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Genetic Basis of Heterosis for Yield in the Autotetraploid Potato

H. A. MENDOZA and F. L.. HAYNES

Department of Genetics and Horticultural Science, North Carolina State Univ., Raleigh, N.C. (U.S.A.)

Summary. A model of overdominant gene action to explain heterosis for yield in the autotetraploid potato has been
presented. Loci with multiple allcles and a maximum heterotic value for quadrigenic genotypic structures have been
postulated. Various experimental results have been analyzed on the basis of such a model in contrast with a dominance
situation. The analysis suggests a close positive correlation between heterozygosity and yield. The implication of the
proposed overdominant model to potato breeding would be that substantial genetic advance in yield should be made
upon increasing the genetic diversity of the parental clones. However, the alien sources of germplasm should undergo
some previous selection for adaptation. A proper balance between heterozygosity and adaptation, mainly to photo-

period, should maximize the heterosis for yield.

Introduction

The cultivated autotetraploid potato, Solanum tu-
berosum 1.. subsp. tuberosum and andigena, is con-
sidered an outbreeder species which suffers from in-
breeding depression and also expresses heterosis upon
crossing of suitable parents.

Hybrid vigor was recognized prior to Mendel’s
work and theories to explain its nature have been
presented. The two main hypotheses, i.e., dominance
of favourable alleles and overdominance, although
conflicting, are not mutually exclusive. Extensive
reviews have been published on the subject but basic~
ally only diploid organisms have been considered.
The genetic basis of heterosis in autotetraploids has
received much less attention.

The present paper is an attempt to analyze the
nature of heterosis for yield in the autotetraploid
potato on the basis of current theoretical knowledge
and certain published experimental data.

Review of Literature

Rowe (1967a) compared the performance of 15
high yielding diploid potato hybrid (Tuberosum di-
haploid X Phureja) clones and their vegetatively
doubled counterparts. The tuber production of the
diploid hybrids was significantly superior to that
of the autotetraploids. Later, Rowe (1967b) com-
pared the performance and variability of 11 diploid
and autotetraploid potato families. The hybrids
originated from matings between the diploid clones
cited above and equivalent crosses between their
vegetatively doubled counterparts. The autotetra-
ploid families were superior in yield not only to their
mid-parent value but usually to their higher yielding
parent. The performance of the diploid families was
inferior to that of their parents. Mendiburu and Pelo-
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quin (1971), carrying out crosses 2x — 2x (Tubero-
sum dihaploid x Phureja), obtained sexual poly-
ploidization. The 4x clones resulting from the union
of non-reduced gametes outyielded by 509, their
diploid ““full-sibs”’ formed by the union of normally
reduced gametes. Also, in matings of 4x — 2x [tetra-
ploid commercial potato x (Tuberosum dihaploid
x Phureja hybrids)] tetraploid progenies were ob-
tained. These were produced by the functioning of
non-reduced gametes from the diploid parent. These
tetraploid hybrid families outyielded the leading cul-
tivars presently grown.

Krantz (1946) reported studies on selfing potatoes
for 6 generations. The performance of the S; was
839, of the F; and the S yielded only 199, of the F,.
It has been shown (Mendoza and Haynes, 1973a)
that 92.79%, of the variance of the percent reduction
in yield was due to its linear regression on the in-
breeding coefficient of the successive generations of
inbreeding. De Jong and Rowe (1971), studying the
effect of inbreeding in diploid potatoes, found a linear
relationship between the decrease in tuber production
and the expected coefficient of inbreeding of the suc-
cessive generations of selfing.

Only a few studies for measuring the quantitative
variability for yield have been conducted in the auto-
tetraploid potato. Sandford (1960) found that speci-
fic combining ability was twice as large as general
combining ability. Plaisted et a/. (1962) made crosses
between 45 female lines and six testers. The estimat-
ed specific combining ability was nearly four times
larger than the general combining ability. Rowe
(1969), working with diploid potatoes and using
a nested mating design, obtained an estimate of
additive genetic variance not different from 0, while
the component for dominance variance was 0.56.
However, when the estimates were obtained by using
a factorial mating design, both additive and domi-
nance components were of the same magnitude.
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Discussion

To discuss the published results we shall schemati-
cally present Rowe’s (1967a) work, assigning to the
genotypes arbitrary values which will be explained
later (assumptions 5 and ).

Parents  Tuberosum dihaploid (2#) x Phureja (2#%)
A yD3byCiCodydy ‘ azagbybycocydyd,
18 | 16
F, generation genotypes a,a;0,0,¢,¢,d,d, 22
selected for high A1 0,00b5¢,¢40,d, 22
yielding ability Ayyb,050q¢,0,dy 18
| Vegetative
‘ chromosome
doubling
(Colchicine
} treatment)

Ay, 0505D505b,0,,0,CoCod A dyd, 22 (10)*
a10,84840305b3b5c1 ¢, 040,d,d,dydy 22 (10)
Aoy @g b by bybacscscyc,d didod, 18 (16)

The results obtained by Rowe (1967a) are indicated
in Table 1.

Table 1. Average per hill performance of 15 diploid clones
and their vegetatively doubled counterparts. After Rowe

(19674)
- ' Total tuber production
Ploidy Year  Harvest - .
No. Weight (Pounds)

2x 1964 22.8 2.30

1965 1 28.2 2.75

1965 2 27.6 4.23
Average 26.2 3.09
4x 1964 12.8 2.02

1965 1 14.9 1.78

1065 2 14.3 2.59
Average

14.0
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The superiority of the diploids over the tetraploids
was highly significant in all trials.

Certain assumptions are necessary before these
results are analyzed.

1. The Tuberosum dihaploid and Phureja parents
were considerably heterozygous. This assumption
agrees with our own observations and many published
experimental results.

2. In the F; hybrids of the matings Tuberosum
dihaploid x Phureja, more than two allelic forms
would have been present at most of the loci.

3. Due to the genetic divergence existing between
Tuberosum and Phureja, it is reasonable to postulate
that a high number of loci in the F, were heterozy-
gous.

* The figures outside and within the parentheses are
arbitrary genotypic values for the dominance and over
dominance gene action models, respectively.

4. The high yielding clones selected from the I
generation are to be considered as heterotic peaks.

5. Under a dominance model we assume that
ay > ay >dg > ay, by >by >by > b, and so on for
the other loci. The arbitrary genotypic values for
locus ““a” will be: a;_ =06, a,_. = 4, a;_ = 2, and
a,- = 0. Similar values are assumed for the other
loci, so that the genotypic value of the individual will
be obtained by the summing of all loci.

6. Under an overdominance model we assume
the superiority of the quadrigenic genotypes. TFor
locus “a’’, a,a,a50, >> a,0,0,85 > A;8,0,05 > 10,0,05 >
> ayaaa;. Note that for the trigenic, duplex, triplex,
and quadruplex genotypes there are several possible
combinations. The genotypic values will be 6, 5, 4,
3, and O respectively. These values represent the
total number of heterogeneous pairs of alleles or the
total number of first order interactions within a locus.
The same genotypic values will be assigned to the
other loci so that the genotypic value of the individual
will consist of the sum of all loci.

7. Weshall assume chromosome segregation (o« == 0).

What is the explanation for the highly significant
superiority in yield consistently shown by the diploid
over the tetraploid genotypes? There are important
facts which should be pointed out:

All the arrangement of the genetic material in the
high vyielding diploids remained unchanged in the
genotypically equivalent autotetraploids obtained by
colchicine chromosome doubling. This implies that
the frequency of favourable alleles as well as the cor-
relations between loci (linkage) were not disturbed
by the vegetative doubling of the chromosome com-
plement.

The carry-over effect of colchicine can be disregard-
ed because of the generations of vegetative propaga-
tion which followed the chromosome doubling.

We can discard a possible lack of balance between
nucleus and cytoplasm, or a superiority in the original
material in the sense that diploidy was favored be-
cause of sexual polyploidization (Mendiburu and
Peloquin 1971) where unreduced gametes of diploid
parents produced superior tetraploids.

Apparently then, the expected performance of
both levels of ploidy should have been about the
same.

Mendoza and Haynes (1973a) showed that the
chromosome doubling automatically generates a cer-
tain amount of inbreeding in the doubled genotype.
A heterozygous diploid such as a;a; will have an in-
breeding coefficient equal to 0 since ¥ = p(a; = a;)
= 0, where p(a; = a;) is the probability of identity
by descent. The autotetrapioid obtained by doubling
a,a; will have a genotype such as a;a.4;a; where a; 1s
identical to a, by duplication rather than by descent.
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The same is true for a;. Hence, the inbreeding coeffi-

cient of the autotetraploid is:
F=1/61pla; = a;) + 4pla; = aj) + pla; = a;)] =1]3
Since pla; = a,) = pla; = a;) = 1and p(a; = a;) = 0.

On the basis of these theoretical considerations, the
expected performance of the autotetraploids was to
be low and inferior to the high yielding diploids.

It is important to analyze
how inbreeding produced a
reduction in performance.
Consider the following facts:

It was not the uncovering
of deleterious or sub vital
alleles since they were already P
covered in the high vielding

Character 2

diploids. So the genetic load  Tuber No. 1741
was unchanged Tuber weight 2.2
) ] {pounds)

It was not due to the re-
duction of the general level of
heterozygosity, i.e., all the heterozygous loci in the
diploids were duplex in the autotetraploids.

Under a complete dominance type of gene action
these results would be hard to understand.

It is hazardous to make extrapolations from the
diploid to the tetraploid level but in this specific case
where the same genes were involved at single doses
at one level of ploidy and at double doses at the other
level, perhaps it should be possible to make some
inferences.

Using the general expressions provided by Kemp-
thorne (1957) to represent genotypic values of diploid
and tetraploid genotypes, the genotypic value of the
diploid Tuberosum 2x-Phureja hybrids may be writ-
ten as:

8ij = ¢ o + ;4 by
Where u is the population mean, «; and «; are the
average effects of the alleles 4, and a;; and 6,; denotes
the dominance deviation.

The genotypic value of the autotetraploids obtain-
ed by chromosome doubling of the above cited di-
ploids may be written as:

Gigi == o + 20 + 205 + By + By + 4By + 2y +
+ 2955 -+ Oy

Where p is the population mean; «; and «; are the

average effects of the alleles ¢; and 4;; the f’s denote

the {irst order interactions, the y’s represent the

second order interactions, and ¢;;; denotes the third

order interaction.

Intuitively one could expect the tetraploid geno-
type to perform at least as high as the diploid geno-
type, unless interactions such as §;, §; and 4,
would have a very negative value.

The extension of the one locus situation to multiple
loci would not have any influence since any linkage
or linkage disequilibrium present in the diploids
would remain in the autotetraploids. Under the

i
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Ploidy Level

dominance of favorable alleles, the explanation of
reduction in performance due to inbreeding depres-
sion should be rejected. Therefore, a diploid such as
a,a3b9b4¢19d,dy to which an arbitrary genotypic value
equal to 22 was given in the scheme earlier, after
chromosome doubling should produce an autotetra-
ploid such as a;a,a5a30,0,0,0,0,¢,05¢,d,d,d,d, With a geno-
typic value equal to 22.

Table 2. Auverage pevformance of diploid and aulotetraploid hybrids and theiv pavents.

After Rowe (19670)

A P, F-MP P, F P,  F~MP
166 268 —54 7.2 150 11.6 56
2.0 2.7 — 0.4 0.9 2.3 1.3 +1.2

If we invoke a genetic model giving superiority to
the heterozygous condition with a heterotic peak
represented by the quadrigenic genotypes, the infe-
riority of the autotetraploids would be explainable.
In fact, the inbreeding generated by doubling had
the effect of reducing the relative level of heterozygo-
sity, not the general level since all heterozygous loci
remained as such, but were duplex. Therefore, an
individual such as a,a3b,b,c,0,d,d, with an assigned
value of 22 should yield after doubling an individual
such as a,4,a3a5b,b,0,0,¢,¢,co0od,d d,d, which would
have a genotypic value of 16.

The results presented in Table 1 agree with these
expectations.

The results obtained by Rowe (1967b) on per-
formance of diploid and autotetraploid hybrid fami-
lies from matings between high yielding diploid clones
and equivalent crosses between their vegetatively
doubled counterparts are presented in Table 2.

Ploidy level was not statistically significant for
tuber weight,

These results were analyzed on an inbreeding basis
(Mendoza and Haynes, 1973 a) and it was shown that
the experimental data were in agreement with the
predicted performance. On the average, the diploid
hybrid families should not have performed as well as
the parents since they were at or near heterotic peaks.
Moreover, related matings were made which generat-
ed inbreeding. On the other hand, the cross of par-
tially inbred autotetraploid parents (F = 1/3) should
have produced superior hybrid families. However,
the heterosis for yield exhibited by the hybrids should
not have been, on the average, at its maximum ex-
pression because there was still some inbreeding in-
volved (F = 1/9).

The crosses made by Rowe (1967b) may be con-
structed on a one locus basis. These are presented
in Tables 3 and 4.
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Table 3. Expected genotypic values of varvious diploid X
diploid crosses on a one locus dommanae model

MP

Crosscs P Popuhtlon Mean P1 P2

Ay X aya, 5.0 6 6 6
Ay, X a0, 4.5 6 4 5
a,a, X a0, 4.0 6 4 5

The expected mean population values agree with
the experimental results regardless of the crosses in-
volved. The Fj is inferior to the M P value.

Table 4. Expected genotypic values of vavious tetraploid
% tetraploid crosses on a one locus basis undey dominance D
tmd ouerdommance 0D models

MpP

Fy I’op Mean P1 P2
Crosscs -

D oD D OD D OD D OD
amaaza; X aaaza, 5.9 44 6 4 6 4 6 4
@ 0,a30, X Ayd04a, 5.6 53 6 4 4 4 5 4
48,055 X Qyy040, 55 44 6 4 4 4 5 4

|

Trom this table it is shown that the overdominance
model explains the pattern of experimental results
while the dominance model fails to account for the
data. To elaborate, in a cross such as a;a; X a4,
where a; is a dominant favorable allele, one half of
the offspring will carry a;. In an equivalent cross
between the colchicine doubled genotypes, a,a;a;a; X
X aaua,d;, 5/6 of the offspring will carry ;. The
expected average performance of the tetraploid Fi’s
is superior to that of the diploid Fy’s. The expecta-
tion was not realized.

To explain these results on a multiple loci basis is
more complicated since correlations between loci have
to be taken into consideration. Assume that two di-
ploids such as a,b,c,d,/asb,c,d, with a value of 20 and
Aybacydyaybqc,d, also with a value of 20 are crossed.
Note that all the most favorable alleles at each locus
are linked in coupling phase. Let’s further assume
a complete linkage (A = 1). The expected F, mean
population value is 18 and inferior to the parental
performance.

The equivalent mating at the autotetraploid level
1S ayay0,b,¢000d0d, [ agasbsb.cyc,dyd, with a value of 20
under the dominance hypothesis and 16 under over-
dominance. The genotype of the second mate is
Ayybyb50101 01 | aya,b3bacocod,dy with the same values as
the first parent. The F; mean population value
should be 22.4 under dominance and 18.6 under
overdominance. Under both genetic models the
expectation of a F, superior to parental performance
was realized. However, under the dominance model,
the F; population mean of the autotetraploids should
be superior to the diploid parents and to the diploid
F, as approximately 709, of the autotetraploid
hybrid genotypes carried the 4 dominant genes
a,b,¢,d,. The expectation, assuming a superiority of
heterozygous genotypes, agrees completely with the

reported results. Several combinations, regardless of
the number of loci involved, have been worked out
either under linkage or independence. In most of the
cases the dominance of favorable alleles has failed
to explain the experimental data while in most of
the cases the assumption of heterozygote superiority
has agreed with the observed results.

The report of certain measurements of quantitative
variability for yield give support to the above dis-
cussion. The few studies made on the subject have
had the same trend. The estimates of specific com-
bining ability were always larger, in varying degree,
than those of general combining ability. Levings
and Dudley (1963), using Kempthorne’s (1957) model
for partitioning of genetic variance, provided expres-
sions for the general and specific combining ability
variances in function of the components of genetic
variance assuming autotetraploid inheritance.

og = ”UA + = ’O'D+ 041+ UA1>+
_}__170‘2 _ll_
1206 71D )
o; = O'D+ (71+ 01+ (7u+
~}— UAn 4+ = 648 obn + -

where (ril is the additive variance; o}, the variance
due to digenic effects; o%, the variance due to tri-
genic effects; o, the variance due to quadrigenic
effects. The remaining terms of the equations are
variances due to epistasis or inter-locus interactions.
It is worthy of note that in autotetraploids the do-
minance variance, arising from the within locus inter-
actions, includes variances due to digenic, trigenic
and quadrigenic effects.

We could assume that, on the average, the effects
of epistasis would not be significant after the average
linear decrease of yield on the expected coefficient
of inbreeding of the successive generations of selfing
(Mendoza and Haynes, 1973a). Under this assump-
tion the general combining ability variance would be
composed of:

2 L 1
(fg :*4‘(7_4 +360D

On the other hand, the specific combining ability
variance would be formed by:

o5 = % oD - 112‘” " 316

Even after this simplification it is not possible to
obtain a ‘“‘clean’ estimate of Comstock and Robin-
son’s (1948) average degree of dominance. However,
after the sizable estimates reported by Plaisted et al.
(1962) and Sandford (1960) where the ratio of specific
combining ability to general combining ability was
4 to 1 and 2 to 1 respectively, one can infer that the
average degree of dominance was large in those auto-
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tetraploid potato populations. Moll ef al. (1964) work-
ing with corn have demonstrated that reduction in
estimates of dominance variance and average degree
of dominance were noted following random mating,
indicating that linkage effects cause an upward bias
in estimates from F, populations. It is very likely
that the estimates obtained from potato populations
would have suffered from this linkage bias since they
were obtained from F; populations which were most
likely not at equilibrium. However, the estimates
of specific combining ability seem to be too large to
be explained only by the upward bias caused by
coupling phase linkages. This, in addition to the
results discussed earlier in this paper, would indicate
that in the autotetraploid potato, overdominant gene
action is important.

Let us examine results obtained in potato breeding.
In every instance in which the subspecies Tuberosum
has been crossed with foreign sources of germplasm
which had undergone some selection for adaptation
to long days, the increase in yield has been specta-
cular. It would be impossible to deny that the level
of heterozygosity of the hybrids has been tremen-
dously increased. Now, the questions suggested by
those results are: Is the increase of yield directly
related to the enhancement of heterozygosity? Is
the increase of yield due to a major input of favorable
dominant genes? It is evident that one possibility
does not exclude the other. However, since the pro-
cess of adaptation, i.e., selection of genotypes able to
form tubers under long days, has not yet produced
high yielding clones competitive with the commercial
varieties, it is likely that their major contribution to
the striking heterosis has been primarily an increase
in the heterozygosity of the present U.S. varieties.
Mendoza and Haynes (1973 b) have shown the close
genetic relationship which characterizes the majority
of the North American potato cultivars. This is due
to a very close breeding system which began with
a base of a small number of introductions and which
has not received any major contribution of new germ-
plasm. Tt seems that the outcome of this breeding
system has been a reduction in the relative level of
heterozygosity which has limited the genetic ad-
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vance for yield. The experience of the past 20 years
in which no variety with an outstanding increase in
vield has been released in spite of the operation of
large breeding programs, dramatically demonstrates
this point.
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