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"Nature thus tells us, in the most emphatic manner, that she abhors perpetual 

self-fertilization". Charles Darwin, 1862*.  

 

 

 

 

 

 

 

 

 

 

 

* On the various contrivances by which British and foreign orchids are fertilised by insects, and on the good 

effects of intercrossing. John Murray Publishers, London. p. 359. 
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SUMMARY 

 

Cytoplasmic male sterility (cms) was widely used and extensively studied in the 1950s and 

1960s in the USA. The outstanding advantage of cms is that mechanical or manual removal of 

the tassels and, hence, considerable costs in the hybrid seed production can be avoided. After 

the epidemic of southern corn leaf blight (caused by Helminthosporium maydis) in the US 

Corn Belt in 1970, the use and, consequently, research into cms was abruptly terminated. 

However, with increasing economic pressure on the profit margin of hybrid seeds and the 

resulting search for economical production methods, cms has again become a matter of 

interest. In Europe and the USA, the number of commercial hybrids produced with cms is 

increasing.  

Contrary to the 1960s, there is nowadays a lack of newer investigations on the effects of 

cms on yield parameters. It is to be expected, however, that cms can, besides pollen sterility, 

positively affect the yield potential. A male-fertile maize plant sheds about 14 to 50 million 

pollen grains. This corresponds to a minimum of 100,000 pollen grains per fertilized kernel. 

This overproduction of pollen is probably an exhaustive process for the plant and could be 

avoided if only a part of the field stand consisted of male-fertile plants and the rest consisted 

of male-sterile plants. In this way, the exhaustive process would be interrupted at an early 

growth stage, which should have positive effects on grain yield. 

When a plant is male-sterile, two ways of natural fertilization are possible: the self-

fertilization (isogenic pollination) or the cross-fertilization (non- isogenic pollination). Xenia 

is described as the immediate effect of non-related pollen on non-maternal tissue of the kernel 

and is, therefore, another biological factor affecting grain development. Positive impact of 

xenia on yield should lead us to reconsider the conventional grain maize production in 

industrialized countries, where the common practice consists of planting one variety per field. 

In this case, the harvested grains of single-cross hybrids represent the F2-generation (after 

crossing the inbred lines) and are, theoretically, subjected to early inbreeding depression. It 

may therefore be beneficial to pollinate male-sterile hybrids with pollen from a non-related 

genotype.  

For this thesis, it was hypothesized that combining male sterility and xenia to so-called 

"Plus-Hybrids" is one way of increasing maize grain yields. Plus-Hybrids consist of a male-

sterile hybrid, which is pollinated by another, non-related hybrid. These two different hybrids 
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may be planted in the field in different rows or, as it is easier to be carried out in practice, as 

mixtures of male-sterile and male-fertile (pollinator) hybrids. 

 So as not to lose track of possible practical applications, the prerequisites for the 

experiments were: (i) to investigate only current commercial or pre-commercial hybrids, (ii) 

to test all the combinations of germplasm (dent × dent, dent × flint, flint × flint) in their 

respective environments, (iii) to use all three types of sterile cytoplasm (T, C and S).  

Small-plot experiments with detasseled hybrids were conducted in three environments in 

Thailand, and with cms-hybrids in 12 environments in the USA and nine environments in 

Switzerland; the male-sterile hybrids were planted as pure stands. To confirm the findings of 

small-plot trials under on-farm conditions, large-strip mixture trials were conducted in 32 

environments in the USA and three environments in Switzerland; the male-sterile hybrids 

were blended with male-fertile hybrids in a ratio of 80:20 or 85:15.  

The average grain yields of Plus-Hybrids were higher than those of the status quo scenario  

(one variety per field); this was observed with each of the three (Asian, European, American) 

germplasm sources. With the exception of four Asian combinations of a male-sterile hybrid 

with a non- isogenic pollinator, 30 of 34 Plus-Hybrids outyielded the status quo scenario in 

pure stands in the small-plot trials. Plus-Hybrids, as mixtures in the large-strip trials, always 

had higher yields than the control (status quo) of male-fertile hybrids. Significant average  

increases in grain yield were found in the small-plot experiments in Switzerland (8.2 %) and 

in the large-strip mixture trials in the USA (6.5 %). Average yield increases that were 

significant at p<0.10 were found in the small-plot experiments in Thailand (4.4 %) and the 

USA (4.5 %). Large average yield gains (9.5 %) observed with Plus-Hybrids in the large-strip 

mixture trials in Switzerland confirmed the findings of the small-plot trials in the first two 

years when the best combination of a male-sterile hybrid and a non- isogenic pollinator 

increased grain yield by 21.4 % compared to the normal male-fertile hybrid. Cms per se (an 

isogenically pollinated cms-hybrid was compared with the corresponding male-fertile 

counterpart) tended to increase the kernel number of European hybrids, whereas xenia per se 

(a non- isogenically pollinated cms-hybrid was compared with the isogenically pollinated cms-

hybrid) caused increases in kernel weight. 

The reasons for these observed yield increases probably lie in the amounts of nitrogen 

which are not used for pollen production and which can, therefore, be used for other plant 

organs in a stand of male-sterile plants. The amounts of nitrogen saved this way, at ordinary 

production sites in Europe, were estimated to be as high as 10 to 30 kg N ha-1. The 

concentrations of grain nitrogen and carbon in European hybrids did not change markedly as a 
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result of male sterility or xenia. However, the net harvest of protein from Plus-Hybrids was 

larger than that obtained from the conventional system of grain maize production. The Plus-

Hybrid system, therefore, seems to be one way of achieving increases in grain yield of maize 

hybrids without sacrificing grain quality. 

The most obvious grain yield advantages after combining male sterility and xenia were 

found with European dent × flint germplasm. The US dent hybrids did not show comparable 

yield gains but did show positive reactions to both effects. The Asian germplasm used in this 

study consisted of flint or semi-flint hybrids. According to other authors, genetic distance is 

necessary to benefit from xenia. Genetic distance was not investigated in our experiments, but 

the likelihood of finding a pollinator which is a sufficiently distant relative of a male-sterile 

hybrid may be greater in the dent × flint than in the dent or flint and semi-flint germplasm. 

Therefore, the potential benefit of xenia may be greater for European germplasm. It is 

assumed that addit ive effects of heterozygosity became operative; the highest yield gain in the 

large-strip mixture trials in Switzerland was observed when two pollinators were blended. 

Using several non-related cultivars as pollinators, instead of barely one, may lead to higher 

levels of heterozygosity or, in other words, may minimize the risks associated with poorly 

performing Plus-Hybrids. 

Since the life cycle of a grain-maize hybrid is often relatively short, promising new inbred 

lines, which are potential components of a Plus-Hybrid, should be converted to male-sterile 

versions at the same time as they are used to produce test-hybrids.  

In principle, this system may be applied with many cross-pollinating crops that produce a 

sufficient surplus of pollen; male-sterile plants and pollinators should then be grown in 

mixtures. An extension of the Plus-Hybrid system would be to grow transgenic cytoplasmic 

male-sterile plants, mixed with male-fertile non-transgenic plants, to prevent the release of 

viable pollen from genetically modified crops. 
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ZUSAMMENFASSUNG 

 

Cytoplasmatisch männliche Sterilität (CMS) wurde bei Mais in den fünfziger und 

sechziger Jahren in den USA intensiv genutzt und eingehend untersucht. Der herausragende 

Vorteil von CMS ist, dass auf mechanisches oder manuelles Entfahnen verzichtet werden 

kann und so beträchtliche Kosten in der Produktion von Hybridsaatgut eingespart werden. 

Nach der Helminthosporium maydis-Epidemie im Sommer 1970 im US Corn Belt, wurde die 

Verwendung und folglich auch die Erforschung von CMS abrupt beendet. Mit steigendem 

ökonomischen Druck auf die Preise von Hybridsaatgut und der damit verbundenen Suche 

nach kostengünstigen Produktionsmethoden, ist CMS jedoch wieder ins Blickfeld gerückt. In 

Europa und in den USA steigt der Anteil der kommerziellen Hybridsorten die mit CMS 

produziert werden wieder an. 

Im Gegensatz zu den sechziger Jahren existieren zur Zeit kaum neuere Untersuchungen 

über die Effekte von CMS auf Ertragsparameter. Es ist jedoch zu erwarten, dass CMS nebst 

der Pollensterilität auch die Ertragsleistung positiv beeinflussen kann. Es werden nämlich pro 

fertile Pflanze ungefähr 14 bis 50 Million Pollenkörner freigesetzt. Dies entspricht etwa 

100'000 Pollenkörnern pro befruchtetem Maiskorn. Diese Überproduktion an Pollen ist 

vermutlich eine Verschwendung von Wachstumsressourcen und könnte vermieden werden, 

wenn nur ein Teil des Feldbestandes aus männlich fertilen- und der Rest aus männlich sterilen 

Pflanzen bestünde. Eine Unterbindung dieses verschwenderischen Prozesses in einem frühen 

Wachstumsstadium kann für positive Effekte auf den Kornertrag verantwortlich sein. 

Ist eine Pflanze männlich steril, so stehen zu derer natürlichen Bestäubung zwei Varianten 

offen: die Selbstbefruchtung (isogene Bestäubung) oder die Fremdbefruchtung (nicht- isogene 

Bestäubung). Der unmittelbare Effekt von nicht verwandtem Pollen auf nicht-mütterliches 

Gewebe des Korns wird als "Xenien-Effekt" bezeichnet, und ist ein weiterer biologischer 

Faktor, der die Kornentwicklung beeinflussen kann. Positive Xenien-Effekte auf den Ertrag 

sollten dazu führen, den konventionellen Anbau von Körnermais in Industrieländern zu 

überdenken, bei dem nur eine Sorte pro Feld angebaut wird. In diesem Fall repräsentiert das 

Erntegut der Einfachhybriden nämlich die F2-Generation (nach der Kreuzung der 

Inzuchtlinien) und ist daher schon einer Inzuchtdepression unterworfen. Es kann daher 

vorteilhaft sein, männlich sterile Hybriden mit Pollen von nicht-verwandten Genotypen zu 

bestäuben. 
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Die Hypothese dieser Arbeit war, dass die Kombination von männlicher Sterilität und 

Xenien-Effekten zu sogenannten "Plus-Hybriden" eine Möglichkeit darstellt, 

Körnermaiserträge zu steigern, im Vergleich zum konventionellen Anbau. Plus-Hybriden 

bestehen aus einem männlich sterilen Hybrid, der durch einen anderen, nicht verwandten 

Hybrid bestäubt wird. Diese zwei verschiedenen Hybriden können im Feld in verschiedenen 

Reihen oder, was unter Praxisbedingungen eher realisierbar ist, als Mischungen von männlich 

sterilen Hybriden und fertilen Bestäubern (Pollenspendern) angebaut werden. 

Zwecks einer raschen praktischen Anwendung, wurden folgende Bedingungen für die 

Experimente aufgestellt: (i) nur aktuelle kommerzielle Hybriden oder Testhybriden wurden 

untersucht, (ii) alle möglichen Zuchtmaterial-Kombination (Zahnmais × Zahnmais, Zahnmais 

× Hartmais, Hartmais × Hartmais) wurden in ihrer jeweiligen Umwelt geprüft, (iii) alle drei 

Typen der bekannten sterilen Cytoplasmen (T, C und S) wurden verwendet. 

Kleinparzellen-Experimente wurden in neun Umwelten in der Schweiz und in 12 

Umwelten in den USA mit CMS-Hybriden, sowie in drei Umwelten in Thailand mit 

entfahnten Hybriden durchgeführt; dabei standen die männlich sterilen oder die männlich 

fertilen Hybriden jeweils im Reinbestand. Um die Ergebnisse der Kleinparzellen-Versuche 

unter Praxisbedingungen zu bestätigen, wurden grossflächige Streifenversuche in bis zu 32 

Umwelten in den USA und in drei Umwelten in der Schweiz angelegt; dabei wurden 

männlich sterile Hybriden im Verhältnis 80:20 oder 85:15 gemischt mit männlich fertilen 

angebaut. 

Die Kornerträge der Plus-Hybriden waren im Durchschnitt höher als die des 

konventionellen  Anbaus mit männlich fertilen Hybriden; dies wurde bei jedem der drei 

Zuchtmaterial-Pools (europäisch, amerikanisch und asiatisch) beobachtet. Mit Ausnahme von 

vier Kombinationen eines männlich sterilen Hybriden mit einem nicht- isogenen 

Pollenspender beim asiatischen Genmaterial, übertrafen 30 von 34 Plus-Hybriden 

ertragsmässig den konventionellen Anbau als Reinbestand in Kleinparzellen. Die Plus-

Hybriden, die als Mischungen in den Streifenversuchen angebaut waren, hatten stets höhere 

Erträge als das Kontrollverfahren der männlich fertilen Hybriden. Signifikante 

durchschnittliche Ertragszunahmen von 8.2 % wurden in den Kleinparzellen in der Schweiz, 

und von 6.5 % in den Streifenversuchen in den USA gefunden. Ertragszunahmen, die auf dem 

0.10-Niveau signifikant waren, wurden in den Kleinparzellen in Thailand (4.4 %) und in den 

USA (4.5 %) gefunden. Ein hoher durchschnittlicher Ertragszuwachs (9.5 %) der Plus-

Hybriden bei den einjährigen Streifenversuchen in der Schweiz bestätigte die Ergebnisse der 

ersten beiden Versuchsjahre, als der beste Plus-Hybrid die männlich fertile Kontrolle um  
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21.4 % übertraf. CMS an sich (ein isogen bestäubter CMS-Hybrid wurde mit der 

entsprechenden männlich fertilen Variante verglichen) erhöhte die Kornzahl von europäischen 

Hybriden, während Xenien-Effekte an sich (ein nicht- isogen bestäubter CMS-Hybrid wurde 

mit dem isogen bestäubten CMS-Hybrid verglichen) eine Zunahme des Korngewichts 

verursachte. 

Die Gründe für diese beobachteten Ertragszunahmen liegen vermutlich im Stickstoff, den 

die männlich sterilen Pflanzen gegenüber den männlich fertilen durch Wegfall der 

Pollenproduktion einsparen und für andere Pflanzenorgane verwenden können. Die Menge an 

eingespartem Stickstoff wurde für europäische Produktionsverhältnisse auf 10 bis 30 kg 

 N ha-1 geschätzt. Die Stickstoff- und Kohlenstoffgehalte im Korn waren nicht massgebend 

verändert durch CMS oder Xenien-Effekte. Der Protein-Nettoertrag der Plus-Hybriden war 

jedoch höher als jener, der mit dem konventionellen System erreicht wurde. Das Plus-Hybrid 

System liefert also der Praxis eine innovative Methode, die Kornerträge von Maishybriden 

erheblich zu erhöhen, ohne dabei Kompromisse bei der Kornqualität eingehen zu müssen. 

Die deutlichsten Ertragsvorteile der Kombination von männlicher Sterilität und Xenia 

wurden mit europäischem Zahnmais × Hartmais Material gefunden. Die US Zahnmais-

Hybriden zeigten keinen vergleichbaren Ertragszuwachs, aber sie zeigten ebenfalls positive 

Reaktionen auf beide Effekte. Das asiatische Zuchtmaterial, das in dieser Studie verwendet 

wurde, bestand aus Hartmais- oder Semi-Hartmais-Hybriden. Nach Ansicht anderer Autoren 

ist genetische Distanz notwendig, um von Xenia zu profitieren. Genetische Distanz wurde in 

unseren Experimenten nicht ermittelt. Die Wahrscheinlichkeit einen vom männlich-sterilen 

Hybriden genug weit verwandten Bestäuber zu finden, dürfte allerdings im Zahnmais ×  

Hartmais-Pool grösser sein als im Zahnmais oder Hartmais-Pool alleine. Folglich ist der 

Nutzen von Xenia für Europäisches Zuchtmaterial möglicherweise grösser. Es wird 

angenommen, dass additive Effekte von Heterozygotie wirksam wurden; der höchste 

Ertragszuwachs in den Streifenversuchen in der Schweiz wurde beobachtet ab, als zwei 

Bestäuber gemischt wurden. Werden mehrere nicht-verwandte Sorten als Bestäuber 

verwendet, anstelle von einem einzigen, kann dies zu einem höheren Niveau der 

Heterozygotie führen oder, mit anderen Worten, das Risiko einer schlechten Plus-Hybrid 

Leistung kann minimiert werden.  

Da die Marktpräsenz einer Hybridsorte häufig verhältnismässig kurz ist, sollten neue 

Inzuchtlinien, die potentielle Kandidaten für einen Plus-Hybriden sind, parallel zur 

Produktion von konventionellen Test-Hybriden, auch auf männlich steriles Cytoplasma 

umgekreuzt werden. 
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Das Plus-Hybrid Konzept kann prinzipiell auf alle fremdbestäubten Pflanzenarten 

angewendet werden, die einen genügend hohen Pollenüberschuss aufweisen. Männlich sterile 

Pflanzen und entsprechende Pollenspender können dann in Mischungen angebaut werden. 

Eine Erweiterung des Plus-Hybrid Systems wäre, wenn transgene männlich sterile Pflanzen 

gemischt mit nicht-transgenen männlich fertilen Pflanzen angebaut werden, um die 

Freisetzung von befruchtungsfähigem Pollen durch genetisch veränderte Pflanzen zu 

verhindern. 
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Å? o? ¨ •́¤µ¤?̧ ª µ¤  Îµ? •́° ?̧ ? ¦Ế?®?¹É?�Á¤ºÉ° •¦ ·¬ ?́ ? ¨ ·? Á¤¨ È? ¡ ?́ ? »r�Á¤ºÉ° ¡ ·?µ¦ ? µ? ¹?? ¨ ? ° •Â? ? ? µ?Á«¦ ¬? ? ·? �
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¦ nª ¤ ? •́¡ ?́ ? »rÁ¡ «?¼o? ? ? ·?Ȩ́¤¡̧ ?́ ? »? ¦ ¦ ¤ Â???nµ?�(unrelated genotype) ? nµÁ? }? ? ¦ ³ Ã¥•? r? n° ? ¨ ? ¨ ·?  

 Îµ®¦ •́ª ·?¥µ?·¡ ? ? rÁ̈ n¤ ?Ȩ̂�? Ế? ¤ ¤? ·? µ? ª nµ�? µ¦ ¦ ª ¤? ?́ � (combination) ¦ ³ ®ªnµ?Á¡ «?¼oÁ? }? ® ¤ ?́ � (male 
sterility) Â̈ ³ �Xenia ? ¹É?Á¦ ¥̧ ? ªnµ�¡ ¨ ́ -Å±•¦ ·? �(Plus-Hybrid) ? º° Á? }? Â? ª ? µ?®? ¹É?Ä? ? µ¦ Á¡ ·É¤ ? ¨ ? ¨ ·? ? oµª Ã¡ ? �
? ¹É?¡ ¨ ́ -Å±•¦ ·? � ? Ȩ̂? ¦ ³ ? ° •? oª ¥¡ ?́ ? »r̈ ¼? ?  ¤ ?Ȩ́¤Á̧¡ «?¼oÁ? }? ®¤?́  (male sterility hybrid) 
Â̈ ³ ¡ ?́ ? »r̈ ¼? ?  ¤ ° ºÉ? ? Ȩ́¤¡̧ ?́ ? »? ¦ ¦ ¤ ?Ȩ́? nµ???́ � (unrelated hybrid)
? ¹É? ?Ế?  ° ? ¡ ?́ ? »r̈ ¼? ?  ¤ ?Ȩ̂° µ??¨¼? Ä? Å¦ n? oª ¥ ª ·? ?̧ ¨ ¼?Â•• ¨ •́Â? ª � ®¦ º° Ä? ? µ? ? ? ·•́? ·° µ?? ¨ ³ Á¤¨ È? � (mixture 
seeds) ¦ ³ ®ªnµ?¡ ?́ ? »r̈ ¼? ?  ¤ Á¡ «?¼oÁ? }? ® ¤ ?́ � (male st erile) ?•́¡ ?́ ? »rÄ®ö³ ° ° ? Á?  ¦ � (pollinator) 
Ä? ° ?́ ¦ µ nª ? ¦ ³ ®ªnµ?� :20 ? ¹?� :10 

?µ?Â? ª ? ·? ? ?́ ? ¨ nµª � Á¡ ºÉ° ? ÎµÅ?  ¼nÂ? ª ? µ?? ? ·•́? ·Ä? ? µ¦ ? ? ¨ ° ?�Ã? ¥? o° ?? Îµ? ¹?? ¹?� : (1) 
Ä•ö ¼? ?  ¤ ¡ ?́ ? »r?µ¦ ? oµ (commercial hybrid) ®¦ º° ¡ ?́ ? »r̈ ¼? ?  ¤ ? n° ? ? µ ¦ ? oµ�(pre-commercial hybrid) Á? nµ? Ế? �
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Ä•o? »? ? ° ¤ •·Á? •́? ? ° ? Â®¨ n?¡ ?́ ? »? ¦ ¦ ¤ � (dent x dent, dent x flint Â̈ ³ � flint x flint) 
? ?  ° •Ä?  £ µ¡ Âª ? ¨ o° ¤ ? ° ? Â®¨ n?¡ ?́ ? »? ¦ ¦ ¤ ? Ế? Ç� Ä•o?Ế?� •? ·? � ? ° ?? ª µ¤Á? }? ®¤?́ �(T, C Â̈ ³ �S) 

?µ¦ ? ? ¨ ° ? Ä? Â? ¨ ? ? ? µ ? Á̈ È? � ? ? ¨ ° ?Ä? ? ¦ ³ Á? «Å? ¥�  £ µ¡ Âª ? ¨ o° ¤ � ? oª ¥? µ¦ ? ° ? ¥° ? � (detassel) 
? ° ? ¡?́ ? »r̈ ¼? ?  ¤ � ? ? ¨ ° ?Ä? ? ¦ ³ Á? «  ®¦ ?́ ° Á¤¦ ·? µ�  £ µ¡ Âª ? ¨ o° ¤ � Â̈ ³ Ä? ? ¦ ³ Á? «  ª · Á? ° ¦ rÂ¨ ? ? r�
 £ µ¡ Âª ? ¨ o° ¤ � ? ¹É?? Ế?Ä?  ®¦ ?́ ° Á¤¦ ·? µÂ̈ ³  ª · Á? ° ¦ rÂ̈ ? ? rÄ•o¡ ?́ ? »r̈ ¼? ?  ¤Á? }? ®¤?́ � (cms-hybrid) 
Â̈ ³ Á¡ ºÉ° Á? }? ? µ¦ ¥º? ¥ ?́ ? o° ¤ ¼̈? Ȩ́Å?o? µ ? ? µ ¦ ? ? ¨ ° ? Ä? Â? ¨ ? ? ? ¨ ° ? ? ? µ?Á̈ È? �
Å? o? ? ¨ ° ? Ä?  £ µ¡ Â? ¨ ? Á? ¬ ? ¦ ? ¦ � (on-farm) Ã? ¥ ? ¨ ¼?Â••? ¨ ³ ¡ ?́ ? »r� (large-strip mixture) ?Îµ? ª ? �
 £ µ¡ Âª ? ¨ o° ¤ Ä?  ®¦ ?́ ° Á¤ ¦ ·?µ�Â̈ ³ �  £ µ¡ Âª ? ¨ o° ¤ Ä?  ª · Á? ° ¦ rÂ̈ ? ? r 

? ¨ ? ¨ ·? Á¤ ¨ È? � (grain yield) ? ° ? ¨ ¼? ?  ¤ ¡ ¨ ́ -Å±•¦ ·? � Ä®o? ¨ ? ¨ ·?  ¼?? ª nµ? µ¦ ? ¨ ¼? Ä?  £ µ¡ ? ? ? ·? Ế?�
Â®¨ n? ¥»Ã¦ ? �  ®¦ ?́ ° Á¤¦ ·? µ�Â̈ ³ Á° Á? ¥̧ ¥?Áª o? ? µ ¦ ? ? ¨ ° ? Ä?  £ µ¡ Â? ¨ ? ? ? µ ? Á̈ È? ? ° ? ¡ ?́ ? »? ¦ ¦ ¤ ? µ ? Á° Á? ¥̧�
? ¹É?¡ •ª nµ� ? ° ¤ •·Á? •́? � ¦ ³ ®ª nµ?¨ ¼? ?  ¤¡ ?́ ? »rÁ¡ «? ¼oÁ? }? ®¤?́  (male-sterile hybrid) 
?•́¡ ?́ ? »rÄ®ö³ ° ° ? Á?  ¦ ? Ȩ́¤¡̧ ?́ ? »? ¦ ¦ ¤ ?Ȩ́Â? ? ? nµ???́ � (non-isogenic pollinator) 
? Ȩ́Ä®o? ¨ ? ¨ ·? Á? ¥̧•Á? nµ?µ¦ ? ¨ ¼? Ä?  £ µ¡ ? ? ? ·� nª ? ¡ ?́ ? »r¡ ¨ ́ -Å±•¦ ·? � ? Ȩ́? ¨ ¼? Â••? ¨ ³ Á¤ ¨ È? Ä? Â? ¨ ?? ? µ? Ä®•n 
(large strip trial) Ä®o? ¨ ? ¨ ·? ?Ȩ́ ¼? ? ª nµ¡ ?́ ? »r̈ ¼? ?  ¤ Á¡ «?¼o? ? ? ·� (male-fertile hybrid) ?Ȩ́? ¨ ¼? Ä?  £ µ¡ ? ? ? ·
?µ??µ¦ ? ? ¨ ° ? ¡ •ª nµ? ¨ ? ¨ ·? Á? ¨Ȩ́¥?°?Á¤ ¨ È? ? oµª Ã¡ ? ? Ȩ́Á¡ ·É¤ ? ¹Ê? Â̈ ³ ¤ ?̧ ªµ¤Â???nµ??µ? ? ·? ·�
Ä? Â? ¨ ? ? ? ¨ ° ? ? ? µ ? Á̈ È? Ä?  ª · Á? ° ¦ rÂ̈ ? ? r�Â̈ ³ Â? ¨ ?? ? ¨ ° ?? ? µ? Ä®•nÄ?  ®¦ ?́ ° Á¤¦ ·? µ� ¼? ? ¹?� .2 % 
Â̈ ³ � .5% ?µ¤¨Îµ?•́�? ¨ ? ¨ ·? Á? ¨ Ȩ́¥? Ȩ́Á¡ ·É¤? Ȩ́? ¹Ê? ?µ? Â? ¨ ?? ? ¨ ° ? ? ? µ? Á̈ È? Ä? ? ¦ ³ Á? «Å? ¥� .4 % 
Â̈ ³ Ä?  ®¦ ?́ ° Á¤ ¦ ·?µ� .5 %  nª ? ? µ¦ ? ¨ ¼? ¡ ¨ ́ -
Å±•¦ ·? Ä? Â? ¨ ? ? ? ¨ ° ? ? ? µ?Ä®•nÄ?  ª · Á? ° ¦ rÂ̈ ? ? r? ¨ ? ¨ ·? Á¡ ·É¤?¹Ê? � .5 % 
Â?nÅ¤nÂ???nµ??µ? ? ·? ·?µ? ? µ¦ ? ¨ ¼? ? ? ? ·
? ¨ ? ¨ ·? ?Ȩ́Á¡ ·É¤ ? ¹Ê? ? ° ? ? µ¦ ? ¨ ¼?Â••? ¨ ³ Á¤ ¨ È?¥º? ¥ ?́ ? o° ¤ ¼̈? Ȩ́Å?o? µ ? ? µ ¦ ? ¨ ¼? ? ° ? Â ? ¨ ? ? ? ¨ ° ? ? ? µ?Á̈ È? Ä?  ª ·
Á? ° ¦ rÂ̈ ? ? r�?µ? ? ° ¤ •·Á? •́? ? Ȩ́? ?̧ Ȩ́ »? ¡ •ª nµ�¡ ¨ ́ -Å±•¦ ·? � Ä®o? ¨ ? ¨ ·?  ¼?? ª nµ? µ¦ ? ¨ ¼? ¡ ?́ ? r̈ ¼? ?  ¤Â••? ? ? ·�
 ¼??¹?� .4 %  Á¤ºÉ° ¡ ·?µ¦ ? µÁ? ¡ µ³ ¡ ?́ ? »r¡ •ª nµ� cms per se ( an isogenically pollinated cms-hybrid 
Á? ¦ ¥̧•Á? ¥̧•?•́�corresponding male-fertile counterpart) ¤ Â̧? ª Ã? o¤Ä®o?Îµ? ª ? Á¤ ¨ È? ?Ȩ́Á¡ ·É¤ ? ¹Ê? � Ä? ? ? ³ ? Ȩ́¡ ?́ ? »r�
xenia per se (a non-isogenically pollinated cms-hybrid Á? ¦ ¥̧•Á? ¥̧•? •́�isogenically pollinated cms-hybrid)
? ³ Á¡ ·É¤Ä? ¦ ¼? ? ° ? ? ? µ?Á¤ ¨ È?  

? oµ¡ ·?µ¦ ? µ?¹? ? ¦ ·¤µ? Å? Ã? ¦ Á? ? ? ¹É?Å¤nÅ?oÄ•oÄ? ? µ¦  ¦ oµ ? ¨ ³ ° ° ? Á?  ¦ ? ° ? ¡ ?́ ? »r̈ ¼? ?  ¤ Á¡ «?¼oÁ? }? ®¤?́ �
? ¹É?µ¤µ¦?Ä?Å?Ä•oÄ? ? oµ? ° ºÉ? Ç�?µ? ? o° ¤¼̈? ° ?Ä? ¥»Ã¦ ? � ¡ •ª nµ¤ �̧ - kg N ha-1  

?ªµ¤Á? o¤ ? o? ? ° ? Å? Ã? ¦ Á? ? � Â̈ ³ ? µ¦ r•° ? ? Ȩ́Á? }? ° ? ? r? ¦ ³ ? ° •Ä? Á¤¨ È? ? ° ?¡ ¨ ́ -Å±•¦ ·? �
?µ?Â®¨n?¡ ?́ ? »? ¦ ¦ ¤ ¥ »Ã¦ ? ¥ ?́¤ °̧¥¼nÁ? ¥̧•Á? nµ? ? ? ·� nª ? ? ¦ ·¤µ? Ã? ¦ ? ?̧ ? Ế?®¤ ? ? ° ?¨ ¼? ?  ¤¡ ¨ ́ -Å±•¦ ·? �
¡ •ª nµ¤̧ ¼? ? ª nµ?µ¦ ? ¨ ¼? ? oµª Ã¡ ? ¨ ¼? ?  ¤ Â ••? ? ? ·�? ?́? Ế? ¨ ¼? ?  ¤¡ ¨ ́ -Å±•¦ ·? �
?¹?Á? }? Â? ª ? µ?®? ¹É? ?Ȩ́Á¡ ·É¤ ? ¨ ? ¨ ·? Á¤ ¨ È? ? oµª Ã¡ ? Ã?¥Å¤n? ÎµÄ®o? »? £ µ¡ Á¤ ¨ È? Á ¥̧Å?  
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? ¨ ? ¨ ·? Á¤ ¨ È? ? oµª Ã¡ ? ?Ȩ́Á¡ ·É¤?¹Ê? ° ¥ nµ?•́? Á???µ??°¤•·Á? •́? ¦ ³ ®ªnµ?¨¼? ?  ¤ Á¡ «?¼oÁ? }? ® ¤ ?́ ? •́° ·? ? ·¡ ¨ ? °
?�Xenia � •Ä? ¡ ?́ ? »? ¦ ¦ ¤ ? ° ? ¥ »Ã¦ ? � ?µ? ? µ¦ ?  ¤ ¦ ³ ®ª nµ?� dent x flint   ? ? ³ ? Ȩ́ US-hybrid (dent-hybrid)
Å¤nÅ? oÄ®o? ¨ ¨ ? ·? ?Ȩ́ ¼? ? ª nµÂ?nÂ ? ? Ä®oÁ®È? ª nµ¤¸?¨Ä??µ?•ª ? �  nª ? Â®¨ n?¡ ?́ ? »? ¦ ¦ ¤ ?µ? Á° Á? ¥̧� (Asian 
germplasm) ? Ȩ́Ä•oÄ? ? µ¦ ? ? ¨ ° ? ? ¦Ế? ?Ȩ̂Á? }? •? ·? � ®ª́ Â? È?� (flint) Â̈ ³ ¡ ª ? ? ¹É?®ª́ Â?È?� (semi-flint) 
?µ??µ???¨°??°??¼o° ºÉ? � ? ¨ nµª ª nµ�? µ¦ Ä•o? ¦ ³ Ã¥•? r?µ? � Xenia �ÎµÁ? }? ? o° ? ¤ ?̧ªµ¤®nµ???́ ? µ?¡ ?́ ? »? ¦ ¦ ¤ �
(genetic distance) ? oª ¥ �Â? n?µ? ? ? ¨ ° ?Ä? ? ¦ Ế?? Ȩ̂Å¤nÅ? o¡ ·?µ¦ ? µ? ¹?®¨ ?́ ? µ¦ Ä? ? o° ? Ȩ̂�ÂnÄ•o¡ ?́ ? »rÄ®ö³ ° ° ? Á?  ¦ �
(pollinator) ?•́¡ ?́ ? »r̈ ¼? ?  ¤ Á¡ «?¼oÁ? }? ® ¤ ?́ � (male-sterile hybrid) ? ¹É?Â???nµ??µ?¡ ?́ ? »? ¦ ¦ ¤ Ã?¥Ä•o dent x 
flint ? ¹É???¤ ¤̧µ?? ªnµ?µ¦ Ä•o�dent ?•́�dent ®¦ º° �semi-flint ? ?́ ?Ế? � «?́ ¥£ µ¡ ? ° ?? µ¦ Ä•oÂ®¨ n?¡ ?́ ? »? ¦ ¦ ¤¥»Ã¦ ? �
(Europe germplasm) ? nµ?³ Á? }? ? ¦ ³ Ã¥•? r¤ µ?Á¤ºÉ° ¡ ·?µ¦ ? µÃ?¥Ä•o�Xenia 

®µ? ¤ ¤ ? ·ª nµ� additive effect ?µ?� heterozygosity ¤ ?̧ ¨ ? n° ? ¨ ? ¨ ·? �
? ¹É?¡ •ª nµ?µ¦ ? ? ¨ ° ? Ä?  ª · Á? ° ¦ rÂ̈ ? ? r�
?µ??µ¦ ? ¨ ¼?Â••? ¨ ³ Ä? Â? ¨ ? Ä®•nÄ®o? ¨ ? ¨ ·?  ¼?  »? Á¤ºÉ° Ä•o¡ ?́ ? »rÄ®ö³ ° ° ? Á?  ¦ � (pollinator) 2 ¡ ?́ ? »r
? ¹É??µ¦Ä•o¡ ?́ ? »rÄ®ö³ ° ° ? Á?  ¦ � ¡ ?́ ? »r?Ȩ́¤ ?̧ ªµ¤Â???nµ???́ ? µ?¡ ?́ ? »? ¦ ¦ ¤ � Â? ? ? µ¦ Ä•o¡ ?́ ? »rÁ? ¥̧ª �
? nµ?³ Á? }? ? µ?®? ¹É?Ä? ? µ¦ Á¡ ·É¤ ¦ ³ ? •́� heterozygosity�? o�®¦ º° ? ¨ nµª ° ?̧ ? ¥́®? ¹É?�
Á? }? ? µ¦ ¨ ? ? ª µ¤Á Ȩ́¥??Ȩ́? ³ Á? ·? ? ¹Ê? ? •̈́ ¼? ?  ¤ ¡ ¨ ́ -Å±•¦ ·?  

ª ? •̧ª ·? � (life cycle)� ? ° ? oµª Ã¡ ? Å¤n¥µª ¤ µ ? ? ?́ � ? ?́? Ế? Ä? •nª ?? Ȩ́Å? o µ¥¡ ?́ ? »r ° ·? Á•¦ ? ¡ ?́ ? »rÄ®¤n?Ȩ́? �̧
 µ¤ µ¦ ? Á? ¨ Ȩ́¥ ?  µ ¥ ¡ ?́ ? »r° ·? Á•¦ ? Á®¨nµ? Ȩ̂Ä®o¤Á̧¡ «?¼oÁ? }? ®¤?́ Á¡ ºÉ° ? Îµ¤µÁ? }? ? ¨ ·? ¡ ?́ ? »r̈ ¼? ?  ¤ ¡ ¨ ́ -Å±•¦ ·? �
Ä? •nª ? Áª ¨ µÁ? ¥̧ ª ?•́? µ¦ ? ?  ° •? ¨ ? ¨ ·? ? ° ? ¨ ¼? ?  ¤ (test-hybrid) 

Ä? ®¨?́?µ¦Â¨oª � ¦ ³ ••¡ ¨ ́ -Å±•¦ ·? �
° µ?? ³? Îµ¤µÄ•o? ¦ ³ Ã¥•? rÄ? ? µ¦ ? ¨ ¼? ¡ º•? ?́ Â ? ¨ ? ¡ ?́ ? »? ¦ ¦ ¤ ? Ȩ́¤Á̧¡ «?¼oÁ? }? ® ¤ ?́ �(transgenic cytoplasmic male 
sterile plant) ¦ nª ¤ ? •́? µ ¦ ? ¨ ¼? ¡ º•¡ ?́ ? »r? ? ? ·Â̈ ³ ¤ Á̧¡ «?¼o? ? ? ·�
Á¡ ºÉ° Á? }? ? µ¦ ? j° ?? ?́ ¨ ³ ° ° ? Á?  ¦ ? ° ? ¡ º•? ?́ Â ? ¨ ? ¡ ?́ ? »? ¦ ¦ ¤ Å? ?  ¤ ¡ ?́ ? »r?•́¡ º•¡ ?́ ? »r? ? ? · 
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1. GENERAL INTRODUCTION  

 

 

Current and future global importance of maize 

 

Maize (Zea mays L.) is grown for both human and animal consumption. In industrialized 

countries, maize is used primarily for animal feed, followed by the 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, and is being 

grown increasingly for animal feed.  

Maize production ranks at the very top among the major cereal crops. In 2001, global 

production totals fo r the three major cereals were: 604 million metric tons for maize, 585 

million metric tons for rice, and 576 million metric tons for wheat (FAO, FAOSTAT Data, 

2002). In the period from 1997 to 1999, the industrialized nations (Western Europe, North 

America and other high- income countries) produced 48 % of the world’s maize crop, utilizing 

25 % of the annual 140 million hectares planted to maize globally (Aquino et al., 2001). The 

disparity between production and planting percentage is due to the fact that the yields of 

maize are, on average, much higher in industrialized than in developing nations. Yields in 

1997 to 1999 averaged 8.3 tons per hectare in high- income countries compared to 2.9 tons per 

hectare in developing countries (Aquino et al., 2001). Almost all the maize produced in 

industrialized countries is grown from hybrid seed, whereas open pollinated varieties 

predominate in most developing countries (Byerlee and Lopez-Pereira, 1994). 

For several decades, a considerable shift towards urbanization has occurred in developing 

countries, and this trend is expected to continue (McCalla, 1994). Shifting people from a rural 

to an urban setting typically increases the demand for meat and eggs. Consequently, the 

demand for maize as one of the most favored feed grains for livestock and poultry is also 

increased. The global demand for maize in 2020 is predicted to rise to about 138 percent of 

the 1995 demand and will then surpass the demand for rice and wheat in developing countries 

(Aquino et al., 2001). 

Two strategies are available to satisfy this growing demand: (i) an extension of the maize 

acreage or (ii) an increase in yield per unit field area. The extension of agriculture to land that 

has never been under cultivation is problematic; soil degradation, erosion, and disappearance 

of forests with shifting cultivation are only some of the problems. Nevertheless, the area 
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planted to maize is expected to continue to increase during the next 25 years, maybe to a 

slower rate than in the past quarter century. The extension of maize acreage will most likely 

be at the expense of other crops, what may have a negative impact on crop rotation. The 

projected increase in area planted to maize will not be large enough to satisfy the projected 

demand. Therefore, the increasing demand for maize can only be met if grain yields can be 

increased. The prerequisites for achieving this are to be considered on two scales: more 

intensive and specialized production by commercial growers and increased and more reliable 

production by smallholders and subsistence farmers. 

 

Heterosis 

 

"There is abundant evidence which goes to prove that crossing varieties or strains of corn 

frequently increases the yield, especially in the first hybrid generation. Corn differs from most 

other plants in that the effect of crossing can be seen the current year. This is due to xenia, or 

the hybridization of the endosperm as well as of the embryo." (Wolfe, 1915) 

 

Maize yields began to rise rapidly and continually in industrialized countries as the 

cultivation and breeding of maize underwent major changes, starting in the 1930s in the USA 

and in the 1950s in Europe. It was during this period that it became known to plant breeders 

that the progeny of a specific cross can outperform either of the two parents used. The 

phenotypic appearance of the progeny is more vigorous and the preferred organs, which 

constitute yield, are larger than those of either of the two parents. This phenomenon is called 

"Heterosis" and was first described in 1908 by Shull (I. L. Goldman in Coors and Pandey 

(Eds.), 1999). The detection of the usefulness of heterosis for plant breeding has lead to the 

development of inbred lines that reveal a heterotic yield advantage when they are crossed. 

Maize was the first plant species for which heterosis was exploited by introducing 

commercial hybrids. At the beginning, hybrid maize seed was produced by manual 

detasseling of the female parent to prevent self-pollination. The major disadvantage of this 

method is that it is labor- intensive and, consequently, results in high production costs.  
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Cytoplasmic male sterility (cms) 

 

"... The experiments indicate that there is more pollen produced by the corn plant than is 

necessary to produce a maximum crop and that this over production is an exhaustive 

process."  (Watson, 1893) 

 

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

maize in 1931; however, this male-sterile strain has since been lost. In 1944, Rogers detected 

cms in a Mexican OPV (Golden June), referred to subsequently as (Texas) T-cytoplasm 

(Rogers and Edwardson, 1952). In the 1950s, Jenkins detected a new type of cms in Teopod 

maize and referred to it as  (USDA) S-cytoplasm, which was then developed for commercial 

use by Jones et al. (1957). Finally, Beckett (1971) found a third type of cms in Brazilian 

maize and referred to it as (Charrua) C-cytoplasm. Today, these three types represent still the 

main classification groups of male-sterile cytoplasm, although many new sources have been 

found and described. 

Cms represents a unique example of a maternally inherited trait with a major economic 

importance. It was realized that manual detasseling of maize plants would no longer be 

required. This new male sterility system was utilized in the commercial production of hybrid 

seeds after methods had been developed for restoring fertility with nuclear genes. In the late 

1960s, at least 84 sources of cms had been described (Duvick, 1965), but the Texas source 

was the most extensively used because of the ease of finding suitable restorer genotypes and 

because of the complete and stable absence of pollen. It was estimated that 85 % of US hybrid 

corn planted in 1970 was produced with cms-T (Ullstrup, 1972). However, in the season 

1970, a new race of the pathogen Helminthosporium maydis occurred and caused an epidemic 

of the disease called "Southern Corn Leaf Blight". This new race became virulent only on 

maize carrying the T-cytoplasm and affected most of the regions in the US Corn Belt. Whole 

areas of maize were wiped out and there was an overall 50 % loss in yield, estimated to an 

economic damage of 1 to 1.5 billion dollars. Most seed suppliers immediately increased the 

production of lines carrying normal cytoplasm, but seed prices increased rapidly. This is often 

considered to be the greatest loss in biomass ever experienced. Within four years, hybrid 

maize companies had reverted completely to the use of normal male-fertile cytoplasm. 

It soon became obvious that any cytoplasm restored by cms-T restorer genes was also 

susceptible to race T of Helminthosporium maydis; no exceptions were found (Duvick and 

Noble, 1978). In the following years, both S- and C-cytoplasm became prospective for the use 
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in hybrid seed production. Cms-S was imperfectly sterile, and genotypes carrying this source 

were affected to unpredictable restoration to fertility by varying environmental conditions. C-

cytoplasm was the only cytoplasm that could be considered for use in hybrid seed production. 

However, the concern that in a few years all maize might be on a very narrow cytoplasmic 

gene base again gave reason to prevent the use of C-cytoplasm for many years. It is difficult 

to obtain actual data regarding the use of cms in hybrid seed production. In 1987, the 

American Seed Trade Association (ASTA) conducted a survey of the type of cytoplasm used 

in the production of maize seeds in the US: 66 % of maize seed in the USA was produced 

using normal fertile (N-) cytoplasm, while 22 and 12 % of maize seed was produced using C- 

and S- cytoplasm, respectively (Wych, 1988). However, it is assumed that the rate of 

commercial hybrids produced with cms-C or cms-S inbred lines is constantly increasing (B. 

Fabre, Contrôleur national maïs du Service Officiel de Contrôle et de Certification, France, 

personal communication, 2001; M. Maitz, KWS Saat AG, Germany, personal 

communication, 2002). 

Before 1970, numerous studies were published on the effect of male sterility on grain 

yield. Nowadays, the opposite is true for the actual situation in maize production; except the 

preliminary investigations for this thesis (Stamp et al., 2000), no information is available for 

contemporary germplasm about the effect of male sterility on grain yield and yield 

components. The only studies which investigated the effect of cms on maize grain 

development were conducted with regard to the special use of cms in the high-oil system 

(Lambert et al., 1998; Thomison et al., 2002). 

 

Xenia as the effect of non-isogenic pollination 

 

"Agronomists have been unreasonably slow in accepting that the pollen which fertilizes the 

silk may influence the size and the weight of the grain produced as well as its color."  

(Carrier, 1919) 

 

Pollen from different sources affects the characteristics of seeds right after fertilization. 

This has been known for more than a century and was first described by Focke (1881) as 

"xenia". However, in most cross-pollinating plant species, particularly in agronomically 

relevant crops, the genetic constitution of the organs developing from the female flower is 

considered to be the main factor determining final grain yield and yield components. 

Although some traits of the mature grains (e.g. aleurone color) are also known to be 
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influenced by the genetic constitution of the pollen, there is only little knowledge about the 

importance of the genotype of the pollen-donor on final grain yield. In general, the pollen 

genotype does not play an important role in contemporary cropping systems, because modern 

cultivars satisfy certain requirements before they are added to variety lists. According to the 

UPOV1 convention, protection may be granted if a variety is (i) clearly distinguishable by one 

or more important characteristics from any other variety, (ii) sufficiently homogeneous, 

having regard to the particular features of its sexual reproduction or vegetative propagation, 

and (iii) stable, that is to say, it must remain true to its description after repeated reproduction 

or propagation. A consequence of this regulation, as it has evolved after forty years of 

application, is that in most crops different genotypes are no t planted in the same field, and, 

thus, do not act, in particular, as fruit-bearing female or pollen-shedding male plants. 

In the maize kernel, half of the genome of the embryo and one third of the genome of the 

endosperm is derived from the pollen. This means that all the traits related to the embryo and 

endosperm could potentially be modified by the pollen parent. At maturity, these two kernel 

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

Recently, more attention has been paid to the genotype of the pollen in so-called "value-

added" production systems (e.g. TopCross2). Value-added traits are those traits contained in 

specific varieties that add value or increase the price of the crop. Currently, we have several 

examples of that for maize. These are the percentage of starch, oil, protein, and the fatty acid 

composition, among other traits. Value-added traits have gained interest in the last few years 

as their potential for improving the nutritional quality and manufacturing or processing 

characteristics of maize has been proven. 

 

Combination of cms and xenia 

 

Up to now, no published study exists which focuses on the combined effects of male 

sterility and xenia with regard to maize grain yield. The hypothesis presented in this work is 

that the combination of these two biological factors represents an option for increasing maize 

grain yields, at least in a range of additive positive impacts. 

So as not to lose track of possible practical applications, three prerequisites at the 

beginning of the project were: (i) to avoid outdated information, only currently 

                                                                 
1 International Union for the Protection of new Varieties of Plants, Geneva. 
 
2 TopCross is a registered trademark of DuPont Specialty Grains, Des Moines, Iowa. 
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commercialized or test-hybrids should be investigated, (ii) to avoid restriction in terms of 

generalization of the findings, all the different combinations of germplasm (dent × dent, dent 

× flint, flint × flint) should be tested in their respective environments, and (iii) to avoid 

restriction to a specific type of cytoplasm, experiments should be conducted with all three 

types of cytoplasms (T, C and S). 

 

It was the goal of this thesis to determine whether the combination of male sterility and 

xenia has the potential to increase grain yields in a wide range of environments and with a 

large number of germplasm. Thus, a research program was developed with the aim to 

investigate this issue simultaneously in Switzerland, the USA and Thailand.  

 

Outline of the thesis 

 

The thesis is divided into four parts. 

The first part was to verify the hypothesis that both male sterility and xenia have the 

potential to increase values of grain yields and yield components. Numerous studies before 

1970 reported considerable yield gains due to cytoplasmic male sterility; thus, an aim of this 

work was to determine whether the response of current European maize germplasm to cms is 

comparable to that of previous reports with mostly US germplasm or that of the preliminary 

study with one Asian open-pollinated cultivar and two European hybrids (Stamp et al., 2000). 

Likewise, the effect of non- isogenic pollination was investigated. The two effects were 

combined to so-called "Plus-Hybrids", i.e. cms-hybrids pollinated by non- isogenic hybrids. 

Experiments designed to elucidate this hypothesis were conducted in Switzerland in 1998 and 

1999 in six environments. Cms-hybrids and non-related pollinators were planted as pure 

stands in small-plot experiments in diallel mating design. The cms-hybrids tested in 

Switzerland carried the T-cytoplasm (Chapter 2). 

 

In a second part, the relevancy of findings from 1998 and 1999 for maize production were 

evaluated under practical conditions. The cms-hybrids with the most different reactions to 

non- isogenic pollination in the two-year experiments were further investigated in 2000. Their 

male-fertile versions and an additional non- isogenic hybrid were used as pollinators. It was 

expected to have more information about genotype × environment interactions when data 

from nine different environments were available. Furthermore, cms-hybrids and non-related 
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pollinators were planted as pure stands in small-plot experiments in a diallel mating design in 

12 environments in the USA in 1999 and 2000. The cms-hybrids tested in the USA carried C- 

or S-cytoplasm. The practical approach to implement the "Plus-Hybrid" method will consist 

of blends of seeds of cms-hybrids and suitable non-related pollinators, which are 

homogeneously mixed prior to planting; this could be done by farmers or seed companies. In 

the USA, cms-hybrids were blended with non-isogenic pollinators at a ratio of 80:20 and 

planted in large strips in 32 environments from 1998 to 2000. The same was done at a ratio of 

85:15 in Switzerland in three environments in 2000 (Chapter 3). 

 

In a third part, the impact of male sterility and xenia on grain yield and yield components 

was studied with tropical flint and semi-flint germplasm in three different seasons (1996 to 

1998) in Thailand. Five male-fertile hybrids were rendered male-sterile by manual detasseling 

and were thereafter pollinated by non-related male-fertile hybrids (Chapter 4). 

 

Finally, the impact of male sterility and xenia as well as the impact of their combination in 

the Plus-Hybrid system on grain quality traits was assessed. Special attention was given to 

raw protein yield as an indicator of whether expected grain yield alterations take place at the 

expense of a decreased grain- or nutritional quality (Chapter 5). 
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2. COMBINING CYTOPLASMIC MALE STERILITY AND XENIA 

INCREASES GRAIN YIELD OF MAIZE HYBRIDS *  
 

* accepted for publication in Crop Science (11 March 2002) 

 

 

ABSTRACT - Male sterility is documented in many plant species. When a plant is male-

sterile, an open pollination by a genetically diverse pollinator is possible. This study 

investigates the combined effects of non-restored cytoplasmic male sterility (cms) and xenia 

(cross-pollination) on the grain yield of seven European flint × dent single-cross maize (Zea 

mays L.) hybrids. Open pollinated field experiments were conducted in six environments in 

Switzerland in 1998 and 1999; the design was a split-plot. The effect of cms on grain yield 

was statistically significant (P < 0.05). Three cms-hybrids in non-restored T-cytoplasm, 

pollinated by their male-fertile isogenic counterparts, had a higher grain yield (+7.4 %) than 

their male-fertile isogenic counterparts. The higher grain yield was due to a greater number of 

kernels per square meter (KN). The average increase in grain yield due to xenia was 2.6 %. 

The effects of pollinator hybrids on grain yield, kernel weight (KW), and KN were 

statistically significant (P < 0.001), whereas the pollinator ×  environment and pollinator ×  

cms-hybrid interactions were not significant. Thus, the general pollinator ability (GPA) of the 

pollinator hybrids differed significantly and consistently. Averaged across the six 

environments, the three cms-hybrids, pollinated by five non-isogenic hybrids, outyielded their 

male-fertile, isogenically pollinated counterparts by 2.1, 9.3, and 15.8 %, respectively. The 

best combination of a cms-hybrid and a non- isogenic pollinator hybrid increased grain yield 

by 21.4 % compared with the male-fertile isogenic counterpart of the cms-hybrid. Therefore, 

the "Plus-Hybrid system" (= cms-hybrids grown in mixtures with male-fertile non- isogenic 

pollinator hybrids) combines the grain yield advantages brought about by cms and xenia. 
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INTRODUCTION 

 

The effect of male sterility on grain yield has been investigated since cytoplasmic male 

sterility (cms) was first used to produce hybrid seed of maize (Zea mays L.). The published 

results are contradictory. Rogers and Edwardson (1952) reported a positive cms effect on the 

grain yield of single- and double-crosses. Sanford et al. (1965) and Pintér (1986) found higher 

grain yields due to more prolific cms-hybrids. Some authors observed that cms-hybrids 

produced higher yields under stress conditions such as narrow spacing (Chinwuba et al., 

1961; Duvick, 1965) and shortage of water and nitrogen (Bruce et al., 1966). Increases in 

grain yield as a result of male sterility were reported for Thai and Swiss varieties with varying 

amounts of nitrogen fertilizer, water supply, and different plant densities (Stamp et al., 2000). 

Other researchers reported no or inconsistent increases in the grain yield as a result of male 

sterility (Duvick, 1958; Everett, 1960; Josephson and Kincer, 1962; Lim, et al., 1974). 

Kálmán et al. (1985) investigated male-sterile inbred lines and their single-crosses and found 

that most of the male-sterile inbreds outperformed their normal fertile counterparts, while 

differences in the grain yields, due to the different cytoplasms, were inconsistent with hybrids. 

Negative effects of male sterility on grain yield have also been reported. Stringfield (1958) 

found that restored plants gave higher yields than male-sterile plants. Noble and Russell 

(1963) found a slight, insignificant decrease in the grain yield of cms-single-crosses. 

In summary, previous studies have shown that the effect of male sterility on grain yield 

seemed to be modified by natural and agronomic stresses, heterotic groups, and genotypes. In 

recent decades, genetics has brought about considerable improvements in terms of yield 

potential (Russell, 1991). Therefore, the impact of male sterility on the grain yield and yield 

components should be reevaluated for today's hybrids. 

Xenia refers to the immediate effects of a foreign pollen parent on non-maternal tissue of 

the kernel (Kiesselbach, 1960). The embryo receives one half and the endosperm one third of 

its genome from the sperm; the former contributes 11 and the latter 83 % to the dry weight of 

the kernel (Tollenaar and Dwyer, 1999). Thus, the potential influence of xenia on grain yield 

is obvious. Nevertheless, studies of the responses of grain yield to cross-pollination gave 

inconsistent results. Tsai and Tsai (1990) showed that the grain yield of the hybrid Pi3732 

increased significantly when cross-pollinated by B73 × Mo17, whereas this effect was much 

less strong when B73 × Mo17 was cross-pollinated by Pi3732. Weiland (1992) was unable to 

reproduce these findings but found that pollen from LH146 × LH82 significantly increased 
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the yields of B73Ht × LH156. Therefore, Weiland suggested that xenia is strongly affected by 

the environment. Hoekstra et al. (1985) found that the average yields of mixtures of hybrids 

under severe moisture stress were 6 % higher than expected when based on the yields of pure 

stands. The reason for the higher yields is often reported to be an increase in the single-kernel 

weight (KW) after cross-pollination (Kiesselbach and Cook, 1924; Odhiambo and Compton, 

1987; Seka and Cross, 1995; Letchworth and Lambert, 1998). Xenia on single-kernel weight 

was associated with changes in the rate of kernel growth (Seka and Cross, 1995), duration of 

grain filling (Poneleit and Egli, 1983; Bulant and Gallais, 1998), or both (Odhiambo and 

Compton, 1987). According to Hallauer and Miranda (1981), the genetic correlation between 

KW and grain yield of maize is low. Hence, the most important cause of yield increases is the 

implementation of the genetic potential of the hybrids to produce more grains per unit field 

area (Russell, 1991). However, studies of xenia on grain yield and kernel number (KN) are 

scarce. To date, no work has been published which concentrates on the combined effects of 

male sterility and xenia and their contribution to changes in grain yield and yield components. 

The aim of the present study is to quantify the changes in grain yield as a result of the 

combined effects of cms and xenia.  

We used high-yielding commercial hybrids from central Europe and their non-restored 

counterparts converted to T-cytoplasm. A reliable testing system was developed to investigate 

the combined effects of male sterility and xenia, referred to as the "Plus-Hybrid effect". 

Finally, the general pollinator ability (GPA) of male-fertile hybrids is proposed as a new 

selection criterion. 

 

 

 

MATERIAL AND METHODS 

 

Plant material and experimental design 

Seven early maturing male-sterile dent × flint single-cross hybrids, of which the female 

inbred lines were back-crossed at least five times after conversion to the male-sterile 

cytoplasm, were tested in 1998 and 1999 together with ten single-cross pollinator hybrids 

(Table 2.1). All the fertile versions had normal cytoplasm, while all the cms-hybrids had T-

cytoplasm (Liu et al., 2002). These cult ivars were selected because they were unrelated and 

supposed to flower simultaneously. Their responses to cms and xenia were not known. 

Because of non-synchronized flowering in 1998, two of the cms-hybrids (DSP16391A6ms 
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and SILTERZOms) were replaced by two other hybrids (GOLDENSOms and DSP18010ms) 

in 1999. However, GOLDENSOms produced small amounts of pollen. Therefore, 

GOLDENSOms was detasseled immediately by hand to ensure that no isogenic pollen was 

present. Pollinators and cms-hybrids were grown in a randomized split-plot design with five 

replications at six locations. The pollinator blocks (main plots) consisted of 18 rows, each 16 

m long. The rows were 0.75 m apart and the plant density was 11.5 m-2. Six sub-plots, each 

with two rows, 4 m long, were planted randomly inside the pollinator block with five cms-

hybrids and with the same male-fertile hybrid as the respective pollinator (Fig.1). Two rows 

of pollinators were sown between the cms-hybrids to ensure a non- limiting supply of pollen. 

Four border rows of the main plot and rows (4 m long) at each end of the sub-plots were 

additional sources of pollen and acted as a buffer zone to minimize contamination by pollen 

from neighboring pollinator blocks.  

 

 

Table 2.1 Genotypes used in the six environments. 
 

Eschikon, Rickenbach, and St. Aubin  Dätwil, Delley, and Lindau 

cms-hybrids  pollinators  cms-hybrids  pollinators 

CORSOms  BANGUY ‡  CORSOms  BANGUY ‡ 

DELPRIMms  CORSO §  DELPRIMms  CORSO § 

DSP16391A6ms  DELPRIM §  DSP18010ms  DELPRIM § 

SILPROms  DSP16391A6 §  GOLDENSOms  DSP18010 § 

SILTERZOms  DSP17007 §  SILPROms  DSP17007 § 

 PACTOL ¶   GOLDENSO § 

 SILPRO §   PACTOL ¶ 

 SILTERZO §   SILPRO § 
 
‡  Variety developed by Nickerson Longué, France. 
§  Variety developed by the Swiss Federal Research Station for Agriculture, 
Reckenholz, Zurich and Delley Seeds and Plants Ltd., Delley, Switzerland.  
¶  Variety developed by Ciba-Geigy, France. 

 

 

 

In 1998, the experiments were conducted at Eschikon and Rickenbach in northeastern 

Switzerland and at St. Aubin in western Switzerland; the soil at the former two sites is an 

Eutric Cambisol, and that at St. Aubin a Gleyic Cambisol. In 1999, the experiments were 

conducted at Lindau (Eutric Cambisol) and Dätwil (Haplic Calcisol) in northeastern 
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Switzerland and at Delley (Chromic Luvisol) in western Switzerland. The soil at all six 

locations was typical of arable regions in the Swiss midlands; the pH ranged from 7.3 to 7.6. 

The contents of phosphorous and potassium in dry soil, in the upper 0.3 m, extracted with 

CO2-saturated H2O, ranged from 0.13 to 0.99 mg P2O5 100-1g and 0.91 to 5.72 mg K2O 100-1g 

respectively. 
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Fig. 1: Schematic experimental layout of one pollinator block. The 
pollinator in this example is the fertile hybrid 1. This genotype 
surrounds the sub-plots with the five cms -hybrids. The male-
fertile version of hybrid 1 is tested in the sixth sub-plot in the 
pollinator block. 

 

 

Three different experimental sites were selected each year to represent a wide range of 

environments. Eschikon and Lindau, at a relatively high altitude of 550 meters above sea level 

(masl), are considered to be marginal areas for the production of grain maize. The temperature 

there, averaged over decades, tends to be rather low for plants to reach maturity. Rickenbach 

(440 masl) and Dätwil (370 masl) are more favorable, St. Aubin (440 masl) and Delley (500 

masl) are very favorable sites for the production of grain maize. Despite a relatively dry 

spring in 1998 and a long period of heavy rainfall in May 1999 both years were advantageous 

for the production of grain maize (Figure A1, Appendix). The water supply during flowering 

was sufficient, and there was no heat or cold stress. Grain yields at all locations were higher 
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than the average of the previous five years. The agricultural practices were the same as those 

implemented locally. All the fields were plowed in autumn with the exception of the field in 

Eschikon, which was plowed in spring. Sowing dates were 4 May in Lindau, 7 May in 

Rickenbach and Dätwil, 11 May in St. Aubin, 12 May in Eschikon, and 26 May in Delley. 

The amounts of the P2O5 and K2O fertilizers, which were broadcast before sowing, were 

adjusted according to the quantity of those nutrients available in the fields. Nitrogen was 

applied three times: 50 kg two weeks after sowing, 50 kg at the fifth leaf stage and 80 kg three 

weeks before flowering. The germination rate was normal at all locations and stands were free 

of weeds and diseases. 

 

 

Pollination control and investigated parameters  

A white-grain experimental hybrid, DSP17007, was used as a pollinator at all locations. In 

the sub-plot with this male-fertile hybrid, all the plants in the two rows were detasseled. The 

plants produced yellow kernels when pollinated by yellow-grain genotypes outside the 

DSP17007 pollinator block (see Fig. 1). The number of yellow grains on the ears of 10 plants 

was determined in each sub-plot with detasseled DSP17007; the rate of unwanted pollination 

within this test design was calculated.  

The first 20 plants in one row per sub-plot were used to determine the days from planting 

to anthesis, when 50 % of the plants shed pollen on the main branch and on at least two of the 

side branches of the tassel, and from planting to silking when 50 % of the plants showed silk. 

The difference between the anthesis and silking date was taken as the anthesis-silking interval 

(ASI). At physiological maturity (black layer formation), ears from the central 3 m2 of each 

sub-plot, that is, from about 35 plants, were harvested manually and dried for 2 days to a grain 

moisture content of about 60 g H2O kg-1. The ears were shelled, and a 500-g sub-sample was 

dried at 65°C to constant weight to determine the grain yield on a dry-weight basis. A sample 

of 200 kernels was taken from each sub-plot to determine the 100-kernel weight (KW). The 

number of kernels per square meter (KN) was calculated by dividing the grain yield by the 

KW. The gravimetric content of grain moisture at harvest was determined at St. Aubin and 

Delley. 
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Calculation of effects and statistics 

Male sterility effect: The grain yield and its components (KW and KN) of an isogenically 

pollinated cms-hybrid and of the corresponding male-fertile version of every replication were 

compared. "Isogenically pollinated" means that the male-sterile hybrid was pollinated by the 

same genotype. Thus, changes in grain yield, KW, and KN relative to the male-fertile hybrid 

were considered to be an effect of male sterility.  

Xenia: The grain yield and its components of a non- isogenically pollinated and of the 

same isogenically pollinated cms-hybrid were compared. "Non-isogenically pollinated" 

means that the male-sterile hybrid was pollinated by an unrelated genotype. Values relative to 

the isogenically pollinated cms-hybrid were calculated; the variations in yield were 

considered to be the result of xenia, i.e. of cross-pollination.  

Plus-Hybrid effect: When the yield of a cross-pollinated cms-hybrid was compared to the 

yield of the isogenic male-fertile hybrid, a combined effect of male sterility and cross-

pollination was calculated.  

General pollinator ability (GPA): In accordance with the concept of the general 

combining ability (GCA) and the specific combining ability (SCA) (Sprague and Tatum, 

1942), the average performance of a pollinator in combination with a broad set of cms-hybrids 

was characterized as the "general pollinator ability" (GPA). SCA was used in this study to 

designate those cases, in which certain combinations of cms-hybrid × pollinator do relatively 

better or worse than would be expected based on the average performance of the two hybrids 

involved. GPA, GCA, and SCA were estimated according to Becker (1993). 

Analysis of variance (ANOVA) and mean comparisons for absolute and relative grain 

yields, KW and KN, were conducted (PROC GLM, SAS Institute Inc. 1998). Plant density in 

the sub-plots at harvest was used as a covariance factor. Environments were combinations of 

years and locations and were treated as random factors. Sources of variation and appropriate 

F-ratios were applied according to McIntosh (1983). The comparison of means was 

performed with the Student-Newman-Keuls test. 
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RESULTS 

 

The rate of unwanted fertilization by pollen that was released from the surrounding yellow-

grain pollinator main-plots and reached the detasseled plants in the white-grain pollinator 

main plot was 3.6 % in Rickenbach, 4.7 % in Delley, 5.0 % in St. Aubin, 6.0 % in Lindau, 6.1 

% in Dätwil, and 8.0 % in Eschikon. After substituting DSP16391A6ms and SILTERZOms, 

the time intervals between anthesis of the pollinators and silking of the cms-hybrids (ASI) 

were negligible. Averaged across all the non- isogenic pollinators, DSP18010ms was the only 

cms-hybrid which showed a positive ASI value (2 days), while the other cms-hybrids reached 

silking at around the same time as anthesis of the pollinators, with averaged ASI values across 

all non- isogenic pollinators of -1 day.  

 

 

Table 2.2 Grain yield, 100-kernel weight (KW), and kernel number (KN) of three cms -hybrids tested 
in six environments and four cms -hybrids tested in three environments and the differences (%) 
relative to the corresponding male-fertile hybrid.  
 

 Tested in six environments  

cms-Hybrid Grain yield ‡    KW ‡    KN   

 g m-2  %    g 100-1 
kernels  

%     m-2  %   

CORSOms  942 + 6.3 NS  28.6 -1.2 †  3291 +7.5 NS 

DELPRIMms  1024 + 7.6 †  26.5 +0.4 NS  3880 +7.2 NS 

SILPROms  1016 + 8.2 *  29.9 -0.8 NS  3397 +9.2 * 

All cms -hybrids  994 + 7.4 *  28.3 -0.5 NS  3524 +8.0 ** 

  

 Tested in three environments  

cms-Hybrid Grain yield ‡    KW ‡    KN   

 g m-2   %    g 100-1 
kernels  

%    m-2  %   

DSP16391A6ms  970 + 1.7 NS  27.3 -2.9 *  3560 +5.2 NS 

DSP18010ms  905 + 19.7 NS  26.0 +0.5 NS  3476 +18.8 NS 

GOLDENSOms  999 + 2.0 NS  31.4 +2.9 *  3194 -0.8 NS 

SILTERZOms  872 - 0.6 NS  26.6 -5.4 NS  3293 +5.0 NS 

All cms -hybrids  936 +5.7 NS  27.8 -1.2 NS  3381 +7.1 † 
 

† ,*, **  Significant at the 0.1, 0.05, and 0.01 probability levels, respectively. NS = non-significant. 

‡  Moisture-free. 
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Effect of male sterility on grain yield and yield components 

The three cms-hybrids, tested in all six environments, had 7.4 % higher grain yields than 

their male-fertile counterparts (Table 2.2). The cytoplasm × genotype and cytoplasm ×  

environment interactions were not significant across the six environments, indicating that the 

effect of male-sterility on grain yield was relatively consistent across hybrids and 

environments (Table 2.3). The average grain yields were around 1000 g dry weight m-2, which 

is equivalent to 11.8 t ha-1 at a moisture content of 150 g H2O kg-1. This is approximately the 

yield level of well-managed conventional Swiss farms. Three of the four cms-hybrids tested 

in three environments showed a trend toward higher yields; this trend was, however, 

insignificant (Table 2.2). The cytoplasm × genotype and cytoplasm × environment 

interactions of these hybrids were not significant. A clear tendency was not detected for KW. 

Of the three hybrids tested in six environments, only the KW of CORSOms was significantly 

different from the KW of its fertile counterpart; this difference was negative. Of the four 

hybrids tested in three environments, DSP16391A6ms had a lower, and GOLDENSOms a 

higher KW than its fertile counterpart (Table 2.2). The average KN of both sets of hybrids 

tested in three and in six environments was higher for the male-sterile version. Considering 

the minor changes in KW, the observed increases in the yield of the cms-hybrids were due to 

the significant increases in KN (Table 2.3). For two environments and three hybrids, a slight 

tendency of cms-hybrids to dry faster than their male-fertile counterparts was observed  

(+0.4 % dry matter content, at p < 0.10). 
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Table 2.3 ANOVA for the effect of male sterility on grain yield, kernel weight (KW), and kernel 
number (KN) of three cms -hybrids (CORSOms, DELPRIMms, and SILPROms) tested in six 
environments and dry matter content (DM) tested in two environments. 
 

Source of variation df Grain yield  KW  KN  df DM 

Environment (E) 5 **  ***  ***  1 *** 

          

Genotype (G) 2 *  **  ***  2 † 

G × E 10 NS  ***  *  2 NS 

          

Cytoplasm (C) 1 *  NS  **  1 † 

C × E 5 NS  NS  NS  1 NS 

C × G 2 NS  NS  NS  2 NS 

C × E × G 10 NS  NS  †  2 NS 

          

R2  0.84  0.92  0.91   0.88 

CV (%)  8.6  3.9  7.3   2.2 

 
† ,*,** ,***  Significant at the 0.1, 0.05, 0.01, and 0.001 probability levels, respectively. NS = non-significant. 
(G)   = genotype of the cms -hybrid. 
(C)  = male -fertile or male -sterile cytoplasm. 

 
 
 
Xenia and Plus-Hybrid effects: grain yield and yield components of cms-hybrids 

pollinated by a non-isogenic pollinator 

The effect of pollinator-genotype on grain yield, KW, and KN was highly significant 

across six environments and three cms-hybrids, whereas the pollinator ×  cms-hybrid and 

pollinator × environment interactions were not significant (Table 2.4). This indicates that the 

source of pollen plays an important role in determining the grain yield potential, regardless of 

the genotype of the cms-hybrid or environment. 
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Table 2.4 ANOVA for xenia on grain yield, kernel weight (KW), and kernel number (KN) for three 
cms-hybrids (CORSOms; DELPRIMms and SILPROms) and six pollinators (BANGUY, CORSO, 
DSP17007, DELPRIM, PACTOL, and SILPRO) tested in six environments and dry matter content 
(DM) of the same combinations tested in two environments. 
 

Source of variation df Grain yield  KW  KN  df DM 

Environment (E) 5 ***  ***  ***  1 *** 

          

Pollinator (P) 5 ***  ***  ***  5 † 

P × E 25 NS  NS  NS  5 NS 

          

Genotype (G) 2 **  ***  ***  2 ** 

G × E 10 ***  ***  ***  2 NS 

G × P 10 NS  NS  NS  10 NS 

G × E × P 50 NS  NS  NS  10 NS 

          

R2  0.75  0.92  0.80   0.85 

CV (%)  9.7  4.2  8.7   1.8 
 

† ,**,***  Significant at the 0.1, 0.01, and 0.001 probability levels, respectively. NS = non-significant. 
(P)  = genotype of the pollinator. 
(G)  = genotype of the cms -hybrid. 

 

 

However, the three cms-hybrids tested in six environments showed different reactions to 

xenia. The grain yield of CORSOms increased when cross-pollinated by BANGUY (+8.5 %) 

and DELPRIM (+10.9 %) compared to the isogenic pollination (Table 2.5). Both pollinators 

caused a significant increase in the KW, and they were the only pollinators to cause an 

increase in the KN of CORSOms (Table 2.6). Other pollinators did not cause an increase in 

the yield of CORSOms relative to the isogenic pollination. DELPRIMms had the highest 

yields when pollinated isogenically. The KW of DELPRIMms was always lower after non-

isogenic pollination and there were no changes in the KN. SILPROms yielded best when it 

was cross-pollinated, except when the pollen was from DSP17007. The large yield advantages 

of SILPROms due to xenia were brought about by a higher KW and a higher KN. Thus, the 

three cms-hybrids tested in the six environments represent the three possible yield reactions 

with respect to xenia: SILPROms positive, CORSOms intermediate, and DELPRIMms 

negative. Our findings for the cms-hybrids that were tested in three environments confirmed 
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the trend of yield gains due to xenia; in this set of cms-hybrids, too, the pollinator × cms-

hybrid and pollinator × environment interactions were not significant (data not shown).  

 

 

Table 2.5 Xenia and Plus-Hybrid effect on grain yield. Values (%) for xenia indicate changes 
relative to the cytoplasmic male-sterile hybrid, isogenically pollinated. Plus-Hybrid effect 
indicates changes relative to the male-fertile hybrid. Results are from six environments with 
five replications. 
 

cms-Hybrid Pollinator Grain yield ‡ Xenia  Plus-Hybrid  

  g m-2  %    %    

CORSO fertile  894   0.0 C § 
CORSOms  CORSO 942 0.0 B §   
 DSP17007 921 -0.8 B +4.5 BC 
 BANGUY 1004 +8.5 A +14.1 A 
 DELPRIM 1029 +10.9 A +16.3 A 
 PACTOL 950 +2.7 B +8.1 B 
 SILPRO 918 -2.2 B +3.2 BC 
 Average  +3.9 NS +9.3 ** 
       
DELPRIM fert.  979   0.0 AB 
DELPRIMms  DELPRIM 1024 0.0 A   
 DSP17007 928 -8.5 C -4.3 B 
 BANGUY 1017 -0.3 A +6.5 A 
 CORSO 979 -4.1 AB +3.1 AB 
 PACTOL 1003 -1.5 A +5.3 A 
 SILPRO 946 -7.0 BC -0.6 B 
 Average  -4.2 * +2.1 NS 
       
SILPRO fertile  944   0.0 B 
SILPROms  SILPRO 1016 0.0 BC   
 DSP17007 995 0.0 C +7.2 B 
 BANGUY 1097 +10.3 A +18.2 A 
 CORSO 1094 +9.4 A +17.9 A 
 DELPRIM 1142 +13.6 A +21.4 A 
 PACTOL 1071 +7.0 AB +14.6 A 
 Average  +8.0 *** +15.8 ** 
       
All cms -hybrids    +2.6 NS +9.1 *** 

 
§  Means in a column not followed by the same letter are significantly different at the 0.05 probability 
level according to the Student-Newman-Keuls Test. 
*,** , ***  Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. NS = non-significant. 
‡  Moisture-free. 
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Table 2.6 Xenia on 100-kernel weight (KW) and kernel number (KN). Values (%) for xenia indicate 
changes relative to the cytoplasmic male-sterile hybrid, isogenically pollinated. Results are from six 
environments with five replications. 
 

cms-Hybrid Pollinator  KW ‡ Xenia on KW  KN Xenia on KN 

   g  100-1 
kernels 

%   m-2 %  

CORSOms  CORSO  28.6 0.0 C  3291 0.0 AB 
 DSP17007  29.0 +1.1 BC  3179 -2.1 AB 
 BANGUY  30.6 +7.3 A  3288 +1.3 AB 
 DELPRIM  30.5 +6.6 A  3388 +4.1 A 
 PACTOL  29.5 +3.1 B  3232 -0.4 AB 
 SILPRO  29.5 +3.2 B  3116 -5.2 B 
 Average   +4.3 **   -0.4 NS 
          
DELPRIMms  DELPRIM  26.5 0.0 A  3880 0.0 A 
 DSP17007  24.6 -6.5 C  3789 -2.0 A 
 BANGUY  26.1 -1.2 AB  3911 +1.2 A 
 CORSO  25.5 -3.7 BC  3864 0.0 A 
 PACTOL  25.3 -4.3 BC  3979 +3.3 A 
 SILPRO  24.8 -6.3 C  3824 -0.6 A 
 Average   -4.3 *   +0.4 NS 
          
SILPROms  SILPRO  29.9 0.0 B  3397 0.0 C 
 DSP17007  30.0 +0.3 B  3329 -0.4 C 
 BANGUY  31.3 +4.3 A  3514 +6.1 ABC 
 CORSO  30.3 +1.1 B  3601 +8.4 AB 
 DELPRIM  31.1 +4.1 A  3665 +9.0 A 
 PACTOL  30.6 +2.2 AB  3507 +5.0 ABC 
 Average   +2.4 †   +5.6 ** 
          
All cms -hybrids     +0.7 NS   +1.9 NS 
          
 

Means in a column not followed by the same letter are significantly different at the 0.05 probability level 
according to the Student-Newman-Keuls Test. 
† ,* , **  Significant at the 0.1, 0.05, and 0.01 probability levels, respectively. NS = non-significant. 
‡ Moisture-free. 

 
 

When the grain yields of cms-hybrids pollinated by unrelated pollinators were compared to 

the grain yields of the corresponding male-fertile hybrids, i.e. the application of the so called 

"Plus-Hybrid" concept, large yield gains averaged across all non-isogenic pollinators were 

observed for SILPROms (+15.8 %) and CORSOms (+9.3 %) (Table 2.5). Specific 

combinations outperformed their male-fertile counterparts by 21.4 % (SILPROms ×  

DELPRIM), 18.2 % (SILPROms × BANGUY), 17.9 % (SILPROms × CORSO), 16.3 % 

(CORSOms × DELPRIM), 14.6 % (SILPROms × PACTOL), and 14.1 % (CORSOms ×  

BANGUY). Cross-pollinated DELPRIMms did not have significantly higher grain yields than 

its male-fertile counterpart.  
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General pollinator ability (GPA) 

The six pollinators tested in six environments showed significantly different ability to 

influence the grain yields of the three cms-hybrids (Tables 2.7 and 2.8). DELPRIM had the 

highest GPA for grain yield and KN. BANGUY had a high, positive GPA for grain yield. 

Only DELPRIM and BANGUY showed a positive GPA for KW. A positive but small GPA 

for grain yield and KN was observed for PACTOL and CORSO. DSP17007 and SILPRO 

exhibited a negative GPA for grain yield and yield components.  

 

 

Table 2.7 General pollinator ability (GPA), general combining ability (GCA), and specific 
combining ability (SCA, in italics) for moisture-free grain yield (g m-2) of six pollinators combined 
with three cms -hybrids  (CORSOms, DELPRIMms, and SILPROms), tested in six environments 
and pooled across five replications (N=90). 

 

Pollinator cms-Hybrid  GPA  

 CORSOms   DELPRIMms   SILPROms    

DELPRIM +8  -20  +12  +61 A ‡ 
BANGUY +8  -1  -7  +35 AB 
PACTOL -14  +16  -2  +4 B 
CORSO -19  -5  +24  +1 B 
SILPRO +2  +7  -9  -44 C 
DSP17007 +17  +1  -18  -56 C 

GCA (cms -hybrid) -44  -21  +65    

 
‡ Means in a column not followed by the same letter are significantly different at the 0.05 probability 
level according to the Student-Newman-Keuls Test. 
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Table 2.8 General pollinator ability (GPA), general combining ability (GCA), and specific combining 
ability (SCA, in italics) for KW (g 100-1 kernels) and KN (m-2) of six pollinators combined with three cms -
hybrids (CORSOms, DELPRIMms and SILPROms), tested in six environments and pooled across five 
replications (N=90). 

 

Pollinator cms-Hybrid  GPA 

 CORSOms   DELPRIMms   SILPROms        

 KW KN  KW KN  KW KN  KW   KN  

DELPRIM +0.1 +37  +0.2 -97  -0.3 +60  +0.8 A ‡  +102 A ‡ 
BANGUY +0.2 +10  -0.2 +7   0.0 -17  +0.8 A    +29 A 
PACTOL   0.0 -48  -0.1 +74  +0.1 -26  -0.1 B  +31 A 
CORSO -0.6 -1  +0.4 -54  +0.2 +55  -0.4 B  +43 A 
SILPRO +0.4 -37  -0.2 +46  -0.2 -9  -0.5 B  -96 B 
DSP17007 +0.1 +40  -0.2 +24  +0.1 -64  -0.7 B  -110 B 
               
GCA (cms -hybrid) +1.1 -293  -3.1 +333  +2.0 -40       

 
‡ Means in a column not followed by the same letter are significantly different at the 0.05 probability level 
according to the Student-Newman-Keuls Test. 
 

 

 

DISCUSSION 

 

Effect of male sterility 

Despite a strong variation among the genotypes, we conclude from our data that male 

sterility of high-yielding modern hybrids can increase the grain yields of maize. Two of seven 

cms-hybrids had significantly higher grain yields than their male-fertile counterparts, and the 

average increases across hybrids, tested in three and six environments, were 5.7 % and 7.4 %, 

respectively. Comparable yield gains of cms-hybrids were reported for older and modern 

maize hybrids in the USA and Europe (Chinwuba et al., 1961; Sanford et al., 1965; Bruce et 

al., 1966; Pintér, 1986; Stamp et al., 2000). It is not clear why hybrids with positive yield 

reactions to cms have not been used widely in mixtures with male-fertile pollinators for grain 

maize production. In the USA, the risk of using T-cytoplasm after the epidemics of southern 

corn leaf blight (Helminthosporium maydis) in 1970 (Ullstrup, 1972) is a concern. Another 

reason may have been the inconsistent yield changes over environments or the high 

dependency on genotype, as reported by Rogers and Edwardson (1952), Duvick (1958 and 

1965), Everett (1960), and Lim et al. (1974). These concerns may have kept breeders from 

developing cms-hybrids, even if their yield potential was greater than that of their male-fertile 

counterparts. 
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The physiological explanation for the increase in the yield of cms-hybrids is also unclear. 

In our study, no comparisons have been made of cms-hybrids with and without fertility 

restoration. Thus, it is unknown to what extent pollen sterility and the male-sterile cytoplasm 

per se contributed to the grain yield differences between the cms-hybrid and the male-fertile 

hybrid. In addition, it can be argued that observed yield increases from the selfed male-fertile 

to the sibbed male-sterile treatment may be due to the effect of sib-pollination rather than to 

the effect of the male-sterile cytoplasm per se. To separate the effect of male-sterile cytoplasm 

from the effect of sib-pollination it would have been necessary to combine both types of 

cytoplasm (male-sterile and male-fertile) with both types of pollination (self- and sib-). Self-

pollination with non-restored male-sterile cytoplasm is not possible, and we did not in 

particular investigate the difference between sibbed and selfed male-fertile cytoplasm 

because, under open pollinating field conditions, maize is naturally sib-fertilized at a rate of 

85 to 99 % (Feil and Schmid, 2002). Therefore, the effect of male sterility in our study is the 

sum of effects resulting from male-sterile cytoplasm, pollen sterility, and 100 % sib-

pollination, just as would be the case in the field with a mixture of isogenic male-sterile and 

male-fertile plants.  

The effect of pollen sterility per se can be explained by the fact that fertile pollen is a 

powerful sink for mineral nutrients such as nitrogen. The nitrogen concentration in the pollen 

is much higher than in most of the plant organs. According to Hess (1990), dry pollen 

contains between 16 and 30 % protein, and the fresh weight per pollen grain is 2.47×10-7 g. 

The moisture content in fertile pollen at anthesis is 58 % (Kerhoas et al., 1987), there are 14 

to 50 million pollen grains per plant (Feil and Schmid, 2002), the nitrogen to protein ratio is 

1 : 6.25 and the density in our experiments was 11.5 plants m-2. Thus, male-sterile hybrids 

could save about 10 to 30 kg N ha-1. In addition, the developmental stage of the plant, at 

which the demand for nitrogen of male-fertile and male-sterile plants differs, may play a key 

role. The realization of the potential yield is strongly affected by a shortage of nutrients, 

especially during the flowering period (Uhart and Andrade, 1995). Nitrogen, which is not 

used at this time for pollen production, may be used in the female organs to increase the yield 

potential (Sanford et al., 1965). Physiologically this may be due to a reduced activity of the 

cms-plants to channel nitrogen into the topmost male flowering organs, comparable to a 

diminished apical dominance. 

The advantage of cms-plants is not due to nitrogen alone. Interactions of different 

metabolic processes with demands for energy and water during the preanthesis and anthesis 

periods may give an advantage to cms-plants over fully fertile plants (Criswell et al., 1974). 
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Thus, kernel primordia which are likely to be aborted in the male-fertile hybrids may have 

better access to nutrients and water in male-sterile hybrids and may survive and become real 

kernels. This hypothesis is supported by our findings that yield increases due to cms were 

associated with a higher KN across both sets of hybrids. As expected, the higher KN was 

slightly correlated with a lower KW, but the negative compensation was not significant. Thus, 

similar to our previous study (Stamp et al., 2000), the higher KN (+8.0 %) was primarily 

responsible for the higher grain yields (+7.4 %) across six environments. 

For many years, breeders have selected maize hybrids for smaller tassels (Duvick, 1997), 

which may have reduced the demand for mineral nutrients by male flowering organs as well. 

In addition to reducing the demands for nitrogen and energy, small tassels also reduce the 

shading of the uppermost leaves and may contribute to higher yields (Duncan et al. 1967). 

Such positive effects are even more pronounced in male-sterile hybrids. In our field trials, the 

upper leaves of male-fertile hybrids were covered with a large number of detached anthers 

and by a thin layer of pollen grains during the grain-filling period. The uppermost leaves of 

male-sterile plants were much cleaner, contributing to a realization of their full photosynthetic 

potential.  

The contribution of the yield components KW and KN to grain yield seemed to depend on 

the environment and on the genotype × environment interaction. In contrast, the cytoplasm ×  

genotype and cytoplasm × environment interactions were not significant for yield and yield 

components, and the hybrids in our study tended to have higher yields as a result of cms. This 

indicates that the potential yield advantage of cms-hybrids may well be found in a large 

number of today's European germplasm and in a wide range of environments. It seems that 

this chance to achieve higher grain yields has not been exploited completely and that grain 

maize production systems, at least those using European germplasm, may be able to attain 

higher grain yields if a large proportion of the crop stand would consist of cms-plants and 

only a small number of male-fertile plants would be distributed in the field to ensure complete 

fertilization. 

 

 

Xenia and Plus-Hybrid effects 

In the early 1900s, several authors considered exploiting xenia to enhance maize yields 

(Collins and Kempton, 1913; Carrier, 1919; East and Jones, 1920; Kiesselbach and Cook, 

1924; Kiesselbach and Leonard, 1932). In the past decade, other researchers suggested 

improving the performance of grain maize by making use of the benefits of xenia (Seka and 
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Cross, 1995; Bulant and Gallais, 1998). In our study, the cross-pollination of cms- hybrids 

resulted in substantial and significant yield gains as a result of xenia. These yield advantages 

can be ascribed both to a higher KW and a higher KN after cross-pollination. According to 

Bulant and Gallais (1998), the advantage of xenia is related to the genetic distance. With 

conventional single-cross hybrids, maximum heterosis is intrinsic to the hybrid seed and to 

the vegetative parts of the resulting plant. However, grains produced on such self- or rather 

sib-pollinated single-cross hybrids are the F2-generation, and the grain yield potential may be 

limited by early effects of inbreeding. We did not investigate genetic distance between the 

cms-hybrid and the pollinator, but information about the pedigree of the lines was used to 

select the single-cross hybrids. Bulant et al. (2000) investigated the enzyme activity in cross-

fertilized kernels and found that differences in the enzyme activity are expressed soon after 

fertilization but are insufficient to explain the xenia effects on kernel weight. It is known from 

the TopCross1 method (Lambert et al., 1998) that paternal genes can influence the quality of 

the kernel, i.e. the oil concentration in the endosperm and the embryo. Not only the 

prevalence of quality traits but also grain yield may increase after cross-pollination, which 

principally increases the level of heterozygosity of the kernel, also referred to as sink strength 

(Bulant and Gallais, 1998).  

Compared with their normal fertile version, the total yield gains of cms-hybrids after non-

isogenic pollination were due to the combined effect of male sterility and xenia (= Plus-

Hybrid effect) and were larger than yield gains resulting from the effect of male sterility or 

xenia alone. From a biological point of view, partitioning Plus-Hybrid effects in effects of 

male sterility and xenia is, to some extent, artificial; this was done from a theoretical point of 

view only. Nevertheless, it seems to be applicable, since yield alterations resulting from both 

effects can be added. For instance, when SILPROms was pollinated non- isogenically, an 

increase by 15.8 % in the grain yield across five pollinators was found as a result of the Plus-

Hybrid effect. Of this increase, 8.2 % resulted from the effect of male sterility and 8.0 % from 

xenia. 

The 9.1 % increase in the yield of Plus-Hybrids across all environments and all pollinators 

suggests that, in a Plus-Hybrid system, the grain biomass of high yielding hybrids may be 

increased even further; an application would be similar to the TopCross system where 90 % 

cms-hybrids are mixed with 10 % pollinators. In addition, our results may also be important 

for test procedures in cultivar trials. As early as 1919, Carrier made the remarkable comment:  

                                                                 
1 TopCross is a registered trademark of DuPont Specialty Grains, Des Moines, Iowa. 
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"We still find agronomists conducting variety and ear-to-row tests where no provision is made 

for preventing cross-pollination". Kiesselbach (1960) warned that xenia may be a possible 

source of errors in comparative yield tests. According to our study and that of Bulant and 

Gallais (1998), xenia must indeed be considered to be responsible for some of the variation in 

grain yield, especially in trials in which enclose only one or two rows of unharvested plants 

form the border zones. 

 

 

General pollinator ability (GPA) 

The pollinator genotype × cms-hybrid interaction was not significant. Thus, the effect of 

the pollinator on grain yield can be discriminated from the general yield capacity of the cms-

hybrid. GPA may be a valuable tool for identifying suitable pollinators for a Plus-Hybrid 

system. According to Becker (1993), it should be possible to preselect suitable cross-parents 

with the aid of GCA; this is a more reliable method than the selection based on the 

performance of the individual genotype. Likewise, preselection using GPA may be useful in 

the Plus-Hybrid system where two hybrids are combined. For instance, across six 

environments, male-fertile SILPRO had the highest 100-kernel weight (30.1 g), while male-

fertile DELPRIM had one of the lowest (26.2 g). In selecting for a high KW, male-fertile 

DELPRIM would be an unsuitable cross-partner, since its performance for this trait is 

relatively low. However, when using GPA to select for KW, male-fertile DELPRIM ranked 

highest, whereas male-fertile SILPRO showed a negative GPA. In line with Bulant and 

Gallais (1998), there was a weak correlation between the KW of a genotype used as pollinator 

and its GPA for KW. In contrast, Odhiambo and Compton (1987) found a significant increase 

in the KW (+4.7 g 1000-1 kernels) of the Krug yellow dent cultivar after one cycle when 

selecting both the seed parent and the pollen parent for a high KW. Seka and Cross (1995) 

reported heavier kernels (+3.9 %) after pollination by a large-grain hybrid than by a small-

grain hybrid. Furthermore, our findings seem to contradict other findings with regard to 

quality traits such as oil content. Lambert et al. (1998) found higher oil concentration in 

kernels of cms-hybrids after cross-pollination by a pollinator with a high oil concentration in 

its own kernels. Thus, for practical application, breeders may decide to look for easily 

measurable traits that are correlated with a positive GPA for grain yield.  



 46 

CONCLUSIONS 

 

Both cms and xenia can significantly increase the grain yield of European maize hybrids. 

The best results are found when both characteristics are combined to the Plus-Hybrid system. 

Six of 15 Plus-Hybrids tested across six environments showed significant increases in grain 

yield above 10 % relative to the male-fertile version. Increases in grain yield, brought about 

by the best combination of a cms-hybrid with an unrelated pollinator, were as high as 21 %. 

Therefore, we believe that the Plus-Hybrid sys tem may be of economic interest. However, a 

Plus-Hybrid must not only perform better than each of its two components, but it must also 

outperform the most recently released commercial hybrids. Thus, potential combinations must 

include elite germplasm that presumably should be genetically diverse. In view of the rapid 

breeding progress, promising new inbred lines of European germplasm should be converted to 

male-sterile cytoplasm as soon an possible, so that the Plus-Hybrids maintain their yield 

advantage over the best commercially available male-fertile hybrids. The importance of the 

pollen source for grain yield formation should not be underestimated. Assessing the general 

pollinator ability will help in the identification of suitable non- isogenic pollinator hybrids. In 

practice this system may be applied with many crops that produce a sufficient surplus of 

pollen; cms-plants and pollinators should then be grown in mixtures. An extension of the 

Plus-Hybrid system would be to grow mixtures of transgenic male-sterile plants and non-

transgenic male-fertile plants with the aim of preventing the release of transgenic pollen.  
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3. THE PLUS-HYBRID SYSTEM: A METHOD TO INCREASE GRAIN 
YIELD BY COMBINED CYTOPLASMIC MALE STERILITY AND 
XENIA * 
 

* accepted for publication in Maydica (15 April 2002) 

 

ABSTRACT - Cytoplasmic male sterility (cms) is used increasingly in hybrid seed 

production because of its superiority in terms of cost efficiency. Non-restored cms-hybrids 

often yield more than their male-fertile counterparts, especially when they are pollinated by 

unrelated plants. The combined effects of cms and genetically dissimilar pollen sources (i.e. 

xenia) are referred to as the "Plus-Hybrid" effect. The Plus-Hybrid system consists of 

blending a non-restored cms-hybrid with an unrelated male-fertile hybrid as a pollinator. The 

objectives of this study were to: (i) determine the effect of male sterility and xenia on the gain 

yield of cms-hybrids as pure stands in small-plot experiments and (ii) to confirm the results, 

obtained from small-plot experiments, with real Plus-Hybrids as blends in large-strip mixture 

trials. European and US Corn Belt germplasm was used. Small-plot experiments were 

conducted from 1998 to 2000: Two dent × flint cms-hybrids were crossed with three fertile 

hybrids in nine environments in Switzerland; two dent × dent (Corn Belt adapted) cms-

hybrids were crossed with four fertile hybrids in 12 environments, and one cms-hybrid was 

crossed with five fertile hybrids in 8 environments in the USA. Large-strip mixture trials were 

conducted from 1998 to 2000: One cms-hybrid was crossed with four pollinators in three 

environments in Switzerland; one cms-hybrid was crossed with two pollinators in 32 

environments and with three pollinators in 16 environments in the USA. The Plus-Hybrids, on 

average, outyielded their male-fertile counterparts. In Switzerland, the best Plus-Hybrid 

yielded 1.7 t ha-1 higher in the small-plot and 1.1 t ha-1 higher in the large-strip mixture trials. 

In the USA, the Plus-Hybrid effects were somewhat less strong and less consistent. Our 

results indicate that, in particular in European dent × flint germplasm, Plus-Hybrids may be a 

valuable option to further increase grain yields of high yielding maize hybrids. In the USA, 

where the dent × dent pattern predominates, further research is required to identify genetically 

diverse germplasm that will contribute a sufficiently large and consistent Plus-Hybrid effect 

to be of value to producers. 
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INTRODUCTION 

 

Cytoplasmic male sterility (cms) is common in 140 plant species (Levings, 1990). Many of 

these species are of agronomic interest such as maize (Zea mays L.), rape seed (Brassica 

napus L.), rye (Secale cereale L.), sorghum (Sorghum bicolor L.), rice (Oryza sativa L.) sugar 

beet (Beta vulgaris L.) and sunflower (Helianthus annuus L.). The utilization of cms in the 

production of F1-hybrids began with the discovery of a single cms onion plant in 1925 

(Williams and Levings, 1992). The American Seed Trade Association (ASTA) conducted a 

survey of the type of cytoplasm used in the production of maize seeds in the USA. Based on 

sales in 1987, 66 % of the seed maize in the USA was produced using normal fertile (N) 

cytoplasm, while 22 % and 12 % of seed maize was produced using cms-C and cms-S 

cytoplasm, respectively (Wych, 1988). In Europe, the rate of commercial hybrids produced 

with cms-C or cms-S inbred lines is constantly increasing (B. Fabre, SOC, France, personal 

communication, 2001). In a first study (Stamp et al., 2000) we demonstrated that cms can 

increase the yield also of modern single-cross maize hybrids, as previously described for older 

germplasm by Rogers and Edwardson (1952), Sanford et al. (1965), and Pintér (1986). 

The immediate effect of a non-related pollinator on non-maternal tissue of the kernel is 

defined as xenia (Kiesselbach, 1960). Previously, Kiesselbach and Cook (1924) reported an 

increase in single grain weight after non- isogenic pollination. Bulant and Gallais (1998) 

showed that grain yields of inbred lines were increased due to xenia. Correspondingly, one 

can hypothesize that it may be profitable when the pollen required for the pollination of male-

sterile hybrids is derived from an unrelated hybrid. Such combinations, referred to as "Plus-

Hybrids", did indeed often outyield the isogenically pollinated male-fertile hybrid (by up to 

21 %) in a series of small-plot trials (Weingartner et al., 2002). 

The impact of combined male sterility and xenia on grain yield has not yet been studied in 

a wider range of environments and germplasms. Also, the Plus-Hybrid concept has not yet 

been evaluated under practical field conditions. The first objective of the study presented in 

this chapter was to assess the grain yield alterations of non- isogenically pollinated cms-

hybrids in an extended number of environments and germplasm sources. For this reason, three 

dent × dent and two dent × flint cms-hybrids from the USA and Europe were tested as pure 

stands and pollinated by non-related male-fertile hybrids in small-plot trials. The second 

objective was to validate the Plus-Hybrid system in large-strip mixture trials. The mixtures 

consisted of 80 % cms-hybrids blended with 20 % unrelated pollinators in the USA, and of 85 

% cms-hybrids blended with 15 % unrelated pollinators in Switzerland.  
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MATERIAL AND METHODS 

 

Small-plot-trials 

In Switzerland, two cms-T (Liu et al., 2002) dent × flint single-cross hybrids, 

DELPRIMms and SILPROms (DSP Ltd., Switzerland), of medium early maturity were 

pollinated by their male-fertile counterparts. The single-cross hybrid BANGUY (Nickerson, 

France) was used as unrelated pollinator. The pollinators and cms-hybrids were grown in a 

randomized split-plot design at nine locations (46°53' to 47°35' N, 6°58' to 8°48' E, 350 to 

550 masl) in three different maturity zones from 1998 to 2000, with five replications per 

location. The main plot consisted of 18 rows of pollinators, 16 m long, 0.75 m apart. The two-

row sub-plots of cms-hybrids were planted randomly within the main plot and were 4 m long. 

Two rows of pollinators were sown between the cms-hybrids to ensure unlimited pollen 

supply. Four border rows of the main plot and 4 m rows at each end of the sub-plots were 

used as an additional pollen source and as a buffer zone to minimize contamination by pollen 

from neighboring pollinator blocks. The actual plant density was assessed for each cms-

hybrid at harvest; it was about 11.5 plants m-2. The soil types were Eutric and Gleyic 

Cambisol, Haplic Calcisol, Haplic and Chromic Luvisol, and they were typical of arable 

regions in the Swiss midlands; the pH ranged from 7.3 to 7.6. Nitrogen was applied two 

weeks after sowing, at the fifth leaf stage, and three weeks before flowering at rates of 50, 50 

and 80 kg N ha-1. Soil cultivation, sowing dates, and plant protection practices corresponded 

to those recommended for optimum commercial grain maize production at the locations at 

which the trials were conducted. 

In the USA, the cms-C hybrid N58-D1ms and the cms-S hybrid N6423ms (Syngenta, Inc.) 

were crossed with their male-fertile counterparts and with the unrelated pollinators NX6506 

(Syngenta Inc.) and Pioneer Brand 3489 (Pioneer Inc.). An additional cms-S hybrid, 

NX6205ms (Syngenta Inc.), was tested in 1999 with the four unrelated pollinators. The 

pollinators and cms- hybrids were grown in a randomized split-plot design in Illinois, Iowa, 

and Nebraska at eight locations (40° to 43°N, 89° to 99° W, 250 to 600 masl) in 1999, and at 

four locations in 2000, with two replications per location in 1999 and three in 2000. The main 

plot consisted of 28 rows of pollinators, 21 m long, 0.75 m apart. The two-row sub-plots of 

cms-hybrids were planted randomly within the main plot and were 5.3 m long. The soils were 

highly productive Mollisols. The hybrids were well adapted to the temperate environment in 

the heart of the US Corn Belt. The plant density at harvest was about 7.2 plants m-2. Nitrogen 

was applied at planting at a rate of 200 kg ha-1. At physiological maturity (black layer 
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formation), the sub-plots were manually harvested and ears were dried for 48 hours to a grain 

moisture content of about 60 g H2O kg-1. Ears were shelled, and a 500 g sub-sample was dried 

at 65°C to constant weight to determine grain yield on a dry weight base, 100-kernel weight 

(KW) and number of kernels per m2 (KN). 

 

Large-strip mixture trials 

In Switzerland, the large-strip mixture trials were conducted with 100 % SILPRO (normal 

fertile), a mixture of 85 % SILPROms with 15 % pollinators (SILPRO, DELPRIM and 

BANGUY), and a mixture of 85 % SILPROms with 7.5 % DELPRIM and 7.5 % BANGUY. 

The trials were planted in strips, 45 m long, comprising 16 rows, at three locations in 2000 in 

the same regions as selected for the small-plot trials.  

In the USA, mixtures of 80 % N6423ms with 20 % pollinators (N6423, NX6506 and 

Pioneer Brand 3489) were planted from 1998 to 2000 at 32 locations in the Corn Belt. 

N6423ms was tested for three years with NX6506 and for two years with N6423 and Pioneer 

Brand 3489. The commercial hybrid N6423 was partly produced by using a cms- line as seed 

parent and was not completely restored. Therefore, a 100 % male-fertile version was not 

available. A standard blend of 50 % fertile and 50 % sterile plants was used as the control 

treatment. The trials were sown in 150 m long strips, comprising 42 rows. The experiments 

were planted and conducted according to best farmer’s practices, and supervised by the 

scientists. In both countries, the six center rows were combine harvested, and grain yield and 

moisture content were recorded. Grain yields were adjusted to a moisture content of 155 g 

H2O kg-1. 

 

Calculations and statistics 

Male sterility effect: The grain yield of an isogenically pollinated cms-hybrid was 

compared with the grain yield of the corresponding male-fertile counterpart. An "isogenically 

pollinated cms-hybrid" means that the male-sterile hybrid was pollinated by pollen from the 

same but normal fertile genotype. Thus, values for grain yield relative to the fertile hybrid 

were calculated, for every replication,  as the effect of male sterility, which, in fact, is the sum 

of effects resulting from male-sterile cytoplasm per se, pollen sterility, and 100 % sib 

pollination. 

Xenia: The grain yield of a non- isogenically pollinated cms-hybrid was compared with the 

grain yield of the same but isogenically pollinated cms-hybrid. A "non- isogenically pollinated 

cms-hybrid" means that the male-sterile hybrid was pollinated by pollen from an unrelated 
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genotype. Differences in grain yield were calculated (for every replication) as the effect of 

cross-pollination, designated as xenia. 

Plus-Hybrid effect: The grain yield of a non-isogenically pollinated cms-hybrid was 

compared with the grain yield of the corresponding male-fertile counterpart, i.e. the Plus-

Hybrid effect was the combined effect of male sterility and xenia. 

Analysis of variance (ANOVA) and mean comparisons of grain yields were conducted 

with PROC GLM (SAS Institute Inc., 1989). The plant density at harvest was used as a 

covariance factor. Environments were combinations of years and locations and treated as 

random factors. Sources of variation and appropriate F-ratios were applied according to 

McIntosh, (1983). The comparison of means was performed with the Student-Newman-Keuls 

test.  

 

 

RESULTS 

 

In Switzerland, the two cms-hybrids tested in the small-plot trials in nine environments 

reacted with a positive trend but not significantly to male sterility (Table 3.1 and Table 3.2).  

 

 

Table 3.1 ANOVA for the effects of male sterility and xenia on grain yield of two cms -hybrids 
(DELPRIMms and SILPROms) and three pollinators (DELPRIM, SILPRO and BANGUY), tested in 
small-plot trials in Switzerland.  
 

Male sterility  Xenia 

Source of variation df Grain yield  Source of variation df Grain yield 

       
Environment (E) 8 ***  Environment (E) 8 *** 
Genotype (G) 1 NS  Pollinator (P) 2 ** 
G × E 8 †  P × E 16 NS 
Cytoplasm (C) 1 NS  Genotype (G) 1 † 
C × E 8 NS  G × E 8 * 
C × G 1 NS  G × P 2 † 
C × E × G 8 *  G × E ×  P 16 NS 
       
R2 0.87   R2 0.83  
CV (%) 7.87   CV (%) 8.84  

 
†, *, **, ***  Significant at the 0.10, 0.05, 0.01 and 0.001 probability levels, respectively. NS = non-significant. 
(G) = genotype of the cms -hybrid. 
(C) = male-fertile or male-sterile cytoplasm. 
(P) = genotype of the pollinator. 
df = degree of freedom. 
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DELPRIMms and SILPROms showed, on average, an increase in grain yield relative to their 

male-fertile counterparts by 6.0 % and 2.1 %, respectively. In 2000, when the male-fertile 

SILPRO had a very high yield level (14.0 t ha-1), SILPROms reacted negatively to male 

sterility with a decrease of -9.4 % in grain yield (data not shown). However, this drawback of 

male sterility of SILPROms was not observed in the large-strip mixture trials. With 

SILPROms, the positive effect of cms on grain yield seemed to be influenced by the 

environment and by the general yield level, whereas the positive effect of xenia was 

reproducible in all three years. 

 

 
Table 3.2 Effects of male sterility, xenia, and Plus-Hybrid in percent of grain yield changes compared 
to the male-fertile or the male-sterile counterpart, tested in small-plot trials in Switzerland.  

 

Hybrid Pollinator Yield‡  Male sterility Xenia  Plus-Hybrid  

  t ha-1  % %  %  

DELPRIM (fertile) 11.6 A 0.0   0.0  
DELPRIMms  DELPRIM 12.3 A +6.0 0.0    
DELPRIMms  BANGUY 12.4 A  +0.6  +6.6  
DELPRIMms  SILPRO 11.7 A  -4.7  +1.0  
DELPRIMms Average non-isogenic  -2.1 NS +3.8 NS 
         
SILPRO (fertile) 12.0 A 0.0   0.0  
SILPROms  SILPRO 12.2 A +2.1 0.0    
SILPROms  BANGUY 13.1 B  +7.6  +9.9  
SILPROms  DELPRIM 13.7 B  +12.6  +15.0  
SILPROms Average non-isogenic  +10.1 *** +12.5 ** 
         
Average normal male-fertile 11.8       
Average Plus-Hybrids 12.7     +8.2 ** 

 
Means in a column not followed by the same letter are significantly different at the 0.05 probability level, 
according to the Student-Newman-Keuls test. 
**,***  Significant at the 0.01 and 0.001 probability levels, respectively. NS = non-significant 
‡ Grain yield adjusted to a moisture content of 155 g kg -1 

 

 

 

Xenia had a very slight or no effect on grain yield of DELPRIMms, but had a significant 

positive effect on the grain yield of SILPROms (Table 3.2). Kernel weight and kernel number 

were both enhanced (data not shown). When both effects were combined to the Plus-Hybrid 

effect, significant higher grain yields (+8.2 %) were observed across all combinations. 

Maximum yield gains of 15 % were achieved with SILPROms × DELPRIM. The effect of the 

pollen source on grain yield was significant (P<0.01), whereas the pollinator × environment 
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interaction was not significant (Table 3.1). The two cms-hybrids reacted differently, and the 

cms-hybrid × pollinator interaction was almost significant (P<0.10). While DELPRIMms did 

not increase yields due to xenia (Table 3.2), the negative impact of cms on grain yield of 

SILPROms in 2000 was compensated by a yield increase after non- isogenic pollination, 

which is in accordance with findings from 1998 and 1999 when a highly positive Plus-Hybrid 

effect with SILPROms was recorded (Weingartner et al., 2002). 

 

 
Table3.3 Effects of male sterility, xenia, and Plus-Hybrid in percent of grain yield changes compared to 
the male-fertile hybrid SILPRO, tested in large-strip mixture trials in Switzerland. 
 

Mixture      

Hybrid  Pollinator  Yield‡  Male sterility Xenia Plus-Hybrid 

    t ha-1  % % % 

SILPRO  (fertile)  11.1 A 0.0  0.0 
SILPROms  (85%) SILPRO (15%) 11.3 A +2.4 0.0  
SILPROms  (85%) BANGUY (15%) 12.0 A  +5.6 +8.1 
SILPROms  (85%) DELPRIM (15%) 12.2 A  +7.3 +9.9 
SILPROms  (85%) DELPRIM (7.5%)      
  BANGUY (7.5%) 12.2 A  +7.9 +10.5 
         
Average Plus-Hybrids   12.1  A   +9.5 

 
Means in a column not followed by the same letter are significantly different at the 0.05 probability level 
according to the Student-Newman-Keuls test. 
‡ Grain yield adjusted to a moisture content of 155 g kg -1 
 

 

 

Large-strip mixture trials with SILPROms confirmed the findings of the small-plot trials 

although the increases were not significant. SILPROms enhanced grain yields by 2.4 % due to 

the effect of male sterility. Grain yield averages increased further as a result of the Plus-

Hybrid effect after pollination by BANGUY (+8.1 %), by DELPRIM (+9.9 %), and by the 

pollinator blend DELPRIM and BANGUY (+10.5 %) (Table 3.3). 
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In the USA, the germplasm tested in small-plot trials showed insignificant responses to 

male-sterile cytoplasm (Table 3.4). N6423ms (+1.5 %) and NX6205ms (+4.8 %) showed a 

trend to higher grain yields compared with their male-fertile counterparts, N58-D1ms did not 

show increased grain yields (Table 3.5). 

 

 

Table 3.4 ANOVA for the effects of male sterility and xenia on grain yield of the cms -hybrids N6423ms, 
N58-D1ms, and NX6205ms, with five pollinators (N58-D1, N6423, NX6205, N6506, and Pi3489), tested in 
small-plot-trials in the USA. 
 

Male sterility  Xenia 

Source of variation df Grain yield  Source of variation df Grain yield 

       
Environment (E) 11 ***  Environment (E) 11 *** 
Genotype (G) 2 NS  Pollinator (P) 4 † 
G × E 18 **  P × E 40 NS 
Cytoplasm (C) 1 NS  Genotype (G) 2 NS 
C × E 11 NS  G × E 18 *** 
C × G 2 NS  G × P 8 NS 
C × E × G 11 NS  G × E × P 68 † 
       
R2 0.95   R2 0.97  
CV (%) 8.84   CV (%) 8.71  

 
† ,**,***  Significant at the 0.10, 0.01 and 0.001 probability levels, respectively. NS = non- significant. 
(G) = genotype of the cms -hybrid. 
(C) = male-fertile or male-sterile cytoplasm. 
(P) = genotype of the pollinator. 
df = degree of freedom. 
 

 

 

The genotype of the pollinator had an almost significant (p<0.10) effect on grain yield 

across three cms-hybrids (Table 3.4). The pollinator × cms-hybrid and the pollinator ×  

environment interactions were not significant, pointing to an influence of the origin of the 

pollen, independent from the genotype of the cms-hybrid and from the environment. A 

significant increase (+7.1 %) due to xenia was found with N58-D1ms pollinated by Pioneer 

Brand 3489 (Table 3.5). A general trend to higher grain yields due to xenia was found with 

N58-D1ms and NX6205ms. N6423ms did not show a large reaction to xenia.  
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Table 3.5 Effects of male sterility, xenia, and Plus-Hybrid in percent of grain yield changes 
compared to the male-fertile or the male-sterile counterpart, tested in small-plot trials in the USA. 
 

Hybrid Pollinator Yield‡  Male sterility Xenia  Plus-Hybrid  

  t ha-1  % %  %  

N58-D1 (fertile) 11.6 AB  0.0   0.0  
N58-D1ms  N58-D1 11.5 A -0.6 0.0    
N58-D1ms  N6423 11.9 AB  +3.3  +2.7  
N58-D1ms  NX6506 11.7 AB  +1.9  +1.3  
N58-D1ms  PI3489 12.3 B  +7.1  +6.5  
N58-D1ms Average non-isogenic  +4.1 * +3.5 NS 
         
N6423 (fertile) 11.6 A   0.0   0.0  
N6423ms  N6423 11.8 A +1.5 0.0    
N6423ms  N58-D1 11.8 A  -0.6  +0.9  
N6423ms  NX6506 11.9 A  +0.5  +2.1  
N6423ms  PI3489 11.9 A  +1.0  +2.6  
N6423ms Average non-isogenic  +0.3 NS +1.9 NS 
         
NX6205 (fertile) 10.9 A   0.0   0.0  
NX6205ms  NX6205 11.4 A +4.8 0.0    
NX6205ms  N58-D1 11.6 A  +1.7  +6.5  
NX6205ms  N6423 11.9 A  +4.2  +9.2  
NX6205ms  NX6506 12.2 A  +6.9  +12.0  
NX6205ms  PI3489 11.9 A  +4.2  +9.2  
N6423ms Average non-isogenic  +4.3 NS +9.2 NS 
         
Average normal male-fertile 11.4       
Average Plus-Hybrids 11.9      +4.5 † 

 
Means in a column not followed by the same letter are significantly different at the 0.05 probability level 
according to the Student-Newman-Keuls Test. 
†, * Significant at the 0.10 and 0.05 probability levels, respectively. NS = non-significant. 
‡ Grain yield adjusted to a moisture content of 155 g kg -1. 

 

 

 

Across all Plus-Hybrids, there was an almost significant trend (p<0.10) to higher grain 

yields (+4.5 %). With NX6205ms, this trend was relatively clear (+9.2 % across four non-

isogenic pollinators). However, Plus-Hybrids with NX6205ms did not outperform the male-

fertile version in each of the eight environments (data not shown), and the yield level of male-

fertile NX6205 (10.9 t ha-1) was slightly lower than the yield levels of other cms-hybrids. 
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In large-strip mixture trials in the USA, the average yield increase, as a result of the larger 

proportion of male-sterile plants was 4.3 % (Table 3.6). In contrast to the small-plot trials, 

N6423ms increased grain yields due to the Plus-Hybrid effect significantly by 5.2 % after 

pollination by NX6506 across 32 environments, and by 5.9 % after pollination by Pioneer 

Brand 3489 across 16 environments. 

 

 

Table 3.6 Effects of male sterility, xenia, and Plus-Hybrid in large-strip mixture trials in the USA. Percentage 
of yield changes due the to male sterility and the Plus-Hybrid effect are presented in relation to the isogenic 
blend with 50 % N6423ms; percentage of yield changes due to xenia are presented in relation to the isogenic 
blend with 80 % N6423ms. 
 

Mixture 
       

Hybrid   pollinator  E  Yield†  Male sterility Xenia Plus-Hybrid 

       t ha-1  % % % 

N6423ms   (50%)‡  N6423  (50%)‡ 16  10.7 A 0.0  0.0 
N6423ms  (80%)  N6423 (20%) 16  11.2 AB +4.3 0.0  
N6423ms  (80%)  NX6506 (20%) 16  11.5 B  +2.7 +7.1 
N6423ms (80%)  Pi3489 (20%) 16  11.4 B  +1.5 +5.9 
Average Plus-Hybrids      11.5  B   +6.5 

            
N6423ms  (50%)  N6423 (50%)‡ 32  10.8 A   0.0 
N6423ms  (80%)  NX6506  (20%) 32  11.4 B   +5.2 

 
Means in a column not followed by the same letter are significantly different at the 0.05 probability level according to 
the Student-Newman-Keuls Test. 
E = Number of environments. 
† Grain yield adjusted to a moisture content of 155 g kg -1. 
‡ Standardized seed blends of 50 % fertile and 50 % sterile plants were used as control treatment. 

 

 

 

 

DISCUSSION 

 

The results of the previous chapter, based on two-year small-plot trials in Switzerland, proved 

that substantial yield gains can be expected when cytoplasmic male sterility is combined with 

xenia (Weingartner et al., 2002). However, this new Plus-Hybrid system can only be 

recommended if yield advantages are consistent across different environments and 

germplasms. Thus, extensive small-plot trials and additional large-strip mixture trials were 

conducted simultaneously in Switzerland and in the USA. 
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A methodological restriction of large-strip mixture trials may occur when a pollinator per 

se has a different yield potential than the cms-hybrid. Such a pollinator can modify the grain 

yield of the mixture without the impact of xenia. One possibility for determining whether the 

yield increase of a mixture is due to a higher yield of the pollinator per se is to consider the 

yields of this pollinator in a pure stand. For example, if the 0.7 t ha-1 yield increase of the 

mixture SILPROms × BANGUY compared with the mixture SILPROms × SILPRO is solely 

due to the higher yielding pollinator, then BANGUY in a pure stand would yield 15.8 t ha-1; 

in reality, however, this hybrid yielded 12.5 t ha-1 in a pure stand in the large-strip trials. In 

making this calculation, one must be aware that the yield of a hybrid in a pure stand is not 

easy to compare with the yield of the same hybrid in a mixture. Nevertheless, it was not 

possible that BANGUY yielded 26 % higher in the mixture with SILPROms than in a pure 

stand, since SILPROms showed very competitive vegetative growth. Therefore, by far the 

major part of the yield increase of the SILPROms × BANGUY mixture was, without a doubt, 

due to the positive impact of xenia on grain yield.  

The field tests showed that the Plus-Hybrid system can, in principle, result in an increase in 

grain yield under optimal conditions and prevent yield losses under suboptimal conditions. 

The marked decrease in the yield of SILPROms in 2000, compared to its male-fertile 

counterpart, may be linked to the unusually low temperature at all locations in July 2000 (see 

Appendix). The average daily air temperature did not exceed 15 °C for 10 days. The fact that 

this yield loss was not observed in the large-strip mixture trials may be due to differences in 

competition, e.g. dry-down process of the kernels, depending on whether the plants grow in a 

pure stand or in a mixture (Kannenberg and Hunter, 1972). However, SILPROms pollinated 

by unrelated genotypes had also in 2000 higher yields than SILPROms pollinated 

isogenically, indicating that xenia may compensate for losses which are caused by the 

unfavorable conditions for the cms-hybrids. Hence, in a Plus-Hybrid system, in which the 

effects of cms and xenia are both exploited, it is expected that grain yields will be more stable 

across years and environments.  

The extent of the yield increase due to male sterility and xenia seems to depend on the 

origin of the germplasm. While three European hybrids showed 7.4 % higher grain yields in 

the male-sterile versions (Weingartner et al., 2002), two of the US-hybrids (N58-D1ms and 

N6423ms) barely reacted to male sterility across 12 environments. In contrast, NX6205ms 

which was tested in 8 environments, showed rather high yield gains compared to the male-

fertile counterpart, due to both male sterility and xenia. A reason why such yield increases 

were nonetheless insignificant may be the low number of only two replications per 
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environment in 1999. The different responses of European and US germplasm to cms might 

be due in part to the different plant densities: 7.2 plants m-2 in the USA and 11.5 plants m-2 in 

Switzerland. Plants were grown under supposedly non limiting conditions in both countries, 

but during the whole vegetation period, short periods of weak stress may all the same have 

occurred without noticeable symptoms. In such environments, male-sterile plants may have an 

advantage over their male-fertile counterparts. Vincent and Woolley (1972) showed that 

under moisture stress, maize plants with male-sterile cytoplasm extracted more moisture from 

the soil than their male-fertile counterparts, most evident at the time of anthesis when plant 

moisture has its greatest effect on grain yields. In addition, a reduced activity of the cms-

plants to channel nutrients, water, and energy into the topmost male flowering organs of cms-

hybrids and, consequently, a reduced competition between the ear primordia and the tassel for 

this growth factors during the sensitive flowering period (Vega et al., 2001; Criswell et al., 

1974) may result in a higher kernel set. The kernel weight and the dry mater content did not 

change due to male sterility for the European cms-hybrids (data not shown). In this chapter, 

the yield increases were caused by a higher kernel number per m2. At close to limiting 

conditions when plant densities are as high as was the case in Switzerland, such advantages 

may be more important (Stamp et al., 2000). If male sterility is a very slight advantage for the 

individual plant, the total yield gain may be measurable only if the frequency of these 

individuals is increased. Therefore, positive effects of male sterility may be expressed to a 

greater extent when plant density is high. 

According to Bulant and Gallais (1998), the general advantage of cross-pollination is 

related to the genetic distance. In the USA, Pioneer Brand 3489, which is believed to be more 

distantly related to the cms-hybrids than hybrids within Syngenta, was the best pollinator 

across 12 environments with regard to xenia on grain yield. The genetic distance between the 

pollinator and the cms-hybrid may explain why European cms-hybrids showed a greater 

response to the Plus-Hybrid effect than US cms-hybrids. The chance of finding a combination 

of genotypes with a great genetic distance, resulting in a marked Plus-Hybrid effect, is 

probably higher among the European dent ×  flint hybrids than among the US dent × dent 

hybrids. In addition, Kiesselbach (1926) reported that dent varieties pollinated by flint 

varieties showed a very small increase in kernel weight (+0.3 %), but flint varieties pollinated 

by dent varieties showed a larger increase in kernel weight (+2.3 %). This may indicate that 

the flint germplasm responds more strongly to xenia than does the dent germplasm. The 

different responses may reflect the different breeding goals: European hybrids include flint 

germplasm, which is said to contribute primarily to early maturity and cold tolerance, whereas 
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the dent germplasm is used to achieve high grain yields (Hoen and Andrew, 1959; Hallauer et 

al., 1988). The contribution of the flint partner to grain yield may be enhanced with Plus-

Hybrids.  

Another reason for the different response to male sterility and xenia may be that the male-

sterile cytoplasm used in Europe and USA was not the same. After the 1970 epidemic of 

southern corn leaf blight (Helminthosporium maydis) (Ullstrup, 1972), the T-cytoplasm was 

no longer used for seed production in the USA; instead, C- and S-cytoplasm became more 

important (Darrah and Zuber, 1986). The latter two cytoplasms show gradations of male 

sterility, and the different steps of pollen formation may have been induced but then stopped 

in anthers of cms-C- or cms-S maize (Kaul, 1988). Consequently, the advantage of a lower 

demand for resources to develop male flowering organs would have been smaller in cms-C 

and cms-S hybrids. However, we did not observe plants that shed pollen. If male sterility and 

xenia is to be exploited more efficiently with germplasm from the USA, it is essential that 

either cms-C and cms-S hybrids be developed which are reliably male-sterile and in which 

pollen formation is stopped at a very early stage, or that new sources of cms be found. 

 

 

CONCLUSIONS 

 

The hypothesis that combined male sterility and xenia can increase grain yield was largely 

confirmed for European germplasm, while positive reactions were lower with US germplasm. 

In order to generate consistent and high yield increases in a Plus-Hybrid system, potential 

combinations must include elite germplasm that should presumably be genetically diverse. 

The latter may be achieved by combining different sources of germplasm using pedigree 

information or marker-evaluated genetic distance. In order to be commercially viable, a Plus-

Hybrid must show not only a higher yield than either of its two components, but it must also 

outperform the most recently released commercial hybrids. Since the life cycle of a grain-

maize hybrid on the European and US seed market is relatively short, promising new inbreds, 

which are potential components in a Plus-Hybrid, should be converted to male-sterile versions 

at the same time as they are used to produce test-hybrids. An extension of the Plus-Hybrid 

system would be to grow transgenic cytoplasmic male-sterile plants, mixed with male-fertile 

non-transgenic plants, to prevent the release of viable pollen from genetically modified crops 

(Feil and Schmid, 2002). 
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4. THE PLUS-HYBRID SYSTEM, AS A COMBINATION OF MALE 

STERILITY (BY TASSEL REMOVAL) AND XENIA, AND ITS EFFECT 

ON GRAIN YIELD AND YIELD COMPONENTS IN ASIAN MAIZE 

GERMPLASM* 

 

* A summary of this chapter and results from chapters 2 and 3 have been accepted for the 

proceedings of the 8th Asian Regional Maize Workshop, Bangkok, Thailand, 5 - 8 August 

2002 

 

ABSTRACT - The influence of detasseling on the grain yield of maize has been studied for 

more than 100 years. Most of the experimental results indicate that removal of the tassel has 

beneficial effects on grain yield. Only few studies have focused on the combined effect of 

detasseling and xenia (i.e. the pollination of male-sterile plants by non-related pollinators). 

The objective of the present study was to quantify the potential of male sterility (induced by 

detasseling) and xenia and of a combination of theses two factors to increase the grain yield of 

maize. Small-plot experiments were conducted in three seasons in Thailand, using five male-

fertile and five detasseled single-cross hybrids.  

Averaged across the three seasons and 20 possible combinations, the Plus-Hybrids 

outyielded their male-fertile counterparts by 4.4 % (p<0.10), whereas neither male sterility 

nor xenia alone influenced grain yield significantly. However, in the rainy season in 1997, 

grain yields tended to be 7.3 % (p<0.10) higher when the tassels were removed. Across all 

seasons, higher kernel weights were observed as a result of both male sterility (1.5 %, p<0.01) 

and non- isogenic pollination (4.9 %, p<0.10). Two pollinators were identified which had 

significantly different effects on kernel weight, and one pollinator was identified which 

caused a significantly lower kernel number across all male-sterile hybrids. 

Asian germplasm, too, seems to be positively affected by the Plus-Hybrid system; this 

potential should be considered for the production of grain maize. 
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INTRODUCTION 

 

Maize production in Asia with special emphasis on Thailand 

Worldwide, maize ranks first of all the cereal crops in terms of production, just ahead of 

wheat and paddy rice. In Asia, where 30 % of the global maize area is located, maize ranks 

third after rice and wheat. However, the demand for maize in Asia is expected to increase 

faster than the demand for any other cereal crop, including rice, mainly because higher 

incomes and the subsequent increase in the consumption of meat and poultry have resulted in 

a rapid intensification of the demand for maize as livestock feed. This trend is particularly 

evident in east and southeast Asia, where demand for maize is projected to increase from 150 

million tons in 1995 to 280 million tons in 2020 (Gerpacio, 2001). In southeast Asia, 35 % of 

the maize area is planted to hybrids (Aquino et al., 2001).  

 In Thailand, the total land area under maize is about 1.4 million ha, most of which is in the 

north followed by the northeastern and central parts of the country. The three-years (1997 to 

1999) average yield was 3.6 t ha-1, giving a total production of about 4.5 million tons (Aquino  

et al., 2001). Maize production in Thailand is worth around 400 million US $ (17 billion Thai 

Baht). For many years in the 1980s and 1990s, about 80 % of the total annual production was 

used in the domestic feed industries with the remainder being exported to neighboring 

countries. In recent years, however, the demand for domestic use has sharply increased, 

resulting in net imports of 180,000 tons. Maize grain is primarily used as animal feed (96 %), 

and the proportion used directly for human consumption decreased to less than 1 %; the rest is 

used as raw material for various industrial products. Starch, syrup, and oil made from maize 

are suitable for both human consumption and industrial purposes. The grains are the major 

plant parts used for animal feed; in recent years, however, livestock has been fed increasingly 

with green plants or with silage. It is possible to grow maize successfully all year round 

throughout the country, but the most suitable conditions are found in upland areas during the 

rainy season (May to October). Maize is harvested about 110 to 120 days after emergence, 

depending on the variety. More than 90 % of the varieties released by the public and private 

sector consist of flint and semi-flint grain texture, which provides, due to its hard exterior at 

maturity, some physical protection against ear rot diseases. The ratio of the maize area in 

Thailand planted to hybrids is around 90 % (Aquino et al., 2001).  
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Effects of detasseling 

An adequate amount of pollen is necessary to ensure fertilization of all the ovaries of a 

maize ear, but what is an adequate amount? About 14 to 50 million pollen grains are shed per 

fertile plant (Feil and Schmid, 2002). This corresponds to a minimum of 100,000 pollen 

grains per fertilized kernel. It has long been considered, mainly for the commercial hybrid 

seed production, whether detasseling at an early stage and, consequently, an interruption of 

the "exhaustive process" of producing excessive amounts of pollen (Watson, 1893) have 

positive effects on the seed set and grain yield. With the increased use of single-cross hybrids, 

the quantity of seeds produced on the detasseled female inbreed parent is crucial.  

Although results about the effect of detasseling, which have been reported for more than 

100 years, are contradictory, most researchers conclude that the removal of tassels has 

beneficial effects on grain yield. The first and surprisingly high yield increases of up to 50 % 

as a result of detasseling were reported by Watson (1893). Just 40 years later, Leonard and 

Kiesselbach (1932) reported an increase in yield of no more than 1.5 %. A few years later, 

Kiesselbach (1945) reported about a 0.4 % reduction in grain yield as a result of detasseling. 

The experiments of Dungan and Woodworth (1939) showed that careful detasseling resulted 

in a slight yield increase (+1.4 %). However, under unfavorable environmental conditions, 

detasseled hybrids clearly outyielded their male male-fertile counterparts by 95 % at low soil 

fertility and by more than 50 % under drought conditions and at high plant density; mainly 

because there were fewer barren plants and the ears were larger (Grogan, 1956). The author 

concluded that the tassel used the majority of available nutrients before the ear is developed. 

He observed that silking of detasseled plants occurred one to three days earlier than that of 

non-detasseled plants. Chinwuba et al. (1961), too, found the greatest positive effect (+26 %) 

at high plant densities, with similar reactions of detasseled male-fertile hybrids and their 

isogenic cytoplasmic male-sterile counterparts. Hunter et al. (1969) reported higher grain 

yields due to tassel removal which were larger and more consistent at high plant densities. 

Grain yield increases of 7 % were also found with inbred lines when only tassels were 

removed; but with every leaf removed in addition to the tassel, grain yield was reduced 

(Hunter et al., 1973). Similar results were obtained for hybrids in Europe, too (Pintér, 1986). 

Berzy et al. (1996) reported a study (Sheikh and Mall, 1977), which showed that detasseling 

at a few days after pollen shedding improved light absorption and also led to an increase in 

grain yield, as a result of heavier kernels. In most recent studies a yield increase was not 

found (Sangoi and Salvador, 1998); the absence of drought stress, and the mechanical damage 

to the leaves during detasseling contributed to prevent a positive response of grain yields to 
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tassel elimination. The genetic material, the way of detasseling, the yield potential, and 

environmental conditions probably have to be considered carefully if such an effect is to be 

expressed. 

Under natural conditions, pollination occurs with the transfer of pollen from the tassels to 

the silk that elongates and emerges from the tip of the ear shoot. The silks provide the 

pathway for the pollen to access the ovules. It is generally believed that maize plants are 

completely self-compatible. Nevertheless, about 95 % of the ovules are cross-pollinated and 

about 5 % are self pollinated (Poehlman and Sleper, 1995). If maize plants are male-sterile, 

the pollen necessary to achieve fertilization can originate either from a plant of the same 

genotype or from a plant that is a distant relative. Any immediate effect of such a relationship 

between pollen and non-maternal tissue of a kernel is referred to as "xenia" (Kiesselbach, 

1960). 

With cytoplasmic male-sterile (cms) European germplasm, both male sterility and xenia 

enhanced grain yield (see chapter 2). In a first part of this chapter, changes in yield due to 

detasseling of Asian maize hybrids, to simulate male sterility, will be investigated. In a 

second part, the effects on grain yield and yield components when the silks of such detasseled 

hybrids received non-related pollen will be discussed. 

 

 

MATERIAL AND METHODS 

 

Three field experiments were conducted during the dry season in 1996/1997 and the late 

rainy seasons in 1997 and 1998 in Thailand. Planting dates were 16 December in 1996, 5 and 

16 August in 1997 and 1998, respectively; harvest dates were 30 April in 1997, 29 November 

and 9 December in 1997 and 1998, respectively. Six tropical commercial or pre-commercial 

single-cross hybrids from different breeders, obtained by the Kasetsart University, were 

included: Cargill 933, Ciba G5445, Dekalb 999, Pacific 300, Pioneer 3011, and Suwan 3601. 

All the maize cultivars were used in a diallel mating design as detasseled hybrids and as 

pollinators. Pacific 300 did not flower synchronously to the other hybrids (4.8 days later in 

silking, and 3.4 days later in anthesis compared to the average of the other hybrids) and was 

thus not used for analysis.  

The field experiments were conducted at the National Corn and Sorghum Research Center, 

Suwan Farm, in the Nakhon Ratchashima province (14°30' N, 101°30' E) in the central 

highland on the Korat Plateau (356 masl). The experimental site has a semi-arid climate, with 
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an annual rainfall of about 1150 mm, and a dry season from November to March. The early 

rainy season starts at the end of March and the late rainy season at the beginning of August. 

During the experiment in the dry season in 1996, 105 mm rainfall were recorded, mainly in 

March and April; during the experiments in the late rainy seasons, 451 mm were recorded in 

1997 and 453 mm in 1998 (Figure A2, Appendix). The average annual temperature at the 

experimental site is about 26 to 28 °C. The soil was a reddish brown lateritic soil (ustic 

isohyperthermic, kaolinitic Oxisol) and had a clay loam texture in the upper 30 cm (21 % 

sand, 17 % silt, 62 % clay). The organic matter content was 2.6 % and the pH 6.6. The 

contents of available phosphorous (Bray-2 method) and potassium (ammonium acetate 

method) were 117 mg P2O5 and 150 mg K2O per kg dry soil.  

The design was a split-plot with three replications. The pollinator blocks (main-plots) 

consisted of 17 rows, each 14 m long. The plots were prepared using the ridge and furrow 

system with ridges 0.75 m apart and 0.25 m high. Two seeds per hill were sown manually at a 

distance of 0.25 m. After thinning to one plant per hill, the density was 5.3 plants per m2. 

Eight sub-plots, each with two rows, 5 m long, were arranged in the center of the pollinator 

block. The six detasseled hybrids and the male-fertile version of the respective pollinator 

hybrid were randomly distributed within the eight sub-plots; the male-sterile isogenically 

pollinated version was included twice. A row of pollinators was sown between the two rows 

of each detasseled hybrid, to ensure a non limiting pollen supply. Three border rows of the 

main-plot and rows (2.5 m long) at each end of the sub-plots were additional sources of pollen 

and acted as buffer zones to minimize contamination by pollen from neighboring pollinator 

blocks (see Figure 1 in chapter 2). 

Agricultural practices were according to the local standard. After ploughing, 60 kg N as 

ammonium sulfate, 60 kg P and 60 kg K ha-1 were broadcast as a mixed fertilizer and 

incorporated into the soil. At the sixth leaf stage, 50 kg N ha-1 in the form of urea were 

broadcast. Weeds were controlled with Atrazine (3 kg ha-1) and Pendimethalin (3 L ha-1) pre-

emergence herbicides. Thereafter weeds were controlled manually. Monocrotophos (750 ml 

ha-1 as a 60 % solution) was applied at the two-leaf stage and at the six- leaf stage against Corn 

Thrips (Frankliniella williamsi Hood), Asian Corn Borer (Ostrinia furnacalis Guenée), and 

Frit Fly (Oscinella frit L.). In the dry season in 1996/1997, the field was irriga ted weekly with 

40 to 50 mm water, using sprinklers for the first four weeks after planting and then furrow 

irrigation. 

As soon as the tassels emerged from the top leaf-whorl, the plants used as male-sterile 

hybrids were manually detasseled without damaging the leaves before any pollen was shed. 
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At flowering, the anthesis silking interval (ASI) was recorded for every combination of a 

detasseled hybrid and the surrounding pollinator. Because the physiologically optimal ASI 

was assumed to be 0, and suboptimal cases are positive or negative deviations from 0, a 

corrected, unidirectional anthesis silking interval (ASIc) was calculated. Due to the differing 

implications for grain set, it was assumed that anthesis that occurs one day earlier than silking 

is as suboptimal as is silking that occurs two days earlier than anthesis. Therefore, a negative 

ASI (silking earlier than anthesis) was given a grade half of that of a positive ASI (anthesis 

earlier than silking). 

At maturity, ears (without husks) from the central 6 m2 of each sub-plot (about 32 plants) 

were harvested manually. Ears were shelled and a subsample of 500 g was dried at 65 °C to 

constant weight to determine grain yield based on dry weight. A sample of 200 kernels was 

taken from each sub-plot to determine the hundred kernel weight (KW). The number of 

kernels per m2 (KN) was calculated by dividing the grain yield by the KW. After harvesting 

the ears, the plants were cut and above-ground biomass (with husks) was weighed. Plants 

were shredded and a subsample of 200 g was dried at 65 °C to constant weight to calculate 

plant dry mass and harvest index (HI). 

 

Calculation of effects and statistics 

Male sterility effect: The grain yield and its components (KW and KN) of an isogenically 

pollinated detasseled hybrid and of the corresponding male-fertile version of every replication 

were compared. "Isogenically pollinated" means that the detasseled hybrid was pollinated by 

the same genotype. Thus, changes in grain yield, KW, and KN relative to the male-fertile 

hybrid were considered to be an effect of induced male sterility.  

Xenia: The grain yield and its components of a non- isogenically pollinated and of the 

same isogenically pollinated detasseled hybrid were compared. "Non-isogenically pollinated" 

means that the detasseled hybrid was pollinated by an unrelated genotype. Values relative to 

the isogenically pollinated detasseled hybrid were calculated; the variations in yield were 

considered to be the result of xenia, i.e. of cross-pollination.  

Plus-Hybrid effect: The grain yield of a non- isogenically pollinated detasseled hybrid was 

compared with the grain yield of the corresponding male-fertile counterpart, i.e. the Plus-

Hybrid effect was the combined effect of male sterility and xenia.  

General pollinator ability (GPA): In accordance with the concept of general combining 

ability (Sprague and Tatum, 1942), the average performance of a pollinator in combination 
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with a broad set of detasseled hybrids was characterized as the "general pollinator ability" 

(GPA) and was estimated according to Becker (1993). 

Analysis of variance (ANOVA) and mean comparisons of yield, adjusted to a moisture 

content of 155 g kg-1, were conducted using PROC GLM (SAS Institute Inc., 1989). Plant 

density at harvest was used as a covariance factor. Sources of variation and appropriate F-

ratios were applied according to McIntosh (1983). To investigate the effect of male sterility, 

the genotype of the male-sterile hybrid was treated as main-plot factor and the male fertility 

state (sterile vs. fertile) as a sub-plot factor. To investigate xenia, the genotype of the 

pollinator was treated as main-plot factor and the genotype of the male-sterile hybrid as a sub-

plot factor. The comparison of means was performed with the Student-Newman-Keuls test. 

 

 

RESULTS 

 

The grain yields across all combinations of hybrids differed considerably in the three 

different seasons: 9.9 t ha-1 in the dry season with irrigation in 1996, 7.4 t ha-1 in the rainy 

season 1997, and 3.2 t ha-1 in the rainy season in 1998 when heavy lodging and leaf rust 

infection (Puccinia polysora Underw.) occurred. The genotype × season interaction was 

highly significant in the three-year data set, indicating that the yield performance of the 

different hybrids depended strongly on season, i.e. on the weather conditions and the disease 

pressure in the particular seasons. Therefore, the analysis of effects of male sterility and xenia 

was conducted separately for each season and also pooled across three seasons.  

 

Male sterility effect 

Averaged across all seasons and genotypes, there was no significant effect of male sterility 

on grain yield (Table 4.1). Nevertheless, four of five hybrids showed a trend from small  

(+1.5 %) to relatively large (+6.7 %) yield gains after detasseling, compared to their male-

fertile counterparts (Table 4.2). In the rainy season in 1997, this trend to higher grain yields 

(+7.3 %) was almost significant (p<0.10). The only hybrids which showed consistent changes 

in grain yield after detasseling in all three seasons were Cargill 993 (negative) and Dekalb 999 

(positive). Ciba G5445, Pioneer 3011, and Suwan 3601 showed different reactions from one 

season to another. The kernel weight (KW) was influenced significantly by fertility (Table 

4.1) and was increased (+1.5 %) after detasseling across all hybrids and seasons (Table 4.3). 

Ciba G5445 was the only hybrid with a uniform increase in KW in all three seasons, the other 
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hybrids showed varying reactions in the different seasons. The kernel number (KN) was not 

significantly affected by detasseling in all seasons. Only Dekalb 999 showed a uniform trend 

(to higher KN) after detasseling (Table 4.4).  

No clear trend was observed for compensation reactions between KW and KN after 

detasseling. If there had been insufficient pollen to fertilize all the silk filaments of the 

detasseled hybrids, a decrease in KN would have resulted. However, after tassel removal, the 

KN tended to increase in 53 % of the cases. The detasseled versions of some of the hybrids 

(Ciba G5445 and Suwan 3601) tended to have a higher KW and a higher KN; the KW and 

KN of Cargill 993 were (insignificantly) lower. 

Across all seasons, the number of ears per plant was not significantly influenced by 

detasseling (analysis and data not shown), but the influence of season and the genotype ×  

season interaction were significant for this trait. In the dry season in 1996 (with irrigation), a 

slight prolificacy across all hybrids (1.15 ears per plant) was observed, whereas in both rainy 

seasons, the hybrids were hardly prolific or non-prolific (1.09 ears per plant in 1997 and 0.96 

in 1998). Across all seasons and in the rainy season in 1998, the harvest index tended 

(p<0.10) to increase slightly (+ 0.9 %) after detasseling. 
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TABLE 4.1 ANOVA for the effect of male sterility on grain yield, 
kernel weight (KW), and kernel number (KN) of five detasseled 
hybrids and the respective non-detasseled counterparts as pollinators 
for each of the three seasons in Thailand and pooled across all 
seasons. 
 

Source of variation df Grain yield KW KN 

1996 / 1997 

Genotype (G) 4 NS ** * 
     
Fertility (F) 1 NS NS NS 
F * G 4 NS NS † 
     
R2  0.98 0.90 0.98 
CV (%)  2.97 3.04 2.69 

1997 

Genotype (G) 4 ** *** NS 
     
Fertility (F) 1 † † NS 
F * G 4 † † NS 
     
R2  0.94 0.99 0.84 
CV (%)  9.59 2.36 8.74 

1998 

Genotype (G) 4 *** *** *** 
     
Fertility (F) 1 NS NS NS 
F * G 4 NS NS NS 
     
R2  0.98 0.96 0.97 
CV (%)  8.12 7.08 7.36 

all seasons 

Season (S) 2 *** *** *** 
Genotype (G) 4 † NS * 
G * S 8 *** *** ** 
Fertility (F) 1 NS ** NS 
F * S 2 NS NS NS 
F * G 4 NS NS NS 
F * S * G 8 † NS NS 
     
R2  0.99 0.99 0.98 
CV (%)  7.26 3.72 7.14 

 
†, *, **, ***  Significant at the 0.1, 0.05, 0.01, and 0.001 probability levels. 
NS = non-significant. 
(F) = male -fertile or male -sterile (detasseled). 
(G) = genotype of the male-sterile hybrid. 
R2 = coefficient of determination. 
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TABLE 4.2 Effect of male sterility on grain yield of five detasseled (ms) hybrids tested in small-plot 
trials in Thailand in three seasons. Percentages of changes in yield are presented in relation to the 
isogenically pollinated male-fertile hybrid. 
 

 1996 / 1997 1997 1998 all seasons  

Hybrid yield‡ male 
sterility 

yield‡ male 
sterility 

yield‡ male 
sterility 

yield‡ male 
sterility 

 t ha-1 % t ha-1 % t ha-1 % t ha-1 % 

Cargill 993 11.2  7.0  2.8  7.0  
Cargill 993 ms 10.5 -6.6 6.9 -1.2 2.7 -3.6 6.7 -4.4  NS 
         
Ciba G5445 10.5  7.1  2.8  6.8  
Ciba G5445 ms  10.4 -1.4 8.8 +23.5 2.7 -5.3 7.3 +6.7  NS 
         
Dekalb 999 9.6  5.1  1.9  5.5  
Dekalb 999 ms  10.5 +9.3 5.1 +0.7 2.1 +7.4 5.9 +6.4  NS 
         
Pioneer 3011 8.3  9.0  4.5  7.1  
Pioneer 3011 ms  8.6 +3.9 8.7 -3.5 4.9 +8.4 7.2 +1.5  NS 
         
Suwan 3601 11.7  6.8  3.7  7.4  
Suwan 3601 ms  11.6 -0.2 8.1 +18.4 4.0 +7.0 7.9 +6.7  NS 
         
Average         
fertile hybrids 10.3  7.0  3.2  6.8  
sterile hybrids 10.3 +0.6  NS 7.5 +7.3  † 3.3 +3.3  NS 7.0 +3.2  NS 

 
‡  adjusted to a moisture content of 155 g kg -1. 

†  significant at the 0.1 probability level.  NS = non-significant. 
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TABLE 4.3 Effect of male sterility on hundred kernel weight (KW) of five detasseled (ms) hybrids 
tested in small-plot trials in Thailand in three seasons. Percentages of changes in KW are presented in 
relation to the isogenically pollinated male-fertile hybrid. 

 

 1996 / 1997 1997 1998 all seasons  

Hybrid KW‡ male 
sterility 

KW‡ male 
sterility 

KW‡ male 
sterility 

KW‡ male 
sterility 

 g % g % g % g % 

Cargill 993 36.4  28.7  21.8  29.0  
Cargill 993 ms 36.1 -0.8 28.8 +0.5 20.3 -6.9 28.4 -1.9  NS 
         
Ciba G5445 38.1  34.5  17.6  30.1  
Ciba G5445 ms  40.2 +5.6 35.6 +3.0 17.9 +1.9 31.2 +3.9  NS 
         
Dekalb 999 36.9  24.3  15.5  25.6  
Dekalb 999 ms  36.4 -1.3 23.9 -1.7 15.7 +1.6 25.4 -0.8  NS 
         
Pioneer 3011 34.1  34.5  23.4  30.3  
Pioneer 3011 ms  34.5 +1.1 34.1 -1.2 26.3 +12.6 31.3 +3.4  NS 
         
Suwan 3601 35.4  29.9  17.5  27.6  
Suwan 3601 ms  35.7 +0.9 31.7 +6.0 17.4 -0.3 28.3 +2.5  NS 
         
Average         
fertile hybrids 36.2  30.4  19.1  28.5  
sterile hybrids 36.6 +1.1  NS 30.8 +1.4  † 19.5 +2.0  NS 28.9 +1.5  ** 

 
‡  adjusted to a moisture content of 155 g kg -1. 
†, **  significant at the 0.1 and 0.01 probability levels. NS = non-significant. 
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TABLE 4.4 Effect of male sterility on kernel number m-2 (KN) of five detasseled (ms) hybrids tested in 
small-plot trials in Thailand in three seasons. Percentages of changes in KN are presented in relation to 
the isogenically pollinated male-fertile hybrid. 

 

 1996 / 1997 1997 1998 all seasons  

Hybrid KN male 
sterility 

KN male 
sterility 

KN male 
sterility 

KN male 
sterility 

 m-2 % m-2 % m-2 % m-2 % 

Cargill 993 3106  2434  1320  2287  
Cargill 993 ms 2920 -6.0 2385 -2.0 1346 +2.0 2217 -3.0  NS 
         
Ciba G5445 2771  2070  1620  2154  
Ciba G5445 ms  2587 -6.6 2482 +19.9 1496 -7.6 2188 +1.6  NS 
         
Dekalb 999 2593  2105  1251  1983  
Dekalb 999 ms  2877 +11.0 2145 +1.9 1314 +5.1 2112 +6.5  NS 
         
Pioneer 3011 2433  2604  1952  2317  
Pioneer 3011 ms  2515 +3.4 2543 -2.3 1846 -5.4 2274 -1.8  NS 
         
Suwan 3601 3293  2280  2134  2569  
Suwan 3601 ms  3263 -0.9 2541 +11.4 2287 +7.2 2697 +5.0  NS 
         
Average         
fertile hybrids 2839  2299  1655  2262  
sterile hybrids 2832 -0.2  NS 2419 +5.2  NS 1658 +0.2  NS 2298 +1.6  NS 

 
NS = non-significant. 
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Xenia 

The ANOVA across all seasons fo r Xenia showed that grain yields were not significantly 

influenced by the origin of the pollen (Table 4.5). However, the ANOVA showed an influence 

of the pollinator on KW (p<0.10) and KN (p<0.05). This influence on KW was particularly 

demonstrated for the dry season in 1996/1997 (p<0.01) and the rainy season in 1997 (p<0.05). 

The genotype × pollinator interaction was significant for this trait across all seasons and in the 

rainy season in 1997. This indicates that the KW of the five detasseled hybrids was influenced 

differently by xenia.  

Number of ears per plant and harvest index were significantly influenced by the origin of 

the pollen only in the rainy season in 1997, the former ranging from 1.07 (Ciba G5445 as 

pollinator) to 1.16 (Cargill 993) and the latter from 0.43 (Ciba G5445) to 0.51 (Pioneer 3011) 

(analysis and data not shown). Across all seasons, the genotype ×  pollinator interaction was 

significant for number of ears. However, averaged across pollinators, the number of ears and 

the harvest index of non- isogenically pollinated detasseled hybrids reached values similar to 

those of their isogenically pollinated counterparts.  

Only one hybrid (Suwan 3601) showed a uniform (negative) yield reaction to non- isogenic 

pollination in all seasons; all the other hybrids showed different reactions in different seasons 

(Table 4.6). With the exception of Pioneer 3011 in 1998, non- isogenic pollination always 

tended to increase the KW of detasseled hybrids compared to isogenic pollination; across all 

genotypes and seasons, the KW was almost significantly (p<0.10) enhanced by 4.9 % (Table 

4.7). The KW of detasseled Dekalb 999, pollinated by Ciba G5445, and detasseled Ciba 

G5445, pollinated by Suwan 3601, increased significantly (by 11.5 and 7.3 %, respectively) 

compared to their isogenically pollinated counterparts. 

KN generally decreased after non-isogenic pollination (Table 4.8). In a single season, Ciba 

G5445, Dekalb 999, and Pioneer 3011, showed insignificant increases in KN averaged across 

non- isogenic pollinations. Across all seasons and pollinators, Suwan 3601 showed 

significantly lower KN (-6.0 %), as a result of xenia. 
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Table 4.5 ANOVA for xenia on grain yield, kernel weight (KW), and 
kernel number (KN) of five detasseled hybrids and the respective 
non-detasseled counterparts as pollinators for each of the three 
seasons in Thailand and pooled across all seasons.  
 

Source of variation df Grain yield KW KN 

1996 / 1997 

Pollinator (P) 4 NS ** NS 
Genotype (G) 4 ** *** *** 
G * P 16 NS NS NS 
     
R2  0.79 0.81 0.82 
CV (%)  6.43 3.52 6.62 

1997 

Pollinator (P) 4 NS * NS 
Genotype (G) 4 *** *** NS 
G * P 16 NS *** *** 
     
R2  0.79 0.95 0.75 
CV (%)  10.73 4.36 8.81 

1998 

Pollinator (P) 4 NS NS NS 
Genotype (G) 4 *** *** *** 
G * P 16 NS NS NS 
     
R2  0.93 0.94 0.93 
CV (%)  11.71 6.32 8.79 

all seasons 

Season (S) 2 *** *** *** 
Pollinator (P) 4 NS † * 
P * S 8 NS * NS 
     
Genotype (G) 4 NS NS NS 
G * S 8 *** *** *** 
G * P 16 NS ** NS 
G * S * P 32 NS NS ** 
     
R2  0.98 0.99 0.95 
CV (%)  9.10 4.46 8.01 

 
†, *, **, ***  Significant at the 0.1, 0.05, 0.01 and 0.001 probability 
levels. NS = non-significant. 
(P)  = genotype of the pollinator. 
(G) = genotype of the cms -hybrid. 
R2 = coefficient of determination. 
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TABLE 4.6 Xenia on grain yield of five detasseled hybrids tested in small-plot trials in Thailand in three 
seasons. Percentages of changes in yield are presented in relation to the isogenically pollinated detasseled 
hybrid.  

 

  1996 / 1997 1997 1998 all seasons 

Hybrid Pollinator yield ‡ xenia yield ‡ xenia yield ‡ xenia yield ‡ xenia  

  t ha-1 % t ha-1 % t ha-1 % t ha-1 %  

Cargill  Cargill 993  10.5  6.9  2.7  6.7  A 
993 Ciba G5445 11.0 +4.9 7.4 +7.9 2.5 -7.7 7.0 +4.2 A 
 Dekalb 999 11.4 +8.7 6.9 -0.2 2.6 -3.5 7.0 +4.0 A 
 Pioneer 3011 11.6 +10.1 7.7 +11.3 2.8 +2.8 7.3 +9.5 A 
 Suwan 3601 10.9 +3.3 8.0 +15.6 2.8 +2.9 7.2 +7.5 A 
 non isogenic 11.2 +6.7 NS 7.5 +8.6 NS 2.7 -1.4 NS 7.1 +6.3 NS 
           
Ciba  Ciba G5445  10.4  8.8  2.7  7.3  A 
G5445 Cargill 993 9.6 -7.9 8.8 +0.5 2.8 +6.1 7.1 -2.8 A 
 Dekalb 999 10.2 -2.0 8.5 -3.6 3.0 +11.9 7.2 -1.0 A 
 Pioneer 3011 10.5 +1.2 8.1 -7.6 2.9 +7.7 7.2 -1.5 A 
 Suwan 3601 10.9 +4.8 7.2 -18.3 3.4 +27.6 7.2 -1.8 A 
 non isogenic 10.3 -1.0 NS 8.2 -7.3 NS 3.0 +13.3 NS 7.2 -1.8 NS 
           
Dekalb  Dekalb 999  10.5  5.1  2.1  5.9  A 
999 Cargill 993 9.8 -6.1 5.6 +9.9 2.1 +1.4 5.9 -0.6 A 
 Ciba G5445 10.5 +0.3 5.7 +10.9 2.0 -4.3 6.1 +2.8 A 
 Pioneer 3011 11.1 +5.7 6.5 +25.9 1.9 -10.2 6.5 +9.7 A 
 Suwan 3601 10.7 +2.5 6.3 +23.4 2.2 +9.0 6.4 +9.4 A 
 non isogenic 10.5 +0.6 NS 6.0 +17.5 * 2.0 -1.0 NS 6.2 +5.4 NS 
           
Pioneer  Pioneer 3011  8.6  8.7  4.9  7.2  A 
3011 Cargill 993 9.4 +9.3 7.1 -18.2 4.8 -1.9 6.8 -5.9 A 
 Ciba G5445 9.8 +13.8 7.9 -9.2 4.3 -11.8 7.0 -3.0 A 
 Dekalb 999 9.4 +9.1 8.4 -3.2 4.7 -4.4 7.5 +3.5 A 
 Suwan 3601 9.2 +6.5 8.1 -7.0 4.9 +1.0 7.4 +2.2 A 
 non isogenic 9.5 +9.7 † 7.9 -9.4 NS 4.7 -4.3 NS 7.2 -0.8 NS 
           
Suwan  Suwan 3601  11.6  8.1  4.0  7.9  A 
3601 Cargill 993  11.5 -1.3 7.9 -1.7 4.7 +18.7 8.0 +1.9 A 
 Ciba G5445 11.7 +0.6 8.0 -1.3 3.8 -4.9 7.8 -1.0 A 
 Dekalb 999 11.2 -3.4 7.4 -8.1 3.7 -6.8 7.4 -5.6 A 
 Pioneer 3011 11.6 -0.1 7.4 -7.6 3.7 -8.0 7.6 -4.0 A 
 non isogenic 11.5 -1.1 NS 7.7 -4.7 NS 4.0 -0.2 NS 7.7 -2.2 NS 
           
Average isogenic 10.3  7.5  3.3  7.0   
 non isogenic 10.6 +2.7 NS 7.4 -0.9 NS 3.3 +0.5 NS 7.1 +1.1 NS 

 
‡ adjusted to a moisture content of 155 g kg -1 

Means in a column not followed by the same letter are significantly different at the 0.05 probability level 
according to the Student-Newman-Keuls Test. 
†, * Significant at the 0.1 and 0.05 probability levels, respectively. NS = non-significant. 
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TABLE 4.7 Xenia on hundred kernel weight (KW) of five detasseled hybrids tested in small-plot-trials in 
Thailand in three seasons. Percentages of changes in KN are presented in relation to the isogenically 
pollinated detasseled hybrid.  
 

  1996 / 1997 1997 1998 all seasons  

Hybrid Pollinator KW ‡ xenia KW ‡ xenia KW ‡ xenia KW ‡ xenia  

  g % g % g % g %  

Cargill Cargill 993  36.1  28.8  20.3  28.4  A 
993 Ciba G5445 39.7 +10.0 35.7 +23.9 20.7 +1.7 32.0 +12.7 A 
 Dekalb 999 38.6 +6.9 29.8 +3.5 20.8 +2.3 29.7 +4.7 A 
 Pioneer 3011 37.1 +2.7 31.8 +10.2 20.2 -0.7 29.7 +4.4 A 
 Suwan 3601 38.3 +6.2 29.8 +3.4 21.6 +6.4 29.9 +5.3 A 
 non isogenic 38.4 +6.5 * 31.8 +10.3 NS 20.8 +2.4 NS 30.3 +6.8 NS 
           
Ciba Ciba G5445  40.2  35.6  17.9  31.2  AB 
G5445 Cargill 993 39.2 -2.5 35.3 -0.7 17.4 -2.9 30.6 -1.9 A 
 Dekalb 999 40.7 +1.2 37.6 +5.6 18.1 +1.4 32.1 +2.9 B 
 Pioneer 3011 40.6 +1.1 36.1 +1.5 18.3 +2.4 31.7 +1.5 AB 
 Suwan 3601 42.1 +4.7 37.8 +6.2 20.7 +15.5 33.5 +7.3 C 
 non isogenic 40.6 +1.1 NS 36.7 +3.1 NS 18.6 +4.1 NS 32.0 +2.5 * 
           
Dekalb Dekalb 999  36.4  23.9  15.7  25.4  A 
999 Cargill 993 36.0 -1.3 25.2 +5.5 15.6 -0.8 25.6 +1.0 A 
 Ciba G5445 39.1 +7.3 28.9 +20.9 16.8 +6.8 28.3 +11.5 B 
 Pioneer 3011 36.2 -0.5 24.7 +3.3 16.8 +7.2 25.9 +2.3 A 
 Suwan 3601 37.6 +3.2 26.0 +8.8 17.4 +11.0 27.0 +6.6 AB 
 non isogenic 37.2 +2.2 NS 26.2 +9.6 NS 16.7 +6.1 NS 26.7 +5.3 NS 
           
Pioneer Pioneer 3011  34.5  34.1  26.3  31.3  A 
3011 Cargill 993 35.8 +3.9 36.5 +7.1 25.6 -2.6 32.3 +3.1 A 
 Ciba G5445 39.2 +13.6 39.7 +16.5 26.8 +1.9 34.8 +11.1 A 
 Dekalb 999 36.9 +7.0 36.0 +5.6 26.4 +0.3 33.1 +5.8 A 
 Suwan 3601 37.4 +8.4 34.0 -0.2 25.9 -1.8 32.4 +3.6 A 
 non isogenic 37.3 +8.2 NS 36.6 +7.2 †  26.2 -0.5 NS 33.1 +5.9 NS 
           
Suwan Suwan 3601  35.7  31.7  17.4  28.3  A 
3601 Cargill 993  36.0 +0.9 31.5 -0.5 18.9 +8.8 28.8 +2.0 A 
 Ciba G5445 36.5 +2.3 33.6 +6.0 18.2 +4.9 29.5 +4.2 A 
 Dekalb 999 37.4 +4.7 32.6 +2.9 17.7 +1.5 29.2 +3.3 A 
 Pioneer 3011 37.8 +5.8 35.1 +10.8 17.7 +1.8 30.2 +6.9 A 
 non isogenic 36.9 +3.4 NS 33.2 +4.8 NS 18.1 +4.3 NS 29.4 +4.1 * 
           
Average isogenic 36.6  30.8  19.5  28.9   
 non isogenic 38.1 +4.2 ** 32.9 +6.7 ** 20.1 +2.8 NS 30.3 +4.9 † 

 
‡ adjusted to a moisture content of 155 g kg -1 

Means in a column not followed by the same letter are significantly different at the 0.05 probability level 
according to the Student-Newman-Keuls Test. 
†, *, **  Significant at the 0.1, 0.05 and 0.01 probability levels, respectively. NS = non-significant. 
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TABLE 4.8 Xenia on kernel number m-2 (KN) of five detasseled hybrids tested in small-plot-trials in 
Thailand in three seasons. Percentages of changes in KN are presented in relation to the isogenically 
pollinated detasseled hybrid.  
 

  1996 / 1997 1997 1998 all seasons  

Hybrid Pollinator KN xenia KN xenia KN xenia KN xenia  

  m-2 % m-2 % m-2 % m-2 %  

Cargill Cargill 993  2920  2385  1346  2217  A 
993 Ciba G5445 2755 -5.7 2086 -12.5 1219 -9.4 2020 -8.9 A 
 Dekalb 999 2966 +1.5 2307 -3.3 1279 -5.0 2184 -1.5 A 
 Pioneer 3011 3119 +6.8 2421 +1.5 1387 +3.0 2309 +4.1 A 
 Suwan 3601 2837 -2.8 2684 +12.5 1301 -3.3 2274 +2.6 A 
 non isogenic 2919 0.0 NS 2374 -0.4 NS 1297 -3.7 NS 2197 -0.9  NS 
           
Ciba Ciba G5445  2587  2482  1496  2188  A 
G5445 Cargill 993 2440 -5.7 2498 +0.7 1625 +8.6 2188 0.0 A 
 Dekalb 999 2506 -3.1 2262 -8.9 1639 +9.5 2136 -2.4 A 
 Pioneer 3011 2592 +0.2 2257 -9.1 1566 +4.7 2138 -2.3 A 
 Suwan 3601 2595 +0.3 1901 -23.4 1656 +10.6 2051 -6.3 A 
 non isogenic 2533 -2.1 NS 2229 -10.2 NS 1621 +8.4 NS 2128 -2.8  NS 
           
Dekalb Dekalb 999  2877  2145  1314  2112  A 
999 Cargill 993 2730 -5.1 2240 +4.5 1345 +2.3 2105 -0.3 A 
 Ciba G5445 2687 -6.6 1975 -7.9 1181 -10.1 1948 -7.8 A 
 Pioneer 3011 3056 +6.2 2619 +22.1 1098 -16.5 2258 +6.9 A 
 Suwan 3601 2849 -1.0 2432 +13.4 1291 -1.7 2191 +3.7 A 
 non isogenic 2831 -1.6 NS 2317 +8.0 NS 1229 -6.5 NS 2125 +0.6  NS 
           
Pioneer Pioneer 3011  2515  2543  1846  2274  A 
3011 Cargill 993 2640 +5.0 1944 -23.6 1872 +1.4 2091 -8.1 A 
 Ciba G5445 2521 +0.3 1990 -21.7 1614 -12.6 1982 -12.9 A 
 Dekalb 999 2565 +2.0 2337 -8.1 1766 -4.3 2222 -2.3 A 
 Suwan 3601 2461 -2.1 2363 -7.1 1919 +4.0 2248 -1.2 A 
 non isogenic 2547 +1.3 NS 2158 -15.1 NS 1793 -2.9 NS 2136 -6.1  NS 
           
Suwan Suwan 3601  3263  2541  2287  2697  A 
3601 Cargill 993  3187 -2.3 2496 -1.8 2474 +8.2 2719 +0.8 A 
 Ciba G5445 3199 -2.0 2361 -7.1 2071 -9.4 2544 -5.7 AB 
 Dekalb 999 3014 -7.6 2261 -11.0 2108 -7.8 2461 -8.8 B 
 Pioneer 3011 3067 -6.0 2113 -16.9 2079 -9.1 2419 -10.3 B 
 non isogenic 3117 -4.5 NS 2307 -9.2 NS 2183 -4.5 NS 2536 -6.0    * 
           
Average isogenic 2832  2419  1658  2298   
 non isogenic 2789 -1.5  NS 2277 -5.9  NS 1624 -2.0  NS 2224 -3.2   NS 

 
Means in a column not followed by the same letter are significantly different at the 0.05 probability level 
according to the Student-Newman-Keuls Test. 
* Significant at the 0.05 probability level. NS = non-significant. 
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Plus-Hybrid effect 

Pooled across three seasons, the Plus-Hybrids almost significantly (p<0.10) outyielded 

their male-fertile counterparts on average by +4.4 % (Table 4.9). In individual seasons, too, 

overall yield gains (+3.3 % in the dry season 1996/1997, and +6.4 % and +3.8 % in the rainy 

seasons in 1997 and 1998, respectively) were observed, however non-significant (data not 

shown). 80 % of all the Plus-Hybrids tested tended to have higher grain yields, ranging from 

small (+0.7 %) with Suwan 3601 ms × Dekalb 999 to substantial increases (+16.8 %) with 

Dekalb 999 ms × Pioneer 3011 relative to their male-fertile isogenically pollinated 

counterparts. Across all combinations, the yield gains due to the Plus-Hybrid effect resulted 

from the higher KW (+6.4 %, p<0.10), whereas the KN of Plus-Hybrids decreased  

(-1.7 %, p<0.10). 

In some seasons, specific hybrids had a significantly higher number of ears compared to 

their male-fertile counterparts when averaged across the Plus-Hybrid combinations (analysis 

and data not shown). This was the case for Dekalb 999 (+9.2 %, p<0.05) and Pioneer 3011 

(+15.6 %, p<0.10) in the dry season in 1996/1997 and for Ciba G5445 (+21.3 %, p<0.05) in 

the rainy season in 1997. On the other hand, Suwan 3601 had a significantly lower number of 

ears in the dry season in 1996/1997 (-12.6 %, p<0.01). 
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TABLE 4.9 Plus-Hybrid effect on grain yield, kernel weight (KW), and kernel 
number (KN) of five detasseled hybrids tested in small-plot trials in Thailand pooled 
across three seasons. The Plus-Hybrid effect is presented as percentages of changes in 
relation to the male-fertile hybrid.  

 

  all seasons 

Hybrid Pollinator yield  KW  KN   

  %  %  %  

Cargill 993   0.0 A 0.0 A 0.0 A 
Cargill 993 ms  Ciba G5445 -0.4 A +10.6 A -11.7 A 
 Dekalb 999 -0.6 A +2.7 A -4.5 A 
 Pioneer 3011 +4.7 A +2.5 A +1.0 A 
 Suwan 3601 +2.7 A +3.3 A -0.5 A 
 Plus-Hybrids +1.6 NS +4.8 NS -3.9 NS 
        
Ciba G5445   0.0 A 0.0 A 0.0 A 
Ciba G5445 ms  Cargill 993 +3.7 A +1.9 AB +1.6 A 
 Dekalb 999 +5.7 A +6.9 C -0.8 A 
 Pioneer 3011 +5.1 A +5.4 BC -0.7 A 
 Suwan 3601 +4.8 A +11.4 D -4.8 A 
 Plus-Hybrids +4.8 NS +6.4 * -1.2 NS 
        
Dekalb 999  0.0 A 0.0 A 0.0 A 
Dekalb 999 ms  Cargill 993 +5.8 A +0.1 A +6.2 A 
 Ciba G5445 +9.5 A +10.5 B -1.8 A 
 Pioneer 3011 +16.8 A +1.5 A +13.9 A 
 Suwan 3601 +16.4 A +5.7 AB +10.5 A 
 Plus-Hybrids +12.1 NS +4.4 NS +7.2 NS 
        
Pioneer 3011  0.0 A 0.0 A 0.0 A 
Pioneer 3011 ms  Cargill 993 -4.5 A +6.7 AB -9.8 A 
 Ciba G5445 -1.6 A +14.9 B -14.5 A 
 Dekalb 999 +5.0 A +9.4 B -4.1 A 
 Suwan 3601 +3.7 A +7.2 AB -3.0 A 
 Plus-Hybrids +0.6 NS +9.6 ** -7.8 NS 
        
Suwan 3601  0.0 A 0.0 A 0.0 AB 
Suwan 3601 ms  Cargill 993  +8.8 A +4.5 A +5.8 A 
 Ciba G5445 +5.7 A +6.8 A -1.0 AB 
 Dekalb 999 +0.7 A +5.9 A -4.2 AB 
 Pioneer 3011 +2.4 A +9.5 A -5.8 B 
 Plus-Hybrids +4.4 NS +6.7 NS -1.3 NS 
        

Average Plus-Hybrids +4.4 † +6.4 † -1.7 † 

 
Means in a column not followed by the same letter are significantly different at the 0.05 
probability level according to the Student-Newman-Keuls Test. 
†, *, **  Significant at the 0.1, 0.05, and 0.01 probability levels, respectively.  
ms = male-sterile (induced by detasseling). 
NS = non-significant. 
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General pollinator ability (GPA) 

When used as pollinator, none of the hybrids was superior in terms of grain yield across 

the five detasseled hybrids pooled across three seasons (Table 4.10). Suwan 3601 and Pioneer 

3011 showed a positive GPA for grain yield, although they were statistically indistinguishable 

from the other pollinators, which showed a negative GPA. In contrast, the GPA for KW of 

two hybrids differed significantly: Ciba G5445 was a better pollinator for KW than Cargill 

993. Suwan 3601, Pioneer 3011, and Cargill 993 showed a positive GPA for KN and Dekalb 

999 and Ciba G5445 a negative GPA for KN; the latter differed significantly from the three 

hybrids with a positive GPA for KN. 

 

 

TABLE 4.10 General pollinator ability (GPA) for grain yield (t ha-1), hundred kernel 
weight (KW, g) and kernel number (KN, m-2) of five pollinators combined with five 
detasseled hybrids tested in small-plot trials in Thailand pooled across three seasons 
(N=45). 

 

 all seasons  

Pollinator Grain yield  KW  KN  

       
Suwan 3601 +0.16 A +0.19 AB +53.01 A 
Pioneer 3011 +0.10 A -0.28 AB +40.69 A 
Ciba G5445 -0.03 A +1.11 A -102.67 B 
Dekalb 999 -0.06 A -0.13 AB -16.05 AB 
Cargill 993 -0.16 A -0.89 B +25.02 A 
       

 
Means in a column not followed by the same letter are significantly different at the 0.05 
probability level according to the Student-Newman-Keuls Test. 
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DISCUSSION  

 

Considering previous studies, the results of those are remarkable in two ways: (i) the effect 

of male sterility (induced by detasseling) on grain yield tended to decrease as progress in 

breeding is made, and (ii) the effect of male sterility on various traits seem to depend strongly 

on test conditions (e.g. plant density, soil fertility, water supply). Also in this chapter, these 

two trends have to be considered. With respect to the first point, the germplasm was 

composed of the most recently developed hybrids for Thailand, some of which had still not 

come onto the market. The general progress made in breeding should, therefore, be at a 

maximum as far as this germplasm is concerned. With respect to the second point, the 

observed effects of male sterility and xenia were hardly reproducible because of differences in 

environmental conditions which ranged from a stress- free irrigated environment in the dry 

season to a low-yielding, multiple-stress environment in the rainy season. The rainy season in 

1998 was rather bad for grain maize production, the average yield being 3.2 t ha-1, was 

distinctly lower than the usual yields at the Suwan Farm research station. For this reason, it 

seems feasible to exclude the results of this season when calculating the different effects. In 

fact, changes in yield pooled across the first two seasons only were calculated, too, but the 

quality of the model (R2) decreased and the effects were not clearer than calculated across all 

three seasons. Furthermore, a grain yield of 3.4 t ha-1 in a rainy season is not considered to be 

exceptionally low under on-farm conditions (Feil et al., 1992; Ekasingh, et al. in Gerpacio, 

2001). According to the FAO, the average maize grain yield in Thailand in 1998 was 3.3 t ha-1 

(FAO, FAOSTAT Data, 2002). Results of previous studies (see introduction) also show that 

the effects of detasseling may be even more important under unfavorable conditions. 

However, these studies did not consider biotic stresses. 

Chapters 2 and 3 demonstrated that male sterility and xenia have the potential to increase 

grain yields. Those studies were conducted with European and US germplasm. Some of the 

European dent × flint hybrids had significantly higher grain yields in small-plot and large-

strip mixture trials. The highest yield gains were recorded when male sterility and xenia were 

combined to Plus-Hybrids (chapter 2). The US dent hybrids did not show such large yield 

increases, but significantly positive reactions of Plus-Hybrids were observed, too (chapter 3). 

The findings presented here confirm these reports from previous chapters. On average, Plus-

Hybrids with Asian germplasm performed better (+4.4 %) than their male-fertile counterparts. 

Compared to the Plus-Hybrids with European germplasm, the yield gains with Asian 

germplasm were smaller, but compared to the US dent germplasm, they were similar. The 
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Asian germplasm used in this study consisted of flint or semi-flint hybrids. According to 

Bulant and Gallais (1998), genetic distance is necessary to benefit from xenia. Genetic 

distance was not investigated in our experiments, but it can be expected that the chance of 

finding a pollinator which is a sufficiently distant relative to a detasseled hybrid may be 

greater in the dent × flint than in the dent or flint and semi-flint germplasm. Therefore, the 

potential benefit from xenia may be higher for European (dent × flint) germplasm. 

Male sterility in the latter two chapters was induced by male-sterile cytoplasms. For Asian 

germplasm, no hybrids could be identified which were cytoplasmically male-sterile. Hence, in 

this study, male sterility was induced by manual detasseling. In principal, every plant with 

normal male-fertile cytoplasm is destined to develop functional male flowering organs and to 

shed pollen. If male-fertile plants are detasseled shortly before flowering, the advantages of 

male-sterile plants will probably not be found to the same extent in detasseled plants, because 

the development of microspores may have already started, and detasseling always causes 

small injuries. Fur thermore, in the rainy seasons, the injured plants may have been more 

affected by pathogens, as Kiesselbach (1945) reported for smut (Ustilago maydis DC. Cda.); 

however, this maize disease was not observed in our field trials. Therefore, despite the 

findings of Chinwuba et al. (1961), the results obtained with detasseled plants can not be 

compared without limitations to results obtained with cms-plants.  

Advantages of male-sterile plants are probably linked to altered consumption of growth 

resources. Vincent and Woolley (1972) showed that under moisture stress, maize plants with 

male-sterile cytoplasm extracted more moisture from the soil than their male-fertile 

counterparts; this was most evident at anthesis when water deficiency has its greatest effect on 

grain yield. Consequently, all the nutrients available to the plants by water fluxes (especially 

nitrogen) may be more limited to male-fertile plants. Their limited availability may reduce 

potential increases in grain yield (Vega et al., 2001). Gautam et al. (2000) reported 

significantly higher grain yields when 50 % and 75 % of the tassels were removed than when 

25 % or none of the tassels were removed. Although significant yield gains resulting from 

male sterility were not found in this chapter with detasseled Asian germplasm, it is assumed 

that detasseled plants might acquire more water under stress conditions, similar to the findings 

of Vincent and Woolley (1972) for cms-plants. In the dry season in 1996/1997, plants were 

irrigated weekly and moisture stress did not occur. However, in the rainy season in 1997, only 

9.2 mm precipitation were recorded during flowering (three days before and three days after 

the average flowering date), what may have resulted in a moisture stress. It is remarkable that 

under such conditions, an almost significant increase in grain yield of about 7 % was observed 
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across all detasseled hybrids compared to their male-fertile counterparts, whereas in 

1996/1997, only a small and insignificant alteration (+0.6 %) was found. 

From one point of view, detasseled plants may profit from their male sterility to a greater 

extent than cms-plants: due to the lack of tassels and pollen, their light absorbing ability is 

increased (Berzy et al., 1996). Particularly in the study reported here, the tassels were 

removed very carefully to avoid the removal of leaves; thus, more light reached the still intact 

uppermost leaves. On the other hand, only the two rows of the sub-plots were detasseled, i.e. 

each plant was still shaded by tasseled plants on one side of the sub-plot. The effect of 

detasseling may, therefore, be even stronger when a large part of the stand is without tassels, 

and only a minimal number of plants is still having tassels and able to supply the essential 

pollen for the fertilization of the detasseled plants. Duncan et al. (1967) reported lower 

photosynthetic rates and, hence, smaller grain yields due to the shading of underlying leaves 

by tassels. The area of the tassel's shadow of a hybrid at that time (Pioneer 3558) was 

estimated to be 141 cm2 when the sun was on the horizon and 90 cm2 at noon. Moreover, the 

authors reported that the tassel's shadows were largely influenced by plant population. At a 

density of 60,500 plants ha-1, 7.5 % of the light was intercepted by the tassels; at a density of 

98,800 plants ha-1, the net rate of photosynthesis decreased by 19 %, and the resulting yield 

loss was estimated to be up to 12 %. The authors suggested to select for varieties with smaller 

tassels, or to mix populations with tassel less or male-sterile genotypes. 

In 73 % of the cases in our study, the KN decreased across the non-isogenic pollinations, 

which can be explained by one of the following: (i) pollination by isogenic pollen for 

maximal kernel set was preferred by most of the hybrids, or (ii) there was a lack of viable 

non- isogenic pollen at silking. Since there was no correlation (r = 0.07NS) between the 

corrected anthesis silking interval (ASIc) and grain yield, a lack of pollen was probably not a 

determinant of yield reliability. On the other hand, in 93 % of the cases, the KW increased 

across non- isogenic pollinations. Because KW and KN are often in a compensatory 

relationship (in our study the correlation across all non- isogenic pollinations was  

r = 0.71***), it is assumed that the increase in KW was a consequence of the lower KN. 

There was no correlation between the corrected anthesis silking interval (ASIc) and KN  

(r = -0.01NS), whereas there was a very weak significant correlation (r = 0.15*) between ASIc 

and KW. Therefore, it seems likely that a first consequence of non- isogenic pollination is an 

increased sink demand of the single kernel, referred to as "s ink strength" (Bulant and Gallais, 

1998). As a consequence of this greater sink strength, the number of kernels per ear may be 
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reduced at later stages of yield formation. Such reductions were clearly found for Asian and, 

to some extent, for European germplasm, too (chapter 2).  

A clear-cut tendency concerning prolificacy due to tassel removal or xenia was not 

observed with Asian or with European germplasm (chapter 2), in contrast to Grogan (1956) 

who found distinct increases in the number of ears of one of the two tested varieties. As was 

also reported by Sangoi and Salvador (1998), prolificacy depends strongly on genotype and 

plant density as well as on the supply of water and nutrients at different densities. In our 

study, prolificacy per se was only observed under non limiting conditions in 1996/1997. 

Since grain yields were not significantly influenced by male sterility in 1998 and across all 

seasons, the slight increase in the harvest indices in those data sets may have been due to a 

slightly lower plant weight as a result of the missing tassels. The fact that no clear changes in 

harvest indices as a result of xenia were found, is in line with the findings of Tsai et al. 

(1991).  

 

 

CONCLUSIONS 

 

Asian flint or semi-flint germplasm reacted less positively to male sterility induced by 

detasseling and xenia than it was previously found with European germplasm. Changes in 

yield, however, were comparable with those of US dent hybrids. When male sterility and 

xenia were combined to Plus-Hybrids, 4.4 % higher grain yields across three seasons were 

observed. Since cms-plants have the potential to redirect nutrients and energy (which are 

expended in producing pollen in male-fertile plants) to grain production at a much earlier 

stage than detasseled hybrids, it is very likely that grain yield will be even more positively 

modified when not detasseled male-fertile but cytoplasmic male-sterile hybrids are used. 
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5. IMPACT OF MALE STERILITY AND XENIA ON GRAIN QUALITY 

TRAITS 

 

 

ABSTRACT - Cytoplasmic male sterility (cms) and xenia not only have an impact on grain 

yield and yield parameters, but they also affect crop quality aspects, for example oil and 

protein yield. Thus, it is of high interest to know if cms-plants can profit from a change in the 

competition for nutrients such as nitrogen between the ear and the tassel. Different nitrogen 

distribution within the plant may influence the senescence of the leaves. Hence, the rate of 

leaf senescence of cms-plants may differ from that of normal fertile plants and may also be 

influenced by xenia. The effects of cms and xenia on grain nitrogen and carbon contents and 

on the rate of leaf senescence were investigated for three cms-hybrids (CORSOms, 

DELPRIMms, and SILPROms) in small-plot trials in six environments in Switzerland in 1998 

and 1999.  

Contents of grain nitrogen and carbon as well as leaf senescence were similar in the three 

hybrids tested in six environments and were not significantly influenced by cms. In contrast, 

xenia influenced the genotype-specific grain nitrogen content; the pollinator × genotype 

interaction was significant. The six pollinators influenced protein yield to a significantly 

different extent. The results of CORSOms and SILPROms suggest that the quality of the crop 

can be enhanced, in parallel with grain yield, when Plus-Hybrids are used. The protein yield 

of SILPROms increased by 10 % (p<0.10), while the protein yield of DELPRIMms was 

highest when isogenically pollinated. In accordance with the concept of the general 

combining ability (GCA), the average performance of a pollinator in combination with a 

broad set of cms-hybrids was characterized as the "general pollinator ability" (GPA). The 

GPA for protein yield showed the same pattern as GPA for grain yield. In conclusion, the 

Plus-Hybrid system can lead to higher grain yields without sacrificing grain quality. 
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INTRODUCTION 

 

Chapters 2 and 3 presented the effects of cytoplasmic male sterility (cms) and xenia and it 

was found that both factors can raise the grain yield of maize hybrids. However, cms and 

xenia were investigated only with regard to their ability to alter grain yield and yield 

components. The question may arise as to the quality of the grain is also affected by cms and 

xenia. More than 100 years ago, Correns (1901) observed that xenia affects the chemical 

composition of the endosperm. He found that dextrin, in the endosperm of dextrin-races, is 

completely converted to starch when these races are pollinated by starch-races. Since the early 

1990s, xenia has been applied in practice in the TopCross1 system in order to influence 

qualitative kernel traits. This production system involves planting 90 % of a high-yielding 

cms-hybrid blended with 10 % of a pollinator containing genes that cause a kernel to produce 

a much larger than normal embryo. Thus, the contents and quality of oil and protein are 

enhanced (Thomison and Geyer, 1999). It has been known for decades that the pollen 

potentially influences oil content by means of xenia (Alexander and Lambert, 1968). 

Recently, a higher oil content by way of xenia was confirmed for modern single-cross hybrids 

which were male-sterile after detasseling (Letchworth and Lambert, 1998) or by using cms 

(Lambert et al., 1998a).  

Not only carbohydrates but also the amount of nitrogen compounds in the kernel may 

depend on the pollen source. Curtis et al. (1956) found that not only the weight but also the 

protein and oil contents of the embryo are markedly influenced by both the seed and the 

pollen parent. East and Jones (1920) found that the percentage kernel-protein was larger in 

self-pollinated than in cross-pollinated inbred lines. However, they mentioned that a dilution 

effect must be considered, because kernel size and, therefore, total protein yield increased 

after cross-pollination. Such findings may still be important today when the development of 

quality protein maize (QPM) with the opaque-2 gene is highly required (Vasal, 2001). 

Superior protein quality is only expressed when the endosperm tissue is homozygous for the 

opaque-2 gen. Pixley and Bjarnason (1994) investigated whether the pollen of different QPM 

genotypes alters protein quality in trials in which the genotypes interpollinate randomly. They 

found that the pollen parent did not affect the protein concentration in crossed kernels. 

Nevertheless, they recommended that pollination of QPM maize by normal-endosperm maize 

be prevented when special protein types should be assessed. Westgate et al. (1999) reported 

                                                                 
1  TopCross is a registered trademark of DuPont Specialty Grains, Des Moines, Iowa. 
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about trials where hybrids from different seed companies were mixed and found that single 

kernels were on average about 30 mg heavier and contained about 2 g kg-1 more protein in 

mixed stands.  

The hypothesis that the amount of photosynthates translocated to the grain from the stalk 

and the leaves depends not only on the source, but also on the sink size is widely accepted 

(Treat and Tracy, 1994). Such dependencies were described extensively by Tollenaar (1977). 

Meghji et al. (1984) showed that consistent improvements in grain yield from 1930 to the 

1970s occurred together with an extended life span of green leaf tissue of single- and double 

cross hybrids. Therefore, the  number and the senescence rate of leaves are to be considered as 

important parameters which may determine whether or not the greater sink demand due to 

cms and xenia can be met. 

 

This chapter describes the effects of cytoplasmic male sterility (cms) and xenia on 

concentrations of grain carbon and nitrogen, as well as on leaf senescence rate (LSR). Protein 

yield was calculated to determine whether grain quality is affected by changes in grain yield. 

 

 

MATERIAL AND METHODS 

 

Additional effects of male sterility and xenia were investigated in small-plot trials in 

Switzerland in 1998 and 1999. A detailed description of the plant material, experimental 

layout, and agricultural practices is given in chapter 2. If not stated otherwise, data are 

presented for the three cms-hybrids (CORSOms, DELPRIMms, and SILPROms) and the six 

male-fertile hybrids used as pollinators (BANGUY, CORSO, DELPRIM, DSP17007, 

PACTOL, and SILPRO) which were tested in six environments to determine grain yield and 

in four environments to determine quality traits of the grains. The two additional cms-hybrids, 

DSP18010ms and GOLDENSOms, were included for the measurement of the leaf senescence 

rate (LSR) in 1999. 

 

Contents of carbon and nitrogen in the grain and protein yield 

Grain samples were taken from each plot in Eschikon and Rickenbach in 1998 and Dätwil 

and Lindau in 1999. They were dried at 38 °C to constant weight and afterwards kernels were 

ground with an analyze-mill (A10, Janke & Kunkel Labortechnik, Staufen i Br., Germany) at 

20,000 rotations/min. The samples were analyzed for contents of total N and C (mg per g 
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moisture-free grain mass) with a LECO CHN-1000 Autoanalyzer (LECO Corporation, St. 

Joseph, Michigan, USA). The crude protein yield, referred to as "protein yield" (kg ha-1), was 

calculated by multiplying the nitrogen concentration by 6.25 (Tsai and Tsai, 1990) and by the 

moisture-free grain yield. 

 

Leaf senescence rate (LSR) 

Chlorophyll disappearance is commonly regarded as an indicator of leaf senescence. At the 

locations Dätwil and Lindau in 1999, the green leaves (more than 50 % of leaf area still 

green) of four plants per plot were counted. This was done at weekly intervals during leaf 

senescence, which started four weeks before harvest. A daily leaf senescence rate (LSR) was 

calculated by dividing the difference in leaf number by the number of days between the 

sampling dates. 

 

Calculation of effects and statistics 

Male sterility effect: Grain nitrogen and carbon concentrations, protein yield, and LSR of 

an isogenically pollinated cms-hybrid and of the corresponding male-fertile version of every 

replication were compared. "Isogenically pollinated" means that the male-sterile hybrid was 

pollinated by the same genotype. Thus, changes in the grain nitrogen and carbon 

concentrations, protein yield, and LSR relative to the male-fertile hybrid were considered to 

be an effect of male sterility. As discussed in chapter 2, the effect of cms is regarded to be the 

sum of effects, which result from (i) the male-sterile cytoplasm per se, (ii) pollen sterility, and 

(iii) 100 % sib-pollination.  

Xenia: Grain nitrogen and carbon concentrations, protein yield, and LSR of a non-

isogenically pollinated and of the same but isogenically pollinated cms-hybrid were 

compared. "Non-isogenically pollinated" refers to a male-sterile hybrid pollinated by an 

unrelated genotype. Values relative to the isogenically pollinated cms-hybrid were calculated; 

the variations in these parameters were considered to be the result of xenia, i.e. of cross-

pollination.  

Plus-Hybrid effect: When the grain nitrogen and carbon concentrations, protein yield, and 

LSR yield of a cross-pollinated cms-hybrid were compared to those of the isogenic male-

fertile hybrid, a combined effect of male sterility and cross-pollination was calculated.  

General pollinator ability (GPA): In accordance with general combining ability (GCA) 

(Sprague G.F. and Tatum, 1942), the average performance of a pollinator in combination with 
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a large set of cms-hybrids was characterized as "general pollinator ability" (GPA). GPA was 

estimated according to Becker (1993). 

Analysis of variance and mean comparisons were conducted (PROC GLM, SAS Institute 

Inc., 1989). The plant density at harvest was used as a covariance factor. Environments were 

combinations of years and locations and treated as random factors; the analysis of variance for 

this design was performed as suggested by McIntosh (1983). The comparison of means was 

performed with the Student-Newman-Keuls test. 

 

 

RESULTS 

 

Grain quality traits as influenced by cms  

The carbon and nitrogen concentrations in maize kernels were not significantly influenced 

by the cytoplasm (male-sterile or male-fertile) (Table 5.1). However, the cytoplasm ×  

environment interaction was significant for nitrogen content with the four additional hybrids 

tested in two environments (analysis not shown), indicating that male-sterility may alter this 

grain quality trait depending on the environment.  

 

Table 5.1 ANOVA for the effect of male sterility on grain nitrogen (N) 
and carbon (C) content as well as protein yield of three cms -hybrids 
(CORSOms, DELPRIMms, and SILPROms) tested in four 
environments. Leaf senescence rate (LSR) was tested in two 
environments in 1999 for all cms -hybrids (CORSOms, DELPRIMms, 
DSP18010ms, GOLDENSOms, and SILPROms). 
 

Source of variation N  C  Protein yield  LSR 

Environment (E) ***  ***  *** 
 

NS 
        
Genotype (G) †  NS  ***  † 
G × E NS  *  NS  * 

        
Cytoplasm (C) NS  NS  NS  NS 
C × E NS  NS  NS  NS 

C × G NS  NS  NS  NS 

C × E × G NS  NS  *  NS 
        
R2 0.86  0.88  0.83  0.75 
CV (%) 6.4  1.0  9.0  -21.3 

 
†, *, *** Significant at the 0.1, 0.05, and 0.001 probability levels , 
respectively. NS = non-significant. 
(G)   = genotype of the cms -hybrid. 
(C)  = male -fertile or male -sterile cytoplasm. 
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With the exception of GOLDENSOms in 1999 (data not shown), the kernels of all the cms-

hybrids tended to contain slightly less nitrogen than the kernels of the male-fertile hybrids, 

but these differences were insignificant (Table 5.2). The grain carbon concentration was not 

influenced by male sterility. There was a relatively close relationship (r = 0.69***) between 

the nitrogen and carbon concentration across the three cms-hybrids and their male-fertile 

counterparts tested in four environments. All cms-hybrids showed a higher protein yield than 

their male-fertile counterparts. Across those cms-hybrids, an insignificant increase in protein 

yield (+5.3 %) was observed. 

 

 

Table 5.2 Contents of nitrogen and carbon in the grain and protein yield of three cms -
hybrids tested in four environments and differences (%) relative to the corresponding 
male-fertile hybrid.  

 

cms-Hybrid Nitrogen    Carbon    Protein yield  

 mg g-1  %    mg g-1 %    kg ha-1 %  

CORSOms  13.5 -2.8 NS  435.5 +0.1 NS  842 +6.3 NS 
DELPRIMms  14.3 -0.4 NS  435.3 +0.2 NS  951 +4.9 NS 
SILPROms  14.2 -0.3 NS  435.0  -0.1 NS  942 +4.9 NS 

All cms -hybrids  14.0 -1.1 NS  435.3 +0.1 NS  911 +5.3 NS 

 
NS = non-significant. 

 

 

Leaf senescence rate (LSR) as influenced by cms  

The dynamics of leaf senescence was not significantly influenced by the cytoplasm (male-

sterile or male-fertile) (Table 5.1). The isogenically pollinated cms-hybrids which were tested 

in six environments (CORSOms, DELPRIMms, and SILPROms) showed quite similar leaf 

senescence in two environments in 1999; on average, their LSR was around -0.3 (Table 5.3). 

The two additional cms-hybrids tested in 1999 (DSP18010ms and GOLDENSOms) showed 

greater differences in LSR (-0.19 and -0.27, respectively). Leaf senescence of CORSOms 

progressed significantly slower (-13.8 %) than that of male-fertile CORSO. In contrast, leaf 

senescence of DELPRIMms and SILPROms progressed somewhat faster than that of their 

male-fertile counterparts, but these differences were not significant.  

Among CORSO, DELPRIM, and SILPRO, in both the male-fertile and male-sterile 

cytoplasms, there was a significant but weak relationship between LSR and grain yield (r = 
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0.38**) and a somewhat stronger relationship between LSR and kernel number (r = 0.51***), 

whereas the relationship between LSR and kernel weight was weak and negative (-0.20 NS). 

 

 

 
Table 5.3 Leaf senescence rate (LSR) of five cms -hybrids 
tested in two environments and differences (%) relative to 
the corresponding male-fertile hybrid.  

 

cms-Hybrid LSR   

 leaf day-1   %   

CORSOms  -0.30 -13.8 * 
DELPRIMms  -0.27 +8.5 NS 
SILPROms  -0.30 +1.8 NS 
    

DSP18010ms  -0.19 -0.6 NS 
GOLDENSOms  -0.27 -8.8 NS 

All cms-hybrids  -0.27 -3.5 NS 

 
* Significant at the 0.05 probability level. NS = non-significant. 

 

 

 

Grain quality traits as influenced by xenia 

The influence of the pollinator genotype on grain nitrogen and carbon content was not 

significant across the three cms-hybrids (Table 5.4). However, there was a significant 

pollinator × genotype interaction, which gives evidence that the pollinator has nevertheless a 

significant influence on grain nitrogen content of specific genotypes. This genotype-specific 

response to xenia was observed when the effect was assessed separately for each cms-hybrid 

(Table 5.5). While none of the pollinators significantly influenced the grain nitrogen content 

of CORSOms and SILPROms, they had a significant influence on this quality trait of 

DELPRIMms. This latter cms-hybrid showed the highest grain nitrogen content when 

isogenically pollinated; non- isogenic pollination resulted in lower contents of, on average,  

-5.3 %, which is in accordance with the findings for the grain yield of DELPRIMms (chapter 

2). In contrast, CORSOms showed, on average, a significant positive response to non- isogenic 

pollination (+2.4 %), while SILPROms showed almost no response.  
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Table 5.4 ANOVA for xenia on grain nitrogen (N) and carbon (C) 
content as well as protein yield of three cms -hybrids (CORSOms, 
DELPRIMms, and SILPROms) and six pollinators (BANGUY, CORSO, 
DELPRIM, DSP17007, PACTOL, and SILPRO) tested in four 
environments. Leaf senescence rate (LSR) was tested in two 
environments in 1999 for all cms -hybrids. 
 

Source of variation N  C  Protein yield  LSR 

Environment (E) ***  ***  ***  *** 
        
Pollinator (P) NS  NS  ***  NS 
P × E NS  NS  NS  NS 

        
Genotype (G) NS  NS  **  NS 
G × E **  NS  ***  *** 

G × P ***  NS  NS  † 

G × E × P NS  NS  NS  NS 
        
R2 0.80  0.84  0.83  0.63 
CV (%) 6.1  0.9  8.7  -20.7 

 
†, **, ***  Significant at the 0.1, 0.01, and 0.001 probability levels, 
respectively. NS = non-significant. 
(P)  = genotype of the pollinator. 
(G)  = genotype of the cms -hybrid. 

 
 

 

None of the cms-hybrid × pollinator combinations showed a change in the grain carbon 

content as a result of xenia; the largest change was an insignificant increase of 0.6 % (data not 

shown). Similar to the male-sterile and male-fertile hybrids, the grain carbon and the nitrogen 

content were also closely and significantly correlated across the isogenically and non-

isogenically pollinated hybrids tested in four (r = 0.63***) and in two environments (r = 

0.66***). 

Protein yield was significantly influenced by the pollinator (Table 5.4). At least for 

DELPRIMms, this influence originates from both significant xenia on the grain yield (chapter 

2) as well as significant xenia on the grain nitrogen content (p<0.01, analysis not shown). 

DELPRIMms produced the maximal amount of protein when it was isogenically pollinated, 

while non- isogenic pollination, on average, led to a significant reduction in protein yield (-

11.6 %) (Table 5.5). On the other hand, CORSOms and SILPROms yielded more protein 

(+1.6 and + 5.7 %, respectively) after non- isogenic pollination, but this increases were 

insignificant. 
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Four of fifteen Plus-Hybrid combinations (CORSOms × DELPRIM, SILPROms×  

BANGUY, SILPROms × CORSO, and SILPROms × DELPRIM) had significantly higher 

(12.8 to 15.9 %) protein yields than their normal male-fertile counterparts (Table 5.5). In 

general, Plus-Hybrids of CORSOms and SILPROms tended to have higher protein yields; this 

trend was almost significant (p<0.10) with SILPROms (+10.9 %). In contrast, Plus-Hybrids of 

DELPRIMms showed an insignificant tendency to lower protein yield than the normal male-

fertile version.  

 

Leaf senescence rate (LSR) as influenced by xenia 

The influence of the pollinator on LSR across all the cms-hybrids in 1999 was not 

significant (Table 5.4). In addition, the LSR across all the non-isogenically pollinated cms-

hybrids did not change, in comparison to the LSR of their isogenically pollinated counterparts 

(data not shown). However, similar to grain nitrogen concentration, the pollinator × genotype 

interaction was almost significant (p<0.10), indicating that, the pollinator may, nevertheless, 

have a significant influence on LSR, depending on the cms-hybrid (Table 5.4). There were 

weak but significant relationships between LSR and changes (as a result of xenia ) in grain 

yield (r = 0.21***), between LSR and changes in kernel number (r = 0.15**), as well as 

between LSR and changes in kernel weight (r = 0.14**). 
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Table 5.5 Xenia on grain nitrogen content as well as xenia and Plus-Hybrid effect on protein yield. 
Values (%) for xenia indicate changes relative to the male-sterile hybrid, isogenically pollinated. The 
Plus-Hybrid effect indicates changes relative to the male-fertile hybrid. Results are from six 
environments with five replications. 

 

  Nitrogen content  Protein yield ‡  

Hybrid Pollinator  Xenia   Xenia  Plus-Hybrid  

  mg g-1 %  kg ha-1 %  %  

CORSO   13.9   792   0.0 B§ 
CORSOms  CORSO 13.5 0.0 A 842 0.0 A   
 DSP17007 13.9 +3.3 A 819 -2.7 A +3.4 AB 
 BANGUY 13.2 -1.8 A 865 +2.8 A +9.3 AB 
 DELPRIM 13.6 +0.8 A 902 +7.2 A +13.9 A 
 PACTOL 14.3 +6.3 A 870 +3.4 A +9.9 AB 
 SILPRO 13.9 +3.6 A 817 -2.9 A +3.2 AB 
 Average  +2.4 *  +1.6 NS +7.9 NS 
          
DELPRIM    14.4   906   0.0 AB 
DELPRIM
ms 

DELPRIM 14.3 0.0 A 951 0.0 A   

 DSP17007 13.4 -6.7 B 796 -16.3 B -12.1 B 
 BANGUY 14.2 -1.2 A 919 -3.4 A +1.4 A 
 CORSO 13.4 -6.5 B 837 -12.0 B -7.6 AB 
 PACTOL 13.5 -5.9 B 855 -10.1 B -5.6 AB 
 SILPRO 13.5 -6.2 B 796 -16.3 B -12.2 B 
 Average  -5.3 **  -11.6 ** -7.2 NS 
          
SILPRO    14.2   898   0.0 B 
SILPROms  SILPRO 14.2 0.0 A 942 0.0 AB   
 DSP17007 13.9 -1.8 A 902 -4.2 B +0.5 B 
 BANGUY 14.5 +2.3 A 1041 +10.5 A +15.9 A 
 CORSO 14.3 +1.1 A 1014 +7.6 A +12.8 A 
 DELPRIM 13.8 -2.4 A 1040 +10.4 A +15.8 A 
 PACTOL 13.9 -1.8 A 983 +4.3 AB +9.4 AB 
 Average  -0.5 NS  +5.7 NS +10.9 † 
          

Average all cms-hybrids -1.1 NS  -1.4 NS +3.9 NS 

 
‡  Moisture-free. 
§  Means in a column not followed by the same letter are significantly different at the 0.05 probability level 
according to the Student-Newman-Keuls Test. 
*,** , ***  Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. NS = non-significant. 
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General pollinator ability 

The pollinators did not differ significantly as far as GPA for grain nitrogen content, grain 

carbon content, and LSR were concerned (Table 5.6). However, the pollinators BANGUY, 

DELPRIM, and PACTOL, which showed the highest GPA for grain yield across the 

isogenically and non-isogenically pollinated cms-hybrids in six environments (chapter 2), also 

showed a positive GPA for grain nitrogen concentration (Table 5.6). This was even more 

evident for protein yield, where the pollinators could be divided into significantly different 

groups based on GPA. The ranking in GPA for protein yield and grain yield (chapter 2) was 

identical.  

 

 

Table 5.6 General pollinator ability (GPA) for nitrogen (N) and carbon (C) contents in 
kernels (mg g-1), protein yield (kg ha-1), and leaf senescence rate (LSR, leaves day-1) of six 
pollinators combined with three cms -hybrids (CORSOms , DELPRIMms, and 
SILPROms) tested in four environments; N = 60 for nitrogen and carbon content, and N 
= 30 for LSR. The pollinators are sorted according to their GPA for protein yield. 

 

Pollinator Nms  Cms  Protein yieldms  LSRms  

DELPRIM +0.06 A§ -0.61 A +64.8 A -0.04 A 
BANGUY +0.11 A +1.47 A +42.3 AB 0.0 A 
PACTOL +0.05 A -0.8 A +3.1 BC +0.02 A 
CORSO -0.12 A -0.55 A -2.1 BC 0.0 A 
SILPRO +0.01 A -0.22 A -47.7 CD 0.0 A 
DSP17007 -0.11 A +0.7 A -60.3 D +0.02 A 

 

ms  Plant traits of the cms -hybrids integrated in the block of the respective pollinator. 
§ Means in a column not followed by the same letter are significantly different at the 0.05 
probability level according to the Student-Newman-Keuls Test. 

 

 

When investigating the grain quality traits of the male-fertile hybrids used as pollinators, it 

was found that male-fertile DELPRIM and SILPRO had significantly higher protein yields. 

Furthermore, the male-fertile BANGUY had a significantly lower grain nitrogen content than 

the other pollinators (Table 5.7). This demonstrates that the GPAs for grain nitrogen content 

and protein yield were not directly related to those traits that where inherent to the pollinators 

themselves. 
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Table 5.7 Nitrogen (N) and carbon (C) contents in the kernels (mg g-1), protein yield (kg 
ha-1), and leaf senescence rate (LSR, leaves day-1) of the six pollinators tested in six 
environments. The pollinators are sorted according to their protein yield. 

 

Pollinator N p  C p  Protein yield p  LSR p  

 mg g-1  mg g-1    leaves day-1  

DELPRIM 14.4 B§ 434.3 A 906 A -0.25 AB 
SILPRO 14.2 B 435.6 A 898 A -0.30 B 
PACTOL 13.1 B 432.4 A 863 AB -0.13 A 
DSP17007 13.7 B 435.6 A 862 AB -0.25 AB 
BANGUY 11.5 A 435.2 A 818 AB -0.21 AB 
CORSO 13.9 B 435.1 A 792 B -0.34 B 

 

p  Plant traits of the pollinator 
§ Means in a column not followed by the same letter are significantly different at the 0.05 
probability level according to the Student-Newman-Keuls Test. 

 

 

DISCUSSION 

 

CMS and grain nitrogen content  

Nitrogen (180 kg ha-1) was applied as mineral fertilizer. The results show that a large 

proportion of this amount was found again in the grains. Those Plus-Hybrids which 

outperformed their male-fertile counterparts delivered 167 kg (SILPROms × BANGUY), 166 

kg (SILPROms × DELPRIM), 162 kg (SILPROms × CORSO), 157 kg (SILPROms × 

PACTOL), 144 kg (CORSOms × DELPRIM), and 138 kg ha-1 (CORSOms × BANGUY) of 

grain nitrogen. This is in line with the findings of Lambert et al. (1998b) and Tsai et al. 

(1991) who reported an improved fertilizer nitrogen use efficiency due to an increased sink 

demand. 

According to the estimations in chapter 2, male-sterile plants could save about 10 to 30 kg 

nitrogen per hectare if they do not produce fertile pollen. Due to the higher grain yield of 

male-sterile plants and the resulting dilution effect (East and Jones, 1920), the grain nitrogen 

contents of male-sterile hybrids in this study were not higher than those of male-fertile 

hybrids. The total nitrogen used, however, was higher for male-sterile than for male-fertile 

hybrids. The amounts of nitrogen, that the male-sterile hybrids yielded more compared to 

their male-fertile counterparts, were surprisingly similar (CORSOms 7.9 kg, DELPRIMms 

7.2, and SILPROms 7.0 kg ha-1). This is in line with findings of Gardner et al. (1990) who 

evaluated 12 elite hybrids in 13 field environments with four nitrogen levels and found that 
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all the hybrids responded to nitrogen in a similar way, and no significant nitrogen × hybrid 

interactions occurred. On the other hand, it is likely that the nitrogen, which was not used for 

pollen formation, was not directly invested in grain compartments. This nitrogen was 

probably used first for source organs, e.g. higher chlorophyll contents in the leaves of cms-

plants, which could later lead to a better nitrogen supply during the grain filling period.  

 

Xenia and grain nitrogen content 

As shown by the ANOVA, the pollinator usually did not significantly influence the grain 

nitrogen and carbon contents. However, the genotype × pollinator interaction for grain 

nitrogen content was highly significant. The grain nitrogen content of CORSOms increased 

across all non- isogenic pollinators, whereas the opposite was observed for DELPRIMms. 

Similar results were found by Tsai and Tsai (1990), who reported a significant increase in 

nitrogen accumulation, kernel protein content, kernel weight, and grain yield of the 

detasseled hybrid P3727, pollinated by B37×Mo17, compared to the isogenically pollinated 

P3727, whereas the vice-versa pollination did not alter those traits. In a previous study, Tsai 

et al. (1984) found intermediate effects also with the vice-versa pollination and suggested, 

therefore, a gene dosage effect, especially in the triploid endosperm. However, as described 

in chapter 2, Weiland (1992) did not confirm these findings with regard to changes in grain 

yield.  

 

 

CMS and protein yield 

In our study, the fact that grain nitrogen contents tended to be lower as a result of cms 

does not contradict increases in protein yields. A normal kernel of maize consists of 83 % 

endosperm and 11 % embryo (Tollenaar and Dwyer, 1999). The protein content of the 

endosperm is about 8 %, while the protein content of the embryo is nearly 16 %. However, 

because of its larger size, the endosperm contains as much as 80 % of the total kernel protein 

(Vasal, 2001). Differences in the protein content between the hybrids are attributed to 

different embryo / endosperm ratios, different endosperm types (floury or horneous), or other 

differences in endosperm or embryo. Protein yield is higher correlated with grain yield than 

with protein content (Pioneer, 1999). Therefore, practices that increase grain yield in maize 

also increase protein yield, even though grain nitrogen concentration may be decreased.  
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Xenia and protein yield 

The elevated amounts of oil and protein in high-oil maize result from changes in the 

anatomy and composition of the kernel. The embryo in high-oil maize is proportionally larger 

than in conventional corn (Thomison et. al, 2002) and its total protein concentration is nearly 

a percentage point higher than that of a conventional embryo (Pioneer, 1999). The ANOVA 

in this study showed that the grain nitrogen concentration was not affected by xenia, whereas 

the protein yield was significantly affected (Table 5.4). As reported by East and Jones (1920), 

non- isogenical pollination resulted in slightly heavier kernels (chapter 2). Hence, it is clear 

that more amounts of protein were produced as a result of xenia. This contrasts with many 

other crops such as wheat, which show diluted protein contents when grain yield increases; 

but this inverse relationship may not exist in maize (Feil, 1992). 

 

 

CMS and LSR  

Leaf senescence is considered to consist of a series of degenerative changes that lead to 

the death of leaf tissue and is thought to be a genetically driven process. However, the time of 

appearance of senescence symptoms is strongly dependent on the genotype (Rajcan et al., 

1999). Recent hybrids stay green longer than their older counterparts (Duvick and Cassman, 

1999), what indicates that breeders and pathologists have successfully selected for inbreds 

with an increased resistance to premature senescence (Meghji et al., 1984). An increase in the 

duration of the photosynthetic activity of the leaves may have been responsible for yield 

increases in the past (Evans and Fischer, 1999).  

The fact that cms-hybrids, especially CORSOms, senesced on average more slowly than 

their male-fertile counterparts indicates that cms-plants may have more leaf nitrogen at their 

disposal. According to Ta and Weiland (1992), leaves contribute 45 % to the total nitrogen 

that is remobilized to the ear. Highly significant correlations between SPAD values and leaf 

nitrogen concentrations were reported by Rajcan et al. (1999) and Dwyer et al. (1995). In our 

experiments, both female inbred lines of SILPRO and DELPRIM as well as the hybrid 

SILPRO tended to have higher SPAD values (SPAD 502 chlorophyll meter, Minolta Camera 

Co., Ltd, Japan) in the cms-version than in the normal fertile version; this was especially true 

for SILPROms at higher plant densities and low nitrogen supply (Kaeser, unpublished data). 

This may indicate that the effects of retaining chlorophyll for longer periods of time (i.e. 

"stay-green" characteristics) may be partly responsible for the grain yield advantage of cms-

hybrids. However, one would expect that an extended photosynthetic activity at the very end 
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of the grain filling period would not result in more but in heavier single kernels. This did not 

seem to be the case in this study; the correlation between LSR and KW was clearly lower 

than between LSR and KN, indicating that slower leaf senescence can favor both more and 

heavier kernels. Thus, reduction processes at the tip of the ear may be ongoing until shortly 

before maturity. 

 

 

Xenia and LSR 

During the first 30 days after pollination, Tsai C.L. et al. (1991) found that the leaf dry 

weight of sib- and cross-pollinated plants decreased to the same extent but after that period 

the leaf dry weight of non- isogenically pollinated plants remained stable, whereas the leaf dry 

weight of isogenically pollinated plants continued to decrease. Interestingly, the same was 

found for the nitrogen content of leaves, which was also referred to by Tsai C.L. et al. (1991) 

as the "stay-green" effect. "Stay-green" was defined as a suppression of the proteolysis of 

soluble leaf proteins (such as RubP carboxylase which is necessary for continued 

photosynthetic activity) and, hence, the maintenance of a high nitrogen concentration in the 

leaf tissue at maturity (Tsai C.Y.  et al., 1991). These authors found that the stay-green types 

compensated for this reduced proteolysis by increasing the uptake of nitrogen by the roots. 

They concluded that the enhanced accumulation of kernel dry matter and the increase in grain 

yield, due to the genotypic modification of the kernel sink, were the result of a prolonged 

nitrogen uptake and production of assimilates in the vegetative tissue, rather than of a greater 

efficiency in redistributing nutrients from the vegetative tissue. Accordingly, the observed 

yield gains induced by cms and xenia (chapter 2) may be due to different patterns of leaf 

senescence, which was significant for CORSOms compared with its male-fertile counterpart. 

Therefore, besides increased amounts of nitrogen available for leaf chlorophyll, this slower 

LSR may also be a consequence of different morphological or physiological root traits of cms 

and non- isogenically pollinated plants. 

In this chapter, the influence of the different pollinators on the dynamics of leaf 

senescence was not significant, which can be explained by the small variations observed: the 

maximum difference between the pollinator which caused the highest LSR (DELPRIM) and 

the pollinator which caused the lowest LSR (PACTOL) was 0.08 leaves per day. This slight 

difference was probably not large enough compared to the environmental variations. On the 

other hand, the genotype × pollinator interaction was almost significant, indicating that for 

certain cms-hybrids, the LSR might be significantly different depending on the pollinator. 
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The weak relationship between LSR and yield alterations due to xenia are not surprising if 

one takes into account that different patterns of leaf senescence of the hybrids do not 

necessarily alter the final grain yield, independent of the amount of nitrogen applied (Ta and 

Weiland, 1992). 

 

General pollinator ability (GPA) 

From the TopCross system, it is known that a pollinator with a high oil content in its own 

kernels is a genotype which could serve as a high-oil pollinator, since pollination by such a 

genotype will result in larger embryo and, hence, a higher grain oil content Lambert et al. 

(1998a). This did not seem to be the case for the grain nitrogen content in this chapter. Similar 

to the relationship between the kernel weight of the pollinator and the GPA for kernel weight 

(chapter 2), our findings differ from those obtained with high-oil pollinators. The GPA for 

nitrogen content was not directly related to the nitrogen content in the pollinators' own 

kernels. BANGUY had the lowest grain nitrogen content but showed a positive GPA for this 

trait. However, if BANGUY took up smaller amounts of nitrogen, there was more of this 

growth resource available to the cms-hybrids in this pollinator-block, and a higher grain 

nitrogen content was not exclusively a result of xenia.  

 

 

CONCLUSIONS 

 

Across all the hybrids tested in this chapter, the concentrations of grain nitrogen and 

carbon did not change markedly as a result of male sterility or xenia. This means that, unlike 

other grain crops, a higher yield due to the Plus-Hybrid system is not accompanied by lower 

quality, especially protein content. Furthermore, this indicates that the Plus-Hybrids are able 

to satisfy the demand of the greater sink strength by supplying enough nitrogen. One reason 

for the stable protein yield may be changes in the patterns of leaf senescence, an important 

trait in defining the duration of photosynthetic activity and the length of the grain filling 

period, which was slower for some of the cms-hybrids. It is also likely that the root 

morphology or the root uptake efficiency is as well influenced by cms and xenia.  

The Plus-Hybrid system seems to be one way of achieving increases in grain yield without 

sacrificing grain quality. With the Plus-Hybrid system, maize growers can expect a net 

harvest of protein which is higher than that obtained with the conventional system of grain 

maize production, provided that nitrogen fertilization is non- limiting.  
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6. GENERAL DISCUSSION AND CONCLUSIONS 

 

 

The development of the Plus -Hybrids concept 

The aim of this thesis was to provide a broad data base which can be used to decide 

whether the combination of (cytoplasmic) male sterility and xenia, i.e. the Plus-Hybrid 

concept, represents a promising approach for increasing maize grain yields. The first step was 

to investigate whether detasseling or cms have positive effects on grain yield. If so, for 

understanding the mechanisms behind, it is necessary to know which yield components 

contribute to such yield alterations.  

Most authors consider grain yield of maize plants grown in temperate regions to be source-

limited (fewer kernels are filled than are pollinated). However, a second step of investigation 

was whether maize grain yield is not only source- but also sink limited. The harvested grains 

of single-cross hybrids represent the F2-generation, and may, therefore, be subjected to early 

effects of inbreeding depression. For these reasons, the genotype of the pollen may be one of 

the main factors affecting changes in sink capacity. These two steps led to a reconsideration 

of the status quo in maize grain yield production in industrialized countries, where only one 

single variety is usually planted throughout one field. Combining both steps of investigation, 

we hypothesized that it may be profitable when the pollen required for the pollination of 

male-sterile hybrids is derived from an unrelated hybrid within the same field; i.e. the Plus-

Hybrid concept.  

Quite surprisingly, both these questions (effects of male sterility and xenia on grain yield) 

had occupied maize scientists already 100 years ago. Watson (1893) reflected on the 

excessive  amount of pollen produced by a single maize tassel and concluded that this must be 

exhaustive for the plant. Correns (1901) observed that the pollen has a direct influence on 

kernel traits of a non- isogenically pollinated plant, not only in the following generation, as it 

was commonly believed at that time. He reported about an increase in the weights of the 

embryo and endosperm as a consequence of cross-pollination. Carrier (1919) reported that the 

pollen may influence not only the color, but also the size and weight of the kernel. Despite the 

early recognition of these biological factors affecting grain yield, no study has yet been 

published which focuses on the combined effects of male sterility and xenia on grain yield of 

modern (i.e. released after 1970) maize hybrids. To the best of our knowledge, the Plus-

Hybrid concept is the first explicit recommendation to combine male sterility with xenia in 
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order to profit from both effects and, therefore, represents an innovative approach to increase 

grain yield. 

 

 

Excessive tassel size and pollen production 

In a first study with the two cms-hybrids CORSO and SILEX in Switzerland and with the 

open-pollinated cultivar SUWAN 2 in Thailand (Stamp et al., 2000), we showed that grain 

yield, kernel number, and harvest index were consistently higher in the cms-versions than in 

the normal male-fertile versions, especially under elevated plant density and after pre-anthesis 

drought stress. The first conclusion drawn from these findings was that detasseling or cms 

and, consequently, an early interruption of the "exhaustive process" mentioned by Watson 

(1893) may have positive effects on seed set, which may play a key role in environments 

where resources are limited.  

In this thesis, the experiments conducted in Thailand confirmed this conclusion. In the 

rainy season in 1997 (i.e. moisture stress without additional disease pressure), the detasseled 

hybrids yielded, on average, higher than their non-detasseled counterparts, whereby the 

increases in kernel number were higher than increases in kernel weight (chapter 4). A 

negative genetic and phenotypic correlation between the dry weight of the tassel and grain 

yield has often been described (Buren et al., 1974; Meghji et al., 1984; Garnier et al., 1993; 

Duvick, 1997). Higher grain yields associated with smaller tassels can be attributed to (i) a 

competition for resources between male and female flowers (Grogan, 1956; Garnier et al., 

1993), (ii) a negative effect of the male tassel on the development of the female ear due to 

apical dominance (Gallais et al., 1982) or (iii) to both of these influences, and (iv) to a 

reduced shading of the uppermost leaves (Duncan et al., 1967; Lambert and Johnson, 1978). 

The question of resource allocation is especially important: a reduced carbohydrate supply to 

the ear during pollination (Schussler and Westgate, 1991b) as well as during early kernel 

growth (Schussler and Westgate, 1991a) caused large decreases in kernel number. 

Experiments with European cms-hybrids corroborated that male sterility enhances kernel 

number (chapter 2).  

In this context it is important to recall that, in general, all the changes observed with 

cytoplasmic male-sterile plants must not be the direct effects of male sterility. The genes of 

the completely different cytoplasm may have various effects on plant development, besides 

the expression of male sterility. The work of several authors (Fleming et al., 1960; Duvick, 

1965; Singh, 1965; Crane and Nyquist, 1967; Hunter and Gamble, 1968; Bhat and Dhawan, 
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1969; Garwood et al., 1970; Kalsy and Sharma, 1972) emphasized the importance to carefully 

distinguish between the effects of cytoplasm per se and the secondary effects of the 

cytoplasm, such as male sterility. 

Stamp et al. (2000) did not study the effect of non- isogenic pollination on the grain yield 

of cms-hybrids, i.e. the Plus-Hybrid concept. However, during the course of the present work, 

the hypothesis of yield gains due to xenia has been confirmed for European inbred lines 

(Bulant and Gallais, 1998).  

 

 

Xenia as the natural pollination procedure  

Maize is a common example of monoecy with imperfect flowers. That is, flowers are either 

male or female, but can be found on the same plant. In maize, they are separated with a 

relatively large distance in-between, and naturally, they mature at different times (i.e. self-

fertilization is naturally hindered by protandry). Due to this anatomical and chronological 

separation, maize is predestined to be pollinated by pollen which does not originate from the 

same individual plant. The rate of cross-pollination under field conditions is around 85 to  

99 % (Feil and Schmid, 2002). Moreover, although not described as a genetic mechanism, it 

is well possible that self- incompatibility also found in maize, as is the case in Solanaceae and 

Brassicaceae (McCormick, 1998, Gaude and McCormick, 1999). To some extent, xenia might 

therefore be the preferred or probably the usual scenario in a "natural" plant stand, where 

neighboring genotypes intercross. 

The status quo in maize fields of single-cross hybrids is that all plants are genetically 

identical in a heterozygous state. Irrespective of the fact that the plants in a large field usually 

intercross, in such a situation, cross-pollinations are, in fact, sib- or self-pollinations. Thus, 

the grains produced on single-cross hybrids in the status quo scenario represent the first 

inbred generation. This means that advantages of heterosis are, to some extent, dissipated. 

With the Plus-Hybrid system, such early effects of inbreeding can be avoided, if the cms-

hybrid and the pollinator are non- or far-related. 

It was demonstrated in chapter 2 that xenia per se causes increases in kernel weight, in 

accordance with the findings of Bulant and Gallais (1998), who stated that cross-pollination 

increases the level of heterozygosity of the kernel, referred to as sink strength. In addition, it 

is known from the TopCross method (Lambert et al., 1998) that paternal genes can influence 

the quality of the kerne l, i.e. the oil concentration in the endosperm and the embryo. There is 

evidence that such paternal effects also influence processes linked to grain yield after cross-
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pollination of inbreds (Bagnara and Daynard, 1983) and hybrids (Seka et al., 1995). Mixing 

hybrids from different seed companies was reported to increase grain yield as a result of a 

higher single-kernel weight (Westgate et al., 1999). 

 

 

What constitutes a potential cms-hybrid for a Plus-Hybrid combination? 

The three cms-hybrids tested in six environments represent different implementation types 

regarding their performance as Plus-Hybrids (see Chapter 2). DELPRIMms showed only a 

small potential for increasing grain yield as a Plus-Hybrid compared to the normal male-

fertile version (+2.1 % NS), CORSOms yielded significantly better (+9.3 % **), and 

SILPROms showed by far the greatest ability to implement the advantages of the Plus-Hybrid 

concept (+15.8 % ***). To aid in selecting potential cms-hybrids as partners in the Plus-

Hybrid system, it would be useful to find some traits which might be used as indicators of a 

positive yield reaction to male sterility and xenia. Of course, it is not easy to recommend what 

to look for. However, it is clear that a cms-hybrid must have a certain disposition to profit 

from male sterility and xenia. Plant architecture of the cms-hybrid may play an important role 

in terms of source capacity, which is crucial in order to satisfy an increased sink demand due 

to xenia. The two most prominent traits of plant architecture are plant height and number of 

leaves. 

In the small-plot trials in 1998 and 1999, at the time when 50 % of the plants had reached 

anthesis and silking, the height of four plants from the soil surface to the collar of the last 

fully developed leaf was measured in every sub-plot. At the same time, the number of visible 

leaves of these four plants was determined, the majority of which were still green. Few of the 

slightly brown leaves were also counted. The tissue of those slightly brown leaves was 

estimated to be no longer photosynthetically active but to contribute to the supply of the plant 

with carbohydrates all the same, i.e. by being reabsorbed. Comparing the plant height and 

number of leaves of CORSOms, DELPRIMms, and SILPROms across all pollinators may 

help to explain the different reactions of these three cms-hybrids: DELPRIMms 204 cm, 11.6 

leaves; CORSOms 216 cm, 12.4 leaves; and SILPROms 223 cm, 13.4 leaves. The plant 

height of the cms-hybrid was slightly but significantly related with grain yield averaged 

across the non-isogenic pollinations (r = 0.39***); the relationship between the number of 

leaves and grain yield was somewhat weaker (r = 0.28***). 

Compared to its male-fertile counterpart, SILPROms enhanced grain yield as a Plus-

Hybrid, primarily by increasing kernel number. It is known that the kernel number at 
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maturity is related to plant photosynthesis during the critical phase of kernel set, and that the 

impact of stress on kernel number can be expressed through the effects of stress on plant 

photosynthesis (Tollenaar et al., 2000). Data of the present work seem to suggest that cms-

hybrids which are taller per se have greater potential to use the advantages resulting from 

male-sterility and xenia to increase yield substantially.  

However, the speculation that the plant architecture of cms-hybrids is crucial for 

performing well as a Plus-Hybrid was not confirmed. CORSOms, DELPRIMms, and 

SILPROms showed no correlations between grain yield alterations due to the effect of male 

sterility and plant height (r = 0.02NS) or number of leaves (r = -0.05NS). Likewise, there were 

no correlations between changes in grain yield due to xenia and both traits (r = 0.04NS and r = 

0.12**, respectively). In addition, there was a negative correlation (r = -0.60***) between 

plant height and grain dry matter content for CORSOms, DELPRIMms, and SILPROms, 

indicating that the dry-down process might have been slower in a stand with relatively high 

plants than in a stand with shorter plants.  

In this context, it may be important to determine whether a cms-hybrid still has the same 

height and leaf number after conversion to a male-sterile cytoplasm. The results showed that 

cytoplasmic male-sterility or the T-cytoplasm used may influence plant architecture, too. On 

average, there was a slight reduction (-1.2 % NS) in plant height. With the exception of 

CORSO, all hybrids had a reduced plant height in the male-sterile cytoplasm, significantly 

(p<0.05) so far with SILPRO (-2.6 %). Almost the same trend was found for the number of 

leaves, cytoplasmic male-sterile plants had, on average, fewer leaves. As well as observed for 

plant height, the reduction in number of leaves of the male-sterile hybrids, compared with the 

male-fertile hybrids, was small (-1.4 % NS). 

Smaller male-sterile plants, due to shorter upper internodes, compared to their male-fertile 

counterparts were already found by Josephson and Kincer (1962). They compared this to the 

situation of severe drought when stem elongation also ceased, with the tassel being no longer 

functional; and they concluded that the shortening of male-sterile plants must be a secondary 

response to sterility rather than a direct effect of the cytoplasm. Johnston and Snyder (1962) 

showed that cms- inbred lines were shorter than their male-fertile counterparts; Bruce et al. 

(1966) reported the same for cms-hybrids. However, as discussed above, the impact of the 

cytoplasm per se on plant height must also be considered. In his experiments, Duvick (1965) 

showed that plants with restored T-cytoplasm were shorter than plants with normal 

cytoplasm, and that non restored cms-plants were even shorter. Fleming et al. (1960) and 

Baynes and Brawn (1973) showed that plant height was influenced also by the non-male-
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sterile cytoplasm, purely depending on which inbred was the pollen-parent line and which 

one was the mother line. Other authors (Grogan and Sarvella, 1964; Sarvella and Grogan, 

1965; Madjolelo et al., 1966; Grogan et al., 1971) confirmed the tendency of cytoplasmic and 

nuclear genic male-sterile plants to be shorter than their normal male-fertile counterparts. 

Grogan et al. (1971) suggested that low contents of indoleacetic acid, the concentration of 

which in male-sterile tassels was half of that of normal male-fertile tassels, or other hormones 

in male-sterile plants (e.g. gibberellic acid) could be responsible for this phenotypic 

difference. Concerning the possibility of an interaction between plant height and dry weight, 

Sanford et al. (1965) noticed that stalks of male-sterile plants showed only minor differences 

in dry weight compared to stalks of male-fertile plants, although the former were shorter than 

the latter. Duvick (1965) showed that T-cytoplasm reduced the number of leaves per plant by 

1 to 2 % over the whole growing season. 

Another question that arose after converting hybrids to cms concerns silking. Does silking 

of a cms-hybrid differ from that of its male-fertile counterpart? Grogan (1956) observed that 

detasseled plants reached silking one to three days earlier than their non-detasseled 

counterparts. In our study with European germplasm, silking of all the cms-hybrids was 0.2 

to 1.2 days earlier than that of their male-fertile counterparts, with the exception of 

DELPRIMms which reached silking later (by only 0.1 day). For SILPROms, this earlier 

silking was significant (p<0.05). Optimal silk development and timing of pollination have a 

large impact on kernel set under normal conditions without stress (Russell, 1991; Bassetti and 

Westgate, 1993; Cárcova et al., 2000) but especially under stress conditions (Westgate and 

Boyer, 1986; Bassetti and Westgate, 1994; Bolanos and Edmeades, 1996; Otegui, 1997; 

Edmeades et al., 2000). Earlier silking may be an additional advantage of cms-hybrids, since, 

at pollination, more silk filaments are receptive. Silks which emerged prior to anthesis remain 

receptive to pollen for up to seven days (Bassetti and Westgate, 1994). Although relatively 

small, an acceleration in the silk emergence of the cms-hybrids may also have contributed to 

their yield advantages by increasing kernel number.  

As reported in chapter 5, slower leaf senescence may explain some of the positive 

reactions of CORSOms. Leaf aging patterns might, therefore, also be considered to be 

possible indicators for selecting promising cms-hybrid (Tollenaar, 1989; Tollenaar, 1991).  

Shading by a large tassel as well as leaves covered by detached anthers after "flowering" 

may reduce the photosynthetic potential of the uppermost leaves, also in cms-hybrids (chapter 

2). Therefore, a potential cms-hybrid for a Plus-Hybrid combination will have very small or 

even no tassels. However, the selection for such hybrids should by no means reduce the 
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length of the uppermost internodes, which would lead to still smaller plants (Josephson and 

Kincer, 1962). 

Finally, in order to be of economic interest, a cms-hybrid for a Plus-Hybrid system, as it 

would be practically implemented (i.e. the cms-hybrid counts for about 80 to 90 % in a 

mixture with a suitable pollinator), must a priori have a high yield potential. Male sterility 

and xenia can increase grain yield; however, due to the large percentage of male-sterile plants 

in the mixture, the cms-hybrid itself must provide the basis of high competitiveness of a Plus-

Hybrid. 

 

What constitutes a potential pollinator for a Plus -Hybrid combination? 

In contrast to the cms-hybrid, indicators of a good pollinator are much harder to find. A 

very simple answer would be, that the pollen from such a pollinator must be able ("must 

contain genes", Thomison et al., 2002) to increase the grain yield potential of the cms-hybrid. 

This would probably lead again to the discussion of whether maize grain yield is sink- or 

source- limited.  

As described above, plant height and the number of leaves was assessed in the small-plot 

trials at flowering. It was, therefore, not possible to investigate the effect of non- isogenic 

pollination (i.e. xenia) on the plant architecture of the cms-hybrid. Nevertheless, the pollinator 

may have influenced the plant architecture of the cms-hybrid. Such an influence may be 

considered to be an adaptation of the cms-hybrid to the plant length and number of leaves of 

the surrounding pollinator, i.e. to the specific conditions concerning competition for light in 

the different pollinator blocks. Regarding the test situation we applied in our study, this 

influence may have been relatively important in the small-plot trials but was negligible in the 

large-strip mixture trials, where the pollinator was randomly included at a rate of 15 % only.  

Averaged across all cms-hybrids tested in six and three environments, the non- isogenically 

pollinated plants did not differ significantly from their isogenically pollinated counterparts as 

far as plant height and leaf number were concerned. However, from the ANOVA in the small-  

plot trials, a significant (p<0.001) influence of the pollinator on the plant height of the cms-

hybrid was obvious, whereas the number of leaves was not influenced. Furthermore, the 

pollinator × genotype interaction was not significant, indicating that certain pollinators had a 

uniform influence on all cms-hybrids. The correlation between the plant height of the 

pollinator and the plant height of the cms-hybrid was significant (r = 0.66***), across six and 

also across three environments. There was no significant influence (ANOVA) of the 

pollinator genotype on the number of leaves of the cms-hybrid. However, there was a 
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significant correlation between the number of leaves of the pollinator and those of the cms-

hybrid across six (r = 0.52***) and across three environments (r = 0.66***).  

These results can be interpreted in a way that the plant architecture of the surrounding 

pollinator may influence that of the cms-hybrids inside a pollinator block. When cms-hybrids 

were surrounded by a tall pollinator genotype, they became taller, too, and, as a consequence, 

more leaves may have developed at additional nodes. However, there are three clear 

indications that such competitive effects are not primarily involved in the observed yield gains 

due to xenia: (i) The correlations between the plant height of the pollinator and the grain yield 

of the cms-hybrid across six (r = 0.09*) and across three environments (r = 0.10*) were very 

low. Likewise the relationships between the plant height of the pollinator and the grain yield 

relative to the isogenically pollinated counterpart across six (r = -0.22***) and three (r = -

0.16**) environments were rather low, similar to those relationships with number of leaves of 

the pollinator (r = -0.17*** and r = -0.23***, respectively). (ii) In large-strip mixture trials the 

same pollinators as in the small-plot trials enhanced the grain yield of the cms-hybrids 

(chapter 3). In such mixture trials, where the pollinator was randomly included at a rate of  

15 % only, it is highly unlikely that the pollinator affects the plant height of the cms-hybrids 

was most unlikely. (iii) The pollinator with the highest (DELPRIM) and lowest (DSP17007) 

GPA for grain yield, kernel weight, and kernel number (chapter 2) did not differ significantly 

with regard to plant height or number of leaves. 

Conclusively, the plant architecture of the pollinator must be considered for defining the 

appropriate testing procedure but is not a crucial selection criterion for a potential pollinator 

in "real" Plus-Hybrids, i.e. when the pollinators are blended with cms-hybrids. 

In order to ensure complete pollination of the whole plant stand under field conditions, an 

ideal pollinator should not only produce a sufficient amount of pollen, but pollen shedding 

should also occur at the same time as silking of the cms-hybrid in the mixture.  

Contrary to the cms-hybrid, the intrinsic yield potential of the pollinator itself may not be a 

decisive indicator used in the selection (see GPA in chapters 2 and 5). Nevertheless, the yield 

potential of the pollinator should not be ignored, since positive effects of male sterility and 

xenia may be reduced by a low-yielding pollinator. As mentioned in chapter 3, when Plus-

Hybrid mixtures are evaluated, a pure stand of the pollinator should be included and its 

performance compared with that under competition in a mixture (Thompson, 1977). 

A favorite pollinator for the TopCross system is one which can drastically increase the size 

of the embryo and its oil content (Lambert et al., 1998). Since grain maize generally provides 

much more of the yield by the endosperm (about 80 %, see chapter 2), a favorite pollinator for 



 118 

the Plus-Hybrid system is therefore one which drastically increases the size or weight of the 

endosperm. If nutritional aspects are to be considered, then an ideal pollinator should lead to 

high protein contents, i.e. its GPA for grain protein content must be high (chapter 5), what 

means that its influence on embryo size becomes important as well. 

 

The Plus-Hybrid system in different production environments 

Results obtained with detasseled Asian and cytoplasmic male-sterile US hybrids were not 

as clear-cut as those obtained with European cms-hybrids. Possible reasons for these diverse 

reactions were discussed in the chapters 3 and 4 and seem to be linked to the different 

treatments for inducing male sterility or to the closer genetic relationship of inbred lines used 

for creating the respective hybrids.  

In chapter 2, the amounts of nitrogen saved by a stand of cytoplasmic male-sterile plants, 

at European production sites, compared to the usual production conditions, were estimated to 

be as high as 10 to 30 kg N ha-1. Besides nitrogen, other growth resources (water, other 

mineral nutrients, energy) can also be saved if the plants do not have to produce fully fertile 

pollen. Of course, under normal field conditions, the nitrogen invested for pollen and 

dispersed at anthesis is not withdrawn from the system. After dispersal, the nitrogen-enriched 

surplus of pollen is deposited in the leaf collars or on the soil surface. After decomposition, 

pollen nitrogen may be available for the plants. However, this occurs considerably later, 

probably not until the following crop has been planted. Therefore, the absolute amount of 10 

to 30 kg N ha-1 (or the relative amount of about 5 to 15 % of the nitrogen invested as 

fertilizer), which is saved by male-sterile plants, is not irrelevant, especially in resource poor 

production systems where this amount corresponds approximately to the fertilizer nitrogen 

available per year. In sub-Saharan Africa, farmers usually can not apply more than 10 kg N 

ha-1 year-1 (Bellon, 2001; Waddington and Heisey, 1997). In relatively intensive production 

systems, too, the yield advantage due to such savings should not be underestimated. Some 

statements in the study of Strachan and Kaplan (2001) can be interpreted in a way that 

commercial US hybrid seeds contain up to 50 % cytoplasmic male-sterile plants. The fact that 

cms can boost grain yields has, in the meantime, been widely accepted by breeders in the 

USA (Tom Prest, Syngenta Seeds, Inc. and Dale W. Ball, Wilson Genetics, 

 L. L. C., personal communications, 1999). Needless to say that a certain proportion of the 

competitiveness of varieties containing non-restored cms-hybrids may, in such a case, be due 

to the positive effect of male sterility, besides genetic improvement. 
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Another reason why hybrids of Asian and US germplasm did not show the same positive 

responses to non- isogenic pollination as European hybrids may lie in the level of 

heterozygosity. As discussed in chapters 3 and 4, the chances of finding a pollinator which is 

a sufficiently distant relative of a detasseled or a cms-hybrid may be higher in the dent × flint 

germplasm than within the pools where dent or flint inbred lines are the only components. It 

can be speculated that additive effects of heterozygosity become operative ; the highest yield 

gain in the Swiss large-strip mixture trials was observed when two different pollinators were 

blended. Using two cultivars instead of one as pollinators might be an option for increasing 

the level of heterozygosity or, in other words, for minimizing the risk of poorly performing 

Plus-Hybrids. Such a strategy is not only suitable for creating Plus-Hybrids; breeders are also 

increasingly concerned about narrowing the genetic diversity for conventional breeding 

(Troyer and Rocheford, 2002). Using two cultivars as pollinators and one cultivar as cms-

hybrid, i.e. three different genotypes in one field, might also be advantageous in terms of 

diseases resistance. 

 

Plus-Hybrids and genetic variability 

Breeding in the last 100 years has considerably narrowed the genetic base of today's maize 

germplasm. Inbred lines developed for use in the first hybrids were derived from open-

pollinated varieties, which were improved landraces. Subsequently, pedigree selection was 

initiated in segregating populations derived from inbred line crosses, and the relative 

importance of the landraces as breeding germplasm decreased rapidly (Jenkins, 1978). The 

long-term potential value of the landraces was not appreciated, and in some instances these 

landraces were lost or were inadequately sampled for storage in germplasm banks. Genetic 

variability in maize breeding programs was extensively discussed after the Helminthosporium 

maydis epidemic in 1970. Based on surveys of the most widely used public lines for 

producing hybrid seed, it seemed that the genetic base of the US maize crop was becoming 

more restricted over time (Zuber and Darrah, 1980). Population improvement and early 

testing (instead of developing new inbred lines) in the Stiff Stalk Synthetic heterotic group led 

to three very popular lines which were frequently included in the parentage of commercial 

hybrids: B37 (26 %) and B14 (19 %) in the 1960s (Sprague, 1971), and B73 (16 %) in the 

1980s were most widely used (Darrah and Zuber, 1986). The replacement of many lines by 

one of these three inbreds reduced genetic diversity in hybrid corn. Only about 20 elite 

inbreds at a given time are the base for heterotic groups and patterns (Troyer and Rocheford, 

2002). Today, the estimation of genetic distance is not a problem. With modern molecular 
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detection methods (e.g. RFLP), it is possible to quantify the degree of relationship of two 

genotypes. However, as was discussed by Troyer and Rocheford (2002), a high degree of 

relationship between inbreds or hybrids, based on molecular markers, does not exclude 

significant differences in agronomic performance. Most agronomic traits (grain yield, grain 

moisture at harvest, root lodging etc.) are quantitative traits, which mean a cumulative action 

of many genes each contributing a small effect, and they interact with environments. 

Moreover, introgression of small amounts of DNA can have significant effects on useful 

traits. Therefore, molecular markers may be a valuable tool for determining genetic distance 

between potential Plus-Hybrid partners. However, reliable yield predictions are hardly 

possible and every Plus-Hybrid combination must be tested in the field to determine the 

relative value of each of the genotypes involved. 

 

 

Consequences for practical breeding 

Another consequence of the findings presented here was mentioned in chapter 2. It was 

shown that the pollen source plays an important role in influencing final grain yield. 

Therefore, results of variety tests are to be interpreted with caution when data is obtained 

from field trials where cross-pollination was not prevented. This is generally true for every 

test procedure with maize varieties or scientific experiments conducted under open-

pollinating field conditions. However, it is particularly true for demonstration plots of newly 

released hybrids, which are often planted in two or four rows, for promotion by seed 

companies or seed sellers. This latter practice has been questioned by practical maize 

breeders and retailers (Karl-Heinz, Camp, DSP Switzerland; Heike Gottschalk, KWS 

Germany, personal communication 2002) who often found the performance of their own 

products to be poorly represented in such demonstration plots. This problem has been 

described by David et al. (2001), who found interplot interferences between different 

varieties in plots with only a few rows. 

 

 

The Plus-Hybrid system with other plant species 

Combining male sterility and xenia is not limited to maize. The Plus-Hybrid concept (not 

referred to as such) has already been implemented with other crops. In rape seed, composite 

hybrids or varietal associations have been developed, which are mixtures of cms-hybrids and 

male-fertile pollinators and seem to have a positive yield effect beyond heterosis (Frauen and 
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Baer, 1996; Kightley, 1999). At least in 1996, a high number of composite hybrids in official 

trials in different countries proved the high potential of this concept. Reasons for the failure of 

acceptance of such hybrids by farmers are on the one hand due to concerns about reliable 

pollination, and on the other hand due to the fact that conventional line varieties are still 

superior over hybrid varieties in oil content, oil quality, grain yield, and disease resistance 

(Heiko Becker, Professor for Plant Breeding, Georg-August University of Göttingen, 

Germany, personal communication, 2002). In principle, the concept of blending seeds of 

male-sterile and non- isogenic plants to profit both from male sterility and xenia is applicable 

to all cross-pollinating crops which shed a sufficient amount of pollen to pollinate a large 

number of plants.  

 

 

The method to test Plus -Hybrids for practical use 

The Plus-Hybrid system can significantly increase the grain yield of maize hybrids. Results 

obtained with pure stands (chapter 2) were confirmed with mixtures of cytoplasmic male-

sterile hybrids and male-fertile non-related pollinators (chapter 3). The question may arise as 

to how Plus-Hybrids can be tested under practical conditions? 

 

Advantages of the small-plot testing system 

The purpose of our study was to test many cms-hybrids with many non-related pollinators 

under "controlled" field conditions. Special care was given to regular sowing, weed-free 

stands, and the control of European corn borer (Ostrinia nubilalis Hübner). For this purpose, 

the small-plot test procedure was chosen. The advantages of the small-plot trials are: (i) a 

relatively large number of combinations (cms-hybrid × pollinator) can be simultaneously 

tested. In our study, 48 combinations were integrated into one replication. (ii) The area 

required is relatively small (0.2 ha were used per replication). Hence, a trial with five 

replications per location does not require more than 1 ha. (iii) The male-sterile and male-

fertile plants are always clearly identifiable due to their position in the field, and specific 

measurements of plant traits are feasible separately for male-sterile and male-fertile 

accessions. (iv) With this system, the reliability of the testing procedure, i.e. the amount of 

unwanted pollination traced by a white-grain detasseled hybrid (see chapter 2), can be 

assessed. 
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Disadvantages of the small-plot testing system 

Disadvantages of the small-plot testing system are: (i) the time consuming seed 

preparation and planting procedure. For one trial at one location in our study, 2,160 small 

paper-bags were used, each containing 40 kernels. A precision planter is necessary because 

small numbers of kernels have to be precisely planted over a short distance (4 m). At the end 

of every small-plot, all the hoppers of the sowing units must be cleaned from the seed of the 

previous and filled with new seed for the next small-plot. (ii) The plant architecture of the 

pollinator may influence the anatomy and yield traits of the cms-hybrid. David et al. (2001) 

found highest interferences caused by the different varieties in grain maize cultivar trials 

when plots consisted of two rows. The size of small-plots should, therefore, comprise not less 

than four, or even better, six rows. 

 

Advantages of the large-strip testing system 

There are several advantages of the large-strip testing system: (i) The performance of Plus-

Hybrids can be estimated under "real" field conditions and can be directly compared with the 

performance of conventional varieties. (ii) The agricultural practices are those used by 

farmers. Especially, planting, controlling of weeds, and harvesting are performed with usual 

equipment, and no additional effects, e.g. by unusually regular sowing or low harvest losses, 

occur. (iii) Preparation of seeds bags, planting, and harvesting can be done much faster than in 

the small-plot testing system. (iv) This allows the establishment of many trials in many 

different environments. 

 

Disadvantages of the large-strip testing system 

(i) One disadvantage of the large-strip testing system is the relatively small number of 

combinations which can be tested due to the necessity for a large test area. (ii) Because seeds 

are blended, the different plants will be randomly distributed in the field and male-sterile 

plants can not be easily distinguished from male-fertile ones if they do not have characteristic 

visual markers. 

 

Alternative features for Plus-Hybrid testing systems 

Another test procedure would be possible, if the prevention of non- intended pollination can 

be achieved in another way than by several rows of pollinators, e.g. by isolation distance or by 

standardized physical barriers such as walls, tight curtains, or tall plants of other species than 

maize (e.g. Hemp Cannabis sativa L., Elephant Grass Pennisetum purpureum Schum., Sudan 
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Grass Sorghum vulgare var. sudanense Hitchc., or Giant Chinese Silver Grass Miscanthus 

'Giganteus'). With such an isolation, the cms-hybrids could be planted as pure stands around a 

centered plot of the pollinator, or small-plot trials with mixtures would also be feasible. 

Hence, the influence of the pollinator on the plant architecture of the cms-hybrid can be more 

or less eliminated even with small-plot trials. Furthermore, the pollinator must not necessarily 

be the main-plot, what is advantageous when xenia is a source of variation in the ANOVA. 

 

 

The Plus-Hybrid system with transgenic plants 

There is public concern about the consequence of releasing pollen from genetically 

modified (GM) crops. An extension of the Plus-Hybrid system would be to grow mixtures of 

transgenic male-sterile plants and non-transgenic male-fertile plants with the aim of 

preventing the release of transgenic pollen (Feil et al., in review).  
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GENERAL CONCLUSIONS 

 

In conclusion, this work showed that the Plus-Hybrid system represents a valuable option 

to increase maize grain yield by combining (cytoplasmic) male sterility and xenia. Compared 

to conventional grain maize production, average yield gains in small-plot trials were 8.2 % 

with European, 4.5 % with US, and 4.4 % with Asian germplasm. Based on trials under 

on-farm conditions using blends, average yield advantages were 6.5 % in the USA and 9.5 % 

in Switzerland.  

In 2000, the average grain yield was 8.5 t ha-1 in the USA (USDA, 2002), 9.2 t ha-1 in 

Switzerland, and 3.9 t ha-1 in Thailand (FAO, FAOSTAT Data, 2002). Troyer and Rocheford 

(2002) gave a regression value for the annual yield increase with US single-crosses of about 

112 kg year-1 from the 1960s to 2000, which corresponds approximately to 1.3 % per year. 

Annual maize grain yield increases in Europe for the same period were 1.2 % (Hinterholzer, 

2000); in Thailand, they were 2.6 % for the last 40 years and 4.0 % for the last decade 

(Aquino et al., 2001). Hence, the yield increases with Plus-Hybrids were four to five times 

higher with US, six to seven times higher with European, and about the same or doubled with 

Asian germplasm compared to the annual increase achieved with the conventional system. A 

further positive finding was the fact that increased yields with Plus-Hybrids were 

accompanied by a stable grain quality; the net harvest of protein was larger with the Plus-

Hybrid system than with the conventional system. 

Research into the Plus-Hybrid concept, which is not restricted to maize, should be 

continued because it may bring benefits to breeders and farmers. In particular, it should be 

evaluated if comparable grain yield advantages are found in environments with limited 

growth resources. 
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  Fig. A1: Meteorological data from the Tänikon station. Source: SMI (Swiss  

 Meteorological Institute), Zurich, Switzerland. 
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  Fig. A2: Meteorological data from the Packchong station. Source: Agromet  

 (Thai Meteorological Department), Bang Na, Bangkok, Thailand. 
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