
EVALUATION OF THE MALE-STERILE
CYTOPLASM, MSM1, FOR USE IN HYBRID
BARLEY SEED PRODUCTION (HORDEUM)

Item Type text; Dissertation-Reproduction (electronic)

Authors Eckhoff, Joyce Lynne Alwine

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:35:28

Link to Item http://hdl.handle.net/10150/282087

http://hdl.handle.net/10150/282087


INFORMATION TO USERS 

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted. 

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction. 

1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity. 

2. When an image on the film is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method of "sectioning" the material has been followed. It is 
customary to begin filming at the upper left hand corner of a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again—beginning below the first row and continuing on 
until complete. 

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department. 

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed. 

University 
Microfilms 

International 
300 N. Zeeb Road 
Ann Arbor, Ml 48106 





8522808 

Eckhoff, Joyce Lynne Alwine 

EVALUATION OF THE MALE-STERILE CYTOPLASM, MSM1, FOR USE IN 
HYBRID BARLEY SEED PRODUCTION 

The University of Arizona PH.D. 1985 

University 
Microfilms 

International 300 N. Zeeb Road, Ann Arbor, Ml 48106 





EVALUATION OF THE MALE-STERILE CYTOPLASM, MSM1, 
FOR USE IN HYBRID BARLEY SEED PRODUCTION 

by 

Joyce Lyrine Alwine Eckhoff 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PLANT SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN AGRONOMY AW PLANT GENETICS 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1985 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by Joyce Lynne Alwine fcckhoff 

entitled Evaluation of the male-sterile cytoplasm, msml, for use in 

hybrid barley seed production 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of doctor of t-hilosophy 

l i d  i b ) }  

,^7 01< yi Q $ -b 

Date 

n 
Date 

Uu y 

Datg/ 

Date 

Date/ 

c/ 

y~-

tj c? 

Final approval and acceptance of this dissertation is contingent upon the 

candidate's submission of the final copy of the dissertation to the Graduate 

College. 

I hereby certify that I have read this dissertation prepared under my 

direction and recommend that it be accepted as fulfilling the dissertation 

requirement. 

Eati'bn Director /J C>Stc7 
/ 

W 91. /? 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of 
requirements for an advanced degree at the University of Arizona and 
is deposited in the University Library to made available to borrowers 
under rules of the Library. 

Brief quotations from this dissertation are allowable without 
special permission, provided that accurate acknowledgment of source 
is made. Requests for permission for extended quotation from or re
production of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College 
when in his judgement the proposed use of the material is in the in
terests of scholarship. In all other instances, however, permission 
must be obtained from the author. 

SIGNED 



ACKNOWLEDGMENTS 

The author wishes to thank Dr. R. T. Ramage for the materials 

guidance and advice needed for the planning, execution, and writing of 

this dissertion. She also thanks Drs. W.P. Bemis, J. E. Endrizzi, 

A. K. Dobrenz and M. H. Schonhorst for their, criticisms and advice on 

the written dissertation. 

The author acknowledges Drs. R. F. Eslick and E. A. Hockett of 

Montana State University for providing materials and facilities at 

Bozeman, Montana. 

A special thanks is due to the barley crew of the University of 

Arizona for the physical labor in the field and seed lab. 

i i i  



TABLE OF CONTENTS 

Page 
LIST OF TABLES . v 

ABSTRACT vi 1 

INTRODUCTION 1 

LITERATURE REVIEW 3 

Extranuclear inheritance 3 
Cytoplasmic male sterility . . . 4 
Heterosis 10 
Hybrid barley 15 

MATERIALS AND METHODS 21 

Evaluation of male-sterile and maintainer lines 22 
Evaluation of restorers of fertility 24 
Evaluation of partial restorers of male fertility 25 
Evaluation of F^ hybrids using the msml system 27 

RESULTS 29 

Evaluation of male-sterile and maintainer lines 29 
Evaluation of restorers of fertility in msml 37 
Evaluation of partial restorers of male fertility 41 
Evaluation of F^ hybrids using the msml system 51 

DISCUSSION . 60 

SUMMARY 66 

APPENDIX 1 70 

LIST OF REFERENCES 73 

iv 



LIST OF TABLES 

.Page 
Table 

1. Number and percent of F^'s of msml X possible 
maintainers of male-sterility in msml in each 
classification of percent selfed seed set 30 

2. Number and percent of BC..'s of msml X possible 
maintainers of male-sterility in msml in each 
classification of percent selfed seed set 31 

3. Number and percent of possible maintainers of male-
sterility in msml in each classification of percent 
selfed seed set 32 

4. Number and percent of possible maintainers of male-
sterility in msml that restored some male fertility 
classified is greater percent selfed seed set in 
Montana, Arizona, or same in both locations 34 

5. Selfed seed set on parents and F 's of intercrosses 
of four male-sterile lines ana their maintainers .... 36 

6. Percent selfed seed set on 3 generations of 22 restorers 
at three times and two locations 38 

7. F., F_ and testcross data of 22 possible restorers 
crossed onto male-sterile msml plants 40 

8. Percent selfed seed set of F 's of male-sterile msml 
plants X partial restorers in normal and msml cytoplasms 
and on the male parent 42 

9. Contingency Chi-square values comparing differences in 
selfed seed set of F1 's of msml plants X partial 
restorers in both normal and msml cytoplasms, F^'S 
with each male parent, and male parents 43 

10. Percent selfed seed set on progeny of partial restorer 
sibs with low and high percent selfed seed sets in the 
msml cytoplasm 45 



vi 

LIST OF TABLES—Continued 

Table Page 

11. Percent selfed seed set on early an late spikes of 
progeny of partial restorer sibs with low and high 
percent selfed seed sets in the msml cytoplasm 48 

12. Percent selfed seed set on F,'s and parents of 
intercrosses of partial restorers 50 

13. Number of F„ plants from msml-Hector X Steptoe 
in each range of percent selfed seed set 52 

14. Analysis of variance of grain yield of 22 F. 
hybrids, their 44 parents and 6 check cuTtivars 54 

15. Total yields in grams of hybrids, parents and check 
cultivars and hybrid yields as percents of parents 
and high check cultivar 55 

16. 1000-seed weight in grams of hybrids, parents and 
check cultivars and seed weights of hybrids as 
percents of parents and high check cultivar 57 

17. Hectaliter weights in kilograms of hybrids, parents and 
check cultivars and hectaliter weights of hybrids as 
percents of parents and high check cultivar 58 



ABSTRACT 

Possible maintainer lines were selected from CC XXXII and 

crossed onto cytoplasmically male-sterile plants. Complete male 

sterility was maintained in both the and BC^ generations of 46.4% of 

the lines. 

Four cultivars with maintainer genotypes that were in both 

normal and msml cytoplasm were intercrossed using the male-sterile forms 

as the female parents. All F^'s were completely male-sterile. 

Restoration of male fertility by 22 lines selected from CC XXXII 

was shown in each case to be due to a single dominant gene. In some 

lines, restoration was influenced by environment and genetic background. 

Partial restoration was observed in cultivars in the World 

Collection and lines selected from CC XXXII. Partial restoration 

appeared to be due to several genes that were subject to environmental 

influence. Accumulation of some of these genes increased the amount of 

restoration. There was no evidence that cytoplasmic factors were passed 

through the pollen. 

Twenty-two F^ hybrids were produced by crossing restorer lines 

onto male-sterile msml lines. The 22 hybrids, their 44 parental 

restorer and maintainer lines and six check cultivars were grown in a 

four-replication yield trial. Total yield, 1000-seed weight and 

hectaliter weight were measured for each plot. All the F^ hybrids 

outyielded their midparent values and 17 of the hybrids outyielded their 

high parents. Half of the F^'s outyielded the high check cultivar, 
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which yielded about 9,130 kg/ha. Twenty-one F^'s had greater 1000-seed 

weights than their midparent values while only 11 F^'s had greater 1000-

seed weights than their high parents. The high check cultivar had the 

greatest 1000-seed weight, 49.0 gm. The hybrids with the greatest 1000-

seed weights were not the hybrids with the greatest yields. Eighteen of 

the F^'s had greater hectaliter weights than the midparent values, but 

only seven had greater hectaliter weights than their high parents. The 

high check cultivar had the greatest hectaliter weight, 75 kg. The 

hybrids with the greatest hectaliter weights were not the highest 

yielding hybrids. 



INTRODUCTION 

A hybrid is the offspring of two genetically dissimilar lines. 

Advantages of a hybrid cultivar include greater yield, uniformity in 

size and maturity, greater vigor, and increased stress tolerance. 

Successful hybrid seed production depends on 1) the production and 

maintenance of a seed parent, in which all plants in the population are 

female, 2) a pollen parent, 3) simultaneous blooming of the male and 

female parents, 4) a pollinating agent, and 5) isolation from 

contaminating pollen. Production and maintenance of the female line is 

often the most difficult problem to overcome. 

Successful production of commercial hybrid barley seed has been 

limited because of problems in production and maintenance of the female 

parent. Several genetic and cytogenetic methods for production of the 

female parent have been suggested. The only commercially produced 

hybrid barley seed incorporated the use of a genetic male-sterile mutant 

in a balanced tertiary trisomic stock to produce the female parent. 

Cytoplasmic male sterility can be used to produce the female 

parent of hybrid seed. To produce the female parent, two lines are 

necessary. The two lines must have similar nuclear genotypes and 

different cytoplasmic genotypes. The interaction of the nuclear genotype 

with one cytoplasm results in complete male sterility, while the 

interaction of the same nuclear genotype with the other cytoplasm 

results in complete fertility. When the fertile line, also called the 

1 
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maintainer line, is used to pollinate the male-sterile line, all the 

progeny from the cross are male-sterile because the male sterility is 

inherited cytoplasmically. These male-sterile progeny may then be used 

as the female parent of a hybrid. 

It does not matter if the hybrid is male-sterile in those 

crops in which vegetative parts of the plant are economically important, 

such as carrots fDaucus carota) or beets (Beta vulgaris). so the pollen 

parent of the hybrid can be any line that combines favorably with the 

female parent to produce a superior hybrid. In crops such as corn 

(Zea mays) or sorghum (Sorghum bicolor) in which the karyopsis (commonly 

called the seed) is the ecomonically important part of the crop, the F^ 

hybrid must be male-fertile so that seed can form. In cases such as 

these, the pollen parent of the hybrid must pass on nuclear genes that 

restore male fertility to the F^ generation. Restorer genes have been 

described for cytoplasmic male-sterile systems in several crops. 

Recently, a cytoplasmic male-sterile system in barley 

(Hordeum vulgare) was described. The cytoplasm causing the male 

sterility was designated msml, and the single dominant nuclear gene that 

causes complete restoration of male fertility in the msml cytoplasm was 

designated Rfml. This system has been suggested as a method of 

producing hybrid barley, but has not yet been used for commercial hybrid 

barley seed production. This study evaluates the msml cytoplasmic male-

sterile system as a possible tool in the production of commercial hybrid 

barley seed. 



LITERATURE REVIEW 

Male sterility that is inherited maternally has been described 

in many crops, including barley, and has been used to produce hybrid 

seed in some cases. The female parent of an hybrid can be produced 

relatively easily if the male-sterility is inherited in an extranuclear 

fashion. 

Extranuclear inheritance 

Characters exist that are transmitted by extranuclear DMA, which 

is found in the mitochondria of plants and animals, and in the chlorop-

lasts of plants. Such characters do not segregate in a normal Mendelian 

fashion, and segregate differently in reciprocal crosses. Cytoplasmic 

inheritance was independently described by Correns and Baur in 1909 

(as cited by Sager, 1972). Each described nonmendelian inheritance of a 

chloroplast mutant. Correns studied varigation in Mirabilis and 

reported strict maternal inheritance. Baur reported that a varigated 

mutant of Pelargonium was not inherited in a Mendelian fashion, but that 

both parents contributed to the inheritance. In each case, other 

mutants Involving chloroplast development showed Mendelian inheritance. 

It is not known how cytoplasmic inheritance occurs. Rhoades 

(1933) suggested that pollen carries few or no extranuclear organelles 

because the small size of the pollen physically excludes the organelles. 

3 
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It has been shown that approximately 50% of the mitochondria in barley 

pollen grains are eliminated by the formation and pinching off of 

cytoplasmic projections during sperm cell development, although not all 

the mitochondria are eliminated by the time of anthesis (Mogensen and 

Rusche, 1985). These authors also reported the loss of plastids at the 

time of generative cell formation. Vaughn et al. (1980) produced 

evidence suggesting that extranuclear DNA-carrying organelles of rice 

are altered during pollen formation, destroying the .transcription 

abilities of the organelle DNA. The altered organelles are not excluded 

from the mature pollen, however. 

Cytoplasmic male sterility 

Cytoplasmic male sterility is pollen sterility caused by an 

interaction of cytoplasmic and nuclear DNA. It has been described in 

over 140 species, including 47 genera and 20 families (Laser and 

Lersten, 1972). The first case of cytoplasmically-inherited male 

sterility was reported in flax (Li num usitatissimum) by Chittenden in 

1927. He doubted the explanation given for a previously described case 

of male sterility, and so conducted his own experiments on the male-

sterile mutant. The results of his crosses and backcrosses did not fit 

the expected Mendelian ratios. Chittenden suggested that an interaction 

of the homozygous nuclear genes of one line and the cytoplasm of the 

other line resulted in male sterility. 

The origins of cytoplasmic male-sterile systems can be clas

sified into four categories: 1) from intraspecific crosses, 2) from 
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interspecific crosses, 3) from intergeneric crosses, and 4) from 

spontaneous origin within a species (Edwardson, 1970). Jones and Clark 

(1943) described a cytoplasmic male-sterile system derived from 

intraspecific crosses among onion (Aliium cepa) cultivars. Schooler 

(1967) described an interspecific cross in the genus Hordeum which 

resulted in cytoplasmic male sterility. The of .jubatum X H. 

compressum was the female parent in a cross with the of bulbosum X 

H. vulgare. The F^ of this cross was used as the female parent of 

backcrosses with H_;_ vulgare. All the progeny were partially or 

completely male-sterile. Kihara (1951) described the substitution of a 

Triticum aestivum nucleus into Aegilops caudata cytoplasm. Seed 

produced on this intergeneric hybrid from crosses using ]\ aestivum 

pollen resulted in male-sterile plants. Rhoades (1931, 1933) reported a 

cytoplasmic male-sterile mutant in maize that arose spontaneously. All 

the progeny from an open-pollinated ear of a line collected in Peru were 

male-sterile, although all the ears were well-filled, indicating 

complete female fertility. Because reciprocal crosses were impossible, 

Rhoades backcrossed the male-sterile plants with normal male-fertile 

plants for many generations. The male-sterile phenotype was maintained 

indefinitely in the backcross generations, suggesting that nuclear genes 

did not cause the male sterility. Cytological examinations showed 

normal meiosis. 

It is not clear exactly how the interaction between cytoplasmic 

and nuclear DNA causes cytoplasmic male sterility. Atanasoff (1964) 

suggested that viral infection caused not only cytoplasmic male 

sterility, but all mutants attributed to cytoplasmic inheritance. 
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Cytoplasmic male sterility is transmitted by grafting in some cases, as 

in petunia, Petunia violacea (Frankel, 1962) and beet, (Curtis, 1967), 

suggesting viral origin. However, most cases of cytoplasmic male 

sterility have not been shown to be transmitted in this fashion, and are 

thought to be due to mutation in the cytoplasmic DNA. 

Laser and Lersten (1972) reviewed articles concerning pollen 

abortion in male-sterile plants of many cytoplasmic male-sterile 

systems. They reported that pollen abortion occurs at different stages 

in different species, and that it occurs in almost every stage of 

development, indicating that there are probably several mechanisms 

involved in the expression of cytoplasmic male sterility. In most 

cases, the tapetum develops abnormally. This disrupted tapetal 

development is believed to cause starvation of the developing pollen, 

resulting in pollen abortion. 

Most cases of cytoplasmic male sterility are attributed to 

mutations in the mitochondrial DiMA (mtDNA). Belliard et al. (1978) 

indirectly showed this to be so in tobacco (Nicotiana tabacum). These 

researchers fused the protoplasts of two tobacco cultivars, one of the 

cultivars having a male-sterile cytoplasm derived from a different 

species. They isolated the chloroplast DNA (cpDNA) from the fusion 

products and found that each fusion hybrid had cpDNA identical to one or 

the other of the parents, but never both. The different cpDNAs occurred 

independently of the cytoplasmic male sterility. 

Quetier and Vedel (1977) studied mitochondrial and chloro-

plastic DNA from one cytoplasmic male-sterile line and three normal 

lines of wheat (Triticum aestivum). They purified the DNA from these 
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organelles, digested each with restriction enzymes, and separated the 

digestion products using gel electrophoresis. The mtDNA's from the 

three normal lines had identical banding patterns, but the banding 

pattern of the mtDNA of the cytoplasmic male-sterile line was different. 

The cpDNA's of all four lines appeared to be identical. 

Differences in the mitochondrial DNA have been implicated in 

cytoplasmic male-sterility in the family Crucifereae. Vedel et al. 

(1982) used radish (Raphanus sativus) cytoplasm to produce a cytoplasmic 

male-sterile mutant in rape (Brassica napus). Mitochondrial and 

chloroplast DNA's of the normal and male-sterile rape lines were 

purified and digested, and the digestion products were separated using 

gel electrophoresis. The cpDNA's were nearly identical, while the 

mtDNA's had major differences. Quantitative and qualitative differences 

were also observed in the proteins synthesized by the mitochondria of 

the male-sterile and normal lines. 

The various cytoplasmic male-sterility systems in maize have 

been the subjects of much research. Levings and Pring (1976) analyzed 

mtDNA from the male-sterility inducing Texas (T) cytoplasm and normal 

(N) cytoplasm. They used lines with different nuclear genomes that had 

been backcrossed into each kind of cytoplasm. The mtDNA's from the two 

cytoplasms were distinguishable from one another, but each remained 

constant, regardless of the nuclear genome. Using gel electrophoresis, 

Forde, Oliver and Leaver (1978) showed that the mtDNA's of the three 

male-sterile cytoplasms of maize, T, C, and S, and normal (N) cytoplasm 

were all different. The cpDNA's of T, S, and N looked identical, and 

the.C cpDNA looked different. The authors isolated the mitochondria 
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from the four different cytoplasms and stimulated protein synthesis in 

the isolated organelles. The translation products were separated by gel 

electrophoresis. The T and C mitochondria each produced single proteins 

not seen in the translation products of the other two kinds of 

mitochondria. The N, T, and S mitochondria all synthesized a small 

protein not seen in the C mitochondrial products. Forde et al. (1980) 

then studied 32 sources of cytoplasmic male sterility found in maize. 

By stimulating mitochondrial protein synthesis and separating the 

translation products electrophoretically, they were able to classify 

each cytoplasm as T, C, S, or N. The classifications based on the 

mitochondrial translation products agreed with the classifications based 

on restoration of male fertility by nuclear genes. Kemble, Gunn and 

Flavell (1980) isolated mtDNA from 31 cytoplasmic male-sterile lines of 

maize. They digested the DNA and separated the fragments electro-

phoretically. Four kinds of mtDNA were defined and classified as T, C, 

S, or N. These classifications agreed with classifications based on 

restoration of male fertility by nuclear genes. Bolen (1979) showed 

that cytochrome b-563 was in excess in the T and C cytoplasms but not 

the S cytoplasm, as compared with the normal cytoplasm. Restored lines 

had normal amounts of cytochrome. 

A few cases of cytoplasmic male sterility have been attributed 

to mutation in the chloroplast DNA. Stinson (1960) reported that 

maternally inherited male sterility in Oenothera was chloroplastic in 

origin because the male sterility was associated with chlorophyll 

deficiencies. Stubb (1964) identified five types of plastids in the 

ten American species of Oenothera. One type of plastid inhibited pollen 



9 

germination when in combination with genotypes from other groups. He 

suggested that this cytoplasmic male sterility was due to an interaction 

of the nuclear genome with the chloroplastic genome. Ahokas (1982) 

reported that a cytoplasmic male-sterile mutant in barley was due to 

differences in the chloroplast DNA. Anthers from male-sterile plants 

with the msml cytoplasm showed uncontrolled sporopollenin production, 

which is associated with carotinoid production, a plastid activity. 

Tapetal plastids from sterile anthers stained differently from tapetal 

plastids from normal anthers. Anthers from plants having the msml 

cytoplasm and nuclear genes for the restoration of male fertility had 

normal sporopollenin production, and the tapetal plastids in their 

anthers stained normally. 

Restoration of fertility by nuclear genes in a male-sterile 

cytoplasm has been described in several species, including onions (Jones 

and Clark, 1943), wheat (Tsunewaki, 1969), sorghum, (Schertz and Richy, 

1978), and barley (Ahokas, 1980a, 1980b). Restoration of fertility in a 

cytoplasmic male-sterile plant can be gametophytic or sporophytic 

(Pearson, 1981). In a gametophytic system, the genotype of the pollen 

grain determines whether or not that pollen grain is viable. A pollen 

grain carrying the restorer gene will be viable, while pollen carrying 

the recessive, non-restoring gene will be inviable. Thus, a plant 

heterozygous at the restorer locus in a gametophytic system will have 

50% inviable pollen. In a sporophytic system, the genotype of the 

sporophyte determines the viability of the pollen. If a plant with a 
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sporophytic restoration system is heterozygous at the restorer locus, 

all the pollen will be viable, regardless of the genotype of the 

individual pollen grains. 

Cytoplasmic male sterility has been used successfully to produce 

hybrid seed in many crops. The first crop in which cytoplasmic male 

sterility was used successfully for hybrid seed production was onion 

(Jones and Clarke, 1943). Cytoplasmic male-sterility systems have also 

been used to commercially produce hybrid seed in sorghum, corn, carrot, 

sunflower (Helianthus sp), and sugar beet (Pearson, 1981). 

Problems may result if one cytoplasmic male-sterile system is 

used exclusively in the production of hybrid seed. Three different 

types of cytoplasmic male sterility have been described in maize 

(Ullstrup, 1972). One of these, the Texas cytoplasm (T cytoplasm) was 

transferred to many inbred lines to produce female parents for hybrid 

seed production, because this particular male-sterility system is very 

easy to manipulate. Unfortunately, this cytoplasm also causes 

hypersensitivity to a race of Helminthosporiurn maydis (southern corn 

leaf blight) and to Phyllosticta maydis (yellow leaf blight). An 

epidemic of southern corn leaf blight in 1970 wiped out many acres of 

corn in the United States, and is estimated to have reduced yield by 50% 

(Ullstrup, 1972). 

Heterosi s 

The term heterosis was proposed by Shull in 1914 (as cited by 

Shull, 1952) to describe the increased vigor caused by heterozygosity in 
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an F.| hybrid. The genetic basis of heterosis has been discussed for 

many years, and several theories have been proposed. Keeble and Pellew 

(1910) observed that the of a cross between two pea (Pisum sativum) 

lines was taller than either parent. They suggested the interaction of 

dominant alleles at two loci to account for this. Jones (1917) proposed 

that dominant genes in the trans position of linked loci was the cause 

of heterosis, and that this linkage prevented the heterosis from being 

fixed by inbreeding. The superiority of the heterozygote over either 

homozygote was a popular idea. East (1936) gave a basis for this theory 

when he proposed that heterosis occurred when divergent alleles were 

brought together in a heterozygous condition, allowing the heterozygote 

to perform more efficiently over a range of environments and conditions 

than either homozygote. Hull (1945) coined the term "overdominance" to 

describe heterozygote superiority. 

Sprague and Tatum (1942) attempted to identify types of gene 

action involved in the heterosis shown in single-cross hybrids of 

maize. They used the term "general combining ability" to describe the 

overall performance of a line in hybrid combination, and "specific 

combining ability" to describe those cases in which certain combinations 

were better or worse than expected on the basis of average performance 

of the parental lines involved. These authors concluded that general 

combining ability was caused by additive gene effects while specific 

combining ability involved nonadditive gene effects. Jinks (1955) 

analyzed crosses in a number of species to discriminate between 

heterosis caused by alleles at one locus and heterosis caused by genes 

at different loci. In all cases, he believed he had evidence for both 
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overdominance and nonallelic interaction. He stated that specific 

combining ability was always associated with nonallelic interaction and 

that general combining ability was a result of accumulated dominant 

genes. Mather (1955) pointed out that hybrids in an inbreeding 

species do not always exceed the homozygous parents, so heterozygosity 

by itself is not a sufficient explanation for heterosis. Thus, he 

believed nonallelic interaction to be the more likely cause of heterosis 

rather than overdominance. 

Jain and Allard (1960) investigated the level of heterozygosity 

in an experimental population of barley. Thirty-one varieties were 

crossed with one another and the generations intercrossed three 

times. The population was then allowed to self for 17 generations. 

Gene frequencies at several loci were monitored, including black vs. 

white pericarp, dentate vs. non-dentate lemma, blue vs. white aleurone, 

and smooth vs. rough awn. The authors believed that migration and 

random drift had little effect on this population, so natural selection 

and inbreeding were the main evolutionary forces. Open-pollination was 

estimated to be about 1 to 2%. Gene frequencies changed markedly at 

some loci. For instance, the frequencies of the rough awn and blue 

aleurone alleles increased, while the frequency of the black pericarp 

allele decreased. Jain and Allard believed that the data showed 

considerable overdominance at a single locus, but that overdominance was 

decreased at two or more linked loci because of linkage disequilibrium 

in repulsion phase. 

It has been postulated that heterosis is not great enough to be 

important in hybrids of self-pollinated species such as barley. Hagberg 
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(1953) studied the F^ hybrids of 16 spring barleys, each crossed with 

the same standard cultivar. The hybrids, their parents, and a check 

cultivar were grown. Hagberg emasculated the check as well as both 

parents of each cross so that there would be no difference in seed size. 

He noted emergence, pollen fertility, seed set, heading date, 1000-seed 

weight, number of tillers at different stages, number of leaves per 

tiller, grain yield and several other measurements. The F^'s and their 

parents had the same rate and percent of germination. At seven weeks, 

however, the F^'s had more tillers than the best parent. Height and 

maturity of the hybrids generally equaled midparent value, except in 

crosses between two-row and six-row lines. In these cases, the F^'s 

were significantly taller than the tallest parent. The F^'s generally 

yielded the same as the high parent, but not higher. Thus, Hagberg 

reported heterosis in some characters, but not in the economically 

important factor, grain yield. 

Immer (1941) intercrossed six barley varieties and measured 

number of spikes per plant, number of seed per spike, seed weight and 

grain yield of the F^'s and their parents. All the F^s exceeded their 

midparent in number of seed per spike, and four F^'s exceeded the high 

parent. Four F^'s outyielded the high parent, although only one F^ was 

significantly higher. The highest-yielding F^'s were the progeny of the 

highest-yielding parents. 

Suneson and Riddle (1944) used genetic male-sterile mutants in 

barley as female parents of F^ hybrids. The crosses were made manually 

so that adequate amounts F^ seed were produced for evaluation of the 

hybrids. The F^'s significantly outyielded the high parents, with the 



average yield increase about 20% above the high parent value. 

Suneson (1962) made diallel crosses among three varieties of barley. 

Because he assumed hybrid seed would be seeded at a lower rate to offset 

the cost of the seed, he selected varieties with high-tillering 

potential as parents. Again, the hybrids outyielded their parents, with 

30-50% greater productivity than the highest parent. 

Upadhyaya and Rasmusson (1967) made diallel crosses among eight 

barley lines and measured grain yield, height, number of spikes per 

plant, 200-seed weight and number of kernels per spike. All the hybrid 

values were significantly higher than the midparent values for all 

traits. The hybrids were significantly greater than their high parents 

in grain yield and kernel weight. The highest yielding varieties 

produced the highest yielding hybrids. 

Yap and Harvey (1971) evaluated levels of heterosis in barley 

hybrids under wide and dense spaced planting. They used four cultivars 

and made all possible crosses. They measured seed weight, number of 

seed per spike, number of spikes per unit area, height and heading date. 

The hybrids outyielded the midparent value in all but one cross. Only 

one outyielded the high parent. These hybrids performed better under 

dense planting than thin planting. 

In 1959, Grafius suggested that yield genes per se do not exist, 

so there can be no additive, dominance, or overdominance effects on 

yield, and that yield can not be inherited. He made all possible 

crosses among six barley lines. In four crosses, the and backcross 

generations were also evaluated. Spikes per plant (X), seed per spike 

(Y), and seed weight (Z) were measured. None of these were positively 
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correlated with one another. Because the selected parents had all 

combinations of the components of yield, Grafius believed the data were 

evidence against quantitative genes for yield. He assumed any heterosis 

in X, Y, and Z to be due to epistasis. 

Carleton and Foote (1968) crossed two-row with six-row cultivars 

of barley. Twelve F^'.s were compared to their parents for grain yield, 

kernels per spike, kernel weight, number of spikes per plant, and total 

leaf area. None of the yielded significantly more than the 

midparent value. 

Hybrid Barley 

Ramage (1983) extensively reviewed the history of hybrid barley 

and the expression of heterosis in barley, and suggested that hybrid 

barley could be economical for both farmer and seed company. Some 

creative methods for production of a female parent for hybrid seed have 

been proposed. Wiebe (1960) suggested that a genetic male sterile gene 

closely linked with a recessive DDT-resistant gene could be used to 

produce a male-sterile line. Rows of the desired line with these linked 

genes would segregate for male sterility. Spraying with DDT would kill 

all male fertile plants, leaving only male-sterile plants. The stock 

would be continued by spraying alternating rows with DDT, then 

harvesting only the seed set on those rows. Wiebe suggested that if the 

linkage of DDT-resistance and male sterility was not found in nature, X-

rays could be used to produce inversions and translocations. However, 

soon after this method was proposed, the use of DDT was banned. 
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Hermsen (1965) suggested that there exist in nature cytoplasms 

which can restore fertility to nuclear male-sterile genes. He proposed 

that the cytoplasms that are called "normal" are really male-sterility 

inducing cytoplasms for certain genotypes. The recessive nuclear male-

sterile alleles interact with the cytoplasm to produce male steriliy, 

and the dominant alleles at these nuclear loci restore male fertility. 

Thus, the male-sterile and restorer lines are those which are known, and 

the maintainer lines have yet to be found. Hockett and Eslick (1969) 

reported two possible cases of restorer cytoplasms for nuclear male-

sterile genes. The cytoplasm of Svalof 50-109 appeared to restore male 

fertility in plants homozygous for the nuclear male-sterile gene msg5, 

and Dekap cytoplasm appeared to restore male fertility in plants homo

zygous for the male-sterile gene msg9. 

In 1967, Kasembe reported that gibberellic acid would restore 

fertility in genetically male-sterile plants. He sprayed leaves of 

mature male-sterile plants with 100 or 300 ppm GA. Spikes in the boot 

produced seed that, when germinated, produced only male-sterile progeny. 

Tillers that were earlier or later than the treated tillers produced 

male-sterile spikes. 

Eslick (1969) proposed that two closely linked male-sterile loci 

or one male-sterile locus linked with a lethal locus could be balanced 

and if linked with a preflowering selective locus, used to produce a 

population made up entirely of male-sterile plants. The cross would be 

made in such a way that the recessive male-sterile alleles would be in 

repulsion. The would produce 1 fertile: 1 male-sterile. If a 

seedling-lethal locus replaced one of the male-sterile loci, the Fn 
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would produce 1 male-sterile: 2 fertile: 1 seedling-lethal. Once such a 

stock was established, a dominant, preflowering, selective gene would be 

backcrossed into the line. This gene would be closely linked with the 

dominant allele at the male-sterile locus. Expression of this gene would 

identify the male-fertile plants before flowering so that they could be 

removed if necessary. DDT-susceptibility, aleurone color, and winter 

growth habit were three characters that Eslick suggested for pre

flowering selection. When a population of male-sterile plants was 

needed, all plants with the selective character would be removed, 

leaving only male-sterile plants. Inversions or translocations could be 

used to establish the necessary linkages. 

The female parent of the only commercial hybrid barley ever 

produced was developed using the balanced tertiary trisomic system 

(Ramage, 1965). In this method, tertiary trisomic stocks were built so 

that the normal chromosomes carried the recessive male-sterile alleles, 

and the extra translocated chromosome carried the dominant male-fertile 

allele, which was closely linked to the translocation breakpoint. 

Pollen grains carrying the extra translocated chromosome cannot compete 

with normal pollen, so all functional pollen from such a BBT stock 

carried only the recessive male-sterile allele. In the selfed progeny of 

this stock, all diploids were male sterile, and all trisomic plants were 

male-fertile BTT's. Wiebe and Ramage (1969) expanded this system to 

include an albino allele which was closely linked with the male-sterile 

allele on the normal chromosomes, and the normal green allele on the 

extra translocated chromosome, linked closely to the breakpoint and the 
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male-fertile allele. This allowed the BTT stock to be increased with no 

competition from the male-sterile diploids. 

Hybrid barley production was dropped when inbred lines selected 

from male sterile facilited recurrent selection (MSFRS) composite 

crosses began to outyield the contemporary commercial varieties by 20-

30% (Ramage, 1983). It has been suggested, however, that those 

populations in which every other generation is selected and intercrossed 

may be producing barley genotypes that perform better in the hetero

zygous form (Ramage and Clark, 1984). In other words, the MSFRS 

programs may be changing barley from a self-pollinated crop to one that 

is cross-pollinated, fulfilling Wiebe's idea that "...barley must be 

changed from a plant with chastity to one with promiscuity if we are to 

have hybrid barley" (as cited by Foster and Schooler, 1969). These 

MSFRS populations may be good souces of germplasm from which parents of 

hybrid barley can be selected. 

A male-sterile cytoplasm was first reported in barley by 

Schooler in 1967. Male-sterile offspring resulted from a cross 

involving Hordeum .iubatum. Hordeum compressum. Hordeum bulbosunu and 

Hordeum vulgare. H. .iubatum cytoplasm caused the male-sterility. These 

male-sterile plants crossed readily with vulgare. producing a 

population of male-sterile plants, but the cytoplasm contributed 

lateness to all progeny, even after six backcrosses to early-maturing 

lines. Another problem with this cytoplasmic male-sterile system was 

that no good restoration system was found (Foster and Schooler, 1969). 

Ahokas (1978a, 1978b) reported a cytoplasmic male-sterile system 

in barley derived from crosses of a standard cultivar of barley and the 
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wild progenitor of barley, Hordeum vulgare ssp spontaneum. He designated 

this cytoplasm msml, or male-sterile maternal. A dominant restorer gene 

was also described (Ahokas, 1979a; Ahokas 1979b). The restorer gene was 

found in the same vulgare ssp spontaneum line in which the msml 

"cytoplasm was found, and was designated Rfml, or restorer of fertility 

in msml. Later studies (Ahokas, 1980a; Ahokas, 1981) with many 

accessions of vulgare ssp spontaneum showed that 56.7% were 

maintainers of male sterility in the msml cytoplasm, 37.5% were partial 

restorers of male fertility, and 5.8% were full restorers of male 

fertilty in the msml cytoplasm. The restoring lines were all from the 

same general area of Israel, and all were in fertile cytoplasm. All 

restorers found have been shown to be due to single, dominant genes. 

Ahokas (1979b) crossed several cultivated varieties onto the 

msml cytoplasm. About 15% were partial restorers of fertility, while 

the rest maintained male sterility in the msml cytoplasm. Hockett 

(1980) reported that two of eight varieties backcrossed onto the msml 

cytoplasm partially restored male fertility in the msml cytoplasm, while 

the other six maintained male sterility. The blooming date of each of 

the eight varieties was unaffected by the msml cytoplasm. Partially 

isoplasmic lines were developed by crossing and backcrossing cultivars 

onto the msml cytoplasm (Ahokas and Hockett, 1981). These isoplasmic 

lines in normal and msml cytoplasms were grown in Montana and Finland. 

There was no significant difference in heading date or plant height 

between any of the pairs of isoplasmic lines at either location. The 

partial restorers had greater percent selfed seed set in Montana than in 

Finland. The isoplasmic lines were also observed for disease 
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susceptibility. There was no evidence that plants with the msml 

cytoplasm were more susceptible to scald (Rhynchosporium secalisK 

powdery mildew (Ervsiphe qraminis) or spot blotch (Cochliobolis sativus) 

than plants with the normal cytoplasm. 

Recently, Lehmann (1983) proposed a method for producing 

composite crosses from which maintainer and restorer lines could be 

selected. To produce the maintainer population, Rfml lines would be 

crossed onto commercial varieties. Plants selected from the Fn 

generation would be crossed onto msml plants. Those plants that 

showed no restoration of male fertility would be crossed onto genetic 

male-sterile plants. This would be the basis of the maintainer 

population. The would be grown and harvested in bulk and the 

grown. Only seed set on male-sterile plants in the F^ would be 

harvested, to select for open-flowering and cross-pollination. The 

restorer lines used to start the maintainer population would also be 

used to start the restorer population. These lines would be crossed 

onto male-sterile msml plants. The F^ would be grown and harvested in 

bulk and the F^ grown. Again, only seed set on male-sterile F^ plants 

would be harvested, to select for open-flowering and cross-pollination. 

The msml cytoplasmic male-sterility system may be valuable in 

the production of parents of commercial hybrid barley seed. The 

interactions of different genotypes with this cytoplasm must be 

evaluated and the available material developed so that commercial plant 

breeding companies can decide whether or not to incorporate this system 

into their breeding programs. 



MATERIALS AND METHODS 

A male sterile facilitated recurrent selection population is 

one in which plants are selected for a particular character or 

characters and intercrossed, using male-sterile plants as seed parents 

and fertile plants as pollen parents. The generation of these 

intercrosses is grown and harvested in bulk and the ?2 generation is 

grown. The segregates 3 male-fertile: 1 male-sterile. Plants in the 

are selected and intercrossed, and the cycle is repeated. Composite 

cross XXXII is a male sterile facilitated recurrant selection population 

in which short, stiff-strawed, lodging-resistant barley has been 

selected (Ramage, Thompson and Eslick, 1976). In the summer of 1980, 

plants from CC XXXII were crossed onto eight lines that had the msml 

cytoplasm and the nuclear genotypes of eight cultivars that were adapted 

to the Pacific Northwest. These cultivars, Steptoe CI 15229, Morex, 

Hector CI 15514, Klages CI 15478, Piroline, Shabet CI 13827, Fairfield, 

and Washonupana, had been backcrossed onto the msml cytoplasm three 

times. These isoplasmic lines were obtained from Dr. E. A. Hockett, a 

U.S.D.A. researcher at Montana State University in Bozeman. The 

crosses were bulked to form a population. Agronomically-acceptable 

male-fertile plants from CC XXXII have been crossed onto this msml 

population, with two backcrosses being made each year, one in Arizona 

and one in Montana (Ramage and Eckhoff, 1982; Eckhoff and Ramage, 1985). 

This population has been designated msml-CC XXXII and is the basis of 

male-sterile and restorer lines which were evaluated in this study. 
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Evaluation of male-sterile and maintainer 1ines 

In the winter of 1981-82 in Arizona, 160 agronomically-

acceptable F^ lines from the latest cycle of intercrossing of CC XXXII 

were crossed onto male-sterile plants in msml-CC XXXII. The female 

florets were clipped and pollinated before blooming to prevent 

contamination by foreign pollen. The male and female plants were tagged 

so that each cross could be matched with its male parent. In Montana in 

the summer of 1982, the F^'s and selfed progeny from the male parents 

were grown in paired rows, with each F^ grown next to the selfed progeny 

of its male parent. Three early and three late spikes were bagged in the 

boot in each F^ row to determine percent selfed seed set of each 

genotype in the msml cytoplasm. Percent selfed seed set was calculated 

by dividing the number of seed set by the number of developed florets. 

Two crosses were made in each pair of rows, using the "best" 

plant in the male row as the pollen parent, and the two "best" plants in 

the msml row as the seed parents. The female spikes were bagged several 

days before anthesis to prevent contamination by foreign pollen. The 

pollen parent of each cross was tagged and harvested. In the winter of 

1982-83 in Arizona, the first backcross generation of 151 of the lines 

and selfed progeny from their male parents were grown in paired rows. 

There was no backcross seed on nine of the lines, so these lines were 

dropped from the study. Three early and three late spikes were bagged 

in the BC^ msml rows while still in the boot, to determine percent 

selfed seed set. Two crosses were made in each pair of rows, with the 

"best" plant in the male parent row selected as the pollen parent, and 



the two "best" plants in the BC^ row selected as the seed parents. The 

male parent was tagged and harvested. 

The percent selfed seed set on the and BC^ generations of the 

151 lines for which data for both generations were available were 

combined to see which lines maintained male sterility for both 

generationsj and to see how the different nuclear genotypes interacted 

with the two environments, Arizona and Montana. Eighty-one of the 151 

lines restored male fertility to some extent in one or both of the 

generations. The difference in percent selfed seed set between the 

generation in Montana and the BC^ generation in Arizona of each of these 

81 lines was compared using a contingincy Chi-square value. 

Ninety-six cultivars were backcrossed onto the msml cytoplasm 

in a different study. Each cultivar was maintained in both the normal 

and msml cytoplasms. Some of these lines maintained male-sterility in 

the msml cytoplasm for several backcross generations. Four of these 

maintainer genotypes, Alpha CI 959, Anoidium CI 7269, Byng CI 6089, and 

Golden Melon CI 3192, were intercrossed by using the maintainer lines in 

normal cytoplasm as pollen parents and the male-sterile forms of the 

same lines in the msml cytoplasm as the seed parents. All possible 

combinations of crosses were made, although not all the reciprocal 

crosses were made. The intercrosses were made to indicate whether 

intercrossing maintainer lines would result in the loss of maintainer 

genotypes. The F^ rows from the intercrosses were grown along with the 

msml form of each parent. Five early and five late spikes were bagged 

in each row while the spikes were still in the boot, and percent selfed 

seed set was determined for each F^ and each msml parental line. 
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Eva!uation of restorers of fertility in msml 

Four hundred forty-six plants that appeared to be completely 

fertile were observed in the msml-CC XXXII population. Some of these 

were crossed onto male-sterile msml plants. The F^'s and the selfed 

progenies of the male parents were grown in paired rows. Two or three 

spikes were bagged in each F^ msml row to determine percent selfed seed 

set. In those F^ rows in which male fertility was observed, all the 

plants were classified as male-fertile or male-sterile and the number in 

each class was counted. Spikes were harvested from fertile F^ plants 

and the F^ generations were grown. 

Restoration of male-fertility in the msml cytoplasm appeared to 

be caused by a single dominant gene in some of the possible restorer 

lines. Twenty-two of these lines were selected for further evaluation 

because their F^'s of crosses with male-sterile msml plants appeared to 

be more vigorous than the male parental lines. The percent selfed seed 

set for each of the 22 lines in the msml cytoplasm was calculated. 

Selfed progenies from the lines were grown in head rows and one or two 

spikes were bagged in each row. This was done in the F^ generation in 

Arizona, the F^ generation in Arizona, and the Fg generation in Montana. 

Percent selfed seed set was calculated by dividing the number of seed 

set by the number of developed florets. 

The 22 selected possible restorer lines were crossed onto 

agronomically acceptable male-sterile plants from the msml-CC XXXII 

population and the F^'s were grown. All plants in the F^ rows were 

pulled, classified as male-sterile or male-fertile, and the number of 
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plants in each class was counted. Fertile plants were crossed onto 

male-sterile msml plants so that testcross data could be collected. 

Fertile F^ plants were also harvested so the F^ generation could be 

grown. Plants in the F^ and testcross generations were pulled, 

classified as male-sterile or male-fertile, and the number of plants in 

each class was counted. Chi-square values were calculated for fit to a 

1:1 ratio for the testcross data and for the F^ data of those F^ rows in 

which male sterility was observed. Chi-square values for fit to a 3:1 

ratio were calculated for all F^ data. 

Evaluation of partial restorers of male fertility 

Ninety-six cultivars were backcrossed onto the msml cytoplasm in 

a different study. The lines were maintained in both the msml and 

normal cytoplasms. Some of these genotypes caused partial restoration 

of male fertility in the msml cytoplasm. Four of these partial restorer 

lines, Asov CI 1028, Estate CI 3410, CI 3558, and Abbyssinian CI 2263, 

were grown in paired rows, one row planted with the maintainer line in 

the normal cytoplasm and the other row planted with the male-sterile 

line in the msml cytoplasm. Pollen parents were selected from both rows 

of each pair and used in crosses onto male-sterile msml plants in the 

msml-CC XXXII population. One cross of a pair had the line in the 

normal cytoplasm as the pollen parent, and the other cross of the pair 

had the line in the msml cytoplasm as the pollen parent. For each pair 

of crosses, the same male-sterile plant was used, so that the only 

difference between the two F^'s would be the cytoplasms of the male 
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parents. Male-sterile spikes to be used in the crosses were bagged a 

few days before anthesis to prevent contamination by foreign pollen. 

The two F^'s from each pair of crosses were grown with the selfed 

progenies of the two male parents involved. In all rows, five early and 

five late spikes were bagged while still in the boot, to determine 

percent selfed seed set. Differences in percent selfed seed set between 

each pair of F^'s» differences between each and its male parent, and 

differences between the two male parents were evaluated using 

contingency Chi-square values. 

Some lines that were evaluated as maintainer lines showed wide 

ranges of percent selfed seed set at the same time and the same 

location. This variation in expression of restoration of male fertility 

may be due to the interaction of many nuclear loci with the msml 

cytoplasm. Spikes from a plant with low percent selfed seed set and 

spikes from a plant with high percent selfed seed set were harvested 

from each row in which a wide range of percent selfed seed set was 

observed. The selfed progenies from the two kinds of plants were grown 

in paired rows. Five early and five late spikes were bagged in the boot 

in each row to determine percent selfed seed set. The differences in 

percent selfed seed set between the members of each pair were evaluated 

using contingency Chi-square values. 

If partial restoration is due to multiple loci, perhaps 

accumulating these genes in one genotype would result in complete 

restoration of fertility. Emasculated crosses were made among ten lines 

that partially restore male fertility in the msml cytoplasm. These 

lines, Austrian Early CI 3086, Abyssinian CI 2263, Duplex CI 2433, Flynn 



CI 1311, Shabet CI 13827, Glabron CI4577, Washonupana, Steptoe CI 15229, 

Barbarez CI 695 and Hector CI 15514, were all maintained in both the 

msml and normal cytoplasms. The F^'s were grown along with the selfed 

progenies of their parental lines in the msml cytoplasm. Five early and 

five late spikes were bagged in the boot in each row to determine 

percent selfed seed set. Differences between the percent selfed seed 

set of each F^ and the percent selfed seed sets of each of its parents 

were evaluated using contingency.Chi-square values. 

The F^ of a cross between two partial restorers, Steptoe CI 

15229 and Hector CI 15514, had 100% selfed seed set in the msml 

cytoplasm. F^ plants from this cross were grown in both Arizona and 

Montana. Spikes were harvested from the male-fertile F^ plants and 

grown in F0 rows. The Fn plants were pulled, classified as completely 

fertile or partially male fertile, and each class was counted. 

Completely fertile F^ plants were harvested and grown in F^ rows. One 

spike on each F^ plant was bagged in the boot to determine percent 

selfed seed set. 

Evaluation of F^ hybrids using the msml system 

Eighteen of the 151 possible maintainer lines which were 

evaluated for percent selfed seed set in the msml cytoplasm in two 

locations were selected as female parents of F^ hybrids because of 

ability to maintain male-sterility in the msml cytoplasm and because of 
] 

superior agronomic characteristics. The male-sterile forms of these 

lines were used as seed parents in crosses with four lines which caused 
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complete restoration of male fertility. The restoration in each case was 

thought to be due to a single dominant gene. The restorers were F^'s, 

the maintainers were Fg's, and each male-sterile line was the second 

backcross generation of the maintainer line onto the msml cytoplasm. A 

crossing block was set up in Montana with several female lines for each 

male line. Spikes were bagged in the female rows several days before 

anthesis to prevent contamination by foreign pollen. The restorers were 

crossed onto the male-sterile lines. The maintainer lines were also 

grown in Montana, so that all seed for the yield trial would be from the 

same source. Twenty-two hybrids resulted from the crosses of the 

restorer lines onto the male-sterile source. The 22 F^'s, the 18 main

tainers of the male-sterile lines used, and the four restorer lines were 

grown in Arizona in a four replication yield trial in a randomized 

complete block design. Each F^ and both of its parental lines were grown 

so that there were 66 entries consisting of 22 F^ hybrids and their 44 

parents. Six check cultivars were also included in the yield trial: 

Gustoe, Gus, Colombia, WB 501, BFP-78-40, and BFP-80-24. Each plot 

consisted of ten hills with five seed planted per hill. There were two 

rows of five hills in each plot. The hills in each row were 0.65 meters 

apart and hills in the two rows in the plot were not staggered. Plots 

were 3.05 meters long and 0.81 meters wide. Grain yield, hectaliter 

weight and 1000-seed weight were measured for each replication of each 

entry. Differences in grain yield between entries were evaluated by an 

analysis of variance. Grain yield, 1000-seed weight and hectaliter 

weight of each F^ hybrid were calculated as a percent of the low parent, 

midparent, high parent and high check cultivar values. 



RESULTS 

Evaluation of male-sterile and maintainer lines 

Percent selfed seed set was measured in the F^'s of 160 crosses of 

agronomically acceptable lines from CC XXXII onto male-sterile plants 

having the msml cytoplasm. Table 1 shows the number and percent of 

lines classified into each of eight categories of percent selfed seed 

set. One hundred three (64.4%) of the 160 F^ lines grown in Bozeman, 

MT, maintained complete male sterility, and 2 (1.3%) of the lines had 

greater than 50% selfed seed set. Thirty-nine of the F^'s had between 

0.1% and 10.0% selfed seed set, and the rest had between 10 and 30% 

selfed seed set. 

Percent selfed seed set was also measured in the BC^ generation 

of 151 of the original 160 lines. Nine lines from the F^ had no 

backcross seed and were dropped from the study. Table 2 shows the 

number and percent of BC^ lines classified into eight categories of 

percent selfed seed set. This generation was grown in Marana, Arizona. 

Of the 151 lines, 100 (66.2%) had no selfed seed, and none of the lines 

had greater than 50% selfed seed set. 

The F^ and BC^ percent selfed seed set data were combined for 

the 151 lines for which data for both generations were available, and 

the combined data are shown in Table 3. Only 46.4% of the lines were 
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Table 1: Number and percent of F^'s of msml X possible maintainers of male sterility in 

each classification of percent selfed seed set. Total number of lines was 160. 

number and 
Dercent F.'s 0.0 0.1-1.0 1.1-10.0 

Percent selfed seed 
10.1-20.0 20.1-30.0 

set 
30.1-40.0 40.1-50.0 50.1-100 

l 

number 103 18 21 9 3 2 2 2 

percent 64.4 11.2 13.1 5.6 1.9 1.3 1.3 1.3 

CJ 
o 



Table 2: Number and percent of BC^'s of msml x possible malntainers of male-sterility 1n msml 

in each classification of percent selfed seed set. Total number of BC^ lines was 151. 

number and percent selfed seed set 
percent BC„'s 0.0 0.1-1.0 1.1-10.0 10.1-20.0 20.1-30.0 30.1-40.0 40.1-50.0 50.1-100 I 

number 100 9 23 14 4 0 1 0 

percent 66.2 6.0 15.2 9.3 2.6 0.0 0.7 0.0 



Table 3: Number and percent of possible maintainers of male sterility in each classification 
of percent selfed seed set using combined and BC^ data. Total number 
of lines with and BC^ data was 151. 

number and 
percent possible 
maintainers 1 0.0 0.1-1.0 1.1-10.0 

Percent 
10.1-20.0 

selfed seed 
20.1-30.0 

S6t 
30.1-40.0 40.1-50.0 50.1-100 

number | 70 25 40 11 3 2 0 0 

percent | 46.4 16.5 26.5 7.3 2.0 1.3 0.0 0.0 

u 
ro 
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sterile in one generation were not so in the other generation. In fact, 

only about 70% of the lines that were male-sterile in the were 

male-sterile in the BC^, and about the same percent of lines that were 

male-sterile in the BC^ were male-sterile in the F^. In the F^, 

24.3% of the lines had 0.1 - 10.0% selfed seed set, while in the BCp 

21.2% of the lines were in this category. When the F^ and BC^ data were 

combined, 43.0% of the lines had 0.1 - 10.0% selfed seed set. Thus, it 

appears that those lines which were male-sterile at one location had 

less than 10% selfed seed set at the other location. Two (1.3%) of the 

F^ lines had greater than 50% selfed seed set and two were classified 

in the 40 - 50% category. None of the BC^ lines had greater than 50% 

selfed seed set, and only one had greater than 40% selfed seed. When 

data for the two generations were combined, none of the lines had more 

than 40% selfed seed set. These data demonstrate that expression of 

male sterility of some genotypes in the msml cytoplasm is highly 

influenced by the environment. 

Eighty-one of the 151 lines with both F^ and BC^ data had some 

selfed seed set in one or both generations. In Table 4, these lines are 

classified as greater percent selfed seed set in Montana, greater per

cent selfed seed set in Arizona, and no significant difference in 

percent selfed seed set between the two locations. Twenty-eight (34.6%) 

of the lines had more selfed seed in Montana and 36 (44.4%) had more 

selfed seed in Arizona. Only 17 of the lines (21.0%) had the same 

amount of selfed seed in both locations. This shows environmental 

effect on the expression of some nuclear genotypes in msml cytoplasm. 
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Table 4: Number and percent of possible maintainers of male-sterility 
in msml that restored some male fertility classified as 
greater percent selfed seed set in Montana, Arizona, or same 
in both locations. 

number and percent of | greater in greater in same in both 
possible maintainer I Montana Arizona locations Total 

number | 28 36 17 81 

percent | 34.6 44.4 21.0 100.0 



Four unrelated cultivars, Alpha CI 959, Anoidium CI 7269, Byng 

CI 6089, and Golden Melon CI 3192, were maintained in the msml and 

normal cytoplasms. These lines maintained male sterility in the msml 

cytoplasm for several generations of backcrossing the cultivar onto the 

msml cytoplasm. The four cultivars were used as pollen parents in 

intercrosses with their male-sterile lines to determine if intercrossing 

maintainer genotypes would result in the loss of the ability to maintain 

male sterility in the msml cytoplasm. Table 5 shows the results of 

these intercrosses. None of the intercrosses resulted in any 

restoration of male fertility. This suggests that these maintainer 

lines have similar mechanisms for maintaining male sterility in the msml 

cytoplasm. Perhaps many maintainers of male sterility in the msml 

cytoplasm have similar mechanisms for maintaining male sterility, and 

intercrossing these maintainers in a recurrent selection program would 

not result in genotypes that would cause partial or complete restoration 

of male fertility in the msml cytoplasm. 

The male-sterile msml line of Golden Melon had 1.8% selfed seed 

set. This line had previously maintained male sterility for five 

backcrosses, with alternating generations grown in Arizona and Montana. 

This maintainer appeared to be stable under widely varying environments, 

yet selfed seed were recovered in the sixth backcross onto msml. This 

again demonstrates the environmental influence on the expression of male 

sterility of some genotypes in the msml cytoplasm. 



Table 5: Selfed seed set on parents and F^'s of intercrosses of four male-sterile lines and 

their maintainers. A = Alpha CI 959, B = Anoidium CI 7269, C = Byng CI 6089, 

D = Golden Melon CI 3192. 

cross 

1 F1 
1 # seed 
1 # flowers 

% selfed | 
seed set 1 

msml-female parent | 
# seed % selfed 1 

U flowers seed set 1 

msml-male parent 
# seed % selfed 

# flowers seed set 

msml-A X C 
1 o 
| 265 0.0 | 

0 
303 

1 
1 

0.0 | 
0 

660 0.0 

msml-C X A 
1 o 
| 283 0.0 | 

0 
660 

1 
1 

0.0 1 
0 

303 0.0 

msml-A X D 
1 o 
| 339 0.0 | 

0 
303 

1 
1 

0.0 1 
5 

281 1.8 

msml-D X A 
1 o 
| 222 0.0 | 

5 
281 

1 
1 

1.8 | 
1 

0 
303 0.0 

msml-B X A 
1 o 
| 265 0.0 | 

0 
660 

1 
1 

0.0 1 
0 

303 0.0 

msml-B X C 
1 o 
| 615 0.0 | 

0 
660 

1 
1 

0.0 1 
0 

660 0.0 

msml-B X D 
1 o 
| 298 0.0 | 

0 
660 

1 
1 

0.0 1 
1 

5 
281 1.8 

msml-C X D 
I o 
| 222 0.0 | 

0 
660 

1 
1 

0.0 1 
t 

5 
281 1.8 

msml-D X C 
1 o 
| 302 0.0 | 

5 
281 

1 
1 

1.8 | 
0 

660 0.0 
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Evaluation of restorers of fertility in msml 

Plants that appeared to be completely male fertile were col

lected from msml-CC XXXII after each backcross with CC XXXII. A total 

of 446 possible restorers were collected. No data have been collected 

on 191 (42.8%) of these lines. Forty-seven (10.5%) have been shown to 

have 95 - 100% selfed seed set and have been crossed onto male-sterile 

msml plants, but segregation data and percent selfed seed set on the 

F^'s of these crosses have not yet been determined. Two hundred eight 

(46.7%) of the lines have been crossed onto male-sterile msml plants and 

the F^'s evaluated for segregation of male sterility and percent selfed 

seed set. The ratios of fertiles to male-steriles in the F^'s ranged 

from 1 fertile : 19 male-sterile, to 21 fertile : 0 male-sterile, and 

the percent selfed seed set on F^ plants ranged from 30.2% to 100%, 

indicating that many of these lines are not complete restorers of male 

fertility in the msml cytoplasm. 

Some lines completely restored male fertility in the msml 

cytoplasm, and based on F^ and F^ data, the restoration appeared to be 

caused by a single dominant gene in each case. Twenty-two of these 

lines were selected for closer evaluation because the F^'s from crosses 

of these lines with male-sterile msml plants appeared to be more 

vigorous than their male parental lines. These 22 restorer lines were 

designated Rfl to Rf22. Because the possible restorers were collected 

from the msml-CC XXXII population, each restorer genotype is in the msml 

cytoplasm. The percent selfed seed set of the 22 restorers in msml 

cytoplasm was calculated for three times and two locations (Table 6). 
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Table 6: Percent selfed • 
three times and 

seed 
two 

set on 3 generations of 22 restorers at 
locations. 

Rf 

Arizona, Fq 

# seed % seTfed 
# flowers seed set 

Arizona 
# seed % 

# flowers 
se?fed 

seed set 

Montana, F„ 
# seed % selfed 
& flowers seed set 

1 
287 
288 99.7 

149 
150 99.3 

73 
114 64.0 

2 
312 
312 100.0 

162 
162 100.0 

110 
120 91.7 

3 
237 
240 98.8 

96 
138 69.6 

66 
93 71.0 

4 
251 
252 99.6 

137 
138 99.3 

59 
60 98.3 

5 
201 
204 100.0 

161 
169 95.3 

110 
114 76.4 

6 
294 
300 98.0 

142 
147 96.6 

112 
132 84.8 

7 
262 
264 99.2 

159 
161 98.8 

134 
138 97.1 

8 
217 
224 96.9 

62 
168 36.9 

105 
111 94.6 

9 
263 
267 98.5 

173 
180 96.1 

92 
96 95.8 

10 
298 
300 99.3 

166 
195 85.1 

145 
162 89.5 

11 
225 
228 98.7 

149 
153 97.4 

144 
153 94.1 

12 
198 
198 100.0 

127 
144 88.2 

130 
138 94.2 

13 
306 
309 99.0 

171 
171 100.0 

111 
114 97.4 

14 
272 
276 98.6 

112 
184 60.9 

40 
114 35.1 

15 
260 
264 98.5 

104 
120 86.7 

40 
144 85.4 

16 
210 
213 98.6 

155 
162 95.7 

120 
132 90.9 

17 
269 
273 98.5 

143 
144 99.3 

76 
108 70.4 

18 
194 
195 99.5 

98 
99 99.0 

55 
99 55.6 

19 
204 
204 100.0 

148 
150 98.7 

115 
135 85.2 

20 
200 
201 99.5 

184 
186 98.9 

135 
141 95.7 

21 
252 
255 98.8 

137 
141 97.2 

158 
159 99.4 

22 
190 
192 99.0 

122 
144 84.7 

107 
120 89.2 
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Not all the lines restored male fertility completely at all times and 

locations. In some cases, this may be due to environmental influence. 

For instance, Rfl, Rf5, Rf6, Rfl7, Rfl8, and Rfl9 all showed a higher 

amount of restoration in Arizona than in Montana. In some cases, 

restoration may be due to the interaction of a single major dominant 

gene and several minor genes. The repeated selfing of the lines may 

have resulted in the loss of some or all of the minor genes. For 

example, Rf3, RflO, Rfl4, Rfl5, and Rf22 all had complete restoration in 

1982 in the F^ generation, and had lower percent selfed seed set in 1984 

in the Fg and F^ generations. 

The 22 lines were crossed onto male-sterile msml plants. Plants 

in the F. and F0 were classified as male-fertile or male-sterile and 
X c. 

counted. Testcrosses were made by crossing male-fertile F^ plants onto 

male-sterile msml plants. The numbers of fertile and male-sterile 

plants in the F^, F^ and testcross generations of each restorer line 

were counted (Table 7). If restoration was due to a single dominant 

gene, one would expect the F^ to consist entirely of male-fertile plants 

if the restorer was homozygous, and if the restorer was heterozygous, 

one would expect the F^ to segregate in a ratio of 1 fertile : 1 male-

sterile. Chi-square values for fit to a 1:1 ratio were calculated for 

those lines that had male-sterile plants in the F^ (Table 7). One would 

expect the F^ to segregate in a ratio of 3 fertile : 1 male-sterile if 

restoration of male fertility were caused by a single dominant gene, so 

Chi-square values for fit to a 3:1 ratio were calculated for all ?2 data 

(Table 7). A 1:1 ratio would be expected in the progeny of the 
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Table 7: Fp F2 and testcross data of 22 possible restorers crossed onto 

male-sterile msml plants, ^probability = .05 

F^, msml X Rf | 
1 

msn,l X Rf testcross, msml X F^ 

Restorer 1 Rf :rf 
2 1 

X 1:1 I Rf :rf X23:l Rf :rf X21:1 

1 | 10:0 
1 

8:5 1.25 4:6 0.10 
2 1 12:0 1 14:7 0.80 9:13 0.73 
3 1 13:0 j 21:2 3.25 14:9 1.09 
4 1 9:0 j 15:12 5.44* 10:19 2.80 
5 1 12:0 j 16:8 0.89 13:8 1.19 
6 1 14:0 j 13:5 0.08 9:6 0.60 
7 | 10:0 j 14:9 2:45 9:13 0.73 
8 I 15:0 j 9:6 1:80 6:6 0.00 
9 I 12:0 j 12:9 3:57 16:9 1.96 

10 | 10:0 j 10:8 3:63 10:12 0.18 
11 1 12:0 j 8:7 3:76 2:6 2.00 
12 I 14:0 j 9:3 0.00 14:10 0.67 
13 | 12:0 j 11:5 0.33 3:6 1.00 
14 | 13:0 | 13:10 4.19* 7:13 1.80 
15 | 12:0 j 15:3 0.22 9:14 1.09 
16 | 13:0 j 11:7 1.85 11:12 0.04 
17 I 11:0 j 10:6 1.40 17:10 1.81 
18 | 13:0 j 10:6 1.40 9:7 0.25 
19 | 10:0 j 13:2 1.09 11:10 0.05 
20 | 5:2 1.28 | 19:5 0.23 8:9 0.06 
21 | 10:5 1.67 | 13:3 0.33 9:6 0.60 
22 | 11:4 3.27 | 11:8 3.21 9:10 0.06 



testcross, and Chi-square values for fit to a 1:1 ratio were calculated 

for the testcross data (Table 7). The data and Chi-square values in 

Table 7 indicate that restoration of male fertility in each of the 22 

lines is due to a single major dominant gene. 

Evaluation of partial restorers of male fertility 

Four partial restorer lines, Asov CI 1028, Estate CI 3410, CI 

3558, and Abbyssinian CI 2263, were maintained in both the normal and 

msml cytoplasms. These isoplasmic lines were used as pollen parents in 

crosses with male-sterile msml plants in the msml-CC XXXII population. 

The crosses were paired so that the percent selfed seed set of the F^'s 

of the partial restorers in normal cytoplasm could be compared to the 

percent selfed seed set of the F^'s of the partial restorers in the msml 

cytoplasm. If a particular genotype caused cytoplasmic factors to be 

passed through the pollen, differences in percent selfed seed set may 

possibly be seen between the two kinds of F^. Selfed progenies from the 

male parents were also grown, and the percent selfed seed set of the 

F^'s and the male parents were compared. Table 8 shows the percent 

selfed seed set of each F^ and each male parent. One of the partial 

restorers, Asov, had no restoration of male fertility in the F^ 

generation and only 2% selfed seed set in the BCg generation. 

Contingency Chi-square values were calculated to compare the 

differences between the percent selfed seed set of the members of each 

group of four, two anc' two ma^e parents (Table 9). There was no 

significant difference between any of the pairs of F^'s, suggesting that 



Table 8: Percent selfed seed set of F^'s of male-sterile msml plants X partial restorers 

in normal and msml cytoplasms and on the male parent. 

partial j 
restorer 1 

F-: male parent 
in msml 

# seed % selfed 
# flowers seed set 

F.: male parent | 
in normal | 

# seed % selfed 1 
# flowers seed set 1 

msml male parentj 
$ seed % selfed 1 

# flowers seed set 1 

normal 
# seed 
# flowers 

male parenl 
% selfed 

seed set 

0 0 9 429 
Asov | 450 0.0 468 0.0 | 372 2.0 | 433 99.1 

4 2 174 247 
Estate | 516 0.8 429 0.5 | 375 46.4 | 315 78.4 

1 0 12 446 
CI 3558 | 405 0.2 357 0.0 | 402 3.0 | 453 98.5 

1 2 405 435 
Abyssinian | 540 0.2 636 0.3 | 450 90.0 | 456 95.4 

ro 



Table 9: Contingency Chi-square values comparing differences in selfed seed set of F^'s 

of msml plants X partial restorers in both normal and msml cytoplasms, 

Fj's with each male parent, and male parents, ^probability = .05, 

^^probability = .01, ***probability = .001. 

| Chi-square value comparing difference between 

Partial j 
restorer 1 two F.'s 

F- and msml 
male parent 

F. and normal 
fflale parent 

msml male and 
normal parent 

1 
Asov | 

1 

1 

0.0 10.7 ** 343.8 *** 260.2 *** 
1 

Estate | 
1 

0.4 184.0 *** 245.2 *** 17.7 *** 

CI 3558 | 0.9 9.2 ** 274.6 *** 272.3 *** 
1 

Abyssinian | 0.2 357.7 *** 428.8 *** 0.4 

CO 
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none of the genotypes of these pollen parents cause cytoplasmic factors 

to be passed through the pollen. The data for each pair of crosses 

were combined for comparison with each male parent of the two crosses. 

Selfed seed set of each of the F-^'s was significantly different from the 

selfed seed set of both of its parents (Table 9). This suggests that in 

these cases of partial restoration, the male fertility is caused by an 

accumulation of several minor genes. In all cases except one, the two 

male parents had significantly different percent selfed seed set. The 

percent selfed seed set of the Abyssinian male parent in the msml 

cytoplasm was no different than the percent selfed seed set in the 

normal cytoplasm. All the partial restorers in normal cytoplasm had 

virtually complete male fertility except for Estate. The partial male-

sterility seen in this cultivar presumably was caused by environmental 

influence. If so, these environmental conditions probably affected the 

expression of this genotype in the msml cytoplasm as well. 

Eighty-one of the lines that were evaluated as possible 

maintainers of male sterility in the msml cytoplasm partially restored 

male fertility. The lines showed wide ranges of percent selfed seed in 

the msml cytoplasm in the same environment. Twelve pairs of partial 

restorer sibs were grown, one member of each pair having a high amount 

of restoration of fertility, and the other member of the pair having a 

low amount of restoration of fertility. In each row, five early and 

five late spikes were bagged while still in the boot, and percent selfed 

seed set was calculated for each member of each pair (Table 10). 

Contingency Chi-square values were calculated to compare the percent 

selfed seed set of each pair (Table 10). Six of the twelve pairs 
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Table 10: Percent selfed seed set on progeny of partial restorer sibs 
with low and high percent selfed seed sets in the msml 
cytoplasm. ***probability = 001. 

partial j 
restorer 1 

Low 
# seed 

# flowers 

Sib 
% selfed 
seed set 

High 
$ seed 

# flowers 

Sib 
% selfed 
seed set 

Contingency 
X value 

1 | 
291 
840 34.6 

604 
732 82.5 100.5*** 

2 1 
154 
588 26.2 

428 
696 61.5 62.5*** 

3 1 
473 
699 67.7 

492 
669 73.5 1.0 

4 1 
345 
765 45.1 

109 
765 14.2 96.0*** 

5 1 
394 
732 53.8 

257 
684 37.6 14.0*** 

6 | 
127 
861 14.6 

513 
861 59.6 174.8*** 

7 | 
211 
660 32.0 

470 
633 74.2 72.8*** 

8 1 
109 
660 16.5 

214 
690 31.0 24.1*** 

9 1 
560 
825 67.9 

533 
822 64.8 0.3 

10 | 
280 
942 29.7 

468 
945 51.4 33.6*** 

11 1 
494 
717 68.9 

556 
822 67.6 0.1 

12 I 
380 
747 50.9 

465 
903 51.5 0.02 



46 

(1, 2, 6, 7, 8 10) were significantly different, with the progeny of the 

high-restoration sib having greater percent selfed set. This suggests 

that several loci are involved in the restoration of fertility caused by 

these genotypes. In the sib with low percent selfed seed set, few of 

the genes needed for restoration were present, so their selfed progenies 

had only a few of the genes, and thus, only a low amount of selfed seed. 

In the sibs with high percent selfed seed set, a larger number of the 

necessary genes were present, so the selfed progenies of these plants 

had more of the genes needed for restoration, and so had higher percent 

selfed seed set. 

There was no significant difference in the amount of selfed seed 

set between the two sib progenies in four of the 12 pairs (partial 

restorers 3, 9, 11, and 12). In each pair of rows, spikes were bagged 

in the two rows on the same day. In the previous generation, spikes on 

the sibs were bagged on different days, so differences seen between the 

two in the previous generation may have been due to environmental 

influence. 

In two of the 12 pairs (partial restorers 4 and 5), the progeny 

of the sib with the low amount of selfed seed had significantly higher 

percent selfed seed set than the progeny of the sib with the high amount 

of selfed seed. In these cases, several loci may be involved in the 

expression of the male fertility, with alleles at one or more of the 

loci being highly sensi-tive to environmental influence. The 

environment may have played a part in the expression of the partial 

restoration of the parents, making the genetic difference between the 

two sibs seem greater than it really was. Each parent then produced 
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progeny with varying genotypes, and by chance, those with genotypes 

producing a low amount of selfed seed were selected from parents with 

high selfed seed set, while those with genotypes resulting in high 

amounts of selfed seed were selected from parents with low seed set. 

Spikes in the rows of paired sibs were bagged in the boot early 

and late in the growing season. Table 11 shows the percent selfed seed 

set on early and late spikes of those partial restorers that appeared to 

be environmentally sensitive. Contingency Chi-square values comparing 

the seed set on early and late spikes in each sib were calculated (Table 

11). There was no significant difference between the seed set on early 

and late spikes in most cases, suggesting that either the environment 

did not play a large role in the expression of male-fertility, or that 

the environment was very stable during the development of these lines. 

In all pairs of sibs except partial restorers 4 and 5, the amount of 

selfed seed set on early and late spikes increased or decreased 

similarly in both sibs. For instance, in both low and high sibs of 

partial restorers 3 and 11, the early spikes had lower amounts of selfed 

seed than did the later spikes, while in partial restorers 9 and 12, the 

early spikes in both kinds of sibs had greater amounts of selfed seed 

than did the later spikes. This suggests that these genotypes are 

influenced by the environment, but that the environment was fairly 

constant during this particular growing season. In each of partial 

restorers 4 and 5 (the two partial restorers in which the low sib 

progeny had significantly higher percent selfed seed set than the high 

sib progeny), one member of the pair had significantly higher percent 

selfed seed set on the early spikes while the other member of the pair 
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Table 11: Percent selfed seed set on early and late spikes of progeny of 
partial restorer sibs with low and high percent selfed seed 
sets in the msml cytoplasm. 
^probability = .05, ^^probability = .01, ***probability = .001 

1 
partial | 
restorer 1 

# seed 
# flowers 

Early | 
% selfed | 
seed set 1 

Late 
# seed 

# flowers 
% selfed 
seed set 

| Contingency 
1 X value 

1 

3-1ow | 
237 
363 

1 

65.3 | 
1 

236 
336 70.2 | 0.4 

1 

3-hi gh | 
268 
384 

1 

69.8 | 
i 

224 
285 78.6 | 1.0 

1 

4-1ow | 
195 
426 

1 

45.8 | 
i 

150 
339 44.2 | 0.1 

1 

4-high | 
| 

74 
441 

1 

16.8 | 
i 

35 
324 10.8 | 4.1*** 

1 

5-1ow | 
| 

270 
378 

1 

71.4 | 
i 

124 
354 35.0 | 28.0*** 

1 

5-high | 
148 
357 

1 

41.4 | 
i 

109 
327 33.3 | 2.2 

1 

9-1ow | 
338 
438 

1 

77.2 | 
222 
387 57.4 | 7.1** 

1 

9-high | 
342 
426 

1 

80.3 | 
191 
396 48.2 | 20.1*** 

1 

11-1ow | 
| 

227 
360 

1 

63.0 | 
i 

267 
357 74.8 1 2.1 

1 

11-high | 
272 
432 

1 

63.0 | 
i 

284 
390 72.8 | 1.8 

1 

12-1ow | 
215 
372 

1 

57.8 | 
I 

165 
372 44.4 | 4.4 

1 

12-high | 
287 
525 

1 

54.7 | 
178 
378 47.1 | 1.6 
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did not. This suggests that some genes involved in partial restoration 

of male fertility are environmentally sensitive while other genes are 

not. The sib that showed significant differences between seed set on 

early and late spikes was carrying the particular genes that are 

environmentally influenced, while the sib with no difference in seed set 

on early and late spikes had none of these genes. 

Emasculated crosses were made among ten partial restorers in the 

msml cytoplasm to see if accumulation of these genes would result in 

complete restoration of male fertility. The percent selfed seed set on 

the F^'s and all parents are shown in Table 12. The abbreviations for 

the crosses in Table 12 are: A = Austrian Early CI 3086, B = Abyssinian 

CI 2263, C = Duplex CI 2433, D = Flynn CI 1311, E = Shabet CI 13827, 

F = Glabron CI 4577, G = Washonupana, H = Steptoe CI 15229, I = Barbarez 

CI 695, and 0 = Hector CI 15514. F^ plants of the cross J X H were 

evaluated in Arizona (J X H-AZ) and in Montana (J X H-MT). The percent 

selfed seed set of each F., was compared with the percent selfed seed set 

of each of its parents by calculating contingency Chi-square values 

(Table 12). In two cases, F X H and J X H-AZ, the F^ had significantly 

greater selfed seed set than either parent. In two other cases, 

J X H-MT and H X I, the F^'s had greater amounts of selfed seed than 

their parents, but not significantly more than the high parent. In all 

of these cases, parent H (Steptoe CI 15229) was involved in the cross, 

suggesting that Steptoe carries genes or alleles for partial restoration 

of male fertility that combine with the genes or alleles of other 

partial restorers to increase the amount of restoration of male 

fertility in the F^ generation. Three of the F^'s, A X B, C X D, and 
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Table 12: Percent selfed seed set on F^'s and parents of intercrosses 
of partial restorers. 
*,Wcprobability = .001 

1 
1 

Cross 1 

1 
% selfed | 
seed: F. 1 

% selfed | 
seed: female j 
parent 1 

% selfed | 
seed: male | 
Darent 1 

^2 1 ^1 
and female 
Darent 

X2 : F1 
and maTe 
Darent 

1 
A X B | 

| 

1 , 

77.0 | 
| 

1 
73.4 | 73.8 | 0.4 0.3 

1 
C )( D | 91.2 | 

1 

1 
91.4 | 

1 
32.1 | 0.0 126.5*** 

1 
E X C | 51.8'| 

1 
0.4 | 

| 
88.6 | 113.3*** 24.2*** 

1 
F X G | 

1 
84.1 | 

1 
29.5 | 

| 
85.3 | 78.5*** 0.0 

1 
F X H | 

| 

1 
76.5 | 

1 
29.5 | 

1 
47.0 | 94.5*** 27.1*** 

1 
H X I | 93.3 | 81.4 | 

1 
20.5 | 2.9 118.9*** 

1 
J X H-AZ| 

1 
97.1 | 

1 
0.0 | 

1 
49.6 | 81.6*** 17.1*** 

1 
0 X H-MT | 91.7 | 35.6 | 81.4 | 40.3*** 3.0 

A = Austrian Early 
B = Abyssinian 
C = Duplex 
D = Flynn 
E = Shabet 

F = Glabron 
G = Washonupana 
H = Steptoe 
I = Barbarez 
J = Hector 



F X G, had the same amount of selfed seed as did their high parent, and 

one Fp E X C, showed a percent selfed seed set that was similar to the 

midparent value. 

Two crosses were made between parents H and J (Steptoe CI 15229 

and Hector CI 15514). The F^ generation of one of the crosses was grown 

in Arizona and the other was grown in Montana. The percent selfed seed 

set of each of these F^'s is shown in Table 12. There was 97.1% selfed 

seed set when the F^ was grown in Arizona, and 91.7% selfed seed set 

when the F^ was grown in Montana. When the F^ generation was grown, 

there were 11 completely male fertile plants and 55 partially male 

fertile plants. F„ rows were grown from the completely fertile F„ 
u d. 

plants and spikes on every F^ plant were bagged in the boot to determine 

percent selfed seed set. The selfed seed set ranged from 1/23 (4.3%) to 

57/57 (100%). Fg plants were classified by percent selfed seed set 

(Table 13). The percent selfed seed set ranged from less than 10% to 

1U0%, with most of the F^ plants having 50 - 90% selfed seed. This 

suggests that several loci are involved in the restoration of fertility 

shown in the Hector X Steptoe progeny, and that genes at these loci have 

an additive effect on the expression of male fertility. 

Evaluation of F^ hybrids using the msml system 

Twenty-two F^ hybrids were made using 18 male-sterile msml lines 

as female parents and four lines homozygous for a dominant restorer 

gene as male parents. The 22 F^ hybrids, their 44 maintainer and 

restorer parental lines, and six check cultivars were grown in a four 
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Table 13: Number of plants from msml-Hector X Steptoe in each range 

of percent selfed seed set. 

^ sgI f6(1 | 
seed set I 0-10.0 10.1-50.0 50.1-90.0 90.1-99.9 100.0 

I 
#plants j 1 2 13 7 2 
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replication yield trial with a randomized complete block design. Plots 

were made up of 10 hills per plot, with each hill planted with five 

seed. There were two rows of five hills per plot. Hills in the rows 

were planted 0.65 meters apart. The plots were 3.05 meters long and 

0.81 meters wide. Total grain yield, hectaliter weight, and 1000-seed 

weight were measured for each plot. These data are given in Appendix 1. 

An analysis of variance was calculated on the yield data (Table 14). 

There were no significant differences between replications, but there 

were significant differences among entries. 

The total yields of all 72 entries are shown in Table 15. The 

Fj values as percents of low parent value, midparent value, high parent 

value, and high check cultivar value are also given. Every F^ yielded 

greater than 100% of its midparent value, with the lowest yielding 

100.4% of the midparent value, and the highest yielding 143.6% of the 

midparent value. Seventeen of the F^'s yielded greater than 100% of the 

high parent value, with the percents of high parent value ranging from 

90.1% to 132.1%. Thus, most of these F^ hybrids showed considerable 

heterosis in terms of midparent values and high parent values. 

The most interesting statistic from a plant breeder's point of 

view is the percent of the high check cultivar value that the F^ hybrid 

yields. Eleven of the 22 F^ hybrids yielded 100% or greater than the 

high check cultivar, with the highest yielding F^ producing 117.3% of 

the high check cultivar (Table 15). The high check cultivar yield was 

equivalent to about 9,130 kg/ha. 

Of the four male parents, Rf2 was the highest yielding. Each 

of the F^ hybrids from this male parent yielded not only more than 100% 
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Table 14: Analysis of variance of grain yield of 22 hybrids, their 44 

parents and 6 check cultivars. There were four replications. 

Source I df SS MS F 
Lines | 71 23,758,640 334,628.73 7.89** 

I 
Reps | 3 123,437 41,145.67 0.97 

I 
Lines K Reps j 213 9,637,923 42,431.56 

I 
Total | 287 32,920,000 

^probability = .01 

LSDg5 = 287.03 LSDgg = 378.82 
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Table 15: Total yields in grams of hybrids, parents and check cultivars 
and hybrid yields as percents of parents and high check 
cultivar. Entries 88 to 93 are check cultivars. 

| Total yield 1n gms | percent of hybrid of 
male | I Ioh mid high high 
parent entries I female hvbrid male I parent parent parent check 

1-2-3 | 7303 9908 8103 | 135.7 120.0 121.1 112.3 
4-5-6 | 8657 9178 0605 | 106.6 106.3 106.0 104.0 

Rf2 7-8-9 | 8420 9511 7607 | 123.7 118.1 113.0 107.8 
13-14-15 | 7474 9985 8175 | 133.6 127.6 122.1 113.2 
16-17-18 I 7920 10245 8225 I 129.4 126.9 124.6 116.1 

19-20-21 | 8049 10350 7561 | 136.9 132.6 120.6 117.3 
22-23-24 | 6739 9253 7505 | 137.3 129.2 122.0 104.9 

Rf4 25-26-27 | 0213 9312 6055 | 135.8 123.6 113.4 105.5 
28-29-30 | 4802 6354 7053 | 132.3 107.2 90.1 72.0 
31-32-33 | 7884 7773 7466 | 104.1 101.3 98.6 00.1 
34-35-36 I 7912 9516 7087 I 134.3 126.9 120.3 107.0 

37-30-39 | 6193 8746 6692 | 141.2 135.8 130.7 99.1 
40-41-42 | 8781 7937 7027 | 113.0 100.4 90.4 89.9 
43-44-45 | 5920 9320 7056 | 157.4 143.6 132.1 105.6 

Rf15 46-47-48 | 6482 8170 7259 | 126.2 119.0 112.7 92.7 
52-53-54 | 5407 6856 7412 | 126.8 107.0 92.5 77.7 
55-56-57 | 5193 0652 7248 | 166.6 139.1 119.4 98.0 
58-59-60 I 5513 8256 7027 I 149.0 131.7 117.5 9?.C 

64-65-66 | 7606 05B3 7403 | 115.9 114.4 112.8 97.3 
Rf17 73-74-75 | 7310 7933 7509 | 108.5 106.5 104.5 89.9 

76-77-78 | 6021 7013 7049 | 116.5 107.3 99.5 79.5 
82-83-84 I 8212 8954 7492 I 119.5 114.0 109.0 101.5 

Gustoe - 88 | 7780 08.2 
Colombia - 09 | 7521 85.2 

Gus - 90 | 8037 91.1 
BFP-70-40 - 91 | 7671 86.9 

WB 501 - 92 | 7627 02.4 
BFP-00-24 - 93 | 0024 100.0 



of its high parent, but yielded more than 100% of the high check 

cultivar. The highest yielding female parents generally produced the 

highest yielding hybrids. Thus, the results of this study are 

similar to results reported previously in that the highest yielding 

parents generally produce the highest yielding hybrids. 

The weight of 1000 seeds was measured for each replication of 

each entry. The values of the four replications of each entry were 

averaged, and are shown in Table 16. The hybrid values are also shown 

as percentages of low parent, midparent, high parent, and high check 

cultivar values. The 1000-seed weight of 21 of the 22 F^'s was greater 

than 100% of the midparent value. The percentages of midparent values 

ranged from 98.0% to 113.1%. The 1000-seed weights of only 11 of the 22 

F^'s were greater than 100% of the high parent value. These ranged from 

85.4% to 109.2% of the high parent value. Heterosis was demonstrated in 

1000-seed weight of some of the F^'s, but not enough heterosis was seen 

in the seed weights to account for the increases in yield shown in the 

F^ hybrids. In fact, the F^'s with the highest seed weights were not 

the F^'s with the greatest yields. None of the 1000-seed weights of 

the F^ hybrids approached the high check cultivar value of 49.0 grams. 

The ,F^ values as percentages of the high check cultivar value ranged 

from 70.0% to 91.0%. 

The hectaliter weight was measured for each replication of each 

entry. The values were averaged for each entry (Table 17). The 

hectaliter weights of all the entries were high, with the lowest being 

65.2 kg, and the highest being 75.0 kg. The highest entry was the high 

check, Gustoe. The F^ hybrid values are also shown as percentages of 
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Table 16: 1000-seed weight in grains of hybrids, parents and check 
cuHivars and seed weights of hybrids as percents of parents 
and high check cultivar. The 1000-seed weights are 
averages of four replications. The female parent of entries 
88 to 93 are check cultivars. 

I 1000-seed weight, grams | percent of hybrid of 
male | j low mid high high 
parent entries I female hybrid male I parent parent parent check 

1-2-3 | 42.2 43.6 37.0 | 117.8 110.1 103.3 89.0 
4-5-6 | 44.3 42.6 37.6 | 113.3 104.0 96.2 86.9 

Rf2 7-6-9 | 44.0 41.8 36.7 | 113.9 103.6 95.0 85.3 
13-14-15 | 35.7 37.9 37.0 | 106.2 104.3 102.4 77.3 
16-17-18 I 39.0 42.3 37.1 I 114.0 111.2 10B.5 86.3 

19-20-21 | 39.7 41.6 39.9 | 104.8 104.5 104.3 84.9 
22-23-24 | 38.9 39.4 39.1 | 101.3 101.0 100.8 80.5 

Rf4 25-26-27 | 45.2 44.6 38.9 | 114.6 106.1 98.7 91.0 
28-29-30 | 29.0 38.0 3B.2 | 131.0 113.1 99.5 77.6 
31-32-33 | 44.1 41.8 38.2 | 109.4 101.6 94.8 85.3 
34-35-36 I 42.2 43.8 37.8 I 115.9 1 09.5 103.S 89.4 

37-38-39 | 38.6 39.0 31.8 | 122.6 110.8 101.0 79.6 
40-41-42 | 45.2 38.6 33.6 | 114.9 98.0 85.4 78.8 
43-44-45 I 35.3 36.4 32.8 | 111.0 106.9 103.1 74.3 

Rf15 46-47-48 | 40.4 38.8 32.3 | 120.1 106.4 95.6 79.2 
52-53-54 | 41.7 37.3 31.8 | 117.3 101.5 89.4 76.1 
55-56-57 | 38.2 3B.2 33.0 | 115.8 107.3 100.0 78.0 
58-59-60 I 33.4 34.3 32.9 I 104.2 103.5 102.7 70.0 

64-65-66 | 42.8 39.2 32.8 | 119.5 103.7 91.6 80.0 
Rf17 73-74-75 | 33.6 36.7 33.3 | 110.2 109.7 109.2 74.9 

76-77-78 | 38.8 37.6 . 32.7 | 115.0 105.2 96.9 76.7 
82-83-84 I 41.8 39.1 33.0 I 118.5 104.5 93.5 79.8 

Gustoe - 88 | 41.3 84.3 
Colombia - 89 | 46.7 95.3 

Gus - 90 | 41.0 83.7 
BFP-78-40 - 91 | 43.2 88.2 

WB 501 - 92 I 43.7 89.2 
BFP-80-24 - 93 | 49.0 100.0 



Table 17: Hectallter weights in kilograms of hybrids, parents and 
check cultivars and hectallter slights of hybrids as 
percents of parents and high check cultivar. Hectallter 
Knights are averages of four replications. Entries 88 
to 93 are check cultivars. 

| hectallter weight 1n kg. | percent of hybrid of 
male j j low raid high high 
parent entries I female hybrid male I parent .parent parent check 

1-2-3 I 70.0 71.7 70.0 | 102.4 102.4 102.4 95.6 
4-5-6 | 74.1 72.6 70.1 | 103.6 100.7 98.0 96.8 

Rf2 7-8-9 | 73.9 72.3 69.7 | 103.7 100.7 97.8 96.4 
13-14-15 | 68.3 70.4 69.5 | 103.1 102.2 101.3 93.9 
16-17-18 I 68.4 70.0 70.2 I 102.3 101.0 99.7 93.3 

19-20-21 | 67.4 70.9 68.0 | 105.2 104.7 104.3 94.5 
22-23-24 | 72.5 69.9 68.1 | 102.6 99.4 96.4 93.2 

Rf4 25-26-27 | 71.4 71.2 67.6 | 105.3 102.4 99.7 94.9 
28-29-30 | 73.2 69.3 67.1 | 103.3 98.8 94.7 92.4 
31-32-33 | 74.1 70.6 66.8 | 105.7 100.2 95.3 94.1 
34-35-36 I 73.6 69.8 66.5 I 105.0 95L6 94.8 93.1 

37-38-39 | 65.2 70.1 70.1 | 107.5 103.6 100.0 93.5 
40-41-42 | 74'.3 73.1 69.9 | 104.6 1 01.4 98.4 9 7.5 
43-44-45 | 70.6 71.1 69.4 | 102.4 101.6 100.7 94.8 

Rf15 46-47-48 | 69.2 70.5 69.8 | 101.9 101.4 101.0 94.0 
52-53-54 I 70.6 70.4 69.7 | 101.0 100.4 99.7 93.9 
55-56-57 | 66.5 69.6 70.2 | 104.7 101.8 99.1 92.8 
58-59-60 I 67.2 59.5 69.6 I 103.4 101.6 99.9 92.7 

64-65-66 | 70.0 73.5 73.3 | 105.0 102.6 100.3 98.0 
Rf17 73-74-75 | 68.5 72.6 73.5 | 106.0 102.3 98.8 96.8 

76-77-78 | 72.8 73.0 74.0 | 100.3 99.5 98.6 97.3 
82-83-84 I 74.1 73.B 73.3 I 100.7 100.1 99.6 98.4 

Gustoe - 88 | 75.0 100.0 
Colombia - 89 | 71.1 94.8 

Gus - 90 | 74.0 98.7 
BFP-7B-40 - 91 | 69.9 93.2 

WB 501 - 92 | 73.7 98.3 
BFP-80-24 - 93 | 73.9 98.5 
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low parent, midparent, high parent, and high check cultivar values. 

Percentages of the midparent value ranged from 98.8% to 104.7%, with the 

hectaliter weights of 18 of the 22 F^'s being greater than 100% of the 

midparent value. The hectaliter weights of only seven of the F^'s were 

greater than 100% of their high parent value, and the percentages of the 

high parent values ranged from 94.7% to 104.3%. None of the hybrids had 

as high a hectaliter weight as the high check cultivar. Thus, the 

heterosis seen in hectaliter weight was not enough to account for the 

increased yields seen in the F^'s. The hybrids with the highest 

hectaliter weights were not the highest yielding hybrids. 



DISCUSSION 

The msml cytoplasmic male-sterility system is a possible source 

of parents for the production of commercial hybrid barley seed. 

Maintainers of male sterility have been found which appear to be stable 

over varying environments, and it is likely that intercrossing these 

maintainers in a breeding program will not generally result in partial 

restoration of fertility. 

One way to start a population from which maintainers of male 

sterility in the msml cytoplasm could be selected would be by 

intercrossing maintainer lines, using genetic male-sterile plants with 

normal cytoplasm as females. The generation would be grown and 

harvested in bulk and the F2 generation grown. This ?2 population would 

segregate in a ratio of 3 male-fertile plants: 1 male-sterile plant. F^ 

plants selected for agronomic characters such as high tiller number, 

large stems and peduncles, and long spikes with large florets would be 

selected and intercrossed using genetic male-sterile plants as the 

female parents of the crosses. In this way, the maintainer population 

could be continued by using male sterile facilitated recurrent selection 

(MSFRS). New germplasm could be added to the maintainer population by 

continually evaluating possible maintainer lines. These possible 

maintainer lines would be selected for agronomic characters, such as 

disease resistance or high yield. The lines would be crossed onto male-

sterile msml plants in the msml-CC XXXII population and the cross and 

male parent tagged so they could be matched. The F^ would be grown 
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along with the selfed seed from the male parent and percent selfed seed 

set on the F^ plants would be determined. Crosses would be made using 

the "best" plant in the male parent row as the pollen parent and the 

"best" plant in the msml row as the seed parent. The backcross 

generation would be grown along with selfed progeny from the male 

parent, preferably in a different environment from that in which the 

was grown. The percent selfed seed set would be determined on plants in 

the BC^ row. Those possible maintainer lines in which the F^ and BC^ 

generations had no selfed seed would be crossed into the maintainer 

population. 

Occasionally, the msml male-sterile line of an apparently stable 

maintainer line will set a few selfed seed on a bagged spike. While 

this would not matter in the maintanence of a male-sterile line, it 

could cause problems in the production of hybrid seed, since selfed seed 

on the male-sterile line would be mixed with the F^ hybrid seed, and 

would result in the appearance of male-sterile plants in the farmer's 

field. One way to overcome this problem would be to incorporate a 

shrunken endosperm xenia gene into the male-sterile and maintainer 

lines. Any selfed seed set on the male-sterile line during hybrid seed 

production would be shrunken and could be removed by sieving. 

A male-sterile population in the msml cytoplasm that has the 

same nuclear germplasm found in the maintainer population would be 

useful when selecting female parents of hybrids. Plants from the 

maintainer population would be selected as possible female parents of 

hybrid seed. Each maintainer plant would be crossed onto a male-sterile 
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msml plant that looked similar to the maintainer plant. This could give 

the plant breeder a head start in the number of backcrosses needed to 

produce the male-sterile and maintainer lines. 

The male-sterile msml population would be relatively easy to 

maintain. Plants from the maintainer population would be selected for 

agronomic characters and would be crossed onto male-sterile plants in 

the msml population. Contaminating pollen would have to be avoided, as 

well as any msml plant that showed any indication of male fertility. 

Another way in which the maintainer and male-sterile populations could 

be continued would be to grow the two populations in alternating rows in 

an isolated block. Only outcrossed seed set on male-sterile plants 

would be harvested in each population. Wiile this method would not 

allow direct selection of the male parents, it would select for open-

flowering and a high amount of outcrossing, necessary characteristics 

for maintanence of the female parent of a hybrid, and the production of 

the hybrid seed. Perhaps the best way to maintain these two populations 

would be to alternate the type of selection in each generation. 

Lines that restore complete male fertility in the msml cytoplasm 

by the action of a single dominant gene have been described. A restorer 

population could be started by crossing these lines onto male-sterile 

plants in the msml-CC XXXII population. The F^ would be grown and 

harvested in bulk and the F2 generation grown. Because the population 

would be in the msml cytoplasm, the generation would segregate in a 

ratio of 3 male-fertile plants : 1 male-sterile plant. pTairts would 

be selected for agronomic characters and intercrossed with male-sterile 

plants used as the female parents of the crosses. In this way, a MSFRS 
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population could be started. New germplasm could be added to the 

population by crossing male-fertile plants from the restorer population 

onto male-sterile plants in the msml-CC XXXII population. The male 

parent of a hybrid would have to have high outcrossing ability so that 

it could pollinate the female parent easily. To select for this, it may 

be necessary to grow the restorer population in an isolation block, and 

harvest only those seed set on male-sterile plants. Alternating the 

type of selection each generation may be one way to incorporate this 

kind of selection into a MSFRS population. 

The expression of restoration of male fertility may be 

influenced by the environment in some cases. Because of this, restorers 

selected as male parents would have to be evaluated carefully before 

they could be used as parents of hybrids. A restorer would probably be 

selected as a possible parent of a hybrid in the generation. In each 

succeeding generation as the line was purified, it would be used as a 

pollen parent in crosses with male-sterile msml plants, and the amount 

of restoration of fertility in the generations would be determined by 

measuring the amount of selfed seed set. Because the restorer line 

itself would be in the msml cytoplasm, spikes in the restorer could also 

be bagged, and the percent selfed seed noted. Only those lines which 

restored complete male fertility under several environments would be 

used as male parents of hybrids. 

The msml-CC XXXII population would be the basis of the main-

tainer, male-sterile, and restorer populations. Because of the 

recurrent selection of early generations that CC XXXII and msml-CC XXXII 
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undergo, it is likely that genotypes which perform best in the 

heterozygous condition have been selected. In other words, 

heterozygosity is selected for in this population, and would be selected 

for in the maintainer, male-sterile, and restorer populations. If this 

is the case, these populations should be excellent sources of parents of 

Fj hybrids. These populations would be planted at a low rate so that 

plants selected for intercrossing would be those which do the best under 

conditions of wide spacing. This is also a characteristic that will 

probably be necessary if hybrids are to be successful economically. 

Accumulating genes which cause partial restoration of male 

fertility may result in a stable, dominant form of restoration. There 

is evidence that such pyramiding can result in increased amounts of 

restoration. None of the partial restorers examined in this study are 

suitable for use as male parents of hybrids at this stage, however. If 

the accumulation of genes which cause partial restoration is to be a 

feasible source of male parents of hybrids, more partial restorers must 

be evaluated, and more study must be done to understand their action. 

Perhaps accumulating one or more partial restorer genes with unstable 

restorer genes would be one way to approach the problem. 

A hybrid barley will be successful only if it makes money for 

the farmer and the seed company. To be cost effective for the seed 

company, the hybrid seed must be easy to produce. It has been suggested 

(Ramage, personal communication) that to avoid the cost of planting the 

parents of a hybrid separately, the restorer line could be homozygous at 

a shrunken endosperm locus. Seed of the male and female parents could 

be mixed and planted together. The entire field could be harvested at 
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one time and the selfed seed of the restorer male parent could be 

removed by sieving. 

Hybrid barley seed will be sold at a higher price than inbred 

cultivar seed. In order for it to be cost effective for the farmer to 

buy the higher priced hybrid seed, the hybrid must yield significantly 

more than the highest yielding local cultivar. One way to cut costs 

would be to use a lower planting rate when planting hybrids. This 

reduction in planting rate could be achieved by planting in hills. Five 

to seven seed could be pelleted, and the pellets planted at spaced 

intervals. If a farmer planted two rows of hills on 40 inch beds with 

two foot intervals between hills and seven seed per hill, the planting 

rate would be just over nine pounds per acre, about 10% of the planting 

rate normally used for inbred cultivars. 

A hybrid barley that outyields inbred cultivars to the extent 

that it would be cost effective for the farmer is possible. In this 

study, the parents of the hybrids that were evaluated were selected at 

random, with no consideration of yield or combining ability. In spite 

of this, half of the hybrids yielded the same or more than the high 

check cultivar. If the parents of the hybrids were to be selected 

carefully, much higher yields could probably be achieved. 

The production of hybrid barleys is a feasible goal for plant 

breeders. The msml cytoplasmic male-sterile system is one method that 

can be used to produce hybrid barley seed. 



SWIARY 

One hundred fifty-one lines were evaluated as maintainers of 

male-sterility in the msml cytoplasm. The possible maintainer lines 

were crossed onto male-sterile msml plants and the F^'s were grown in 

Montana. Early and late spikes were bagged in the boot in the rows 

to determine percent selfed seed set. Each possible maintainer was 

backcrossed onto its msml male-sterile line, and the BC^ was grown in 

Arizona. Early and late spikes were bagged in the boot in each BC^ row 

to determine percent selfed seed set. Only 70 (46.4%) of the 151 lines 

maintained complete male-sterility in both generations. Of the 81 lines 

in which some restoration of male fertility was observed, 28 (34.6%) had 

a greater amount of selfed seed in the F^ in Montana, and 36 (44.4%) had 

greater percent selfed seed set in the BC^ in Arizona. The remaining 17 

lines (21.0%) had about the same amount of selfed seed in both 

generations. 

Four lines that maintained male-sterility in the msml cytoplasm 

for several backcrosses were intercrossed using the male-sterile lines 

as the seed parents and the maintainer lines as the pollen parents, to 

observe any restoration of fertility resulting from intercrossing main

tainer genotypes. None of the F^'s of these crosses set any selfed 

seed, although one of the parental male-sterile lines set 1.8% selfed 

seed. This was attributed to envionmental influence. 

Restoration of male fertility in the msml cytoplasm in 22 

restorer lines was shown in each case to be caused by a single dominant 
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gene by F^, F^, and testcross data. In some cases, the percent selfed 

seed set varied at different locations, suggesting environmental 

influence. The selfed seed set data also indicated that in some cases, 

modifier genes may be involved. 

Many genotypes have been shown to cause partial restoration of 

fertility in the msml cytoplasm. Four of these partial restorers were 

maintained in both the msml and normal cytoplasms. These eight sources 

of pollen were grown and male parents were selected from each for 

crosses onto male-sterile msml plants. The crosses were paired so that 

the male parent of one was a partial restorer in the msml cytoplasm, and 

the male parent of the other was the same partial restorer in the normal 

cytoplasm. In each pair of crosses, the same male-sterile plant was 

used as the seed parent so that the only difference between the two F^'s 

was the cytoplasm of the male parent. If cytoplasmic factors are passed 

through the pollen, differences between the percent selfed seed sets of 

the two F^'s would be seen. There were no significant differences 

between any of the pairs of F^'s. 

In some of the 81 possible maintainer lines that partially 

restored male fertility in the msml cytoplasm, wide ranges of percent 

selfed seed set were observed. Twelve pairs of sibs were selected in 

which one member of the pair had a high amount of selfed seed, and the 

other member of the pair had a low amount of selfed seed. Progeny of 

the selfed sibs were grown in paired rows and the percent selfed seed 

set was calculated for each one. In six of the 12 pairs, the progeny 

from the sib with high selfed seed set had significantly greater percent 
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selfed seed set than did the progeny of the low sib, suggesting that the 

partial restoration in these cases is due to the interaction of genes at 

several loci. Four of the pairs of progenies had no difference in 

percent selfed seed set, suggesting that the differences seen in the 

parental sibs were caused by the environment. In two of the cases, the 

progeny from the low seed set sib had a higher percent selfed seed set 

than the progeny from the high sib, suggesting several loci were 

involved in the expression of restoration of fertility, and that some of 

the loci were sensitive to environmental changes. 

Eight intercrosses were made among ten partial restorers to 

observe the amount of restoration caused when genes causing partial 

restoration of male fertility were accumulated in the same genotype. In 

two cases, the had significantly higher selfed seed set than either 

parent, and in two other cases, the F^ had a higher amount of selfed 

seed than either parent, but not significantly so. In all of these 

cases, the cultivar Steptoe CI 15229 was one of the parental partial 

restorers. Three of the F^'s had the same amount of selfed seed as the 

high parent, and one F^ had a percent selfed seed set that was 

equivalent to the midparent value. These data suggest that partial 

restoration is caused by the interaction of genes at several loci, and 

that the accumulation of these genes can increase the amount of 

restoration of male fertility. 

Twenty-two F^ hybrids were produced by crossing selected 

restorer lines with selected male-sterile msml lines. The F^ hybrids, 

their 44 parental restorer and maintainer lines, and six check cultivars 

were grown in a four replication yield trial with a randomized complete 
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block design. Plots were made up of ten hills, each hill planted with 

five seed. Total yield, 1000-seed weight, and hectaliter weight were 

measured for each plot. An analysis of variance on the yield data 

showed no differences among blocks, and significant differences among 

entries. All the F^'s yielded more than their midparent values, and 17 

of the F^'s yielded more than their high parent values. Eleven of the 

22 F^'s outyielded the high check cultivar, which averaged a yield 

equivalent to about 9,130 kg/ha. 

The 1000-seed weights of 21 of the F^'s were greater than their 

midparent values. Only 11 of the 22 F^'s had greater 1000-seed weights 

than their high parent values, and none of the hybrids' 1000-seed 

weights approached the high check cultivar value of 49.0 gm. The F^'s 

with the greatest 1000-seed weights were not those with the highest 

yield. 

Hectaliter weights of all the entries were high, with one of the 

check cultivars having the highest value, 75.0 kg. Eighteen of the F^'s 

had greater hectaliter weights than their midparent values, while only 

seven had greater hectaliter weights than their high parent values. The 

F^'s with the greatest hectaliter weights were not the hybrids with the 

greatest yield. 



APPENDIX 1 

Twenty-two hybrids, their parental maintainer and restorer lines and six check cultivars were grown 
in a four-replication yield trial in a randomized complete block design. Total grain yield in grams, 
hectaliter weight in kilograms and 1000 seed weight in grams were measured for each replication of 
each entry, and are recorded here. 

REP I REP II REP III REP IV 
1000- 1000- 1000- 1000-

yield Ka sd. wt yield M sd. wt yield sd. wt yield sd. w 
Entry qms hi qms qm hi qms qms hi qm qm hi qm , 
1 1762 69.8 41.0 1790 69.9 43.3 1977 69.8 41.5 1774 70.5 42.8 
2 2654 72.0 44.3 2201 70.8 43.2 2656 73.2 44.6 2397 70.8 42.2 
3 1952 69.5 37.3 2238 70.0 37.0 1981 70.4 35.9 2012 70.2 37.7 
4 2351 73.5 44.6 2096 73.7 45.7 2056 74.8 43.0 2154 74.4 44.0 
5 2452 72.0 44.0 2098 72.6 42.0 2320 73.1 41.4 2308 72.5 43.0 
6 2124 69.3 36.3 2123 70.3 36.6 2162 70.4 37.6 2196 70.3 37.6 
7 2093 73.9 44.2 2133 74.1 43.8 2152 73.7 44.3 2042 73.9 44.0 
8 2537 71.6 42.7 2299 72.5 41.3 2215 73.0 39.4 2460 72.1 41.8 
9 1917 69.5 37.1 1867 69.9 37.2 2051 69.5 36.4 1852 69.8 36.7 

13 2132 67.5 35.6 1718 67.6 34.9 1714 69.1 36.3 1910 69.1 36.0 
14 2435 70.8 39.0 2410 70.2 37.9 2489 70.7 35.5 2651 70.0 39.2 
15 2235 68.5 35.9 2181 59.0 36.3 1700 70.4 36.4 2059 70.0 39.2 
16 1891 67.5 37.3 2021 69.0 41.1 2084 68.1 39.5 1924 68.9 38.1 
17 2693 70 3 43.3 2541 70.5 44.1 2494 69.7 38.5 2517 69.3 43.2 
18 1950 69.7 36.9 2087 70.3 38.7 2235 69.8 35.2 1953 70.8 37.6 
19 2142 66.2 42.1 2085 68.0 39.9 1913 69.3 36.9 1909 66.1 40.0 
20 2732 70.2 39.5 2632 71.8 41.1 2546 71.1 43.4 2440 70.3 42.2 
21 1886 67.5 39.1 1756 67.7 39.3 2061 68.6 40.3 1858 68.2 40.8 
22 1743 72.0 37.3 1731 72.0 40.2 1781 73.0 40.2 1484 73.1 38.0 
23 2795 70.2 40.5 2169 70.4 38.7 2073 70.5 37.6 2216 68.4 40.9 
24 1958 67.5 39.4 1714 66.8 38.2 1949 69.1 39.9 1964 68.8 39.0 
25 2089 71.2 44.2 2187 71.7 46.1 2164 72.1 44.8 1782 70.4 45.9 
26 2396 70.5 43.6 2490 71.6 45.1 1919 71.7 43.8 2507 70.8 46.0 
27 1651 66.7 38.1 1830 69.0 40.0 1798 67.6 39.9 1576 67.0 37.5 



Entry 
yield 
qms 

ka 
hi 

1000-
sd. wt 
qms 

yield 
qm 

Ka 
hi 

1000-
sd. wt 
qms 

yield 
qms hi 

1000-
sd. Mt 
qm 

yield 
qm 

ka 
hi 

1000-
sd. wt 
qm 

28 1157 71.7 28.1 1293 72.8 28.3 1266 73.4 30.6 1086 75.0 28.8 
29 1513 68.0 37.3 1304 68.9 35.6 1938 70.0 39.7 1599 70.2 39.5 
30 2036 66.2 37.5 1567 68.0 37.2 1905 69.1 40.3 1545 65.1 37.8 
31 2149 73.7 43.7 1844 74.1 43.6 1795 73.9 45.2 2096 74.8 43.7 
32 2203 69.1 40.5 1818 70.4 42.0 1637 71.4 42.1 2115 71.4 42.6 
33 1838 66.1 37.2 1927 67.1 37.6 1918 67.6 37.8 1783 66.3 40.4 
34 2230 72.6 43.6 1828 72.7 40.7 1838 73.9 40.4 2016 75.3 43.9 
35 2566 69.8 44.3 2138 70.0 45.0 2597 69.8 43.7 2215 69.5 42.3 
36 2124 67.0 38.8 1436 63.8 35.3 1937 68.5 39.3 1590 66.7 37.3 
37 1774 64.4 38.2 1396 66.1 39.2 1544 66.5 39.2 1479 63.8 37.9 
38 2287 70.8 40.5 2162 70.2 38.3 2016 69.7 37.7 2281 69.8 39.7 
39 1765 69.3 30.1 1719 70.0 33.2 1579 70.5 31.3 1629 70.7 32.4 
40 2287 73.6 45.2 2212 74.0 46.0 2023 74.8 44.1 2259 74.6 45.3 
41 1579 73.4 36.8 2099 74.0 40.6 2151 72.6 37.9 2108 72.3 39.3 
42 1928 70.0 33.6 1664 70.9 33.7 1631 69.8 34.1 1804 68.8 33.1 
43 1497 70.5 37.2 1530 70.7 35.2 1491 70.4 34.4 1402 70.7 34.5 
44 2581 71.1 37.0 2258 71.1 35.5 2361 71.4 36.7 2120 70.8 36.5 
45 1774 69.5 33.3 1590 70.3 33.4 1782 70.2 31.7 1910 67.7 33.0 
46 1773 68.9 41.9 1481 68.5 39.6 1603 69.1 40.1 1625 70.4 40.7 
47 2036 70.3 39.6 2324 71.1 39.3 1707 70.0 36.1 2111 70.7 40.3 
48 1969 69.4 32.6 1920 69.0 31.9 1517 70.7 32.1 1853 70.0 32.7 
52 1417 70.3 39.3 1029 69.7 42.4 1377 71.4 41.4 1584 71.1 43.7 
53 1852 71.1 36.8 1716 72.1 39.4 1391 70.8 35.6 1897 67.6 37.5 
54 1795 70.2 29.9 1901 70.0 33.1 2029 69.7 32.9 1687 68.8 31.4 
55 1223 68.0 39.7 1344 66.6 38.0 1352 66.1 37.6 1273 65.1 37.5 
56 2423 69.5 39.1 2217 70.8 39.2 2316 70.0 39.0 1696 68.1 35.5 
57 1648 70.2 30.5 2060 69.0 34.6 1917 70.9 33.4 1623 70.7 33.7 
58 1224 67.4 32.4 1457 65.9 33.0 1343 66.5 33.5 1489 68.8 34.7 
59 2101 69.5 33.2 2209 68.6 34.2 1981 69.5 34.1 1965 70.2 35.7 
60 1828 69.5 31.6 1844 68.5 34.2 1671 70.4 32.9 1684 69.9 33.0 



REP I 
1000-

REP II 
1000-

REP III 
1000-

REP IV 
1000-

yi el d ka sd. wt yield ka sd. wt yield kfl sd. wt yield Isa sd. w 
Entry qms hi qms qm hi qms qms hi qm qm hi qm 
64 2065 70.3 44.4 1920 71.1 43.0 1487 69.9 40.9 2134 68.8 43.0 
65 2206 73.5 39.3 2094 74.0 38.1 2108 73.5 38.6 2175 73.0 41.0 
66 1740 74.0 33.6 1777 71.6 32.2 2004 74.1 32.2 1882 73.5 33.0 
73 1439 69.7 32.0 1890 67.7 33.2 2057 63.9 34.8 1924 67.6 34.3 
74 1769 73.5 35.9 2163 73.9 36.4 2254 72.8 37.3 1747 70.0 37.1 
75 1574 75.7 31.9 2018 73.0 33.6 2012 73.9 33.3 1985 71.4 34.4 
76 1606 73.2 37.3 1235 71.1 38.2 1724 73.5 40.0 1456 73.2 39.9 
77 1815 75.0 37.9 1574 72.6 36.4 1468 73.2 38.6 2156 71.3 37.3 
78 1582 75.1 31.9 1806 73.1 33.3 1723 75.0 32.7 1928 72.8 33.0 
82 1907 75.1 41.4 2114 73.1 41.4 2108 73.2 42.4 2083 75.1 42.4 
83 1884 75.7 40.0 2328 73.7 38.8 2294 71.2 37.9 2448 74.4 39.7 
84 1819 73.7 33.1 1745 73.2 31.6 2041 73.5 34.3 1887 72.6 33.2 
88 1916 75.3 41.8 2026 75.7 41.4 1852 74.8 41.9 1986 74.0 40.2 
89 1692 71.8 46.4 1708 71.3 47.3 1934 69.7 45.7 2187 71.4 47.4 
90 1731 73.4 39.8 2146 74.3 41.2 2183 74.4 41.8 1977 73.9 41.4 
91 2309 70.2 44.4 1895 69.4 45.1 1399 70.3 39.3 2068 68.7 44.2 
92 1799 74.0 43.9 1811 73.4 43.7 1790 73.7 44.6 1867 73.5 42.5 
93 2051 73.5 50.4 2313 73.5 48.9 2181 73.7 48.2 2279 74.8 48.4 

88 = Gustoe, 89 = Colombia, 90 = Gus, 91 = BFP-78-40, 92 = WB 501, 93 = BFP-80-24. 
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