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ABSTRACT parents are needed to avoid excessive inbreeding (Bus-
bice, 1970).It is important to know if forage yields of alfalfa (Medicago sativa

Difficulties associated with distinguishing geneticallyL.) cultivars could be improved by using a subset of genetically diverse
diverse individuals have forced most breeders to includeparents selected from a larger population of parents for a synthetic
larger numbers of parents in their synthetic cultivars tocultivar. We used restriction fragment length polymorphisms to assess
minimize inbreeding and conserve genetic variabilitythe level of genetic diversity among 93 alfalfa genotypes previously

selected as parents for a potential commercial synthetic cultivar. On for other traits. Over half of the cultivars released be-
the basis of average pairwise genetic distances between genotypes, tween 1973 and 1982 were synthesized from more than
four synthetic populations (samples) were developed with 2, 4, 8, 12, 40 parental genotypes (Hill et al., 1988). The large
16, or 24 parents selected for genetic dissimilarity (DIS) or similarity amount of genetic variability for forage yield observed
(SIM). Resulting synthetic populations were evaluated for forage yield within most alfalfa cultivars suggests that a subset of
in replicated field trials at three locations for 2 yr. Forage yields of the original parents could be intermated to produce a
populations with low numbers of parents were highly variable among

higher yielding synthetic cultivar (Hill and Elgin, 1981).samples, and as number of parents increased, genetic diversity levels
In previous studies, we used molecular markers toand yield variation decreased. No significant difference (P . 0.05)

estimate the genetic distance of pairs of alfalfa geno-was detected between forage yields of DIS and SIM groups averaged
types and the heterozygosity of their single-cross proge-over parent number and samples; however, yield variation among
nies (Kidwell et al., 1994a,b). These studies includedsamples within parent number of DIS and SIM groups was highly

significant (P , 0.0001). The SIM group had more sample variation four diploid genotypes with a range of genetic diversity
than did the DIS group, and more SIM than DIS populations were and their isogenic tetraploids derived by chromosome
among the lower yielding populations. The lack of significant differ- doubling. We found that for the tetraploid genotypes
ences between the forage yields of DIS and SIM populations may be the genetic distance and heterozygosity estimates had
due to linkage equilibrium in the population used for selecting parents significant, positive correlations with each other and
and the inability to target heterozygosity to specific genome regions with forage yields of the single-cross progenies. The
affecting yield.

results suggest that molecular markers may be useful
for identifying pairs of genetically diverse parents for
producing highly heterozygous and high yielding, single-

Most alfalfa cultivars are genetically broad-based cross hybrid progenies.
synthetics developed by randomly intermating Molecular markers also could be used to identify

selected parents and advancing their offspring through more than two genetically diverse individuals. The re-
several generations of open pollination (Busbice, 1969; sulting synthetic populations should have a higher num-
Hill and Elgin, 1981; Hill et al., 1988). Several studies ber of different alleles and more heterozygosity at
have been conducted to determine the optimum number marker loci than unselected populations or populations
of parents to intermate to maximize forage yields in a derived from genetically similar parents on the basis of
synthetic. In general, the highest yielding experimental molecular markers. If diversity at marker loci reflects
synthetic cultivars had greater than four but fewer than diversity at linked loci, this selection would increase the
16 parents (Busbice and Gurgis, 1976; Hill and Elgin, chance of having at least one favorable dominant allele
1981). Fewer parents are required when they are geneti- at linked loci affecting forage yield and greater overall
cally diverse rather than highly related, but at least four complementary gene interaction. In contrast, selecting

genetically similar parents by molecular markers should
result in fewer different alleles, lower heterozygosity, a
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for the set of probes used and a value of 1.0 indicating acreased yield associated with tetraploid versus diploid
pair of individuals differed for all RFLPs detected. Groups ofalfalfa (Bingham et al., 1994).
genetically dissimilar (DIS) parents were identified by initiallyIn the study reported here, we used molecular mark-
selecting two parents at random from the highest 2% rankingers to select sets of genetically similar and dissimilar
of GDs. SAS/IML (SAS, 1989) procedures were developedparents from a group of elite alfalfa genotypes. Different (programs available upon request) to search the 93 3 93 GD

numbers of parents, ranging from two to 40, were se- matrix to identify a third parent that would maximize the
lected and progenies from intermating these parents average of the pairwise GDs with the two parents that had
were evaluated to determine the effects of selecting been selected previously. The search was repeated until 24
different numbers of genetically similar or dissimilar parents had been identified, and the samples with 2, 4, 8, 12,

16, and 24 parents were selected to represent a series of DISparents on forage yields.
parents. The entire process was repeated three times starting
with new pairs of parents selected at random from the 2%MATERIALS AND METHODS
tails of the GD frequency distribution. Thus, we obtained four

Plant Materials, RFLP Analysis and Data Collection samples of DIS parents for each parent number level. This
procedure does not guarantee that parents with the maximumTetraploid alfalfa genotypes evaluated in this study were
average GD were selected, but it is a fast computationalselected from populations developed for commercial exploita-
method of selecting multiple samples of parents with neartion by ABI-Alfalfa. The origin of these populations were
maximum GD. Four samples of genetically similar (SIM) par-nine cultivars (Vernal, Weevlchek, Titan, Anchor, Saranac,
ents at the same parent number levels were identified in aTempo, Kanza, Dawson, and Cody) that had been intermated
similar fashion by selecting four two-parent combinationsand undergone 12 cycles of phenotypic recurrent selection for
from the lowest 2% GD ranking and then adding parents thatdisease resistance, leaf hopper resistance, and winter survival.
minimized the average of the pairwise GDs. In addition, oneThe resulting populations included germplasm from seven of
sample each of 40 DIS and 40 SIM parents was selected. Thisthe nine (excluding African and Peruvian) germplasm sources
resulted in a total of 50 selected groups of parents plus thefor North American alfalfa cultivars (Barnes et al., 1977).
93 original genotypes for creating 51 synthetic populations.Several hundred genotypes from these populations were ini-

Selected parental genotypes were vegetatively propagatedtially screened in growth chambers by standard procedures
and hand pollinations without emasculation were initiated infor acceptable levels of resistance to bacterial wilt, Fusarium
the greenhouse in October 1992. Groups of plants to be inter-wilt, Verticillium wilt, Anthracnose, Phytophthora root rot
crossed were distributed in a random order throughout theand Aphanomyces. The surviving genotypes were vegetatively
greenhouse, and pots of genotypes within populations werepropagated and evaluated in fields at locations throughout
rotated frequently to ensure that each single cross within athe Midwest in 1990 and 1991 to confirm original disease
population occurred at a similar frequency. Approximatelyresistance results and to select for vigor, winter survival, potato
equal quantities of seed from each female parent were com-leaf hopper resistance, and resistances to other leaf diseases
bined to represent a synthetic population for planting in the(data not shown). Ninety-three genotypes with superior phe-
field.notypic characteristics and multiple disease resistances were

selected as parents for a synthetic population to be evaluated
for commercial release. Field Evaluation and Data Analyses

The 93 genotypes were analyzed for RFLPs by previously
Forage yields of the 51 synthetic populations and threedescribed procedures for total genomic DNA isolation, DNA

check cultivars (ABI-9017, Vernal, and Apollo Supreme) werequantification, restriction enzyme digestion, gel electrophore-
evaluated at three locations: two sites at Ames, IA; one atsis, Southern blotting, probe labeling by random-hexamer
Livingston, WI. A second site at Livingston was lost becausepriming, hybridization, and autoradiography (Kidwell et al.,
of flooding in the establishment year, and a trial in Nampa,1994b). EcoRI or HindIII digested plant genomic DNAs were
ID, was dropped from the analysis because the location washybridized to 61 recombinant DNA clones, 36 of which were
irrigated and had a significantly different variance than theused previously to locate 2 to 7 RFLP loci on each of the eight
other locations. Entries were seeded in single row plots 1.8 mlinkage groups of diploid alfalfa (Echt et al., 1994; Tavoletti et
long at a seeding rate of 0.6 g per row in the fall of 1993. Aal., 1996). The remaining clones were from the same genomic
row of ABI-9017 was planted between each entry to ensureDNA and cDNA libraries used previously to select clones for
even competition for entry rows. Four replications of eachmapping alfalfa (Echt et al., 1994; Kidwell and Osborn, 1993;
population were evaluated at each location using a random-Tavoletti et al., 1996). Banding profiles were recorded for
ized complete block design. Top growth was hand harvestedeach RFLP probe by assigning a number to every unique band
from 0.9 m per row when the entire field reached approxi-detected on autoradiographs based on migration distance
mately 10% bloom and the same plots were harvested fourcompared with l DNA digested with restriction enzymes.
times during each of the 1994 and 1995 growing season. ForagePresence/absence data were combined for all RFLP probes,
samples were dried, and weights were recorded and combinedand these data were used to measure genetic diversity
over the eight harvests for each field trial.among genotypes.

Two ANOVAs were performed with data for all popula-
tions derived from the 2, 4, 8, 12, 16, and 24 parent numbersGenetic Diversity Estimates, Parental Selection,
of the DIS and SIM diversity groups. In the first ANOVA, a

and Population Synthesis split-split plot model was used with diversity group (fixed
effect) as the main plot, parent number within diversity groupGenetic dissimilarities between all pairs of individuals were
(fixed effect) as the subplot, and sample within parent numbercalculated as the complement of the Dice Coefficient (Dice,
and diversity group (random effect) as the sub-subplot. We1945) by the computer program NTSYS-pc (Rohlf, 1992).
performed a second ANOVA to examine variation betweenGenetic dissimilarities were assumed to represent the level of
diversity groups at each location and parent number level andgenetic diversity between two individuals, with a value of zero

indicating no RFLPs detected between a pair of genotypes variation among samples at each location, parent number level
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Fig. 1. Frequency distribution of the 4278 pairwise genetic dissimilar-
Fig. 2. Plot of number of parents (log scale) versus average geneticity values for 93 tetraploid alfalfa genotypes (mean 5 0.46). Values

dissimilarity of alfalfa parents selected for genetic dissimilaritywere calculated as the complement of the Dice coefficient with
(DIS) or for genetic similarity (SIM) from a group of 93 parentsdata for 399 RFLPs.
(93 syn).

and diversity group, using the appropriate error terms to calcu-
variation decreased for both DIS and SIM populationslate F values. All models were analyzed by SAS GLM proce-
(Fig. 2).dures (SAS, 1989).

In the ANOVA for forage yield, location, block
within location, sample and location 3 sample effects

RESULTS were significant sources of variation; however, diversity
group (DIS vs. SIM) and parent number within diversityEach of the 61 RFLP probes used in this study de-
group were non-significant (Table 1). Because of thetected polymorphism among the 93 alfalfa genotypes.
significant sample effects in the main model, we ana-Presence or absence data for 399 polymorphic restric-
lyzed the sample variation for each parent numbertion fragments were scored for each genotype with the
within diversity group at each location (Table 2). Innumber of fragments scored per probe ranging from 2
general, as parent number increased, the among sampleto 13 (avg. of 6.5 fragments per probe). Genetic dissimi-
variation for average GD (Fig. 2) and forage yield (Fig.larity values for the 4278 possible pairwise comparisons
3) decreased simultaneously. Both DIS and SIM popula-among the 93 plants were normally distributed (Fig. 1).
tions derived from two parents had significant sampleGroups of parents were selected and their average GD
variation, but the SIM populations were more variablevalues were compared (Fig. 2). All groups of DIS par-
than the DIS populations for populations having fourents had larger average GD values and all groups of
to 16 parents (Table 2; Fig. 3).SIM parents had smaller values than the average GD

The mean forage yields of DIS and SIM populationsvalue for the 93 plants. As parent number increased,
at each parent number level were compared at the threethe average GD decreased for DIS populations and

increased for SIM populations and the among sample locations. Only one comparison was significant (24 DIS

Table 1. ANOVA of forage yield (grams dry matter/row combined over eight harvests) at three locations for 48 alfalfa synthetic
populations created by selecting four samples each of 2, 4, 8, 12, 16, or 24 parents on the basis of genetic similarity or dissimilarity
(diversity group).

Source of variation† df‡ MS§ F ratio F P . F¶

(1) loc 2 425 852 1/2 11.8 0.0031
(2) block(loc) 9 36 120 2/8 3.2 0.0023
(3) diversity 1 87 216 3/5 1.1 0.3060
(4) parent(diversity) 10 35 270 4/5 0.4 0.9187
(5) sample[parent(diversity)] 36 80 875 5/10 10.7 0.0001
(6) loc 3 diversity 2 5 021 6/8 0.5 0.6383
(7) loc 3 parent(diversity) 20 11 601 7/8 1.0 0.4259
(8) loc 3 sample[parent(diversity)] 72 11 115 8/10 1.5 0.0107
(9) model sum 152 36 648 9/10 4.9 0.0001
(10) residual 423 7 529
Total 575

† loc 5 location; (block(loc)) 5 block within location; diversity 5 diversity group; parent(group) 5 parent number within diversity group; sample(parent(di-
versity)) 5 random samples of parents selected within parent number and diversity group.

‡ df 5 degrees of freedom.
§ MS 5 mean square.
¶ P . F 5 probability of a larger F value.
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Table 2. Mean forage yields (averaged over replications and sam-
ples) for each parent number (2, 4, 8, 12, 16, 24, 40, and 93)
and diversity group (DIS and SIM) at each of three locations,
and significance of sample variation for means based on four
samples.

Location
Parent no. and No. of
diversity group samples Ames 1 Ames 2 Livingston

g DM/row
2 DIS 4 822**† 761** 671**
2 SIM 4 741** 699** 710**
4 DIS 4 813 803** 717
4 SIM 4 779** 811* 714**
8 DIS 4 817 825 768
8 SIM 4 851** 811** 723
12 DIS 4 807 766 709
12 SIM 4 747* 722* 666
16 DIS 4 842* 767 715
16 SIM 4 822 768 701**
24 DIS 4 839 769 788
24 SIM 4 804 801 688
40 DIS 1 899 849 717
40 SIM 1 793 853 718
93 synthetic 1 823 828 788
ABI9017 1 757 833 749
Vernal 1 777 740 599
Apollo Supreme 1 793 770 625

† Means followed by * and ** had significant sample variation at P , 0.05
and P , 0.01, respectively.

. 24 SIM at Livingston, P , 0.05, sample and overall
means shown in Fig. 2 and Table 2). However, for two-
thirds of all DIS-SIM comparisons, the DIS populations
had higher forage yields than the SIM populations (Ta-
ble 2). One factor contributing to this observation was
the greater number of low yielding SIM populations
(compared with DIS) at each location (Fig. 3).

DISCUSSION
The purpose of this study was to determine if selection

of parents on the basis of molecular marker diversity
would affect forage yields of synthetic populations de-
rived from the parents. We tested this hypothesis by
selecting subsets of parents that had either larger (DIS)
or smaller (SIM) average GD values compared with
the value for 93 genotypes and evaluated populations
derived from intermating these parents for forage yield.

Fig. 3. Plot of the number of parents versus forage yield (grams dryPopulations derived from smaller numbers of parents
matter/row combined over harvests) of alfalfa synthetic popula-varied more for forage yield than those derived from
tions grown at three locations. Genetic diversity of the parentslarger numbers of parents, and some of these popu- based on RFLP assessment are indicated (DIS: genetically dissimi-

lations yielded significantly more than the 93 parent lar; SIM: genetically similar; 93 syn: 93 parent synthetic population).
synthetic population. However, selection based on mo-
lecular marker diversity had no consistent effect on for- diversity level. The largest average GD values from that

study (one minus the average Dice coefficients in Tableage yield.
Our results could have been effected by limitation in 2 of Kidwell et al., 1994c) were between the 12 genotypes

of M. falcata L. and the 12 genotypes of other accessionsthe range of genetic diversity among the 93 genotypes
that we used for selection. To address this issue, the (0.50–0.54). These values are similar to those of our 12

DIS parents (0.52) even though they were calculatedaverage GD values from this study can be compared
with values from a previous study on genetic diversity with only the comparisons of genotypes between acces-

sions. The smallest values were among the 12 genotypeswithin and between nine accessions representing the
original germplasm sources for North American alfalfa within accessions (0.24–0.37). These are considerably

lower than those of our 12 SIM parents (0.41), and maycultivars (Kidwell et al., 1994c). The genetic diversity of
genotypes used in that study should reflect the potential reflect the fact that the 93 genotypes used in our study

had been derived from the original germplasm sourcesrange of diversity in cultivated alfalfa, with intra-acces-
sion diversity representing a minimum diversity level after many generations of intermating.

Repeated cycles of intermating moves the resultingand inter-accession diversity representing a maximum
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