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Tetrasomic inheritance of isoenzyme
markers in the highbush blueberry,
Vaccinium corymbosum L.*
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Segragation ratios at four enzyme loci (Mdh-2, Pgi-2, 6Pgd-2, and Got-3) in Vaccinium corymbosum (4x) cultivars
were in close agreement with the expectations of tetrasomic inheritance. Random chromosome segregation was
suggested by the absence of double reduction progeny genotypes and previous reports of bivalent pairing in this
species. A common species origin of autotetraploid highbush blueberry and other Vaccinium polyploids is proposed.
Different genetic and evolutionary consequences of polysomic inheritance versus disomic inheritance are discussed with
reference to the literature on polyploids.

INTRODUCTION

The subgenus of "true" blueberries, Vaccinium
section Cyanococcus (x = 12), is composed of
diverse and widely distributed species which form
a polyploid complex of diploids, tetraploids, and
hexaploids. There is currently no consensus
regarding the origins of these polyploids, whether
they derived from intra- or interspecific hybridiz-
ation among the diploid species, and subsequently
whether they are autopolyploids, allopolyploids,
or segmental allopolyploids. The nature of genome
amplification in the cultivated highbush blueberry,
V. corymbosum (4x), is of particular interest, since
knowledge of chromosome pairing behaviour and
mode of inheritance at the tetraploid level will
affect breeding strategies in addition to providing
information about phylogenetic relationships
within this subgenus.

Polyploidy in blueberry species has been dis-
cussed mainly on the basis of morphology, ecology,
and cytology. In the monograph on eastern North
American Cyanococcus species by Camp (1945),
V. corymbosum was designated an allotetraploid
hybrid complex. An allopolyploid origin for V.
corymbosum and four related tetraploid taxa was
suggested by the finding that the tetraploids as a
group exhibited higher pollen stainability than a
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group of seven diploid species (Cockerham and
Galletta, 1976). Several cytogenetic studies of
meiotic pairing and disjunction in highbush cul-
tivars revealed a preponderance of bivalent forma-.
tion, which was interpreted as evidence for non-
random, preferential pairing of chromosomes
(Newcomer, 1941; Stushnoff and Hough, 1968;
Jelenkovic and Hough, 1970). However, in these
same studies and others which have examined
tetraploid cultivars and related species (Jelenkovic
and Harrington, 1971), multivalents and secondary
associations of bivalents at metaphase I were
occasionally observed, indicating that V. corym-
bosum may be an autopolyploid. Regular chromo-
some pairing in polyploids is not conclusive
evidence for allopolyploidy, since many autopoly-
ploids undergo extensive diploidization of their
genomes such that multivalent formation among
homologues is restricted.

Inheritance data are the least equivocal means
of distinguishing between auto- and allotetra-
ploidy. Because of preferential pairing in allotetra-
ploids, they exhibit independent assortment at the
duplicated loci (disomic inheritance) and fixed
heterozygosity where these loci are homozygous
for different alleles. Segregation in autotetraploids
is tetrasomic—for diagnostic heterozygous geno-
types, random association of the four homologues
during the first meiotic division results in a lower
frequency of homozygous gametes than would be
produced by an allotetraploid of the same
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genotype. Draper and Scott (1971) observed segre-
gation ratios for the recessive "albino seedling"
trait in V. corymbosum and obtained results largely
consistent with tetrasomy. However, they found a
significant excess of heterozygotes which was
attributed to some degree of preferential pairing
among chromosomes bearing the marker gene, or
possibly to segregation distortion caused by the
lethality of the mutant albino allele.

Inheritance studies of morphological charac-
ters in Vaccinium have historically been limited by
the scarcity of single gene polymorphisms (Gal-
letta, 1975; Lyrene, 1988). Our objective was to
tap an alternate source of marker genes, isoenzyme
polymorphisms, for observing segregation patterns
in the tetraploid highbush blueberry, V. corym-
busum. There are many precedents for this kind of
analysis in plants. Electrophoretic evidence of
tetrasomic inheritance has been obtained for
Medicago sativa (Quiros, 1982), Solanum
tube rosum (Martinez-Zapater and Oliver, 1984;
Quiros and McHale, 1985), Haplopappus spinulosus
(Hauber, 1986), Tolmiea menziesii (Soltis and Sol-
tis, 1988), Heuchera micrantha (Soltis and Soltis,
1989), and Heuchera grossularifolia (Wolf et a!.,
submitted). Among allopolyploids, disomic
inheritance has been documented for duplicated
enzyme loci in tetraploid Tragopogon mirus and
T miscellus (Roose and Gottlieb, 1976), triplicated
loci in hexaploid Triticum aestivum (Hart, 1983),
and quadruplicated loci in octaploid Fragaria x
ananassa (Arulsekar et a!., 1981).

MATERIALS AND METHODS

Progeny were derived from crosses among four
tetraploid highbush cultivars, V. corymbosum,
which differed genotypically at several electro-
phoretic loci. These cultivars were "Rubel", a wild
plant selection, and "Jersey", "Bluejay", and
"Spartan", genotypes which have resulted from
one to five cycles of pedigree selection beyond the
initial wild accessions. Seeds were germinated and
seedlings grown in a growth chamber (14 hour
daylength, 15-25°C diurnal temperature). Begin-
ning with the 5-6 leaf stage of seedling growth,
tissue was prepared for starch gel electrophoresis.

The extraction buffer was made as follows:
01 M K-phosphate buffer (pH 7.5), 5mM EDTA,
10mM dithiothreitol, 01 per cent 2-mercapto-
ethanol, and 05 per cent Tween-80. To make a
stock solution of 01 M phosphate buffer pH 75,
84 ml of 02 M K2HPO4 (dibasic) was added to
16 ml of 02 M KH2PO4 (monobasic) and diluted

with H20 to a final volume of 200 ml. After dissolv-
ing the rest of the components, the extraction buffer
was adjusted to pH 80 with 4 N KOH.

Prior to leaf protein extraction, insoluble PVPP
(Sigma #P-6755) was hydrated overnight in the
above extraction buffer. Seedling leaves were
ground in spot plate wells containing extraction
buffer (approximately 5:1, v/w, buffer:tissue
ratio) plus a small amount (weighing spatula tip)
of the hydrated PVPP. The crude extract resembled
a wet slurry rather than a thick paste. The leaf
extract was soaked onto filter paper wicks through
a 35 p.m nylon screen. Throughout the process, all
materials were maintained at 4°C.

Seven enzyme systems have been consistently
resolved from blueberry leaf extractions; four of
these were used in the present study. The gel and
electrode buffer systems, as well as the enzyme
staining protocols, were adopted from previous
reports without major modifications. The staining
schedules which gave best results were those of
Conkle et a!. (1982) for glutamate oxaloacetate
transaminase (GOT) and 6-phosphogluconate
dehydrogenase (6PGD), Soltis et a!. (1983) for
isocitrate dehydrogenase (IDH), shikimate de-
hydrogenase (SKDH), and phosphoglucomutase
(PGM), and Vallejos (1984) for phosphoglucose
isomerase (PGI) and malate dehydrogenase
(MDH). Standard gel and electrode buffers used
were the morpholine-citrate system, pH 6 1 (Clay-
ton and Tretiak, 1972) for resolving MDH, IDH,
6PGD, and SKDH, and the lithium borate, tris-
citrate system, pH 83 (Scandalios, 1969) for
resolving GOT, PGI, and PGM.

For each segregating locus, a chi-square test of
fit of progeny ratios to the following genetic models
was performed: monogenic inheritance (diploidy),
digenic-disomic inheritance (allotetraploidy), and
digenic-tetrasomic inheritance (autotetraploidy).
Segregants were classed by electrophoretic
phenotype, heterozygous or homozygous, rather
than by genotype. This approach is more reliable
since it does not require assigning gene dosages
based on a visual assessment of differential band
staining intensity among heterozygotes.

RESULTS

Segregation was observed at six loci encoded by
four dimeric enzymes: Mdh-1, Mdh-2, Got-3, Pgi-
2, 6Pgd-1, and 6Pgd-2 (figs. 1-3, table 1). In all
segregating crosses, one or both parents were tn-
banded, diallelic heterozygotes carrying one to
three copies of each allele per locus. The effect of
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Table I Chi-square tests for mode of inheritance at four electrophoretic mci

Parental
Locus genotypes Progeny phenotypes x2 P

Mdh-2 Spartan x Bluejay

(abbb x abbb)
Exp. ratio

Disomic or
Tetrasomic

Obs. no.

Exp. ratio
Disomic or
Tetrasomic

Obs. no.

Exp. ratio
Disomic or
Tetrasomic

Obs. no.

b ab

* Alleles were assumed to be in a configuration that would not result in fixed heterozygosity.

gene dosage on electrophoretic phenotype
appeared to be a multiplicity of heterozygote band-
ing patterns. Diallelic parents and progeny
exhibited either a "balanced" tn-banded
phenotype in which the two homodimers were
equal in staining intensity and both less intensely
stained than the heterodimer mid-band, or one of
two "unbalanced" phenotypes in which one
hothodimer and the heterodimer had greater stain-
ing intensity than the remaining homodimer (figs.

1-3, A-E). None of the parent cultivars showed
complex banding patterns (six or more bands per
locus) indicative of tn- or tetra-allelic genotypes
for dimeric proteins.

Chi-square tests for mode of inheritance in
tetraploid V. corymbosum are given for four diag-
nostic loci in table 1. At the 6Pgd-2, Pgi-2, and
Got-3 loci, observed progeny phenotypic ratios
were consistently best explained by the assumption
of tetrasomic inheritance, with P values ranging

6Pgd-2 Spartan x Rubel
(aabbxabbb)

Exp. ratio
Disomic*
Tetrasomic

Obs. no.

1

1

18

7
11

226

5.40
018

0025
070

Bluejay x Jersey
(aabbxaabb)

Exp. ratio
Disomic
Tetrasomic

Obs. no.

a

1

1

4

ab

14
34

172

b

1

1

5

1166
027

001
085

Spartan x Bluejay
(aahb xaabb)

Exp. ratio
Disomic
Tetrasomic

Obs. no.

a

1

1

1

ab

14
34

160

b

1

1

4

1396
298

0002
025

Pgi-2 Spartan x Bluejay
(aaab x aabb)

Exp. ratio
Disomic
Tetrasomic

Obs. no.

a

1

1

14

ab

7
11

183

4•75
024

0.03
065

Got-3 Spartan x Rubel
(aaaa x aabb)

Exp. ratio
Disomic
Tetrasomic

Obs. no.

a

I
1

38

ab

3

5

200

988
004

0002
090

a ab

1 3 026 060

41 137

a ab

1 3 092 035

34 125

a ab

1 3 005 085

63 181

Bluejay x Jersey
(abbb x abbb)

Spartanx Rubel
(abbb x abbb)
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from 025 to 090. For these three loci, the alterna-
tive genetic hypothesis, digenic-disomic inherit-
ance, was statistically rejected (P<0.05) in all
crosses. Segregation ratios at a fourth locus, Mdh-
2, provided evidence for gene duplication (i.e.,
digenic control) without distinguising between dis-
omy and tetrasomy. The 3: 1 phenotypic distribu-
tion among progeny at this locus most likely results

from a cross between diallelie parents which are
both carrying the same allele, Mdh.2t, in triplicate
(fig. 1). Monogenic control of Mdh-2 segregation
in these crosses would result in a 1: 2: 1 expected
phenotypic ratio that is clearly at odds with the
observed distribution.

Progeny distributions of 1: 1 were observed for
several loci and parental combinations: 6Pgd-1 in

Figures 1—3 Tetraploid segregation patterns at loci encoded by three dimeric enzymes; anodal direction is above. Numbers and
letter superscripts at lefthand margins of photographs indicate putative loci and alleles. Bottom letters are parents (A and B)
and representative progeny which have been assigned genotypes for illustrative purposes. Figure 1. Segregation in the cross
"Bluejay" x "Jersey" at the Mdh- 1 locus (parental genotypes aaaa x aaab) and the Mdh-2 locus (parental genotypes abbb x abbb).
For Mdh-1, the expected progeny genotypic ratio is 1 aaaa (C, E): I aaab(D) or a phenotypic ratio of 1 a: lab. The expected
genotypic ratio for Mdh-2 is 1 aabb(C): 2 abbb(E): I bbbb(D) or a phenotypic ratio of 3 ab :1 a (digenic-disomic or digenic-
tetrasomic). ID designates a putative interlocus heterodimer formed between Mdh-25 and Mdh-3. Figure 2. Progeny segregation
at the Pgi-2 locus in the cross "Spartan" x "Bluejay", parental genotypes aaab x aahb. The expected genotypic distribution
among offspring is 1 aaaa(E) :5 aaab(D) :5 aabb(C):1 abbb(F), or a phenotypic ratio of 11 ab: 1 a (digenic-tetrasomic). Figure
3. Progeny segregation in the cross "Spartan" x "Rubel" at the 6Pgd-1 locus (parental genotypes aaaa x aaab) and the 6Pgd-2
locus (parental genotypes aabb x abbb). For 6Pgd-l, the expected progeny genotypic ratio is I aaaa(C,E): I aaab(D,F). For
6Pgd-2, the expected tetrasomic segregation pattern is I bbbb(D) :5 abbb(F) :5 aabb(C):I aaab(E) or a phenotypic ratio of
11 ab: 1 b.

4 -

ABCDE
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the crosses "Spartan"x"Rubel" (fig. 3) and
"Bluejay" x "Jersey", Got-3 in the cross "Spar-
tan" x "Bluejay", Pgi-2 in the cross "Spartan" x
"Rube!", and Mdh-1 in the cross "Bluejay"x
"Jersey" (fig. 1). Inheritance data from these
crosses is not reported in tab!e I because the paren-
ta! genotypes precluded discrimination between
monogenic and digenic genetic control. Where
progeny phenotypic ratios of 1 : I resulted from a
homozygote x diallelic heterozygote cross, no
quantitative distinction could be made between
diploid and tetraploid inheritance at that locus.
Six putative enzyme loci were monomorphic
among the four parents: Mdh-3, Mdh-4, Got-i,
Goi-2, Got-4, and Pgi-1.

DISCUSSION

Segregation ratios at four enzyme loci were in close
agreement with a genetic model which included
(1) tetrasomic inheritance, (2) codominant
expression of alleles coding for dimeric enzymes,
and (3) random chromosome segregation. In con-
junction with the previous report of "albino seed-
ling" inheritance (Draper and Scott, 1971), our
report of tetrasomic segregation of allozyme
markers provides strong evidence for an autopoly-
ploid origin of V. corymbosum. The data were con-
cordant with several other aspects of autotetra-
ploidy. There was no evidence of fixed hetero-
zygosity, which is a predictable and consistently
observed consequence of allopolyploidy (Roose
and Gootleib, 1976; Gottlieb, 1981; Werth et a!.,
1985). Differences in gene copy number (dosage)
resulted in multiple diallelic phenotypes at a single
locus. Electrophoretic surveys of several taxa have

shown that, as expected, autotetraploid individua's
can carry up to four different alleles per locus
(Quiros, 1982; Crawford arid Smith, 1984; Soltis
and Rieseberg, 1986). Tn- and tetra-allelic
genotypes were not present in this study. However,
a survey of a natural V. corymbosum population
in Michigan has revealed multiple allelism at the
Pgi-2, Pgm-2, and Mdh-1 loci (Krebs and Han-
cock, unpublished).

No chromatid segregation was observed in our
crosses. Double reduction events would have been
detectable, for example, as aaaa progeny resulting
from an abbb x abbb cross. For all segregating loci
in the present study, there was at least one cross
involving parental genotypes diagnostic for these
exceptional events. The lack of double reduction
segregants is somewhat surprising, since multi-
valent formation—a prerequisite for this kind of
genetic non-disjunction—is reported in tetraploid
highbush blueberries. One to five quadrivalents per
cell were observed in clones which exhibited
primarily bivalent associations (Rousi, 1966;
Jelenkovic and Harrington, 1971). It is quite poss-
ible that the marker allozymes used in this analysis
map to homologues which do not form multi-
valents. Lack of chromatid segregation in Heuchera
grossulari(folia (Wolf et a!.. submitted) and H.
micrantha (Soltis and Soltis, 1989) was attributed
to localization of enzyme loci on short chromo-
somes (-'-2 .tm) with low chiasma frequencies.
Multivalent formation may he similarly restricted
by the small size of many Vaccinium chromosomes,
which vary from 13 to 25 sm, with 10 of the 12
chromosomes less than 2 m in length (Hall and
Galletta, 1971). Regardless of whether or not they
map to bivalent or multivalent-forming chromo-
somes, these marker allozyrnes may also be cen-
tromere-linked and thus restricted in crossing-over.

a -. _ a_te -

— a — -b •.' see. ease —.5 •e• S
- -a - saC See .5
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Either scenario would result in random chromo-
some segregation based on the electrophoretic
evidence.

Several lines of evidence indicate that there has
been little genomic divergence during speciation
in the Cyanococcus subgenus. Tetrasornic inherit-
ance in V. corymbosum indicates that its diploid
progenitors are probably geographic races of a
common species. Structural and genetic homology
of the Vaccinium genome is also evidenced by the
lack of chromosome karyotype differences among
diploid species (Hall and Galletta, 1971) as well
as the high degree of interspecific fertility within
the three predominant ploidal levels (Galletta,
1975; Ballington and Galletta, 1978). It has been
noted (Lyrene and Ballington, 1986) that much of
the current disagreement over species designations
in this section (Camp, 1945; Vander Kioet, 1980)
has its source in the confounding effects of frequent
interspecific hybridization and differentiation of
local races. Our report suggests that Camp's (1945)
original assessment of both auto- and allopoly-
ploids in Vaccinium section Cyanococcus was
incorrect, and that the higher ploid taxa are prob-
ably polysomic polyploids like V. corymbosum.

Tetrasomic inheritance is a single-locus model
for duplicate gene segregation. This feature, in
contrast to the spontaneous generation of indepen-
dent, duplicate loci by allotetraploidy, has notable
genetic and evolutionary consequences. The adap-
tive success of polyploids (estimates as high as 50
per cent of all plant taxa) is frequently attributed
to the ability of gene duplication events to increase
levels of heterozygosity, create novel hybrid
characters, and allow structural or functional
divergence in gene expression (Roose and Gott-
lieb, 1976; Stebbins, 1980; Tal, 1980; Gottlieb,
1982; Levin, 1983; Soltis and Rieseberg, 1986). The
extent to which these phenomena occur and are
maintained in populations depends largely on the
polyploid organism's origins and mode of
inheritance.

Increased heterozygosity has been electro-
phoretically documented in allopolyploids (Roose
and Gottlieb, 1976; Hart, 1983; Werth et a!., 1985)
and autopolyploids (Soltis and Rieseberg, 1986;
Lumaret, 1986; Ness et a!., 1989) relative to their
diploid ancestors. Enzyme multiplicity in either
type of polyploid may confer biochemical versatil-
ity and genotypic "buffering": in allopolyploids,
increased heterozygosity frequently has the added
advantage of resulting in novel heteromeric
enzymes not found in the diverged diploid parent
species (Roose and Gottlieb, 1976; Werth et a!.,
1985). Electrophoretic variation in autopolyploids

is typically not unique, since it represents a subset
of the diversity which already exists in the common
ancestor taxon (Crawford and Smith, 1984; Soltis
and Rieseberg, 1986; Ness et a!., 1989).

Strategies for maintaining heterozygosity differ
between the two types of polyploids. In response
to inbreeding, tetrasomic polyploids have a much
slower approach to homozygosity than disomic
polyploids (Haldane, 1930), but where autotetra-
ploids can ultimately be fixed (four identical
alleles) at single loci, multilocus allotetraploids are
buffered against homozygosis by fixed hetero-
zygosity. Mating systems are present which
complement these differences. All autopolyploids,
including V. corymbosum (Krebs and Hancock,
1988), maintain heterozygosity via cross-
fertilization and exhibit low fertility in response
to inbreeding. In contrast, most allopolyploids are
self-compatible and several are predominantly
self-pollinated (MacKey, 1970).

Tetrasomy versus disomy will also affect the
likelihood of duplicate gene divergence. Redun-
dant, independently segregating loci are required
to allow fixation of null alleles or alleles with
altered specificity. Hence the best examples of gene
silencing or divergence among polyploids are dis-
omic organisms such as Triticum aestivum (Hart,
1983), Chenopodium quinona (Wilson et al., 1983),
or the catastomid fishes (Buth, 1983). According
to Levin (1983), autopolyploids are expected to
undergo duplicate gene evolution at a much slower
rate than allopolyploids, since a shift from
tetrasomic to disomic segregation is required.
There is no clear evidence that this process has
actually occurred in a polysomic polyploid. The
presence of multiallelic genotypes and gene dosage
effects in polyploid species of Medicago (Quiros,
1982), Solanum (Martinez-Zapater and Oliver,
1984), Tolmiea (Soltis and Soltis, 1988), Coreopsis
(Crawford and Smith, 1984), and Vaccinium (pres-
ent study), is evidence that duplicate genes have
maintained expression. Duplicate gene silencing
was reported in an autotetraploid lily species,
Urginia maritima, a conclusion which was based
on the appearance of individuals homozygous for
nulls at an esterase locus (Oliver et aL, 1983).
However, other genotypes expressed alleles at this
locus, suggesting that functional and non-func-
tional allozymes were segregating at a single locus,
and that gene silencing had not occurred at the
population level. Salmonid fishes provide a single
putative instance of an ancient autopolyploid
which has passed from tetrasomy to disomy
("residual" tetrasomic inheritance occurs at some
enzyme loci, in males only) and subsequently



TETRASOMIC INHERITANCE IN BLUEBERRY 17

shows divergence of duplicate gene expression
(Allendorf and Thorggaard, 1984; Buth, 1983).

Whether or not the subgenus Vaccinium section
Cyanococcus meets the expectations of autopoly-
ploid evolution remains to be established. Indeed,
polysomic inheritance has yet to be determined in
other tetraploid and hexaploid blueberry species.
Furthermore, comparative studies of diploid, tetra-
ploid, and hexaploid populations are required to
determine the genetic consequences of genome
amplification in this section. Studies of isoenzyme
variation offer a valuable approach to these prob-
lems. A growing body of evidence, including the
identification of "new" autopolyploids, indicates
that polysomic speciation is fairly prevalent and
not necessarily maladaptive (Levin, 1983; Soltis
and Soltis, 1988).
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