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Abstract One of the most attractive features of the
4x-2x breeding scheme via unilateral sexual polyploi-
dization (USP) is the possibility of obtaining heterotic
clones with a combination of desirable traits based
upon selection in a small number of hybrid seedlings.
A set of experiments was carried out to verify this
characteristic of the USP scheme using 42 families (with
20 plants each) derived from 2x Phureja-haploid
Tuberosum or haploid Tuberosum-Solanum chacoense
hybrids as male parents. These clones were 2n-pol-
len-producers by either first-division restitution with
crossing over (FDR-CO) or without crossing over
(FDR-NCO). The 4x parents were eight cultivars of
USA and European origin. A total of 168 out 840
clones was initially selected (four clones/family) based
on general tuber appearance (GTA). An additional
round of selection (not taking into account the parent-
age of the clone) for total tuber yield (TTY) reduced the
sample to 96 clones. These selected clones and the
original 4x parents were evaluated in two locations at
Wisconsin (Hancock — E# 1, and Rhinelander — E #2).
The average high-parent heterosis values for TTY
ranged from 27.8% (E #2) to 48% (E#1). The popula-
tion of experimental clones also had a TTY range wider
than that of the 4x parents. The best clone gave a yield
of 101.6% and 63.2% over the best 4x parent at E#1
and E#2, respectively. For TTY, a significant geno-
type x environment (G x E) interaction for the experi-
mental clones was found when a combined analysis of
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variance for both locations was carried out. However,
the G x E interaction was not significant when only the
4x-parent group was considered. Clones derived from
4x Buropean cultivars had higher GTA scores than
clones derived from 4x USA cultivars. With two culling
levels being set on the TTY > 4x parent group mean
and the GTA > three, about 56% (E#1) and 48%
(E#?2) of the clones would be retained for further evalu-
ation. These percentages of selected clones are much
higher than those reported using conventional 4x-4x
crosses. Our results indicate that a USP strategy with
4x-2x (FDR) crosses would be more effective than
intra-Tuberosum crosses in generating heterotic clones
with a combination of desirable quantitative traits us-
ing populations with a small number of hybrid seed-
lings.
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Solanum chacoense - Solanum phureja -
Unilateral sexual polyploidization *+ 2n-gametes

Introduction

The traditional 4x-4x potato (Solanum tuberosum L.)
breeding scheme has been characterized as a method
for handling large clonal populations in order to find
a few agronomically superior segregant individuals
(Simmonds 1969). The often low-frequency of selected
clones following 4x-4x crosses is due, in part, to the
utilization of closely related parents (Mendoza and
Haynes 1974 a; Douches et al. 1996). The use of geneti-
cally related cultivars, while facilitating the selection
process for some qualitative traits, has imposed a dras-
tic limitation on the rate of improvement for both yield
and stability in the cultivated potato (Mendoza and
Haynes 1974 a; Mendoza and Sawyer 1985). Another
possible factor associated with the low frequency of
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superior clones in the conventional 4x-4x breeding
scheme may be caused by disruption, during normal
meiosis, of favorable interlocus interactions present in
the high-yield 4x parents (Peloquin et al. 1989 a). This
can have negative consequences, especially in the 4x
potato, since total tuber yield has been reported as
predominantly controlled by non-additive genetic
effects (Mendoza and Haynes 1974 b; Mendiburu et al.
1974; Mendiburu and Peloquin 1977 b).

In this context, the unilateral sexual polyploidization
(USP) with 4x-2x crosses (Mendiburu and Peloquin
1976) offers an alternative scheme to the traditional
4x-4x method in potato breeding programs. In this 2n-
pollen-based strategy, the 4x parent is an adapted cul-
tivar (or an advanced selection) and the 2x parent is
a haploid Tuberosum-diploid species hybrid. The 2x
male parent is a 2n-pollen-producer by either first-
division restitution with crossing over (FDR-CO) or
without crossing over (FDR-NCO) (Hermundstad and
Peloquin 1987; Peloquin et al. 1989b). Through an
abnormal meiotic process, conditioned by the presence
of the mutant allele ps (‘parallel spindles’), a diploid
FDR-CO clone will produce 2n-pollen grains able to
transmit approximately 80% of the heterozygosity
to the offspring and with a large proportion of epistatic
(interlocus) interactions (Hermsen 1984; Barone et al.
1995). Through an association of two meiotic mutant
alleles, ps and sy-3 (= synaptic 3), FDR-NCO gametes
will transmit almost 100% of the heterozygosity and
epistasis found in the 2x parent to the progeny (Pe-
loquin 1983). Therefore, both types of FDR 2n-gametes
are considered unique breeding tools, since they can
transfer not only additive effects but also dominance
and epistatic effects (Tai 1994).

The potential value of the USP breeding scheme for
potato improvement has been previously demonstrated
by the often high degree of heterosis for tuber yield
observed in several crosses involving Phureja-haploid
Tuberosum and haploid Tuberosum-S. chacoense hy-
brids (Bani-Aameur et al. 1991; Tai 1994; Clulow et al.
1995). However, one of the most attractive features of
the USP strategy has yet to be extensively evaluated:
the possibility of obtaining heterotic clones with a com-
bination of desirable quantitative traits using relatively
small 4x-2x populations (Ortiz et al. 1991; Peloquin
and Ortiz 1992). Handling small clonal populations
(with a high frequency of potentially superior clones
during the selection stage) has obvious practical ad-
vantages in a plant-breeding perspective. In the tradi-
tional 4x-4x scheme only a very small fraction of
a large initial seedling population remains at the stage
of evaluation as potential cultivars (Simmonds 1969;
De Jong et al. 1981).

Presently, standard selection programs in potato
breeding include simultaneous evaluation of a large
collection of traits (De Jong and Tarn 1984; Douches
et al. 1996). Therefore, a more-efficient breeding scheme
would be the one in which a large proportion of the

segregating clones contains a desirable combination of
multiple traits. The present work provides additional
evidence that the USP scheme can be an efficient strat-
egy for multitrait selection in potato using relatively
small populations of hybrid clones.

Materials and methods

Plant material

A total of 840 clones (from 42 families with 20 plants each) obtained
from a diverse range of 4x-2x crosses were grown on the UW-Lehah
Stark Potato Breeding Farm at Rhinelander-Wisconsin (Wis). Some
of the 4x parents used in these 4x-2x crosses were cultivars and/or
advanced clones of North American origin: ‘New Haig’, ‘Superior’,
‘New Superior’, ‘W 231°, ‘W 639’, ‘W 785". Two European cultivars,
‘Desiree’ and ‘Spunta’, were also used as 4x parents. The diploid
parents were nine 2n-pollen-producer clones formed by either the
FDR-CO or the FDR-NCO mechanism. These 2x clones were
Phureja-haploid Tuberosum FDR-CO (‘H-2’, ‘H-3°, ‘H-4’, ‘H-7’,
‘M-5, ‘L-10°, ‘L-11°, and ‘J’); Phureja-haploid Tuberosum FDR-
NCO (‘'SY-8’), and haploid Tuberosum-S. chacoense FDR-CO (‘T-
704’) hybrids.

Selection criteria and selection intensity for the
second clonal generation

A total of 168 out of 840 clones (four clones per family with an
intensity of selection of 20% within families) were selected based on
general tuber appearance (GTA) in one replication of each of the
previous set of three experiments (Buso 1986). The tubers of these
clones were maintained separately. Later, another selection was
done for total tuber yield (TTY) based on a subjective scale from
1 =low to 5 = high yield. Ninety six out of 168 clones were main-
tained for field evaluation (i.e., a selection intensity of 57.14%). In
this later selection, the parentage of the clone was not taken into
consideration.

Field assays

All 96 selected clones and the eight original 4x parents were evalu-
ated at two locations: Hancock-Wis (UW Research Station) and
Rhinelander-Wis (UW-Lelah Stark Potato Breeding Farm). A ran-
domized complete block design with two replications (four hills/
plot) was used in each location. At Hancock, the spacing was 0.91 m
by 0.30 m between and within rows, respectively. At Rhinelander,
the spacing was 0.91 m by 0.41 m between and within rows, respec-
tively. Planting and harvesting dates were April 27 and September
25 for Hancock and May 24 and September 24 for Rhinelander,
respectively. All harvesting was done by hand. The plots were
irrigated three times a week at Hancock. At Rhinelander, the plots
were only rainfed, with no supplementary irrigation being provided
during the entire course of the experiment.

Trait assessment

Each entry (original 4x parents and selected hybrid clones) was
evaluated at both locations (Hancock and Rhinelander) for the
following five traits. (1) Total tuber yield (TTY). Evaluation was
performed with selected tubers (only those over 2.5 cm diameter
were weighed). Plot averages (expressed in kg/hill) were used for



analysis. (2) General tuber appearance (GTA). This trait was evalu-
ated visually at harvesting using a semi-quantitative scale from
1 =poor to 5= excellent, with 0.5 increments. GTA assessment
reflects the overall number, size, color, uniformity, and shape regu-
larity of tubers. (3) Haulm maturity (HM). This trait was estimated
as the number of days from the planting date until the date when
50% of the plants in the plot were completely senesced. (4) Plant
vigor (PV). This trait was assessed visually based on the vine appear-
ance using a scale from 1 = poor to 5 = very good. (5) Eye depth
(ED). This was scored visually, on a per-plot basis, using a scale from
1 = shallow to 5 = very deep.

Analysis of variance

The source of variation among clones with 103 degrees of freedom
(df) was subdivided into: (1) among clones from 4x-2x crosses with
95 df; (2) among 4x parents with 7 df, and (3) a contrast between the
two group means. This contrast is a measure of the superiority or
inferiority of the selected clonal population over the group of 4x
parents. The source of variation among clones from the 4x-2x
crosses was further subdivided into the following components:
among clones from the 4x parents of North American origin (74 df’),
and among clones from the 4x parents of European origin (20 df), as
well as a contrast between the two groups.

Genotype by environment interaction

A combined analysis of variance considering both locations was
carried out. If the error variances of analysis in each environment
were heterogeneous, the mean square of the pooled error was still
used to test the clone by location interaction and its components.
However, the degrees of freedom of the F-test for clone by environ-
ment interaction was that observed in the experiment with the
largest mean square (MS) error according to Cochran and Cox
(1957).

Selection using independent culling levels for TTY and GTA

A frequency distribution of clones was carried out by considering
two traits: TTY and GTA. The frequency of clones with TTY
significantly above the mean of the 4x parents was estimated at each
location. For GTA, the frequency of clones with no significant
difference from the 4x parents was estimated at each location. The
frequency estimations were done using as criteria the 4x-parent
group mean plus the Least Square Difference (LSD) at the 5% level,
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or the 4x-parent group mean minus the LSD at the 5% level, for
TTY and GTA, respectively.

Results and discussion

Degree of heterosis and performance of
4x-2x-derived clones for total tuber yield

The means and ranges of TTY for the group of 96
experimental clones and the group of eight 4x parents
at both locations are presented in Table 1. The contrast
clones vs. 4x parents was significant at both locations
(Tables 2 and 3). The estimated heterosis values for
TTY were 48% and 27.8% over the mean of the 4x
group at Hancock and Rhinelander, respectively. The
population of experimental clones also had a wider
TTY range when compared with the 4x group at both
locations (Table 1). This wide TTY range probably
reflects the lack of selection effectiveness for yield from
single hills in the first clonal generation (Maris 1966;
Kichefski et al. 1976; Tai and Young 1984).

The range of trait expression is also a meaningful
measure when comparing a group of genotypes from an
asexually propagated crop such as potato. A single
superior genotype for TTY once identified can be im-
mediately multiplied. In this regard, the best experi-
mental clone yielded 101.6% and 63.2% over the best
4x parent at Hancock and Rhinelander, respectively
(Tables 4 and 5). The hybrid clones responded well to
the very favorable growing conditions in Hancock. In
the more stressful environment of Rhinelander, where
there was no irrigation, the best clone from the 4x-2x
crosses still yielded 63.2% more than the most-produc-
tive 4x parent. Drought is an important abiotic stress
that depresses yield in potato (Wissar and Ortiz 1988).
The Rhinelander results were significant, since none of
the entries (experimental clones or 4x parents) had been
selected for drought tolerance.

The heterosis values of the clones for TTY were
similar to previous studies comparing 4x-2x versus

Table 1 Means and ranges of

total tuber yield (kg/hill) and Genotype # Entries Total tuber yield General tuber

general tuber appearance of (kg/hill) appearance®

tetraploid parents and

expeﬁmengﬂ clones (4x-2x Mean Range Mean Range

clqnes) derived from crosses Hancock

using 4x parents from either USA 7 "o 96 234 094-389 299 1.00-4.50

or European origin, at Hancock ..

and Rhinelander-Wisconsin 4x-2x clones (USA-origin) ) 75 2.28 0.94-3.89 2.88 1.00-4.25
4x-2x clones (European-origin) 21 2.53 1.48-3.55 3.38 2.25-4.50
4x parents 8 1.58 0.99-1.93 3.81 3.00-4.50
Rhinelander
4x-2x clones 96 1.15 0.49-2.04 297 1.50-4.50
4x-2x clones (USA-origin) 75 1.14 0.49-2.04 291 1.50-4.25
4x-2x clones (European-origin) 21 1.19 0.88-1.65 3.18 1.50-4.50
4x parents 8 0.90 0.26-1.25 3.97 3.50-4.75

*General tuber appearance: based on a scale from 1 = poor to 5 = excellent
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Table 2 Analysis of variance of total tuber yield, haulm maturity, plant vigor, eye depth and general tuber appearance of 4x-parents and 96
experimental 4x-2x clones obtained from crosses using 4x parents of either USA or European origin, Hancock-Wisconsin

Source of variation dr* Mean squares

Total tuber Haulm Plant Eye General

yield maturity vigor depth appearance
Blocks 1 7.031 0.011 0.077 0.043 4.043
4x-2x clones and 4x parents (i.e., all entries) 103 1.155%* 0.724%** 0.485%* 0.886%* 1.036%*
4x-2x clones 95 1.149%* 0.730%* 0.453* 0.920* 0.966**
4x-2x clones (USA-origin) 74 1.208** 0.805* 0.473* 1.003** 0.886**
4x-2x clones (European-origin) 20 0.880%** 0.469%* 0.395 0.395 0.914%**
4x-2x clones (USA) vs 4x (European) 1 2.099%* 0.383 0.122 5.225%* 7.859%*
4x parents 7 0.188 0.500* 0.857** 0.143 0.705
4x-2x clones vs 4x parents 1 8.578** 1.772%* 0.923° 2.845%%* 10.002**
Error 103 0.246 0.220 0.271 0.267 0.439
CV (%) 21.76 15.26 14.87 31.13 21.70

o*** Significant at the 10%, 5% and 1% levels, respectively
*df = degrees of freedom

Table 3 Analysis of variance of total tuber yield, haulm maturity, plant vigor, eye depth and general tuber appearance of 4x-parental
clones and 96 experimental 4x-2x clones obtained from crosses using 4x parents of either USA or European origin, Rhinelander-Wisconsion

Source of variation ar Mean squares

Total tuber Haulm Plant Eye General

yield maturity vigor depth appearance
Blocks 1 1.898 0.019 8.889 3.769 0.059
Clones and 4x parents (i.e., all entries) 103 0.179** 0.765** 0.916** 0.628** 1.077**
4x-2x clones 95 0.169** 0.774%** 0.921%* 0.642%* 0.979%*
4x-2x clones (USA-origin) 74 0.188%* 0.878%* 1.028%* 0.738%* 0.962*
4x-2x clones (European-origin) 20 0.103* 0.424%** 0.545° 0.264 0.977
4x-2x clones (USA) vs 4x clones (European) 1 0.072 0.045 0.532 4.833** 2.367*
4x parents 7 0.203%* 0.705%* 0.705° 0.107 0.444
4x-2x clones vs 4x parents 1 0.954** 0.337 1.963* 2.963** 14.769**
Error 103 0.057 0.165 0.355 0.362 0.590
CV (%) 21.07 12.2 16.92 39.08 25.23

o%*%* Significant at the 10%, 5% and 1% levels, respectively
*df = degrees of freedom

4x-4x progenies (Sanford and Hanneman 1982; Tai
1994). The high-parent heterosis values for TTY are
striking when compared with results obtained with the
traditional 4x-4x breeding scheme (even when 4x par-
ents with a broad genetic base were used). For example,
non-selected F; hybrids between the S. andigena
(Andigena) population and Tuberosum had 17% more
TTY than non-selected clones obtained from intra-Tu-
berosum crosses (Cubillos and Plaisted 1976). In this
case, the Andigena population had five cycles of recur-
rent selection for adaptation to North temperate grow-
ing conditions. Similarly, Tarn and Tai (1977) reported
15% heterosis over a 4x-4x population for TTY, when
five Tuberosum clones were crossed with five adapted
Andigena parents. Even though the 4x parents used in
the present study were highly selected for several traits,
including TTY, is very unlikely that the clonal popula-
tion obtained by intercrossing them would have a
superior heterosis value to that observed here with the

progenies from 4x-2x crosses. In fact, previous reports
with the conventional 4x-4x crosses have shown that
the clones obtained, on average, are not superior to the
parent in yield (Maris 1966; Quin and Peloquin 1973;
Tarn and Tai 1983).

The sample of 4x-2x clones evaluated at the second
clonal generation might be considered almost as a ran-
dom sample from the first clonal generation and, conse-
quently, the seedling population for TTY. This can be
assumed as true, especially because of the unreliability
of early selection for TTY and the low intensity of
selection applied under our experimental conditions
(57%). Thus, it appears that the original population of
seedlings generated by 4x-2x breeding scheme had
a high frequency of high-yielding clones. Related to this
point, it must be emphasized that the population size
from which the high-yielding experimental clones were
derived was relatively small (840 individuals). In this
regard, the results reported here are in agreement with
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Table 4 Pedigree and

characteristics of the 20% higher- Pedigree Means

yielding 4x-2x clones grouped by

origin of their 4x parents as well Total tuber General tuber  Plant Plant Eye

as the original 4x-parent group yield appearance vigor maturity  depth

evaluated at Hancock. For trait

evaluation see Materials and 4x(USA)-2x clones

methods [New Haig x L-11] (#1) 3.89 3.50 4.00 3.50 1.00
[New Haig x M-5] (#1) 3.75 3.00 4.00 3.25 2.50
[New Haig x M-5] (#4) 3.69 3.25 4.00 3.00 3.00
[New Haig x L-11] (#3) 3.60 2.50 4.50 5.00 2.00
[Superior x L-117 (#3) 3.58 3.00 4.00 4.00 2.00
[W231 x H-4] (#3) 3.52 3.50 3.50 275 1.50
[W639 x L-117 (#2) 3.32 3.75 3.50 3.25 1.00
[New Haig x M-5] (#2) 3.32 2.00 4.00 4.00 2.50
[W785xH-7] (#2) 3.29 3.50 3.50 3.25 2.00
[New Haig x H-7] (#4) 3.23 1.50 5.00 4.50 3.00
[New Haig x H-4] (#2) 3.23 1.50 3.50 3.00 3.50
[W231 x L-117 (#1) 3.23 2.25 3.50 425 1.00
[New Superior x L-11] (#4) 3.21 3.50 4.50 4.50 1.00
[W639 xJ] (#2) 3.18 3.00 3.00 275 2.50
[New Superior x L-11] (#2) 3.14 3.00 4.00 3.00 1.00
4x(Europe)-2x clones
[Desiree x H-3] (#4) 3.55 425 3.50 3.50 1.00
[Desiree x H-3] (#3) 3.55 4.00 3.50 3.50 1.00
[Spunta x L-11] (#4) 3.46 2.25 4.00 3.75 1.50
[Spunta x L-11] (#2) 3.38 2.50 3.50 3.00 1.50
[Spunta x H-3] (#1) 3.06 3.50 3.50 3.00 1.00
4x-parents
New Haig (USA) 0.99 3.00 3.00 3.00 1.50
Superior (USA) 1.59 3.50 2.50 2.50 1.50
New Superior (USA) 193 4.30 4.00 3.50 1.50
W231 (USA) 1.67 3.00 3.00 2.50 1.00
W639 (USA) 1.79 4.50 3.00 2.50 1.50
W785 (USA) 1.70 4.30 2.50 2.50 1.00
Spunta (Europe) 1.25 3.80 4.00 3.30 1.00
Desiree (Europe) 1.68 4.30 4.00 3.30 1.00

previous reports with distinct 4x-2x populations evalu-
ated in a large range of environments (De Jong et al.
1981; Concilio 1985; Buso 1986).

An increase in the frequency of high-yielding clones
following 4x-2x (FDR-CO/FDR-NCO) crosses could
be explained by an increase in the frequency of indi-
viduals with an intra-locus interaction of high order in
the population. In fact, intra-locus interaction of a high
order has been considered as one of the fundamental
factors controlling yield in polysomic polyploids (Men-
diburu et al. 1974; Mendoza and Haynes 1974 b). In
addition, this high frequency of high-yield clones is also
the expected outcome according to theoretical models,
where higher frequencies of triplex, duplex, and mono-
plex genotypes will be observed in the 4x-2x progenies
when compared with that of the progenies from con-
ventional 4x-4x crosses (Tai 1994).

Performance for TTY of clones grouped
by the 4x parent

Each tetraploid parent gave rise to a variable number
of clones that were higher yielding than their parent at
both locations (Table 6). Even though each parent was

not crossed with the same set of 2x clones, these fre-
quencies may indicate where to concentrate efforts in
an applied breeding program. Tetraploid parents such
as ‘New Superior’, ‘New Haig’, ‘Spunta’ and ‘Desiree’,
with high frequencies of high-yielding clones, would be
the parental materials of choice to obtain larger seeding
populations if another cycle of selection were to be
initiated. The presence of higher frequencies of high-
yielding clones in crosses involving European cultivars
was a somewhat expected outcome. The 2x Phureja-
haploid Tuberosum clones used here originated from
interspecific crosses involving only North American
cultivars as a Tuberosum background. Our results
suggest that even small levels of genetic diversity via
unrelated Tuberosum 4x parents could increase TTY
performance in 4x-2x crosses. The importance of using
genetically unrelated parents in potato breeding has
been emphasized in the literature (Mendiburu et al.
1974; Mendoza and Haynes 1974 a; Peloquin 1983).
The introgression of genetic diversity using 2x clones
with 2n-pollen production by mechanisms akin to
FDR may also play a key role in the observed increase
in the yield ability of the hybrid clones. In FDR
gametes, a large fraction of the original heterozygosity
and epistasis is transmitted to the progeny without
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Table 5 Pedigree and

characteristics of the 20% higher Pedigree Means

yielding 4x-2x clones grouped

by origin of their 4x parents as Total tuber General tuber Plant Plant Eye

well as the origina] 4x-parent yield appearance VigOI‘ maturity depth

group evaluated at Rhinelander.

For trait evaluation see materials 4x(USA)-2x clones

and methods [New Haig x L-11] (#4) 2.04 2.50 4.50 4.00 2.50
[New Haig x M-5] (#4) 1.82 2.75 4.00 4.00 2.50
[New Superior x L-11] (#1) 1.70 2.50 4.00 4.00 2.50
[New Haig x M-5] (#1) 1.65 2.50 5.00 4.00 2.50
[W785x H-4] (#1) 1.65 4.00 4.50 4.00 1.00
[New Superior x H-3] (#1) 1.59 1.50 4.00 3.50 2.00
[W639 x H-3] (#1) 1.56 3.00 5.00 4.00 1.50
[W231 x H-4] (#1) 1.54 3.50 3.50 3.00 1.50
[W231 x H-4] (#3) 1.54 3.00 3.50 3.00 2.50
[Superior x H-7] (#2) 1.50 2.50 3.50 4.00 3.00
[New Haig x H-4] (#1) 1.42 2.50 4.00 4.00 2.00
[New Haig x H-4] (#3) 1.40 2.50 4.50 4.00 3.00
[W231 x L-10] (#4) 1.39 4.00 3.50 3.00 1.00
[W639 xJ] (#2) 1.37 2.50 4.00 3.00 2.50
[W231 x H-3] (#3) 1.37 4.00 2.50 3.00 1.00
4x(Europe)-2x clones
[Desiree x H-3] (#4) 1.65 4.00 3.50 4.00 1.00
[Spunta x H-3] (#2) 1.59 4.00 3.50 3.00 1.00
[Desiree x SY-8] (#2) 1.56 3.00 3.50 3.50 2.00
[Desiree x H-3] (#1) 1.48 2.50 4.00 3.50 1.50
[Desiree x H-3] (#3) 1.37 2.75 4.00 4.00 1.50
4x-parents
New Haig (USA) 1.08 3.50 3.50 3.00 1.50
Superior (USA) 091 4.00 3.00 2.00 1.00
New Superior (USA) 1.08 4.50 3.50 3.50 1.00
W231 (USA) 0.74 4.00 3.00 3.00 1.00
W639 (USA) 1.14 4.80 4.00 3.00 1.00
W785 (USA) 0.74 4.00 3.00 3.00 1.00
Spunta (Europe) 0.26 3.50 2.00 4.00 1.00
Desiree (Europe) 1.25 3.50 3.50 3.50 1.50

Table 6 Means and ranges of total tuber yield -TTY- (kg/hill) of experimental clones, grouped by the 4x parent and 4x parent means at

Hancock (H) and Rhinelander (R)-Wisconsin

4x parent 4x-parent means 4x-2x clones
H R # Clones TTY means TTY ranges Percent over
4x parent
H R H R mean + LSD (5%)

H R
W231 (USA) 1.67 0.74 15 2.05 1.19 094-352  0.74-1.54  20.0 46.7
W639 (USA) 1.79 1.14 7 2.15 1.15 1.05-3.32 0.83-1.56  28.6 0.0
W785 (USA) 1.70 0.74 16 2.00 1.01 0.96-3.29  0.49-1.65 12.5 25.0
Superior (USA) 1.59 091 8 213 1.15 1.33-3.58  0.85-1.50  25.0 12.5
New Superior (USA) 1.93 1.08 7 2.58 1.24 1.33-3.21 0.82-1.70 428 28.6
New Haig (USA) 0.99 1.08 22 2.65 1.17 1.33-3.89  0.68-2.04 72.7 13.7
Spunta (Europe) 1.25 0.26 10 2.44 1.17 1.48-3.46 1.00-1.59  50.0 100.0
Desiree (Europe) 1.68 1.25 11 2.62 1.21 1.59-3.55  0.88-1.65 455 0.0

disruption by meiosis. As a consequence, the recovery
of polyploidy in the progeny per se can allow the
establishment of novel intra- and inter-locus interac-
tions. In this context, the increased yielding ability
could be explained by the transmission the original
intra-locus interactions from the 2x parent, undistur-

bed through the mode of 2n gamete formation, and the
formation of new and favorable epistatic interactions in
the hybrid progeny.

Several reports have indicated that non-additive
genetic variance is the preponderant factor in determin-
ing TTY in tetraploid potato (Plaisted et al. 1962;



Mendiburu et al. 1974; Mendoza and Haynes 1974 b;
Mendiburu and Peloquin 1977). Subsequent experi-
ments, using yield components, indicated that the TTY
increase in potato following 4x-2x crosses was due to
an increase in the total number of tubers with a slight
decrease in tuber weight (De Jong and Tai 1977). In
addition, it was apparent that the heterozygosity/epi-
stasis hypothesis and the yield-component hypotheseis
could not be considered as mutually exclusive (De Jong
and Tai 1977). However, regardless of the mechanism
involved, in a practical potato breeding perspective
there is a clear advantage to the fact that this crop is
vegetatively propagated. In this particular case, all
types of genetic effects (i.e., additive, digenic, trigenic,
tetragenic and epistasis) can be fixed and, superior
clones can be selected regardless of the magnitude of
each individual effect.

Genotype by environment interaction for TTY

The number of clones with TTY significantly above
their 4x parents was variable for each female parent at
each location. These differences can be explained by the
presence of large G x E interaction, which is a common
feature influencing TTY expression in potato (Sim-
monds 1969, 1981; Tai and Young 1972; Mendoza and
Saywer 1985). Indeed, a highly significant G x E inter-
action for the experimental clones was found when
a combined analysis of variance for TTY for both
locations was carried out (Table 7). However, the G x E
interaction was not observed when only the 4x parents
were considered. The source of variation [(clones vs 4x
parents) x location] being highly significant, indicates
that the differences of the clonal and 4x parent popula-
tions for TTY will be variable depending upon the
location.

The presence of G x E interaction indicates that se-
lection of the most suitable clone will be effective only if
performed at the specific target environment. However,
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some clones with a potentially broad range of adapta-
tion (‘individual buffering’) were identified in our
study. For example, clone #4 from the cross (‘New
Haig’ x ‘M-5"] yielded more than the respective 4x
parent in each location (Tables 4 and 5). However, in
general, it was found that the experimental clones had
a high yield in more-favorable (E # 1) and a lower yield
in less-favorable (E#2) environments, but almost al-
ways had a higher yield than the 4x parents did in both
locations (Tables 4 and 5). Stability of performance and
the ability to respond to a good environment are
among the basic requirements necessary for a success-
ful potato cultivar (Tai 1971; Simmonds 1981; Tai and
Young 1984).

Performance of 4x-2x clones for GTA

The means and ranges for GTA are presented in
Table 1. The group of 4x parents had a 27% and a 34%
higher GTA mean score than the mean of the clonal
populations at Hancock and Rhinelander, respectively.
These differences were highly significant at both loca-
tions (Tables 2 and 3). Thus, the parents on average had
tubers of better appearance than the hybrid clones.
However, this was not an unexpected outcome. The
fact that the 4x parents are cultivars or advanced clones
should be taken into accout to explain these differences
in GTA scores. The 4x parents represent an elite group
of cultivars and clones, highly selected for this trait.
It was interesting to note that experimental clones
with a genetic contribution from European 4x cultivars
had, as a group, significantly higher GTA scores in
both locations when compared with clones derived
from crosses with USA parents (Table 1). It seems that
European cultivars will have priority when establishing
a 4x-2x breeding program where a high GTA score is
a crucial consideration. Some sophisticated markets
have very restricted tuber appearance standard (e.g.,
shallow eyes, medium-large tubers, uniform tuber size

Table 7 Combined analysis of
variance of total tuber yield and Source of variation
general tuber appearance of

experimental clones from 4x-2x

df* Mean squares

Total tuber General tuber

crosses and tetraploid parents, at yield appearance

Hancock and Rhinelander
Location 1 137.115 0.005
Blocks/location 2 4.602 2.051
Clones 103 0.881%** 1.511%*
4x-2x clones 95 0.856** 1.318**
4x parents 7 0.258 0.847
4x-2x clones vs 4x parents 1 7.626%* 24.539%*
Clones vs location 103 0.453%** 0.601**
4x-2x clones vs location 95 0.461%** 0.627**
4x parents vs location 7 0.133 0.303
(4x-2x clones vs 4x parents) vs location 1 1.905%* 0.262
Pooled error 206 0.152 0.257

*df = degrees of freedom
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Table 8 Means and ranges general tuber appearance -GTA- of experimental clones, grouped by their 4x parents and 4x-parent means, at

Hancock (H) and Rhinelander (R), Wisconsin

4x parent 4x-parent mean 4x-2x clones
H R # Cones  GTA means GTA ranges % not significant
different 4x-parent
H R H R
H R
W231 3.00 4.00 15 2.90 3.10 2.00-3.75 2.00-4.00 100.0 80.0
W639 4.50 4.75 7 325 293 1.50-3.75 2.50-3.50 71.4 14.3
W785 425 4.00 16 2.88 297 1.00-4.25 1.50-4.00 56.3 81.3
Superior 3.50 4.00 8 2.84 2.78 2.25-4.00 2.00-400 100.0 87.5
New Superior 425 4.50 7 2.89 2.68 2.00-3.50 1.50-3.50 571 429
New Haig 3.00 3.50 22 2.76 2.85 1.50-3.50 1.50-4.25 90.9 95.5
Spunta 3.75 3.50 10 3.28 3.28 2.25-425 1.50-4.50 90.0 90.0
Desiree 425 3.50 11 348 3.09 2.50-4.50 2.50-4.00 81.8 100.0

and shape). In addition, from the farmer’s perspective,
genetic material with this type of visual attribute can
result in improved profit levels.

GTA scores according to the 4x parents

The means and ranges of GTA grouped by the 4x
parent at both locations are presented in Table 8. In
the GTA case, the percentage of clones not significantly
different from the 4x parent was considered. This
would be the case when the breeder would like to have
a new clone that has at least as good a GTA as the 4x
parent). This seems to be the situation in the majority of
breeding programs, where the GTA value is the deter-
minant factor for the commercial acceptance of the
cultivar. Variable frequencies of clones without a differ-
ence from the 4x parents were observed in both loca-
tions (Table 8). G x E interaction could be responsible
for this discrepancy (Table 7).

The GTA means of clonal groups from European
parents were consistently over 3, a value that has been
considered a limiting level for the selection of this trait
in breeding programs (Buso 1986). A GTA score of
3 was the lowest among 4x parents, at both locations.
Over 80% of clones from FEuropean 4x parents
would be selected in the clonal population for being
not significantly different from the respective parent.
This high frequency was consistent regardless of the
location.

Genotype by environment interaction for GTA

Similar to TTY, the presence of significant G x E inter-
action for GTA (Table 7) gives an indication of how
difficult the selection process, will be based upon evalu-
ation at one single location. It is probable that in a way
similar to the 4x parents, some of the clones could have

no G x E interaction for this trait (Table 7). However,
as a group, it seems that the superiority of the 4x
population over the experimental clones is not in-
fluenced by the location where the evaluation was per-
formed. This is a plausible interpretation for the lack of
significance for the source of variation (clones vs 4x
parents) x location.

The lower means for GTA in the clonal population
may be due to the presence of Phureja germplasm in
one of the parents of the 2x hybrids used in the 4x-2x
crosses. This diploid cultivated Group has, in general,
some undesirable tuber traits (small-sized tubers, large
tuber number, very deep eyes, raised internodes) that
are known to be transmitted to the 4x progeny (De
Jong and Tai 1977; Schroeder 1983). Another reason
would be the possible low reliability of selection for this
trait in the first clonal generation, as previously ob-
served (Maris 1966). In the latter case, selection for
GTA would increase the clonal population mean.
A factor that should be taken into account is that the
2x parents were not selected for GTA or any tuber-
quality trait before crossing. Previous results indicated
that the 2x-parent mean for average tuber weight and
eye depth was correlated with the family mean after
4x-2x crosses (Schroeder 1983). Therefore, a selection
of 2x hybrid clones for these traits would probably
have the positive effect of increasing the family mean
for GTA. Plaisted and Cubillos (1972) indicated that an
increase of average tuber size could be possible in 4x-4x
crosses by selecting at least one of the parents for large
tuber size. Thus, a selection for GTA at both 2x and 4x
levels would increase the frequency of clones with
superior GTA scores in the progeny of 4x-2x crosses.
On the other hand, 2x clones with deep eyes, and
consequently low GTA scores, could not be completely
eliminated from the crossing plan if other traits of
importance are present in these parents. As an example,
‘H-7’, a very deep-eyed 2x clone, was able to transmit
high yield ability to several clones in its progenies with



Table 9 Means and ranges of
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haulm maturity, plant vigor, and Type # Entries Haulm maturity® Plant vigor® Eye depth®

eye depth of experimental clones

from 4x-2x crosses and Mean Range Mean Range Mean Range

tetraploid parents, at Hancock

and Rhinelander, Wisconsin Hancock
4x-2x clones 96 3.10 2.00-5.00  3.50 2.50-4.50  1.69 1.00-3.50
4x parents 8 2.75 2.25-3.50  3.25 2.50-4.00 1.25 1.00-1.50
Rhinelander
4x-2x clones 96 3.34 2.00-5.00  3.55 1.50-5.00  1.57 1.00-3.00
4x parents 8 3.63 2.00-4.00  3.25 2.00-4.00 1.13 1.00-1.50

*Haulm maturity: based on a scale from 1 = senesced to 5 = still flowering
®Plant vigor: based on a scale from 1 = poor to 5 = very good vigor
¢ Eye depth: based on a scale from 1 = shallow to 5 = very deep

GTA scores over three. In fact, 2 out of 11 ‘H-7’-derived
clones at Hancock and 5 out of 11 at Rhinelander were
in that combined category (i.e., high yield + a GTA
score over three). However, as expected, the general
tendency of better-looking tubers coming from the 2x
parent with smooth, good-sized tubers is what is noted
when other diploid clones are considered. As an
example, 7 out of 13 and 12 out of 13 clones were
selected having a GTA score of over three at Hancock
from clones with ‘L-10" and ‘SY-8’, in their pedigree,
respectively. These 2x clones have tubers with medium
to large sizes and shallow eyes. For Rhinelander, 83%
and 85% of the clones assessed from those two 2x
parents were selected because they had GTA scores
over three.

Variability for haulm maturity, plant vigor and
eye depth

Analyses of variance indicated that there is variation
for all five traits among clones derived from 4x-2x
crosses (Tables 2 and 3). This implies that the selection
of clones combining desirable attributes for all five
traits would be feasible. The observed mean and
phenotypic ranges for HM, PV, and ED are in accord-
ance with this notion (Table 9). In fact, the performance
of the top 20% high-yielding clones gives additional
support to this view, since clones with high TTY and
GTA values also displayed high values for PV as well
as low to intermediate HM and ED values (Tables 4
and 5).

Efficiency of multitrait selection using
independent culling levels for TTY and GTA

Modified independent culling levels would better de-
scribe the type of multitrait selection used in practical
potato breeding programs (Simmonds 1981). Here, in-
dividuals that perform better than a certain level for
each trait are selected; those with a performance below

this level for one or more traits are rejected, even if they
were very desirable for the other trait. TTY and GTA
are major foci of practical breeding programs to dis-
card clones at the selection stage.

The frequency distribution of clones considering si-
multaneously TTY and GTA was impressive in both
Hancock (Fig. 1) and Rhinelander (Fig. 2). If both traits
were considered in selection at the 4-hill stage, high
frequencies of clones would be retained for evaluation
in subsequent cycles of propagation and for selection
for other traits. With two culling levels set at a TTY
over or equal to the 4x-parent group mean and a GTA
equal or above 3, about 56% and 48% of the clonal
population would be retained, respectively, for Han-
cock and Rhinelander. These population fractions are
much higher than those reported using the conven-
tional 4x-4x breeding scheme (Cubillos and Plaisted
1976) where 4.1% of a Tuberosum-Andigena hybrid
population was identified as having an acceptable tu-
ber yield and tuber shape. In addition, with intra-Tu-
berosum crosses about 17% of the clones would be
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Fig. 1 Frequency distribution of 96 4x-2x clones based on total
tuber yield (kg/hill) and general tuber appearance (from 1 = poor
to 5 =excellent), at Hancock. Vertical line =4x parent mean
(1.59 kg/hill). Horizontal line = general tuber appearance = 3.0
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Fig. 2 Frequency distribution of 96 4x-2x clones based on total
tuber yield (kg/hill) and general tuber appearance (from 1 = poor
to 5 = excellent), at Rhinelander. Vertical line = 4x parent mean
(0.90 kg/hill). Horizontal line = general tuber appearance = 3.0

retained based upon the same set of criteria (Cubillos
and Plaisted 1976).

Conclusions

Our results indicated that the USP breeding scheme
with 4x-2x crosses (Mendiburu and Peloquin 1977 a) is
a viable alternative for a 4x-4x breeding scheme. The
value of the USP breeding scheme has been previously
demonstrated by the high degree of heterosis for total
tuber yield observed in several crosses involving potato
cultivars and Phureja-haploid Tuberosum hybrids
and/or Phureja clones (for a review see Tai 1994; Ortiz
and Peloquin 1994). Another attractive feature of the
USP breeding scheme, also clearly demonstrated here,
is the possibility of obtaining superior clones with high-
yielding ability in combination with other quality traits
based upon selection in relatively small 4x-2x popula-
tions (Peloquin and Ortiz 1992). This feature can maxi-
mize the resources available for breeding programs
with obvious positive consequences in reducing the
cost of cultivar development and simultaneously im-
proving levels of performance for important agronomic
traits when compared with the presently available 4x
cultivars.
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