out S-adenosyl-L-methionine demon-
strated saturable binding of [*H]dihy-
droalprenolol. Scatchard analysis of sat-
uration curves on ghosts previously
incubated with S-adenosyl-L-methionine
revealed an increase in the number of
binding sites, with no change in their af-
finity for [*H]dihydroalprenolol (Fig. 1).
S-Adenosyl-L-homocysteine inhibits the
methyltransferases (/). Introduction of
200 uM S-adenosyl-L-homocysteine and
200 puM S-adenosyl-L-methionine into
reticulocyte ghosts inhibited both the
formation of phosphatidylcholine and
the appearance of new B-adrenergic re-
ceptor sites approximately 55 percent
(Fig. 2).

To determine whether one or both
methyltransferases were responsible for
the increase in the number of B-adrener-
gic receptors, we incubated reticulocytes
with varying concentrations of S-adeno-
syl-L-methionine. After 60 minutes of in-
cubation, we measured phosphatidyl-N-
monomethylethanolamine,  phosphati-
dylcholine, and the number of 3-adrener-
gic receptor binding sites. The number of
[*H]dihydroalprenolol binding sites in-
creased with the synthesis of phosphati-
dylcholine, but not with the synthesis
of phosphatidyl-N-monomethylethanol-
amine (Fig. 3). These observations in-
dicated that the increase in the number
of pB-adrenergic receptors that were
made available for binding was related to
the increased synthesis of phosphati-
dylcholine.

After incubation of reticulocytes for 60
minutes at 38°C, adenosine 3’,5’-mono-
phosphate (cyclic AMP) accumulation
with isoproterenol or sodium fluoride
was reduced tenfold compared to unin-
cubated controls. Thus the incubation
conditions needed to increase the num-
ber of B-adrenergic receptors made the
measurement of coupling between the
unmasked receptors and adenylate cy-
clase technically infeasible.

The mechanism by which phospholip-
id methylation uncovers hidden recep-
tors is unknown. Since de novo syn-
thesis of new receptors is not possible in
a purified membrane preparation, the ap-
pearance of new receptor sites may in-
volve changes in charge or micro-
environment of the membrane surround-
ing the receptor binding site. Depending:
on the physiological conditions, it has
been shown that the number of 3-adre-
nergic receptor sites can be rapidly in-
creased or decreased in the rat pineal
gland (6) and frog erythrocyte (7) even
after inhibition of protein synthesis. Pre-
vious studies have shown that hydrolysis
of membrane phospholipids reduces the
number of available 8-adrenergic recep-
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tors (8). The activities of certain mem-
brane-bound enzymes, such as Ca?*- and
Mg?*-dependent adenosinetriphospha-
tase and Na*- and K*-dependent ade-
nosinetriphosphatase have been found to
depend on the presence of phospholipids
(9) and may also be influenced by phos-
pholipid methylation.
WARREN J. STRITTMATTER
Fusao HiraTA
JuLius AXELROD
Laboratory of Clinical Science,
National Institute of Mental Health,
Bethesda, Maryland 20014
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Homoeologous Heterozygosity and Recombination in the Fern

Pteridium aquilinum

Abstract. The bracken fern, Pteridium aquilinum, which can form completely
homozygous zygotes in a single generation of self-fertilization, has a genetic system
that allows the storage and release of genetic variability in spite of this homo-
zygosity. Analysis of the distribution of electrophoretically demonstrable genetic
markers demonstrates that this system is based on recombination between dupli-

cated, unlinked loci.

Among vascular plants, homosporous
pteridophytes appear to be the only ones
whose spores may give rise to game-
tophytes, each of which may form both
male and female gametes. Because the
gametes arise through mitotic cell divi-
sion, all those produced by an individual
gametophyte have identical genotypes.
Consequently, self-fertilization of a
gametophyte (intragametophytic selfing)
produces zygotes with completely homo-
zygous genotypes (/). It has been sug-
gested (2) that, in adaptive relationship
to this aspect of their life cycle, homo-
sporous ferns have evolved a genetic
system which permits the expression of
genetic variability in the meiotic prod-
ucts (spores) formed by sporophytes that
are homozygous in the conventional
sense. In these ferns, which are poly-
ploid (), genetic variation is believed to
be stored in the form of duplicated, un-
linked loci (homoeologous hetero-
zygosity), and released through the proc-
ess of homoeologous pairing of chromo-
somes at meiosis. Thus, sporophytes
produced through intragametophytic
selfing are homozygous at the homolo-
gous-gene level but can carry homoe-
ologous heterozygosity (3).

Evidence supporting this hypothesis

0036-8075/79/0615-1207$00.50/0 Copyright © 1979 AAAS

has been of three kinds: the expression
of chromosomal aberrations in homo-
zygous spore-mother cells formed by
sexual and apogamous species (), the
correspondence of segregation ratios of
morphological marker genes to those
predicted by models of tetrasomic inher-
itance (5), and the segregation of game-
tophytic mutants (6). But none of these
lines of evidence unequivocally demon-
strates homoelogous heterozygosity or
recombination. We now present evi-
dence derived from the demonstration of
heterozygosity and recombination at
polymorphic structural genes in homo-
zygous sporophytes, and the inheritance
of these genetic markers in families of
the bracken fern, Pteridium aquilinum.
Pteridium aquilinum is a diverse spe-
cies found throughout the world in tem-
perate and tropical areas. Taxonomically
it is polytypic, with two subspecies fur-
ther subdivided into 12 varieties (7). Al-
though much subspecific taxonomic vari-
ability is present, most taxa have the
same chromosome number, n = 52,
2n = 104 8). Homozygous sporophytes
representing both subspecies of P.
aquilinum were grown from collections
of spores made in Florida, Mexico, Co-
lombia, and England (9). To ensure a
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common parentage, we used a single
frcd sampled from a natural population
to establish each family of sib sporo-
phytes. Sporophytes having homozy-
gous genotypes were generated from
these spores by standard laboratory cul-
ture procedures (/0).

Enzymes used as markers were ex-
amined by horizontal starch-gel elec-
trophoresis (/). Clear resolution was
obtained for six' polymorphic enzymes:
glutamic oxaloacetic transaminase (GOT),
phosphoglucose isomerase (PGI), ester-
ase (EST), peroxidase (PER), catalase
(CAT), and malate dehydrogenase (MDH).
Different banding patterns were inter-
preted as representing different geno-
types.

Table 1 shows the bands on gels i.
each group of homozygous sib sporo-
phytes; these are provisionally equated
with alleles (/2). The occurrence of two
different alleles in the genotype of a
homozygous sporophyte indicates the
presence of duplicated genes, a condi-
tion established for each of the six poly-
morphic enzyme systems surveyed.
Some 71 (36 percent) of 198 enzyme geno-
types examined were heterozygotes (/3).

Since each family of homozygous
sporophytes was generated from the
spores of a single parental frond, analy-
sis of the genotypes represented in a
family allows inferences to be drawn re-
garding the number of loci and alleles
present in the parental genotype and the
extent to which homoeologous pairing of
chromosomes was responsible for the
generation of the parental genotype. The
data in Table 1 can be generalized into
four patterns (/4). In the simplest case,
three alleles, A', A2, and A3, are present,
and only two genotypes are represented
in the sporophytes: A!'A'A2A? and
A'A'A3A3. This is the case for GOT in
family MF3; and we conclude that the
gene encoding GOT was present in four
doses in the parental genotype, which
was a homoeologous heterozygote for
the locus. In a more complicated situa-
tion, two alleles, A' and A?, are present,
and the genotypes A!A'A'A' and
A'A'A%A? occur. Family MG1 exhibits
this condition for enzymes GOT, PGI,
and PER; family MF1 for GOT, PGI,
EST, and MDH; family MF2 for EST
and MDH; family MF3 for PGI; family
SA for PGI and MDH; and family ENG2

Table 1. Electrophoretic phenotypes for six enzymes in homozygous families of Pteridium

aquilinum (12).

. Geno- Enzyme
Family
type GOT PGI EST PER CAT MDH
MG1 1 S F,M F S F S
2 S F,M F F,S S S
3 F,S F,M F F,S M, S S
4 S M F S S S
MG2 1 M F F F,S S S
MF1 1 M F,M F S M, S F,S
2 M, S F,M F S M F,S
3 M F F S XS S
4 M F,M F,S S XS S
MF2 1 M, S M,S F S S F
2 F,S F F,S F M, S F
3 M, S F F S S F,S
4 M, S F,S F,S S F E,S
MF3 1 M, S F,M F F,S XS S
2 F,S F F S XS S
3 F,S F,M F F,M XS S
MF4 1 S F F S F F
2 M, S F,M,S F S S F
3 M M, S F S S F
4 F,S F,M F S S F
MB3 1 S M F F,S M, S F,S
MDI 1 F,S F F. S M, S S
SA 1 F,M F F F,M XS F,S
2 S F F S XS S
3 M F,M F S XS S
4 F,M F F F,S F,M F,S
5 M F F M S S
6 S F F S S F,S
ENG2 1 F,S F S F F,M F
2 F,S F,M S F F F
MC 1 E,S F F S S S
GWI1-11 1 F, S F F F E,M S
TUR2-11 1 F,S F,M F F,S F,M S
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for PGI and CAT. The parental genotype
for these families presumably was A'AY/
A?AZ, Since the same allele is present on
both pairs of homologs, the parental
genotype was generated through homoe-
ologous pairing in the grandparent sporo-
phyte, if a single mutational origin for the
Al allele is assumed (/5). Conversely,
the parental genotype could have been
A'A?%/A'A?, with the genotypes in the
family of homozygotes being formed di-
rectly through homoeologous pairing.

In a related situation, three alleles, A!,
A?, and A3, and the four homozygous
genotypes occur in a family: AA'AA1
ATAZA2A? ATA'A3A3, and AZAZABA3.
11+ criterion for defining this condition
is :ii2 occurrence of one homozygote and
vi:sus heterozygotes involving two of
the three alleles. The inferred parental
genotype is either A'A%/A'A® (in which
case homoeologous pairing generated
the meiotic products that formed the
homozygous genotypes) or A'AY/A%A3.
On the basis.of the assumptions dis-
cussed in the previous example, we con-
clude that the latter genotype was
formed by homoeologous pairing in the
grandparental sporophyte generation.
The families illustrating this situation are
MF2 for the enzyme PG1, and MF3 for
enzyme PER.

Cases in which three detectable alleles
are represented in a family and the array
of phenotypes suggests the segregation
of null alleles occurs in family MG1 for
CAT. Three phenotypes occurred in the

" homozygotes: F, S, and MS. Thus the

original parent had the alleles F, S, and
M. In order to form the array of meiotic
products in the family, we postulate that
the parental genotype had four alleles (F,
S, M, and Null) which could thus form
the spore genoty:zs FM, FS, MS, F
Null, M Null, and 3 Null. Selfing would
then produce the following sporophyte
phenotypes: FM, FS, MS, F, M, and S.
Similar patterns are found in families
MF1 for CAT, in MF2 for CAT, and in
SA for GOT. Family MF4 for GOT can
be similarly interpreted, but in this case
four different phenotypes occurred in the
offspring: S, M, MS, and FS. We assume
that the original parental sporophyte had
the alleles S, M, F, and Null and that
they experienced homoeologous recom-
bination to form the meiotic genotypes
represented in the family. Family SA for
CAT is a slightly more complicated case
since four detectable alleles are docu-
mented in the offspring: XS, F, M, and
S. Thus, the parent carried the alleles
XS, F, M, and S, together with two or
four null alleles, and was therefore, ei-
ther 6X or 8X for this gene locus. Homoe-
ologous chromosome pairing must have
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occurred in this parental genotype (re-
gardless of whether it was 6X or 8X) to
obtain the array of meiotic genotypes
documented. Some parental alleles may
not have been present in the homo-
zygous sporophytes examined for each
family. Consequently, the genic diver-
sity shown in Table 1 may be an under-
estimate.

The foregoing data and interpretations
suggest that P. aquilinum is an ancient
tetraploid (n = 52, x = 26), and that du-
plicated loci, homoeologous hetero-
zygosity, and homoeologous pairing of
chromosomes occur (/6). Perhaps the
most surprising finding is that the basic
chromosome complement of x = 26 may
also be of polyploid origin. Note that the
enzyme PGI in family MF4 shows three
alleles, and that one individual has all
three present. Since the sporophyte
genotypes are homozygous, each allele
must be present an even number of
times; therefore, the conclusion follows
that the parental sporophyte genotype
was at least hexaploid for this gene.

Homoeologous recombination has
several interesting consequences in rela-
tion to the population biology of P.
aquilinum, which is an aggressive weed
throughout the temperate and tropical
regions of the world. When a single Pte-
ridium spore, reaching a suitable site,
develops into a gametophyte, intra-
gametophytic selfing is likely to occur,
producing a sporophyte with complete
homologous homozygosity. With strictly
homologous pairing of chromosomes,
offspring of the colonizing sporophyte
would be genetically uniform and homo-
zygous; but with homoeologous pairing
and crossing-over, an individual sporo-
phyte can produce a genetically variable
population. The more successful geno-
types can then reproduce asexually by
means of rhizomes, thereby perpetuating
adaptive combinations of alleles. Hence,
Pteridium has both the self-compatibility
adaptive for a colonizer and the capacity
for high levels of recombination usually
associated with outcrossing.

Pteridium retains the self-compatibili-
ty of a colonizer (/7), but, because of its
capacity for homoeologous recombina-
tion, the loss of heterozygosity normally
associated with inbreeding is greatly
slowed. The reproductive strategy of this
fern may combine the advantages of re-
combination usually associated with sex-
ual reproduction-and the advantages of
the perpetuation of a successful geno-
type associated with asexual reproduc-
tion (/8). The question of whether it is
even adaptive cannot be answered with
certainty at the present time.

Because duplicated loci are recombin-
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ing, the normal practice of determining
the amount of heterozygosity per locus is
meaningless. The effective hetero-
zygosity includes all alleles at all dupli-

cate loci encoding a particular gene prod- -

uct. Depending on the degree of homoe-
ologous pairing and the amount of
homoeologous heterozygosity, the ef-
fective heterozygosity of natural popu-
lations would be higher than that ex-
pected from the binomial distribution,
even if all other conditions for this ex-
pectation were met. Because there is evi-
dence that homoeologous recombination
occurs in other homosporous ferns 3, 4),
caution should be exercised in using
genotypic frequencies in homosporous
pteridophytes to estimate dimensions of
population structure. For example, the
‘‘conspicuous excess of heterozygotes’’
reported by Levin and Crepet (/19) for
populations of Lycopodium lucidulum
could be at least partially accounted for
by homoeologous recombination.
Although the actual frequency of self-
ing in natural populations of Pteridium is
unknown, the high levels of hetero-
zygosity reflected in Table 1 suggest that
it is low, the species being normally out-
crossed (/8). However, the special char-
acteristics of the genetic system of P.
aquilinum, including the ability to pro-
duce a genetically heterogeneous popu-
lation from a single spore, obviously
might be advantageous to a colonizing
species like the bracken fern. How wide-
spread homoeologous recombination is
among the homosporous ferns and poly-
ploid plants in general remains to be de-
termined.
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