 

 The follow-up of the nitrogen uptake dynamics around flowering (across two 

environments) firstly confirmed the hypothesis that CMS plants accumulate less nitrogen 

in their tassels before flowering. Indeed, male-sterile plants do not produce and release 

vital pollen and therefore mobilize fewer nutrients such as nitrogen in their tassels. 

Nevertheless, the nitrogen loss through pollen release (+1.9 kg.ha-1) calculated in this 

study is not consistent with the expected 10 to 30 kg.ha-1 hypothesized by Weingartner et 

al. (2002). They calculated this nitrogen amount with the assumption that male-fertile 

tassels produce fifteen to fifty millions pollen grains (Kisselbach, 1949). However, the 

tassels of modern hybrids produce only two to five millions of pollen grains. Therefore, 

the 1.9 kg ha-1 nitrogen calculated in this study are at a similar scale of size. On the other 

hand, before flowering, CMS plants accumulated significantly more nitrogen in the ears 

(+117.7 % ***) and to a lesser extent in the leaves (+18.3% †) compared to their fertile 

counterparts. As the full realization of the potential yield is very negatively affected by a 

shortage of nutrients, especially during the flowering period (Uhart and Andrade, 1995a), 

the male-sterile plants seemed to show a great advantage compared to the male-fertile 

ones.  

 Thus, these results do not fully satisfy our hypothesis concerning an important 

saving of nitrogen in the male-sterile tassels, which could be remobilized in the female 
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organs to increase the yield potential. CMS plants did, however, show a greater ability to 

mobilize nitrogen directly to the ear (+5.3 kg.ha-1 ***) prior to silking. The cob to which 

kernels are attached serves as a temporary storage organ and as a conveyor of nutrients to 

the developing kernels (Crowford et al., 1982). The fact that an attached piece of cob is 

necessary for continued growth of maize ovules in organ culture (Felker, 1992) 

demonstrates its essential metabolic role in kernel growth. Eventually, there was a strong 

and significant relationship between the grain nitrogen content and the yield (r = 0.83 *). 

 Seebauer et al (2004) demonstrated the importance of the nitrogen supply for the 

normal development and growth of maize kernels. Furthermore, nitrogen is an essential 

component of enzymes, nucleic acids and regulatory proteins that are involved in a 

complex enzyme mediated interconversion of amino acids during the early ear 

development. A deficiency in nitrogen can strongly reduce the kernel development 

(Below et al., 2000; Martin et al., 2006) while a high nitrogen availability favors the 

production of specific amino acids necessary to support the setting of seeds as well as 

increasing the storage of protein in the kernels (Lalonde et al., 2003; Martin et al., 2006).  

 The current study illustrates the capacity of CMS plants to mobilize nitrogen in 

the ear before flowering. This favors an improvement of the grain quality and an increase 

in yield, which correlates with a higher kernel number. According to these results, CMS 

plants are able to use and relocate nitrogen in a more valuable way than their fertile 

counterparts. Further analysis will be necessary to determine how nitrogen assimilates are 

metabolized in the ear of the CMS plants and their fertile counterparts, before and during 

seed development, to explain the differences in yield often reported between the two 

types of cytoplasms (Stamp et al., 2000; Weingartner et al., 2002). 
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4. HETEROSIS OR EPIGENETIC EFFECTS INCREASE THE 

KERNEL WEIGHT OF ALLO-POLLINATED CMS MAIZE (ZEA 

MAYS L.) 

 
  

 
 

 

 

Abbreviations: CMS, cytoplasmic male sterile/sterility- KN, total kernel number- SKW, 

single kernel weight  
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ABSTRACT 
 

 Xenia and cytoplasmic male sterility (CMS) together can often increase grain 

yield of maize (Zea mays L.); this is referred to as the Plus-Hybrid effect. While the CMS 

effect influences the kernel number, xenia influences the single kernel weight (SKW). An 

improved knowledge on the genetic control of a SKW increase by xenia could lead to 

improved breeding strategies. A field study was carried out in three different 

environments in Switzerland in 2006 to compare the grain yields and grain quality from 

the combination of three modern European CMS hybrids with six current pollinators. 

Significant Plus-Hybrid effects were observed for almost all combinations. The effect of 

allo-pollination was generally positive and significant. Both endosperm and embryo 

weights were generally increased. Nevertheless, the relative influence on the endosperm / 

embryo weight ratio in comparison with the isogenically pollinated CMS hybrid was 

negative in most cases of allo-pollination, traducing a stronger increase in weight of the 

embryo relative to the endosperm; this relates rather a heterosis effect than an epigenetic 

pathway. Still heterosis and genomic imprinting might act together as a booster of kernel 

weight in specific cases. 
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INTRODUCTION 
 

he genetic constitution of the female is considered as a main factor determining 

final kernel yield and yield components characteristics. But many past studies 

showed that the pollen, which fertilize the silks may influence the size, the weight as well 

as the quality of the kernels produced (Carrier, 1919; Weingartner et al., 2002; 

Weingartner et al., 2004). Indeed, in maize kernels, half of the embryo genome and one 

third of the endosperm genome is directly derived from the pollen. Therefore, the 

influence of the male parent on the different kernel traits related to the embryo and to the 

endosperm is not negligible. Eventually, at maturity, these two kernel compartments 

account for 94% of the total kernel weight (Kiesselbach, 1960). 

 In cytoplasmic male-sterile (CMS) maize plants, no functional pollen is produced 

and released while female fertility is not affected (Laser and Lersten, 1972; Schnable and 

Wise, 1998). Thus, CMS plants can set seeds if viable pollen from normal fertile 

neighboring plants is provided. This natural and maternally inherited trait is due to a 

dysfunction in the mitochondrial DNA affecting the male gamete metabolism (Cilier et 

al., 2004). CMS was mainly used by the breeders in the last decades, to render the hybrid 

seed production easier and more efficient. Today, a new utilization for CMS maize has 

been proposed within the Plus-Hybrid system combining genetically modified (GM) 

male-sterile plants and an unrelated normal pollinator as a biocontainment system 

enabling the coexistence between GM and non-GM cultivation (Feil and Stamp, 2002; 

Feil et al., 2003). Field investigations showed that the combination of a CMS hybrid and 

a non-isogenic pollinator hybrid could increase the kernel yield up to 21% compared with 

the male-fertile isogenic counterpart of the CMS hybrid (Weingartner et al., 2002). While 

part of this increase in yield was explained by a higher kernel number (KN) due to the 

cytoplasmic male-sterile effect (Duvick, 1958; Sanford et al., 1965; Stamp et al., 2000), a 

second reason for the higher yields was often reported to be an increase in the single-

kernel weight (SKW) after allo-pollination (Seka and Cross, 1995; Letchworth and 

Lambert, 1998; Weingartner et al., 2002). 

 

T 
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These effects are usually ascribed to a refreshing of heterosis (Bulant and Gallais, 1998; 

Bulant et al., 2000). According to a recent hypothesis, it could be an epigenetic effect as 

well (Gehring et al., 2004; Makarevich et al., 2008); in the latter case, it would be much 

easier to identify marker genes for ideal pollinators within the Plus-Hybrid system than in 

the case of a multi-gene action in the scope of heterosis. An indicator for the 

predominance of the one or other driving force of single kernel weight increased by allo-

pollination could be the relationship between the two main grain components, the embryo 

and the endosperm. In the case of heterosis, the major weight increase would be expected 

for the embryo; in the case of epigenetics, a boost would be reasonable in the reserve 

organ, the endosperm, which is an important site of imprinting (Berger, 2003; Gehring et 

al., 2004; Makarevich et al., 2008). Genomic imprinting refers to a situation where the 

activity of a gene depends on its parental origin and demonstrates that the maternal and 

paternal genomes are not equivalent. The allocation of nutrients to the growing kernels 

can be subjected to a parental conflict where the paternal genome would try to influence 

the mother to nourish the developing embryo as well as possible, thereby ensuring the 

best chance for survival. Since one third of the endosperm genome is directly derived 

from the pollen, the influence of the pollinator is important. 

 The effect of non-isogenic pollinations on the kernel traits is referred to as xenia 

effect (Focke, 1881; Weingartner et al., 2002). Xenia can affect the grain yield and grain 

quality of maize hybrids. The influence of xenia on the dry weight of the endosperm and 

the embryo as well as on the weight ratio of both kernel compartments was evaluated 

here. A field study was carried out in three different environments in Switzerland in 2006 

to compare the grain yields and grain quality from the combination of six modern 

European pollinator hybrids with three different modern European CMS hybrids.    
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MATERIALS AND METHODS 
 

Plant material and experimental design 

 

 Maize kernels from different combinations involving six modern central 

European male-fertile dent x flint single cross hybrids as well as the cytoplasmic male-

sterile counterparts of three of them (Table 4.1), were analysed in 2006. These hybrids 

were grown under field conditions, and are recommended for grain maize production in 

the midlands of Switzerland, i.e. in a moderate maritime climate.  

 
Table 4.1: Maize combinations investigated in the field. The male-fertile plants isogenically 

pollinated (▲) provide the reference values to determine the Plus-Hybrid effect. The CMS hybrids 

isogenically pollinated (□) provide the reference values necessary to determine the xenia effect 

provided by allo-pollination of the different CMS hybrids (■).   
  Pollinators 

Mother plants  DSP1-F DSP2-F DSP3-F KWS2-F LIM1-F LIM2-F 
        

DSP1-F  ▲      

DSP1-CMS  □ ■ ■ ■ ■ ■ 
DSP2-F   ▲     

DSP2-CMS  ■ □ ■ ■ ■ ■ 
LIM1-F      ▲  

LIM1-CMS   ■ ■ ■ ■ □ ■ 
        

 

 

 In small plot trials, hybrids used as mother plants were grown in a randomized 

split-plot design under three environmental conditions (Table 4.2). The main plot was the 

pollinator block. There the mother plants were randomly distributed within sub-plots, 

each 2 rows wide and 5 m long (Fig.4.1). Three border rows and rows on the lateral side 

(3.4 m long) were the pollen sources and acted as a buffer zone to minimize 

contamination by pollen from neighboring fields. The sowing density was 10 plants per 

square meter.   
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Fig.4.1: Schematic experimental layout of one pollinator block (here DSP1-F). This genotype 

surrounds four sub-plots with DSP1-F, DSP1-CMS, LIM1-CMS and DSP2-CMS. The first sub-plot 

gives the status quo value (reference value), the second gives the reference value necessary to 

determine the xenia effects given by the last sub-plot.  

 

 The number of replications and the characteristics of the different environments 

are presented in Table 4.2. These environments were representative for arable regions and 

favorable for grain maize production. Plant protection measures and fertilization were 

performed according to local recommendations for a grain yield of 10 t ha-1.  

 
Table 4.2: Environmental characteristics: the coordinates (Coord.), the altitude (Alt.), the soil type, 

the sowing dates and the number of replications (Rep.) 

 

Environment  Coord.  Alt. 
(masl)  Soil type  Sowing 

Dates  Rep. 

1. Lindau  47°27’N 
8°41’E  540  Eutric Cambisol  04.05.2006  3 

2. Avenches  46°53’N 
7°03’E  430  Sandy Mollic Cambisol  15.05.2006  2 

3. Delley  46°55’N 
6°58’E  500  Chromic Luvisol  24.05.2006  3 

 

 In 2006, the weather conditions were marked by a mild and wet spring. Warm and dry 

conditions prevailed at the beginning of the summer until the flowering period. Then, a 
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longer rainy and cooler period started in August, leading eventually to a lower grain 

maize yield.  

 

Pollination control and final harvest 

 

 The male-sterile plants did not produce any pollen; therefore it was essential that 

both female flowering of the male-sterile hybrids and male flowering of the pollinator 

were synchronized to enable a successful fertilization of all the plants. Thus, female and 

male flowering dates were assessed during the trial.  

 The ears of each sub-plot were harvested manually after physiological maturity 

(formation of the black layer) and shelled. After 24h at 60°C the ears were threshed. A set 

of ten kernels was randomly collected per combination and per replication. All sub-

samples were dried over 3 days at 95°C.  

 

Calculation of effects and statistics 

 

 Plus-hybrid and xenia effects on yield and on single kernel weight (SKW) were 

firstly calculated in the small plot trial; then, the effects of xenia on the SKW and on both 

endosperm and embryo dry weights were calculated from the set of ten kernels randomly 

collected per combination. 

 

Plus-Hybrid effect: this effect corresponds to the yield increase observed when the CMS 

version of a hybrid is allo-pollinated in comparison with the yield obtained from the sib-

pollination of the fertile version. The Plus-Hybrid effect results from both CMS and xenia 

effects. The latter effect refers to the immediate effects of a foreign pollen parent on non-

maternal tissue of the kernel. 

 

Xenia effect: The traits of the allo-pollinated and of the same isogenically pollinated 

CMS hybrid were compared. “Allo-pollinated” means that the male-sterile hybrid was 

pollinated by an unrelated genotype. The variations in single kernel dry weight, in 
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embryo and in endosperm dry weight, as well as their ratio, were considered as the result 

of xenia, i.e. of allo-pollination.   

 

Calculation of embryo and endosperm dry weight: The dry weight of each single 

kernel from the different sets was measured. Then the kernels were moistened over one 

night. This enabled the dissection of the maize kernel and the extraction of the embryo 

from the endosperm. Both embryo and endosperm (including the seed coat) were dried 

for three days at 65°C. Eventually, the dry weight of both kernel compartments were 

measured with a precision scale, and the endosperm / embryo dry weight ratio was 

calculated. 

 

Statistical analyses: Analysis of variance (ANOVA) and mean comparisons for the total 

dry kernel weight as well as for the embryo and the endosperm dry weight, and the 

endosperm / embryo  dry weight ratios of all tested combinations were conducted using 

the MIXED Procedure (SAS 9.1.3 program)(SAS, 2002), based on the REML (restricted 

maximum likelihood method) approach. Environments were treated as random factors; 

the analysis of variance was performed as suggested by McIntosh (1983). The 

comparison of means was performed with the Student-Newman-Keuls test. 
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RESULTS 

 

 Both female flowering of the cytoplasmic male-sterile hybrids and male flowering 

of the different pollinators were synchronized (0<ASI<5) so that pollination was ensured 

for all individuals.  

 The effect of the pollinator genotype on the yield and on the SKW was highly 

significant across the three environments and the three CMS hybrids (Table 4.3). The 

pollinator x CMS hybrid interactions and the pollinator x environment interactions were 

significant on the SKW. This indicates that the source of pollen plays an important role in 

determining the SKW potential, regarding the CMS mother plant and the environment. 

 
Table 4.3: ANOVA for the effect on the yield and on the single kernel weight (SKW) for three CMS 

hybrids (DSP1-CMS., DSP2-CMS and LIM1-CMS) and six pollinators (DSP1-F, DSP2-F, DSP3-F, 

KWS2-F, LIM1-F, and LIM2-F) tested in three environments.  

 
Source of 

variation 
 Df  

Yield 
(t ha-1) 

SKW 
(mg) 

      

Environment (E)  2  † ** 

Pollinator (P)  5  *** *** 

P x E  10  NS * 
 

 
     

CMS hybrid (C)  5  *** *** 

C x E  10  * *** 

C x P  25  NS ** 

C x P x E  50  NS † 
      

REP    22.8 3.7 

Residuals    142.1 152.5 
      

 
*, **, ***, significant at 0.05, 0.01, and 0.001 probability levels, respectively. †, tendency at 0.1 probability 
level. NS, non-significant.  
(P) = genotype of the pollinator 
(C) = genotype of the CMS hybrid 
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Plus-Hybrid effect on yield 

 

 The Plus-Hybrid effect on the yield was positive and generally significant with 

both DSP1-CMS and DSP2-CMS (Table 4.4). The Plus-Hybrid effect on LIM1-CMS 

was negative when the pollinator was DSP1-F. However, none of the effects were 

significant. The effects on yield ranged from -5.4 % (NS) to 28.9 % (***). 

 

Yield and SKW response to allo-pollination 

 

 A non-significant increase in yield and a significant increase in SKW were 

observed when DSP1-CMS and LIM1-CMS where allo-pollinated by DSP2-F, DSP3-F, 

KWS2-F and LIM2-F (Table 4.4). The pollinator DSP1-F always had a negative impact 

on the yield and a slightly positive but non-significant effect on the SKW when it 

pollinated LIM1-CMS and DSP2-CMS.  The response on both parameters of DSP2-CMS 

to the different pollinators varied much. While LIM2-F and KWS2-F generally induced 

positive and significant effects on both parameters, LIM1-F and DSP3-F usually led to 

negative and non-significant effects. 
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Table 4.4: Absolute yield and single kernel weight (SKW) from fifteen combinations between three 

CMS hybrids (DSP1-CMS, DSP2-CMS and LIM1-CMS) and six pollinators (DSP1-F, DSP2-F, 

DSP3-F, KWS2-F, LIM1-F, and LIM2-F). The xenia effects on yield and on SKW correspond to the 

values (%) that indicate differences relative to the sib-pollinated CMS hybrid. The Plus-Hybrid 

effects on yield correspond to the values (%) that indicate the differences between the allo-pollinated 

CMS and the status quo (male-fertile version of the sib-pollinated CMS). 

 
CMS Pollinators  YIELD SKW 

    Plus-Hybrid Xenia  Xenia 

   t ha-1 %  %  mg %  

DSP1-F DSP1-F  9.1     270.3   

DSP1-CMS DSP1-F  9.9 8.6 †   258.9 -4.2 NS 

 DSP2-F  11.1 21.4 ** 11.7 † 284.0 9.7 ** 

 DSP3-F  10.1 10.5 † 1.5 NS 302.5 16.8 *** 

 KWS2-F  11.1 21.4 ** 11.7 † 296.6 14.5 *** 

 LIM1-F  10.3 12.7 * 3.6 NS 280.2 8.2 ** 

 LIM2-F  10.7 17.6 * 8.2 NS 304.6 17.6 *** 

           

DSP2-F DSP2-F  8.3     292.1   

DSP2-CMS DSP2-F  9.5 14.5 *   292.2 0.03 NS 

 DSP1-F  8.9 7.0 † -6.2 † 295.9 1.3 NS 

 DSP3-F  9.2 10.5 * -3.1 NS 301.2 3.1 † 

 KWS2-F  10.4 25.2 *** 9.8 * 297.2 1.7 NS 

 LIM1-F  9.1 9.9 * -3.6 NS 290.8 -0.4 NS 

 LIM2-F  10.7 28.9 *** 13.1 *** 307.8 5.4 * 

           

LIM1-F LIM1-F  10.1     261.9   

LIM1-CMS LIM1-F  9.9 -2.3 NS   260.7 -0.5 NS 

 DSP1-F  9.6 -5.4 NS -3.5 NS 264.4 1.4 NS 

 DSP2-F  11.1 9.4 NS 11.6 NS 280.3 7.5 ** 

 DSP3-F  10.4 2.6 NS 4.6 NS 281.5 8.0 *** 

 KWS2-F  11.6 14.1 NS 16.4 NS 283.9 8.9 *** 

 LIM2-F  10.7 5.9 NS 7.9 NS 283.4 8.7 *** 

           

 
*, **, ***, significant at 0.05, 0.01, and 0.001 probability levels, respectively. †, tendency at 0.1 probability 
level. NS, non-significant.  
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Xenia effects on SKW, on the endosperm and embryo weights and on the 

endosperm / embryo weight ratio  

 

 The single kernel weight and the weight of both kernel compartments as well as 

their weight ratio were significantly influenced by the pollinator, the CMS hybrid and by 

their interaction (Table 4.5). The pollinator x environment interaction was significant for 

all variables with the exception of the endosperm / embryo weight ratio. Furthermore, the 

influence of the environment was only significant for the endosperm. This information 

indicates that the source of pollen plays an important role in determining the weight of 

the single kernel and its compartments as well as on the endosperm / embryo weight 

ratio, depending on the CMS mother genotype.  

  
Table 4.5: ANOVA for the effect of CMS genotype, pollinator genotype and environment on the 

weights of the single kernel, the endosperm, and the embryo as well as on the endosperm / embryo 

weight ratio, for three CMS hybrids (CMS-DSP1, CMS-DSP2 and CMS-LIM1) combined with six 

pollinators (DSP1, DSP2, LIM1, KWS2, DSP3 and LIM2), tested in three environments.  

 
Source of 

variation 
 Df  

Single kernel 
(mg) 

Endosperm 
(mg) 

Embryo 
(mg) 

End / Emb  
(%) 

        

Environment (E)  2  NS * NS NS 

Pollinator (P)  5  *** *** *** * 

P x E  10  ** ** * NS 
        

CMS hybrids (C)  5  *** *** *** *** 

C x E  10  *** *** *** NS 

C x P  25  *** *** *** * 

C x P x E  50  *** *** *** *** 
        

REP    34.11 16.91 3.86 0.34 

Residuals    1685.12 13.87 56.26 6.99 
        

 

*, **, ***, significant at 0.05, 0.01, and 0.001 probability levels, respectively. NS, non-significant. 

 

 The variation on the kernel and its compartments due to the male-sterile effect 

were slightly positive for both DSP1-CMS and DSP2-CMS, while slightly negative for 

LIM1-CMS (data not shown). These variations were, however, never significant. As for 
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the endosperm / embryo weight ratio, variations due to CMS effect were slightly positive 

but non-significant. 

 The hybrids DSP1-CMS and Lim1-CMS reacted to xenia with a similar extent 

(Table 4.6). The effects on kernel and kernel components weight were all positive and 

generally significant when both sterile hybrids were allo-pollinated with the different 

pollinators. Sib-pollinated DSP2-CMS plants had a 20% bigger embryo than the two 

other hybrids whereas its endosperm had an average value. By xenia, DSP2-CMS 

displayed mostly significant increases in endosperm weight whereas the already high 

embryo weight was significantly increased just in one case. When allo-pollinated by 

DSP3-F or LIM1-F, the embryo weight even non-significantly decreased compared to the 

sib-pollination. The relative difference in the endosperm / embryo weight ratio following 

allo-pollination was always negative in the case of DSP1-CMS and LIM1-CMS (Table 

4.6). These variations were, however, mostly non-significant. This relative ratio was 

negative and non-significant, too, when DSP2-CMS was allo-pollinated by KWS2-F and 

LIM2-F. But it was positive when allo-pollinated by DSP1-CMS, LIM1-CMS and DSP3-

CMS, significantly in the last case. 
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Table 4.6: Absolute xenia effects from fifteen combinations between three CMS hybrids (DSP1-CMS, 

DSP2-CMS and LIM1-CMS) and six pollinators (P) (DSP1-F, DSP2-F, DSP3-F, KWS2-F, LIM1-F, 

LIM2-F) on the single kernel weight (SKW), on the endosperm (End.) and on the embryo (Emb.) 

weight, as well as on the endosperm / embryo weight ratio, across three environments. Values (%) for 

xenia indicate differences relative to the CMS hybrid isogenically pollinated (values in italic).  
 

CMS P SKW End. Emb. Ratio 

   %   %   %   %  

DSP1 DSP1-F 287.6   257.9   29.6   8.72   

 DSP2-F 312.4 8.6 *** 277.8 7.7 ** 34.6 16.8 *** 8.04 -7.8 † 

 DSP3-F 311.6 8.3 *** 277.1 7.4 ** 34.5 16.6 *** 8.03 -7.9 * 

 KWS2-F 303.5 5.5 * 271.5 5.3 * 32.0 8.1 * 8.48 -2.7 NS 

 LIM1-F 301.6 4.9 * 270.2 4.8 † 31.3 5.8 † 8.62 -1.1 NS 

 LIM2-F 318.0 10.6 *** 284.2 10.2 *** 33.7 13.9 *** 8.43 -3.4 NS 

              

DSP2 DSP2-F 294.3   258.3   36.6   7.06   

 DSP1-F 308.9 4.9 * 272.0 5.3 * 37.4 2.2 NS 7.27 3.0 NS 

 DSP3-F 304.9 3.6 † 269.9 4.5 * 35.5 -3.0 NS 7.60 7.7 * 

 KWS2-F 311.7 5.9 ** 272.5 5.5 * 39.7 8.5 * 6.86 -2.8 NS 

 LIM1-F 295.0 0.2 NS 260.3 0.8 † 35.2 -3.7 NS 7.38 4.6 NS 

 LIM2-F 318.2 8.1 *** 278.9 7.9 *** 39.8 8.8 NS 7.00 -0.8 NS 

              

LIM1 LIM1-F 278.3   249.3   29.0   8.59   

 DSP1-F 297.2 6.8 ** 263.8 5.8 * 33.4 15.2 ** 7.89 -8.1 * 

 DSP2-F 306.3 10.1 *** 272.3 9.2 † 33.9 16.9 *** 8.03 -6.5 † 

 DSP3-F 295.8 6.3 *** 264.7 6.2 NS 31.0 7.0 † 8.53 -0.7 NS 

 KWS2-F 300.6 8.0 *** 268.2 7.5 NS 32.4 11.7 ** 8.28 -3.6 NS 

 LIM2-F 308.4 10.8 *** 274.0 9.9 * 34.3 18.4 *** 7.98 -7.1 * 

              

 
*, **, ***, significant at 0.05, 0.01, and 0.001 probability levels, respectively. †, tendency at 0.1 probability 
level. NS, non-significant.  
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DISCUSSION 

 

 In previous studies, Weingartner et al (2002) already showed that both xenia and 

CMS effects could increase significantly the grain yields of high-yielding hybrids. Their 

combined effect, referred as the Plus-Hybrid effect, led to grain yield increases up to 21 

% depending on the genotype combination used and the environment. The combination 

of three CMS hybrids with six pollinators here led to similar results confirming that allo-

pollination of CMS hybrids resulted in substantial and statistically significant yield 

increases. The Plus-Hybrid effects on yield ranged from -5% (NS) to 29% (***) 

depending on the hybrid combination. Plus-Hybrid effects on yield have been described 

to be the result of higher kernel number and greater kernel weight (Stamp et al., 2000; 

Weingartner et al., 2002). While the higher kernel number was mostly due to the CMS 

effect, the kernel weight and kernel quality traits seem to be more subjected to xenia 

(Weingartner et al., 2002; Weingartner et al., 2004). The main aim was to find genetic 

explanations for the increase in single kernel weight following allo-pollination of CMS 

hybrids. Further explanations are needed to understand why certain CMS-pollinator 

hybrid combinations lead to significant yield increases when others do not. This 

knowledge would be essential to breeders to render it easier and more efficient to breed 

superior Plus-Hybrids by finding suitable combinations between CMS hybrids and male-

fertile pollinators. 

 A strong endosperm is important for a successful embryo development  (Berger, 

2003; Gehring et al., 2004). The pollen donor can be a main actor involved in the 

determination of the kernel weight, as shown here and in previous studies. While 

isogenically pollinated CMS hybrids showed inconsistent and always non-significant 

SKW increases, allo-pollinated CMS hybrids almost always provided higher SKW. The 

focus was on the endosperm / embryo weight ratio as it could provide explanations how 

both kernel compartments behave to allo-pollination in comparison to an isogenical one. 

In accordance with the theory from literature (Berger, 2003; Gehring et al., 2004; 

Makarevich et al., 2008), the relative value (%) of this ratio should indicate if the xenia 

effect on the single kernel weight is due to heterosis (negative value) or to an epigenetic, 

i.e. imprinting effect (positive value). The gain in embryo weight in kernels of allo-
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pollinated DSP1-CMS and LIM1-CMS was greater than the gain in endosperm weight, 

when compared with the isogenically pollinated CMS hybrid. This variation could be 

ascribed to a heterosis effect. Indeed, since the pollen donor is genetically different from 

the CMS mother hybrid, the inbreeding depression observed in F2 kernels following an 

isogenically fertilization would be avoided. Furthermore, the dispersion of the SKW for 

each of the tested hybrid combinations was measured by calculating the standard 

deviation (STD). But no significant differences were observed between the STD of an 

isogenically pollinated CMS hybrid and the STD of the same CMS hybrid when allo-

pollinated. This confirms a heterosis effect rather than an epigenetic effect. In the latest 

case, a smaller dispersion would have been expected in allo-pollinated CMS hybrids.  

 Different to the two other CMS hybrids, allo-pollination of DSP2-CMS by DSP1-

F, LIM1-F and DSP3-F, led to positive relative values of the ratio between endosperm 

and embryo weight, i.e. compared to its sib-pollination, the endosperm weight was more 

favored than the embryo one. But the strong embryo of sib-pollinated DSP2-CMS can 

explain why no significant increase in embryo weight was obtained after allo-pollination 

of the CMS hybrid. Nevertheless, an epigenetic effect should not be excluded when the 

ratio was positive; indeed, the endosperm is well known to be an important site of 

imprinting (Berger, 2003; Gehring et al., 2004; Makarevich et al., 2008).  Thus, the 

present results do not allow excluding a role of epigenetic in kernel development by 

xenia; possibly, both heterosis and epigenetic impacts could play a role side by side in the 

control of xenia effects although a boost of heterosis seems to be the driving factor. 

 Today, one of the most significant selected traits is a greater seed size 

corresponding to a increased reserves storage (Consonni et al., 2005). We can conclude 

from our study that the allo-pollination of CMS hybrids lead to significant increase in 

yield through higher kernel weight. Both kernel compartments, the endosperm and the 

embryo, were influenced by the pollen donor; however, it seems to be difficult to 

conclude about the pathways that govern xenia. Heterosis and genomic imprinting may 

act together as a booster of kernel weight. 
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5. OVERALL CONCLUSION  
 

 This thesis relates to multiple aspects of cytoplasmic male sterility in maize. This 

natural trait discovered many decades ago may be a profitable tool for agriculture in the 

future. The main concerns regarding world agriculture today are dealing with GM 

cultivation and yield increases or at least maintenance. Cytoplasmic male sterility in 

maize cultivation can clearly answer, as shown in this thesis, both concerns.   

 The breeding of high-yielding conventional and/or GM maize hybrids is essential 

for the continued increase in maize production. However, this production race should not 

occur to the detriment of the environment and health safety. While GM maize production 

is boosted in the American continents as well as in Asia and in Africa, many European 

countries, including France, the first European maize producer, are leading a GM free 

policy. Since there is a strong demand for non-GM food, the concept of “coexistence” is 

well-founded. Indeed, the question of coexistence between GM and non-GM farming 

systems is only relevant when there is a strict demand for non-GM food. Furthermore, 

carrying out coexistence measures would enable people to freely decide whether or not to 

integrate GM-food into their diet. Within Chapter 2 of this thesis it was concluded that 

CMS maize is a concrete, efficient and reliable tool, which offers the possibility to 

cultivate using different farming systems. Integrated in the Plus-Hybrid system, 

genetically modified CMS hybrids would not release any transgenic pollen in the 

environment and would be pollinated by non-GM fertile pollinator plants. Thus, 

conventional and/or organic neighboring fields would not be contaminated by transgenic 

pollen.  

The Plus-Hybrid system would be applicable to Bt maize and to GM maize 

dedicated to pharmaceutical issues. While 80 to 90 % of the plants would be genetically 

modified, the other 20 to 10 % of the plants would be non-related normal fertile 

pollinators. In addition to the biocontainment benefit offered by the Plus-Hybrid system, 

the plants that do not carry the transgene would contribute to create an ecological niche 

inside the plot, therefore limiting the development of pathogen resistance. In the case of 

herbicide tolerant maize, however, all plants in the system would have to be genetically 

modified. Nevertheless, in this situation, the Plus-Hybrid system would enable a dramatic 
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reduction in the amount of transgenic pollen released to the environment. With the 

additional use of isolation distance measures, the transgenic pollen flow would be 

severely reduced.  

The acceptance of this farming system relies firstly on the stability of the male-

sterile expression of the CMS hybrids used. This study illustrated that especially hybrids 

with T- or C-cytoplasm open up viable perspectives for the containment of transgenic 

pollen. Indeed, most of the hybrids carrying either cytoplasm T or cytoplasm C showed 

very stable behavior under a wide range of environmental conditions. A second 

requirement would be a significant yield increase obtained through the Plus-Hybrid 

system. This system must not only outperform its two components, but it must also 

outperform the new high-yielding hybrids marketed in the same time. In Chapter 3, it has 

been shown that the capacity of CMS plants to mobilize nitrogen in the ear before 

flowering favors a potential increase in yield and grain quality. Furthermore, in Chapter 

4, the allo-pollination of CMS hybrids led to a significant increase in yield through higher 

kernel weight. Heterosis and genomic imprinting may act together here to boost the 

kernel weight. Therefore, it is reasonable to expect a yield increase over 10% by 

combining CMS and Xenia effects. The advantage of a good Plus-Hybrid over a 

conventional hybrid is thus large since an increase in yield up to 10% in the current 

breeding process would need a ten year time scale.  

 After the epidemic of Southern Corn leaf Blight in the seventies, due to the 

sensitivity of the cytoplasm T to Bipolaris maydis, breeders decided to return to the use 

of conventional breeding material and limit the use of CMS. The male-sterile trait of both 

cytoplasm S and C was not really reliable, and many CMS hybrids were subjected to 

partial fertility restoration because of the presence of major or minor fertility restorer 

genes (rf genes). These rf genes are naturally present in the breeding pool. The F1 

generation derived from the cross fertilization of a CMS mother line and a normal father 

line, carrying one or more rf genes, may therefore be fully or partially restored. Today, 

the breeding efforts carried out on both male-sterile trait and fertility restorer genotypes 

have led to the breeding of reliable and high-yielding CMS hybrids, especially of the C-

type. Nevertheless, deeper investigation would be useful to determine the number as well 

as the mechanisms of action of the different restorer genes. This laborious work would 



 70

indeed render the breeding process of CMS hybrids much more efficient. It is 

conceivable for example, to develop tightly linked molecular markers for restorer of 

fertility genes and to develop a rapid molecular identification method for these genes. 

This molecular method could be used as a screening tool by breeders who would be able 

to select father lines that do not carry restorer genes.  

  The concept of the Plus-Hybrid system is simple, and growing a pre-defined 

mixture of two hybrids would not require any technical modification. However, breeders 

and farmers should both obtain advantages from this new way of cultivation. The 

breeders firstly will have to develop a new breeding program in parallel to their classical 

breeding process where they will test multiple hybrid combinations with the aim to find 

efficient Plus-Hybrids. The commercialization as a two in one package where both 

hybrids (the GM male-sterile hybrid and the conventional pollinator) would already be 

mixed is definitely the best way for the breeders to hope a return on investment and a 

good acceptance from the farmers. Several modifications in the legislation should 

nevertheless be realized to allow the marketing of seed mixtures and to protect a Plus-

Hybrid with a patent as is done for new varieties. As mentioned before, the Plus-Hybrid 

system would be an ideal solution in countries were the question of coexistence is 

debated and were there is a strict demand for non-GM food. Politicians will eventually 

seal the fate of the Plus-Hybrid system and set well defined rules to secure its future 

implementation in agriculture. 
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