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Regardless of the crop, the plant breeder must become 
thoroughly acquainted with his breeding material. Information 
pertaining to heritability of yield factors, genetic diversity and 
varia bility. type oj genetic variance and gain expected from 
selection is a prerequisite before the breeder selects his basic 
breeding material and designs his program. 

Recently there bas been an increased interest in heterosis 
resulting from population crosses in both corn (5, 9, 7)2 and 
Drosophila (1, 13, 14). Diallel crosses among six southern corn 
varieties (9) showed the Fl ' S to yield on the average 19.9 % more 
than the midparent values and 11.5% more than the high parent. 
Intercrosses among a group of ten corn belt varieties (5) on the 
average yielded 8.5 % more when compared with the midparent 
values. This increase in average yield of the F l ' S indicates that 
corn varieties differ in their underlying genetic const itution. If 
the varieties had been at equilibrium between mutation and 
selectiun and the gene frequencies affecting yield <mil ar, n o 
increase in the F, 's would have been evident. 

Moll et a1. (7) hybridized corn varietie.s originating from 
three distinct regions; the southeastern United States, the mid­
western United States and Puerto Rico. There were two var ieties 
from each region thus giving the opportunity to compare crosses 
of varieties from the same region and from different regions . 
They found that the average of the within-region crosses was 
104% of the midparental values, compared with the average of 
124% for the between-region crosses. The results oE. th ese find ­
ings indicate that heterosis, expressed as percent of the mid parent, 
increases with increa.sed genetic diversity. 

Variety crosses in sugar beets (2) indicate th at specific 
combining ability exists between varieties. The intercrossin~· 
of open-pollinated mother lines selected from a parent variety 
showed an appreciable amount of hybrid vigor (3). These dis­
plays of heterosis would also indicate a genetic difference be tvveen 
varieties and lines selected from a single parental variety. 

A program of reciprocal recurrent selection using populations 
which have a high frequency of many favorable genes and which 
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exhibit substantial heterosis when crossed should result in the 
concentration of yield factors. The probability of selecting 
superior inbred lines from the derived populations should be 
much greater than random line selection from varieties. The 
hybrids derived from these lines should exhibit maximum com­
bining ability as a reciprocal recurrent selection program is 
desig·ned to capitalize on both additive and nonadditive gene 
action. 

This present study was planned to evaluate genetically five 
diverse monogerm sugar beet varieties as a guide in selecting 
stocks for a reciprocal recu rrent selection program: 

Materials and ;Vrethods 

Five self-sterile monogerm varieties bel ieved to represent a 
diverse range of types ""ere included in this study. A brief 
description of these varieties seems desirable since any implica­
tion concerning their cross-performance could reflect on their 
genetic origin. Two of the varieties, 58-412 and 57-807, are 
"\merican #2 and American #3':'-J types, respectively, and are 
believed to possess a reasonable amount of genetic variation. 
Two USDA varieties, SP 5832-0 produced at Beltsville, Maryland, 
and SLC 24 produced at Salt Lake City, Utah, were included for 
their leaf-spot and curly-top tolerance. Variety SP 5832-0 was 
produced by intercrossing eight monogeml progenies which were 
equal to US 401 in yield and leaf-spot resistance, while SLC 24 
was the F3 monogerm selection resulting from crosses of curly­
top-tolerant monogerm lines to the leaf-spot-tolerant multigerm 
variety US 20 l. Both of these varieties probably represent a 
fairly narrow rang·e of genetic variation. The variety, 58-411, 
is a broad base extraction from a cross of SLC 15 with seven 
different pollinators and was included in this study to represent 
the extreme in genetic variation. 

Based on sucrose and weight, 45 of the best mother beets 
were selected from each of the 5 varieties by the unit block 
method of mass selection (8). These roots were halved thus 
making it possible to divide each variety into 2 genetically 
identical populations making a total of 10 groups. One group 
of roots from each variety was designated as the male population 
while the remaining group was termed the female population. 

The male populations were individually isolated to serve as a 
pollen source and as a population advance. Each female popula­
tion was randomly divided in to 4 groups of 10 beets each. The 
5 extra beets were used as substitutes in cases of bolting failure. 
Each group of ten beets was preassigned a specific pollinator. 
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The inflorescence of each female beet prior to flowering was 
completely covered with a large manila bag which had a plastic 
window to observe floral development. Pollen was collected 
from each male population using a pollen collector powered by 
a small vacuum sweeper. The pollen was blown into the assigned 
manila bags through a small hole. The procedure was repeated 
each day until pollen sheading was complete. This system allowed 
the production of reciprocal crosses and permitted a twenty-beet 
sample plus pollen from the 40 male beets to represent the cross 
population. By this method the diallel series including recip­
rocals was produced. 

The seed from the 10 female plants was bulk harvested. 
Reciprocals were kept separate and later included as alternate 
replications for each F, entry in the yield trial. 

The field design of the experiment was a 40 replica tion 
randomized complete block which included the five varietal 
populations, their ten diallel crosses and 54-406, a multigerm 
American #2 type commercial check. Two single crosses were 
also included but the discussion of their implications is given 
in another paper (4). 

In planting the different populations, the rows were spaced 
22 inches apart with 20 inches between hills within the row. 
Three to 5 seeds were hand planted in the 15 hills of the single 
row plots and later thinned to 1 beet per hill. At harve~t all 
the beets were selected in order down the row and any beet 
showing visual evidence of d isease was discarded. The individual 
weight and sucrose percent were determined and the first 8 
beets were included in the data. Thus, 320 beets for each entry 
were individually analyzed. The method is similar to tha't 
described by Powers (8). 

The data included in this article are calculated on a plot 
mean basis with each plot representing the mean of eight beets. 

Experimental Results 

A breakdown of the variances associated with varieties and 
crosses was not particularly enlightening, since these variances 
were highly significant statistically for both weight and sucrose 
percent. A reaction of this type would be expected due to the 
diversity or the basic varieties used in this study. However, most 
of the significance may be attributed to the hiq;her-than-average 
root and sugar yield of the variety 58-412. This locally adapted 
selection did extremely well when compared with the other 
entries, both as a parental variety and when intercrossed with 
the other varieties. 
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Reciprocal Crosses 
The mating system by which the intercrosses were produced 

afforded the chance to test reciprocal crosses. These were in­
cluded in the experimental design by pairing the cross and its 
reciprocal , then randomizing the pair. This plan allowed the 
total of 20 paired comparisons or 20 replications of each of the 
two crossing types. This system was projected to include the 10 
intercro.sses reported in this study. 

The single degree of freedom analysis for differences between 
reciprocal crosses indicated that a real difference existed due 
to the mating system between certain crosses. This unexpected 
reaction had to be explained before the data could be objectively 
analyzed. 

Table I presents the mean yield for the six intercrosses that 
displayed statistical differences between reciprocals for either 
weight per root or sucrose percent. These differences between 
reciproca ls are difficult to explain by chance due to the mag­
nitude of the mean squares and the number of crosses showing 
differences. A cytoplasmic genotype interaction could be a pos­
sible explanation, however the acceptance of this theory is not 
universal nor satisfactory. Self-fertility in one or more of the 
varieties is probably a more acceptable explanation for differences 
between reciprocal crosses. An examination of the frequency 
distributions and means of the populations exhibiting reciprocal 
differences left no doubt that there were two populations within 
each cross fluctuating around their common mean. 

The yields of the crosses exhibiting reciprocal differences are 
shown in Table I. The mean yield for both root weight and 
sucrose percent for variety SP 5832-0 was lower in all crosses 
where this variety was used as the female. A reaction of this 
type would indicate that the seed harvested from these female 
plants 'was predominantly self-fertilized instead of the desired 
varietal hybrid seed. Thus, the differences between reciprocals 
involving SP 5832-0 can be explained by assuming that the variety 
is self-fertile. 

Table l.-Int,ercrosses displaying statistical differences between reciprocals. 

'Veight Sucrose 
Crosses Column I Column 2 Columnl Column 2 

Felnale Male Female Female Female FCJnaie 

sp 5832·0 57 ·807 2.13 2.55 10.80 11.58 
SP 58J! 2·0 58·4 12 1.70 3.74 9.59 12.80 
Sl' 5832·0 SLC #24 2.29 2.53 10.01 11.1 5 
SP 5832·0 58-4 1 I 2.51 2.63 10.35 IJ.36 
58-4 1 I 58-412 2.40 3.87 11 .49 13.02 
SLC 21 58-411 2.59 3.20 11.28 11.17 
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The differences observed between the reciprocals of the cross, 
58-411 X 58-412, ca n be explained with similar reasoning. The 
quantity of p Oollen cOollected frOom variety 58-412 was sharply re­
duced due to a high percent of male steriles in the pOopulation. 
Thus, when 58-411 was bagged as the female of the cross and 
subjected to limited pollen, this variety tended to be self-fertile. 

Additional evidence which further substantiates the limited 
pollen and self-fertility theory is the reciprocal cross data from, 
the SP 5832-0 X 58-412 hybrid. If 58-412 pollen was limited, 
we would expect the seed harvested from the 5832-0 plants to 
be mostly self-pollinated, thus a reduction it) yield would be 
expected in the cross where SP 5832-0 was used as the female 
in combination with 58-4 I 2. This theory was verified from the 
results obtained from the reciprocal data of the SP 5832-0 X 
58-412 cross. 

The cross, SLC 24 X 58-4 I I, displayed differences between 
reciprocals for weight of root. There is no apparent lo~ica l ex­
planation for this response but it was assumed, based on the 
previous experience, that self-fertility was responsible for this 
reaction. 

Due to these reciprocal differences and the evidence for seIf­
fertility in certain crosses, the reciprocal cross dis laying the 
lowest mean yield was deleted from the data. This assumes that 
the higher yielding reciprocal is composed primarily of the 
desirable hybrid seed. This deletion reduced the populations 
of certain crosses from 320 to 160 beets. 

General and Specific Combining Ability 

The statistical model used to evaluate diallel crosses in corn 
(6, 10, II) can also be applied to the variety crosses observed in 
this study. Tables 2 and 3 show the mean yield of the parents 
and intercrosses together with the estimates of general and specific 

Table 2.-Mean yields (weight per beet) of the parental varieties (parentheses) and 
theil' Fl intercross combinations together with thei'r general and specific combining 
ability. 

F, 
Parents 57-807 SP 5832·0 58-412 SLC 24 58·411 nlean 

O'c' O's' 

57-S07 (2.30) 2.55 ' 3. IS 2.11 2.54 2.60 .2232 .0012 
SP 5S32·0 (2.33) 3.74 ' 2.53 " 2.63 ' 2.86 .0139 .0593 
5S-4 12 (3.33) 3. 16 3.87 ' 3.49 .5 10S .0263 
SLC 24 (2.52) 3.20 ' 2.75 .0694 .0626 
58·411 (2.71 ) 3.06 .0187 .OS39 
i\ifeans 2.95 .1672 .0467 
LSD (0.05) = .34 
LSD (0.01) = .26 
- i\1ean of 160 Beets 
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Table 3.-Mcan yields (percent sucrose pcr beet) of the parental varietie.. (parentheses) 
and their Fl intercross co.nbinations together with their general and specific cOIllbining 
ability. 

F, 
Parents 57·807 SP 5832·0 58·412 SLC24 58·411 meall 

fFG:! (Fs' 

57·807 (11.40) 11.58 ' 12.80 10.93 11.06 11.59 .0939 .0079 
SP 5832·0 (10.21 ) 12.80 ' 11.15 • 11.36 ' 11.72 .0125 .000:; 
58·412 ( 13.23 ) 12.46 13.02 ' 12.77 1.5534 -.0041 
SLC 24 ( 11.21 ) 11.17 ' 11.4 3 .2826 - .0160 
58·411 ( 11.29) 11.65 .4891 .0091 
Means 11. 83 .4863 -.0005 
LSD (0 .05) = .52 
LSD (0.0 1) = .68 
' Mean of 160 BeelS 

combining ability for the five varieties used in this study. These 
combining ability estimates are relative and dependent upon 
the particular group of varieties involved in the hybrids under 
test. The average performance of the varieties in crosses provides 
a measure of their general combining abi lity er the additive 
effects. Deviations of a particular cross from expectations based 
on the average of its two parents provides a measure of specific 
combining ability or the nonadditive effects. Low values for 
(F(i2 indicates that the particular variety in question is average 

zin its general combinin Q.· ability while large values of (FG may 
indicate that the particular variety is either much better or much 
poorer than the remaining varieties with which it is compared. 
Low values of (FS2 indicate that the hybrids involving: the par· 
ticular variety are responding' as expected based on their general 
combining: ability. Hig'h values of indicate that some com­ITS2 

binations did relatively better or poorer than expected. 
The genera l and speci fi c combining ability means for the 

varieties indicate that the additive effects are much more im­
portant than the nonadditive effects for both weight of root and 
sucrose percent. This response is to be expected considering the 
heterop.-eneous nature of these varieties. H owever, there are 
wrn e nonadditive effects indicated bv the hig'h specific combininp' 
ability values for certain crosses. Both effects must be considered 
in planning a breeding program utilizing these open-pollinated 
varieties. 

Heterotic Responses 

The parental and F, means too'ether with F, yields expressed 
as percentag:es relative to the midparent, high parent and con­
stant parent are presented in Tables 4 and 5. The averag'e rela­
tiv(' reot yield of the F . intercrosses compared to the respective 
midparent yield was 111.70/0' When the F ,'s are compared with 
the higher parent of each cross and the constant parent, the 
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average relative yield was 102.470 and 112.7% , respectively 
(Table 4) . 

The average relative sucrose yields for the midparent, high 
parent and constant parent were 103.2% , 97.9 % and 103.6% , 
respectively (Table 5). 

These results indicate the presence of considerable g-enetic 
diversity between certain varieties for root weight but little 
diversity for percent sucrose. 

Table 4.- W<Cight per root o( parent varieties and their F , means as determined in al\ 
possible cross cOlubinations together with the F, lneans expre.ssed as a percent of the mid­
parent, higher papent and con. tant parent yields. 

]\(can FJ yield s, Sto rela ti ve to 

Parental F l Mid· Higher Common 
Population means means parent parent parent 

57-807 2.30 2.60 103.6 95.6 11 3.0 
SP 5832-0 2.33 2.86 113.5 105.1 122.7 
58-412 3.33 3.49 120.3 104.8 104.8 
SLC 24 2.52 2.75 106.2 99.3 109.1 
58-41 I 2.71 3.06 11 4.8 107.0 11 3.9 

Means 2.64 3.00 111.7 102.4 11 2.7 

54-406 3.00 

Table 5.-Percent sucrose of parent varieti es and their nlean Fl as determined in all 
possible cross cOlubinatiolls together with the Fl means 'expressed as a percent oE mid­
parent, higher parent and constant par,ent yields . 

Mean Fl yields, % relathe to 

Parental Fl Mid- Higher Common 
Population lueans ]11eanS parent parent parent 

57-807 11.40 11.59 10\.3 97.7 101.7 
SP 5832-0 10.21 11.72 106.5 99.5 11 '1.8 
58-412 13.23 12.77 105.3 96.5 96.5 
SLC 24 11.21 11.43 100.5 97.0 102.0 
58-411 11.29 11.65 102.2 98.7 103.2 

Means 11.47 11 :83 103.2 97 .9 103.6 

54-406 12.96 

Variety Evaluation 

Brtsed on the information obtained, a brief description of 
the relative merits of each variety will perhaps aid in the inter­
pretation of the data. Due to the nature of the experiment, 
comparison and estimates of combining- ability and heterotic re­
sponses are relative only to the varieties and hybrids under test. 

The variety, 57-807 is an American # 3N type and is a mono­
germ extraction without selection from the commercial multi­
germ American # 3N. Based on the F, performance when com­
pared to the average midparent value and the common parent, 
some genetic diversity and heterosis is evident for weight of root. 



380 JOURNAL OF THE A. S. S. B. T. 

The general combining ability of this variety is about average 
for percent sucrose but below average when compared with th e 
other varieties for weight of root. The specific combining ability 
values for both yield factors are low indicating that the particular 
variety is responding as expected based on its general combining 
ability. Some heterosis is evident for root weig'ht and sucrose 
percent when 57-807 is crossed with 58-412. This yield increase 
could also be due to exceptional yield of the variety 58-412 which 
performed above average in all crosses where it was included as 
a parent. 

The reciprocal cross data indicated that the USDA variety 
SP 5832-0 was self-fertile when subjected to conditions of limited 
pollen. The sugar percent for this variety is 1 0.21 % which could 
indicate inbreeding in the population or a variety that is in­
herently low in sucrose. The root weight of 2.33 pounds per beet 
is close to the average of the five populations and would not 
indicate a substantial amount of inbreeding:. 'Nhen the F l's are 
compared with the common parent the increase in yields were 
22.7% and 14.8% for root weight and sucrose percent, respect­
ively. These results were exceptional and would indicate the 
possible existence of inbreeding in the parental population. 

The g-eneral and specific combining- ability estimates indicate 
that variety SP 5832-0 is an averaq:e combiner with some specific 
combining' ability with 58-412 for weiQ'ht of root. The root 
yield of the F.'s was 5.1 % better than the averaQ'e of the hig'h 
parent when SP 5832-0 was one of the narents in the varietal 
hybrid. A 6.5% increase in sucrose was displayed when the FJ's 
were compared with the average midparent values. 

The data indicate that variety 58-412 is the best variety in­
cluded in the experiment. The hiQ'h parental yields of this 
variety when compared to the other varieties mav contrihute to 
the exceptional heterotic response of this popula tion. The high 
variances for general combining ability for hath sucrose and 
weight are indications of the excellent combining ability of this 
variety. 

It should be pointed out that 58-412 was the onlv locally 
adapted variety in the test. This adaptation may have contributed 
to the exceptional yields of the variety and its intercrosses. 

The performance of SLC 24 is averag-e for g-eneral and specific 
combinin<; ability when compared with the other varieties. Slig'ht 
heterotic responses are evident for weig'ht of root when the F,'s 
were compared with the midparent and common parent. A 2o/r, 
increase in sucrose percent was indicated when the hybrids in­
volving this cross were compared with this variety. The below 
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average yield for both root weight and sucrose percent coupled 
with the low heterotic responses do not make this variety particu­
larly attractive for breeding purpcses, 

Variety 58-411 produced the largest average heterotic response 
for root yield when the mean of the F, 's was compared with the 
higher parent, The broad genetic base of this variety probably 
contributed to the average values obtained for general and 
specific combining ability, 

Discussion 

The monogerm varieties intercrossed In this study were 
selected to include diverse types of genetic material originating 
from American Crystal and USDA sources, The genetic variation 
within varieties was also considered to include a range of varieties 
from an eight progeny synthetic to a variety crossed with seven 
different pollinators, The intercrosses would be expected to 
display varietal heterosis providing actual genetical differences 
existed between these varieties, The 11,7% increase in root yield 
of the Fl when compared with the midparent would indicate 
that the varieties are g'enetically diverse for this character. 

The same comparison indicates a 3.2% increase for sucrose 
percent. The average heterotic response if measured by the 
mean F, yields exceeding the higher parent was 2.4% for root 
weight, with none exceeding the higher parent for sucrose per­
cent, The data indicate the presence of heterosis in crosses be­
tween varieties with specific crosses having considerable yield 
advantage. The plant breeder developing a hybrid program 
should expect the higher yields to result from increased root 
weight rather than from increased sucrose percent, There will 
no doubt be exceptions to this observation but on the average 
the data indicate that the increased yield resulting frDm a hybrid 
program will result from more tons per acre. 

The average additive effects were greater than the non­
additive effects which is to be expected due to the heterogeneous 
nature of the varieties. However, certain varieties possess better­
than-average values for these components. A program designed 
to exploit these effects to the maximum would be expected to 
give maximum yield . In designing such a program, several 
breeding methods may be necessary to accomplish the goal. 

If the five varieties used in this study represent a random 
sample of unselected monogerm varieties the following program 
should result in maximum yield. Since the data indicate that 
the monogerm varieties lack substantial genetic diversity, 
measured by the heterotic response when the F/s are compared 



582 JOCR'AI. OF TilL , \. S. S. B. T. 

with the higher parent, the first point ot consideration should 
be in the development ot several diverse populations of approxi­
mately equal yield potential. 

These populations could be accumulated by selectil1Q; varieties 
or by combining similar geographical types. Selections from 
Europe would enhance the possibility of obtainin~' Qenetic di­
versity in the populations. Any number ot populations could 
be selected or developed but the population should be chosen 
to secure maximum genetic variation and diversity coupled with 
desirable agronomic traits. 

One or two mass selections using the UI it block procedure 
within the populations should serve as an Cldaptive selection. In 
order not to seriously reduce the genetic variability a large 
number of beets should be selected to form the next population. 

A diallel series involving these populations should reveal 
their genetic diversity and combining ability. A recurrent se­
lection program should be initiated in those varieties displaying 
the ~Teatest amount of additive gene action . Th e two varieties 
displaying the greatest amount of general and specific combining' 
ability for yield factors should be incorporated in a reciprocal 
recurrent selection program 'which is designed to capitalize on 
both additive and nonadditive genetic effects. The selection of 
inbred lines from these synthetic populations to be incorporated 
in hybrid combinations should result in maximum yields. 

The data indicate that the var iety 58-412 could be improved 
in both root weig'ht and sucrose percent by a recurrent selection 
progTam. The selection of two varieties for a reciprocal recurrent 
selection program is more difficult because 58-412 was the only 
variety tested which displayed both high-additive and nonadditive 
effects for root 'weight and sug'a r percent. The best prospects 
would be the use of the varieties 58-412 and 58-411. The F, 
intercross between these two varieties gave the highest yield 
of all the hybrids. 

Doxtator (2) reported that the best F , originating from a 
variety cross-American #4 X American 1936- gave a 23.1 % 
increase in root yield and a 4.1 % increase in sugar percent over 
the high parent based on the heterotic effect. These mul tigerm 
varieties were apparently quite diverse. This displ ay of heterosis 
is certainly greater than heterosis displayed by the varieties 
selected for this experiment. Perhaps, selection over the years 
and the conversion to monogermness has depleted th e g'enetic 
diversity in our monogerms. These data, if comparable certainly 
point in that direction. The sugar beet breeder should perhaps 
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re-evaluate these old varieties, if available, and capitalize on this 
additional source of genetic diversity. 

Summary 

Five open-pollinated sugar beet varieties representing a range 
of diverse types were crossed in a diallel series. T he parental 
varieties together with their ten intercross popL:la tions were 
grown in a yield trial in 1959. 

The average yields of the parents ranged from 2.3 to 3.3 
pounds per beet and from 10.2% to 13.2% sucrose. T he F, yield 
ranged from 2.1 to 3.9 pounds for roo t weight and 10.9% to 
13.0% for sucrose. The mean F ,'s relative to the midparent was 
117.7% for root weight and 103.2% for sugar percent. 

Estimates of genera l combining ability (additive effect) and 
specific combining ab ility (nonadditive effect) were calculated 
for root weight and percent sucrose. The average additive effects 
were greater than th e nonadditive effects. 

Application of th e results is discussed and a proposed breed­
ing program outlined. 
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