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HYBRID VIGOR IN SUGAR BEETS ^
By DEWEY STEWART, associate pathologist, C. A. LAVIS,^ formerly associate agronO"
misLsLiid G. H. COONS, principal pathologist, Division of Sugar Plant Investigalions. Bureau of Plant Industry, United States Department of Agriculture
INTRODUCTION

Hybrid vigor in first-generation crosses is a fundamental consideration in present-day methods of plant improvement. If it can be
established that marked vigor rather generally occurs when inbred
strains of sugar beet (Beta vulgaris L.) are crossed and that hybrids
can be obtained which are superior to open-pollinated varieties, such
findings would have important directive influence upon methods of
sugar-beet breeding.
This report gives the results of field tests in which the sugar-beet
hybrids arising as single crosses of inbred strains or as top crosses of
inbred strains on an open-pollinated variety are compared with the
parental sorts.
MATERIAL AND METHODS

The production by selection and inbreeding of the strains used in
this study was begun by the late W. W. Tracy, Jr., iù 1915 and continued by him imtil 1929, when the present writers took over the
project. As a rule, a selfed generation was obtained every 2 years
by bringing individual plants to seed either in home gardens some
distance from each other or on widely separated farm locations. As
the work proceeded, it was a general practice to test a number of
sister progenies of a strain in each generation, discarding those considered imdesirable. From the large collection of strains arising in
Tracy's work, those listed in table 1 were chosen for crossings and
tests for hybrid vigor. The original source or accession number of
1915 for a strain is given with the salient points of the breeding history.
For easy reference in the text, the strains have been assigned Arabic
numbers. Crosses between strains are designated in the customary
manner, the seed-bearing parent being shown first.
To produce a hybrid, the two strains to be crossed were brought to
seed production in a location at considerable distance from any other
seed beets. The propensities of the unrelated strains to crosspollinate reciprocally were relied upon to effect hybridization. In
most cases the seed harvest was according to the strain serving as
seed bearer, thus giving reciprocal crosses from each location. The
sugar beet is known to be generally cross-pollinated under natural
conditions, although selfing can be induced with a rather high percentage of plants taken from heterozygous populations. Completely
self-sterile segregates or individuals that for other reasons fail to set
seed drop out of the breeding material as inbreeding continues;
hence, only lines with some degree of self-fertility were available in
the breeding stock. In the progenies grown from the various hybrid
1 Received for publication January 21,1940.
2 Resigned November 30,1933.
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seed lots there occurred not only Fi plants but selfs of the strain
that was seed bearer. Where distinctive characters were established
in the parents, knowledge of the mode of inheritance was useful in
identifying hybrid plants in the populations. In such cases the data
are based upon the performance of the Fi class of plants. With
many of the progenies it has been necessary to include a considerable
proportion of selfs; in others, the entire population, regardless of the
actual extent of hybridization, has been taken. For this reason it is
thought that in the considerations of performance in these cultures
the comparisons with the strain serving as seed bearer are the most
critical as well as the most conservative.
TABLE

1.—Strains used in the production of hybrids, with salient points of their
breeding history

Designation of
strain

Generations

m

Seed lot
used

Accession No.
or source 2

Selfed Grouped

texti

1
2
3
4a
4b
5a
5b
6
7
8a
8b
9a

Number Number
5
2
2
6
2
6
5
2
4
3
2
6
2
5
7
1
2
6
5
3
5
3
6
1

00569-0
4793-29
3444-29
506-28
4874-29
6484-29
13844-27
1294-29
6571-29
2888-29
3063-29
10742-27

Designation of
strain
in
text 1

1948.
1846.
1991.
2140.
2140.
2073.
2073.
1892.
2092.
1910.
1910.
1846.

9b
9c
10
11
12
13
14a
14b
15
16
17

Generations

Selfed

Seed lot
used

Accession No.
or source 2

00203-0
10431-0
10088S27
3786-29
1223-29
4563-27
4842-29
6326-29
11576S27
00383-0
Pioneer

1846.
1846.
1899.
1736 -6.
280-32.
2125.
1700-1.
1700-1.
LSR.3
La Royale.*
Commercial, s

Grouped

Number Number
6
2
7
1
5
1
3
3
7
1
6
1
4
3
5
2
0
1
1
1

1 Subgroups, representing different selections from essentially the same genetic complex, have been desig
nated as a, b, or c.
2 Strains 1 to 14, inclusive, trace to mass-selected breeding stocks received by W. W. Tracy, Jr., in 1915
from F. J. Pritchard, who had accumulated the material during his sugar-beet investigations. There was
no history of inbreeding prior to Tracy's work.
« Leaf spot Resistant, a variety developed by the agricultural research department of the American
Crystal Sugar Co. under the supervision of Skuderna (6).«
* A commercial brand of K. Buszczynski & Sons, Ltd., Warszawa (Warsaw), Poland.
6 A commercial brand of Zuckerfabrik Kleinwanzleben, Kleinwanzleben, Germany.
' Italic numbers in parentheses rafer to Literature Cited, p. 738.

In obtaining the field data on performance, the roots were washed
free of adhering soil, permitted to dry, and then weighed and counted
to determine the average root weight. The roots were then individually split, one-half of each root being used in a composite plot
sample for determining sucrose percentage in the pulp by the SachsLe Docte cold-water-digestion method. From the average root
weight of a plot and the sucrose percentage of the plot sample, the
average gross sugar per root was calculated for each plot. From
the appropriate plot values, the mean for each strain or hybrid was
obtained. For convenience in making comparisons of performance,
the data for root weight and gross sugar have been calculated, by use
of a factor for stand,^ to show acre yields.
FIELD TESTS

For the field tests at Fort Collins, Colo., seed obtained from the
various crosses and the parental strains was grouped according to
3 29,094, based upon stand counts of Pioneer for all tests.

June 1,1940

Hybrid Vigor in Sugar Beets

717

relationship. There were 5 groups made up as shown in table 2 as
tests 1, 2, 3, 4, and 5. The variety Pioneer/ commonly classed as
a sugar type, was included in each test as a representative of noninbred stock. The seed lot smallest in quantity determined the extent
to which all within a given test could be planted. In test 1, all plots
were 3 rows wide. It was necessary to restrict the plot width to a
single row for 4 of the 6 replications in tests 3 and 4, and in 6 of the 8
replications in tests 2 and 5. Otherwise, three-row plots were used
in these tests. Where single-row plots occurred, every alternate row
was planted with Pioneer to give common competition. The experimental plots (26 feet long) were arranged for each of the 5 tests
according to the equalized randomized-block scheme suggested by
Student (5)^ as a modification of the Latin square. The analysis of
variance as given by Fisher (4) for a Latin square was used in statistical reduction of data. Shortly before harvest, the plants at the
ends of each plot and those that bordered gaps along a row to be
sampled were cut out. The remaining plants were harvested, only
the center row in the three-row plots being used. In the case of a
complete stand, there were 25 plants per plot; however, taking into
account elimination of selfs and very occasional skips, the plots
generally provided only 10 to 20 roots. The data for yield of roots,
sucrose percentage, and yield of gross sugar as obtained in the tests
are given in table 2.
For each of the economic attributes, insofar as comparisons can be
made, the hybrid or the hybrid population plus selfs is compared with
(1) mother strain, (2) pollen strain, (3) mean of both parents, and (4)
the commercial brand. Pioneer. These comparisons are given as percentage values, where 100 is equality and values above or below represent performance either superior or inferior to the base chosen. The
percentage values in terms of the performance of the commercial
brand may be used as coefficients of performance for comparisons of
strains or hybrids in one test with those occurring in another, since the
commercial brand was included in each test.
CERCOSPORA LEAF SPOT

Late in July an epidemic of cercospora leaf spot (Cercospora beticola
Sacc.) occurred and continued until harvest. This disease is known to
influence the growth of the sugar beet, depressing root yield and sucrose
percentage. Since the parental strains differed in resistance, a few
being very susceptible, a factor of considerable importance was introduced. For certain crosses the response attributed to hybrid vigor
would undoubtedly be less pronounced were tests conducted under
disease-free conditions. Specific examples of crosses of this type are
discussed later.
* One of the several commercial brands of foreign sugar-beet seed sold in this country at the time these
investigations were initiated,
s Italic numbers in parentheses refer to Literature Cited, p. 738.
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RECIPROCAL CROSSES OF STRAINS 1 AND 9a

The single cross between strains 1 and 9a was considered very
desirable for a detailed study of the vigor of liybridity in the sugar
beet. In previous tests each inbred had shown striking phenotypic
uniformity (fig. 1). Numerous progenies of each had been grown and
studied under field conditions. These always adhered closely to the
parental strain type, predicating an approach to homozygous condition

FiouRE 1. -Four-row plots of strain 1 {A} aud strain 9a (B) grown at Fort Collins,
Colo., in 1929. Strain 9a i.s susceptible to cercospora loaf .spot, as evidenced by
the dead outer leaves.

for genes determining major morphological characters. The plants of
strain 9a used for seed production were sib progenies of the strain,
each progeny forming a separate row. The plants of strain 1 were set
in rows alternating with strain 9a. The seed produced was harvested
separately from each row. In all, 11 seed lots were obtained, 6 from
the various rows made up of strain 1, and 5 from the sister progenies
of strain 9a (designated as 9ai, 9a2, 9a3, etc.). These seed lots were
used in test 1, and the results are given in the first section of table 2.
Each parental strain was distinct from the other. The difference
in length and type of petiole, shape of leaf, and shade of green color.
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associated with a peculiar habit of growth, gave a striking contrast in
the foliar bouquet of the two strains (fig. 2). In populations arising
from the reciprocal crosses, the foliage as well as the root type was
used to distinguish between inbred and hybrid classes. All plants

FiüUKE 2.—Field view of strains 1 and i)a and the hybrid lX9a, grown at Fort
Collins, Colo., 1932, showing greater foliage growth and vigor of the hybrid:
A, Three-row plot of strain 9a (a) and of the hybrid IX9a (6); B, strain 9a (a),
three-row plot of the hybrid lX9a (fe), and strain 1 (c).

that were judged to have originated by sclüug were eliminated; however, in case a plant could not be classified with sureness it was always
included in the sample as a hybrid. The data as reported arc considered to represent largely the performance of the hybrid class of the
population.
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The parental strains 1 and 9a had average root weights of Ü.9574
and 0.9311 pound, respectively, indicating that under the conditions
they were very similar in growth capacity. The hybrids 1 (rows 1,3,
5, 7, 9, ll)X9a had an average root weight of 1.5271 pounds; the
hybrids 9a (progenies 1-5) XI had an average root weight of 1.5534
pounds. The striking vigor of the hybrid is shown l)y the comparison
of average loot weight of the 11 hybrid lots with the mean root weight
of the two parents (lig. 3). The hybrid gave an average of 1.5391
pounds, corresponding to a calculated acre yield of 22.41 tons; and
the parents, 0.9443 pound, corresponding to a calculated acre yield
of 13.735 tons. When expressed as percentage of the mean weight

B

Iff## "
c

</

i'louHB 3.—Typical roots of the parental strains 1 {A) and 9a (B) and their
hybrids, as obtained in test 1, Fort Collins, Colo., in 1932. C, Hybrid lX9a,
roots grown from seed harvested from strain 1 as seed bearer; a, b, c, d, seed
taken from rows 1, 3, 9, and 11, respectively. D, Hybrid 9aX 1, roots from the
reciprocal cross, in which sibs 2, 5, and 7 (a, h, c) of strain 9a were the seed
bearers.

of the parents, the increase of the hybrid is approximately 63 percent.
Since the parental strains were similar in yield, the hybrid exceeded
each by approximately the percentage as found for the mean of the
parents.
Previous tests had shown the parent strains to be distinctly unlike
in richness of sucrose. The mean sucrose percentages obtained in this
test, 14.05 for strain 1 and 11.10 for strain 9a, are in agreement with
those obtained formerly. The sucrose percentages as shown in
table 2 for this hybrid in all cases were higher than the low-sucrose
parent, and in all but one case lower than the high-sucrose parent.
The mean value for the hybrid approximated the mean of the parents.
The hybrid populations in table 2 representing the cross 1 X 9a, in
which the strain higher in sucrose percentage was the maternal
parent, were consistently higher in .sucrose than the populations in
the other group, resulting from the reciprocal cross, in which the
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strain lower in sucrose was the seed bearer. The difference in sucrose
percentage between the reciprocals is statistically significant. Bougy
(j?), in controlled crosses of sugar beets and forage beets (Vauriac),
did not obtain perfect reciprocity for sucrose percentage. However,
it seems justifiable to assign the difference in these comparisons of
reciprocals to incomplete elimination of selfs, which would tend to
shift the readings in the direction of the respective maternal parents
rather than to postulate a specific maternal influence. Savitsky (5)
reports that in crosses between varieties of high- and those of lowsucrose percentage the Fi generation was, in this respect, close to the
arithmetical average of the parents.
The total sucrose in the roots, which is the product of root weight
and sucrose percentage, was markedly increased in the hybrid over
that of either parent. Since the average sucrose percentage of the
hybrid approximated the mean value of the parents, this increase
may be attributed almost wholly to the greater root size of the hybrid.
The percentage increase (67 percent) over the mean of the parents is
about in the proportion of the relative root weights.
The increase in root weight assignable to hybrid vigor in this cross
far exceeds the statistical requirement for significance. The difficulties
of excluding all selfs have been discussed in connection with the
sucrose percentage of the hybrid. It is to be noted that in the test
of these reciprocal crosses seed produced from six groups or rows of
strain 1 flanked by rows of sib progenies of strain 9a was used. There
is a remarkable concordance of performance among these different
representatives of the mating. The results show clearly that, regardless of the direction of the cross, the hybrid was significantly greater
in weight than either parent. From this, it is concluded that the
vigor of the hybrid is not merely the expression of dominance of some
simple character possessed by one parent but is of the same nature
as heterosis response demonstrated for other plants.
HYBRIDS INVOLVING MANY STRAINS

In tests 2, 3, 4, and 5, as shown in table 2, an attempt was made to
include crosses that involved a wide range of parental types. Inbred
strains known to possess important characters such as high sucrose
percentage or disease resistance were more generally used in the
pairings. To only a limited extent could reciprocal crosses of a given
hybrid be included in the test, as deficiency in quantity or quality of
seed obtained from one strain entering the cross commonly made
omissions necessary. Crosses in which the seed produced by both
parental strains was harvested as one lot were also included in the
tests. Although seed lots obtained in this manner are not so serviceable for interpretation of hybrid vigor as those harvested separately
for each strain entering a cross, their inclusion is considered of value
because of the indication obtained of the type of performance to be
expected if the two strains are interplanted for extensive seed production of a first-generation hybrid. The results of the 4 field tests,
involving in all 41 hybrid populations, the respective parents, and the
commercial brand, are given in table 2.
The data are first discussed with general regard to the hybrid vigor
resulting from crosses between sugar-beet strains; then the response
of individual strains when hybridized is considered because of indications given as to their possible breeding value.
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ROOT WEIGHT OF HYBRIDS

As mentioned earlier, the comparison of the hybrid with its maternal
strain, because of the incomplete elimination of selfs that can be
effected at harvest, is probably the most conservative measure of
performance. In such a comparison, however, as has been noted with
other crop plants, the percentage increase in the yield of the hybrid
over that of a low-yielding parent may be strikingly greater than the
percentage found if the maternal parent itself is relatively high in
yield.
In 30 of the 41 crosses the seed had been harvested separately for
each strain entering a cross. The average root weights of the plants
grown from hybrid seed were significantly greater than the average
root weights of the respective maternal parents in 20 of the 30 crosses.
In 10 cases significant differences between the hybrid and the maternal
strain were not found. For the 30 comparisons the general average
root weight showed an increase of 50 percent for the populations
arising from these crosses over the general average root weight of the
maternal parents.
The comparisons in terms of the mean of parents are also of interest,
since all hybridizations can be included. In 31 of the 41 cases the
root weights of the hybrids were significantly greater than the means
for root weight of the appropriate parent strains; significant differences were not indicated in 10 cases, although in one cross 14b X 10
the hybrid had been significantly superior to the maternal strain. The
general average root weight of all hybrids exceeded the general average
root weight of parents by at least 42.5 percent. In the consideration of the foregoing data, attention is again called to the fact that
elimination of selfs was incomplete in many cultures.
The average root weight of the 41 hybrids was found to be 38.9
percent greater than that of the commercial brand, Pioneer. On the
basis of extensive tests with commercial brands, among which Pioneer
was included as a representative of sugar types, Skuderna et al. (7)
found that as an average the sugar types were exceeded in root weight
by yield types by approximately io percent. On such a basis it
would seem that in acre yield of roots the hybrids as a whole compare
very favorably with commercial yield types and that certain hybrids
far exceed them.
SUCROSE PERCENTAGE OF HYBRIDS

For the 30 crosses in which the seed was kept separate as to the
seed-bearing strain, it was found that in 17 cases the sucrose percentage of the hybrid was not significantly different from that of its
maternal strain; in 2 cases it was significantly superior, and in 11
cases significantly inferior. The general average sucrose percentages
for this entire group did not differ significantly from the mean of all
strains involved as seed bearers.
The average sucrose percentage of the 41 hybrid populations,
although slightly lower, did not differ significantly from the mean of
the parental strains.
Twenty-three of the forty-one hybrids were not significantly
different in sucrose percentage from the commercial brand. Pioneer.
Nine were significantly less and nine significantly higher. The
average sucrose percentage of the 41 hybrids equaled that of Pioneer.
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This indicates, on the whole, a very satisfactory richness in sucrose
for hybrid beets.
TOTAL SUCROSE IN HYBRIDS

Hybrid vigor was very pronounced in many of these crosses,
increasing root weights significantly over the root weights of the
parents. Since the sucrose percentages found approximated, as an
average, the mean sucrose percentage of the parents, the total sugar
produced was higher in the majority of cases than the mean sugar
production found for the parental strains, this being assignable to the
increased root yield of the hybrids.
Similarly, in the comparison of the hybrids as a whole with the
commercial brand, since the average sucrose percentages of the hybrids and of Pioneer were approximately the same, sugar production
of the hybrid populations exceeded that of the commercial brand by
about the percentage found in the comparisons of root weight (39
percent).
RESPONSE OF INDIVIDUAL STRAINS WHEN HYBRIDIZED
STRAIN 1

Strain 1, which is discussed on page 722, occurred as a parent in 20
of the 41 hybrid cultures whose performance data are given in table 2.
Field views showing one-row plots of various hybrids in which strain
1 occuxred as a parent are shown in figure 4. In four instances the
crosses were in duplicate. For the crosses with strain 2 and strain
9b, seed was available for test of reciprocals. The hybrid 1 X 9a,
which occurred in test 2, has also been considered in the discussion
of test 1.
In eight cases (tests 2, 3, and 4, table 2) seed was harvested from
strain 1 as seed bearer. The performance data shown for these hybrids
are based largely upon the Fi portion of the progeny, since the rather
distinctive selfs of strain 1 could be eliminated. For each Fj progeny,
the yield of roots is significantly above that of the maternal strain,
above that of the pollen parent except in one instance, and above the
mean root yield of the parental strains. The average percentage
increase in root weight of the hybrids, found by averaging the appropriate individual percentages given in table 2, is 80.4 percent over the
average root weight of maternal strains and 66.0 percent above the
mean root weight of both parents. It also exceeds the average root
weight of Pioneer by 60.3 percent.
Strain 1 occurs as pollen parent in seven crosses. The performance
data for these are based upon mixed populations of hybrids except in
the progenies from crosses 9b X 1 and 11X1 (test 2, table 2). Each of
the seven progenies from hybridization gave a larger root yield than
either parent, the increase in root yield over that of the respective
maternal strain being statistically significant in four cases; the root
yields were significantly greater than the yields of the pollen parent
in 6 cases out of the 7, and accordingly exceeded the mean yields of
both parents. The average percentage increases in root yield for
these seven populations containing hybrids are 38 percent above that
of both parents and 36.3 percent above that of the commercial brand
Pioneer.
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4.—Field views of one-row plots of two replications of test 2. Alternate
plots planted with Pioneer to give common competition. A and B, Plots of
D series: a, Strain 1; ft, Pioneer; c, strain 16; d, Pioneer; e, hvbrid 11X1; /,
Pioneer; g, hybrid 16X11; /*, Pioneer; i, hybrid llX9a;i, Pioneer. C and 0,
Plots of K series: a, Hybrid OaXll; b, Pioneer; c, hybrid IXOa; </, Pioneer; e
and/, straui 'Mi;g, Pioneer; h, strain 11; i, Pioneer;;', strain 1.
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Strain 1 also occurred as a parent in five crosses in which the seed
produced by the two strains entering a cross was pooled at harvest.
The progenies obtained consisted not only of Fi generations but selfs
of each parental strain. Comparison of root weight with the mean
root weight for the appropriate parent strains and for Pioneer can be
made. In each cross, regardless of inclusion of selfs, the populations
obtained were significantly superior in root yield and in sugar production to the mean of parents and to Pioneer, the average percentage
increase being, for each basis, approximately 34 percent. Superiority
in sugar production was in about the same proportion.
In general, the result of crossing strain 1 with 15 unrelated sorts
was a marked increase in vigor in the first-generation hybrid (fig. 5,
Aj B, Cj D). The preponderance of evidence indicates reciprocity of
the effect of hybridity when reciprocals are compared, or when the
yields of hybrids in which strain 1 is the pollen parent are considered
in terms of root yields of the respective mother strains.
STKAIN 2

Strain 2, whose pedigree shows six generations of selfing, interspersed with 4 years of group increase, has been characterized by
heavy foliage production and exceptionally high root yields. It has
shown moderately high sucrose percentage and moderate leaf spot
resistance. In test 3 (table 2) it was used only in crosses with strain
1. Data are available for this cross from progenies of seed harvested
from each parent as a seed bearer, and from a progeny in which seed
from both parents was pooled.
In the cross 1X2, the hybrid was superior in performance to either
parent. In the reciprocal, a gain over the maternal parent was shown,
but this, however, did not reach significance. The hybrid progeny
grown from the pooled seed gave an acre yield of roots of 16.96 tons.
The mean acre yield of roots of the reciprocals was 17.09 tons, an
entirely concordant value, which exceeds significantly the mean root
yield of the parents.
The divergence in root yields in the reciprocals seems attributable
to difference in harvest methods employed. In the plots of the cross
1 X 2, it was possible to exclude selfs rather rigorously, while for the
plots of the reciprocals samples taken were not so restricted. The
hybrid 2X1 did not exceed significantly the root weight found for
strain 2. Since strain 2 is not known to be strongly self-fertile, it is
to be presumed that the progeny contained a fair proportion of hybrids.
It is known for other crops that the heterosis effect is less strikingly
shown by vigorous inbred strains.
STRAIN 3

Strain 3 is characterized by dark-colored foliage, medium root weight
(about equal to that of Pioneer), and high sucrose percentage. In
leaf spot resistance it ranks above strain 2, but is less resistant than
strain 1. Although it has since been extensively used in crossing, in
these tests it was represented as a cross with strain 1 (test 5, table 2)
in which the seed was not kept separate as to seed bearers (fig. 5, (7).
The performance of this hybrid indicated a root yield 40 percent above
the mean of the two parents; the hybrid apparently is significantly
above Pioneer in root yield. Sucrose percentage was high and approximated that of strain 1.
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5.—Sugar-beet roots from plots planted with parental strain.s and with
seed obtained by interplanting strains. (Roots taken from border rows of the
plots but representative of roots from which data were obtained.) A, Strain
5a (a), hybrid 1X5a (ft), and strain 1 (c); test 4. B. Strain 7 (o); hybrid 7X1
(ft), stram 1 (c) ; test 3. Ü, Strain 1 (o), hybrid (1X3) (&), and strain 3 (c):
test 5. D, Strain 1 (a), hybrid (1X6) (6), and strain 6 (c); test 5.
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STRAIN 4

Strain 4 is represented by separate substrains, a and b, having
essentially the same pedigree and close similarity in habit. The
strain has been under observation since 1926 because of strong resistance to Cercospora beticola. Strain 4b was used as the seed bearer
in crosses with strains 1 and 15. The hybrid 4b X 1 did not give a
root yield significantly above that of the mother strain; the root
yield of the hybrid was apparently superior to the mean of the two
parents. The hybrid 4b X 15 gave a root yield which was significantly above that of either parent. In the latter cross, no attempt
was made to separate the progeny into hybrid and selfed classes,
nevertheless the root yield attributed to the hybrid was 43 percent
above that of substrain 4b and 37 percent above the mean root yield
of the parent strains. The root yield of Pioneer was exceeded by the
hybrid by 55 percent. The occurrence of an epidemic of cercospora
leaf spot has been mentioned previously. In these tests, the hybrid
4b X 15 was strikingly resistant, whereas Pioneer was susceptible.
The ratio of performance with respect to Pioneer was decidedly
infiuenced by the differences in disease reaction. However, the
disease influence was not a factor of importance in the comparative
vigor of the cross and parents, since the strains crossed are among
the most resistant inbreds in the test. Strain 4a was crossed with
strain 5b and strain 12, respectively, the seed from the seed bearers
being pooled in the case of each hybridization. In the cross 4a X 5b,
the root weight of the hybrid was only slightly above the mean root
weights of the strains entering the cross or of Pioneer. The hybrid
4a X 12 was found to produce a root weight not significantly superior
to the parental mean for root weight (fig. 6, A). It exceeded the commercial brand in root weight by 37 percent.
STRAIN 5

Strain 5, which is characterized by strong cercospora leaf spot resistance and a high degree of uniformity, was used as substrains a and
b, which differed slightly in pedigree but represented selections out
of the same genetic complex. Seven crosses were made using strain
5 (either a or b) with strains 1 (in duplicate), 4a, 8b, 9c, and 10
(reciprocal). The hybrids 1 X 5a and 4a X 5b have already been
discussed. In performance, the hybrids were somewhat inconsistent,
which may indicate that strain 5 is restricted in its value as breeding
material. In the case of the cross with strain 10, in which reciprocals
were tested, root yields differed rather widely but probably not
significantly. The hybrid 10 X 5a exceeded Pioneer significantly in
root yield but not its parents. The hybrid 5b X 9c exceeded in root
weight the mean for root weight of the parents and significantly outyielded the commercial brand. Pioneer, as well.
UTILIZATION OF STRAINS 1 TO 5

A detailed discussion has been given of strains 1 to 5 and their
behavior in hybridizations because these strains, on the basis of this
243372—40
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6.—Sugar-beet roots from plots planted with parental strains and with
seed obtained by interplanting strains. (Roots taken from border rows but
representative of populations from which data were obtained.) A, Strain
4a (a); (4aX12) (b), and strain 12 (c). B, Strain 7 (a), hybrid 8aX7 (6). and
strain 8a (c). C, Strain 8b (a), hybrid 8bX14b (b), and strain 14b (c). D,
Strain 11 (a), hybrid llXPioneer (17) (b), and Pioneer (c).
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test and other information, have been used in the production of a
synthetic variety released for grower use as U. S. 217. A brief report
has been made on this variety under the designation Accession 217 {2) ;
the strains of which it is composed were referred to as a, b, c, d, and e,
corresponding to the numbers 1 to 5 as used here. U. S. 217 has
performed satisfactorily in yield and in sucrose percentage, exceeding
commercial brands used as checks. It has shown definite leaf spot
resistance.
OTHER STRAINS

As shown in table 2, strains 6, 7, 8 (fig. 6, B and C), and 10 have
given some hybrid combinations that show significant gains attributable to hybrid vigor. Strains 14 and 15, which were used only as
pollen parents, have given evidence of inducing heterosis response
and are discussed in connection with the various strains with which
they were combined. Strain 12 was crossed with strains 1 and 4a,
the seed not being kept separate as to seed-bearing strain. In the
cross with strain 1, the root yield was significantly above the mean
yield of the parents. In the cross with strain 4a, significant increase
was not shown. Strain 13 was crossed with strain 6, the seed not
being kept separate as to seed bearer. The root yield of the hybrid
was not significantly above the mean yield of the parents.
Strains 9 (including its substrains a, b, and c), 11, 16, and the commercial brand. Pioneer, were used in crosses and have given additional information on hybrid vigor, to which attention is called.
Strain 9a as mated with strain 1 was extensively used in test 1.
The hybrid 1 X 9a, representing the same cross as used in test 1, and
the hybrid 1 X 9b and its reciprocal were included in test 2. Because
of the close similarity of the substrains, these hybrids are entirely
comparable; limited seed quantities, however, made it necessary to
omit them from the first test. The root yields as found in test 2 for
the hybrid of strain 9 and strain 1 showed for these three cases increases over the mean of the parents of 111, 89, and 84 percent,
respectively. If comparisons are based on a mean yield for strain 9,
obtained by averaging the root yields of 9a and 9b, this value for
strain 9 being in turn averaged with the root yield found for strain 1,
the percentages for increase of hybrid over the parental means become, respectively, 201, 199, and 194. In terms of the performance
of the commercial brand, the gains in root yield for the three cases are,
respectively, 72, 70, and 60 percent. The mean acre yield of roots,
20.19 tons as calculated for the hybrid in test 2, is somewhat less than
the average shown in test 1, 22.41 tons; in the two tests, the commercial brand shows comparable differences in its yields. The two tests
are in full accord as to the relatively high hybrid vigor shown.
Strain 11, used as a parent in crosses, affords a very interesting
series of hybrids for study of heterosis response. The strain is
characterized by having a pink epidermis on the root and crown as well
as on the basal portions of the petioles, these color characters being
dominant. When strain 11 was crossed with strains without pink
roots or petioles a definite marker character to identify the Fi plants
was available in the crosses in which strain 11 was the pollen parent.
Thus, in the cross 9a X H, all plants with pink roots or petioles were
identified hybrids, and the performance data shown for this cross
(test 2, table 2) are based on the Fi class (fig. 7). The increase in root
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7.—A, Hybrid 9aX H. Viow along the row of a plot planted with seed
obtained by interplanting strains 9a and 11, the former being the seed bearer.
The ruler stands between two selfs of 9a, the plants adjacent are Fi, their
hybrid nature being assured by pink petiole color, a dominant character transmitted by strain 11. B, Hybrid 9aX U. Roots from a border row of another
plot planted with some of the same seed as the plot shown in A. The roots are
arranged as they occurred in the row. The five large roots arc from Fi plants,
as identified by the pink petiole character. C, o, Strain 11, as grown in nearby
plot, h, Hybrid llX9a. Roots grown in border rows of a plot jjlanted with
seed in which strain 11 was seed bearer; roots could not be closely separated into
hybrid and selfed classes. These are representative of roots from which data
were obtained, c, Strain 9a as grown in nearby plot.
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yield for the hybrid is more than double that of either parent. In the
reciprocal cross, the performance record could not be based entirely
on the Fi class, although the majority of selfs could be eliminated.
In spite of this limitation, the performance of the hybrid was outstanding.
The cross 11 X 1 (test 2, table 2) is another example of striking
hybrid vigor. It should be noted that strain 11 is very susceptible to
cercospora leaf spot. If strain 11 is mated with a resistant strain, for
example the cross of strain 11 and strain 1, the hybrid vigor that may
be indicated on the usual basis of interpretation is undoubtedly
influenced by the unlike effect of the disease on the parental strains.
Since resistance to the disease in this cross is at least partially dominant
over susceptibility, the hybrid would give relatively a high performance
in relation to the more susceptible parent in tests conducted under
disease epidemics. It is difficult therefore to assess the extent to
which the reaction of disease was a factor in the performance of the
crosses of strain 11 with strains 9 or 1. It is certain, however, that the
disease factor was not sufficient to account for the striking contrast of
hybrid and parents.
Strain 11 as a parent in crosses with strains 1 and 9a had produced
hybrids remarkably superior to the parents, yet when crossed with
strain 16 it did not produce asimilar response. In the cross 16 X H
(test 2, table 2), the performance of the certified hybrid plants was not
appreciably unlike that of the mother strain. Reference to table 1
indicates that strain 16 is removed from the open-pollinated variety
by only two generations, one of which was a selfed generation. The
heterozygous condition of strain 16 may account for the results
obtained.
Selected roots from the commercial brand. Pioneer, were crossed
with strain 11 and with strain 1 to produce the type of cross usually
designated as top cross. In the cross Pioneer (17) X 11 (table 2), it
was possible to base the performance record upon hybrid plants by use
of the red-petiole-color character of strain 11, which is not found in
Pioneer. In the reciprocal cross, the plot sample could not be reduced
so positively to Fi plants (fig. 6, Z>). In the case of both Pioneer
(17) X 11 and the reciprocal, the hybrid yield was about the same as
that of Pioneer. The cross Pioneer (17) X 1, and the reciprocal
(table 2, tests 1 and 2) show performance records in line with the top
cross just discussed.
It may be significant, however, that using inbred strains that are low
in yield in top crosses did not result in a hybrid reduced in vigor below
the average of the heterozygous variety. Hence, it may be possible
by top crossing to impart desirable characters from highly resistant
or high-sucrose inbreds to vigorous heterozygous varieties without
reduction of yielding capacity taking place.
DISCUSSION AND SUMMARY

The hybrids obtained in more than two-thirds of the crossings reported in these tests have shown significant increase in root weight
attributable to vigor of hybridity. With some hybrids no response
was shown, and in others the gain found was within chance occurrence.
In general, these quantitative effects from hybridization are believed
indicative that heterosis is a determinative factor in root yields of
sugar beets.
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In certain crosses, the hybrid plants were definitely identified by a
color character, and in the sampling of plots selfs could be excluded.
In one case, the root yield of the hybrid was more than double that
of either parental strain. In the cross 1X9 and its reciprocal, the
determinations were based largely on Fi plants, since the selfs could
be eliminated fairly completely from the plot samples. The hybrid
was given extensive test; and it was shown that, regardless of the
direction of the cross, the hybrid was significantly greater in root
weight than either parent by more than 60 percent. From this, it
has been concluded that the effects demonstrated are attributable to
heterosis and are not the expression of some simple dominants possessed by one parent. Crosses involving strain 1 as a maternal parent
and various other inbreds as pollen parents were consistent in giving
hybrids superior in root weight to strain 1. In the crosses in which
strain 1 occurred as the pollen parent, the hybrid was often, although
not always, superior to the maternal strain. This seemed more
likely to occur when strain 1 was mated with vigorous strains.
In the cases in which no attempt was made to separate hybrid and
selfed classes in the progeny obtained from a pairing, the performance
found was definitely influenced by the presence of lower yielding selfed
plants, bringing about a strong trend in the yields toward that of
the seed-bearing parent. In spite of this effect of nonexclusion of
selfs, many records were obtained in which the progeny from a mating,
taken as a whole, was significantly superior to the mean of the parents
and frequently superior to each parent entering a cross.
Nearly three-quarters of the hybrid progenies gave root yields 25
percent higher than were found for the commercial brand used in
each test. Thus, 7 hybrids out of 10 used in test 2 (table 2), 10 out
of 11 in test 3, 6 out of 11 in test 4, and 7 out of 9 in test 5 were significantly superior to Pioneer in root yield. The commercial brand
was, in many cases, somewhat more seriously affected by cercospora
leaf spot than the more resistant strains or their hybrids. Because
of this factor, direct inference as to the effect of hybrid vigor in increasing root weight may not be made, but it seems clear that with
certain hybrids the gains in yield over the commercial brand are
enough beyond those reasonably attributable to superior disease
resistance to indicate definite increase in productivity from heterosis.
Coordinate in importance with the effect of hybridity on root weight
is its effect on richness in sucrose. Reciprocal crosses (test 1, table 2)
seemed to show a trend in sucrose percentage toward that of the
maternal parent. This is believed assignable to incomplete elimination of selfs, since the mean sucrose percentage of reciprocals was
approximately equal to the mean sucrose percentage of the parents.
In the tests of 41 hybrid progenies, their mean sucrose percentage
rather closely approximated the mean sucrose percentage of Pioneer,
indicating strong maintenance of requisite quality.
It is customary to evaluate sugar-beet varieties in terms of gross
sugar produced per unit of area. Because of the definite indications
for many of the hybrids of strikingly increased weights over the
parental material and of sucrose percentages about equal to the mean
of parents, the increase in productivity in terms of sugar follows essentially the response in root weight attributable to hybrid vigor.
The situation as to the yielding capacity of inbred strains is in a
measure shown by these tests. Among the 16 strains used, some of
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which are the product of many generations of inbreeding, 2 were
found, under the conditions of these experiments, to be significantly
superior and 2 significantly inferior to the commercial brand in acre
yield of roots. The other strains did not differ significantly in root
yield from Pioneer. The average performance of the inbred strains
and that of the commercial brand were very similar. Certain strains
were strikingly resistant to cercospora leaf spot, while others were
susceptible. As a group, they were more resistant than the commercial brand, a factor which must be taken into account in consideration of relative yielding capacity. The performance of many of
the inbred strains as they now exist warrants the opinion that their
productivity is still relatively high after a number of generations of
inbreeding.
The experience with first-generation hybrids suggests that in the
program for sugar-beet improvement purposeful crossing of strains
found to give strong heterosis response may have an important place.
Introduction of a synthetic variety, U. S. 217, produced by intercrossing five of the strains which were found in these tests to give
indications of such response and which were, in addition, high in
cercospora leaf spot resistance, represents an attempt in this direction.
The practical breeding problems to be faced in production of highyielding hybrids or desirable synthetic varieties hinge in part upon the
production of disease-resistant and otherwise desirable inbred strains.
Advantageous combinations probably will need to be found because
of the general tendency of yielding capacity to decrease with inbreeding. Seed setting among the strains has not been excessively
low, whence it would appear that seed stocks of these strains in considerable size may be produced without excessive cost. The important problem of securing a high degree of intercrossing between
chosen strains must be faced. The only practical method now available of securing intercrossing seems to be to pool the seed of strains for
planting the seed field. In the production of U. S. 217, the five
inbred strains were variously paired to produce stock seed in three
fields, and the stocks thus obtained were pooled for use as planting
stock for commercial seed production by the field-overwintering
method. A study of the synthetic variety thus produced indicates
that a fairly high degree of intercrossing took place, but many apparent selfs were found. Observations made in the course of these
tests with single crosses showed that the amount of cross fertilization
occurring may vary from as much as 90 percent to less than 10 percent.
Further, it is known that climatic conditions affect the rate of seedstalk formation, seed setting, and viability of strains differentially,
making it necessary that response of strains to these factors be taken
into account in the sugar-beet-breeding program.
Certain crosses also indicate that heterozygous varieties otherwise
desirable may be improved with respect to specific characters by the
method of top crossing. By a coiu-se of intensive inbreeding and
selection in segregating populations, it is possible to make faster
progress in establishment of characters such as high disease resistance
or high sucrose percentage than will be accomplished by mass selection.
In the event that reduction in vigor takes place, it appears from these
tests that the inbred strains which can contribute a desired character
may be used in top crosses without necessarily reducing the growth
potentialities of the heterozygous mother.
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Methods employed by European firms engaged in production of
sugar beet seed are essentially mass-selection methods. A brand or
variety as supplied consists of a heterozygous population which, as a
result of adherence to progeny tests in the selection of breeding stock,
conforms in average performance with reasonable fidelity to a given
physiological classification, such as tonnage, intermediate, or sugar
type. As might be expected, improvement has been slow. That there
has been increase in productivity in recent decades has been questioned
(S). Varieties with special adaptation have, in general, not been
produced. In many respects, the European varieties of sugar beet
are comparable in status to high-grade open-pollinated corn varieties.
The evidence that strains of sugar beet can be produced which have
special characteristics such as disease resistance or high sucrose percentage and the showing that definite heterosis response exists between
certain strains opens up definite opportunities in development of
varieties better adapted for American conditions and actual increase
in sugar beet productivity.
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