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Summary. Electrophoresis of 7 pollen enzymes was
applied to 5 progenies from controlled crosses and one
self-progeny of apple. Segregation data were examined
according to three kinds of hypotheses: monogenic
disomic, bigenic disomic and tetrasomic inheritance
Twenty codominant alleles and a recessive null were
identified. Results provided evidence of bigenic disomic
inheritance in most cases: 6 pairs of homoeologous loci
carrying identical homoeoalleles were revealed; only 2
enzymes exhibited a simple monogenic control. Prefer-
ential pairing between pairs of homologous chromo-
somes in meiosis can be postulated. These results in-
dicated an allopolyploid origin of apple genome. Fixed
heterozygosity occurred for several enzymes, which is a
typical feature of allopolyploidy. Loss of duplicate gene
expression can account for the monogenic control of 2
of the enzymes.
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Malus — Evolution

Introduction

The cultivated apple (MalusXdomestica Borkh.) be-
longs to the subfamily Maloideae, formerly known as
Pomoideae (Challice 1981). Among the family Rosaceae,
the Maloideae raise an interesting evolutionary problem:
their basic chromosome number is x=17, instead of
x=7, 8 or 9 as in the other subfamilies. Cytological
observations reveal a diploid meiotic behaviour: only
bivalents can be seen (Lespinasse 1973). An ancient

* The results reported in this paper are part of a thesis by the
first author for the degree of “Docteur Ingénieur”

polyploid origin is generally assumed, but conflicting
hypotheses exist. Darlington and Moffett (1930) postu-
lated an autopolyploid origin supported by cytological
observations. According to them, secondary associa-
tions of bivalents at meiosis reveal a basic number of
x=7, suggesting a doubling of the entire set plus the
later addition of 3 chromosomes through misdivisions.
A basic number of x=8 was also proposed by Sax
(1931). Nevertheless, the autopolyploid theory was con-
tested by Sax himself (1933) when he postulated an
allopolyploid origin of the Maloideae. Hybridization
between primitive members of the sub-families Spiraeo-
ideae (x=9) and Prunoideae (x=38) was suggested by
Stebbins (1950), on morphological grounds. More
recent biochemical studies have supported this hy-
pothesis (Challice 1981).

Different meanings have been given to the concepts
of autopolyploidy and allopolyploidy depending
on the point of view: cytological, taxonomical or
genetical. They appear rather inadequate to classify
most natural polyploids (De Wet 1980). Accord-
ing to Sanford (1983), it would be better to use the
terms polysomic and disomic, because of their ac-
curate definition: polysomic refers to homologous
genomes with random chromosome pairing in
meiosis, while disomic refers to homoeologous genomes
with preferential pairing between homologous chromo-
somes in meiosis. The genetical consequences are either
polysomic or disomic segregation patterns.

Electrophoretic variants are usually specified by codomi-
nant alleles at one or several loci. Isozyme inheritance has
been studied in different plant species to obtain evidence of
polysomic versus disomic polyploidy. Tetrasomic inheritance
at three isozymic loci was found in alfalfa by Quiros (1982)
where tetra-allelic genotypes and phenotypic classes resulting

from double-reduction were observed. Lewis etal. (1980),
studying phosphoglucoisomerase diversity in hexaploid Festuca



arundinacea, obtained evidence of disomic inheritance indi-
cating preferential pairing between homologous chromosomes.
A similar result was reported by Hutchinson et al. (1983) in
Avena barbata: six pairs of homoeologous enzyme loci, carry-
ing “homoeoalleles” proved to have a disomic inheritance, as
expected in a diploidized tetraploid. Very few isozyme studies
have been reported in apple, and of those, most are dealing
with cultivar identification (Vinterhalter and James 1982/83)
or the relationship between agronomical characters and
isozyme patterns (Zhang et al. 1983). To our knowledge, there
has only been one attempt to elucidate the genetic control of
apple enzymes: Misic etal. (1981) demonstrated disomic
inheritance for some bands of bark peroxidase zymograms.
The present study was designed to examine the
inheritance of 7 pollen enzymes in apple. Each ob-
served segregation was tested for goodness of fit with
three hypotheses: monogenic disomic, bigenic disomic
and tetrasomic inheritance. Results are discussed in
relation to the different possible origins of the apple

genome.

Material and methods

Polien was collected from flowers prior to their opening and
stored in a dry atmosphere at —20°C. A quick rinse with
pentane was applied to separate the pollen from the anthers
(Cadic 1982). Extracts were prepared by homogeneization of
100 mg pollen in 0.5 ml Tris KC1 0.1 M pH=7 buffer, followed
by centrifugation. Electrophoresis was performed in polyacryl-
amide gels for the enzymes esterase (EST), acid phosphatase
(AP), endopeptidase (ENP) and in horizontal starch gel for
alcohol dehydrogenase (ADH), isocitrate dehydrogenase
(IDH), phosphoglucomutase (PGM) and phosphoglucoisomer-
ase (PGI). Gel compositions, running conditions and staining
solutions are described in Chevreau (1984).

Five progenies from controlled crosses and one self-
progeny were analysed. Most of them are from breeding
programmes. Two progenies had been subjected to a selection on
adult phase for tree and fruit characters:

— ‘Golden Delicious’ (G.) X ‘Reinette Clochard’ (R.C.).
33 plants analysed.
— ‘Golden Delicious’ (G.) X ‘Delicious’ (D.), 22 plants analysed.
Five mutants from the same genotype ‘Delicious’ were used;
they proved to have identical zymograms.
Two progenies had been seclected only for scab and
mildew resistance:

— ‘Florina’ (F.)X ‘Prima’ (P.), 40 plants analysed.
— P5R42 A52 (P5.) X ‘Granny Smith’ (G.S.), 41 plants analysed.
Two progenies had not been selected:

— ‘Delicious’ (D.)XT.N.R., 60 plants analysed. T.N.R. is
homozygous for a dominant marker gene coding for high
anthocyanin content in all organs.

— self-progeny from P7 R34 A20 (P7.), 37 plants analysed.
P7 R34 A20 has been obtained from selfing of the variety
‘Golden Delicious’.

Some genetical information were obtained from the
analysis of a varietal collection; these results are mentioned
when they provide helpful arguments in the discussion.

Three different hypotheses were tested to interpret each
enzyme segregation:

— monogenic disomic inheritance refers to the behaviour of a
pure diploid species.
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— bigenic disomic inheritance supposes the existence of a pair
of homoeologous loci segregating independently. When it was
possible, two cases were considered: whether the two loci carry
identical homoeoalleles, or specific ones. According to Hutchin-
son (1983), the same symbol is used to designate both
homoeologous loci.

— tetrasomic inheritance is assumed when four homologous
chromosomes pair at random at meiosis. In the case of apple,
only bivalents are formed, therefore no double reduction
events are expected. Chromosomal segregation is postulated.

Results

Endopeptidase

Only two bands can be seen in endopeptidases zymo-
grams (Fig. 1), although they are often accompanied by
a very faint faster band. Alleles associated with the
main bands were named Enp® and Enp®. The results
are shown in Table 1.

Monogenic disomic inheritance does not fit the
observed patterns, since absence of segregation in
F.XP. and D. X T.N.R. progenies cannot be explained.
Furthermore, a phenotypic class [b] would be expected
in P5.x G.S. progeny.

Bigenic disomic inheritance is consistent with the
observed segregations. As the band a is always present,
we can assume that one locus of the pair is fixed for the
allele Enp®. Depending on the homoeology of the two
loci, two cases are considered: the second locus can
carry the alleles End® and End® or it can carry only the
End’ allele plus a null one End”. A tetrasomic inheri-
tance model is also consistent with the observed segre-
gations.

Table 1 shows that the expected frequencies are the
same according to the different hypotheses, and that
they fit the observed ratios correctly except in the
G.XD. cross; in this progeny, the only plant with the
phenotype [a] can be either an accidental out-cross or a
self offspring.

Acid phosphatase

Acid phosphatase zymograms comprise several regions;
only the most distant from the origin is interpreted. In
this zone, two main band positions, governed by the
alleles 4p® and Ap®, can be identified (Fig. 1). Faint
closely adjacent bands can also be observed: we con-
sider them to be secondary isozymes. Results are shown
in Table 2.

As for the locus Enp, monogenic disomic inheritance
is not compatible with our results, since absence of
segregation in the self progeny and the cross G.XR.C.
would not be explained. Bigenic disomic inheritance
can account for the observed phenotypes in progenies.
Again, two cases were distinguished: in the first one,
both loci carry the same alleles 4p® and Ap? in the
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second case, one locus is always homozygous for Ap?
and the other one carries Ap? or a null allele Ap”. With
respect to the expected frequencies, only one difference
can be seen: in the G. X D. progeny, the first hypothesis
fits the observed ratio best.

Tetrasomic inheritance is also consistent with the
observed segregations. In the self-progeny, expected
frequencies of 1/36 of the homozygous phenotypes may
not have been detected because of the small size of the
sample.

One progeny deviates significantly from the ex-
pected ratio: in the cross D.XT.N.R., the lower than
expected fraction of heterozygous phenotypes is difficult
to explain. The male parent T.N.R. carries a homozy-
gous dominant marker gene coding for the red colour

EST (Zone 2)
- -
Ne 3 Ne 4
ADH
Fig. 1. Schematic  representation
dimer of the observed phenotypes: for
dd =6 the enzymes ENP, AP, PGM and
cd —>5 IDH, letters indicate the band
ot =4 positions. For EST phenotypes,
ad "“"g figures are used instead of letters
ac —

because each pair of bands is
governed by one allele, designated
by a letter. For ADH and PGI
phenotypes, figures indicate the
band positions and letters the
dimeric structure of each band

a3 e 1

Ne 4

of all organs; the whole analysed progeny was red, thus
confirming its hybrid origin. Furthermore, no conscious
selection has been applied to it. The observed deviation
could be explained by gametic selection if this phenom-
enon was controlled by a locus closely linked with the
Ap locus.

Esterase

Esterase zymograms are complex. Only two zones are
interpreted (Figs. 1 and 2): four bands can be seen in
the faster zone (zone 1), and three bands in the adja-
cent one (zone 2). Bands of the two zones are supposed
to be controlled by two different loci: Est I and Est 2.



Table 1. Segregation data and genetic interpretations for locus Enp
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Parental Phenotypes in progeny Parental genotypes v
phenotypes
E— [a] [ab] [b] ? g
? 3
G. X R.C. 15 16 -
[a] [ab] 15.5 15.5 - (1) aa, aa aa, ab 0.03
15.5 15.5 - (2) aa, nn aa, bn 0.03
15.5 15.5 - 3)(a)* (a)*b 0.03
G. X D. 1 21 -
fa] fab] - 22 - (1) aa, aa aa, bb -
- 22 - (2) aa, nn aa, bb -
- 22 - 3)(a)* a (b)® -
F. X P. - 36 -
[ab] [a] - 36 - (1) aa, bb aa,aa -
- 36 - (2) aa, bb aa, nn -
- 36 - 3 aby () -
D. X T.NR. - 55 -
[ab] [ab] - 55 - (1) aa, bb aa, bb -
- 55 - (2) aa, bb aa, bb -
- 55 - 3)a(b)® (a°b -
P5. x GS. 12 26 -
[ab] [ab] 9.5 28.5 - (1) aa, ab aa, ab 0.87
9.5 28.5 - (2) aa, bn aa, bn 0.87
9.5 28.5 - 3)(a)b @°*b 0.87
P7. (selfing) 29 - -
[a] 29 - - (1) aa, aa -
29 - - (2) aa, nn -
29 - - (3) (a)* -

(1) Bigenic disomic inheritance, with identical alleles at both loci
(2) Bigenic disomic inheritance, with specific alleles at each locus

(3) Tetrasomic 1nher1tance
a=Enp® b=Enp’ n=Enp"

In all Tables the observed frequencies are printed in italics: * Significant (P < 0.05); ** Significant

(P<0.01)
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Fig. 2. Esterase zymograms (Zone 1) of the progeny G.XR.C.
Two phenotypes can be seen: [1-2-3-4] in samples 1, 2, 7 and
12, and [2-4} in the other samples

Zone 1. All the observed phenotypes contain, simulta-
neously, the bands2 and 4, or 1 and 3. Thus, the
existence of two alleles can be postulated: Est /¢
controlling the double-banded pattern [1-3] and Esz ] b
the pattern [2—4]. Segregation data are reported in Ta-
ble 3.

Monogenic disomic inheritance is in agreement with
the results; only 1:1 or 1:0 segregations were ob-
served. Tetrasomic inheritance can also explain these
frequencies.

Zone 2. As in zone 1, two alleles controlling double-
banded patterns are proposed: Est2? for phenotype
[1-2] and Est 2° for phenotype [2-3]. In two progenies,
some plants exhibited a “null” phenotype; so, a null
allele Est 2" was also postulated. Results are shown in
Table 4. Segregation data from the D. X T.N.R. progeny
are not reported because the male parent phenotype
could not be ascertained.

Monogenic disomic inheritance can account for the
observed phenotypic classes; but in the P5.XG.S.
progeny, observed frequencies deviate significantly
from the expected ones.
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Table 2. Segregation data and genetic interpretations for locus Ap

Parental Phenotypes in progeny Parental genotypes be
phenotypes
— [a] lab] [b] ? d
? 3
F. X P. - - 37
[b] {b] - - 37 (1) bb, bb bb, bb -
- - 37 (2) nn, bb nn, bb -
- - 37 3) () (b)* -
G. X D. - 15 7
[ab] [b} - 16.5 5.5 (1) ab, ab bb, bb 0.54
- 11 11 (2) an, bb nn, bb 2.90
- I 11 3)a(b)’ (b)* 2.90
P5. X GS. - 19 20
[b] [ab] - 19.5 19.5 (1) bb, bb ab, bb 0.02
- 19.5 19.5 (2) nn, bb an, bb 0.02
- 19.5 19.5 3) (b)* a (b)® 0.02
D. x T.N.R. - 9 47
{b} [ab] - 28 28 (1) bb, bb ab, bb 25%*
- 28 28 (2) nn, bb, an, bb, 25%*
- 28 28 3) (b)* a (b)® 25 %%
G. X R.C. - 28 -
[ab] fab] - 28 - (1) ab, ab aa, bb -
- 28 - (2) an, bb aa, bb -
- 28 - 3)a®y @°b -
P7. (selfing) - 31 -
[ab] 31 - (1) aa, aa -
- 31 - (2) aa, bb -
09 29.2 0.9 (3) (a)* (by? -

(1) Bigenic disomic inheritance, with identical alleles at both loci
(2) Bigenic disomic inheritance, with specific alleles at each locus

(3) Tetrasomic inheritance
a=Ap° b=Ap® n=4p"

Tetrasomic inheritance can also be used, although
goodness-of-fit is very poor in the case of G.XR.C.

progeny.

Bigenic disomic inheritance provides the best inter-

pretation of these results. We assumed that both
homoeologous loci can carry identical alleles. In every
progeny, observed frequencies fit correctly the expected
ratios.

Phosphoglucomutase

Four main band positions were observed in phospho-
glucomutase zymograms (Fig. 1). The corresponding
alleles were named Pgm¢, Pgm®, Pgm and Pgm?. Two
faster bands appeared sometimes: they were too faint
to be taken into account. Table 5 shows the results.
Monogenic disomic interpretation could not be used
because of the occurrence of tri- and tetra-allelic geno-

types. Neither can tetrasomic inheritance explain the
phenotypes in the progenies, since more classes would
be expected in every case. Bigenic disomic inheritance
is the only suitable hypothesis. Two cases are dis-
tinguished: either both loci carry identical alleles or
one of them governs the two faster bands (alleles Pgm*
and Pgm® only) and the other one the two slower
(alleles Pgm¢ and Pgm? only). The goodness-of-fitness
test is in favour of the first hypothesis.

Whatever the interpretaion, observed frequencies in
the D.XT.N.R. progeny deviate significantly from the
theoretical ones. Excess of phenotypes with the band b
can be explained by a gametic selection in favour of
pollen grains carrying the allele Pgm®.

In the self progeny, three plants exhibit an unex-
pected phenotype [acd], band ¢ is absent in the parental
zymogram. These plants are certainly accidental out-
crosses; this is confirmed by their IDH zymograms and



Table 3. Segregation data and genetic interpretations for locus Est 1
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Parental Phenotypes in progeny Parental genotypes b
phenotypes
[1-3] [1-2-3-4] [2-4] ? g
? 3
G. X R.C. - 17 16
[2-4] [1-2-3-4] - 16.5 16.5 (1) bb ab 0.03
- 16.5 16.5 ) (b)* a (b)® 0.03
D. X TNR. - 33 27
[2-4] [1-2-3-4] 30 30 (Hbb ab 0.60
- 30 30 (2) (b)* a (b)® 0.60
PS5 x GS. - 41 -
[2—4] [1-3] - 41 - ()bb aa -
- 41 - @ () @* -
F. X P. - - 38
[2-4] [2-4] - - 38 () bb bb -
- - 38 @ ®* (®* -
G. x D. - - 22
[2-4] [2-4] - - 22 () bb bb -
- - 22 @) (by* (d)* -
P7. (selfing) - - 29
[2-4) - - 29 (I)bb
- - 29 @) ®*

(1) Monogenic disomic inheritance
(2) Tetrasomic inheritance
a=FEst1°b=FEst 1*

by their unexpected vigor, as opposed to the “in-
breeding effect” of the whole self-progeny. Because of
their hybrid origin, these 3 plants were eliminated from
the previous result tables.

Isocitrate dehydrogenase

Isocitrate dehydrogenase zymograms contain many
closely adjacent bands. Only the two faster bands are
clearly separated (Figs. 1 and 3); they are interpreted as
the products of two alleles Idh® and Idh®. Results are
presented in Table 6.

Two plants with phenotype [ab] appeared in the
self-progeny of a [b] parent; they belong to the three
out-crosses described earlier.

Three hypotheses can be used to interpret the data:
monogenic disomic inheritance, bigenic disomic in-
heritance with both loci carrying the alleles Idh? and
Idh®, and tetrasomic inheritance. The only difference
between the expected frequencies appears in the
progeny G.XR.C. In this segregation, the lower than
expected fraction of homozygous phenotypes fits better
the second or the third interpretation.

Fig. 3. Isocitrate dehydrogenase zymograms

1 2

3 4 5

9 10

6 7 8

of the self

progeny. Samples 1 and 6 exhibit a phenotype [a—b] indicating
an out-cross origin

Another observation must be considered: in many

plant species, IDH proved to be a dimeric enzyme.
Interesting information about the quaternary structure
of apple IDH were obtained through the analysis of a
varietal collection: among 50 varieties, four exhibited
an additional IDH band between the bands a and b.
These varieties were three spontaneous tetraploid
mutants from diploid varieties having the usual pheno-
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Table 4. Segregation data and genetic interpretations for locus Est 2

Parental Phenotypes in progeny Parental genotypes x
phenotypes
f1-2] [1-2-3] [2-3] [ ] ? g

? 3

F. X P. - 24 13 -

[1-2-3] [2-3] - 18.5 18.5 - (1) ab bb 3.27
- 27.75 9.25 - (2) ab, ab bb, bb 2.02
- 18.5 18.5 - (3) a (b)* (b)* 3.27

PS. X G.S. 8 15 18 -

[1-2-3] [2-3] 10.25 10.25 20.5 - (1)ab bn 18.8**
5.125 15.375  20.5 - (2) ab, nn bn, bn 1.92
343 17.07 20.5 - 3)a(b¥n b(n)® 6.64%

G. X R.C. 6 5 22 -

[2-3] [1-2-3] 8.25 8.25 16.5 - (1) bn ab 372
8.25 8.25 16.5 — (2) bn, nn ab, nn 372
275 24.75 55 - (3)b (n) (a)? (b)? 69 **

G. X D. - — 20 2

[2-3] [2-3] - - 16.5 55 (1) bn bn 2.96
- - 19.25 2.75 (2) bn, nn bn, bn 0.23
- -~ 20.17 1.83 3)b )’ (b)? (n)? 0.02

P7. (selfing) - - 26 3

[2-3] - - 21.75 7.25 (1) bn 332
- - 27.19 1.81 (2) bn, bn 0.83
- - 21.75 7.25 (3) b (n)® 3.32

(1) Monogenic disomic inheritance

(2) Bigenic disomic inheritance, with identical alleles at both loci
(3) Tetrasomic inheritance

a=Est 2% b=FEst 25 n=Est 2"

type [ab] (‘Jonathan’, “Wealthy’, ‘Delicious’), and one
tetraploid seedling from the triploid variety ‘Reinette
du Canada’. This fact is in agreement with a dimeric
structure of apple IDH; we can assume that the ad-
ditional band is a heterodimeric molecule which can be
synthesized only in the diploid pollen grains of a
heterozygous tetraploid clone.

This hybrid band was not observed in the progenies
from crosses or selfing. This is a convincing argument
in favour of a monogenic disomic inheritance; with
bigenic disomic inheritance as with tetrasomic in-
heritance, presence of the hybrid band would be
expected in all heterozygous plants.

Alcohol dehydrogenase

Three bands can be seen in the ADH zymograms (Figs.
1 and 4). All parents and their progenies have the same
three banded phenotype (number 1 in Fig. 1). ADH is
reported as a dimeric enzyme in many plant species;
we can suppose that apple ADH also has a dimeric
structure. On this assumption, this phenotype is inter-

J

+

1 2 3 4 5 6 7 8 9

Fig. 4. Alcohol dehydrogenase zymograms of several varieties.

s

Letters refer to the dimeric composition of each band. ‘Lodi
(sample 8) is the only variety with a single-banded phenotype

preted as the product of two alleles Adh® and Adh® with
the central band corresponding to the heterodimeric
molecule.

Monogenic disomic control is incompatible with the
appearance of a heterozygous phenotype in pollen:
only one allele can be present in each pollen grain, so
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Parental Phenotypes in progeny Parental genotypes x
phenotypes
[ac] [ad] [acd] [abd] [abed] ¢ é
Q )
F. x P. 33 - - - -
[ac] [ac] 33 - - - - (1) aa, cc aa, cc -
33 - - - - (2) aa, cc aa, cc -
Ps. x G.S. 4] - - - -
[ac] [ac] 41 - - - - (1) aa, cc aa, cc -
41 - - - - (2) aa, cc aa, cc -
G. x R.C. 10 - 21 - -
[acd] [ac] 175 - 23.25 - - (1) ad, cd aa, cc 0.87
15.5 - 15.5 - - (2) aa, cd aa, cc 3.90*
G. X D. 2 7 12 - -
[acd] [acd] 2625 525 13.125 - - (1) ad, ed aa, cd 0.82
5.25 525 105 - - (2)aa, cd aa, cd 2.80
D. X TN.R. - 9 8 23 17
[acd] [abd] - 1425 14.25 14.25 14.25 (1)aa,cd ab, dd 10.58*
- 1425 14.25 14.25 14.25 (2)aa, cd ab, dd 10.58 *
P7. (selfing) - 22 3 - -
[ad] - 22 - - - (1) aa,dd -
- 22 - - - (2) aa,dd -

(1) Bigenic disomic inheritance with identical alleles at both loci
(2) Bigenic disomic inheritance with specific alleles at each locus
 These 3 plants proved to be out-crosses

a=Pgm", b=Pgmb, c=PgmS d=Pgmd

no hybrid molecules should be synthesized. Tetrasomic
inheritance cannot account for the absence of segrega-
tion in progenies, either by crossing or selfing. Only
bigenic disomic inheritance can be responsible for this
“fixed heterozygosity”: all parents have the same geno-
type Adh® Adh®, Adh® Adh®.

No difference of intensity between the three bands
were found in parents and their progeny, although a
more intense central band could be expected. Different
explanations can be proposed: the association of the
subunits is not completely at random, or the activity of
the heterodimeric enzyme is less important than the
homodimeric one.

Different phenotypes were observed in the varietal
collection. Two phenotypes showing intensity variations
can be explained by different allelic dosages (Fig. 1):
Adh® Adh®, Adh® Adh® for number 2 and Adh?® Adh®,
Adh® Adh® for number3. Only one variety, ‘Lodi’,
possesses a single banded pattern (number 4), cor-
responding to the double homozygous genotype:
Adh® Adh®, Adn® Adr®.

Phosphoglucoisomerase

Phosphoglucoisomerase patterns are very similar to
alcohol dehydrogenase patterns: a three banded pheno-
type was observed in all parents and in their whole
progenies (number 1 in Fig. 1). A dimeric structure of
this enzyme can be postulated in reference to reports in
other plant species. Thus, this pattern is controlled by
two alleles, Pgi® and Pgi?, and the central band is a
heterodimeric enzyme.

As for ADH, this true-breeding heterozygous
phenotype indicates a bigenic disomic inheritance, with
“fixed heterozygosity”. No difference of intensity be-
tween bands was observed.

The analysis of 50 varieties revealed 3 other pheno-
types; they are represented in Fig. 1. The following
interpretations can be proposed: in phenotype num-
ber 2, a new band appears, which is controlled by the
allele Pgi®; the heterodimer (bd) cannot be distinguished
from the homodimer (c¢) and forms band 4. The
heterodimer (bc) is not synthesized. This can be ex-
plained by the genotype: Pgi® Pgi¢, Pgi? Pgi®. only
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Table 6. Segregation data and genetic interpretations for locus
Idh

Parental Phenotypes ~ Parental genotypes  »*
phenotypes in progeny
? 3

¢ 9 [b]  [ab]

F. X P. 16 18

[ab] [b] 17 17 (1)ab bb 0.11
17 17 (2) ab,bb  bb, bb 0.11
17 17 (3)a(b)* (b)* 0.11

D. X TNR. 23 19

[ab] [b] 21 21 (1) ab bb 0.38
21 21 (2)ab,bb  bb,bb 0.38
21 21 @B)a(b)* (b)* 0.38

G. x D. 11 10

[b] [ab] 105 105 (1)bb ab 0.04
105 105  (2)bb,bb ab,bb 0.04
105 105 (3) (by* a (b)® 0.04

G. X RC. 2 29

[b] [ab] 155 155 (1)bb ab 23.5%*

7.75 2325 (2)bb,bb ab,ab 5.69*
5.16 25.84  (3)(b)* (a)? (b)* 232

P5. X GS. 40 -

[b] [b] 40 - (1) bb bb -
4 - (2) bb, bb  bb,bb -
0 - G o (b -

P7. (selfing) 21 ()¢

[b] 21 - (I)bb -
21 - (2) bb, bb -
21 - () (b)* -

(1) Monogenic disomic inheritance

(2) Bigenic disomic inheritance with identical alleles at both
loci

(3) Tetrasomic inheritance

* These 2 plants proved to be out-crosses

a=1dh° b=1dn"

c

pollen grains carrying together Pgi® and Pgi? or Pgi
and Pgi are formed. The phenotype number 3 is ex-
plained in the same way by the genotype: Pgi Pgi‘,
Pgi? Pgi’. In phenotype number 4, three alleles are in-
volved: Pgi% Pgi¢, Pgi% and all the possible hetero-
dimers are formed; different genotypes can be proposed,
for example: Pgi® Pgi¢, Pgi¢ Pgi®.

Discussion

Inheritance studies in apple are still limited. Mainte-
nance of large unselected progenies until the adult
stage is often impossible in the context of a breeding
programme. Such difficulties have been encountered

during this study because electrophoresis was applied
to pollen extracts. Pollen was chosen for several reasons:
its enzymatic composition tends to be independent
from environmental conditions, extracts are easily
prepared because of the absence of polyphenoloxidase,
and enzymatic activity in the pollen is important for
many different enzymes. However, most available adult
progenies were reduced to a selected sample. Our
results show three significative deviations from ex-
pected frequencies; only one of them appeared in a
selected progeny (G.XR.C., for IDH). In this case, a
linkage between one of the selected characters and the
locus IDH could be postulated, because this progeny
has been subjected to a very high selection pressure.
The two other deviations occurred in the progeny
D.xTN.R., for the enzymes AP and PGM. The marker
gene carried by the male parent provides evidence of
the hybrid origin of all the plants; furthermore, no
selection has been applied to this progeny. Gameto-
phytic selection can often account for deviations in
segregation ratios. This has been reviewed recently by
Zamir (1983): numerous reports demonstrate pollen
gene expression and selection. According to Mulcahy
(1979), microgametophytic competition is as a selective
mechanism of great importance regarding angiosperms
evolution. Such a phenomenon can be postulated here,
to explain the deviations observed in the D.XT.N.R.
progeny.

The results reported above lead to several conclu-
sions concerning the inheritance pattern of seven polien
enzymes:

— monogenic disomic inheritance was the simplest
hypothesis. However, it cannot be used to explain the
data obtained for ENP, AP, PGM, ADH and PGI. Only
EST1 and IDH segregations are consistent with this
interpretation.

— tetrasomic inheritance cannot be postulated for
PGM, ADH and PGL. In the other cases, this hypothesis
is not incompatible with the results, but goodness-of-fit
tests are not as good as in the case of bigenic disomic
hypothesis. Furthermore, no typical feature of tetrasomic
inheritance was observed: phenotypic classes in proge-
nies are always in small number, and examples of tri-
or tetra-allelism at a single locus cannot be found. No
evidence of double-reduction events was obtained,
which is in agreement with the absence of multivalent
pairing at meiosis.

— bigenic disomic inheritance seems to be the best
interpretation for most results, with the exception of
EST1 and IDH. It is the only hypothesis consistent
with the data of PGM, ADH and PGIL As far as pos-
sible, we tried to distinguish between two cases: whether
the two loci are completely homoeologous and carry
identical alleles, or they are different loci with no com-



mon alleles. This comparison was possible for ENP, AP
and PGM results, and goodness-of-fit is rather better
with the first hypothesis. Furthermore, in the case of
two different loci with specific alleles, the existence of
null alleles has to be postulated at Enp and Ap loci,
without any evidence of “null phenotypes” in the
Zymograms.

The genetic results obtained in this study support
the hypothesis of an allopolyploid origin of apple
genome. We refer here to the taxonomical meaning of
this word, i.e. a polyploid containing genomes from two
related species, as postulated by Sax (1933), Stebbins
(1950) and Challice (1981). The existence of two
homoeologous genomes, with pairs of loci carrying
homoeoalleles and assorting independently in meiosis
can explain the bigenic disomic inheritance pattern of
most enzymes.

Two cases of monogenic inheritance were found (Est !/
and Idh); this is not incompatible with an allopolyploid hy-
pothesis. Apple is certainly a very ancient polyploid, originating
prior to the Cretaceous period (Challice and Westwood 1973).
Loss of duplicate gene expression may have occurred in the
course of evolution, through the fixation of null variants at one
of the redundant loci. This phenomenon was extensively
studied in tetraploid fish (Ferris and Whitt 1979), and theoreti-
cal models of gene silencing at duplicate loci were proposed
(Li 1980). It was reported in tetraploid Chenopodium (Wilson
etal. 1983) and also at a high rate in wheat, which is com-
paratively a recent polyploid (Garcia-Olmedo et al. 1977). The
evolutionary significance of the observed level of gene-silenc-
ing in'apple cannot be infered from this limited study.

Previous genetic studies of morphological or agronomical
characters are not in contradiction with an allopolyploid origin
of apple genome. Very few characters proved to be simply in-
herited. Some of them are under monogenic control, such as
red colour of all organs or “pale green lethal factor” (Decourtye
1967); others are governed by a pair of complementary genes
as in mildew resistance from Malus zumi (Alston 1976) or
burr-knots (Decourtye 1967).
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