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ABSTRACT 

Biparental inheritance of plastids has been demonstrated in approximately one

third of angiosperm species examined, although the species studied may not be 

representative of angiosperms in general. Biparental inheritance of mitochondria in 

angiosperms has been observed in only one case. Since essential cellular functions, 

as well as several important agronomic traits, are encoded by plant extranuclear 

genomes, biparental inheritance of organelles has important implications for plant 

genetics and breeding. Evidence of biparental inheritance of plastids in alfalfa 

(Medicago sativa L.) suggests the possibility that mitochondria may likewise be 

inherited biparentally. The objectives of this dissertation were to determine: 1) the 

inheritance of mitochondria in alfalfa (uniparental or biparental), and 2) the 

inheritance of cytoplasmic male sterility and the extent of male fertility restoration in 

single and population crosses of alfalfa. Several large RNA molecules observed in 

alfalfa mitochondrial preparations were inherited biparentally. These molecules 

were unaffected by RNase A added to preparations of intact mitochondria indicating 

that the RNA's were contained within an RNase impermeable compartment. Linear 

sucrose gradient purification failed to separate the RNA's from mitochondria and 

examination of sucrose gradient fractions using transmission electron microscopy 

(performed by J.K. Brown, Dept. of Plant Pathology, Univ. of Arizona) revealed 

that mitochondrial preparations were free of contamination by virus-like particles 

and other organelles. These results indicated that the large RNA's were contained 

within the mitochondrion. The inheritance of large mitochondrial RNA's in alfalfa 

provided evidence that mitochondria are inherited biparentally in this species. 
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Association of cytoplasmic male sterility with a particular organelle has not been 

determined in alfalfa, although the mitochondrion has been implicated in several 

other species. Analysis of progeny from single and population crosses provided 

evidence of biparental inheritance of cytoplasmic male sterility. Biparental 

cytoplasmic inheritance as well as nuclear inheritance may influence male fertility 

restoration. 
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INTRODUCTION AND LITERATURE REVIEW 11 

Alfalfa (Medicago sativa L.) is unlike the majority of other angiosperms 

examined in that it shows regular biparental inheritance of plastids (Smith et al., 

1986). While plastid inheritance is uniparental-maternal in most angiosperms 

studied, regular biparental plastid inheritance is not rare, and several species show 

occasional biparental plastid inheritance (Kirk and Tilney-Bassett, 1978; Smith, 

1988). Organelle inheritance (also referred to as extranuclear or cytoplasmic 

inheritance) is typically assumed to occur in a uniparental-maternal fashion in higher 

eukaryotes. Indeed uniparental-maternal organelle inheritance appears to 

predominate among animals and in most plant species. However, in a significant 

number of higher plant species biparental inheritance of plastids occurs, and among 

many lower eukaryotes, mitochondria are likewise known to be inherited biparentally 

(Birky, 1978, 1983). 

ORGANELLE INHERITANCE IN HIGHER PLANTS 

The majority of studies on organelle inheritance in higher plants have dealt with 

plastids, typically using plastid genome encoded mutant genes (e.g. chlorophyll 

deficiency) as genetic markers. Twenty to thirty percent of angiosperms studied 

exhibit regular biparental inheritance of plastids. However, the number of species 

studied is less than 100 and the species sampled may not be representative of 

angiosperms in general (Sears, 1980; Smith, 1988). While plastid inheritance has 

been studied extensively in several species, published reports on mitochondrial 

inheritance in plants are relatively few, largely due to a lack of adequate 

mitochondrial genetic markers. Uniparental-maternal inheritance of cytoplasmic male 

sterility (CMS) (Rhoades, 1933; Goodsell, 1961) and susceptibility to race T of 



Cochliobolus heterostrophus (formerly Helminthosporium maydis) (illistrup, 1972; 

Hooker et al., 1970), traits encoded by mitochondrial DNA, have been demonstrated 

in maize (Zea mays). Analysis of ethidium bromide stained restriction fragment 

profJ.1es of mitochondrial DNA in parental and hybrid genotypes has provided 

evidence of uniparental-maternal inheritance of mitochondria in a limited number of 

plant species including: Zea mays (Levings and Pring, 1976), Triticum spp. 

(Quetier and Vedel, 1977) , Glycine max (Sisson et al., 1978) , Sorghum bicolor 

(Pring et al., 1982), Nicotiana spp. (Medgyesy et aI., 1986) , Beta spp. (Samoilov 

et al., 1986), Epilobium spp. (Schmitz, 1988). However, paternal mitochondrial 

DNA fragments that were relatively low in abundance may not have been detected 

due to insensitivity of ethidium bromide staining. When probes for a single maize 

mitochondrial gene were hybridized to total DNA from intergeneric hybrids of 

Hordeum vulgare and Secale cereale, both maternal and paternal type fragments were 

detected although paternal-type fragments were present in much lower abundance 

than maternal-type fragments (Soliman et al., 1987). The authors concluded that this 

represented biparental, although predominantly maternal, inheritance of mitochondria 

in the cross. Even standard methods of Southern hybridization may not be 

sufficiently sensitive to detect mitochondrial DNA's present in low abundance. 

Following prolonged exposure of 32P-Iabeled blots of maize mitochondrial DNA, 

Small et al. (1987) detected DNA arrangements present in low abundance that had 

previously been reported to be absent in the genotypes studied. Relatively little 

research has been conducted on mitochondrial inheritance patterns in those species 

that are known to inherit plastids biparentally (Smith, 1988). 
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Paternal organelle inheritance mechanisms may differ for plastids and 

mitochondria. Cytoplasmic heterospermy exists in Plumbago zeylanica (Russell, 

1985) where all paternal plastids are associated with the sperm that fuses with the egg 

to form the zygote. Most of the paternal mitochondria are associated with the other 

sperm which fuses with the central cell to become the endosperm. In unicellular 

algae of the genus Chlamydomonas, uniparental inheritance predominates for both 

plastids and mitochondria, but while plastids are inherited predominantly from the 

mt+ mating type (Boy ton et al., 1987; Matagne, 1987; Whatley, 1982), mitochondria 

are usually inherited from the mr mating type (Boy ton et al, 1987; Gillham et al., 

1987), implying that separate mechanisms for inheritance of plastids and 

mitochondria exist 

Patterns of organelle inheritance in several conifer species differ from that 

observed for angiosperms. Neale and Sederoff (1987) assert that in gymnosperms, 

plastids are regularly inherited in a strict uniparental-paternal fashion and 

mitochondrial inheritance is strictly uniparental-maternal. These conclusions are 

based on observations of strict uniparental-paternal inheritance of plastid restriction 

fragment length polymorphisms (RFLP's) in Pseudotsuga menziesii (Neale et al., 

1986), Sequoia sempervirens (Neale and Sederoff, 1987), and Pinus contorta X P. 

banksiana hybrids (Wagner et al., 1987), and strict uniparental-maternal inheritance 

of mitochondrial RFLP's in Pinus taeda (Neale and Sederoff, 1987). Two other 

studies involving gymnosperms indicated that while plastid inheritance was 

predominantly paternal, biparental inheritance could not be ruled out Ohba et al. 

(1971) found that 90% of Fl progeny in Cryptomeriajaponica had the plastid 

mutant chlorophyll-deficient phenotype of the paternal parent while the remaining 
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10% appeared normal. Szmidt et al. (1987) found paternal, maternal, and combined 

maternal-paternal patterns of chloroplast DNA restriction fragment profiles among 

the progeny of reciprocal crosses of Larix decidua and L. leptolepis although 

paternal-type progeny predominated. 

Maternal plastids appear to be effectively eliminated from the egg cell just prior 

to fertilization in Pinaceae. During development of the egg cell, plastids are 

partitioned to and eventually degenerate within a membrane-bound inclusion while 

maternal mitochondria migrate toward the egg nucleus. Following fertilization, the 

zygote contains only paternal plastids and both paternal and maternal mitochondria 

(Chesnoy and Thomas, 1971; Neale and Sederoff, 1987). Paternal mitochondria 

apparently predominate in zygotes of the Cupressaceae (Chesnoy and Thomas, 

1971). Overall, paternal inheritance of plastids appears to predominate among 

gymnosperms although strict uniparental-paternal inheritance may not be universal. 

Insufficient information is available to make any firm conclusions about 

mitochondrial inheritance in gymnosperms. 

A situation analogous to the preferential elimination of maternal plastids in 

gymnosperms may exist in alfalfa. Figures based on microscopic examinations of 

early embryonic development in alfalfa presented by Cooper (1935) suggest that 

maternal plastids may be preferentially partitioned to the basal cell at the first zygotic 

division (H.L. Mogensen, personal communication). Progeny cells of the basal cell 

become the suspensor and do not contribute to the germ line. This may be a 

mechanism whereby high proportions of progeny with shoot tissue of purely paternal 

plastid genotypes arise, such as those obtained from normal X chlorophyll-deficient 

crosses in alfalfa (Smith et al., 1986; Smith, 1989). 
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The predominance of uniparental-maternal inheritance of plastids in the plant 

kingdom suggests that this mode of inheritance may be favored by natural selection. 

Uniparental inheritance of plastids occurs at virtually every phylogenetic level, from 

green algae through angiosperms, and plastid exclusion or elimination may occur at 

various developmental stages, from gametogenesis through degradation within the 

zygote (Sears, 1980; Whatley, 1982). In green algae both gametes contain a plastid, 

and each gamete contributes its plastid to the zygote. Following fertilization, plastid 

DNA contributed by the male gamete (m,) is preferentially degraded resulting in 

predominantly maternal plastid inheritance. Since green algae are considered 

ancestral to higher plants, biparental transmission of plastids to the zygote may 

represent the more primitive condiditon (Kirk and Tiney-Bassett, 1978; Sears, 1980; 

Whatley, 1982). The fact that several mechanisms are employed to insure 

uniparental plastid inheritance suggests that uniparental inheritance may have evolved 

several times (Sears, 1980). Possible reasons why uniparental inheritance would be 

favored by natural selection have been presented. Plastid DNA sequence and gene 

arrangement appear to be highly conserved from green algae through angiosperms 

(Bedbrook and Kolodner, 1979; Sears, 1983). Sager (1965a, b) proposed that this 

arrangement may be advantageous over other possible arrangements and uniparental 

inheritance may have evolved as a mechanism to conserve it. Chen et al. (1976) 

suggested that it may be disadvantageous for nuclear interaction with more than one 

plastid genetic system within the same individual. However, Sears (1980) noted that 

such hypotheses fail to explain why uniparental inheritance is predominantly 

maternal. 
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Whatley (1982) suggested that paternal plastids may be at a disadvantage in the 

predominantly maternal cytoplasm of the zygote, and their exclusion or elimination 

may be analogous to similar mechanisms employed by host cells to remove alien 

organisms or excess symbionts. In the genus Chlamydomonas, endonucleases begin 

to degrade plastid DNA from both male and female gametes, but preferentially the 

DNA from the male gamete, a mechanism similar to that employed by prokaryotes to 

rid themselves of alien DNA (Sager and Kitchin, 1975; Tilney-Bassett and Abdel

Wahab, 1979; Coleman, 1982). Coleman (1982) suggested that since the male 

gamete is more vulnerable to infection by foreign organisms due to its lack of 

protection relative to the female gamete, uniparental-maternal inheritance may 

represent a mechanism to protect the cell from invasion of foreign material. Whatley 

(1982) also suggested that uniparental-maternal inheritance per se may not have a 

particular selective advantage but may have evolved as a result of selection for other 

traits such as small paternal gametophytes with minimal cytoplasm. 

Sears (1980) concluded that since biparental inheritance ofplastids occurs in a 

significant number of plant species, a selective advantage for it must exist in these 

species. Biparental inheritance could allow for recombination of favorable plastid 

alleles, however, this requires a mechanism for interorganellar exchange of DNA 

such as organellar fusion. Plastid fusion and interorganellar recombination of plastid 

DNA have been documented in Chlamydomonas (Cavalier-Smith, 1970; Lemieux et 

al., 1980; Gillham, 1978; Sears, 1983). Also, interorganellarrecombination of plant 

mitochondrial DNA, but not plastid DNA, has been observed in plants derived from 

somatic hybridization (Rothenberg et aI., 1985; Vedel et al., 1986; Bonnett and 

Glimelius, 1983; Fluhr et al., 1984). Although genetic evidence is lacking, it may be 
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premature to assume that plastid DNA recombination does not occur in higher plants 

since the number of species and individuals studied remains quite small (Sears, 

1983). 

Biparental or paternal inheritance of plastids could possibly be favored when 

the male gametophyte must survive independently for a relatively long period of time 

between pollination and fertilization. In such a case, retention of amyloplasts, 

mitochondria, and possibly functional chloroplasts could favor survival of the male 

gametophyte by providing a means for energy conversion. This could explain the 

predominance of uniparental-paternal inheritance of plastids among the conifers since 

as much as 14 months may elapse between pollination and fertilization (Sears, 1980). 

This, however, fails to account for biparental inheritance of plastids in angiosperms 

where the time between pollination and fertilization is relatively short (Sears, 1980). 

There is no apparent phylogenetic pattern for biparental inheritance of plastids which 

suggests that there may be several reasons for its occurrence in different species 

(Sears, 1980; Corriveau and Coleman, 1988). 

Genetic control of biparental plastid inheritance has been studied extensively in 

the genera Oenothera and Pelargoniwn and recently in alfalfa. In Oenothera, plastid 

inheritance is predominantly maternal and the extent of biparental plastid inheritance 

appears to be controlled primarily by the plastid genotype with minor influence of the 

nuclear genotype (Chiu et al., 1988). In Pelargonium, plastid inheritance is 

influenced predominantly by the maternal nuclear genotype interacting with the 

plastid genotype (Tilney-Bassett and Abdel-Wahab, 1979; Tilney-Bassett and Birky, 

1981), while in alfalfa both maternal and paternal nuclear genotypes appear to affect 

plastid inheritance (Smith, 1989). In all these cases plastid inheritance was not 
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entirely biparental, i.e. progeny with purely maternal or paternal plastid genotypes 

were observed and often oumumbered those with biparental genotypes. Tilney

Bassett and Abdel-Wahab (1979) suggested that even among those species 

considered to have uniparental-maternal inheritance, genetic variability for plastid 

inheritance may exist and a return to biparental inheritance patterns through selection 

may be possible. 

The heterogeneity of mitochondrial DNA arrangements in species examined 

may seem to contradict hypotheses that propose sequence conservation as the reason 

for uniparental inheritance. However, much of the observed heterogeneity of 

mitochondrial DNA is apparently due to rearrangement of the same genetic 

information rather than sequence divergence within coding regions (Quetier and 

Vedel, 1977). Maize cytoplasms previously classified as having different 

mitochondrial constitutions may actually be quite similar, the differences being due to 

preferential nuclear-directed amplification of a particular arrangement relative to other 

arrangements common to the cytoplasms examined (Small et al., 1987). 

SORTING-OUT (VEGETATIVE SEGREGATION) OF ORGANELLES IN 

PLANTS 

Organelles in higher plants and animals typically do not replicate in synchrony 

with cell division (Alberts et al., 1983). Instead their replication is thought to be 

independent of cell division, and organelles present in the dividing cell are partitioned 

at random to each of the two daughter cells. When cells are homoplasmic1 (all 
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mitochondria or plastids are genetically identical), random partitioning of organelles 

during cell division is of little consequence from a standpoint of genetic segregation. 

However, when cells are heteroplasmic (mitochondria or plastids that differ 

genetically are present in the same cell), a phenomenon referred to as sorting-out (or 

vegetative segregation) can occur during generations of cell division. From an 

original heteroplasmic cell, progeny cells arise following one or more cell divisions 

that are homoplasmic due to random partitioning of organelles at cell division. These 

homoplasmic cells will then give rise only to identical cells, eventually forming a 

population of cells referred to as a pure sector. This phenomenon has been well 

characterized in several species using plastid mutants that cause chlorophyll

deficiency (Kirk and Tilney-Bassett, 1978; Smith, 1988). 

Since a heteroplasmic cell is required for sorting-out to occur in subsequent cell 

generations, mechanisms for generating heteroplasmy must exist Mutation in the 

organellar genome is one such mechanism. Biparental inheritance of organelles is a 

second mechanism that may result in heteroplasmic zygotes. With biparental 

inheritance of organelles, heteroplasmic zygotes may arise from either homoplasmic 

or heteroplasmic gametophytes. Strict uniparental inheritance of organelles generally 

precludes production of a heteroplasmic zygote unless the gametophyte contributing 

organelles (usually maternal) itself is heteroplasmic. In such a case, heteroplasmy 

will eventually be lost due to sorting-out of organelles. In addition to sexual 

mechanisms, cell manipulations for production of heteroplasmy include somatic 

hybridization (Bonnett and Glimelius, 1983) and cellular incorporation of foreign 

organelles through fusion or injection (Hayashi and Murakami, 1988). 
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Sorting-out of nonnal and chlorophyll-deficient plastids has been studied 

extensively in plants (see Kirk and Tilney-Bassett, 1978 and Smith, 1988 for 

reviews). Sorting-out of mitochondria has likewise been studied in Drosophila spp. 

(Solignac et al., 1984; Hayashi and Murakami, 1988) and extensively in yeast 

(Birky, 1983). In higher plants, there are no experimental results documenting 

sorting-out of mitochondria. This is due to a lack of genetic markers and to 

intermitochondrial genetic recombination in heteroplasmic cells. The only studies 

that address somatic inheritance of mitochondria have been conducted using somatic 

hybrid plants derived through protoplast fusion. The plastid composition of somatic 

hybrid plants derived from protoplast fusion has been found to be pure for either of 

the parental types or a mixture of both parental types indicating that intergenomic 

plastid recombination was not detected and perhaps does not occur under conditions 

of somatic hybridization (Bonnett and Glimelius, 1983; Fluhr et al., 1984). With 

mitochondria, however, novel restriction fragments not found in either of the parental 

genotypes are frequently recovered in somatic hybrid plants (Boeshore et al., 1983; 

Matthews and Widholm, 1985; Chetrit et al., 1985; Rothenberg et al., 1985; Vedel et 

al., 1986; Ozias-Askins et al., 1988). Evidence that such fragments may arise as a 

result of intermitochondrial recombination (presumably through mitochondrial 

fusion) has recently been presented (Rothenberg et al., 1985; Vedel et aI., 1986). 

Mitochondrial DNA's resulting from intergenomic recombination may also be 

preferentially amplified in interspecific somatic hybrids (Ozias-Akins, 1988). 

However, this does not conclusively demonstrate that intermitochondrial 

recombination occurs at the whole plant level since the conditions of somatic 

hybridization may contribute to mitochondrial fusion and recombination. 
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PLANT MITOCHONDRIAL GENOME ORGANIZATION 

Animal mitochondrial DNA's apparently exist as homogeneous populations of 

circular molecules within cells and are highly conserved in both sequence and gene 

arrangement within and among species (Douce, 1985). While similar homogeneous 

populations of circular plant mitochondrial DNA molecules have been described in 

Pisum sativum (Kolodner and Tewari, 1972), other research indicates that plant 

mitochondrial DNA in several species exists as a heterogeneous population of both 

circular and linear molecules of various sizes within a single individual, and 

presumably within single organelles (Bailey-Serres et al., 1987; Douce, 1985; 

Lonsdale et al., 1984). 

Most animal mitochondrial genomes are approximately 15 kb, while yeast 

mitochondrial genomes are about 75 kb (Douce, 1985). The plant mitochondrial 

genome appears to be variable in size both within and among species. Mitochondrial 

DNA molecules may exist as a heterogeneous population with sizes ranging from 

plasmid-like molecules as small as I kb to circular molecules as large as 2500 kb 

(Bailey-Serres et al., 1987), although the size of the primary mitochondrial genome 

(the mitochondrial DNA that contains all of the mitochondrial genetic information) 

lies between these two extremes. For example, the primary mitochondrial genome is 

estimated to be 570 kb in maize (Lonsdale, 1984), and 214 kb in B rassica campestris 

(Palmer and Shields, 1984). 

Comparisons of the size of the maize mitochondrial genome with the minimum 

coding capacity required for the known mitochondrial translation products indicates 

that approximately 80% of the genome is not transcribed (Leaver and Forde, 1980). 
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Nonetheless, the minimum coding capacity of plant mitochondrial DNA is larger than 

the corresponding values for animal and yeast mitochondria, indicating that the size 

differences in mitochondrial DNA between plants and other eukaryotes involves both 

transcribed and untranscribed DNA (Douce, 1985). 

Size estimates of plant mitochondrial DNA based on summation of restriction 

fragment sizes are frequently several times larger than those calculated using electron 

microscopy or DNA reassociation kinetics (Belliard et al., 1979; Douce, 1985; 

Bailey-Serres et aI., 1987). Certain restriction fragments may also be present in 

much larger abundance than others (Douce, 1985). These anomalies may be 

explained by the heterogeneous nature of these mitochondrial DNA populations that 

apparently consist of various molecules having different sequence arrangements of 

the same genetic information (Quetier and Vedel, 1977). The source of this 

heterogeneity may be the apparent tendency of plant mitochondrial DNA in those 

species studied to recombine into different sequence arrangements. A detailed 

example of this phenomenon was described by Palmer and Shields (1984) in 

Brassica campestris. The mitochondrial genome of this species consists of three 

circular molecules, 218, 135, and 83 kb in size. The 218 kb molecule contains the 

entire sequence complexity of the genome including two 2 kb repeat elements, while 

the two smaller molecules originate from the large molecule through intramolecular 

recombination at the 2 kb repeat sites. The three molecules may interconvert through 

reciprocal recombination across the common repeat sequences. 

In addition, small plasmid-like DNA molecules have been found by 

electrophoretic separation of undigested mitochondrial DNA in some genotypes of 

several plant species including: Zea mays (Pring et al., 1977); Beta vulgaris 



(Prowling, 1981); Vicia/aha (Boutry and Briquet, 1982); Brassica spp. (Palmer et 

al., 1983); Helianthus annuus (Brown et al., 1986); Oryza sativa (Migouna et al., 

1987) Epilobium spp. (Schmitz, 1988). The plasmid-like mitochondrial DNA's 

studied are apparently self-replicating and in some cases may be preferentially 

amplified relative to other mitochondrial DNA molecules (Smith et al. 1987; 

Wahleithner and Wolstenholme, 1987; Smith and Pring, 1987; Bailey-Serres et al., 

1987). These molecules were originally discovered in eMS lines and have 

frequently, though not exclusively, been associated with eMS (Kemble et al., 1986; 

Smith and Pring, 1987). Recent studies indicate that these molecules may be 

widespread within and among species. Examination of several maize mitochondrial 

genotypes has revealed the presence of three plasmid-like DNA's that differ from 

those previously described (Smith and Pring, 1987). Electron microscopic studies 

have also revealed the presence of circular plasmid-like DNA's in Glycine max, 

Linum usitatissum, Petunia hybrida, Datura inoxia, Phaseolus aureus, Nicotiana 

tabacum, and Vicia/aba (Bailey-Serres et al., 1987). 

Double-stranded RNA molecules that are substantially larger than mitochondrial 

messenger, transfer, and ribosomal RNA's have been reported in mitochondrial 

preparations of maize (Sisco et al., 1984, 1985; Finnegan and Brown, 1986), Beta 

vulgaris (Prowling, 1981), Epilobium spp. (Schmitz, 1988), Phaseolus vulgaris 

(Mackenzie et al., 1988) and Brassica spp. (Kemble et al. 1986). Sisco et al. 

(1984,1985) reported that large mitochondrial RNA's in S-type cytoplasm of maize 

were inherited in a uniparental-maternal fashion and suggested that they may be 

related to expression of male sterility. Large double-stranded cytoplasmic RNA's 

that mayor may not be located within the mitochondrion have been reported in 
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Phaseolus vulgaris (Wakarchuk and Hamilton, 1985) and Helianthus annuus (Brown 

et al., 1986). Mackenzie et al. (1988) reported biparental inheritance of large double

stranded RNA's in mitochondrial preparations of Phaseolus vulgaris but, in part 

because of their biparental inheritance pattern, concluded that the RNA's were 

probably not mitochondrial in origin. The electrophoretic mobilities of these RNA's 

corresponded with those reported by Wakarchuk and Hamilton (1985) and probably 

represent molecules of similar origin. Grill and Garger (1981) presented evidence 

that cytoplasmic double-stranded RNA's contained within membrane-bound bodies 

are associated with cytoplasmic male sterility in Vida/aba. 

The origin of mitochondrial plasmid-like DNA's and large mitochondrial 

RNA's remains unknown. Electron microscopic examination of molecular size 

distributions of mitochondrial DNA has provided circumstantial evidence that at least 

some molecules may arise through intermolecular recombination of larger molecules 

(Bailey-Serres et al., 1987). Indeed the S-1 and S-2 plasmid-like DNA's of S-type 

maize mitochondria have been found to recombine with the main mitochondrial 

genome resulting in linearization (Schardl et al., 1984). Three plasmid-like DNA's 

of Vida /aba appear to represent recombinational intermediates from the main 

mitochondrial genome (Wahleithner and Wolstenholme, 1987; Bailey-Serres et al., 

1987). However, the B4 mitochondrial plasmid-like DNA inOryza sativa appears to 

have its origin in the nucleus rather than the mitochondrion (Shikanai and Yamada, 

1988). 

Plasmid-like mitochondrial DNA's and large mitochondrial RNA's are similar 

to several classes of plant viruses and may have viral ancestry. The S-1 and S-2 

plasmid-like maize mitochondrial DNA's are similar to the Caulimovirus group 



(Francki et al., 1985) in that they are composed of double-stranded DNA, are circular 

in form, and encode several polypeptides. In this sense, they also resemble some 

bacterophages, episomes, and transposable elements, having inverted terminal 

repeats in their integrated linear form (Wahleithner and Wolstenholme, 1987; Smith 

and Pring, 1987; Pai1lard et al., 1985; Manson et al, 1986). Like plasmids and 

viruses, plasmid-like mitochondrial DNA's examined are apparently self-replicating 

and may be preferentially amplified relative to other mitochondrial DNA molecules 

(Smith et al., 1987; Wahleithner and Wolstenholme, 1987; Smith and Pring, 1987; 

Bailey-Serres et al., 1987). 

Large mitochondrial RNA's and cytoplasmic RNA's studied in association with 

male sterility are similar to the Reoviridae and to cryptic viruses (also referred to as 

temperate viruses) in that they are usually composed of double-stranded RNA 

(Francki et al., 1985; Boccardo et al., 1987). Virus particles of several single

stranded RNA groups have been associated with the mitochondrial membrane and in 

some cases have been found within mitochondria and plastids suggesting a possible 

mechanism for incorporation of viruses into organelles (Francki et al., 1985). 

However, organellar associations of double-stranded RNA and DNA virus groups 

have not been found (Francki et al., 1985; Boccardo et al., 1987). 

Cryptic viruses are more like organelles than viruses in their inheritance 

patterns and lack of infectivity. The use of the term "virus" to describe them has 

been questioned (Boccardo et al., 1987). They are characterized as having 

multipartite double-straded RNA's with sizes ranging from 0.8 to 1.5 Mr X 106 (Mr 

= molecular weight) and cause no observable symptoms at the whole plant, cellular, 

and subcellular leves (Boccardo et al., 1987; Francki et al., 1985). One case of graft 
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transmission was reported (Kanassis et al., 1977), but these results could not be 

repeated and are now considered doubtful by the same author (Kanassis, 1984). All 

attempts to transmit cryptic viruses by sap, dodder, or insect vectors have been 

unsuccessful (Boccardo et al., 1987). Apparently, transmission between cells within 

a plant does not occur, the only intraplant transmission mechanism being allocation 

of cytoplasm at cell division. Pure virus-free sectors have been observed in 

Trifolium repens plants containing cryptic viruses that presumably arose from cells 

that failed to receive any virus particles at cell division due to random partitioning of 

the particles, implying that as with organelles, sorting-out of cryptic viruses may 

occur (Boccardo, unpublished, ref. in Boccardo et al., 1987). Transmission may 

occur vertically through seed and pollen, presumably in gametic cytoplasm (Francki 

et aI., 1985; Boccardo et al., 1987). Cryptic viruses occur in the cytoplasm as 

isometric particles and in this respect, as well as possessing double-stranded RNA's, 

are similar to the Reoviridae (Francki et al., 1985; Boccardo et al., 1987). 

In alfalfa, one cryptic virus has been characterized, alfalfa cryptic virus 

(identical to alfalfa temperate virus) (Natsuaki. et al., 1986). It consists of a tripartite 

double-stranded RNA genome of sizes 2.70, 1.27, and 1.17 Mr X 106 enclosed in 

an isometric particle. In all respects it behaves like other known cryptic viruses 

(Natsuaki. et al., 1986). 

CYTOPLASMIC MALE STERILITY 

The most widely studied mitochondrial trait is cytoplasmic male sterility, in part 

because of its economic value in plant breeding. In most cases studied, CMS is 

inherited via the mitochondrion (Douce, 1985) although there are indications that it 
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may be inherited via the plastid in some CMS lines of Nicotiana tabacum (Chen et al. 

1975), Sorghum vulgare (Pring et al., 1982), and Brassica napus (Vedel et al., 

1982), with extraorganellar RNA's (Turpen et al., 1988), or as graft transmissible 

agents (Thompson and Axtell, 1978; Hanson and Conde, 1985). 

Mitochondrial determination of CMS has been most extensively documented in 

maize. Association of CMS with the mitochondrion in maize was ftrst suggested by 

Rhoades (1950) and was later established through the identiftcation of unique 

patterns of restriction fragment proftles of mitochondrial DNA and mitochondrial 

translation products for each of the various types of CMS in maize, with no major 

differences in restriction fragment proftles of plastid DNA (Pring and Levings, 1978; 

Forde and Leaver, 1980). The S-1 and S-2 plasmid-like DNA's in S-type male 

sterile maize appear to be related to expression of CMS since they are not detected in 

S-type CMS plants that have reverted to male fertility (Levings et al., 1980; Schardl 

et al., 1985). A relationship between the polypeptides encoded on the S-1 and S-2 

molecules and expression of CMS has not been established (Schardl et al., 1985; 

Paillard et al., 1985; Manson et al., 1986; Zabala and Walbot, 1988). 

In T-type CMS mitochondria a unique 13 kD polypeptide is synthesized in the 

absence of nuclear fertility restoration genes, and its synthesis is repressed in their 

presence (Forde and Leaver, 1980). The mitochondrial gene that encodes this 

polypeptide, urf13-T, has been identifted and sequenced (Wise et al., 1987). Several 

mutant plants regenerated from tissue culture of T-type male sterile maize were male

fertile and lacked the unique polypeptide, however, it was present in truncated form 

in one of these lines carrying a mutant with a premature stop codon (Wise et al., 

1987). Male sterility is apparently associated with the presence of the unaltered 13 



kD polypeptide. Nuclear fertility restoration suppresses synthesis of the 13 kD 

polypeptide, but has no effect on the primary sequence of the urf13-T gene (Stamper 

et al., 1987). 

A similar polypeptide exists in male-sterile sorghum and suppression of its 

synthesis is associated with nuclear fertility restoration (Bailey-Serres et al. 1986). 

Likewise, variant mitochondrial translation products are observed in CMS genotypes 

of Vida jaba, Nicotiana tabacum and N. debneyi, Triticum aestivum, and Beta 

vulgaris (Boutry et al., 1984). 

ALFALFA MITOCHONDRIAL GENETICS AND CYTOPLAS:MIC MALE 

STERILITY 

Very little research has been conducted on the mitochondrial genetics of alfalfa. 

Nikiforova and Negruk (1983) reported that plasmid-like mitochondrial DNA's were 

present in alfalfa as well as several other legumes, although no indication is given 

that distinction was made between DNA and RNA in their experiments. Rose et al. 

(1986) reported no alterations in restriction fragment profiles of mitochondrial DNA 

in alfalfa plants regenerated from protoplasts. Neither of these studies provided 

information on mitochondrial inheritance in alfalfa. 

CMS has been proposed as the most efficient mechanism of pollination control 

in alfalfa but has been used infrequently in commercial alfalfa seed production 

(Barnes et al., 1972; Childers and Barnes, 1972). The development of parental 

populations and production of sufficient quantities of hybrid seed using CMS has 

been more difficult in alfalfa than in most other crop plants (Viands et al., 1988). 

One of several factors limiting the widespread use of CMS in alfalfa is high 
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frequencies of fertility restoration when genetically heterogeneous populations are 

used as pollen sources. Since fertility is typically of little consequence in commercial 

forage production, male fertility restoration is unnecessary in hybrid alfalfa cultivars. 

However, male fertility restoration is a consideration during development of male

sterile alfalfa populations since it may hinder maintenance of high frequencies of male 

sterility during selection for other traits. 

An objective of several studies on CMS in alfalfa has been the identification of 

nonfertility restoring pollenizer genotypes (Davis and Greenblatt, 1967; Bradner and 

Childers, 1968; Pedersen and Stucker, 1969; Staszewski, 1979). Staszewski (1979) 

classified several CMS and nonfertility restoring alfalfa genotypes into two groups, 

ES and NS, on the basis of male fertility restoration. The ES group consisted of six 

CMS genotypes that produced predominantly male-sterile progeny when pollinated 

by four highly inbred genotypes selected for nonfertility restoration. When these 

same nonfertility restoring genotypes were used as a pollen source for crosses with 

the NS group of CMS genotypes, progeny were predominantly male-fertile. The NS 

group included CMS genotypes used in the earlier studies by Davis and Greenblatt 

(1967) and Pedersen and Stucker (1969), while the ES group consisted of CMS 

sources selected in Poland and Russia. Staszewski (1979) concluded that the two 

male sterility systems represented two cytoplasmic mutants each interacting with a 

corresponding nuclear fertility restoration locus. Male-sterile plants were assumed to 

be nulliplex for nuclear restoration alleles and have the cytoplasmic male sterility 

mutant. 

Graft-induced transmission of CMS has been reported in alfalfa (Thompson 

and Axtell, 1978). Scions from male fertile plants were grafted onto CMS stocks 
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and the flowers produced on the scions were evaluated for male fertility. In each 

case the flowers produced on scions from male-fertile plants after grafting were male 

fertile. Likewise, scions from male-sterile plants grafted onto male-fertile stocks 

retained male sterility indicating that any graft-transmissible agents responsible for 

male sterility did not affect male fertility of scion flowers. A fraction of the progeny 

from seed produced on male-fertile scions (13/209 = 6.2%) were male sterile. In 

crosses with these progeny and in additional crosses with grafted scions, male 

sterility was inherited in a uniparental-maternal fashion suggesting graft 

transmissibility of a heritable cytoplasmic factor for male sterility. 
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Smith et al. (1986) demonstrated that alfalfa exhibits regular biparental 

inheritance of plastids based on the sexual transmission of mutant chloroplasts which 

produce chlorophyll deficient phenotypes. Biparental inheritance of plastids in alfalfa 

has been confirmed at the molecular level (Lee et al., in press [aD and the 

chlorophyll-deficient mutant has been characterized (Lee et al., in press [bD. Regular 

biparental inheritance of plastids in alfalfa suggests the possibility that mitochondria 

may likewise be inherited biparentally. 

All previous studies on the inheritance of CMS and fertility restoration in alfalfa 

have been interpreted assuming strict uniparental-maternal inheritance of cytoplasmic 

traits (Viands et al. 1988). However, insufficient data have been presented to 

conclusively demonstrate strict uniparental-maternal inheritance of CMS in this 

species. Combining data from Pedersen and Stucker (1969) and Davis and 

Greenblatt (1967) where reciprocal crosses using CMS genotypes were made, the 

numbers of progeny from all crosses in which partially fertile CMS genotypes were 

used as paternal parents were sufficient only for detection of male-sterile progeny in 



excess of 15% at the 95% confidence level (see Appendix. ill for calculations). If 

individual crosses from these studies are considered separately, the maximum 

percentage of male-sterile progeny detectable at the 95% confidence level was 45% 

and 39% for CMS sources 1292 and 1293, respectively (Pedersen and Stucker, 

1969) and 31 % for an unidentified CMS source (Davis and Greenblatt, 1967). 

Consequently, paternal inheritance of male sterility at lower frequencies than these 

may not have been detected. These calculations make no assumptions about the 

mechanisms of male sterility in alfalfa, but simply demonstrate that previous studies 

provided insufficient data to detect male-sterile progeny that might have appeared had 

larger numbers of progeny been tested. 
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RATIONALE AND OBJECTIVES 

Since plastids are known to be inherited biparentally in alfalfa, the possibility 

that mitochondria and important cytoplasmically inherited traits such as eMS are 

likewise inherited biparentally merits investigation. Furthermore, the availability of 

additional genetically improved sources of CMS in alfalfa may be beneficial in the 

eventual development of hybrid alfalfa cultivars and in alfalfa genetics research. The 

specific objectives that this dissertation addresses and a brief description of the 

experiments employed to accomplish them are: 

1) Determine the inheritance of mitochondria in alfalfa 

(biparental or uniparental) in crosses with CMS genotypes. The 

presence of distinct large mitochondrial RNA's in alfalfa mitochondrial preparations 

as well as evidence that these RNA's are indeed mitochondrial rather than 

extraorganellar artifacts is documented here. These RNA's were used as markers to 

determine the inheritance patterns of mitochondria through two generations of 

crosses involving eMS genotypes. 

2) Determine the inheritance of CMS and the extent of male 

fertility restoration in single and population crosses of alfalfa. The 

extent of male fertility restoration through four generations of sequential single and 

population crosses is presented as well as evidence for biparental inheritance of 

eMS in alfalfa. Possible mechanisms involving both cytoplasmic and nuclear 

inheritance for the expression of eMS are discussed. A description of germplasm 

developed from these crosses is also presented. 
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MATERIALS AND METHODS 

DESCRIPTION OF CROSSES, GENOTYPES, AND POPULATIONS. 

The inheritance of mitochondrial nucleic acids, expression of CMS, and 

patterns of male fertility restoration were studied by evaluating parents and progenies 

from sequential single (two parent) and population (multiple parent) crosses (Fig. 1). 

Alfalfa genotypes used in this study were: 6-4, a cytoplasmic male-sterile plant 

selected from 'Saranac' by E.T. Bingham, Univ. of Wisconsin (Brown and 

Bingham, 1984; McCoy and Smith, 1983); CUP A and CUP B, male-fertile plants 

from 'CUF 101' (Lehman et al., 1983); SAMS 1, a male-sterile F1 plant from the 

cross 6-4 X CUF A (maternal parent in crosses is listed fIrst throughout); and Lew 

30, a male-fertile plant from 'Lew' (Schonhorst et aI., 1981). 

The population AZ-88NDC represents the Syn-1 generation of a composite of 

equal amounts of certified seed from 13 elite non-winter dormant alfalfa cultivars: 

Pierce, UC Cibola, Armona, Mecca, Maricopa, WL 515, WL 605, Pioneer 5929, 

DK 187, CUP 101 Sapphire, Lew, and NPI 8391 (Smith and Fairbanks, submitted). 

Pollen was collected from 41 randomly selected plants (or vegetative propagules of 

these plants) for each cross in which AZ-88NDC was the pollen source. Gen-2 

refers to the fIrst-generation progeny of SAMS 1 X Lew 30, and Gen-3 to the fIrst

generation progeny of 11 male-sterile Gen-2 plants X AZ88-NDC. Gen-4A refers to 

the fIrst-generation progeny of 16 male-sterile Gen-3 plants X AZ-88NDC and Gen-

4B refers to the fIrst-generation progeny of CUF B X 21 male-fertile plants from 

Gen-3. AZ-88MS was produced by bulking equal amounts of seed from 30 male

sterile plants selected for female fertility from Gen-3 and pollinated with AZ-88NDC. 

Plants used in crosses were maintained in the greenhouse under continuous 
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Generation 

o 6-4 CUF A 

V 
SAMS 1 Lew 30 

V 
2 Gen-2 AZ-88NDC 

3 

4 Gen-48 Gen-4A 

Fig. 1. Four generations of sequential single and population crosses 
of alfalfa. Maternal parent in crosses is listed on the left. Progeny in generations 
1 and 2 are from single (two-parent) crosses and progeny in generations 3 and 4 are 
from population (multi-parent) crosses. Description of genotypes: 6-4, a 
cytoplasmic male-sterile plant selected from 'Saranac' by E.T. Bingham, Univ. of 
Wisconsin (Brown and Bingham, 1984; McCoy and Smith, 1983); CUF A and 
CUF B, male-fertile plants from 'CUF 101' (Lehman et al., 1983); SAMS 1, a 
male-sterile F1 plant from the cross 6-4 X CUF A; and Lew 30, a male-fertile plant 
from 'Lew' (Schonhorst, et aI., 1981). The population AZ-88NDC represents the 
Syn-1 generation of a composite of equal amounts of certified seed from 13 elite 
non-winter dormant alfalfa cultivars (Smith and Fairbanks, submitted). Gen-2 
refers to the flrst-generation progeny of SAMS 1 X Lew 30, and Gen-3 to the flrst
generation progeny of 11 male-sterile Gen-2 plants that were pollinated with pollen 
from 41 randomly selected plants of the population AZ-88NDC. Gen-4A refers to 
the flrst-generation progeny of 16 male-sterile Gen-3 plants that were pollinated with 
hand-collected pollen bulked at random from the same 41 randomly selected plants 
of the population AZ-88NDC. 
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fluorescent illumination with the exception of the plants used to produce seed of AZ-

88MS and AZ-88NDC which were also placed in a bee cage outdoors for pollination 

using honeybees (Apis melli/era) provided by Harold Don, Carl Hayden Bee 

Research Laboratory, Tucson, Arizona. CUP A, CUP B, 6-4, and 6-4 X CUP A 

plants, and seed of SAMS 1 X Lew 30 and AZ-88NDC were provided by S.E. 

Smith, Department of Plant Sciences, University of Arizona The original 6-4 clone 

and tissue of 6-4 for mitochondrial isolations was provided by T.J. McCoy, 

Department of Plant Sciences, University of Arizona. 

ANALYSIS OF MITOCHONDRIAL NUCLEIC ACIDS. 

Initially, mitochondrial nucleic acids were isolated using a modification of the 

procedure of Goldstein et al. (1980). Etiolated tissue from potted alfalfa plants 

placed in the dark at approximately 2SC for 6-8 days was chopped with scissors or in 
I 

a small electric food mincer into pieces approximately 2 to 4 mm in length. These 

were homogenized for 3 s using a polytron homogenizer set at 4.S in grinding buffer 

(SO mM K2HP04, 18 mM KH2P04, 4 rnM ethylenediaminetetraacetic acid (EDTA), 

0.5 M sucrose). The homogenate was centrifuged at SOOO Xg at 4C for S min. and 

the supernatant filtered through SOum nylon mesh. The fIltrate was then centrifuged 

at 40000 Xg at 4 C for S min. The tubes were rotated 900 and centrifuged again at 

40000 Xg at 4C for S min. The supernatant was discarded and the pellet surface 

rinsed with S ml of wash buffer (1.4 K2HP04, O.S M sucrose, pH 7.2) after which 

the pellet was transferred to a microcentrifuge tube and the white starch pellet 

discarded. The mitochondrial pellet was suspended in 100 ul of grinding buffer 

without EDT A and with 4.2 mM MgCl and O.S ug ul- 1 deoxyribonuclease I (DNase 
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I) and· incubated at 4C for 1 h. Following DNase incubation, the tubes were 

centrifuged at 13000 Xg at 4C for 10 min in a microcentrifuge and the supernatant 

discarded. The pellet was centrifuged three times through standard grinding buffer 

(with EDTA, without MgCI) at 13000 Xg at 4C for 10 min. After the third 

centrifugation, the supernatant was discarded and mitochondrial pellets were lysed 

for 10 min. at 25C in 100 ul of 50 mM Tris, 3% sodium dodecyl sulfate (SDS), pH 

7.5. Phenol-chlorofonn extraction, ethanol precipitation, and electrophoresis were 

perfonned as described below. 

A more commonly used procedure described by Kemble (1987) and Douce 

(1985) that does not require etiolated tissue was used for all mitochondrial nucleic 

acid isolations in this dissertation except for Fig. 2 in "Results and Discussion". 

Typically, 10 to 200 g fresh weight of leaf tissue were obtained from an individual 

plant or from clones vegetatively propagated from a single plant. Tissue was 

chopped into approximately 1 to 3 mm2 pieces using either scissors or a food 

processor. The chopped tissue was then homogenized for approximately 30 s with a 

mortar and pestle in approximately 10 ml of ice-cold grinding buffer (lOmM N

tris[Hydroxymethyl]methyl-2-aminoethanesulfonic acid; 2-([Hydroxy-l,l

bis(hydroxymethyl)-ethyl]amino)ethanesulfonic acid (TES) pH 7.2,0.5 M mannitol, 

1 mM EDTA, 0.2% defatted bovine serum albumin (BSA), and 0.05% cysteine). 

The homogenate was squeezed through four layers of cheescloth and centrifuged for 

10 min. at 1000 Xg at 4C in 30 ml centrifuge tubes to separate nuclei and 

chloroplasts from mitochondria. The supernatant was transferred to fresh tubes and 

centrifuged for an additional 10 min at 1000 Xg at 4C to further remove any 

remaining nuclei and chloroplasts. The supernatant from this centrifugation was 
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transferred to fresh tubes and centrifuged at 17000 Xg at 4C for 10 min to pellet the 

mitochondria. The resulting supernatant was discarded and the mitochondrial pellets 

were divided into aliquots of approximately 250 ul and transferred to microcentrifuge 

tubes using a small spatula. To each microcentrifuge tube 250 ul of grinding buffer, 

25 ul of 4 mg ml-1 DNase I, and luI of 1 M MgCI were added and the mitochondrial 

pellet was suspended in this solution using a #4 camel hair artist's paintbrush. 

Mitochondria were incubated with the DNase for 2 h at 4C, then pelleted by 

centrifugation in a microcentrifuge at 13000 Xg for 10 min at 4C. The supernatant 

was discarded and the mitochondrial pellets were centrifuged three times through 1 

ml of wash buffer (10 mM TES pH 7.2,20 mM EDTA, and 0.6 M sucrose). After 

the third washing, the supernatant was discarded and mitochondrial pellets were 

lysed for 1 h at 37C in 500 ul of 50 mM Tris, 3% sodium dodecyl sulfate (SDS), pH 

7.5. Lysates were deproteinated by adding 250 ul water-saturated phenol and 250 ul 

chloroform, inverting the mixture 50 times and centrifuging for 10 min at 130ooXg. 

The upper aqueous phase was transferred to a fresh microcentrifuge tube and two 

volumes of absolute ethanol at -20C were added. Nucleic acids were precipitated at-

20C for a minimum of 16 h. Following precipitation, nucleic acids were pelleted at 

13000Xg at 4C in a microcentrifuge for 30 min. The supernatant was removed and 

discarded and the pellets were desiccated in a -2.5 MPa vacuum at 25C for 30 min. 

Following vacuum desiccation, 10 to 25 ul of autoclaved water was added to the 

pellets and nucleic acids were allowed to dissolve over a period of at least 24 h at 4C. 

Undigested DNA and RNA molecules were distinguished by adding ribonuclease A 

(RNase A) or DNase I to purified nucleic acid samples at a fmal concentration of 

0.16 ug ul-1 and incubating the samples at 25C for 1 h. Prior to use, the RNase 

37 



was incubated at 95C for 1 h to inactivate residual DNase. Nucleic acid fragments or 

undigested molecules were separated on 250 ml, 20 X 20 cm 1 % agarose gels in 

Tris-acetate buffer (0.04 M Tris-acetate, 0.001 M EDTA), electrophoresed for 16 hat 

2.4 V cm-1 at 8C and stained with 0.5 ug ml-1 ethidium bromide. Gels were 

photographed using an orange \Vratten gelatin filter under 302 nm transmitted UV 

light. 

Three separate experiments were conducted with mitochondrial pellets from the 

genotype SAMS 1 in order to determine if the presence oflarge RNA's in sexual 

progenies was the result of contamination by virus-like particles: 

1) RNase A (10 ug g-1 tissue) was added to the mitochondrial pellet at the same 

time as grinding buffer, DNase I, and MgCI were added as described above. The 

pellet was suspended in this solution and incubated for 1 h at 25 C. Mitochondria 

were than pelleted, washed, and subjected to lysis, phenol-chloroform extraction, 

ethanol precipitation, and electrophoresis as described above. 

2) A DNase I treated and washed mitochondrial pellet isolated from 

approximately 200 g of tissue was suspended in 0.5 ml of wash buffer and layered 

onto a linear 20 to 50% sucrose gradient prepared using nuclease-free sucrose and 10 

mM K2HP04, pH 7.5. Tubes were centrifuged for 1.5 h at 100,000 Xg. Light 

scattering bands were individually collected and diluted slowly with four volumes of 

10 mM phosphate buffer, pH 7.5. All samples were made to 3% SDS and subjected 

to lysis, phenol-chloroform extraction, ethanol precipitation, and electrophoresis as 

described above. 

3) Individual fractions collected from a sucrose gradient prepared as described 

above were adsorbed to carbon coated grids for 10 min, washed with 30 drops of 
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sterile distilled water, and stained with 4% phosphotungstic acid, pH 7.0. At least 

10 apertures per grid on each of four grids were examined using an Hitachi H-500 

transmission electron microscope at an accelerating voltage of 100 kV and a range of 

magnification (lOK-60K) suitable for detection of mitochondria and virus-like 

particles. 

Sucrose gradient centrifugation, preparation of samples for electron 

microscopy, and electron microscopic examinations were performed by J.K. Brown, 

Department of Plant Pathology, University of Arizona. 

POLLEN EVALUATION AND POLLINATION. 

Davis and Greenblatt (1967), Bradner and Childers (1968), and Barnes et al. 

(1974) demonstrated that the progeny of crosses between CMS and male-fertile 

alfalfa plants may show various degrees of male sterility. Accordingly, male sterility 

in alfalfa has typically been measured based on the relative amount of pollen shed 

when the stigmatic column is forced open ("tripped") (Viands et al., 1988). In this 

study, pollen scores were assigned to individual plants as described by Barnes et al. 

(1974): 1 = no pollen, 2 = trace of pollen, 3 = moderate amount of pollen, 4 = 

normal amount of pollen. A minimum of 20 flowers on at least two racemes per 

plant were evaluated on the same date for each population, a total of five dates. 

Male-fertile flowers on CUF B used as the maternal parent in crosses were 

suction emasculated. To perform emasculations, the standard petal was gently cut 

away being careful to avoid tripping the sexual column. The sexual column was then 

released from the keel by gently squeezing at its base with forceps. Pollen was 

removed using vacuum by inserting the sexual column into the tip a pasteur pipette 
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attached by rubber tubing to a small vacuum pump. Completely male-sterile flowers 

were not emasculated. All pollinations were performed by hand using a metal spatula 

as described by Barnes (1980) with the exception of the [mal pollinations for seed 

production of AZ-88MS where both hand and honeybee pollinations were utilized. 

Assistance with hand pollinations and suction emasculation was provided by D. 

Conta and G. Rodrigues, Department of Plant Sciences, University of Arizona. 

Seed production of AZ-88MS was accomplished using honeybees in a 7 X 3.5 

X 2 m cage from 22 June to 20 July 1988 outdoors using natural light Plants in the 

cage were maintained in 20 L pots and watered with 2 L water per day using an 

automated drip irrigation system. The 30 male-sterile clones selected for high female 

fertility from Gen-3 were planted one plant per pot Vegetative propagules from the 

original 41 clones of AZ-88NDC were selected at random and planted three plants 

per pot. Pots of the selected Gen-3 male-sterile clones and AZ-88NDC were 

arranged in a checkerboard fashion in the bee cage to promote maximum pollination 

of male-sterile plants. Using this design, each male-sterile clone was surrounded 

most closely by either nine or twelve randomly selected AZ-88NDC clones (three 

AZ-88NDC clones per pot). Bee visitation was measured by counting the number of 

visits by single bees during half-hour periods to paired samples of Gen-3 and AZ-

88NDC plants with essentially equivalent numbers of neWly-opened flowers. 

FALL DORMANCY EVALUATION. 

Twelve-week old seedlings that had been clipped once were cut at 0.1 m above 

the crown and allowed to regrow in a greenhouse under natural lighting from 5 Dec. 

1987 to 21 Jan. 1988 at 23+3C. Length from the crown to the insertion of the 
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terminal leaf was measured on all shoots longer than 0.1 m. Fall donnancy of AZ-

88MS and AZ-88NDC was determined by comparison of mean shoot length with 

standard check cultivars 'Ranger', 'Dupuits', 'Moapa', and CUF 101 (Barnes et aI., 

1978). 
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RESULTS AND DISCUSSION 

INHERITANCE OF MITOCHONDRIAL NUCLEIC ACIDS 

Secondary nucleic acid molecules in addition to the primary mitochondrial 

genome (that appears as the uppermost band in electrophoretic preparations of 

mitochondrial nucleic acids) were first discovered in the CMS alfalfa genotype 6-4, 

when the untreated lysate from mitochondria isolated using a modification of the 

procedure of Goldstein et al. (1980) was analyzed electrophoretic ally (Fig. 2). The 

secondary mitochondrial nucleic acid molecules (indicated by arrows in Fig. 2) were 

faint but visible and were higher in molecular weight than the ribosomal RNA's. 

These same secondary molecules along with additional secondary nucleic acid 

molecules were detected in preparations of undigested mitochondrial nucleic acids 

isolated from several alfalfa genotypes using the procedure described by Kemble 

(1987) (Figs. 3 to 7, and 11). The secondary molecules were composed of RNA as 

determined by susceptibility to RNase A and resistance to DNase I treatments (Fig. 

3). The RNase used in this experiment was determined to be free of DNase 

contamination (Fig. 3) The RNA molecules migrated to positions ranging from 10 

kb to 1.7 kb (6.6 to 1.1 Mr1 X 106), although precise molecular weights of RNA's 

cannot be assumed since native Tris-acetate gels and DNA markers were used. To 

determine precise molecular weights using electrophoresis, RNA's must be 

denatured and RNA markers are required (Pring and Thornbury, 1975; McMaster 

and Carmichael, 1977). It is likely that the molecular weights of the RNA's are 

1 RNA's of this size range have been referred to in both kb (kilo base pairs) and Mr (molecular 
weight). Typically, large RNA's in mitochondrial preparations have been referred to in kb and plant 
viral RNA's in Mr. These values are related according to the equation: Mr X 106 = 0.66 kb. 
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Fig. 2. Alfalfa mitochondrial nucleic acids from the eMS genotype 6-
4. lllv:lW refers to high molecular weight mitochondrial DNA. Arrows refer to 
secondary mitochondrial nucleic acid molecules. 5S, 18S, and 26S mitochondrial 
ribisomal RNA's are labeled. Lane m: lambda DNA digested with Eco RV. Numbers 
refer to molecular weights in kilobase pairs (kb) of DNA fragments in lane m. 
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Fig. 3. Determination of alfalfa mitochondrial nucleic acid composition 
by RNase and DNase treatments. Lane 1: 6-4 treated with RNase A; Lane 2: 6-
4 untreated; Lane 3: SAMS 1 treated with DNase I; Lane 4: SAMS 1 treated with 
RNase A; Lane 5: SAMS 1 untreated; Lane 6: Lambda DNA digested with Eco RI and 
Eco RV; Lane 7: Lambda DNA digested with Eco RIand Eco RV, treated with 
RNase A; Lane 8: Lambda DNA digested with Eco RV, treated with RNase A; Lane 9: 
Lambda DNA digested with Eco RI and Eco RV, treated with DNase I; Lane 10: 
Lambda DNA digested with Eco RV, trea~ed with DNase I. Arrows refer to RNA 
molecules, hmw refers to high molecular weight mitochondrial DNA, numbers refer to 
molecular weights in kb of DNA fragments in lanes 6 and 7. 



slightly underestimated since native RNA's tend to have higher mobilities in agarose 

gels than when they are fully denatured (McMaster and Carmichael, 1977). The 

abundance of the RNA's varied somewhat relative to each other and to the 

mitochondrial DNA band (Figs. 3, 4) and frequently appeared to be more abundant 

than the high molecular weight mitochondrial DNA. Secondary mitochondrial 

plasmid-like DNA molecules were not observed in any of the plants tested. 

Of particular interest is the largest of these RNA's which migrated to a position 

of approximately 10 kb (6.6 Mr X 106) (Fig. 4, labeled A). This molecule was not 

detected in seven mitochondrial isolations of the genotype 6-4 including one in 

which approximately 200 g of tissue was used. In the cross 6-4 X CUF A, this 

molecule appears to have been transmitted through the pollen to Fl progeny (Fig. 4, 

lanes 2-4). One of the progeny from the cross 6-4 X CUF A, SAMS 1 (Fig. 4, lane 

4), was used as a female parent in a cross with Lew 30. In progeny from this cross 

(SAMS 1 X Lew 30) the same molecule appears to have been inherited maternally 

(Fig. 4, lane 6) although possible paternal inheritance cannot be ruled out since Lew 

30 has been lost. Two other RNA's (Fig. 4, labeled Band C, 1.7 and 1.8 kb 

positions [1.1 and 1.2 MrX 106], respectively) were inherited maternally in the 

crosses 6-4 X CUF A and SAMS 1 X Lew 30. These two molecules correspond to 

the two lower molecular weight molecules indicated by arrows in Fig. 2. 

An additional RNA molecule that migrated to a position of approximately 8 kb 

(5.3 Mr X 106) was detected in sucrose gradient purified mitochondria isolated from 

a relatively large quantity of tissue (200 g) from the genotype SAMS 1 (see Fig. 7, 

p.5!i). This RNA band is faint, but is visible in the Fl progeny of 6-4 X CUF A 

(Fig. 4, lanes 2 and 4, labeled D). The parental origin of this molecule cannot be 
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Fig. 4. Inheritance of large mitochondrial RNA's in two crosses of 
alfalfa. Lane 1: 6-4; Lanes 2-4: individual sexual F1 progeny plants from the cross 
6-4 X CUF A, all male sterile; Lane 4: SAMS 1, an F1 progeny plant from the cross 
6-4 X CUF A selected as a female parent in additional crosses; Lane 5: CUF A; Lane 
6: Sexual F1 progeny plant from the cross SAMS 1 X Lew 30; Lane m: lambda DNA 
from independent digestions with Eco RI and Eco RV. The uppermost band (hmw) 
represents high molecular weight mitochondrial DNA. All other bands in lanes 1-6 are 
RNA's. Bands A, B, C, and D refer to mitochondrial RNA's that were transmitted 
from parents to progeny. Numbers refer to molecular weights in kb of DNA 
fragments in lane m. 
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detennined since both parents carry RNA's at this same position. The remainder of 

the RNA's present in the mitochondrial preparations of both 6-4 and CUF A were 

not detected in their progenies and were not detected in the parental genotypes in a 

subsequent mitochondrial isolation (Fig. 7, p.55). The genotype CUF B, did not 

contain the largest RNA molecule present in CUF A (labeled A, Figs. 4, 5), but 

otherwise its mitochondrial nucleic acid constitution was identical to CUF A (Fig. 

5). The same molecules that were not detected in the progeny of 6-4 X CUF A were 

likewise not detected in the progeny of 6-4 X CUF B (Fig. 5). The reason for this 

remains unexplained. Possibly the parent plants were heteroplasmic for 

mitochondria carrying different RNA's. If this is true, then the gametophytes may 

not contain all species of mitochondria present in the parent plant due to vegetative 

sorting-out of organelles in reproductive branches. This would result in progeny 

with some, but not all, of the mitochondrial species present in the parent plants. A 

similar sorting-out phenomenon occurs with plastid inheritance in alfalfa and other 

species that inherit plastids biparentally (Smith et al., 1986; Smith, 1988; Kirk and 

Tilney-Bassett, 1978). However, theoretical considerations of mitochondrial 

sorting out render this possibility unlikely since six sexual generations would be 

required for complete sorting out to occur, provided the assumptions of the model 

are met (p.63). No information is available about mitochondrial sorting out in any 

plant species .. Therefore this explanation remains tenuous. In addition, 

contamination by extramitochondrial RNA's in the parental genotypes cannot be 

ruled out as a possible source of these molecules since 6-4, CUF A, and CUF B 

were not tested for this (pp.54t056). 
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Fig. 5. Inheritance of large mitochondrial RNA's in one cross of 
alfalfa. Lane 1: 6-4; Lane 2: Sexual Fl progeny plant from the cross 6-4 X CUF B; 
Lane 3: CUF B; Lane 4: CUF A. Bands hmw, A, B, C, and D are the same as those 
in Fig. 4. Lane m: lambda DNA from independent digestions with Eco RI and Eco 
RV. Numbers refer to molecular weights in kb of DNA fragments in lane m. 



The RNA's in the genotype SAMS 1 were unaffected by RNase A added to 

the unlysed mitochondrial pellet indicating that they were within an RNase 

impermeable compartment (Fig. 6). The concentration (0.68 ug ul-1) of RNase 

was well in excess of that recommended by the manufacturer (Sigma Chemical Co.) 

and was comparable to that used by Finnegan and Brown (1986) in a similar 

experiment. The RNase used in this preparation had selectively degraded RNA 

without affecting DNA in previous experiments (Fig. 3). 

Large mitochondrial RNA's similar to those observed here have been reported 

in maize, Beta vulgaris, Brassica spp., and Epilobium spp. (Sisco et al., 1984, 

1985; Finnegan and Brown, 1986; Prowling, 1981; Kemble et al., 1986; Schmitz, 

1988). Insufficient information is available to make any conclusive generalizations 

about these molecules. Both double and single-stranded RNA's have been found 

with double-stranded predominating although not all have been tested. The sizes 

range from 0.76 to 3.8 kb (0.76 to 2.5 Mr X 106). Only Finnegan and Brown 

(1986) conducted extensive control experiments to conclude that the RNA's were 

located within the mitochondrion, although Kemble et al. (1986) reported that the 

RNA's in Brassica spp. hybridized with mitochondrial DNA and Sisco et al. (1984) 

reported that the maize RNA's were maternally inherited. 

Similar RNA molecules have been observed in mitochondrial preparations of 

Phaseolus vulgaris (Mackenzie et al., 1988). The staining intensities of Phaseolus 

RNA's relative to the high molecular weight mitochondrial DNA in ethidium 

bromide stained gels is similar to that observed in the alfalfa mitochondrial 

preparations in this dissertation. Phaseolus RNA's were not graft transmissible or 

associated with any viral symptoms. Like the RNA's in alfalfa they were resistant 
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Fig. 6. RNase treatment of intact mitochondria isolated from SAMS 1. 
Mitochondrial nucleic acids: Lane 1: untreated, Lane 2: mitOchondria treated with 
RNase A prior to lysis. Lane m: lambda DNA digested with Hind m. Bands hmw, 
A, B, C, and D are the same as those in Fig. 4. Numbers refer to molecular weights 
in kb of DNA fragments in lane m. 
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to RNase added to preparations of intact mitochondria. Also, like alfalfa 

mitochondrial RNA's, these RNA were inherited biparentally. Parker (1925) 

concluded that plastid inheritance in P haseolus vulgaris was biparental, although 

predominantly maternal, and P haseolus vulgaris has been included among those 

species that inherit plastids in a regular biparental fashion (Kirk and Tilney-Bassett, 

1978; Smith, 1988). However, Lee and Sears (1987) recently reported that plastid 

inheritance was uniparental maternal in Phaseolus vulgaris based on the inheritance 

of ethidium bromide stained restriction fragment profiles of plastid DNA and a 

restriction fragment polymorphism detected using Southern hybridization. Whatley 

(1982) concluded that plastids were absent from the pollen generative cell in 

Phaseolus vulgaris also suggesting uniparental-maternal inheritance of plastids in 

this species. These studies, however, were conducted on few individuals and 

consequently may not be representative of the species as a whole. Mackenzie et al. 

(1988) concluded that the RNA's observed in Phaseolus vulgaris were not 

mitochondrial since they were inherited biparentally and they were present in 

chloroplast preparations and in the post-mitochondrial supernatant Examination of 

their results, however, shows that the RNA's are much less abundant in chloroplast 

than mitochondrial preparations. Chloroplast preparations may be contaminated 

with small amounts of mitochondria (Kemble, personal communication) and broken 

mitochondrial membranes may be present in the post mitochondrial supernatant. 

Mackenzie et al. (1988) concluded that the RNA's were probably cryptic viruses. 

These RNA's have the same electrophoretic mobilities as RNA's found in P. 

vulgaris by Wakarchuk and Hamilton (1985) and are probably identical (Mackenzie 

et al., 1988). Wakarchuk and Hamilton (1985) reported hybridization of these 
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RNA's to total plant DNA and recent evidence indicates that the observed 

hybridization was with chloroplast DNA (Hamilton, unpublished, ref. in Boccardo 

et al., 1987). The origin of these molecules remains unclear. 

The sizes of alfalfa mitochondrial RNA's labeled B and C (Figs. 4 to 7) fall 

within the range of most known RNA viruses (0.3 to 3.2 Mr X 106) and the general 

size range of all previously studied large mitochondrial RNA's. The RNA's labeled 

A and D, however, are much larger as are the large RNA's in Phaseolus vulgaris 

(Mackenzie et al., 1988; Wakarchuk and Hamilton, 1985) and therefore may 

represent unique species of RNA molecules. 

Viruses are common in alfalfa (Graham et al., 1979; Leath et al., 1988) and 

many may remain to be identified. Several viruses may be present in alfalfa with no 

recognizable symptoms. Most notable in this class are alfalfa mosaic virus (AMV), 

which mayor may not be associated with symptoms (Leath et al., 1988), and alfalfa 

latent virus (peSV for pea streak virus = alfalfa latent virus) which is apparently 

asymptomatic in alfalfa (Veerisetty et al., 1977). AMY consitiutes a monotypic viral 

group with several strains (Francki et al., 1985). It is widespread and highly 

infective and may be transmitted through both seed and pollen. At the molecular 

level it has been well characterized with all four RNA's fully sequenced in one strain 

(Francki et al.,1985). The RNA's labeled A and D in Figs. present in SAMS 1 are 

sufficiently higher in molecular weight than any AMY molecule to exclude AMV as 

their source (AMV = 0.25, 0.62, 0.73, 1.04 Mr X 106; A and D = 6.6 and 5.3 Mr 

X 106, respectively). PeSV has one single-stranded RNA, 2.45 Mr X 106 in size 

(Veerisetty et al., 1977). Numerous other viruses are known in alfalfa and many 

may yet be unidentified. However, alfalfa large mitochondrial RNA's A and D are 
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larger than practically all viruses characterized (Francki et al., 1985) and may 

represent a previously uncharacterized class of RNA's or viruses. 

Sucrose gradient purification is frequently used for purification of both 

mitochondria and virus particles, however, the standard techniques differ in some 

important aspects. Plant mitochondria are typically purified on sucrose gradients 

ranging from 20 to 51 % sucrose (0.6 to 1.5 M) and are centrifuged at 40,000 Xg. 

The mitochondria fractionate at approximately 42% sucrose with contaminating 

particles (most notably peroxisomes) fractionating at different concentrations, 

pelleting, or remaining at the top of the gradient (Douce, 1985; Finnegan and 

Brown, 1986; Nash and Wiskich, 1983). Centrifugal forces up to 200,000 Xg may 

be used to purify mitochondria but irreversible membrane damage and fragmentation 

may result at forces in excess of 40,000 Xg (Douce, 1985). Plant viruses are 

typically purified on sucrose gradients ranging from 10 to 40% and centrifuged at 

100,000 Xg. Even the largest virus particles fractionate at sucrose concentrations 

less than 40% (Smith, 1974; Gibbs and Harrison, 1976; Hull, 1985). 

Sedimentation coefficients in Svedberg units (S) differ substantially for 

mitochondria and plant viruses. Isometric particles (including cryptic viruses 

[Francki et al., 1985]) have sedimentation coefficients from 80 to 130 S and rod 

shaped particles from 130 to 180 S (Hull, 1985). Even the largest lipid containing 

virus particles have sedimentation coefficients of less than 1000 S (Gibbs and 

Harrison, 1976). Plant mitochondrial sedimentaion coefficients are greater than 

10,000 S (Gibbs and Harrison, 1976) and should therefore be separable from virus 

particles using sucrose gradient purification. 
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In order to detennine if the RNA's in mitochondrial preparations of SAMS 1 

were associated with the mitochondrion, the mitochondrial pellet was subjected to 

linear sucrose gradient purification combining features of standard viral and 

mitochondrial techniques in an attempt to separate mitochondria from the RNA's. In 

this experiment, sucrose concentrations used for mitochondrial purification (20 to 

51 % sucrose) were utilized and the samples were centrifuged at 100,000 Xg as in 

standard viral purification. Sucrose gradient centrifugation was performed by Dr. 

1.K. Brown, Dept. of Plant Pathology, University of Arizona. Four distinct light 

scattering bands were visible in sucrose gradients of mitochondrial pellets isolated 

from the genotype SAMS 1. Three gradient bands were located between the 22 and 

32% sucrose concentrations while the fourth was observed in approximately the 42 

to 44% zone, which is the typical location of the mitochondrial fraction (Douce, 

1985; Finnegan and Brown, 1986; Nash and Wiskich, 1983). Nucleic acid 

molecules were detected only in the fourth gradient band (mitochondrial fraction) 

and the electrophoretic pattern of these molecules corresponded to that of SAMS 1 in 

previous mitochondrial nucleic acid electrophoretic analyses on the basis of 

migration relative to DNA markers (Fig. 7, cf. Fig. 4, lane 3). Also, samples of 

mitochondrial nucleic acids from crude mitochondrial pellets of the parental 

genotypes 6-4 and CUF A, as well as an Fl progeny plant of these parents (full-sib 

of SAMS 1) were analyzed on the same gel and their electrophoretic patterns 

corresponded with those observed in SAMS 1 (Fig. 7). These results demonstrate 

that sucrose gradient purification was unable to separate large RNA's from SAMS 1 

mitochond.ria implying that they are contained within the mitochondrion. Light

scattering bands appeared at sucrose concentrations where virus particles would be 
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Fig. 7. Alfalfa nucleic acids isolated from crude mitochondrial 
preparations and sucrose gradient purified fractions from crude 
mitochondrial preparations of SAMS 1. Lane 1: Lambda DNA digested with 
Eco RV; Lane 2: Lambda DNA digested with Eco RI; Lane 3: Mitochondrial nucleic 
acids from crude mitochondrial pellets of 6-4; Lane 4: Mitochondrial nucleic acids 
from crude mitochondrial pellet of Fl progeny plant from the cross 6-4 X CUF A; 
Lane 6: Mitochondrial nucleic acids from crude mitochondrial pellet of the genotype 
CUF A; Lanes 7 to 10 are all from the genotype SAMS 1. Lane 7: 22-24% sucrose 
fraction; Lane 8: 30-32% sucrose fraction; Lane 9: 42-44% sucrose fraction (typical 
fraction for purified mitochondria); Lane 10: pellet Bands hmw, A, B, C, and Dare 
the same as those in Fig. 4. 
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expected to purify (20 to 30% sucrose), but no nucleic acids were detected in these 

fractions (Fig. 7). 

Fractions collected from the first, second, and fourth gradient bands were 

examined by transmission electron microscopy by J.K. Brown. The third band, 

which consisted of a dark green pellicle, was not examined since it is not possible to 

detect virus-like particles from such material using standard preparation techniques 

and no nucleic acids were detected electrophoretic ally in this fraction. This fraction 

probably represents broken thylakoids that are a common contaminant of crude 

mitochondrial preparations (Douce, 1985). Condensed mitochondria (typical of 

mitochondria prepared from sucrose gradients [Douce, 1985]) were observed in 

preparations of the fourth gradient band which appeared to be free from 

contamination by other organelles. No mitochondria were detected in either of the 

other two gradient bands examined. No virus-like particles were detected in any of 

the bands examined. 

These results provide strong evidence that the RNA's observed in SAMS 1 

were associated with the mitochondrion and were not the result of virus 

contamination of mitochondrial preparations. It is possible that they represent 

viruses that have invaded the mitochondrion at some point and may replicate within 

it. Association of several classes of single-stranded RNA viruses with plant 

mitochondria has been observed using electron microscopy (Francki et aI., 1985). 

The original source of large mitochondrial RNA's may have been viruses that 

invaded the mitochondrion and are now mitochondrial symbionts. Finnegan and 

Brown (1986) have speculated that maize large mitochondrial RNA's originated in 

the relatively recent evolutionary past, after divergence of the S-type cytoplasm. 
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The possibility that the RNA's observed were due to nuclear contamination of 

mitochondrial preparations is unlikely. Typical RNA's of nuclear origin would not 

have been protected from RNase dygradation as were the large RNA's observed 

here since known nuclear RNA's are not enclosed in RNase impermeable 

membranes or protein coats (Alberts et aI., 1983). Also, had the RNA's been 

nuclear in origin their exclusive association with the mitochondrial fraction in 

sucrose gradients would not be expected. The possibility remains that the RNA's 

are nuclear in origin and are imported into the mitochondrion. 

Biparental inheritance of large mitochondrial RNA's in alfalfa provides strong, 

though not conclusive, evidence that mitochondria are inherited biparentally in this 

species. The possibility exists that large mitochondrial RNA's have an inheritance 

mechanism that differs from the mitochondrion. It is also possible that the synthesis 

of large mitochondrial RNA's may be under the influence of nuclear genes, although 

there is currently no evidence for this. If this is the case, then the presence or 

absence of large mitochondrial RNA's may be a function of nuclear as well as 

organellar inheritance. 

CYTOPLASMIC MALE STERILITY 

All progeny from the single crosses 6-4 X CUF A and SAMS 1 X Lew 30 

were completely male sterile (Fig. 8: A, B). Male fertility restoration was not 

observed until the third and fourth generations when a heterogeneous population 

was used as the pollen source. The frequencies of complete male sterility in the 

third and fourth generation progenies remained high, 82.7 and 81.3%, respectively. 

Pollen score distributions for these generations were essentially identical and were 
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Fig. 8. Pollen score distributions for six alfalfa populations. For 
description of populations see Materials and Methods. Pollen scores: 1 = no pollen, 
2 = trace of pollen, 3 = moderate amount of pollen, 4 = normal amount of pollen. 
See Fig. 1 for description of genotypes and populations. 



skewed toward male sterility (Fig. 8: C, D). The pollen score distribution for the 

pollen source population, AZ-88NDC was skewed toward complete male fertility 

(Fig. 8: F). 

These results (Fig. 8: A to D) are in accordance with the traditional 

cytoplasmic-genic model of male sterility in alfalfa (Viands et al., 1988). Barnes et 

al. (1972) proposed that in cytoplasmic-genic systems of male sterility in alfalfa, 

variation in pollen production among the progeny of a CMS parent represents 

dosage effects of nuclear fertility restoration alleles contributed by the paternal 

parent. In such a system, paternal genotypes that are nonfertility restoring would 

not possess nuclear fertility restoration alleles. This assumption has been used as 

the basis for interpreting the results of several studies on CMS in alfalfa (Davis and 

Greenblatt, 1967; Bradner and Childers, 1968; Pedersen and Stucker, 1968; 

Staszewski, 1979). Under this assumption, the skewed pollen score distributions 

for Gen-3 and Gen-4A in this study (Fig. 8: C,D) would be expected if the 

frequency of nuclear fertility restoration alleles were low in the pollen source 

population (AZ-88NDC). 

The above interpretation is based on the assumption of uniparental-mate mal 

cytoplasmic inheritance, as are all previous studies of CMS inheritance and 

expression in alfalfa (Viands et al., 1988). However, recent evidence of regular 

biparental inheritance of both plastids (Smith et al., 1986) and mitochondria (this 

dissertation) in alfalfa suggests that cytoplasmic traits may be inherited biparentally 

in this species. While the cytoplasmic determinant of CMS in alfalfa has not been 

identified, the mitochondrion has been implicated in several other plant species 

(Douce, 1985). If the cytoplasmic determinant for male sterility in alfalfa is 
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inherited biparentally, then progeny of male-sterile and male-fertile parents may 

carry cytoplasm from both parents, and consequently may transmit both male-sterile 

and male-fertile types of cytoplasm through both the egg and pollen. 

In previous studies on alfalfa where partially fertile CMS genotypes were used 

as pollen parents, all progeny were male fertile. However, the numbers of progeny 

evaluated were too small to demonstrate strict uniparental-maternal inheritance of 

CMS with a high degree of certainty (Davis and Greenblatt, 1967; Pedersen and 

Stucker, 1969; see Appendix III). In the cross CUF B X Gen-3, where a relatively 

large number of progeny was evaluated (N = 133), 7.5% of the progeny (Gen-4B) 

were completely male sterile (Fig. 8: E) suggesting paternal inheritance of CMS. 

The possibility remains that the male sterility observed in these plants arose by a 

mechanism other than biparental inheritance. As a control for the potential of 

accidental self-pollination during suction emasculation of CUP B, 125 suction 

emasculated CUP B flowers were left unpollinated. Of these, one produced a single 

pod that later aborted, indicating that plants included in the Gen-4B population were 

were not likely to be the result of self-pollination of CUP B and that male sterility 

was most likely inherited from the paternal parents. 

The phenomenon of biparental cytoplasmic inheritance provides an alternative 

to the traditional cytoplasmic-genic model for male fertility restoration. Under this 

hypothesis, paternally contributed cytoplasm may confer male fertility on the 

progeny of a CMS plant. In such a case, the extent of fertility restoration might be 

determined by the relative paternal contribution of the cytoplasmic determinant for 

CMS, e.g. low frequencies of paternal cytoplasmic inheritance might result in low 

frequencies of fertility restoration. Relative cytoplasmic constitution of 
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gametophytes may vary both among plants and within a single plant due to 

vegetative sorting-out of organelles which could also affect the extent of fertility 

restoration in the resulting progeny. Actual fertility restoration, however, may be 

due to a combination of both cytoplasmic and nuclear contribution by the paternal 

parent. 

The results of the experiments presented here indicated that fertility restoration 

was low when AZ-88NDC was used as the pollen source with 6-4 type male 

sterility (Fig. 8: C, D). This may be a reflection of the genetic background of AZ-

88NDC. Previous studies on male fertility restoration in alfalfa have been 

conducted with plants from winter-dormant Flemish and Variegated backgrounds, 

and male fertility restoration was typically high (Davis and Greenblatt, 1967; 

Bradner and Childers, 1968; Pedersen and Stucker, 1969; Staszewski, 1979). AZ-

88NDC was derived from non-winter donn ant African and Indian sources. 

Due to autotetraploidy, maximum exploitation of heterosis theoretically may 

not be achieved in single-cross hybrids in alfalfa as in most diploid species 

(Bingham, 1983). Three-way (Barnes et al., 1972) and double-cross hybrids 

(Bingham, 1983) have been proposed as methods of maximizing heterosis in alfalfa. 

If CMS is to be used as the method of pollination control, the pollen parent in the 

fIrst-generation cross of a three-way hybrid and one of the fIrst-generation crosses 

in a double-cross hybrid must be a nonfertility restoring type in order to retain male 

sterility for pollination control in the second-generation cross. Consequently, low 

frequencies of male fertility restoration in genetically heterogeneous populations 

would facilitate selection for nonfertility restoring pollen parents. Low frequencies 

of male fertility restoration would also facilitate incorporation of male sterility into 
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genetically heterogeneous maternal parent populations to avoid selfmg and 

intrapopulational crossing in alfalfa population crosses (Rumney et al., 1987). 

Two alfalfa populations, AZ-88MS and AZ-88NDC, were developed and 

released as a part of this research (Smith and Fairbanks, 1988). CMS was 

previously available only in alfalfa genotypes from winter-dormant sources. A non

winter dormant germplasm with high frequencies of CMS expression should be 

useful to alfalfa breeding programs in regions with mild winters. The crosses 

described in Fig. 1 were designed to produce such a germplasm, AZ-88MS, 

through the incorporation of CMS into a genetic background derived from elite 

nondonnant sources. AZ-88NDC was released as a nondormant, nonfertility 

restoring pollen source for AZ-88MS since it maintained high frequencies of male 

sterility through two generations when it was used as the pollen source during the 

development of AZ-88MS (Fig. 8: C,D). A description of these germplasms is 

provided in Appendix II. 

MITOCHONDRIAL SORTING OUT IN ALFALFA 

Sorting-out ofplastids has been well documented in alfalfa (Smith et al., 1986; 

Smith, 1989). With biparental inheritance of mitochondria and CMS in alfalfa, 

sorting-out of these factors might also be expected. The process of sorting-out may 

be described theoretically using mathematical models. These models and the 

theoretical and observed results of sorting-out of organelles have been reviewed 

extensively by several authors (see Kirk and Tilney-Bassett, 1978; Birky, 1978; 

Michaelis, 1959). The general model, developed independently by Michaelis (1955) 

and Schensted (1958), is based on the hypergeometric distribution (see Kirk and 
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Tilney Bassett, 1978 for a concise description of the model), but for the purposes of 

this discussion a much simpler model will suffice. As derived by Michaelis (1959), 

approximately ION generations of successive cell divisions are required for nearly 

complete ( > 99%) sorting-out to occur (N being the number of plastids or 

mitochondria per cell). This assumes that: 1) numbers of plastids or mitochondria 

per cell are constant over cell generations; 2) organelles are distributed equally and 

randomly to each daughter cell during cell division; 3) there is no selection for 

organelle type; and 4) there is no interorganellar genetic recombination. The ratio of 

homoplasmic:heteroplasmic cells in any cell generation is dependent on the initial 

ratio of organelles in the original heteroplasmic cell. However, the point at which 

complete sorting-out occurs is independent of initial organellar constitution of the 

original heteroplasmic cell. 

Estimates of the number of mitochondria per cell in higher plants vary but 

range from the hundreds to the thousands (Douce, 1985). However, for the 

purposes of this discussion, the estimate of most value would be the number of 

mitochondria in the dividing cells of apical meristems. In Pisum sativum the 

average number of mitochondria in apical meristem cells that have recently divided 

has been estimated to be 60 and the number of plastids 10 (Lyndon and Robertson, 

1976) which agree closely with similar estimates for apical meristem cells in 

Epilobium spp. (Kirk and Tilney-Bassett, 1978). Using calculations and 

assumptions described in Appendix ill, the minimum number of cell generations 

required from the terminal cell in the embryo to maturity in an alfalfa plant is 37. 

This calculation, however, is based on the assumption that all cells in the plant 

divide in synchrony (Wareing and Phillips, 1981). Since not all cells in a plant are 



actively dividing, the number of cell generations is likely to be underestimated using 

this method. Kirk and Tilney-Bassett (1978), have concluded, based on studies in 

Epilobiwn , that 100 cell generations per sexual generation is a reasonable estimate 

for most annual plants. Consequently, the estimate of 100 cell generations per 

sexual generation in alfalfa may be more reasonable since growth from seed to 

flowering in alfalfa does not differ substantially from most annuals. Therefore, 

assuming 60 mitochondria per daughter cell following cell division, and 100 cell 

generations per sexual generation in alfalfa, six sexual generations would be 

required for complete sorting-out of mitochondria. Michaelis (1959) and Kirk and 

Tilney-Bassett (1978) have both noted that while sorting-out ofplastids may be 

complete or nearly complete within a single sexual generation, mitochondria would 

require several sexual generations for complete sorting-out to occur in most plant 

species. 

In the plants studied for this dissertation, no evidence of sorting-out of 

mitochondrial RNA's or CMS was obselVed, although it was not rigorously tested. 

Three F1 plants from the cross SAMS 1 X Lew 30 were examined and all three 

contained mitochondrial RNA's that were inherited biparentally in the maternal 

parent SAMS 1 (Fig. 9) providing evidence that mitochondrial heteroplasmy was 

maintained through the female gametophytes that gave rise to these three plants. It 

is not known whether these three plants arose from seeds on the same or different 

branches of the maternal parent, however. 
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21.2' -

1.4 -
5.8 -
4.6 -
3.9 -

m 1 2 3 

Fig. 9. Mitochondrial nucleic acids isolated from three sexual Fl 
plants from the cross SAMS 1 X Lew 30 (lanes 1 to 3). Bands hmw, A, B, 
and C are the same as those in Fig. 4. Lane m: lambda DNA from independent 
digestions with Eco RI and Eco RV. Numbers refer to molecular weights in kb of 
DNA fragments in lane m. 
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SUMMARY 

The discovery of large mitochondrial RNA molecules in alfalfa is significant 

since this research represents one of only two cases in which the mitochondrial 

localization of these molecules has been confirmed using appropriate control 

experiments. Evidence that these molecules are inherited biparentally in alfalfa is 

also of significance since biparental inheritance of mitochondria in a flowering plant 

has been observed in only one other instance. While hypothetical mechanisms other 

than mitochondrial inheritance could account for the observed inheritance of these 

molecules, their apparent localization within the mitochondrion suggests that 

mitochondrial inheritance is a likely mechanism. 

Little is known about the structure, function, or initial origin of large 

mitochondrial RNA molecules in any plant species. Their similarity to viruses, 

particularly cryptic viruses, is especially intriguing. Association of large double

stranded RNA's with eMS in Vicia faba suggests that large mitochondrial RNA's in 

alfalfa may also be associated with CMS, although current evidence is insufficient to 

suggest this. 

Previous research on CMS and male fertility restoration in alfalfa has not 

provided conclusive evidence of a traditional cytoplasmic-genic system, although a 

model of this system has usually been assumed in these studies. The research 

presented in this dissertation does not negate the possibility of a cytoplasmic-genic 

system. However, the evidence that eMS is inherited biparentally is significant in 

that it suggests an alternative, though not exclusive, model for the inheritance of 

eMS and male fertility restoration. This model proposes that biparental cytoplasmic 

as well as nuclear inheritance may influence the expression of male sterility. eMS 
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has been associated with the mitochondrion in several plant species. While the 

inheritance patterns of CMS presented in this dissertation do not contradict a putative 

association of CMS with the mitochondrion in alfalfa, no definitive evidence of such 

an association has been obtained. Association of CMS with a particular cytoplasmic 

determinant in alfalfa remains a topic for future research. 

Biparental inheritance of organelles provides a mechanism for patterns of 

organelle inheritance, segregation, and possibly organelle genetic recombination that 

rarely occur in those species that inherit organelles uniparentally (Sears, 1983). 

Evidence of biparental plastid inheritance in alfalfa (Smith et al. 1986; Smith, 1989) 

and the results of this dissertation that demonstrate biparental inheritance of large 

mitochondrial RNA's and eMS imply that alfalfa may be an organism well suited 

for further investigation of the biological and practical implications of biparental 

cytoplasmic inheritance. 
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APPENDIX I: 

RECOMMENDED ADDITIONAL EXPERIMENTATION 

LARGE MITOCHONDRIAL RNA'S AND VIRUSES 

The experiments in this dissertation present strong evidence for the 

mitochondrial location of large RNA's that were transmitted to progeny in the cross 

6-4 X CUF A. Only one other study (Finnegan and Brown, 1986) has provided 

conclusive evidence that large RNA's are associated with the mitochondrion. 

However, experiments to demonstrate that large RNA's are located exclusively 

within the mitochondrion have not been conducted in any plant species. The most 

obvious possibility of an extramitochondrial source of large RNA's is viruses or 

virus-like particles. To determine if the same RNA's observed in alfalfa 

mitochondria are also present in viruses, leaf tissue can be subjected to standard 

procedures for virus isolation and purification and the nucleic acids derived from 

these preparations may be compared electrophoretic ally with large mitochondrial 

RNA's. Since viruses can be common in alfalfa, the presence of large RNA's in 

alfalfa viral preparations is a distinct possibility. However, it should be possible 

through electrophoretic analysis to distinguish viral RNA's from the known large 

mitochondrial RNA's if indeed they are different If it is found that RNA's from 

viral isolations appear to be the same as the large mitochondrial RNA's, then further 

characterization of the viruses using serology and electron microscopy may be 

appropriate. Electron microscopic examination of thin sections of leaf and pollen 

preparations may reveal an ultrastructural relationship of large RNA's with 

mitochondria. Francki et al. (1985) have identified carrot red leaf virus RNA's in 
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vessicles associated with Daucus carota mitochondria using this technique. In 

addition, nucleic acids from purified chloroplasts may be analyzed for comparison 

with large mitochondrial RNA's. 

Since it is not known if the large mitochondrial RNA's reported in this 

dissertation are single or double-stranded this information should be obtained. Not 

only will it be important for the characterization of these RNA's, it also may further 

establish the autonomy of these molecules in relation to known viruses or at least 

narrow the possible classes of viruses to which these RNA's may belong, 

particularly if the RNA's are double-stranded. A number of techniques are available 

in addition to acridine orange staining to distinguish between single and double

stranded RNA's including LiCl precipitation, S 1 nuclease digestion, high salt 

(NaCl) digestion with RNase A, and CF-l1 cellulose chromatography (Sisco et al., 

1984; Mackenzie et al., 1988; Finnegan and Brown, 1986). 

CYTOPLASMIC MALE STERILITY 

One of the most obvious questions raised by the results of this dissertation is if 

large mitochondrial RNA's are related to expression of CMS in alfalfa. In 

particular, the RNA's labeled Band C (Figs. 4 to 7) were inherited from 6-4 and are 

present in male-sterile plants in three generations (parental-maternal, Gen-l, and 

Gen-2). However, all plants in these generations were male-sterile. Gen-3 and 

Gen-4 present an appropriate situation for comparing male sterility with the presence 

of these RNA's since these populations include both male-sterile and male-fertile 

plants. Plants from Gen-3 have only recently produced sufficient tissue for 

mitochondrial isolations. However, since the electrophoretic mobilities of the 
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RNA's of interest are known and are consistent, analysis of total plant RNA could 

reveal their presence and would allow more rapid screening of plants with less tissue 

required. 

Since graft transmissibility of CMS has been reported in alfalfa (Thompson 

and Axtell, 1978), it would be of interest to know if male sterility derived from 6-4 

is graft transmissible. Graft transmissibility of large RNA's could also be 

determined on the same plants. Experiments similar to those conducted by 

Thompson and Axtell (1978) could provide the necessary information, which would 

also be useful in further establishing the relationship between CMS, large RNA's, 

and mitochondrial inheritance. 

MITOCHONDRIAL INHERITANCE 

This dissertation presents evidence that like plastids, mitochondria are 

inherited biparentally in alfalfa based on the inheritance of large mitochondrial 

RNA's. This evidence, however, does not conclusively demonstrate that 

mitochondria are inherited biparentally since the possibility remains that other 

mechanisms may account for the observed inheritance patterns. Initial studies in this 

dissertation focused on restriction fragment profiles of mitochondrial DNA. The 

usefulness of this method with alfalfa mitochondrial DNA was limited by failure to 

obtain complete enzyme digestion and in cases where enzyme digestion was 

complete, insufficient DNA was isolated to resolve DNA fragments. Both of these 

limitations are not uncommon. Rines et al. (1988) reported that in oat mitochondrial 

DNA incomplete digestion was common and repeated ethanol precipitation often, 

but not always, increased DNA digestibility. Although Kemble (1987) reported that 
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as little 10 to 15 g of leaf tissue was sufficient for isolation of mitochondrial DNA, 

the results of experiments in this dissertation suggested that at least 50 g of green 

alfalfa leaf tissue were required. This conclusion is supported by previous research 

where at least 50 g and often greater than 100 g were used for mitochondrial DNA 

preparations (e.g. Pring et al., 1982; Boutry and Briquet, 1982; Tudzyinski et al., 

1986; Prowling, 1981; Boutin et al., 1987). Douce (1985) recommends 500 to 

1000 g since standard procedures generally recover less than 5% of total 

mitochondria in the tissue. This is a limitation with alfalfa since each sexual plant is 

genetically unique and only mature single plants grown in adequate soil for several 

months produce sufficient tissue. Vegetative propagules from individual plant may 

also be used, but this also requires several months before plants produce sufficient 

tissue. In addition, ethidium bromide stained gels may not be sufficiently sensitive 

to detect DNA fragments present in low abundance (Smith, 1988; Maniatis, 1982), a 

situation that might be expected if the relative paternal contribution of mitochondria 

were small. 

An approach that may circumvent these limitations is to isolate total plant DNA 

and hybridize restriction enzyme digestions with mitochondrial probes. This 

approach was utilized by Soliman et al. (1987) to demonstrate biparental inheritance 

of mitochondria in Hordeum X Secale intergeneric hybrids. Probes representing the 

entire sequence of maize mitochondrial DNA are now available (C. Fauron, personal 

communication) and should facilitate identification of appropriate polymorphisms. 

Once an appropriate polymorphism is identified in alfalfa, mitochondrial DNA could 

be isolated and hybridized with the probe to demonstrate that hybridization had not 

occurred with homologous nuclear DNA. This information combined with current 
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infonnation on plastid inheritance in alfalfa and ultrastructural observations of 

gametogenesis and fertilization in alfalfa could provide a more complete picture of 

the unusual feattrres of cytoplasmic inheritance in this species. 



APPENDIX II: 

DESCRIPTION OF GERMPLASMS 

AZ-88MS is a genetically heterogeneous, nondormant alfalfa population with 

high levels of cytoplasmic male sterility. Approximately 81 % of AZ-88MS plants 

are completely male-sterile, and most of the remaining plants exhibit reduced pollen 

production (Table AI-I). AZ-88MS is unique in that it represents the only source of 

cytoplasmic male sterility in a nondormant nuclear genetic background. AZ-88NDC 

is the Syn 1 generation of a composite of equal amounts of seed from 13 

nondormant alfalfa cultivars (Smith and Fairbanks, 1988). AZ-88NDC has 

maintained essentially identical levels of male sterility for two generations when 

used as a pollen source during the development of AZ-88MS. Winter dormancy of 

AZ-88MS and AZ-88NDC is equal to 'CUF 101' (Table AI-2). Both germplasms 

may be useful in studies of the genetics and reproductive biology of alfalfa and in 

alfalfa breeding, especially in regions with mild winters. 

During the production of AZ-88MS in an outdoor bee cage, there was no 

significant difference in bee preference for male-sterile and male-fertile plants on the 

basis of bee visitation measurements (Table AI-3). Table AI-4 provides seed 

production information which was used for selection of the thirty Gen-3 clones used 

as maternal parents for AZ-88MS. 
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Table All -1. Summary of pollen score evaluations for AZ-88NDC and each of four 
generations during the development of AZ-88MS. 

Entry PQll~n li~Qr~ !;;Iali~ Mean N 
1 2 3 4 pollen score 

-----------------9b -------------------
AZ-88NDC 0.0 2.4 22.0 75.6 3.73 

Generation 1100.0 0.0 0.0 0.0 1.00 

Generation 2100.0 0.0 0.0 0.0 1.00 

Generation 3 82.7 6.5 9.4 1.4 1.29 

Generation 4 81.3 6.7 10.7 1.3 1.32 
(AZ-88MS) 

Pollen scores: 1 = no pollen produced (completely male sterile), 2 = trace of 
pollen, 3 = moderate amount of pollen, 4 = normal amount of pollen. 

N = number of plants evaluated. 

41 

73 

48 

139 

75 
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Table AII-2. Winter donnancy evaluation. 

Entry Mean shoot length (cm) Winter donnancy group N 

AZ-88MS 23.7 ± 0.5t (8) 294 

AZ-88NDC 24.2 ± 2.2 (8) 

CUF 101 23.7 ± 2.0 8 

Moapa 18.5 ± 0.9 7 

DuPuits 17.2 ± 1.4 5 

Ranger 16.0 ± 1.8 3 

LSD (0.5) 2.0 

1 = very donnant, 9 = very nondonnant (CUF 101, Moapa, DuPuits, 
and Ranger are representative standards for each donnancy class 
[Barnes et al., 1978]) . 

N = number of shoots evaluated 

t Standard error of the mean 

18 

20 

18 

16 

8 
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Table AII-3. Comparison of AZ-88MS and AZ-88NDC for bee visitation on three 
dates. 

Date 

7-2-88 

7-4-88 

7-6-88 

Totals 

Means 

Number of visitations 
AZ-88MS AZ-88NDC 

31 38 

21 21 

21 20 

73 79 

24.3 26.3 

NS = not significant at p = 0.05 

Difference t 

7 

0 

-1 

6 

2.0 0.46 NS 
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Table AII-4. Seed production of AZ-88MS for flrst hand-pollination harvest. 

Plant Seed weight Rank Percent of total 

----- g -----

tE14 8.05 1 13.19 
G4 4.25 2 6.97 
A9 3.74 3 6.13 
unk 3.63 4 5.95 
BB3 3.26 5 5.35 
U14 3.13 6 5.13 
U2 2.96 7 4.85 
G5 2.82 8 4.62 
08 2.75 9 4.51 
B9 2.36 10 3.87 
U6 2.10 11 3.44 
P2 2.00 12 3.28 
U18 1.94 13 3.18 
El 1.83 14 3.00 
K13 1.82 15 2.98 
K2 1.76 16 2.89 
014 1.43 17 2.34 
K10 1.17 18 1.92 
U4 1.01 19 1.66 
11 0.96 20 1.57 
B12 0.91 21 1.49 
Gl 0.89 22 1.46 
03 0.89 22 1.46 
02 0.87 24 1.43 
AA8 0.87 24 1.43 
PI 0.84 26 1.38 
010 0.82 27 1.34 
P17 0.66 28 1.08 
E2 0.65 29 1.07 
015 0.62 30 1.02 

(Total) 60.99 
(Mean) 2.03 
(SE) § 0.28 

t Plants with same letter are half-sibs from Gen-3 
§ SE = standard error of the mean 



APPENDIX III: 

CALCULATIONS 

CALCULATION OF MINllv1UM DETECTION LEVELS FOR MALE-STERILE 

PROGENY IN PREVIOUS STUDIES. 

No male-sterile progeny were observed in progeny of alfalfa crosses 

conducted by Pedersen and Stucker (1969) and Davis and Greenblatt (1967) in 

which the paternal parent was partially male sterile. Pedersen and Stucker (1969) 

reported results of two of these crosses, W X 1292, and W X 1293, which 

produced 5 and 6 Fl progeny plants respectively. Davis and Greenblatt (1967) 

reported the results of one such cross (designations of the parental genotypes 

were not provided), in which 8 Fl progeny plants were produced. The minimum 

frequency of male-sterile progeny detectable at the 95% confidence level may be 

calculated using an arrangement of the the binomial theorem (Mainland, 1951): 

log (1-p) 
log (I-b) = ------------

n 
(AlII-I) 

where b = the minimum frequency of male-sterile progeny detectable, n = the 

number of progeny observed, and p = the confidence level. 

Then: 

Combining data from both studies the total number of progeny observed is 19. 

For individual crosses: 

log (I-b) = log 0.05 /19 = -0.068 

b = 0.15 

log (I-b) = log 0.05 / 5 = -0.26 
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b = 0.45 

log (I-b) = log 0.05 / 6 = -0.22 

b = 0.39 

log (1-b) = log 0.05 / 8 = -0.16 

b = 0.31 

ESTllvlA TION OF THE MINIMUM NUMBER OF CELL GENERATIONS 

REQUIRED TO PRODUCE A MATURE ALFALFA PLANT 

The above-ground portion of a mature alfalfa plant with eight stems and 80 

leaves was detennined to have a total volume of 5.9 X 10-4 m3 assuming that the 

average radius of each stem was 1 mm, the length of each stem was 0.6 m, the 

surface area of each leaf was 206 mm2, and the thickness of each leaf was 1 mm. 

The average cell volume of 3.375 X 10-15 m3 was derived from an estimate of 

average cell volume in a light micrograph of a cross section of an alfalfa stem in 

Esau (1977, p. 112). Therefore, an estimate of the total number of cells in the 

above-ground portion of the plant is 5.9 X 10-4 /3.375 X 10-15 = 1.75 X 1011. 

The minimum number of cell generations from the terminal cell required to produce 

this number, assuming all cells divide in synchrony, is detennined using a 

rearrangement of an equation from Wareing and Phillips (1981, p. 41): 

logn 
x = -------- (AIII-2) 

log 2 

79 



where n = the total number of cells and x = the number of cell generations. An 

estimate of the number of cell generations is log 1.75 X 1011 / log 2 = 37 cell 

generations. 
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APPENDIX IV: 

ORIGINAL POLLEN SCORE DATA 

Table AIV -1. Pollen scores for AZ-88NDC. 

Pollen score 

1 

2 

3 

4 

Number of plants 

o 
1 

9 

31 

Table AIV-2. Pollen scores for Gen-3. 

Pollen score 

1 

2 

3 

4 

Number of plants 

115 

9 

13 

2 

Percent 

o 

2.4 

22.0 

75.6 

Percent 

82.7 

6.5 

9.4 

1.4 

81 



Table AN -3. Pollen scores for Gen-4A. 

Pollen score 

I 

2 

3 

4 

Number of plants 

61 

5 

8 

1 

Table AIV-4. Pollen scores for Gen-4B. 

Pollen score 

1 

2 

3 

4 

Number of plants 

10 

14 

104 

11 

Percent 

81.3 

6.7 

10.7 

1.3 

Percent 

7.2 

10.1 

74.8 

7.9 

82 
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Table AIV -5. Analysis of variance for 20 half-sib families of Gen-4B. 

Source elf Sum of Squares Mean Square F 

Half-sib 
Family 20 7.02 0.35 0.74 NS 

Error 112 53.28 0.48 

Total 132 60.30 

NS = not significant at p = 0.05 
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