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Abstract. The inheritance of five isoenzymes was studied in red and purple raspberry F1 progenies (Rubus idaeus
L. and Rubus × neglectus Peck). Isocitrate dehydrogenase (IDH; EC 1.1.1.42) was a dimeric enzyme present in the
cytosol and coded for by one locus (Idh-1). Three of the four crosses analyzed at this locus had deviations from
expected ratios, possibly caused by its linkage to a recessive lethal gene. Malate dehydrogenase (MDH; EC 1.1.1.37),
phosphoglucoisomerase (PGI; EC 5.3.1.9), and triose phosphate isomerase (TPI; EC 5.3.1.1) were dimeric enzymes
with two loci. Each of these three enzymes was present in an organelle and in the cytosol for locus 1 and 2, respectively.
Phosphoglucomutase (PGM; EC 2.7.5.1) was monomeric with two loci, Pgm-1 and Pgm-2, located in an organelle
and the cytosol, respectively. Each allele at Pgm-1 resulted in the formation of two bands. Although most progenies
analyzed supported Mendelian inheritance of polymorphic loci (except for Idh-1), there was a higher than expected
number of aberrant segregation ratios observed (18.4%). Analysis of 85 pairs of jointly segregating loci revealed a
possible linkage group consisting of Mdh-2, Tpi-2, and Pgm-1.
There are numerous single trait genes described in raspberry
(Rubus subgenus Idaeobatus) including some that are linked to
one another (Jennings, 1988; Ourecky, 1975). Since many of
these gene markers can be difficult to score, it would be ben-
eficial to have easily scored markers like isoenzymes available
for use by raspberry breeders. Applications of isoenzyme tech-
nology include plant identification (Cousineau and Donnelly,
1992), increased efficiency of gene introgression in interspecific
crosses (Tanksley and Rick, 1980), tagging of important eco-
nomic traits (Rick and Fobes, 1974), and estimating genetic
variability in populations (Hamrick, 1989). Most of these ap-
plications require that the inheritance of the isoenzymes be
understood. Our objectives were to determine the genetic basis
and linkage relationships among five polymorphic enzymes in
raspberry.

Materials and methods
Progenies were generated by crossing red and purple rasp-

berry cultivars and selections (Table 1). All seedlings were
maintained in a greenhouse at ambient temperatures under nat-
ural light. The putative alleles coding for isoenzymes at each
locus were determined by sampling leaves from 78 raspberry
cultivars (R. idaeus, R. × neglectus, and R. occidentalis) for
the purpose of cultivar identification (Cousineau and Donnelly,
1992). A band at Rf 0.7, obtained for PGM for the cultivar
Prestige, was omitted from this study since it was not possible
to assign it with certainty to either of the PGM loci.

The inheritance of the following enzymes was studied: IDH,
MDH, PGI, PGM, and TPI. Enzyme extraction from leaves,
horizontal starch gel electrophoretic procedures, and isoenzyme
staining techniques were that of Cousineau and Donnelly (1992),
except that to visualize both PGI loci, samples were run on a
lithium borate system (electrode buffer, 0.06 M LiOH, 0.3 M
boric acid, pH 8.1, and gel buffer: 90% 0.03 M Tris, 0.05 M
citric acid, pH 8.5; 10% electrode buffer)(Ridgway et al., 1970).
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Pollen enzymes were analyzed to determine the subcellular
localization of the isoenzyme loci (Weeden and Gottlieb, 1980).
They were extracted by soaking 30 mg of pollen in 100 µl buffer
consisting of 100 mM K2HPO4 (pH 7.0) containing 50 µl glyc-
erol and 50 mg of polyvinyl pyrrolidone (PVP-40) per milliliter
(Raelson and Grant, 1989). After a 6-h incubation at 4C, the
supernatant containing the enzymes was absorbed onto filter
paper wicks and separated as for leaf samples.

The computer program LINKAGE-l was used to perform
single locus segregation and linkage analyses (Suiter et al., 1983).
For each enzyme, the loci and the alleles were numbered se-
quentially starting at “1” for the most anodal locus and “a”
for the most anodal allele. The method of Hedrick and Muona
(1990) was used to determine the maximum likelihood estimate
of the recombination fraction between Idh-1 and a putative lethal
gene in a selfed progeny.

Results

The alleles coding for isoenzymes present in raspberry at each
locus are summarized in Fig. 1. For all loci studied, progeny
from crosses in which both parents had the same allele were
identical to the parents. In crosses where both parents were
homozygous for a different allele, all progeny were heterozy-
gous for those two alleles.

IDH. One zone of activity (Idh-1) was present in all plants
tested, and banding patterns consisted of either one or three
bands, which suggested a dimeric structure for this enzyme.
Idh-1 was present in soaked pollen, although the heterodimeric
band was missing in samples from plants with a three-banded
pattern in leaves. This result confirmed the dimeric nature of
the enzyme and suggested its presence in the cytosol. Three
alleles were found at Idh-1 but three of the four crosses tested
deviated from expected ratios (Table 1).

MDH. There were two areas of staining visible for MDH. Pat-
terns in both areas were either one or three-banded, confirming
the dimeric nature of this enzyme. Analysis of soaked pollen re-
vealed Mdh-2 but not Mdh-1, suggesting the presence of these loci
in the cytosol and an organelle, respectively. There appeared to
Abbreviations: IDH, isocitrate dehydrogenase; MDH, malate dehydrogenase;
PGI, phosphoglucoisomerase; PGM, phosphoglucomutase; TPI, triose phos-
phate isomerase.
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Table 1. Single-locus segregation and x2 analysis at seven polymorphic loci.

zThe following red raspberry (R. idaeus L.) and, where indicated, purple raspberry (R. × neg-
lectus Peck) cultivars and selections were used to generate progeny (number of seedlings shown
in parentheses): 1) Comet × Titan and the reciprocal cross (106), 2) Comet × Killarney (47),
3) Comet × GU63 (58), 4) Comet selfed (47), 5) Festival × Titan and the reciprocal cross (72),
6) Festival × GU63 (67), 7) Festival × GU74 (50), 8) Citadel × Glen Prosen (46), 9) Royalty
(purple) × Glen Prosen (26), 10) Scepter × Autumn Bliss (57), 11) Southland × spine-free
Willamette (28), 12) Brandywine (purple) × Glen Garry (48), 13) and Heritage selfed (56).
GU63 and GU74 are selections from the Univ. of Guelph raspberry breeding program that were
selected from Creston × Viking and Hilton × Latham crosses, respectively. Data from reciprocal
crosses were pooled since there were no differences with respect to the direction of the crosses.
yDegrees of freedom were 1, 2, and 3 for 1:1, 1:2:1, and 1:1:1:1 ratios, respectively.
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Fig. 1. Interpretative drawing of loci (numbers) and alleles (letters)
observed in five polymorphic isoenzymes of raspberry.

Table 2. Number of crosses analyzed by contingency x2 tests for
independent assortment of jointly segregating isoenzyme loci (above
the diagonal) and number of crosses deviating from independent
assortment (below the diagonal).
be two alleles present at Mdh-1, but this finding will require ver-
ification since none of the crosses tested segregated at this locus.
Seven out of 10 crosses segregating at Mdh-2 fit the expected
Mendelian ratios and a total of six alleles were detected.

PGI. There were two loci coding for PGI isoenzymes. Pgi-1
was monomorphic in all plants tested and was present in an
organelle according to pollen analysis. Three alleles were found
at Pgi-2; they segregated normally in 10 of 13 crosses. Based
on pollen analysis, this locus coded for a dimeric enzyme that
was located in the cytosol.

PGM. There were two overlapping zones of activity for PGM.
Pgm-1 was present in an organelle and was functional as a
monomer, although each of the three alleles detected resulted
in the formation of two bands, some of which overlapped one
another. Chi-square analysis at this locus showed no deviations
from expected ratios in 12 of 13 crosses. Pgm-2 was character-
ized by the presence of either one or two bands, suggesting a
monomeric structure. It was active in soaked pollen, indicating
its presence in the cytosol. Two alleles were detected, each one
coding for a single band. The only cross segregating at this
locus showed a deviation from the expected ratio. More crosses
will be needed to confirm the inheritance at this locus.

TPI. This enzyme was coded for by two loci that were both
dimeric, with two alleles each. Analysis of soaked pollen sug-
gested that Tpi-1 and Tpi-2 were present in an organelle and the
cytosol, respectively. All crosses tested, except one at each
locus, segregated normally, and the deviations from expected
ratios in the distorted crosses were not highly significant (P =
0.04 and 0.03, respectively for Tpi-1 and Tpi-2).

Linkage analyses. Eighty-five pairs of jointly segregating loci
were tested for independent assortment (Table 2). Only those
pairs where at least one or both loci segregated normally were
included in the analysis (Bailey, 1961). There was a highly
significant (P < 0.01) association between Pgm-1 and Tpi-2 in
five of seven crosses (Table 3). In addition, significant linkage
was observed in two of 10 crosses between Mdh-2 and Pgm-1
(P < 0.01 and P ≤ 0.05, respectively) and in one cross each
with P ≤ 0.05 between the following groups of two markers:
Mdh-2 and Tpi-1, Mdh-2 and Tpi-2, Pgi-2 and Idh-1, and Tpi-
1 and Idh-1.

Discussion

Subunit structure, number of loci, and subcellular localization
of isoenzymes are well conserved in plant species, especially
for those enzymes catalyzing steps in primary metabolism (Got-
tlieb, 1982). Results obtained for raspberry isoenzymes corre-
spond to those reported in other plant species for IDH, PGI,
PGM, and TPI (Weeden and Wendel, 1989). There were two
MDH loci detected in raspberry, a result similar to that observed
in Prunus (Byrne, 1989; Mowrey et al., 1990a) and balsam fir
[Abies balsamea (L.) Mill.] (Neale and Adams, 1981).

Each allele at Pgm-1 resulted in the formation of two bands.
This type of inheritance pattern for PGM has been reported for
balsam fir (Neale and Adams, 1981), Camellia japonica L.
(Wendel and Parks, 1982), maize (Zea mays L.) (Goodman et
al., 1980), and in many species of Prunus (Byrne, 1989; Byrne
and Littleton, 1988; Mowrey et al., 1990b). The two-banded
alleles may be the result of posttranslational modifications or
artifacts generated during the extraction procedure.

Three of the four crosses tested for Idh-1 inheritance deviated
significantly from the expected ratio. This deviation could be caused
by the linkage of this locus to a recessive lethal gene. The maxi-
mum likelihood estimate of the recombination fraction between
the postulated lethal gene and Idh-1 in cross 13 (‘Heritage’ selfed)
was 0.023 assuming that the gene was fully lethal (lod score =
5.217). A minimum lod score of three or more is needed to dem-
onstrate linkage between loci (Conneally et al., 1985).

The majority of the crosses studied did not deviate from ex-
pected ratios for Mdh-2, Pgi-2, Pgm-1, Tpi-1, and Tpi-2. How-
ever, there were more skewed ratios (average 18.4%) than would
be expected. Segregation distortions are not uncommon and many
processes, including preferential segregation, pollen tube com-
petition, pollen lethal factors, preferential fertilization, and se-
lective elimination of zygotes have been proposed to explain
such distortions (Grant, 1975; Zamir and Tadmor, 1986).

Five of seven progeny supported the linkage of Pgm-1 and
Tpi-2 in raspberry. Recombination fractions ranging from 0.09
to 0.20 were obtained for these progenies. ‘Comet’ was a parent
in four of the crosses showing linkage but not in the two crosses
with independent assortment. The inability to detect linkage in
all progenies may reflect differences in genetic background as
suggested by the consistent linkage when ‘Comet’ was used as
a parent.
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Table 3. Deviations observed from independent assortment in joint segregation analysis of
polymorphic loci.

zGenotypic classes are given in the same sequence as those in Table 1. A change in the genotype
of the first locus is indicated by a slash (/) and a change in the genotype of the second locus
is indicated by a comma (,).
There was a weak association between Mdh-2 and Pgm-1 in
two of ten crosses where the recombination fractions were 0.32
and 0.45, respectively. Since there was also linkage between
Pgm-1 and Tpi-2, the three markers may be present in the same
linkage group, although additional evidence will be required for
confirmation. Linkage between these same markers has been
reported in apple (Malus domestica Borkh.)(Weeden and Lamb,
1987), another member of the Rosaceae family. The possibility
of linkage conservation in this family will require further study.

We have insufficient data to confirm the existence of the
following linkage groups: Mdh-2/Tpi-1, Pgi-2/Idh-1, and Pgm-
1/Tpi-1. Deviations from independent assortment were observed
in one of five, four, and six jointly segregating progeny, re-
spectively, with a P value that was not highly significant ( ≤ 0.05).
Since there was only one progeny co-segregating for Tpi-1/Idh-
1, the analysis of more crosses would be desirable to confirm
the observed deviation from independent assortment.

This study describes the mode of inheritance of five poly-
morphic isoenzymes in raspberry and reveals a possible linkage
group consisting of Mdh-2/Tpi-2/Pgm1. The usefulness of iso-
enzymes as genetic markers has been established in many plant
species. Some of the possible applications for raspberry breeders
include the acceleration of gene introgression from related spe-
cies, the evaluation of wild populations for genetic variability,
the tagging of traits, and the development of a linkage map.
These applications may assist breeders in selecting parents and
screening seedlings more efficiently.
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