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ABSTRACT 
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Backcross populations (BC) from Medicago sativa L. X M, dzhawakhetica 

Bordz. hybrids were analyzed for chromosome number, fertility and morphological 

characteristics. Previously obtained F1 hybrids were recovered when diploid 

(2n=2x=16) M. sativa was crossed with tetraploid (2n=4x=32) M. dzhawakhetica. 

Resulting F1 hybrids were triploid (2n=3x=24), completely male sterile and had 

low levels of female fertility. Subsequent populations were obtained by successive 

backcrossing to unrelated (4x) M. sativa clones. The BC1 plants were pentaploid 

(2n=5x=40) and both male and female fertile. BC2 populations had chromosome 

numbers ranging from 2n=32 to 48, and most plants (94%) were male and female 

fertile. BC3 populations were tetraploid (2n=32) or near tetraploid (2n=33) and 

were morphologically similar to M. sativa. Preliminary analysis of mitochondrial 

nucleic acids by agarose gel electrophoresis, indicated biparental inheritance of this 

organelle in the F1 hybrids; however, further analysis provided inconclusive results. 
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INTRODUCTION 

Alfalfa (Medicago sativa L.) is an important forage legume of great agronomic 

interest. Although it originated in southwestern Asia, it has been well adapted 

to a wide range of soils and climates in the United States and Canada (Barnes, 

et al., 1977). As with most crop species, alfalfa is subject to yield and quality 

losses due to diseases and insect pests. 

Utilization of wild (exotic, woody, or unimproved) plant species has enabled 

plant breeders to incorporate useful traits into cultivated germplasm (Harlan, 1976; 

Stalker, 1980) and the potential for improving alfalfa through interspecific 

hybridization is now being investigated (McCoy and Bingham, 1988). With the 

incorporation of increased resistance from wild Medicago species, the adaptability 

of alfalfa may be broadened. Of particular interest are crosses between M. sativa 

and Medicago dzhawakfietica Bordz. M. dzhawakhetica which has resistance to 

and is also adapted to cooler climates is now being evaluated as a potential gene 

donor for cultivated alfalfa. 

Following the successful recovery of F1 hybrids by normal sexual means, 

several questions may be addressed: (1) With repeated backcrossing to cultivated 

alfalfa, how difficult will it be to recover subsequent hybrid generations? (2) 

Within those populations will there be restoration of fertility? (3) As the 

populations return to the tetraploid level of the cultivated M. sativa will any of 

the M. dzhawakhetica characteristics be retained within those populations? 

Until recently, alfalfa germplasm sources have been limited to the Medicago 



saliva L. complex (Barnes et al. 1977). Medicago saliva is actually one biological 

species with the members of this complex having cross-compatibility and no hybrid 

sterility (Lesins and Lesins, 1979). M. dzhawakhetica is part of the M. papillosa 

complex. The M. papillosa complex is comprised of three species, M. 

dzhawakhetica BordzM. papillosa Boiss. and M. ignatzii L. (Small, 1986b). 

Interspecific hybrids between M. saliva and M. ignatzii have thus far not been 

recovered but hybrids between M. sativa X M. papillosa and M. sativa X M. 

dzhawakhetica have been reported (Lesins, 1961; Clement, 1963; McCoy and 

Smith, 1984; 1986). Since M. papillosa and M. dzhawakhetica are possibly one 

biological species, results from M. sativa X M. papillosa studies were used for 

comparative purposes for M. sativa X M dzhawakhetica studies. Several 

characteristics specific to the M. papillosa complex and characteristics specific to 

M. dzhawakhetica were used as phenotypic markers of inheritance in the 

interspecific hybrids and backcross populations analyzed. 

Hybrids between diploid M. sativa and tetraploid M. papillosa have been 

recovered with chromosomally doubled diploid M. papillosa (Lesins, 1961), and 

with the use of a meiotic mutant of the diploid M. sativa parent (McCoy and 

Smith, 1986). Medicago sativa X M. papillosa triploid F1 hybrids showed little 

genomic affinity between the genomes of the two species (McCoy and Quarisa, 

1989). The occurrence of low homology between the genomes of M. sativa and 

M. papillosa suggests low homology between the genomes of M. sativa and M. 

dzhawakhetica as well. 
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Successful recovery of M. sativa X M. dzhawakhetica hybrids required the use of 

unequal ploidy levels and a reproductive mutant (McCoy and Smith, 1984). These 

interspecific hybrids were completely male sterile and nearly female sterile. The 

hybrid plants showed morphological characteristics intermediate between the two 

parents, and expressed resistance to Phoma medicaginis Malb. and Roum., the 

causal agent of Spring blackstem. 

Transmission of characteristics from wild species may occur cytoplasmically 

as well as through nuclear encoded genes. Cytoplasmic inheritance is generally 

thought to be uniparental-maternal. However, in alfalfa biparental inheritance of 

organelles has been shown for plastids (Smith et al., 1986; Lee et al., 1988) and 

suspected for mitochondria (Fairbanks et al., 1988). Isolation of mitochondria 

and/or chloropUsts and electrophoretic analysis of the nucleic acids contained 

within these organelles provides an excellent means for determining inheritance 

of cytoplasmic traits. 

This thesis research was comprised of two parts, the first was an analysis of 

the chromosome number, fertility, and morphology of three backcross (BC) 

populations derived from the original triploid hybrids between M. sativa 

(2n=2x = 16) X M. dzhawakhetica (2n=4x=32) crosses. The second half of the 

study included a mitochondrial genomic analysis of F1 hybrids and their parents. 

The objectives of this research were to: (1) determine the chromosome 

number of the BC1, BC2, and BC3 populations, (2) analyze pollen production and 

viability of the BC1 and BC2 populations, (3) determine self, and cross-fertility of 
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the BC1 and BC2 populations, (4) observe morphological characteristics of BC1, 

BC2, and BC3 populations, and (5) determine the inheritance pattern of 

mitochondria from in M. saliva X M. dzhawakhetica crosses. 
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The need for increased genetic variability has prompted the evaluation of wild 

relatives of crop species. In attempts to diversify and improve cultivated species, 

interspecific hybridizations have been proposed (Harlan, 1976). The earliest 

report of an interspecific hybrid in a plant species was credited to Thomas 

Fairchild who in 1717 crossed a carnation (Dianthus caryophyllus) with sweet-

William (£>. barbatus) (Allard, 1960). Since then the introduction of exotic 

germplasm has played a significant role in the improvement of several crops 

including wheat (Triticum spp.), potato (Solarium tuberosum), barley (Hordeum 

vulgare), tomato (Lycopersicon esculentum), tobacco (Nicotiana spp.) and alfalfa 

(Medicago sativa) (Stalker, 1980). 

Wild relatives have been used to increase environmental adaptation, and to 

improve quality, to increase yield and to increase crossability (Harlan, 1976). 

Although numerous valuable traits such as disease resistance and diverse 

environmental adaptability have been identified in wild species, the traits are 

useless unless they can be successfully incorporated into cultivated species. This 

typically requires genetic recombination between the genomes of the two species. 

Barriers preventing interspecific hybridizations have been separated into two 

categories (Stebbins, 1950); those occurring prefertilization and those occurring 

postfertilization. Prefertilization barriers may be a result of a number of 

mechanisms including failure of pollen to germinate and penetrate the stigma, the 
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bursting of pollen tubes in the style, and the failure of pollen tubes to grow 

sufficiently to fertilize (de Nettancourt, 1977; Hadley and Openshaw, 1980). 

Several approaches have been used to circumvent prefertilization barriers. 

Methods reviewed by Collins et al. (1984) range from in vitro pollination and 

fertilization to injection of pollen into the ovary. In vitro pollination and 

fertilization have been successful in recovering new interspecific hybrids in 

Nicotiana (DeVerna et al., 1987). 

Another approach that allows genomes from different species to combine 

without fertilization is been somatic hybridization. Isolation of cell lines, culturing, 

fusion and plant regeneration has reduced the problems associated with 

prefertilization barriers (Bingham et al., 1988). Another problem with somatic 

fusion is that because it involves a tissue culture process cytogenetic variability 

may occur. However, the plants from somatic fusions have rarely been vigorous 

and little use has been made of this in transferring genes from wild species. 

Since the first report of regeneration in alfalfa plants from tissue culture, 

cytogenetic variation has been observed (Saunders and Bingham, 1972). 

Regenerated plants have shown cytogenetic variation when regenerated from callus 

(Bingham et al., 1988) or suspension culture (McCoy and Bingham, 1977). Plants 

regenerated from tissue culture often result in chromosomal changes such as 

aneuploidy, polyploidy, chromosomal rearrangements, deficiencies, and dicentric 

chromosomes (Sunderland, 1977). Cytogenetic modifications such as these may 

enable genetic recombination to occur in interspecific hybrids where chromosome 
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pairing may be limited (Bingham et at., 1988). 

In Medicago, pollen and fertilization analyses have determined that the 

primary limitation to recovery of interspecific hybrids was post fertilization. 

Evaluation of hybrid embryo development in eight different interspecific Medicago 

crosses showed that the lack of fertilization was a problem in only one of the 

interspecific crosses (Fridriksson and Bolton, 1963). Additional embryo analysis 

with interspecific hybrids revealed successful fertilization occurred but hybrid 

embryos aborted prior to reaching maturity (McCoy and Smith, 1986). 

Hybridization through normal sexual means between diploids and polyploids 

is the most common method of hybridization (Stalker, 1980). Due to the ploidy 

level of cultivated and wild species of Medicago, interspecific hybridizations are 

often interploidy crosses. The basic genomic number of Medicago is x=8, a few 

species however, have a genomic number of x=7 (Quiros and Bauchan, 1988). 

Diploid (2n=2x=16), tetraploid (2n=4x=32), and hexaploid (2n = 6x=48) species 

are all found within the genus (Lesins and Lesins, 1979). Representatives of each 

of the ploidy levels has proven to be of potential agronomic importance, however, 

the optimum ploidy level, is unknown (McCoy and Bingham, 1988). Cultivated 

alfalfa is a tetraploid although diploid forms of alfalfa have also been cultivated 

(Lesins and Lesins, 1979). Most wild Medicago species however, are primarily 

diploid (McCoy and Bingham, 1988). Since cultivated alfalfa is tetraploid and 

most wild Medicago species diploid, the most common barrier to the transfer of 

genes from wild Medicago species to cultivated alfalfa is unequal ploidy level. 
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Diploid X tetraploid crosses and tetraploid X diploid crosses are the most 

common interploidy crosses (Stalker, 1980). Numerous examples of 2x X 4x and 

4x X 2x crosses have been made in Gossypium spp. (Knot and Dvorak, 1976); 

Triticum spp. (Hawkes, 1977) as well as in Medicago (Cleveland and Stanford, 

1959; Bingham and Stanford, 1961; McLennan, et al., 1966; Bingham, 1968b; 

Binek and Bingham, 1970; McCoy and Smith, 1984; McCoy and Smith, 1986). 

Bingham and Saunders (1974) demonstrated that through chromosome 

manipulation a single cultivated clone could be manipulated to seven different 

ploidy levels by haploidy, unreduced gametes, and chromosome doubling through 

colchicine treatments. 

For transferring desirable germplasm between species, 2x X 4x and 4x X 2x 

crosses have been the most frequently attempted interploid crosses due to the 

ploidy level of cultivated (4x) and wild (2x) species. Triploids can be recovered 

from either cross but are more frequently recovered from 4x X 2x crosses 

(Ledingham, 1940; Bingham, 1968b). A higher number of triploid embryos survive 

however, when the female parent is the parent with the larger chromosome 

number (McCoy and Bingham, 1988). The low frequency of triploid recovery is 

due to what is referred to as the triploid block, and is hypothetically due to 

embryo-endosperm imbalance (McCoy and Bingham, 1988). The majority of the 

triploid progeny abort after fertilization, apparently due to poor endosperm 

development (Johnston et at, 1980). The success of hybrid embryo development 

may be dependent on a 2:1 ratio of the maternahpaternal genomes in the 
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endosperm itself or a ratio of 2 maternal tissue to 3 endosperm according to the 

endosperm balance number (EBN) hypothesis proposed by Johnston et al., (1980). 

Certain barriers to interspecific hybridization may be overcome by exploiting 

unreduced gametes (McCoy, 1982; McCoy and Smith, 1983). Unreduced gametes, 

designated 2n gametes have been important in the transfer of diploid germplasm 

to cultivated alfalfa (Bingham, 1968b; McCoy; 1982). Studies by McCoy and 

Rowe (1986) demonstrated the importance of 2n gametes in transferring highly 

heterotic gene blocks from the diploid to the tetraploid hybrids. The significance 

of 2n gametes has been further demonstrated with the transfer of genes for 

bacterial wilt resistance and winter hardiness from 2x M. falcata into cultivated 

alfalfa (Barnes et al., 1977). The use of unreduced gametes has been further 

facilitated by the identification of genes controlling 2n and 4n gamete formation 

(McCoy and Bingham, 1988). Genes controlling unreduced gametes and have 

been identified in Datura (Satina and Blakeslee, 1935), Zea mays (Rhoades and 

Dempsey, 1966), Solarium tuberosum (Peloquin, 1981; Johnston et al., 1980) and 

alfalfa (McCoy, 1982). The high frequency of 2n pollen production in the alfalfa 

clones was determined to be under the control of a single recessive gene 

designated rp (restitution pollen) (McCoy, 1982). Over the past decade it has 

been determined that genes controlling 2n and 4n gametes are relatively common 

(McCoy, unpublished). McCoy and Smith (1983) identified a recessive post-

meiotic mutant in M. sativa. The mutant, designated jp, lacks post-meiotic 

cytokinesis during microsporogenesis. Plants that are homozygous for jp produce 
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a single, 4n (4-nucleate) pollen instead of the 4 single-nucleate microspores 

(McCoy and Smith, 1984). The meiotic mutant is of particular importance 

because at the diploid level plants homozygous for , produce 4n pollen and 2n 

eggs. The production of 4n pollen renders the jp plants functionally male sterile 

which makes these plants ideal for their use as maternal parents. Female 

gametophyte development is apparently affected in addition to the modification 

in male gametophyte development. Supernumerary nuclei are often observed in 

the central cell of embryo sacs of jpjp clones (McCoy, unpublished). This allows 

the efficient recovery of interspecific triploid hybrids between M. sativa and M. 

dzhawakhetica (McCoy and Smith, 1984) presumably by establishing the proper 

embryo-endosperm balance (Johnson et al., 1980). Plants homozygous for jp were 

also essential for recovery of interspecific hybrids between M. sativa and M. 

rupestris (McCoy, 1985; McCoy and Smith, 1986), M. dzhawakhetica (McCoy and 

Smith, 1984) and Af. papillosa (McCoy and Smith, 1986). It has yet to be 

established if the hybrid recovery is due to the cytological abnormalities of the jp 

female parent. 

A number of recessive mutant genes affecting the premeiotic, meiotic, and 

post meiotic processes have been described (Kaul and Murphy, 1985). Additional 

genes have been identified that affect the course of meiotic events. Chromosome 

pairing in hybrids relates directly to the potential for transfer of genes between 

species (Kimber, 1984b). Extensive studies analyzing interspecific crosses have 

shown that there may be problems in hybridization due to single gene prevention 
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of pairing and the subsequent combining of genomes. The pairing of 

homoeologous chromosomes in common wheat is prevented by the activity of the 

suppressor gene Ph that is located on the long arm of chromosome 5B (Okamoto, 

1957; Sears and Okamoto, 1958; Riley, 1958, 1960). Riley (1960) showed that 

removal of this suppressor gene or the entire 5B chromosome, could potentially 

restore homoeologous chromosome pairing. It has yet to be determined whether 

there are gene(s) controlling chromosome pairing in alfalfa similar to those found 

in wheat and other species (Sears, 1976; Dvorak, 1987). 

Fortunately, many of the problems associated with postfertilizational barriers 

to interspecific hybridization in Medicago can be overcome with the use of ovule-

embryo rescue (McCoy, 1985; McCoy and Smith, 1986). Early attempts at embryo 

rescue were unsuccessful (Elgin et al., 1977; Fridriksson and Bolton, 1963). 

Success of the modified rescue methods is due to the preculturing of the ovule 

containing the hybrid embryo before removal from the ovule. Following removal, 

the hybrid embryo is placed on the appropriate medium to allow it to develop 

into a viable plant. These techniques have been used to successfully recover 

interspecific hybrids between Medicago sativa and other Medicago species including: 

M. daghestanica Rupr. and M. pironae Vis. (McCoy, unpub), M. hybrida Traut., 

M. marina L., M. papillosa Boiss., M. rupestris M.B. (McCoy and Smith, 1986), M. 

rhodopea Velen., (McCoy and Smith, 1986, Denton and McCoy, 1987) and M. 

rupestris (McCoy, 1985; McCoy and Smith, 1986). Ovule-embryo techniques have 

also aided in recovery of other interspecific hybrids in: Gossypium spp. (Stewart, 
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1977; 1978), Trifolium spp. (Williams and deLatour, 1980; Phillips et al., 1982) and 

Ornithopus spp. (Williams and deLatour, 1981; Williams et al., 1987). Even 

successfully bypassing both prefertilization and postfertilization barriers to 

interspecific crosses does not necessarily result in fertile F1 hybrid progeny. 

Recovery of F1 hybrids is not the only obstacle in the utilization of wild 

germplasm. Hybrid breakdown resulting in hybrid sterility following the recovery 

of Fls is often observed (Stalker, 1980). Utilization of hybrids therefore requires 

the restoration of fertility in the semi- or completely sterile hybrids. There are 

several methods used to restore fertility in interspecific hybrids, the most common 

of which are backcrossing of the F1 hybrids and treatment of sterile F1 hybrids 

with colchicine to double the chromosome number (Stalker, 1980). After species 

of different ploidy levels have been hybridized, repeated backcrossing to the crop 

species (or related species) will usually restore the fertility of the hybrid progeny 

by eliminating most or all of the wild species chromosomes. Backcrossing usually 

refers to the crossing of the hybrid to one of the recurrent parents (Briggs and 

Knowles, 1967). Within the Medicago species however, backcross breeding must 

be modified in order to prevent inbreeding (Rumbaugh et al, 1988). 

Production of F1 hybrids however, does not insure the successful transfer of 

genes from the wild species into the cultivated form. In order for traits to be 

incorporated to the cultivated species following interspecific hybridizations, 

chromosome pairing, and recombination must occur between the genomes of the 

two parents. The degree of recombination depends upon the genomic affinity 
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between the two parental species (Kimber et al., 1981). Several methods used for 

determining species relationships include: karyotype comparisons, biochemical 

markers and chromosome pairing. The most common method of determining the 

degree of affinity between genomes present in interspecific hybrids is by analysis 

of the pairing of chromosomes at metaphase I (Kimber et al., 1984). 

Relative affinities of hybrid genomes can be calculated using numerical 

methods based on chromosome pairing (Alonso and Kimber, 1981; Kimber et al., 

1981). These methods were developed using Triticum species in which meiotic 

configurations are readily distinguishable. Numerical models by Smith (1984) were 

proposed and used to predict genomic affinities based on meiotic analysis of 

chromosome pairing configurations in triploid F1 Medicago hybrids. This model 

may be useful in predicting the relative genomic affinity of interspecific hybrids. 

Several studies of triploid Medicago hybrids report levels of chromosome homology 

but fail to report genomic affinity (Cleveland and Stanford, 1959; McLennan et 

al., 1966; Binek and Bingham, 1970). Using the numerical model Smith (1984) 

confirmed that there was no difference in genomic affinity in Medicago sativa and 

M. falcata. 

Although there may be some homology between the chromosomes of the two 

parental species there may be no genomic affinity resulting in the lack of 

chromosome pairing and genetic recombination. In triploid hybrids the presence 

of a large number of trivalents suggests the potential for genetic recombination 

to occur (McCoy and Smith, 1984). The high number of bivalents and few 
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trivalents in triploid F1 hybrids of diploid M. saliva X tetraploid M. papillosa 

indicated little genomic affinity (McCoy and Quarisa, 1989). The occurrence of 

a low frequency of trivalents in M. saliva X M. dzhawafchetica triploid F1 hybrids 

may suggest a potential for genetic exchange between the genomes of the two 

species (McCoy and Smith, 1984). The presence of trivalents in triploid hybrids 

indicates chromosome pairing affinity however, this does not indicate the extent 

of genetic recombination occurring (McCoy and Bingham, 1988). An alternate 

approach to the use of hybrids possessing clearly homoeologous genomes has been 

proposed (McCoy and Quarisa, 1989). Interspecific triploid hybrids recovered 

from M. sativa X M. papillosa crosses were found to exhibit no genomic affinity. 

Colchicine treatment of these triploid hybrids to produce hexaploids that are 

alloautohexaploids with four genomes homologous to each other and two genomes 

that are homoeologous. Although autohexaploid alfalfa is generally chromosomally 

unstable (Smith et al., 1984), cytogenetic analysis of the alloautohexaploids were 

chromosomally stable (McCoy, 1989). This suggests the potential for a higher 

yielding, chromosomally stable alloautohexaploid populations (McCoy, 1989). The 

lack of genomic affinity in the Af. sativa X M. dzhawakhelica hybrids therefore, 

may not limit these hybrids in future breeding schemes. 

If little or no genomic affinity exists between two species recovery of traits 

from the wild species may require alternate methods of introduction other than 

normal sexual means. Alternate pathways for integrating traits from wild 

germplasm may be possible when hybridization by normal sexual means is difficult 
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or impossible. More recent procedures involving transformations of Medicago 

mediated by the bacteria Agrobacterium tumafaciens (Deak et al., 1986; Shahnin 

et al., 1986) and microinjection of plant protoplasts (Reich et al., 1986a; 1986b) 

have proven to be successful methods to incorporate genes from wild germplasm. 

Genes located in the chromosomes of the nucleus of the cell are contributed 

equally from both parents (sperm and egg) (Sapp, 1987). Non-Mendelian or 

cytoplasmic inheritance involves hereditary materials that are located outside the 

nucleus of the cell and have typically been thought to be of strictly maternal 

origin in plants. In certain species it has been shown that chloroplasts can be 

inherited from both parents (Sager, 1972; Smith, 1988). 

Within intraspecific hybrids of M. sativa L., biparental inheritance has been 

shown in plastids using chlorophyll deficient mutants (Smith, 1988; Smith et al., 

1986) or restriction fragments (Lee et al., 1986), and may also occur for 

mitochondria (Fairbanks et al., 1988). Mitochondrial nucleic acids similar in size 

range of the plasmid-like mitochondrial DNA's and large mitochondrial RNA's of 

maize {Zea mays) and other species, have been observed in alfalfa (Nikiforova 

and Negruk, 1983). M. dzhawakfietica possesses a large RNA plasmid associated 

with the mitochondria similar in size to those found in other species. Additional 

plant species exhibiting large mitochondrial RNA molecules include Brassica 

(Kemble et al., 1986), maize (,Zea mays) (Sisco et al., 1984; Finnegan and Brown, 

1986), and sugarbeet {Beta vulgaris) (Prowling, 1981). Each of these species 

inherited both plasmid-like mitochondrial DNA and large mitochondrial RNA in 
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papillosa populations are adapted to dry rocky slopes, cliffs, and talus hillsides as 

well as mountain pastures. Geographic distributions are used to distinguish the 

three species (Small, 1986b). M. ignatzii is considered to be a Turkish species, M. 

papillosa is a species of the Pontus mountains of northeastern Turkey, and M. 

dzhawakhetica a species found exclusively in the mountains of Transcaucasia of 

the USSR (Lesins and Lesins, 1979; Small, 1986b). 

Chromosome number is also used as a means of species identification. 

M. ignatzii is exclusively diploid, M. papillosa has both diploid and tetraploid 

members, and M. dzhawakhetica is exclusively tetraploid (McCoy and Bingham, 

1988). 

Several agronomic traits lacking in some populations of M. sativa are 

expressed in M. dzhawakhetica. Being of an upper alpine origin makes this 

species of particular interest to breeders due to its potential for developing alfalfa 

for mountain meadows (Lesins and Lesins, 1979). Perhaps of greater importance 

is its resistance to diseases such as spring blackstem {Phoma herbarum var. 

medicaginis Malbr. and Roum.) (Renfro and Sprague, 1959) and Verticillium wilt 

(Verticillium albo-atrum Reinke and Berth.) (Busch and Smith, 1981). Renfro and 

Sprague (1959) found M. dzhawakhetica to have high resistance to several 

additional pathogens including bacterial wilt (Corynebacterium insidiosum McCuIl. 

Jensen), leaf spot (Cercospora zebrina Pass.), common leaf spot (Pseudopeziza 

medicaginis (Lib.) Sacc.), and Stemphyllium leaf spot (Stemphylium botryosum 

Wallr.). 
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Several morphological characteristics of M. dzhawakhetica can be used as 

phenotypic markers. One of these characteristics is a dark purple ring (fleck) at 

the base of the calyx. This feature has been associated with wild Medicago 

species of the M. papillosa complex grown at high elevations with relatively high 

intensities of ultraviolet radiation (Small, 1986b). This trait is rarely expressed in 

the species grown at lower elevations. M. papillosa grown in Canada at lower 

elevations does not show this characteristic (Small, 1986b). A second feature used 

to distinguish between the M. sativa and M. dzhawakhetica species is the spongy 

layer of parenchyma cells separating the seeds within the pods (Small, 1986b). 

General characteristics of M. dzhawakhetica include yellow flowers, a prostrate 

growth habit, and glabrous pods. 

M. sativa X M. dzhawakhetica crosses 

There has been some confusion in previous reports of interspecific matings 

between cultivated Medicago sativa L. and M. dzhawakhetica Bordz. Previous 

hybrid studies (Lesins, 1952, 1956, 1958, 1961b; Clement, 1963) were based on a 

species presumed to be M. dzhawakhetica. The wild species however, was 

described as having densely covered long articulate pod hairs as well as 2n=16 

chromosomes. The presence of pod surface hairs and diploid chromosome 

number were later used to exclude M. dzhawakhetica as the wild parent. This 

species was determined to be M. papillosa and not M. dzhawakhetica (Lesins and 
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Lesins, 1979). Lesins (1952, 1956, 1958, 1961b) reported the successful 

hybridization between M. sativa L. and M. dzhawakhetica (Bordz.) Vass. using the 

colchicine treated diploid form of M. dzhawakhetica. Additional studies by 

Clement (1963) reported the hybridization of diploid M. sativa and diploid M. 

dzhawakhetica. Each of these studies made note of the articulate hairs on the 

surface of the pods and the use of the diploid form of M. dzhawakhetica. Both 

of these taxonomic features exclude M. dzhawakhetica as the wild parent in these 

crosses (Lesins and Lesins, 1979). It was again determined that the wild species 

used was actually M. papitlosa, a closely related biological species of M. 

dzhawakhetica (Lesins and Lesins, 1979; Small, 1986a; 1986b). 

The first confirmed successful hybridizations between M. sativa and M. 

dzhawakhetica were obtained by McCoy and Smith (1984). This cross required 

uneven ploidy levels as well as a reproductive M. sativa mutant (McCoy and 

Smith, 1983). The M. sativa meiotic mutant is homozygous recessive for a gene 

designated jp that causes post-meiotic cytokinesis resulting in 4n pollen. The use 

of jp plants resulted in the highly efficient recovery of interspecific hybrids 

between the M. sativa and M. dzhawakhetica with an average of 2.43 (range 1.15 

to 5.60) seeds per pollination. M. sativa X M. dzhawakhetica cross combinations 

at the tetraploid level failed to produce any seed, and 2x X 4x crosses yielded 

only 0.03 seeds per pollination. Since M. dzhawakhetica exists only at the 

tetraploid level, 2x X 2x crosses were not possible. The most efficient production 

of hybrids was produced with diploid M. sativa and tetraploid M. dzhawakhetica 
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crosses. 

F1 Hybrids produced from 2x M. sativa X 4x M. dzhawakhetica crosses 

The 2x M. sativa X 4x M. dzhawakhetica crosses produced nearly all triploid 

progeny (McCoy and Smith, 1984), This is significantly higher than the rate of 

triploid recovery from M. sativa crosses. Triploids are recovered from 2x X 4x or 

4x X 2x crosses (Ledingham, 1940; Cleveland and Stanford, 1959; Binek and 

Bingham, 1970; Bingham and Saunders, 1974), The recovery frequency of 3x 

progeny from these crosses is generally quite low with approximately one triploid 

produced per 1000 pollinations (Stanford et al., 1972). The high success of 

hybridization between the M. sativa X M. dzhawakhetica was attributed to the use 

of unequal ploidy numbers. The use of unequal ploidy levels allowed for the 

recovery of triploid F1 hybrids and provided the correct endosperm balance 

number (EBN) as proposed by Johnston et al., (1980; 1982). The high rate of 

recovery of hybrids appeared to be associated with the use of the reproductive 

mutant Q'pjp) of M. sativa although it has yet to be determined the exact role of 

the M. sativa. Cultivated alfalfa is an autotetraploid. At the tetraploid level, the 

chromosomes pair almost exclusively as bivalents (McCoy and Bingham, 1988). 

With the introduction of more than two homologous chromosomes into the 

meiotic process, multivalents instead of just bivalents are present. If these 

chromosomes were completely homologous, primarily trivalents would form with 
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some bivalents and univalents. With the introduction of homoeologous 

chromosomes, however, pairing is reduced due to genie differences and trivalent 

frequencies are greatly reduced. 

The triploid F1 hybrids were presumed to contain one genome from M. sativa 

designated S and two genomes from M. dzhawakhetica designated D (McCoy and 

Smith, (1984). Triploid interspecific hybrids from M. sativa and M. papillosa are 

presumed to be comprised of one genome from M. sativa and two genomes of M. 

papillosa designated P (or genomic composition of SPP) (McCoy and Smith, 1986; 

McCoy and Quarisa, 1989). Analysis of the M. sativa X M. papillosa hybrids 

showed the lack of affinity between the genomes of alfalfa and M. papillosa. 

Meiotic analysis of these triploid hybrids showed that the trivalent frequency was 

low (mean of 0.3 per cell). M. sativa and M. dzhawakhetica triploid hybrids 

however, showed the frequency of trivalents to range from zero to more than two 

trivalents per cell. Triploid M. sativa averages four or more trivalents per 

microspore mother cell (McCoy and Bingham, 1988). A high frequency of 

trivalents in triploid interspecific hybrids would indicate the potential for 

recombination between the genomes of M. sativa and M. dzhawakhetica. Kimber 

(1984b) notes that meiotic analysis of triploids is useful in determining genomic 

affinities in hybrids because there is competition for pairing partners during 

meiosis. 

The F1 hybrids were found to have variegated flowers which was a result of 

the blending of anthocyanins from the female M. sativa parent and carotenoids 
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and yellow flavenoids from the M. dzhawakhetica male parent (McCoy and Smith, 

1984). The greenish variegated flowers were used to confirm the hybridity of the 

Fls. The F1 hybrids were also found to express both the dark calyx ring and the 

parachymatous seed separation characteristics of the M. dzhawakhetica. 

Morphologically the F1 hybrids were intermediate between the two parents but 

were more similar to the M. dzhawakhetica with a prostrate to semi-prostrate 

growth habit. 

The triploid F1 hybrids were completely male sterile. In general, triploids 

have low levels of female fertility and are male sterile (Binek and Bingham, 1970). 

In triploids, the chromosome number of the megaspores and microspores can vary 

from x to 3x with most intermediate numbers being sterile (Briggs and Knowles, 

1967). Female fertility was low in the triploid interspecific hybrids, averaging less 

than 0.001 seeds per pollination. In comparison in 3x X 4x crosses of M. sativa 

Binek and Bingham (1970) found fertility levels ranging from 0 to 0.16 seeds per 

pollination. Although female fertility was low, BC1 progeny were recovered. 

McCoy and Smith (1984) found that the recovery frequency of BC1 hybrids was 

increased with the use of ovule-embiyo rescue. The plants used for BC1 analysis 

and further crosses were, however, seed produced by normal sexual crosses. 
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MATERIALS AND METHODS 

PART I: Crosses, Chromosome number, Fertility, and General morphology 

Plant materials for this study were obtained from previous crosses made by 

McCoy and Smith (1984) in which diploid (2n=2x=16) M. sativa L., used as the 

female parent, was crossed with tetraploid (2n=4x=32) M. dzhawakfietica Bordz. 

Diploid M. sativa plants homozygous for jumbo pollen, a reproductive mutant 

lacking post-meiotic cytokinesis were used as females since they are functionally 

male sterile (McCoy and Smith, 1983), Mature M. sativa plants are upright, with 

purple flowers and glabrous pods. Tetraploid plants of M. dzhawakfietica accession 

no. UAG 98 (from the collection of Dr. K. Lesins, Univ. of Alberta) were used 

as males. Mature M. dzhawakfietica plants are prostrate, with obovate leaves, 

yellow flowers and glabrous pods. The resulting triploid (2n=3x=24) F1 progeny 

were backcrossed to unrelated tetraploid (2n=4x=32) M. sativa L. plants from the 

cultivars CUF101 (Lehman et al., 1983) and Lew (Schonhorst et al., 1981 and the 

backcross population designated BC1. The backcrosses made were not true 

backcrosses to the recurrent parent but were modified in that hybrids were 

backcrossed to an unrelated tetraploid M. sativa plant to prevent inbreeding. 

Five representative vigorous plants from the first backcross population were 

selected and crossed as females with CUF101 or Lew, and as males with 

cytoplasmic male sterile plants (6-4 MS). The resulting progeny were designated 

BC2 plants. This same crossing procedure was followed with the BC2 plants to 
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generate a third backcross generation (BC3). Each of the crosses were reported 

listing the maternal parent prior to the paternal parent. 

Seeds obtained from BC1, BC2, and BC3 progeny were scarified, germinated 

on germination paper and analyzed for chromosome number. Approximately 5mm 

of the root tip from the each of the germinated seeds were removed and analyzed 

for chromosome number. The seedling was then planted and used for later 

analysis. 

Somatic chromosome counts were obtained from root tip squashes in 

acetocarmine. Root tips were pretreated for 200 min at 26° C in an aqueous 

solution of 8-quinolinol (250 mg L"1) and cycloheximide (70 mg L"1) (Tlaskal, 

1980). Following pretreatment root tips were fixed in a 3:1 (v:v) solution of 95% 

ethanol:glaciaI acetic acid for 16 to 20 h at 26° C, and stored at 4°C in 70% 

ethanol. Roots were then hydrolyzed for 90 s in a solution of 1:1 (HCI : 95% 

ethanol) (v:v), and returned to 70% ethanol. Cells were then squashed in 

acetocarmine stain with 0.005 mg L*1 ferric ammonium sulfate. Chromosomes in 

a minimum of three well-spread cells were counted per plant. 

Seedlings were grown under fluorescent lights in sterile peat-pellets until they 

reached a height of approximately 15 cm (approximately 30 d of growth) and then 

transferred into sand in 12 cm pots and grown under greenhouse conditions. The 

plants were maintained with supplemental lighting to provide a 16 h photoperiod. 

Tetraploid CUF 101, Lew and 6-4 MS stocks used as male and female parents 

were grown under the same conditions. 
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BC1 and BC2 plants were analyzed for pollen stainability, germinability, 

production and size. Percent stainability, which is a rough estimate of viability, 

was determined by tripping flowers on 7.5 X 2.5 cm microscope slides and 

staining with acetocarmine. A minimum of 100 pollen grains per each of three 

slides were evaluated per slide and three slides per plant were counted. 

Stainability was scored as a percentage of the number of stained, non-aborted 

pollen grains of the total number of pollen grains counted per slide. 

Pollen germinability was determined by tripping 3 to 5 flowers on a 

microscope slide in a 10 mg L*1 sucrose and 50 mg L"1 boric acid solution (McCoy 

and Smith, 1983). Following 2 h of germination the slide was tilted and the 

germination solution blotted off with a papertowel. Pollen was the viewed under 

100X power in 1 to 3 drops of acetocarmine stain. Pollen germinability was 

calculated as a percentage of germinable pollen of the total stainable pollen grains 

counted per slide. 

The amount of pollen released onto a microscope slide from a minimum of 

three flowers per raceme, and three racemes per plant were used to determine 

pollen production. Plants were rated on a scale from 0 to 3. A score of "0" 

indicated no pollen grains on the slide, "1" indicated a trace of pollen, "2" 

indicated a moderate amount of pollen and a rating of "3" was given to plants 

having pollen production comparable to 4x M. sativa. 

Size of stainable pollen grains was determined by tripping 3 flowers on a 

microscope slide, adding 1 to 3 drops of acetocarmine stain, and gently covering 
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with a coverslip. After 30 sec the pollen was viewed at 450X and size determined 

by means of an eyepiece micrometer. Self, male and female fertility were 

determined for each of the five BC1 plants. A minimum of 25 flowers were self-

pollinated to ascertain self fertility. To evaluate female and male fertility, 200 

female and 100 male flowers were crossed. For self and cross fertility of the 

second backcross population (BC2), 5 to 25 flowers were analyzed per plant for 

self fertility, 10 to 250 flowers for female fertility, and 10 to 25 flowers for male 

fertility. Intraspecific 4x X 4x M. sativa control crosses were made at the time of 

each crossing. Fertility was reported as the number of pods and seeds produced 

per flower pollinated. 

The following morphological characteristics were evaluated for all BC1, BC2 

and BC3 plants: flower color, growth habit under greenhouse conditions, presence 

or absence of a dark calyx ring, and a parachymatous seed separation within the 

pods. The dark calyx ring and the parachymatous seed separation within the pod 

are characteristics of M. dzhawakhetica. The thin fibrous layer is a critical feature 

separating the species of the M. papillosa complex from those in the M. sativa 

complex. The M. dzhawakhetica - specific calyx ring was observed by placing 

unpigmented flower buds in 3:1 95% ethanol: glacial acetic acid for 2 to 4 h at 

25° C. M. dzhawakhetica pre-emergent flower buds, known to exhibit the 

characteristic, were similarly fixed and used as controls (Fig. 1). Ripe pods from 

the BC X 4x M. sativa crosses were harvested, gently opened and scored for the 

presence, trace or absence of the parachymatous seed separation (Fig.2). 



Figure 1. Dark purple calyx ring (arrow) of Medicago dzhawaklietica bud after 
fixation in 3:1 solution of 95% ethanol: glacial acetic acid for 2 to 4 h. 



Figure 2. Parachymatous seed separation (arrow) in a pod of Medicago 
dzhawakhetica species. The layer is a critical feature separating the species of the 
M. papillosa complex from the M. sativa complex. 
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Flower color of the each of the populations was reported as one of three possible 

segregating classes: 1 - Yellow-flowered plants with no trace of purple, 2 -Varying 

degrees of greenish-flowered plants in which both the purple and the yellow 

pigments were present, and 3 - Purple-flowered plants with no visible trace of 

yellow pigment present. Growth habit under greenhouse conditions for the BC1, 

BC2, and BC3 plants was scored as upright (M. sativa type), prostrate (M. 

dzhawakhetica type), or semi-prostrate/ intermediate. Following completion of 

the chromosomal, reproductive and morphological analysis of the BC2 population, 

plants were cut back and transplanted in plots to observe general vigor under field 

conditions. 

PART II: Mitochondrial Isolations 

Mitochondrial isolations were made using modifications of the procedure 

described by Kemble (1987). Tissue for the isolations was obtained from 2x M. 

sativa, 4x M. dzhawakhetica and the 2x M. sativa X 4x M. dzhawakhetica F1 

hybrids. Tissue was collected from greenhouse-grown vegetatively propagated 

plants maintained under disease and insect-free conditions. Ten to 200 g of fresh 

leaf tissue were ground with a mortar and pestle using approximately 10 to 50 g 

tissue per 30 ml of buffer A. Buffer A consisted of 10 mM N-tris 

hydroxymethyl-2-aminoethanesulfonicacid;2-(Hydroxy-l,l-bis(hydroxymethyl)-ethyl 

amino ethanesulfonic acid (TES), pH 7.5, 0.5 M Mannitol and 1 mM 
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ethylenediamine-tetraacetic acid (EDTA) in 0.45 L deionized, distilled water; 

autoclaved at 0.10 MPa for 20 min (Kemble, 1987; Fairbanks et al., 1988). After 

cooling, 0.2% defatted bovine serum albumin (BSA), and 0.05% cysteine were 

added and the volume brought up to 0.5 L. The tissue was ground until a slurry 

mixture was obtained. The mixture was then poured through four layers of 

cheesecloth and the supernatant placed into Beckman 0.25 L polypropylene 

centrifuge tubes, balanced using drops of buffer A, and centrifuged at 1239 X g 

for 10 min at 4° C. This low speed spin separated chloroplasts from 

mitochondria. The supernatant was poured into clean centrifuge tubes and spun 

again as above for 10 min. The supernatant was then placed in clean tubes, and 

centrifuged at 27 000 X g for 5 min at 4°C to pellet the mitochondria. After 5 

min the tubes were rotated 90 and spun for another 5 min to separate the yellow 

starch and the green mitochondrial pellets. The resulting green, crude 

mitochondrial pellet was scraped from the centrifuge tubes using a sterile spatula. 

The pellet was divided into 250 /xl aliquots and placed in 1.5 ml microfuge tubes. 

One hundred /il of buffer A, 20 /il of 4 mg ml"1 DNase I, and 2 /il of 1M MgCl 

was added to each of the tubes and incubated for 2 h at 4° C. 

The tubes were then centrifuged for 10 min at 14 000 X g in a 

microcentrifuge at 4" C and the supernatant discarded. The remaining pellet was 

then resuspended in 500 p\ of buffer B (10 mM TES, pH 7.2, in sterile H20; 20 

mM EDTA and 0.6 M sucrose), and brought up to 0.5 L volume with sterile H20 

and centrifuged at 14 000 X g for 10 min. The supernatant was discarded and 
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the pellet resuspended in 500 /il of buffer B and spun as above. This process was 

repeated again for a total of 3 centrifugations. Following the third centrifugation, 

the supernatant was discarded and the pellets resuspended in 500 /j1 of lysis buffer 

(50 mM Tris HC1, 3% sodium dodecyl sulfate (SDS) pH 7.5) and incubated for 

30 to 60 min at 37° C. 

The lysates were deproteinated using 250 /xl of water-saturated phenol and 

250 fi\ of chloroform. The tubes were inverted 50 times and centrifiiged for 10 

min at 14 000 X g. The upper aqueous layer was then transferred to clean 

microcentrifuge tubes and 2 to 2.5 volumes of absolute ethanol were added at -

20° C. Nucleic acids were precipitated for 16 to 20 h at -20° C and then pelleted 

at 14 000 X g at 4° C in a microcentrifuge for 30 min. The supernatant was 

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

to 25 /il of sterile TE [10 mM Tris CI, ImM EDTA (pH 8.0)], (Maniatis, 1982) 

were added to each of the pellets then allowed to incubate for 24 h at 4° C. The 

purified undigested nucleic acid samples were distinguished as RNA or DNA by 

adding ribonuclease A (RNase A) or DNase I to a final concentration of 0.16 ng 

/il"1 to each sample and incubating at 37° C for 1 h. Prior to use, the RNase was 

incubated for 1 h at 95° C to inactivate residual DNase. 

Undigested nucleic acid molecules were then separated using 20 X 20 cm, 

2.5 L 1% agarose gel electrophoresis. Gels were prepared using filter-sterilized 

Tris-acetate buffer to remove any particles which would fluoresce when exposed 

to ethidium bromide. The 20 /xl wells in the gels were loaded with 10 /U of 



sample and 5 /il of 0.25% Bromophenol blue + 0.025% sucrose tracking dye 

(Maniatis, 1982). The gels were run in a TAE running buffer (40 mM Tris-

Acetate, pH 8.2, 2 mM EDTA ) at 2.4 Volts cm'1 for 16 h, and stained with 

ethidium bromide (0.5 /ig//il). The gels were viewed and photographed under 302 

nm UV light using a red/orange gelatin filter and black and white Polaroid film. 

Banding patterns of M. sativa (plant F2-8), M. dzhawakJietica (plant Hl-7), and 

three F1 interspecific hybrids (derived from crossing F2-8 X Hl-7) were analyzed 

to observe patterns in inheritance of the mitochondrial nucleic acids. 

A control experiment to determine whether the large RNA molecules found 

in the F1 hybrids were a result of contamination of virus-like particles was also 

conducted. RNase A (10 ng g"1) was added to the mitochondrial pellet at the 

same time as the grinding buffer, DNase I, and MgCI2 were added. The pellet 

was suspended in this solution and incubated for 1 h at 25" C (Fairbanks et al., 

1988). The mitochondria were pelleted, washed, lysed, phenol-chloroform 

extracted, ethanol precipitated and analyzed with the other samples. 
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F1 hybrids from crosses between 2x M.sativa and 4x M. dzhawaklietica 

Interspecific F1 hybrids obtained from crossing 2x M. sativa X 4x M. 

dzhawakhetica were found to be triploid (2n=3x=24). The number of hybrid 

progeny recovered per cross was comparable to same ploidy level, intraspecific M. 

sativa crosses (McCoy and Smith, 1984). It is assumed that the 3x F1 hybrids 

contain one genome of M. sativa and two genomes of M. dzhawaklietica. These 

plants were morphologically intermediate between the two parents but tended to 

more closely resemble the M. dzhawaklietica parent. The hybrids had a prostrate 

growth habit and variegated flowers. The triploids were completely male sterile. 

Female fertility was extremely low, less than 1 seed per pollination (only 2 seeds 

were recovered from 22 hybrids) when backcrossed to 2x M. sativa. A greater 

seed set, .02 seeds per flower pollinated was observed when backcrossed to 4x M. 

sativa. 

Analysis of Backcross plants 

Greater than 95.5% of the BC1 plants analyzed were pentaploid (2n=5x=40) 

(Table 1). Five vigorous pentaploid BC1 plants from diverse parentage were used 

as sources for the second and third backcrosses. Morphological characteristics of 



43 

the BC1 plants still expressed the presence of M. dzhawaklietica traits. The 

pentaploid M. saliva X M. dzhawakhetica hybrids were most likely derived from 

an unreduced gamete from the female and a normally reduced pollen gamete 

from the male M. sativa. It is assumed that the pentaploid BC1 hybrids contain 

three genomes from M. sativa and two genomes from M. dzhawakhetica. 

Reciprocal crosses involving 4x M. sativa and 3x F1 hybrids were not possible 

since the triploid hybrids were completely male sterile. 

Pollen stainability in the BC1 plants ranged from 40 to 90% and pollen 

germinability ranged from 27 to 55%. Pollen production was low but significant 

enough to recover seed for crosses. The pollen grains averaged from 27 to 49 /^m 

in diameter with one of the plants having pollen as large as 66 /im (Table 2). 

All but one of the BC1 plants was self sterile. One plant produced 0.11 

seeds per pollination when selfed. The mean female fertility of 0.88 seeds per 

flower pollinated (range 0.52 to 1.16), was higher than male fertility of 0.54 seeds 

per flower pollinated (range 0.06 to 0.91) (Table 3). Control crosses between 4x 

M. sativa plants yielded an average of 4.65 seeds per pollination. 

The BC1 plants had a prostrate to semi-prostrate growth habit with small 

obovate leaves. The flowers had from a purplish-green to a yellowish green 

variegated color. Each of the five plants expressed a trace of the parachymatous 

seed separation which is unique to M. dzhawakhetica (Table 4). Appendix A 

shows the data for each of the analyzed BC1 plants for these characteristics. 
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Table 1. Number of plants having a given chromosome number 
for the BCl , BC2 and BC3 hybrid populations. 

Chromosome no. (2n) 

Hybrid 
pop.* 32 33 34 35 36 37 38 39 40 41 48 

BCl 1 2 66 

BC2a 21 24 42 2 2  7 8 7 2  O i l  

BC2b 8 4 3 4 

BC3al 
(32) 5 
(33) 5 
(34) 3 2 
(35) 2 3 
(36) 1 2 
(38) 2 2 

BC3a2 
(32) 5 
(33) 4 1 
(34) 5 
(35) 4 
(36) 2 1 
(38) 4 1 

BC3bl 
(32) 5 
(33) 3 1 
(34) 2 3 
(35) 2 

BC3b2 
(32) 5 
(33) 5 
(34) 4 
(35) 5 

BCl : (3x F1 X 4x M. saliva^ 

BC2a : (5* BCl X Ax M. saliva") 
BC2b : (4* M. saliva X 5* BCl) 
BC3al : (BC2a X 4x M. saliva^ 
BC3a2 : (4x M. sativa X BC2a) 
BC3bl : {BC2b X 4* M. mival 
BC3b2 : (4x M. sativa X BC2b) 
BC3 populations were analyzed by chromosome group derived from the seed producing BC2 population. 

Chromosome groups having available seed for BC3 analysis are listed in parentheses. 
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Table 2. Mean and (range) of pollen characteristics for BCl, BC2, and BC3 populations. 

Percent Percent Amount Size 
Hybrid Chromo. No. pollen pollen of of 
pop. no. pits. stain. germ. pollen1 pollen 2 

BCl 40 5 65 (40-90) 38 (27-55) 1+ (o* - 2) 38 (27-66) 

BC2a 32 6 65 (44-83) 59 (16-91) 2 (!' " 3') 38 (27-54) 
33 9 53 (00-81) 48 (00-77) 1+ (0+ - 2 ) 40 (26-74) 
34 6 35 (00-66) 16 (00-62) 0+ (0* - 2+) 45 (37-56) 
35 7 43 (00-69) 30 (00-62) r (0 - 2) 41 (29-49) 
36 2 75 (74-77) 35 ( 3-66) i (0+ - 2) 44 (39-49) 
38 5 65 (46-83) 46 (00-80) i+ (0* - 3") 49 (37-74) 

BC2b 32 6 42 (00-74) 28 (00-67) i+ (0 - 2 ) 39 (34-47) 
33 3 48 (35-67) 33 (24-42) i+ (o* - 3) 44 (39-52) 
34 1 61 — 53 — i — 39 — 

35 2 30 (00-59) 19 (00-37) i" (0 - 1) 46 (42-49) 

BC3 

1. Scored on a scale from 0 to 3: 0=no pollen, 
3= level equal to vigorous and fertile 4x M. sativa 

2. Size of pollen measured in micrometers 
BCl : (3x F1 X 4x M. sativa) 
BC2a : (5x BCl X 4x M. sativa) 
BC2b : (4x M. sativa X 5x BCl) 
BC3 : Unable to determine pollen characteristics. 
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Table 3. Population mean number of seeds per pollination for the first (BCl) and second 
(BC2) backcross populations. 

No. seeds per pollination 

Hybrid 
pop. 

No. 
plants 

Chromo. 
no. 

Self Female Male Hybrid 
pop. 

No. 
plants 

Chromo. 
no. Mean (Range) Mean (Range) Mean (Range) 

BCl 5 40 .03 (.00-.11) .88 (0.52-1.16) .54 (0.06-0. 91) 

BC2a 4 32 .03 (.00-.52) 1.75 (0.20-2.17) 1.07 (0.03-2. 64) 
10 33 .07 (.00-.20) 3.02 (0.14-4.13) 1.44 (0.00-3. 80) 
5 34 .06 (.00-.25) 1.87 (1.07-2.29) .75 (0.00-2. 36) 
7 35 .00 — 2.13 (0.25-3.75) .54 (0.00-1. 75) 
2 36 .52 (.00-.76) 1.72 (0.96-2.61) 1.07 (0.00-2. 70) 
5 38 .12 (.00-.40) 2.39 (0.00-3.82) 1.43 (0.00-2. 00) 

BC2b 6 32 • 04 (.00-.11) 1 .49 (0.80-2 .25) .25 (0. 00-
1.14) 

3 33 .00 — 2.53 (0.83-3.20) .86 — 

1 34 .06 — 1.86 — 1.03 — 

2 35 .00 — —  .10 — .86 (0.00-1. 90) 

BC3 - — — — — 

BCl : (3x F1 X 4x M. sativa) 
BC2a : (5x BCl X 4x M. sativa) 
BC2b : (4x M. sativa X 5x BCl) 
BC3 : Plants in early flowering stages, unable to determine cross fertility 
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Table 4. Type of seed separation, flower color, and growth habit for the BCl, BC2, 
and BC3 hybrid populations. 

No. Seed Flower color 
Hybrid plants separation class1 Growth habit 
pop. analyzed +/- + 1 2 3 PROS. SEMI. UP. 

BCl 5 0 5 0 0 5 0 2 3 0 

BC2a 
(32) 6 3 3 0 1 2 4 0 1 5 
(33) 9 2 4 2 0 3 6 0 1 8 
(34) 6 2 3 1 0 1 5 0 0 6 
(35) 7 3 3 1 0 6 1 0 1 6 
(36) 3 1 2 0 0 0 2 0 1 2 
(38) 4 1 1 2 0 0 2 1 2 1 

BC2b 
(32) 6 5 1 0 0 3 3 0 1 5 
(33) 3 2 1 0 0 2 1 0 0 3 
(34) 1 1 0 0 0 0 1 0 0 1 
(35) 2 1 1 0 0 2 2 0 0 2 

BC3 25 25 0 0 0 3 22 0 0 25 

1 : 1 = solid yellow, 2 = trace of yellow pigmentation, 3 = solid purple 
BC2a BC2 population derived from (5x BCl X 4x M. sativa) 
BC2b BC2 population derived from (4x M. sativa X 5x BCl 
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Analysis of BC2 population from crosses between 5x BC1 and 4x M. sativa 

Mitotic chromosome counts were made for 135 plants derived from crosses 

between 5x BC1 hybrids and 4x M. sativa. Among the 5x X 4x progeny, 

chromosome numbers ranged from 2n=32 to 2n=48. Less than 17% of the 

progeny were euploid, 21 plants (16%) had 32 chromosomes, 1 plant (< 1%) had 

48 chromosomes and 113 plants (84%) were aneuploid (Table 1). No plants with 

fewer than 32 chromosomes were found. Surviving plants were only obtained from 

chromosome groups ranging from 2n= 32 to 38. These plants were used for later 

BC2 analysis with the exception of the 2n=37 plant which did not flower. 

Stainable pollen ranged between 0 and 83% (mean 56%), with the greatest 

number of plants having between 50 and 75% stainable pollen (Table 2). Pollen 

germinability ranged from 0 to 91% (mean 39%) with the greatest number of 

individuals having 50 to 75% germinable pollen. Pollen sizes were variable from 

plant to plant and mean from 37 to 49 p in diameter, one plant had grains as 

large as 56 p. Self-fertility ranged from complete sterility to 0.76 seeds per flower 

pollinated, female fertility from 0 to 4.30 seeds per flower pollinated, and male 

fertility from 0 to 3.86 seeds per flower pollinated. The BC2 population averages 

for self fertility, female fertility, and male fertility, were 0.13, 2.15 and, 1,05 seeds 

per pollination respectively (Table 3). The dark calyx ring characteristic of the 

M. dzhawakhetica species was found to be expressed in only one of the 39 plants 

analyzed (Fig. 2). The parachymatous seed separation also characteristic of the 
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M. dzhawakhetica species, was expressed in six of the 39 plants analyzed (Fig. 3). 

Seventeen plants showed a trace of the separation fibers within the pods. In the 

plants with the seed separation, the pods resembled those of M. dzhawakhetica. 

Half of the plants expressed at least a trace of the yellow flower pigmentation 

(Table 4). One unique plant possessed the characteristic yellow flowers of M. 

dzhawakhetica. Seven plants had a semi-prostrate growth habit (intermediate 

between M. sativa and M. dzhawakhetica) and only two plants had a M. 

dzhawakhetica-like prostrate growth habit (Table 4). These growth habit 

observations were based on greenhouse evaluations. The plants with prostrate 

growth habit were from the 2n=37 and 2n=38 chromosome groups. The BC2 

plants' growth habit was primarily upright. Most of the BC2 plants had larger and 

more elliptical leaves than the BC1 plants. Morphologically, the BC2 plants 

showed a wide range in the expression of M. dzhawakhetica characteristics. 

Appendices C and E report specific entries of the backcross population. 

Analysis of BC2 population from crosses between 4x M. sativa and 5x BC1 

BC2 hybrids resulting from 4x M. sativa X 5x BC1 crosses had a smaller 

range of chromosome numbers than the 5x X 4x crosses. All of the plants 

analyzed had between 2n = 32 and 35 chromosomes (Table 1). Among the 4x 

X 5x progeny 8 (42%) had 32 chromosomes and 11 (58%) were aneuploid. No 

plants with fewer than 32 chromosomes were found. 



50 

Pollen analysis showed a mean pollen stainability of 45% (range 0 to 74%) 

and a mean pollen germinability of 33% (range 0 to 67%) (Table 2). Pollen 

diameter averaged 45 pm with a range of 34 to 5^m (Table 2). Fertility of the 

reciprocal backcross was lower than the 5x X 4x BC2 crosses but still showed 

increases in both male and female fertility as compared to the BC1 population. 

Self fertility averaged 0.03 seeds per pollination with a range from complete 

sterility to 0.11 seeds per pollination (Table 3). Female fertility ranged from 0.10 

to 3.0 seeds per pollination with an average of 1.50 seeds per pollination. Male 

fertility was relatively low with a mean of 0.75 seeds per pollination (range 0.86 

to 2.00). Both female and male fertility showed increases compared to the F1 

and BC1 populations. 

Morphologically the BC2 plants from the 4x X 5x crosses more closely 

resembled the M. sativa than the M. dzhawakhetica parent (Table 4). None of 

these BC2 plants expressed the dark calyx ring and only three plants expressed a 

trace of the parachymatous seed separation characteristic of M. dzhawakhetica. 

Flower color was primarily purple with a few plants showing a trace of yellow 

carotenoid pigmentation. All of the plants expressed an upright M. sativa type 

growth habit with the exception of one plant which had a semi-prostrate growth 

habit. 

The BC2 populations derived from both the 5x X 4x and 4x X 5x crosses 

were separated according to chromosome number. Appendices C through F 

report the responses of each member of the BC2 populations for each of the 



characteristics analyzed. Plants representing each of the chromosome number 

classes possessed some level of expression of M. dzhawakhetica characteristics. All 

of the groups had at least one plant expressing the yellow flower pigmentation 

with the exception of the plants with 2n=36 chromosomes which were all purple 

flowered. 

In the BC2 population derived from the 4x M. sativa X 5x BC1 crosses all 

of the plants had an upright growth habit with the exception of one semi-prostrate 

plant which had 2n=32 chromosomes. Only plants with 32 or 33 chromosomes had 

any expression of the yellow flower pigmentation. 

Analysis of BC3 plants from crosses between BC2 and 4x M. sativa 

BC3 seeds derived from crosses between BC2 plants having chromosome 

numbers of 2n = 33, 34, 35, 36, or 38 and 4x M. sativa (designated BC3al) were 

scarified, germinated, and analyzed for chromosome number. Seed derived from 

the reciprocal crosses were analyzed and designated BC3a2. The single plant with 

2n=37 chromosomes (entry number 2142-18) did not flower, therefore, progeny 

were not obtained for analysis. Chromosome numbers were also determined for 

BC3 seed derived from the crosses of 4x M. sativa X BC2 plants having 2n=32, 

33, 34, or 35 chromosomes (BC3bl) and the reciprocal crosses (BC3b2) (Table 

1). 

Analysis of the BC3 population indicates that most if not all M. 
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dzhawakhetica characteristics have been lost through repeated backcrossing to 

cultivated alfalfa. The majority of the BC3 plants exhibited cytological and 

morphological characteristics similar to the cultivated alfalfa indicating that most 

if not all of the M, dzhawaklietica characteristics had been lost. Among the 89 

BC3 plants analyzed 73 (82%) were tetraploid with 32 chromosomes, the other 

16 (18%) of the plants had 33 chromosomes (Table 1). A greater number of BC3 

plants having 33 chromosomes were derived from crosses that used the BC2 plants 

as the female parent. Thirty percent of the crosses using BC2 as the female 

parent (BC2al and BC2bl) resulted in progeny having 33 chromosomes. Crosses 

using the BC2 plants as the male parent (BC2a2 and BC2b2) resulted in only 6% 

progeny having 33 chromosomes. All of the BC3 plants had a vigorous, upright 

M. sativa-\\kQ growth habit. With a few exceptions, all of the plants had lavender 

to purple flowers. Plants derived from crosses made with the solid yellow 

flowered BC2 plants gave rise to BC3 plants with greenish-yellow variegated 

flowers. Morphological characteristics specific to the M. dzhawakhetica species, 

e.g. the purple calyx ring and the parachymatous seed separation, were not 

expressed in any of the BC3 plants. 
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Preliminary analysis of the M. sativa seed parent (F2-8), M. dzhawakhetica 

(Hl-7) pollen parent and the F1 interspecific hybrids revealed very distinctive 

banding patterns (Fig 3). The gel shows the presence of the upper, total 

mitochondrial DNA band in both of the parents and the F1 hybrids. Based on 

RNase and DNase treatment, of the samples, the upper band was determined to 

be DNA, and the lower bands to be RNA. M. dzhawakhetica exhibited a high 

molecular weight RNA band migrating to approximately 10 kb that was distinctly 

different in mobility from that found in M. sativa. The M. sativa parent 

exhibited a low molecular weight RNA band of approximately 1.7 kb in mobility 

that was not found in M. dzhawakhetica. The high molecular weight band from 

the M. dzhawakhetica parent and the low molecular weight band from the female 

M. sativa parent were both observed in each of the F1 hybrids suggesting 

biparental inheritance of mitochondria in these interspecific hybrids. 
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Figure 3. Alfalfa mitochondrial nucleic acid phenotypes for Medicago sativa 
(plant F2 8) (lane 2), M. dzhawakhetica (plant Hl-7) (lane 6) and three F1 
interspecific hybrids (derived from crossing F2-8 X Hl-7) (lanes 2 to 5), on 
agarose gels stained with ethidium bromide. Bands from both M. sativa and 
M. dzhawakhetica are present in each of the F1 interspecific hybrids. 
Marker used was lambda Hind III DNA (lane 1). Upper RNA band is unique 
to M. dzhawakhetica parent (arrow). 
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Preliminary analysis of the first population consisting of the F2-8 and Hl-7 

parents and their F1 hybrids indicated biparental inheritance of mitochondrial 

nucleic acid molecules. Further analysis however, of this cross and an additional 

cross involving M. sativa and M. dzhawakhetica parents and the respective 

interspecific hybrids presented conflicting results. Reanalysis of this population 

revealed the presence of the total mitochondrial DNA band in the parents and 

the F1 hybrids, the lower molecular weight band in the female parent and the F1 

hybrids. However, the high molecular weight RNA band that was originally 

thought to be found exclusively in the male parent had now been detected as a 

faint but visible band in the female M. sativa parent. Figure 4 shows the presence 

of the high molecular weight RNA band in the F2-8 female M. sativa parent that 

was not detected in earlier analysis. The upper RNA band was detected in both 

the female and male parent and the F1 hybrids of a second population (Figure 

not shown). 
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Figure 4. Alfalfa mitochondrial nucleic acid phenotypes for Medicago sativa 
(plant F2-8) (lane 2), M. dzhawakhetica (plant Hl-7) (lane 6) and three F1 
interspecific hybrids (derived from crossing F2-8 X Hl-7) (lanes 2 to 5), on 
agarose gels stained with ethidium bromide. Bands from both M, sativa and 
M. dzhawakhetica are present in each of the F1 interspecific hybrids. Marker 
used was lambda Hind III DNA. Upper RNA band once unique to M. 
dzhawakhetica now present in M. Sativa parent (arrow). 
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Matings of the triploid F1 hybrids and tetraploid M. saliva produced primarily 

pentaploid BC1 hybrids. The recovery of greater than 95% pentaploid progeny 

from the 3x X 4x crosses indicates the fertilization of an unreduced (2n=3x) egg 

from the triploid female by a normally reduced (n=2x) sperm from the tetraploid 

male parent. Unreduced gametes allows transmission of increased heterozygosity 

(McCoy, 1985) from the F1 hybrid to the BC1 progeny. This would enable all 

of the M, dzhawakfietica genes originally recovered in the F1 hybrids to be present 

in the BC1 hybrids. Transmission of all the genes from the 3x F1 female parent 

containing a genomic composition of (SDD) would give rise to an assumed 

pentaploid genome consisting of three genomes (SDD) from the F1 parent and 

two genomes (SS) from the 4x M. saliva parent (SSSDD). This genomic 

composition would account for the continued expression of the M, dzhawakfietica 

morphological characteristics. Each of the BC1 plants possessed variegated 

flowers due to the presence of carotenoids from the M. dzhawakhetica and 

anthocyanins from the female M sativa parent. At the tetraploid level, alfalfa 

chromosomes pair almost exclusively as bivalents (Bingham and Gillies, 1971; 

McCoy and Bingham, 1988). Theoretically, pentaploids may associate as 

univalents, bivalents, trivalents, quadravalents, or occasionally, pentavalents (McCoy 

and Bingham, 1988). Due to the parentage of pentaploid hybrids (in 3x-4x 

crosses), meiotic pairing patterns at diakinesis and metaphase I would most likejy 
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be univalents, bivalents, and trivalents. Unfortunately, due to the bivalent and 

trivalent associations in the pentaploids, it is difficult to fully understand the 

chromosome recombinations occurring. 

Each of the BCl plants were shown to have pollen grains of different sizes. 

Most of the pollen was between 27 to 49 microns in diameter which is in the 

range of normal sized pollen of 31 to 49 microns. One plant, entry number 1876-

2, produced pollen in the size range of 42 to 66 u. Although the larger sized 

pollen only accounted for 5% of the pollen produced by this plant, it may have 

contributed to the reduced fertility. This larger sized pollen may have resulted 

from the recessive jp gene carried by the M. sativa combining with a jp gene from 

the cultivated alfalfa. Although cultivated alfalfa is not known for the production 

of jp pollen, the chance occurrence of the jp gene may have attributed to the 

production of these large pollen grains (jpjp) and subsequently resulted in reduced 

fertility. Reduced fertility in the pentaploid hybrids was more likely due to 

cytological instabilities associated with pentaploids in their frequent production of 

univalents (McCoy and Bingham, 1988). The BCl population showed both low 

male fertility and female fertility but were higher than fertility levels of the F1 

population (Table 3). The increase in fertility from the F1 generation may have 

been due to the backcrossing to the cultivated alfalfa. The first BCl generation 

was difficult to produce (McCoy and Smith, 1984) but subsequent generations 

were recovered quite readily. Although fertility and chromosome number do not 

have a significant statistical correlation it would make sense that higher 
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chromomsome numbered plants could actually be more fertile. This would be due 

to the fact that the 2n=32 chromosome plants would be more likely to be missing 

key S (M. sativa) chromosomes. 

The majority of 5x-4x and 4x-5x crosses resulted in progeny with 32 or 33 

chromosomes. Pentaploid BCl hybrids X 4x M. sativa crosses however, resulted 

in both euploid and aneuploid plants with chromosome numbers ranging from 32 

to 48 and the reciprocal 4x-5x crosses resulted in plants with chromosome numbers 

ranging from 32 to 35. From these crosses it would be expected that a higher 

frequency of 4x progeny would be recovered due to the selective advantage of 

balanced and nearly balanced gametic numbers (McCoy and Bingham, 1988). 

Aneuploid plants near the tetraploid level have been recovered in several ways 

including: spontaneous occurrence in populations (Bingham, 1968a), 3x-4x crosses 

(Stanford, 1959; Binek and Bingham, 1970), plants regenerated from tetraploid 

donor cells (Groose and Bingham, 1984) and plants regenerated from protoplasts 

(Johnson et al., 1984). Binek and Bingham (1970) produced a high frequency of 

aneuploids from 3x-4x crosses with 48% having fewer than 32 chromosomes and 

15% having greater than 32 chromosomes. Crosses involving polyploids, triploids 

and pentaploids in particular, have been a good source of aneuploids in many 

plant species (Khush, 1973). Tetraploid BCl (M. sativa X M. papillosa 

interspecific hybrids) X 4x M. sativa resulted in euploid and aneuploid progeny 

with 31, 32, and 33 chromosomes. Twelve of 50 plants were aneuploids, 18% had 

31 chromosomes, and 6% had 33 chromosomes (McCoy and Quarisa, 1989). 
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Reciprocal crosses gave rise to only two aneuploids, both of which were 31 

chromosome plants (McCoy, 1989; McCoy and Quarisa, 1989). Pentaploid X 

tetraploid and reciprocal crosses can be an additional source of aneuploids 

(McCoy and Bingham, 1988). The results of the 5x-4x and 4x-5x M. sativa X M. 

dzhawaklietica crosses showed a frequency of aneuploid recovery and wide range 

of chromosome numbers (Table 1). Aneuploid progeny with greater than 32 

chromosomes accounted for 84% of the 5x-4x and 58% of the 4x-5x M. sativa X 

M. dzhawaklietica interspecific hybrids. There were no plants recovered with less 

than 32 chromosomes. Typically, only a fraction of aneuploids are effective as 

gametes or viable as zygotes (Rees and Jones, 1977). The most "fit", presumably, 

are those aneuploids with numbers close to the euploid values, e.g. 4x +1 and 

4x-l where the genetic imbalance is minimal. The high recovery rate of BC2 

aneuploid progeny from 5x-4x and 4x-5x crosses shows a high degree of tolerance 

for aneuploidy in these interspecific hybrids. This may been a result of the 

influence of the wild M. dzhawaklietica chromosomes. Due to the distant 

relatedness of M. sativa and M. dzhawaklietica, competition between euploid and 

aneuploid gametes may be reduced or eliminated. In the absence of this 

competition there may be no advantage or disadvantage to being euploid or 

aneuploid which results in an increased frequency of aneuploid progeny with a 

wider range of chromosome numbers. 

There are situations in which the exact euploid number is present but plants 

are still aneuploid (Khush, 1973; Rees and Jones, 1977). The chromosomes of the 
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Medicago genus are small and morphologically indistinguishable with the light 

microscope. Since the chromosomes of the M. sativa and M. dzhawaklietica are 

so morphologically similar, analysis of somatic chromosome number may not be 

a true indication of the number of M. dzhawaklietica chromosomes present in 

the hybrids. Aneuploidy may not be the gain or loss of single chromosomes but 

may involve the exchange of multiple chromosomes. BC2 entry number 2130-18 

with 2n=32 chromosomes may be an example of a numerically compensated 

aneuploid (Appendix B). This plant is most likely comprised of two genomes 

from M. sativa and two genomes of M. dzhawaklietica from the 5x BC1 parent. 

The (SSDD) genomic composition, as well as a high level of recombination would 

account for the greater expression of the M. dzhawaklietica traits in this BC2 

entry. (The high expression level of the M. dzhawakhetica traits may be due to 

the dominance of the two M. dzhawaklietica (DD) genomes over the two M. sativa 

(SS) genomes in phenotypic expression, resulting in the expression of yellow 

flowers in this BC2 plant.) The exact genomic composition of the BC2 plants can 

not be determined due to the numerous segregating possibilities from the 5x BC1 

gametes. 

Pollen grain size has been used to separate normal (n) and trisomic (n+1) 

pollen (Tsuchiya, 1960). Each of the chromosome groups had pollen grains with 

a range of sizes. Large pollen grains (60 to 66 microns in diameter), were 

observed in two of the BC2 plants. The germinability of these large pollen grains 

was only 2%. The fertility of the plants with these large grains did not appear 
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to be affected by the larger pollen, however. The BC2 aneuploid plants fertility 

however, was comparable to the euploid (2n=32) plants. In several cases the 

fertility of the aneuploid plants exceeded that of the euploid plants. Both male 

and female fertility showed substantial increases from the F1 and BC1 generations. 

BC2 plants were generally vigorous and many were more vigorous than the 

parents based on visual observations. No correlations were observed among 

chromosome number, fertility, and/or morphological characteristics. Correlation 

coefficients between chromosome number and self, female, and male fertility, 

-0.20, 0.14, and -0.9 respectively, were determined to be not significant at the .05 

and .01 levels and therefore chromosome number was not correlated with reduced 

fertility. 

Morphological characteristics of the M. dzhawaklietica parent were expressed 

in relatively few plants of the BC2 population. The dark purple calyx ring was 

found in only a single plant of the BC2 population. This particular feature has 

been associated with wild Medicago species of the M. papillosa complex grown at 

high elevations with correspondingly high intensities of ultraviolet radiation (Small, 

1986b). This trait is rarely expressed in the species grown at lower elevations. 

M. papillosa grown in Canada at lower elevations does not show this characteristic 

(Small, 1986b). The failure to detect this characteristic in the BC2 and BC3 

populations therefore, may be a function of ultraviolet radiation intensities. The 

sporadic detection of the parachymatous seed separation in the BC2 population 

was more likely a result of segregation for this characteristic rather than a 
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function of environment. 

All of the BC3 plants had either 32 or 33 chromosomes (Table 1). Plants 

with 33 chromosomes were obtained from both aneuploid X 4x and 4x X 

aneuploid crosses. The recovery of 33 chromosome plants from the 4x X 

aneuploid cross is surprising since transmission of extra chromosomes is generally 

less tolerated. Through the pollen parent than through the seed parent (Khush, 

1973). The presence of 33 chromosomes in the BC3 plants derived from the 4x 

X aneuploid crosses may be a result of chromosomes being selectively transmitted 

through the pollen parent. 

Khush (1973) suggested that the extra chromosomes being transmitted 

preferentially through the pollen are those that cause a smaller imbalance in the 

male gametophyte. The extra chromosome transmitted through the pollen in 4x 

X aneuploid crosses may be tolerated more than the extra chromosome 

transmitted in aneuploid X 4x crosses. This extra chromosome transmitted 

through to the BC3 plants appeared to have little if any affect of the BC3 plant 

morphology. The majority of the BC3 plants exhibited morphological characteristics 

of upright growth habit and lavender to purple flowers, similar to the cultivated 

alfalfa. These findings indicate that most if not all of the M. dzhawaklietica 

characteristics were lost through repeated backcrossing to tetraploid alfalfa. 

Phenotypically, the plants with 32 chromosomes were indistinguishable from plants 

with 33 chromosomes. Although M. dzhawaklietica chromosomes may be present 

in several of the BC3 plants, their presence does not appear to be influencing the 



64 

phenotype of the plants. The lack of the expression of any M. dzhawakhetica 

characteristics suggests that little genetic recombination occurred between the 

genomes of M. sativa and M. dzhawakhetica. Continued backcrossing resulted in 

populations almost completely M. sativa-like phenotypically and cytologically. 

Results from the analysis of chromosome number, fertility, and morphology 

indicate that it may be difficult or impossible to transfer genes from M. sativa 

by simply backcrossing. Alternate methods of gene transfer may have to be 

pursued. 
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Mitochondrial Genomes 

Cytoplasmic inheritance of mitochondria has been proposed as means of 

incorporating cytoplasmic genes from wild M. dzhawaklietica into cultivated alfalfa. 

A population of M. sativa (F2-8) and M. dzhawaklietica (Hl-7) and three of the 

resulting F1 hybrids were analyzed to determine mitochondrial inheritance 

patterns. Preliminary electrophoretic analysis of the M. sativa, M. dzhawaklietica, 

and the three F1 hybrids indicated male and female transmission of mitochondria 

to F1 hybrids. Biparental inheritance would suggest the potential for genetic 

recombination to occur between the mitochondrial genomes of M. sativa and M. 

dzhawakhetica. Recombination of the genetic material is essential for the transfer 

of traits from wild Medicago species into cultivated alfalfa. 

The high molecular weight RNA band migrating to approximately the lOkb 

position, was used as a marker of mitochondrial inheritance as it was assumed to 

be characteristic of the male M. dzhawakhetica parent. In each of the three F1 

hybrids, both the high molecular weight RNA band from the male parent and the 

low molecular weight RNA band of the female parent are present suggesting 

biparental inheritance in these F1 hybrids. Repeated analysis during the first year 

of this research continued to reveal this same banding pattern with the upper 

RNA band unique to the M. dzhawakhetica parent. Isolation and electrophoretic 

analysis of the mitochondria of these parents and F1 hybrids during the second 

year of this study, however, revealed conflicting results. The upper RNA band 
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being used as a marker for male transmission was now detected as a faint but 

visible band in the female M. sativa parent (Fig. 4). These suspicious findings led 

to the analysis of additional M. sativa and M. dzhawakhetica parents and their 

F1 hybrids. 

The gels of the second population revealed the presence of the upper RNA 

band in both the male and female parents (Figure not shown). These findings 

were in agreement with the results of the reanalysis of the first population. Both 

parents now appear to be expressing the large RNA molecule, therefore, the 

parental origin of this RNA band can not be determined. The presence of this 

upper RNA band in both the female and male parent prevents the use of this 

mitochondrial associated RNA molecule from being used as a marker for exclusive 

male transmission. Consequently, biparental inheritance can not be presumed to 

be occurring in these hybrids. 

These experiments showed conflicting results from year to year. This method 

of analyzing cytoplasmic inheritance patterns using a large RNA molecule has 

potential sources of error. There are several plant viruses containing RNA 

molecules that copurify with the mitochondria and are of a similar size to 

molecules of these the Medicago plants (Agrios, 1978). The presence of the 

mitochondrial associated nucleic acids could therefore be of viral origin. 

Conflicting results between the first and second year of analysis of the first 

population may be due to several factors. Failure to detect the upper RNA band 

in the female parent in preliminary analysis may have been due to the low RNA 
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copy number that failed to be detected using electrophoresis and ethidium 

bromide staining. A second possibility in the failure to detect the upper RNA 

band in the preliminary analysis may have been due to variability of the presence 

of RNAs. Perhaps the parent plants were heteroplasmic for mitochondria carrying 

different RNA's. Smith (1988) describes a similar phenomenon in alfalfa that 

inherits plastids biparentally. All species of mitochondria present in the parent 

may not be contained in the germ cells due to vegetative sorting-out. Therefore, 

the mitochondrial species present in the parent mey be partially but not fully 

present in the progeny. 

Preliminary analysis failed to show the presence of the upper RNA bands in the 

female parent. The brightness of the lower RNA band found expressed in the 

female parent indicates that the RNA copy number was sufficient for detection 

in the gels. This suggests that it was not the low levels of RNA that prevented 

the detection of the upper RNA band but perhaps the lack of the RNA 

altogether. Essentially, the methods in this portion of the experiments are 

inappropriate due to the inconclusive results that are sure to occur. 
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SUMMARY 

Production of fertile hybrids and backcross plants between M. sativa and the 

wild M. dzhawakhetica is the first step in improving alfalfa through interspecific 

hybridizations between the taxa. Preliminary indications based on trivalent 

associations in the F1 hybrids suggested the potential for genetic recombination 

to occur between the genomes of M. sativa and M. dzhawakhetica. Recombination 

is essential for the introduction of wild M. dzhawakhetica traits into cultivated 

alfalfa. The BC1 progeny were pentaploid and had low levels of both male 

fertility (0.06 to 0.91 seeds per pollination) and female fertility (range 0.52 to 1.16 

seeds per pollination). The second backcross population had varying numbers of 

chromosomes (range from 2n=32 to 48 chromosomes (84%) aneuploid in 5x X 

4x and range of 2n=32 to 35 chromosomes (58%) aneuploid in 4x-5x crosses). 

The BC2 population showed increased fertility relative to the BC1 population with 

male fertility ranging from 0 to 3.80 seeds per pollination, and female fertility 

ranging from 0 to 4.13 seeds per pollination. Chromosome number was not 

correlated with reduced fertility. Phenotypically, BC1, and BC2 plants and one 

BC3 plant, possessed variegated flower colors. Characteristics specific to M. 

dzhawakhetica were present in the Fl, BC1, and sporadically in the BC2 

populations. With repeated backcrossing to cultivated alfalfa however, most if not 

all of the M. dzhawakhetica traits were lost by the BC3 generation. The rapid 

loss of these characteristics indicates the lack of homology between the genomes 

of A/, sativa and M. dzhawakhetica preventing chromosome pairing, genetic 
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recombination, and subsequent transfer of these traits. Cytoplasmic inheritance 

was explored as an alternate means of transferring traits into cultivated germplasm 

if nuclear transmission was found to be difficult or impossible. M. dzhawakhetica 

possesses a unique large RNA molecule associated with the mitochondria. This 

large RNA molecule was used as a marker of mitochondrial transmission from the 

male parent. Electrophoretic analysis of the isolated mitochondrial nucleic acids 

from the parents and F1 hybrids revealed conflicting results. Preliminary analysis 

indicated male transmission of mitochondrial RNAs suggesting biparental 

inheritance in these F1 interspecific hybrids. Further analysis however, of this and 

an additional M. sativa X M. dzhawakhetica population detected the large RNA 

molecule in the female M. sativa parent. The parental origin of the mitochondria 

therefore, could not be conclusively determined and biparental inheritance could 

not be ruled out at this time. The possibility of biparental inheritance of RNAs 

and DNAs in these interspecific hybrids should be analyzed by a more precise 

means of identification. Techniques distinguishing species specific nucleotide 

sequences of mitochondrial DNA (mtDNA) similar to those used for chloroplast 

DNA (ctDNA) (Lee et al., 1988) should be explored. 

The detection of the M. dzhawakhetica traits in the hybrids as an indication 

of the level of crossing over that has occurred can be determined through several 

means. Giemsa C- and N- staining of somatic chromosomes would allow 

identification of species specific chromosome regions. This procedure has been 

used extensively and successfully in wheat and other cereal species (Gerlach, 1977; 
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Gill and Kimber, 1974) but has proven unsuccessful for alfalfa (McCoy and 

Bingham, 1988). Ultimately, detection of genetic variability through isozyme 

analysis would enable the identification of Medicago species and their hybrids 

(Quiros and Ostafichuk, 1983). 

Disease resistance studies have not been performed on the backcross 

populations of the M. sativa and M. dzhawaklietica. Based upon the morphological 

observations however, it appears as if little recombination is occurring between the 

genomes of M. sativa and M. dzhawaklietica suggesting little homology between the 

genomes of these two species. The lack of homology indicates that M. sativa and 

M. dzhawaklietica have homoeologous genomes. Recent studies of crosses between 

M. sativa and M. papillosa have shown new genetic and breeding potentials for 

homoeologous genomes of alfalfa (McCoy, 1989; McCoy and Quarisa, 1989). 

Similar techniques of allotetraploidization of the triploid M. sativa X M. 

dzhawaklietica hybrids could allow these potentially homoeologous species to be 

used in future breeding schemes. 

In view of the findings of these studies, wild Medicago dzhawaklietica Bordz., 

represents a species of great genetic and agronomic interest due to: its increased 

production of highly fertile aneuploid backcross progeny when crossed to M. sativa; 

and its potential for transferring disease resistance into cultivated alfalfa. 
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Appendix A. Pollen stainability, pollen germinability, pollen production, and 
general morphological characteristics of the 5x Backcross 1 population derived 
from (3x F1 hybrids X 4x H. sativa) crosses. 

Entry 
No. 

Percent 
pollen 
stain. 

Percent 
pollen 
germ. 

Amount 
of 

pollen a 

Size 
of 

pollen (jam) 
Flower 
color b 

Growth 
habit c 

1876-1 72 33 1 27-34, 
(5%) 

39-47 
(95%) 

P/G PROS. 

1876-2 53 27 0+ 27-37, 
(95%) 

42-66 
(5%) 

P/G PROS. 

1882-1 90 55 1+/2- 29-34, 
(95%) 

42-49 
(5%) 

Y/P SEMI. 

1883-1 72 28 2- 32, 
(95%) 

49 
(5%) 

P/G SEMI. 

1934-1 40 49 1+ 27-34, 
(5%) 

39-47 
(95%) 

Y/G SEMI. 

a 
b 
c 

Scored from 0 to 3. 0= no pollen, 3=normal level 
Dk P=Dark purple, P=Purple, LAV=Lavender, B=Blue, G=Green, Y=Yellow 
UP=Upright, SEMI=Semi-prostrate, PROS=Prostrate 
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Appendix B. Cross and self-fertility of the 5x Backcross 1 population derived 
from (3x F1 hybrids X 4x M. sativa) crosses. Fertility is reported as the 
number of flowers crossed, pods per pollination, and seeds per pollination. 

Entry 
No. 

SELF 

No. 
fl. 
cross. 

No. 
pods/ 
poll. 

No. 
seed/ 
poll. 

FEMALE MALE 

(5x BC1 X 4x M.sativa) (4x M.sativa X 5x BC1) 

No. 
fl. 
cross. 

No. 
pods/ 
poll. 

No. 
seed/ 
poll. 

No. 
fl. 
cross. 

No. No. 
pods/ seed/ 
poll. poll. 

1876-1 25 

1876-2 25 

1882-1 25 

1883-1 25 

1934-1 35 

. 00  0 .00  

. 0 0  0 . 0 0  

. 0 0  0 . 0 0  

. 0 0  0 . 0 0  

.09 0.11 

174 .61 

203 .40 

216 .24 

193 .54 

190 .44 

1.16 105 

.52 96 

.63 101 

1.11 129 

1.07 87 

.23 .30 

.04 .06 

.38 .79 

.49 .91 

.32 .49 
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Appendix C. Chromosome number, pollen analysis, presence of seed separation and 
general morphological characteristics of plants having 2n=32 and 2n=33 chromosomes 
in Backcross 2 populations derived from (5x BC1 X 4x M. sativa) crosses. 

Entry 
Growth 

no. 
Chromo. 
no. 

Percent 
pollen 
stain. 

Percent 
pollen 
germ. 

Amount 
of 

pollen3 

Size 
of 

pollen(um) 
Seed 
sep.b 

Flower 
colorc habitd 

2130-14 32 55.0 66.0 1- 37-42 +/- LAV UP 
2130-18 32 51.8 52.2 1+ 27-34,37-42 +/- Y SEMI. 
2142-1 32 44.0 0-25 1 42, 47-51 +/- Dk P UP 
CC1Q1A-4 32 77.0 67.0 2 39 P UP 
CC301A-1 32 77.0 59.5 2 34, 54 - P UP 
CC301A-4 32 83.0 91.0 2+/3- 37-42 - P/G UP 
2141-27 32 Plant did not flower 

2130-2 33 77.0 77.0 1- 29-34,42-49 +/- P/G UP 
2130-3 33 00.0 00.0 2+ 37-44 +/" P UP 
2130-21 33 66.7 51.8 1- 27, 39-44 +/- Y/G UP 
2130-26 33 71.2 53.6 0 39-49 +/- P UP 
2140-5 33 81.6 73.0 2+ 39 - P UP 
2141-25 33 60.0 64.3 1+/2 37-42 - P/G UP 
2143-20 33 61.6 47.3 2 39-42 + Dk P UP 
2144-27 33 00.0 00.0 0 0 - LAV SEMI. 
CC301A-3 33 63.0 66.5 2 39-47,61-74 + P UP 

a Pollen production scored on a scale from 0 to 3. 0= no pollen, 3= normal levels 
b (-)= absence, (+/-)=trace, (+)=presence 
c Dk P= Dark purple, P=purple, LAV= Lavender, B=Blue, G=Green, Y= Yellow 
d UP=Upright, SEMI=Semi-prostrate, PROS=Prostrate 
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Appendix C. Chromosome number, pollen analysis, presence of seed separation and 
general morphological characteristics of plants having 2n=34 and 2n=35 chromosomes 
in Backcross 2 populations derived from (5x BC1 X 4x M. sativa) crosses. 

Entry 
Growth 
no. 

Chromo. 
no. 

Percent Percent 
pollen pollen 
stain. germ. 

Amount 
of 

pollen0 

Size 
of 

pollen (jam) 
Seed 
sep.b 

Flower 
colorc habitd 

2130-12 34 39.0 00.0 0+ 47 Y/P UP 
2130-24 34 0-25 16.5 0+ 37-42 +/~ P UP 
2130-25 34 00.0 00.0 0 0 +/" P UP 
2142-3 34 62.0 62.0 2+ 39-47 +/- P UP 
CC401A-2 34 50.0 14.5 1 47 LAV UP 
CC501A-4 34 44.8 00.0 0+ 47-56 + LAV UP 
2143-23 34 Plant did not flower 
2144-22 34 Plant did not flower 
2144-26 34 Plant did not flower 
2130-4 35 62.3 0.01 1+ 42 +/" G/Y UP 
2130-22 35 37.5 39.0 1- 39 +/- P/Y SEMI. 
2141-12 35 50.4 62.4 1+/2- 42 — LAV UP 
2143-12 35 68.6 51.0 1+/2- 29-42 +/" P UP 
CC101A-3 35 00.0 00.0 0 0 - P/G UP 
CC201A-3 35 56.0 38.7 1- 34-42,44-49 - LAV/G UP 
CC501A-2 35 22.6 15.3 0+ 42 + LAV/B UP 
CC201A-4 35 0.00 0.00 0 0 LAV UP 

a Pollen production scored on a scale from 0 to 3. 0= no pollen, 3= normal levels 
b (-)= absence, (+/~)=trace, (+)=presence 
c Dk P= Dark purple, P=purple, LAV= Lavender, B=Blue, G=Green, Y= Yellow 
d UP=Upright, SEMI=Semi-prostrate, PROS=Prostrate 
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Appendix C. Chromosome number, pollen analysis, presence of seed separation and 
general morphological characteristics of plants having 2n=36 and 2n=37 chromosomes 
in Backcross 2 populations derived from (5x BC1 X 4x M. sativa) crosses. 

Entry 
Growth 
no. 

Chromo. 
no. 

Percent Percent 
pollen pollen 
stain. germ. 

Amount 
of 

pollen" 

Size 
of 

pollen (,jim) 
Seed 
sep.6 

Flower 
colorc habitd 

2143-11 36 77.0 3.0 0+ 49 +/- P UP 
2144-24 36 73.7 66.2 1+/2- 39 +/" P SEMI. 
2144-21 36 Plant did not flower UP 

2142-18 37 Plant did not flower 

2140-4 38 51.7 79.7 2 39 + Dk P/B SEMI. 
2140-28 38 72.0 44.0 0+ 47-54 +/- P/B SEMI. 
2142-8 38 83.0 66.8 2+/3 — 39-44 + P/Y PROS. 
2143-2 38 74.3 38.1 2+ 37, 61-74 - P UP 
2143-30 38 46.0 00.0 1 49 + Dk P SEMI. 

a Pollen production scored on a scale from 0 to 3. 0= no pollen, 3= normal levels 
b (-) = absence, (+/~)=trace, (+)=presence 
c Dk P= Dark purple, P=purple, LAV= Lavender, B=Blue, G=Green, Y= Yellow 
d UP=Upright, SEMI=Semi-prostrate, PROS=Prostrate 
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Appendix D. Cross and self-fertility of BC2 plants having 2n= 32 and 33 
chromosomes. Fertility is reported as number of seeds per pollination. 
Populations were derived from (5x BCl X 4x M. sativa) crosses. 

Self Female 
(BC2 X 4x M.sativa^ 

Male 
(4x M.sativa X BC2) 

Entry 
seed/ 
no. 
poll. 

No. 
Chromo. fl. 

No. 
pods/ 

No. 
seed/ 

no. cross, poll. poll. 

No. 
fl. 

cross, 

No. 
pods/ 

No. 
seed/ 

No. 
fl. 

No. 
pods/ 

No. 

poll. poll. cross, poll. 

2130-14 32 37 .05 0.05 78 .63 1.40 44 .71 1. 55 
2130-18 32 16 .00 0.00 78 .90 2.01 35 .54 1.11 
2142-1 32 10 .00 0.00 91 .77 2.17 38 .03 0.03 
CC301A-4 32 13 .00 0.00 20 .20 0.20 11 .84 2.64 
2141-27 32 Plant did not flower 
2130-1 33 10 .00 0.00 164 .77 2.13 41 .49 0.93 
2130-3 33 41 .00 0. 00 100 .59 1.20 34 .00 0.00 
2130-21 33 26 .12 0.15 55 .86 3.07 30 .43 1.30 
2130-26 33 14 .00 0.00 127 .82 3.07 46 .50 1.11 
2140-5 33 35 .14 0.17 23 .83 4.13 20 .90 3.80 
2141-25 33 20 .05 0.05 46 .70 2.20 22 .77 3.14 
2143-20 33 15 .27 0.20 44 .77 3.07 21 .20 2.67 
2144-27 33 15 .00 0.00 28 .21 0.14 12 .00 0.00 
CC301A-3 33 10 .00 0.00 6 .50 0.83 7 .43 0.43 
2130-2 33 10 .00 0.00 68 .97 3.54 — — — —  
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Appendix D. Cross and self-fertility of BC2 plants having 2n= 34 and 35 
chromosomes. Fertility is reported as number of seeds per pollination. 
Populations were derived from (5x BC1 X 4x M. sativa) crosses. 

Self Female Male 
(BC2 X 4x M.sativa) (4X M.sativa X BC2) 

No. No. No. No. No. No. No. No. No. 
Entry Chromo. fl. pods/ seed/ fl. pods/ seed/ fl. pods/ 
seed/ 
no. no. cross, poll. poll. cross. poll. poll. cross, poll. 
poll. 

2130-12 34 10 .00 0.00 17 .65 1.29 23 .04 0.04 
2130-24 34 34 .59 0.03 56 .82 2.29 21 .05 0.05 
2142-3 34 16 .13 0.25 27 .63 1.07 22 .73 2.36 
CC501A-4 34 12 .00 0.00 27 .78 2.15 11 .00 0.00 
CC401A-2 34 5 .20 0.00 — — 6 .33 0.33 
2130-25 34 — — — — 18 .67 1.11 
2141-24 34 Plant did not flower 
2143-2 34 Plant did not flower 
2144-22 34 Plant did not flower 
2144-26 34 Plant did not flower 
2130-4 35 10 .00 0.00 274 .83 2.41 9 .11 0.11 
2130-22 35 10 .00 0.00 20 .50 0.85 28 .43 0.82 
2143-12 35 7 .00 0.00 29 .66 1.52 11 .45 1.45 
CC101A-3 35 4 .00 0.00 8 .38 0.25 10 .00 0.00 
CC201A-3 35 11 .00 0.00 45 .47 1.29 9 .11 0.22 
CC201A-4 35 12 .00 0.00 7 .29 0.29 10 .00 0.00 
CC501A-2 35 8 .00 0.00 20 .90 3.75 9 .56 0.50 
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Appendix D. Cross and self-fertility of BC2 plants having 2n= 36, 37 and 38 
chromosomes. Fertility is reported as number of seeds per pollination. 

Populations 
were derived from (5x BC1 X 4x M. sativa) crosses. 

Self Female 
(BC2 X 4x M.sativa) 

Male 
(4x M.sativa X BC2) 

Entry 
seed/ 
no. 
poll. 

No. 
Chromo. fl. 

No. 
pods/ 

No. 
seed/ 

No. 
fl. 

No. 
pods/ 

No. 
seed/ 

no. cross, poll. poll. cross. poll. poll. 

No. 
fl. 

No. 
pods/ 

No. 

cross, poll. 

2143-11 36 21 .00 0.00 23 .96 2.61 35 .00 0.00 
2144-24 36 45 .36 0.76 27 .33 0.96 23 .74 2.70 
2144-21 36 Plant did not flower 

2142-18 37 Plant did not flower 

2140-4 38 10 .10 0.10 36 .64 1.94 17 .76 2.00 
2142-8 38 8 .00 0.00 8 .63 2.13 11 .91 1.70 
2143-2 38 5 .20 0.40 22 .91 3.82 30 .87 1.70 
2143-30 38 10 .10 0.10 26 .85 2.15 28 .43 0.72 
2140-28 38 — — — 3 .67 0.00 — — 
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Appendix E. Chromosome number, pollen analysis, presence of seed separation and 
general morphological characteristics of plants having 2n=32, 33, 34, and 35 
chromosomes in Backcross 2 populations derived from (4x M. sativa X 5x BC1) 
crosses. 

Entry Percent Percent Amount Size 
Growth Chromo. pollen pollen of of Seed Flower 
no. no. stain. germ. pollen8 pollen(nm) sep.b colorc habitd 

CC102B-2 32 69.0 73.7 2 47 P SEMI. 
CC402B-3 32 74.0 67.0 2- 37-42 + P/B UP 
CC402B-4 32 00.0 00.0 0 0 + P UP 
CC502B-1 32 49.0 29.5 1+ 34-39 +/- P/LAV UP 
CC502B-2 32 60.0 00.0 1+/2- 37 +/- P/LAV UP 
CC502B-4 32 00.0 00.0 0 0 — P UP 

CC102B-3 33 35.0 32.0 1 51 + P UP 
CC102B-5 33 66.7 41.6 2+/3- 39 +/" Dk P/G UP 
CC302B-2 33 43.3 23.8 0+/1- 39-47 +/" P/B UP 

CC302B-3 34 60.7 52.6 1 39 + LAV UP 

CC102B-1 35 00.0 00.0 0 0 — P UP 
CC201B-1 35 59.0 37.0 1 42-49 +/- P UP 

a Pollen production scored on a scale from 0 to 3. 0= no pollen, 3= normal levels 
b (-)= absence, (+/"0=tracef (+)=presence 
c Dk P= Dark purple, P=purple, LAV= Lavender, B=Blue, G=Green, Y= Yellow 
d UP=Upright, SEMI=Semi-prostrate, PROS=Prostrate 
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Appendix F. Cross and self-fertility of BC2 plants having 2n= 32, 33, 34 or 35 
chromosomes. Fertility is reported as number of seeds per pollination . • 

Populations 
were derived from (4X M. sativa X 5x BC1) crosses. 

Self Female Male 
fBC2 X 4x M.sativa) (4x M. sativa X ; BC2' 

No. No. No. No. No. No. No. No. No 
Entry Chromo. fl. pods/ seed/ fl. pods/ seed/ fl. pods/ 
seed/ 
no. no. cross, poll. poll. cross. poll. poll. cross. poll. 
poll. 

CC102B-2 32 10 .00 0.00 18 .72 1.72 9 .44 0.44 
CC402B-3 32 18 .56 0.11 28 .75 2.25 7 .71 1.14 
CC402B-4 32 17 .00 0.00 7 .71 1.29 8 .00 0.00 
CC502B-1 32 10 .00 0.00 35 .54 0.80 23 .30 0.57 
CC501B-4 32 — — — — 11 .00 0.00 
CC502B-4 32 — — — — — — —  10 .00 0.00 

CC102B-5 33 22 .00 0.00 26 .73 2.04 22 .36 0.86 
CC102B-3 33 10 .00 0.00 6 .33 0.83 — —  

CC302B-2 33 — — —  34 .94 3.20 — —  

CC302B-3 34 17 .06 0.06 29 .79 1.86 33 .39 1.03 

CC102B-1 35 35 .03 0.00 20 .10 0.10 12 .00 0.00 
CC201B-1 35 — —  — — 10 1.00 1.90 
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