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In spite of its briel history as a cultivated crop (2)7 the sugar
beet  (Bela vulgaris L)), primarily a cross-fertilized species, is
known to be amenable to gross and adaptive change by mass
sclection. About the heginning of the nincteenth century, it
was sclected from o near relative of the mangelwurzel (5). This
early selection resulted in the White Silesian beet which was
designated by Lippmoann  (6) as being the mother stock of
all sugar beets in the world. Intrapopulation mass selection
advanced root yield and p(‘went‘w‘c sucrese, as well as adaptive
traits, until close selection for particular types apparently placed
a limitation on the genetic diversity of the progeny, Tt primarily
nen-additive genetic variance remained in adapted sugar beet
varieties, selection dependent upon additive genetic effects prob-
ably would he incffective. However, Deming (8) has reported
considerable difference in general (ombmmsz ability of inbred
lines for root yield and percentage sucrose, Since differences in
general combining ability are related primarily to differences in
additive genetic effects, 1t would appear that considerable addi-
tive genetic variation remains in the population. Improvement
of sugar heet varvieties throueh simple recurrent selection where
sefection procedures are based on progeny performance (1) iy
also evidence for the presence of additive genctic variability in
these varieties.

The purposes of this resc(mh were (o partition the frequency
distributions and variances in an attempt to deternune the type
of gene action affecting root weight and sucrose content and, to
measure changes in reot vield apd percentage sucrose cffected
by breeding methods desioned to take advantage of additive
venetic variance.
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Materials and Methods

Three breeding methods were used: modified mass selection,
the polycross method, and recurrent selection for general com-
bining ability. Mean comparisons are accompanied by parti-
ticned frequency distributions and estimates of variance com-
ponents,

The parental material from which the initial selections were
made was a genetically broad-based monogerm population. It
was synthesized by pollinating a sclf-sterile monogerm line with
seven genetically diverse mulugerm sugar beet varieties and
breeding lines. Abcout 750 monogerm segregates were then al-
lowed to interpollinate; the resulting seed was designated as
SLC 15 BB, '

Using the Powers (7) method of selection from small units,
47 individuals supericr for both root yield and percentage su-
crose were selected from about 9,600 plants of 51O 15 BB.
These sclections were interpollinated in a modified polycross
plot and also propagated asexually. Since the medification in-
volved undivided roots, cach selection appeared only once in
the polycross plot. Thirty-three selections produced sufficient seed
to be included in the polycross test together with the pavental
population, SLC 15 BB.. Parent-progeny regressions and maternal
half sth correlations in the polyaross test were used to estimate
additive genetic variance. Forty-twvo  phenotypically  superior
selections were made within those seven proeeny lines with the
highest combining ability for both root weieht and sucrose per-
centage. This was a medified recurvent sclecaon for general
combining ability.

The five populations as follows were synthesized from the
asexual propagations, polycrossed seed, and recurrent seltections:

I, The massselected population, a comp-site of seed from all
47 plants in the polveross plot, represents a sinele cvcle
of mass selection with an equal genetic contribution from
cach maternal parent.

2. Polveross A was a composite of polvernssed seed from five
of the 47 plants in population 1. These five had the most
superior progenv performance for both root yield and
PCTCENIAZEe SUCrose.

3. Polycross B resulted from  interpollinating the asexual
propavations of the five original selections with the moe
superior polycross performance for both reot weioht nnd
percentage sucrose, Hence it represents a vecombivation
of only those five genotypes with the highest gencrol com-
bining ability.
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4. Synthetic A vesulted from interpollinating the 42 recurrent
selections made from within the seven polycross test entries
with the highest general combining ability for root weight
and sucrose,

5. Synthetic B resulted fvom interpollinating the five re-
current selections most superior for roor weight and su-
crose, These five recurrent selections were made [rom
four of the seven high combining polycross test entries.
The hive roots were divided and were also included in
Synthetic A.

These hve population designations are not entirely appro-
priate but are used here in a somewhat general sense. The poly-
cross populations arose from interpollinating individuals with
superior progeny performance while the synthetic populations
were derived by mating selected progeny from individual plants
in the polycross populations. These five populations were -
cluded in a population genetic study together with SLOC 15 BB,
two inbreds, and two I, hybrids. "The four nonsegregating popula-
tions were included for the purpose of estimating environmental
variance. The 10 populations were planted in 40 replications
of single-row plots, cach bordered by a common competitor. 'The
rows were 22 inches apart: plants within rows weye 10 inches
apart. Ten competitive rToots were bBarvested from each plot,
giving a total of 400 individuals in each population. Fach root
was analyzed individually for weight and percentage sucrose.

Results

Means, total within-plot variances, genetic variances, and
broad-sense herimability ratios for root weight and percentage
sucrose in the population genetic study are surmmarized in Table
I. The variances for root weight are calculated {rom common
logarithin transformations in order to eliminate a mdan-variance
relation. The use of total within-plot variances eliminated varia-
tion attributable to replications and replication by population
interaction. 'The genetle variances are total genetic variances
which include both additive and nonadditive sources of genetic
variability. The herttabilities (h*) are ratos of total genetic vari-
ance to total within-plot variance. The variance of the four non-
segregating  populations was used to cstimate environmental
variance.

In relation to SLOC 15 BB, the sucrose percentage of Synthetic
A and B was increased. Mass selection and Polycross A were not
different than SLO 15 BB, while Polveross B showed a decrease.
The total within-plot variances can be compared divectly using
the F test. A toral of 360 deerces of freedom are associated with
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Table t——Means, total withinplot variances, genetic variances, and heritability ratios
for percentage sucrose and reot weight in kilograms.

Percentage sucrose Root weight
Yarviance T Yariance®
Total Total
Population Mean  within  Genetis he Mean within Genetle he
plot plot
{5l (kgs.}
Muass welection 1683 1.05882 043150 0.245 LO76  LO52100 024269 066
Polveross A 16.80 102203 {) 28773 0.23% 1At 1.053468 {1.025651 0470
Polveross B 1652 L4456 L2060 0049640 0021812 0430
i

36K ‘21 G315

Synthetic A 17,11 LOG710 0.221 0460 0.050230 0022422 00046
Synthetic B 7 0E6093 W ()mm (.U84 LOGA  GU6S0T0 - 0035253
SLC 13 BBe 1678 L1534 nisse 0308 L4y 0045130 0.017302  0.388
Homozygous

populations 16,39 0.78432 0865 LD2TRET
LSD 0.11 0063

0.0

"Virjanee caluenlated from log roor weight,

cach variance, except those of the homozygous populations which
have 14400 Any within-plot variance significantly larger than
the estimated environmental variance must also have a genetic
variance significantly greater than zevo, hence, a significant broad-
sense heritability ratio. Synthetic B was the only population
without a significant l’wnmbxln,y ratio {or pereentage sucrose,
yet the mean was high. "The mean ol Polycross I3 was swmﬁumh
fower than SL.C 15 bb,, yet its genctic varviance remained high.
For sucrose then, the five mdnlduals with the highest getmal
combining al}mt,} apparently have low specific combining ability
with each other,
In an examination of roor weight means, Table 1 shows that
Polycrosses A and B were significant improvements over SLC
5> BB.. Synthetic B had a smmf;nmth larger total within-plot
variance than SLC 15 BB, The broad- sense heritability ratios
were all different than zero. As in the case of percentage sucrose
the highest variance tor root weight was associated with the low-
est mean, and vice versa.

The frequency distributions for both percentage sucrose and
root weight were partitioned by the methods of Powers, et al.
(8. fhx% method a(l}usts the distributions to eliminate differ-
ences between replications within populations and  differences
between populations. This results in a common mean for all
populations. The mean distribution of the four nonsegregating
pupulations was used as the estimated environmental distribu-
tion. The distributions ol the scgregating populations were par-
titioned at approximate points of intersection of the obtained
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and estimated envirommental curves. The identifiable numbers
of superior and inferior genetic deviates are differences between
obtained and estimated cnvironmental distributions to the right
and lefr, respectively, of the distribution partition points  {9),
Hence all genetic deviates are not included, only those falling
in the extreme classes wheve they are estimable or identifiable.
The method wused is nonparametric or distribution free, elim-
inating the necessity of making assumptions about the distribu-
tions. However, it remains necessary to assume that the genotype
environment interaction is negligible. The identifiable numbers
of genetic deviates, from a total of 400 in cach population, are
listed in Table 2.

Table 2.~Tdentifiable numbers of genctic deviates for percentage sucrose and Jog
root weight.

Percentage sucroxe Log root weight
Identifiable Tdentitiuble

number of genetic deviates number of genetic deviates
Population Su_pc;*i;)r Infevior Toral Tatal
Mass sclection 154 16 4 315
Polyeross A 1844 I5.01 5346
Polycross B IE R 2445 G846 3646
Synthetic A 201 bbbt 5546 RV ] s
Synthetic B Bt 3 442 12+ 3 637 186
SLC 15 BB: 8.1 2445 376 3328 204

The correlations between numbers ol genetic deviates and
heritability ratios as determined by Powers, et al. (8) are shown
in Table 3. The only partitioned group that was not significantly
correfated with h* was the identifiable numbers of superior
genetic deviates for percentage sucrose. For a normal distribution
the proportion of genetic deviates should be a monotonic {in-
creasing) function of heritability (h%) and, hence, an_equivalent
index. For the non-normal case the two indices are no longer
equivalent. In the case of percentage sucrose the estimated
environmental distributicn and that of mass selection deviated
significantly from normal. A normality [or root weight was the
case lor mass selection, Polyeross B, Synthetic B, and the esi-
mated environmental distribution. In spite of this anormality
the correlations with root weight were quite high.

Table 8—Simple correlation cocfficients between heretability rvatios and identitiable
numbers of genctic deviates for percentage sucrose and log root weight.

Percentage sucrose Log root weight

f;uperim" Inferior Total Superior Inferior Tutal

0.39 6.59*~ 001 0.62%* 0.95% .04
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The bivariate [requency distribution of each population was
partitioned at the same points as the component univariate
distributions, resulting in nine sections (8). To avoid the prob-
Jems introduced by small numibers in certain sections, the sections
of interest were omupul The group designated as superior
consisted of the sections with superior sucrose and average
weight, superior sucrose and superior weight, and average sucrose
and superior weight. The group designated as inferior consisted
ol the sections with inferior sucrose and average weight, inferior
sucrose and inferior weight, and average sucrose and inferior
weight. "The munbers of genetic deviates within these umup%
are listed in Table 4. Thc mean bivariate distribution of the
nonsegregating populations was used as an estimate ol the en-
vironmental distribution. The multiple correlations of superior,
inferior, and total numbers of genetic deviates on heritability
ratios, ng\‘m‘s et all (8)], are 0.27, 0.18, and (.14, respectively,
none ob which even approach significance.

Table 4—Number of genetie deviates o the superior and infesior groups and thels
toral from the partitioned bivariate frequency distributions.

Numbers of gonetic deviates

Population Supcrior Inderior Total
Mass sclection 617
Polyeross A 308
Polyverass B 7008
Syuihetic A A6-4+7
Synthetic B T
SLC (3 BB: 7848

Two estimates of the additive genetic variance were obtained
from the polycross progeny test. These were {rom maternal
half-sib  phenotypic covariance and  parcut-progeny  regression.
The component of auamc for hall-sib lamilies estimates the
phenotypic covariance of hall sibs which, aceording o Falconer
{4y, is 259% of the additive variance, plus 6.259% of the additive
by additive component. The latter 1s a small proportion of the
total epistatic variance which can probably be ignored without
serious  consequence.  No deviations due to dominance enter
into this covariance between half sibs. The parent progeny re-
oression is devived from the relation between the 33 polycrass
parvents and the means of therr 1‘4:%pe('1i\’<‘ progeny. Hence, it
1s the regression of progeny on one parent, and, as such, is an
estimate of onehall the heritability, The resulting narrow sense
hreritability ratios for percentage sucrose are, rcspectivo]y, 0.26
and 0.32, while the broad scnse heritability estimate (ratio of
total genetic variance to total within-plot variance) is 0.52. For
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root weight these heritability ratios are, respectively, 0.02, 0.16,
and 0.36. The covariance of half sibs 1s ]II\C y to provule the
most accurate estimate ol the additive variance. The likelthood
of full sibs and progeny from sell pollnmuon bcme, among these
half sibs is very low; hence, any slight increase in the hcutablhty
estimate caused by the deviation from a strict halfsib relation
can be ignored without serious consequence.

Using the covariance between hall sibs to estimate the addi-
tive genetic variance, the total within-plot variance of pooled
polycross progeny lines is partitioned in Table 5 into additive
genetic, nonadditive genetic, and environmental variance com-
ponents. The nonadditive genetic component is the sum of the
dominance and interaction components. The total within-plot
variance of an Iy hybrid was used to estimate the environmental
variance. The data for root weight were transformed to common
logarithms to remove a mean-variance relation. For percentage
sucrose the total genetic variance amounts to 52% of the total
variance. Slightly more than hall of this total genetic variance
may be attributed to additive effects of the genes involved.

Table 5.—Partitioning of the variance of pooled pol'yeross progeny lines.

Variance

Component of variation Percentage sucrose Root weight
Additive gonetic 0.616520 0.000976
Nonadditive genetic 0.597333 0.017037
Environmental 1116493 0.032205
Taral within-plot 2.330346 0.030218

For root weight the components of variance in Table 5 in-
dicate that the nonadditive genetic variance is of primary im-
portance. Thirtysix percent of the total variance is genetic with
only 2% estimated as additive genetic variance.

When using partitioned Irequency distributions of SLC 15
BB, and assuming all genetic variance to be additive the pre-
dicted advance was 5.4% for percentage sucrose and 14.09, for
root weight. The obtained advance of pooled progeny lines was
5.8 and () 0%, respectively.

Discussion
to the genetic variance of their parvent population by virtue of
their being genetic deviates {rom the population mean. The
degree to which this superiority was transmi 'ted to their progeny
\h(m]d scrve as a check on the expected result. Additive, domi-
nance, and epistatic gene action and Lll\/ll()nﬂl(‘ﬂidl effect could
account for parental superiority. With the breeding methods
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used, all the additive gene effects and one-fourth the additive-
by-additive epistatic effects should have been reflected directly
in the progeny. There is some indication that the year by popu-
lation interaction may be of importance. This could affect ex-
pected results.

For percentage sucrose the results of the partitioned frequency
distributions and genetic variance {assuming that there was no
genotype-environment interaction) indicate that some advance
should have been expected in all five synthesized populations.
"Hw greatest advance should have occurred in Synthetic A and

The obtained advance of Synthetic A and B indicates that
ad(htwc gene effects contribute swm[u antly to improvement and
that sucrose content can continue to be nnpm\ed through ad-
vanced cycles of selection utilizing superior general combining
a :ility The significant 16(“}‘(321‘\‘6‘ ol Polycross B is not readily
explained. The piedulmn of a 549% gain in peucntioe SUCTOse
based on the partitioned frequency distribution of SLC 15 BB,
assumes all genetic variance to be additive. The obtained gain
of 3.8% from pooled progeny lines indicates that something
less than 709, of the total genetic variance should be due to
additive gene dfc(ts

Genetic variance component estimates and partitioned fre-
quency distributions indicate that little improvement should be
expected in root weight with any of the breeding methods used.
However, the obtained advance of Polycross A and B indicates
thar additive gene effects may be of greater importance than
the variance component cstimates have indicated. These two
populations ave related as bhall sibs and, theoretically, have a
genetic correlation of 0.25. This could partially account for their
parallel improvement.

When tompaled with the obtained advance of 69, for pooled
progeny lines, the predicted root weight advance o{ 14% for
SLC 15 BB, (which assumes that all genetic variance is additive),
indicates that the additive genetic variance is about 43% of the
total genetic component. The proportion of additive genetic
variance estimated from the half-sib covariance is 0.02, but from
the parent progeny vegression it is 0.16. This indicates that the
half-sib covariance may be an underestimate of the actual addi-
tive genetic variance component.

Considering root weight and percentage sucrose simultane-
ously as components of sugar yield, the three breeding methods
do not differ significantly. Synthetic B has a lower gross sugar
yield than SLC 15 BB.. but this could be partly atiributable
to the fact that only five recurrent selections were used in its
synthesis, ‘
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The inverse relationship of means and genetic variances {or
botly sucrose percentage and root weight can not be readily ex-
plained. One’s first impression is that superiority for these char-
acters must he rather simply inherited. This is not borne out,
however, by variance component estimates and obtained advances
i performance. Another factor which could be related is the
apparent inverse relation of heritabilities for sucrose and root
weight. Among these populations, the ones with the greatest
genetic variance for one character have the least genetic variance
for the other character. Such an inverse relationship is also
common among their means. These relationships scem to indicate
that the control of suercse and yield is not necessarily physi-
ological, but could result Irom facultative pleiotropy or genetic
linkage.

With respect o the analytic methods, the partitioned fre-
quency distributions and estimation of identifiable numbers of
genetic deviates provide an evaluation of the genetic potential
ol a populatien and provide information not readily apparent
from two or more heritability ratios jointly considered. Ac-
companied by estimates of the genetic variance components the
two methods are quite complementary.

It becomes evident that breeding methods designed to capi-
talize on additive gene effects would not, by themselves, lead
to a rapid advance in sugar yield. But these methods should
remain valuable as the first stage of a breeding program designed
to take advantage of both additive and nonadditive gene cffects.
When Dboth additive and nonadditive gene effects are present
in a population, maximum ultimate vields should be attainable
by tull uatitization of the additive genetic variability prior to
extraction of genotypes with high specific combining  ability.
Another alternative is the use of a breeding systemy such as ve-
ciprocal recurrent selection which utilizes additive and non-
additive genetic variability simultaneously.

Summary

These breeding methods capitalizing principally on additive
genetic variance were studied for their effect on root weight
and percentage sucrose in sugar beets. Forty-seven superior
plants were selected among 9,600 individuals of a genetically
broad-hased monogerm popufation. They were polycrossed and
asexually propagated. Recurrent selections for high general com-
bining ability of root weight and percentage sucrose were made
within the seven most superior polycrossed progeny lines. From
asexual propagations, polycrossed seed, and recurrent selections,
five populations were synthesized. One population was developed
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by mass selection, two by the polycross breeding method, and
two by recurrent selection for general combining ability. A
sucrose advance was demonstrated in the two populations from
recurrent selections. A root \veight, advance was indicated in
the two populatiom produced by polycross methods. Joint con-
sideration of both characters revealed little differcnce between
breeding methods in relation to gross sugar yield. The estimated
additive genctic variance (,omponcnt for sucrose percentage
aummccd ‘or more than half of the total genetic variance. Addi-
tive genetic variance lor root weight was negligible relative to
the nonadditive component. The breeding methods relying on
additive gene effects should be valuable as the first stage of a
breeding program capitalizing on additive and nonadditive gene
action for sucrose percentage “ind root weight.
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