
out S-adenosyl-L-methionine demon- 
strated saturable binding of [3H]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 [3H]dihydroalprenolol (Fig. 1). 
S-Adenosyl-L-homocysteine inhibits the 
methyltransferases (1). Introduction of 
200 FtM S-adenosyl-L-homocysteine and 
200 /uM S-adenosyl-L-methionine into 
reticulocyte ghosts inhibited both the 
formation of phosphatidylcholine and 
the appearance of new f3-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 8f-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 
[3H]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 /8-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 /3-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 f3-adre- 
nergic receptor sites can be rapidly in- 
creased or decreased in the rat pineal 

out S-adenosyl-L-methionine demon- 
strated saturable binding of [3H]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 [3H]dihydroalprenolol (Fig. 1). 
S-Adenosyl-L-homocysteine inhibits the 
methyltransferases (1). Introduction of 
200 FtM S-adenosyl-L-homocysteine and 
200 /uM S-adenosyl-L-methionine into 
reticulocyte ghosts inhibited both the 
formation of phosphatidylcholine and 
the appearance of new f3-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 8f-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 
[3H]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 /8-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 /3-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 f3-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 /3-adrenergic recep- 
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tors (8). The activities of certain mem- 
brane-bound enzymes, such as Ca2+- and 
Mg2+-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. 
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markers demonstrates that this system ik 
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 (1). 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 (1), 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 
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s based on recombination between dupli- s based on recombination between dupli- 

has been of three kinds: the expression 
of chromosomal aberrations in homo- 
zygous spore-mother cells formed by 
sexual and apogamous species (4), 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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c,~mmon parentage, we used a single 
frc ;d 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 (10). 

Enzymes used as markers were ex- 
amined by horizontal starch-gel elec- 
trophoresis (11). 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 id 
each group of homozygous sib sporo- 
phytes; these are provisionally equated 
with alleles (12). 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 (13). 

Table 1. Electrophoretic phenotypes for six 
aquilinum (12). 

Since each family of homozygous 
sporophytes was generated frorr 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 (14). In the simplest case, 
three alleles, A', A2, and A3, are present, 
and only two genotypes are represented 
in the sporophytes: A1A'A2A2 and 
A1'AA3A3. 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, Al and A2, are present, 
and the genotypes A'A'A'A1 and 
A'A'A2A2 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 

enzymes in homozygous families of Pteridium 

Family Geno- ______________Enzyme Family type 
y 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 F, 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 
MD1 i 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 F,S F F S S S 
GW1-11 1 F,S F F F F,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 A1A1/ 
A2A2. 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 
A1 allele is assumed (15). Conversely, 
the parental genotype could have been 
A1A2/A1A2, with the genotypes in the 
family of homozygotes being formed di- 
rectly through homoeologous pairing. 

In a related situation, three alleles, A1, 
A2, and A3, and the four homozygous 
genotypes occur in a family: A'A'A'Al, 
A2 A2A2, A'A1A3A3, and AaAaA3A3. 
T criterion for defining this condition 
is ;:>e occurrence of one homozygote and 
v.; ,us heterozygotes involving two of 
th. three alleles. The inferred parental 
genotype is either A'A2/A'A3 (in which 
case homoeologous pairing generated 
the meiotic products that formed the 
homozygous genotypes) or A'Al/A2A3. 
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 PGI, 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 genotye-s FM, FS, MS, F 
Null, M Null, and S 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 (16). 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 (17), 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 (18). 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 (18). 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. 

ROBERT H. CHAPMAN 
Department of Botany and Plant 
Pathology, Iowa State 
University, Ames 50011 

EDWARD J. KLEKOWSKI, JR. 
Department of Botany and Plant 
Pathology, Iowa State University, 
Ames 50011 

ROBERT K. SELANDER 
Department of Biology, 
University of Rochester, 
Rochester, New York 14627 

References and Notes 
1. E. J. Klekowski, Jr., and H. G. Baker, Science 

153, 305 (1966). 
2. E. J. Klekowski, Jr., Ann. Mo. Bot. Gard. 59, 

138 (1972); Am. J. Bot. 60, 535 (1973). 
3. Although many homosporous ferns have adapta- 

tions which promote intergametophytic mating 
when populations of gametophytes occur [R. M. 
Lloyd, Ann. Mo. Bot. Gard. 61, 318 (1974)], 
most species have the capability of forming her- 
maphroditic gametophytes. These gametophytes 
are significant in the establishment of new 
populations; thus, colonizing sporophytes are 
often completely homozygous. 

4. E. J. Klekowski, Jr., and L. G. Hickok, Am. J. 
Bot. 61, 422 (1974); D. W. Bierhorst, ibid. 62, 
448 (1975). 

5. E. J. Klekowski, Jr., J. Hered. 67, 147 (1976); in 
Current Chromosome Research, K. Jones and 
P. E. Brandham, Eds. (North-Holland, Amster- 

dam, 1976), p. 175; L. G. Hickok, Am. J. Bot. 
65, 516 (1978). 

6. L. Hickok, Science 202, 982 (1978). 
7. R. M. Tryon, Rhodora 43, 1 and 37 (1941). 
8. A. Love and E. Kjellqvist [Lagascalia 2, 28 

(1972)] have reported n = 26 in P. herediae from 
Spain and P. aquilinum var. gintlii from Yugo- 
slavia. F. Jarrett, I. Manton, and S. Roy [Kew 
Bull. 22, 475 (1968)] reported 2n = 208 from a 
Galapagos Island plant. Typically this species 
has 2n = 104 [A. Chiarugi, Caryologia 13, 27 
(1960), F. Fabbri, ibid. 16, 237 (1963), ibid. 18, 
675 (1965)]. 

9. Spore collections: MG1, MG2, MF1, MF2, 
MF3, and MF4 from a series of discontinuous 
populations in pastures along Highway 180 be- 
tween La Venta and Coatzacoalcos, Mexico; 
MB3 from KM35 on Highway 261, Xacab, Mex- 
ico; MD1 and MC1 from Palenque, Mexico; 
GW1-11 from the vicinity of Miami, Florida; 
TUR2-11 from San Andreas Tuxtla, Mexico; SA 
from Cauna, Colombia (collected by Dr. G. Wil- 
der); and ENG2 from an isolated plant in a door 
yard across from the Jodrell Gate, Royal Bot- 
anic Gardens, Kew, England. 

10. E. J. Klekowski, Jr., Am. J. Bot. 63, 1024 
(1976). 

11. R. K. Selander, M. H. Smith, S. Y. Yang, W. E. 
Johnson, J. B. Gentry "Studies in Genetics 
VI," University of Texas Publ. 7103 (1971), p. 
49. Extracts for electrophoresis were prepared 
by grinding sporophyte tissue in a 1:1 (by vol- 
ume) mixture of acetate buffer (pH 7.2) and a 2M 
polyvinylpyrrolidone solution. Extracts were 
centrifuged at 17,000 rev/min for 30 minutes, 
and the supernatants were stored at -70?C. 

12. The bands on gels (termed electromorphs) are 
designated in relation to the relative distance of 
their migration from the origin, as fast (F), medi- 
um (M), slow (S), and extra slow (XS). Hetero- 
dimeric bands were not scored. 

13. Thirty-three sporophytes were screened for the 
six enzyme systems. 

14. Instead of using various combinations of fast 
(F), medium (M), slow (S), and extra slow (XS) 
for the electromorphs of a given enzyme locus, 
we have designated them A1, A2, A3, A4. For ex- 
ample, the presence of three bands for a given 
enzyme system in a family of homozygotes is 
shown by A', A2, and A3, regardless of what 
combination of bands is present. 

15. Where two alleles, A1 and A2, occur and the 
genotypes AlAl'AAl and A'A'A2A2 are repre- 
sented in the homozygotes, it is possible that a 
mutation to allele A2 occurred in each pair of ho- 
mologous chromosomes. Therefore the segrega- 
tion of homozygotes and homoeologous hetero- 
zygotes is possible without recourse to homoe- 
ologous pairing. However, because of the high 
incidence of these genotypes (14 out of 48 en- 
zyme systems) we consider this hypothesis in- 
sufficient to account for observation. 

16. Since meiosis in this plant usually involves the 
formation of bivalents, the high frequency of 
homoeologous recombination detected in these 
families clearly suggest that both homologous 
and homoeologous bivalents occur. Whether 
pairing occurs randomly within a set of Pterid- 
ium chromosomes is unknown. The use of the 
term "homoeologous recombination" in this 
context needs clarification. Pteridium aquilinum 
is the only extant species of the genus Pte- 
ridium. The 'diploid chromosome number of 104 
suggests an evolutionary history involving poly- 
ploidy. Originally these were true homoeologs in 
the genome, but as the data in this paper show, 
homoeologous recombination occurs. This pro- 
cess will result in a loss of homoeology and the 
generation of four new homologs. The term 
homoeologous recombination in the present 
context refers to both the original recombination 
of the homoeologs and the present recombina- 
tion of the new homologs. 

17. E. J. Klekowski, Jr., Evolution 26, 66 (1972). 
18. Characteristics of its mating system indicates 

that P. aquilinum is normally outbreeding. On- 
togenetic studies of gametophytes in culture in- 
dicates that initially male and female game- 
tophytes are present. The presence of males is 
related to antheridogen, a diffusible substance 
produced by the female gametophytes [W. 
Dopp, Ber. Dtsch. Bot. Ges. 63, 193 (1950); U. 
Naf, Growth 20, 91 (1956); B. R. Voeller, Col- 
loq. Int. C.N.R.S. 123, 665 (1964)]. 

19. D. A. Levin and W. L. Crepet, Evolution 27, 622 
(1973). 

20. This research was supported by NSF grant GB- 
31990 (to E.J.K.) and NSF grant BMS74-24108 

'and NIH grant GM-22126 to R.K.S. We thank 
R. Beckwith and his greenhouse staff for their 
able assistance. 

15 August 1978; revised 9 February 1979 

1209 


