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Introduction

Twenty-eight years ago plant breeders were presented with
a new and revolutionary breeding method (4,8)*. The discovery
that polyploid strains of plants could be produced in large
numbers through the action of the drug colchicine appeared
to be a valuable plant breeding tool.

Shortly following this discovery Europcan and North Amer-
ican sugar beet geneticists and plant breeders began to produce
autotetraploid strains of sugar beets (1,12,13,14,15). They found
that although these tetlaplmd sugar beets could be maintained
at this lugh polyploid level, the yleld of tetraploid beets was
generally lower than the original diploid varieties (2,3). Several
North American plant breeders (2,12,15) produced and tested
limited quantities of triploid sugar beets. They concluded that
there was little difference between the yield of the triploid
hybrids and diploid varieties. Peto and Boyes (12) reported
that the percentage of sugar did not decrease with increased size
of root as rapidly in triploids as in diploid beets. Perhaps be-
cause of the difficulty in producing tetraploids or the failure of
substantial success in polyploid beet breeding, further work on
polyploid beets was terminated in North .America.

Such was not the case in Europe where today many ol the
diplcid varieties are being replaced by polyploid hybrids (7).
The European sugar beet breeders believe that better combina-
tion of high sucrose with high tonnage can be obtained at the
polyploid level than at the diploid level. They attribute the
increase in yields to the triploid hybrids. Because male-sterile
diploids were unavailable, most of the commercial polyploid
hybrids now used in Europe are produced by planting tetraploid
and diploid seed together in the same field. The percentage of
triploids in the resulting commercial seed is controlled by un-
balancing the parental populations. The commercial plantings
are actually a mixture of tetraploid, triploid and diploid plants.

The experiments reported in this paper were designed to
test the combining ability of pure triploid sugar beets produced
with male-sterile dlplold parents. The hybrid populations are

1 Plant Breeder, Manager Research Station and Plant Breeder, respecli\'ch: American
Crystal Sugar Company, Rocky Ford, Colorado.
2 Numbers in parentheses refer to literature cited.
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approximately 100 percent triploid except for an occasional
diploid plant which occurred because of foreign pollen or
roguing failures.
Materials and Methods

In 1960, the American Crystal Sugar Company received
twenty multigerm strains of tetraploid sugar beets through a
ccoperative agreement with Kleinwanzlebener Saatzucht of Fin-
beck, Germary. These tetraploid populations are coded in this
paper as 61-4T1 through 61-4 I'20 with 61-4T28 being the Amer-
ican tetraploid US 401(4n) Seven diploid male sterile mono-
germ populations were obtained from United States Department
of Agriculture sources. Table 1 presents the code number and
pedigree of these male steriles. Male steriles 2, an American
Crystal increase and 8, a U'SDA increase, are believed to differ
only by the seed source.

Table 1.—Code numbers and pedigrees of the seven diploid male-sterile lines used
as the female parents to produce the triploids in this paper.

Code No. Pedigree
2 SLC #129 MS (ACS 60-424)
3 C 9561-3HO
4 7-515 MS % 9561
5 F59-569HO
6 F59-507H1 (8-515 % 507 rr)
7 F39-507H2 (8-569HO % 8507 rr)
8 SLC #129 MS (SLC 0166 rr mm MS)

Thermally induced stecklings of these tetraploid and diploid
populations were obtained from Phoenix, Arizona, in the spring
of 1961. The tetraploid and male-sterile populations were planted
in twenty isolated groups at Canon City, Colorado. The groups
were planted to permit each malesterile parent to be bordered
by the tetraploid pollinator, thus ensuring adequate available
pollen. The male-sterile populations were rogued to male-sterile
plants in order to help ensure the production of 1009, triploid
seed.

Each male-sterile population was harvested separately with
the result that 140 triploid hybrids were obtained. However,
sufficient triploid seed to complete a diallel series was obtained
on 16 of the triploid isolations. The resulting 112 triploids
were tested at Clarksburg, California; Rocky Ford, Colorado:
and East Grand Forks, Minnesota. The experimental design at
all locations was an 11 X 11 triple lattice repeated thrce times.
The data included in this paper were extracted from the larger
design and grouped as a randomized complete block experi-
ment. Nine replications were used in the Colorado and Min-
nesota data while only six replications were used for the Cali-
fornia data.
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The data were analyzed using the component of variance
method in Table 2. The variances associated with males and
females were considered a measure of general combining ability,
while the interaction of males % females was considered a meas-
ure of specific combining ability.

Table 2.—Analysis of variance, mean square expectations and variance components
used to analyze the data for the three locations.

Source of Mecan Parameters Variance
variation d.r. square estimated components
Replications (r-1)
‘Test crosses (c-1)
Females (f1) Mo ot T mely =M, — M/rm
Males (mdy M ot tro oy o, =M, — M, /rf
Females % males (f-1) (m-1) Ma o + 1 0 eu O'ﬂl’n: =M, — M,/r
Error (r-1) fm-1) My
Total {rfm-1)

Experimental Results

The combination analysis of variance for the three locations
showed highly significant mean square values for all sources of
variation involving locations, Table 3. This reaction was ex-
pected due to the wide environmental differences between grow-
ing areas. The mean square values for the interaction of males
with locations were greater than the interaction of females with
locations for both factors studied. Because of the magnitude
of these interactions it was necessary to analyze and discuss each
location separately.

Table 3.—Combined analysis of variance for the 112 triploid hybrids at three locations.

Source of Tons/Acre Sucrose
variation d.f. MS . Ms
Entry x location 222 19.06** 2.52%°
4 x location 30 47.64"* 7.36* "
? x location 12 23.88** 3.54%
d % 9 ¥ location 180 13.97** 1.64%*

California Combining Ability Test

Highly significant differences existed between male and fe-
male entries indicating the presence of general combining ability
for tons per acre and sucrose percent in the California data,
Tables 4 and 5. The specific combining ability as measured by
the female X male interaction was highly significant for tons
per acre while specific combining ability for sucrose percent
was non-existant. The variance components of both yield factors
were considerably higher for males than females.
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Table 4—Analysis of variance and variance components for tons per acre at the three locations.

California Coloradoe Minnesota
Source of
variation d.f. M.S.t v.C: M8 v.C: M.S.! v.C#
Females 6 31.99*" 091 455.92°* 2.301 47.99* 1771
Males 15 11243 2.122 985.52°* 13.665 170,61 2.351
Females 3y males 90 23.26°" 2110 124.61* 2.977 22,49 —.0233

! Mean square
* Variance components

Table 5.—Analysis of variance and variance components for sucrose percent at the three locations.

California Colorado Minnesota
Source of
variation d.f. M.S.0 v.Cz2 M.S.0 v.Cc* M.5.t v.C:s
Females 6 7.85%* 0764 349+ 0019 2,793 0150
Males 15 14.52** 3335 9.97** 1071 2,082 0865
Females % males 90 0.52 —.0406 3.02% 2451 0.632 0090

! Mean square
! Variance components

Tables 6 and 7 present the California yield data. There is
little statistical evidence that would indicate reliable differences
between females crossed to the same male, however, the experi-
ment may not have been precise enough to detect these differ-
ences. Statistical differences between males crossed to the same
female were numerous for both yield factors. This would in-
dicate a greater variation between the tetraploid types crossed
with the same female than between male-sterile types crossed
to the same male. Statistical differences are evident between
certain male and female parents when averaged over all their
appropriate testers.

Colorado Combining Ability Test

The analysis of variance and variance components for tons
per acre and sucrose percent of the Colorado data are presented
in Tables 4 and 5. Highly significant differences between males
and between females are evident. The variance components for
males are considerably higher than those for females for both
factors. This reaction was also apparent in the California data.
The interaction of females X males was significant at the 5 per-
cent level for tons per acre and highly significant for sucrose
percent.

The actual yields of the triploids at Rocky Ford are in-
cluded in Tables 8 and 9. The general trend found in the
California data continued. Greater variability is found between
tetraploids crossed to the same female than between females
crossed to the same male.



542

JournaL or THE A. S. S, B. T.

Table 6.—Tons per acre for the 112 twiploid hybrids produced frem [6 tetraploid pollinator straing

and 7 cytoplasmis male-sterile types (California data).

Tetraploid le-st Aindoid
pol!lenp M I P L.S.D.
parents 2 3 4 5 6 7 8 Mean 05 .01
61-4T1 23.22 2034 1999 2047 1948 2374 1941 2095 NS
2 IR40 22,12 2006 1879 16.89 1743 1673 1863 3.24
3 18.32  18.70 19.52 17.30  19.94 1839 2191 19.15 NS
4 21.00 2247 21.04 2245 2274 22,18 2260 22.01 NS
8 19.74 19.03 1854 2004 2155 1856 1845 1941 NS
9 2482 2259 2531 2287 24.02 25.85 24.71 24.31 NS
10 18.10 2540 2147 2247 2016 2276 23.28 2194 31.85
11 17.89  20.73 20.86 18.81 17.71  19.14  18.10 19.08 NS
13 2228 25.02 2296 2448 2235 2350 23.28 2341 NS
14 20,45 2248 1775 2077 21.00 24.03  18.03 2064 NS
15 19.30 2437 2286 2130 2341 2564 2379 2295 NS
16 22,69 19.71 2208 1889 2246 2020 1944 20.78 NS
17 19.69 2298 2114 20,10 193 2042 1744 2012 NS
19 1858 21.30 2180 21.78 2282 2350 2131 2159 NS
20 22,08 2261 2136 2241 21.18 2245 19.20 21.64 NS
28 1943 2049 2184 20.65 20.73 1B.77 1943 20.19 NS
Mean 20.38 2190 2117 2085 2098 2166 2042 21.04
LSD (0.05) 243 3.97 NS NS NS 4.25 4.14
LSD (0.01) .23 NS NS NS NS 5.64 5.49
Yield of commercial check = 18.38 tons per acre
LSD Between male-sterile means 05 = 92 01 = 1.22
Between tetraploid means 05 = 1.39 L1 = 1.84
Between triploid means 05 = 3.69 01 = 4.86

Table 7.—Sucrose percentages for the 112 triploid hybrids produced from 16 tetraploid pollinator
strains and 7 cyloplasmic male-sierile types (California data).

Tetraploid Male-sterile diploid p LS.D.
pollen = %
parents 2 3 4 5 6 7 8 Mean 05 01
61-4T1L 1297 1265 1264 1268 1272 1330 1346 1291 NS
2 13.001 1216 12.28 1238 1295 1328 1216 12,60 NS
3 1267 1249 1228 1231 1308 1268 1293 1263 NS
4 13.89  13.19  13.40 1311 13.90 14.19 1383 1364 NS§
8 13.60 13.62 139 13.38 1419 1421 1438 13.79 =NS
9 13.49  13.25 13.12 ,3.27 1347 1334 13.05 1328 NS
10 1214 1157 1234 1204 1263 1218 1254 1220 NS
11 1266 1252 11.82 1217 1245 1279 13.03 1249 NS
3 1836  1L.75 1192 1278 1284 1294 13.05 1266 78 1.05
14 1254 1258 1254 1229 1258 1298 1275 1261 NS
15 13.08 12,09 1228 1233 1232 1242 1252 1243 NS
16 12.97 1244 1233 1248 1244 1323 1285 1268 NS
17 1256 11,78 1262 12,09 1350 1328 1284 12,67 1.08 NS
19 13.44 1302 185.03 1270 1354 1362 1299 1319 NS
20 1329 1191 1228 1218 1244 1294 1316 1260 NS§
28 11.16 1108 1075 1158 1136 1171 1L16  11.26 NS
Mean 1295 1238 1243 1249 1290  13.07 1292 1273
LSD (0.05) 1.09 1.03 .96 96 1.05 99 1.05
LSD (0.01) 1.45 1.37 1.28 NS 1.39 1.32 1.40
Yield of commercial check = 12.67 percent sucrose
LSD Between male-sterile means 05 = 0.25 01 = 032
Between tetraploid means 05 = 0.37 01 = 049
Between triploid means 05 = 0.99 01 = 1.30
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Table 8.—Tons per acre for the 112 triploid hybrids produced from 16 tetraploid pollinator strains
and 7 cytoplasmic malesterile types (Colorado data).

Tetraploid Male-sterile diploid parents L.S.D.
pollen
parents 2 3 4 5 6 7 8 Mean 05 .0
31-4TI 2549 2510 2439 2532 2782 2820 2586 26.02 NS
2 2344 25.12 2292 2426 2320 2396 2244 2363 NS
3 2349 2438 2474 2443 2505 26.71 2299 2454 NS
4 2521 2434 2497 2408 2512 2547 2463 24.83 NS
8 2362 2235 2572 23532 2246 2279 2245 22.96 NS
9 27.85 2716 26.06 2572 27.05 2873 2515 26.81 NS
10 24.38 27.09 27.63 2499 2688 2842 28.13 2678 NS
11 26.76 26,91 2596 26.71 26.80 2848 23.686 2647 N5
13 2572 2664 26.53 25.11 27.45 27.03 2451 26.09 NS
14 24.08 26.16 2295 26.19 2557 2372 19.81 24,07 2.83 3.77
15 2422 2519 2697 28.04 2518 27.02 27.37. 26.28 NS
16 23.18] 2551 25.05 21.81 2498 2425 2414 2413 NS
17 2535 27.44 2645 24.07 28.64 2658 2465 26.11 2.98 NS
19 26,59 28.06 22.09 2547 2633 2649 2625 2590 N5
20 24.36° 25.86 2525 2557 2504 27.08 2371 2528 NS
28 2017 2796 28.85 2646 2656 27.19 2905 27.87 NS
Mean 25.17 2593 25.27 25.08 25.88 2537 24.62 2549
LSD (0.05) 2.78 3.11 3.12 3.04 N§ 3.33 j.10
L5SD (0.01) 3.68 NS 4.11 NS§ NS NS§ 4.09

Yield of commercial check = 24.04 tons per acre

LSD Between male-sterile means
Between tetraploid means

Between (riploid means

05 = .77 01 = 102
05 = 1.77 01 = 1.54
.05 = 3.10 01 = 4.08

Table 9.—Sucrose percentage for the 112 wriploid hybrids produced from 16 tetraploid pollinator
strains and 7 cytoplasmic male-sterile types (Colorado data).

Tetraploid Male-sterile diploid parents L.S.D.
pollen _ . I
parents 2 3 4 5 G 7 8 Mean 05 A1
61-4T1 L1286 1358 1383 13.72 13.96 1408 1395 1371 NS
2 1251 14.26  13.50 1441 1424 1456 1410 1394 1.13 1.51
3 1444 1522 1436 1458 13,19 1431 1430 1434 1.08 N§
4 1442 1354 14.18. 1588 1410 1433 14690 14.16 NS
8 1423 1491 1382 13.88 14.60 1482 1482 1444 -~ NS
9 1434 1365 1432 15.76 13.90  14.30 1424 1407 NS
10 1458 14.18 1298 14.21 14.56 1388 1444 142 NS
11. 1474 1432 152 1462 1448 1473 1471 14.67 NS
13 1405 1403 1409 1450 13.39 1416 13.99 14.03 NS
14 14.14 1433 1412 1405 14.2¢4 1462 1372 1418 NS
15 1403  13.80 1267 13.63 13.90 1398 1335 1358 NS
16 13.72 1403 1353 1379 1390 1494 1319 13.87 NS
17 11.50 12,90 1283 13.28 1208 13.26 1388 1204 1.16 1.54
19 13.73 1351 13.73 1361 13,50 13.85 1412 1372 NS
20 14.20 13,78 1425 14.15 14.18  13.82 1535 14.25 95 NS
28 14.05 1390 13.94 13.85 1404 1439  14.00 14,02 NS
Mean 13.84 1399 1382 13.99 1393 14285 1407 1400
LSD (0.05) 1.09 1.15 1.11 N§ NS N§ 1.02
LSD (0.01) 1.44 NS 1.46 NS NS NS 1.35
Yield of commercial check = 14.63 percent sucrose
LSD Between male-sterile means 05 = 0.23 01 = 0.81
Between tetraploid means 05 = 0.35 01 = 046
Between triploid means 05 = 093 D= 1.92
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Minnesota Combining Ability Test

The analysis of variance, mean squares and variance com-
ponents for tons per acre and sucrose percent are included in
rrables 4 and 5. Statistical differences are evident between males
and between females for both yield factors. The general trend
that greater variation was present between males than between
females was noted in this data. Specific combining ability meas-
ured by the female X male interaction is not important in this
area for either tons per acre or sucrose percent.

The actual yields of the triploids are included in Tables 10
and I1. The same general combining ability trends were evident
at this location as was found at the other two locations.

Discussion and Conclusions

The variance components were higher at all locations for
the males than for females. This would indicate that the male-
sterile types used in this study were genetically more alike than
the tetraploids. This reaction should have been expected since
all the male-sterile parents except SLC #129 originated from
Dr. McFarlane's project. All the tetraploid pollinators originated
from the Kleinwanzlebener Saatzucht Company but they had
been previously selected for certain diverse agronomic character-
istics.

Oldemeyer and Rush (10) found the greater variation be-
tween females when studying combining ability in diploids.
Actually the magnitude of the general combining ability com-
ponents of variance depend on the genetic diversity of the parental
material.

The predominance of non-significant differences for females
crossed to the same male and the occasional non-significant dif-
ferences for males crossed to the same female would indicate the
need of more than one tester. Perhaps a series of three or four
genetically diverse (tonnage type, sugar type, etc.) male-sterile
lines with varying combining ability would better evaluate tetra-
ploid pollinators than the male-sterile series reported in this
paper. Oldemeyer (9) suggested the use of several testers for
efficient evaluation of inbreds for combining ability. Ilowever,
statistical differences were evident between males and females
in this study when the diallel averages were compared.

The variance components for general combining ability are
greater than those for specific combining ability at all three
locations. Thus a screening procedure for evaluating the tetra-
ploid and male-sterile material using a common broad base
tester should be effective. Oldemeyer (9) reported that the cor-
relation coefficients between a variety tester and the red beet



Vou. 13, No. 6, Jury 1965

(=13
i
o

Table 10.—Tons per acre for the 112 triploid hybrids produced from 16 tetraploid pollinater strains

and 7 cytoplasmic male-sterile types (Minnesota data).

Tetraploid Male-sterile diploid parents L.5.D.

pollen

parents 2 3 4 5 6 7 8 Mean 05 01

61-4T1 16.16  16.14  14.95 1464 1523 16.10 1564 1555 NS
2 15.49 14832 1539 1474 1405 1562 1495 15.02 NS
3 16.72 1506 14.58 14.84 1548 1539 1648 1551 1.44 NS
4 16.28 1468 1648 1619 1638 16492 1691 1618 NS
8 15.22 1516 1390 1495 1490 1412 1560 1484 NS
9 17.51 1697 1540 1621 1583 1637 1655 1640 NS
10 1564 1616 1554 1553 1674 1560 1566 1584 NS
11 16.11 1624 1563 1552 1478 1581 16.00 15.65 NS
13 16.78 1618 1524 16,00 1552 1596 1641  16.01 NS
14 1554 1552 1616 1542 15.04 1593 1439 1542 NS
15 16.89 17.03 1740 17.39 1668 1761 1756 17.22 NS
16 15.79 1568 1580 16.67 1550 14.97 1645 1584 NS
17 16.34 1546 1547 1523 1587 1672 16.03 1587 NS
19 16.44 1654 1586 1629 1630 16.08 16.03 16.22 NS
20 16.80 16.31 1597 1591 1649 1542 1584 16.11 NS
28 1528 1589 1598 1646 1590 1549 1527 1575 NS

Mean 16,18 1586 1560 1574 1566 1580 1508 1584

LSD (0.05) NS 1.47 1.58 NS 1.55 1.47 1.39

LSD (0.01) NS NS NS NS NS 1.94 1.84

Yield of commercial check = 15.83 tons per acre

L5D Between male-sterile means 05 = 0.37 01 = NS
Between tetraploid means 05 = 0.56 01 = 0.74
Between triploid means 05 = 1.49 01 = 1.96

Table 11.—Sucrose percentage for the 112 triploid hybrids produced from 16 tetraploid pollinator

strains and 7 cytoplasmic male-sterile type (Minncsota data).

Tetraploid Male-sterile diploid parents L.S.D.
pollen i
parents 2 3 4 5 ] 7 8 Mean .05 01
61-4T1 16.21 1622 1580 1610 1624 1584 1645 1612 NS
2 16.19 1550 15.71 15.99 16.20 1585 16.22 15.95 NS
3 16.25 1584 16.09 16.18 1578 1590 16.06 16.01 NS
4 16.26  16.41 16,42 1594 16.24 1588 16.69 16.26 NS
8 16.39 1602 16.10 16.25 16.54 1682 1698  16.44 .63 NS
9 1565 16.36 1580 16.00 1542 1554 15.75 1579 NS
10 15.75  15.21 1554 15.98 1573 15.72 1545 15.62 N§
11 16,09 1598 1585 16.20 15.80 1580 1562 1590 NS
13 16.20 16.02 1658 16.23 16.08 1615 1633  16.22 N5
14 16.80  16.11 16.10 15.86 16.09 1623 1660 1625 NS
15 16.00  15.61 15.95 16.09 15.26  16.01 15.88  15.83 NS
16 16.08 1584 1641 15.92 15.91 1588  16.29  16.04 NS
17 1632 1554 1589 1589 16.04 1558 16.06  15.90 N§
19 16.31 1572 16.32 16.1) 16.03 1562 1658  16.10 NS
20 1608 1588 1578 1593 16.50 1596 1642  16.04 NS
28 1592 1473 1462 1458 1502 1532 1570  15.10 T4 98
Mean 16.15 1580 1592  15.94 1592 1586 1618 1598
LSD (0.05) NS g4 M m 67 66 .63
LSD (0.01) NS 98 98 .94 88 NS .88
Yield of commercial check = 15.30 percent sucrose
LSD Bctween male-sterile means 05 = 017 01 = 0.22
Between tetraploid means 05 = 0.8 01 = 0.534
Between triploid means 05 = 0.69 .01 = 0.90
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tester were sufficiently high to consider the red beet a reliable
tester parent. Others have considered the red beet cross an
adequate early test for combining ability (5, 6, 11).

A red beet tester would eliminate the nced of an isolation
for each tetraploid population. Hybrids would be distinguished
at thinning by the red leaf and hypocotyl color. Preliminary
screening with the red beet and a second screening of the
selected group with a male-sterile series should thoroughly eval-
uate a prospective tetraploid parent. .\ similar program for male-
sterile evaluation; that is, male steriles crossed to the red beet
followed by selected malc steriles crossed to a tetraploid series,
should also be effective. With this combining ability information
available, specific hybrid types could be combined that should
produce a superior hybrid. However, the success of such a pro-
gram would depend on the true yield of these hybrids. One
difficulty may be that the use of a common tester for both
parents may result in the selection of genetically similar types
which in turn may decrease the yield in the final cross.

The yields of the better triploid hybrids ranged from 5 to
25 percent better than the open-pollinated commercial varieties
depending on the location. The diversity of germ plasm; males
from Europe, temales from the United States sources, may have
contributed to the increases in yield. However, the primary
question that must be answered before the true value of triploids
are known is: “What effect does the polyploid level have in this
expression of heterosis?”

The types and amount of disease resistance varied in both
the tetraploid and male-sterile diploid parents. This factor could
have contributed greatly to the high significance of the genotype
X location interaction. The variances for specific combining
ability were highly significant in the California and Colorado
data where disease complexes were different. I'hcse same inter-
actions were insignificant in Minnesota where disease problems
are negligible. Thus, it would appear that one of the main
factors influencing the yields of the triploids was disease re-
sistance.

Summary

Triploid sugar beet seed was produced in isolated crossing
plots using 16 tetraploid pollinator varieties and 7 cytoplasmic
male-sterile diploid strains. Yield trials were conducted in Cali-
fornia, Colorado and Minnesota, using the 112 possible triploid
hybrids. Estimates of general and specific combining ability
were calculated by the components of variance method for
tons per acre and sucrose percent. The combined analysis indi-
cated that all the interactions with locations were highly sig-
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nificant for both factors studied. Thus, local adaption was of
major importance in the yielding ability of the hybrids. Indi-
vidual location tests indicate that specific combining ability as
measured by the male X female interaction was important for
tons per acre in California and Colorado. The male > female
interaction for sucrose percent was significant only in Colorado.
Specific combining ability was of little importance in Minnesota.
Differences between males and between females was statistically
significant at all locations.
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