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Recurring Origins of Allopolyploid Species in Asplenium 

Abstract. A large proportion of plant species has originated through allopoly- 
ploidy: interspecijic hybridization followed by chromosome doubling. Heterozygos- 
ity remains jixed in allopolyploids because of nonsegregation of parental chrorno- 
sornes. Two allotetraploid species of the fern genus Asplenium show allozyrne 
polyrnorphisrns a t  loci that are polymorphic in their diploid progenitors, indicating 
that each has originated more than once and implicating continued gene Jlow from 
diploids to tetraploids. 

Allopolyploidization is a prevalent 
mode of speciation in plants (I). In con- 
trast to speciation through divergence at 
a diploid level, which requires numerous 
generations (2), allopolyploids form 
abruptly through interspecific hybridiza- 
tions and subsequent doubling of chro- 
mosomes (3). Reproductive isolation 
from progenitors is effected instanta- 
neously through differences in ploidy. If 
well-differentiated species hybridize, re- 
sulting allopolyploids have fixed hetero- 
zygous genotypes at many loci because 
of nonsegregation of nonhomologous 
chromosomes (4, 5). In this respect the 
population genetic structure of allopoly- 
ploids is similar to that of apomictic 
species, which are often of hybrid origin 
as well. Apomixis is an alternative repro- 
ductive strategy for a genetically favor- 
able but meiotically impaired hybrid (6). 
The retention of sexuality in an allopoly- 
ploid, however, is important in that it 
favors increased diversity in the gene 
pool of the allopolyploid species. Our 
alloyzme data on the Appalachian As- 
pleniurn fern complex show that a major 
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source of genetic diversity in allopoly- 
ploids can be the recurrence of allopoly- 
ploidization events. 

The hybridization that launches an al- 
lopolyploid species is often recognizable 
many generations later by the fixed ge- 
notype that results. Parentages of nu- 
merous allopolyploids have been de- 
scribed throughout the world's floras. 
Perhaps there are no firmer data than 
those on the Appalachian-Ozarkian spe- 
cies of Aspleniurn in which the presumed 
parentages of three allotetraploid spe- 
cies, as originally proposed on morpho- 
logical grounds (7), have been corrobo- 
rated by data from flavonoids (8) and 
allozymes (5). One of the allotetraploids, 
A. ebenoides (platyneuron x rhizophyl- 
lurn) is known from a single locality in 
Alabama, although its analogous sterile 
F1 allodiploid is found at numerous local- 
ities where it occurs with its relatively 
common parents. In contrast, the other 
two allotetraploids, A. bradleyi (rnontan- 
urn x platyneuron) and A. pinnatijidurn 
(rnontanurn x rhizophyllurn), are wide 
ranging and roughly coterminous al- 

though somewhat local. Their ranges ex- 
tend considerably westward of that of 
their mutual diploid progenitor A. rnon- 
tanurn, which is nearly restricted to the 
Appalachian provinces. Both of these 
allotetraploids occur in habitats quite 
similar to that of A. rnontanurn-that is, 
in siliceous, partially shaded rock out- 
crops. Only a single sterile allodiploid A. 
bradleyi plant has been reported (9), and 
A. pinnatijidurn is known only as an 
allotetraploid. Thus it would appear that 
these hybrids are less readily formed 
than A. ebenoides. However, our allo- 
zyme data indicate that both A. bradleyi 
and A. pinnatijidurn have originated re- 
peatedly. 

Electrophoretic data phenotypes for 
nine enzyme loci from several popula- 
tions of all six species of the complex 
(Tables 1, 2 ,  and 3) (10) show that two 
loci (GDH and 6-PGDH) are invariable 
for all species; two others (ACPH and 
LAP) vary among, but not within, dip- 
loid species; and the other five (GOT-1, 
ZDH, PGZ-2, PGM-2, and SKDH) show 
intraspecific variability in the diploids 
(Table 1) (11). ~ s ~ l e n i u r n  rnontanuh has 
a duplicated PGM-2 locus, as judged 
from populations in which all individuals 
have two bands for PGM-2 (12). Other 
populations contain individuals with sin- 
gle bands, indicating either a lack of this 
duplication or, more probably, posses- 
sion of electrophoretically identical al- 
leles at both loci. 

The allotetraploids A. bradleyi and A. 
pinnatijidurn are generally heterozygous 
for alleles present in their respective 
diploid progenitors (Tables 2 and 3) (13). 
Two types of variation in genotype are 
evident. Some individuals, or entire pop- 
ulations, express only one parental allele 
at one or two loci (for example, LAP in 
A. pinnatijidurn from Chester County, 
Pennsylvania), whereas the rest of the 
loci conform to the expected hybrid ge- 
notype. This loss of gene expression may 
be a derived condition resulting from 
mutation (14), rare recombinational 
events (15), or regulational silencing 
(16). 

Alleles for which the allopolyploids 
are heterozygous show another type of 
variation. For loci that are invariant 
within the diploid progenitors, the allote- 
traploids uniformly express the same al- 
leles as are fixed in the diploids (17). 
However, four of the five loci that are 
variable in the diploids are also variable 
in both allotetraploids (Tables 2 and 3). 
Genotypic differences exist within some 
and between most allotetraploid popula- 
tions. The alleles that show this variation 
are electrophoretically identical to those 
detected in the diploids with the follow- 

73 1 



ing exceptions: PGZ-2 (allele 83) (found 
in A. bradleyi from Warren County, Vir- 
ginia, and A. pinnatijidum from Powell 
and Rowan Counties, Kentucky); PGZ-2 
(85) (found in A. bradleyi from Gaston 
County, North Carolina); and SKDH 
(140) (found in A. pinnatijidurn from 
Powell County, Kentucky, and Union 
County, Illinois). These three "orphan" 

alleles represent the A.  montanum con- 
tribution, for their respective loci, to the 
allotetraploid genotype (18). A further 
pattern of variation related to the A. 
montanum contribution is the expression 
of both or only one of the two alleles (140 
and 115) of the duplicated PGM-2 locus. 
Whether expression of only one allele 
represents a loss of expression or an 

original incorporation of only one allele 
is uncertain. 

This pattern of variation in the allote- 
traploids for loci that are also variable in 
their diploid progenitors is almost cer- 
tainly a result of repeated allopolyploidi- 
zations involving diploid pairs of differ- 
ent genotypes (19). Each different allo- 
ploid genotype now detected in both A. 
bradleyi and A. pinnatijidum might be 
directly derived from an ancestral geno- 
type and may have had a separate origin. 
However, the role of recombination be- 
tween genotypes is uncertain. The poly- 
morphism~ in some allotetraploid popu- 
lations indicate that recombination be- 
tween the original hybrid genotypes 

Table 1. Alleles detected at nine enzyme loci of diploid Asplenium species (listed for each 
species in order of decreasing frequency). Alleles are named relative to mobility of most 
frequent allele of A. platyneuron (designated 100). Loci: ACPH, acid phosphatase; GOT-1, 
glutamate oxaloacetate transaminase; GDH, glutamate dehydrogenase; IDH, isocitrate dehy- 
drogenase; LAP, leucine amino-peptidase; PGI-2, phosphoglucose isomerase; PGM-2, phos- 
phoglucomutase; 6-PGDH, 6-phosphogluconate dehydrogenase; and SKDH, shikimate dehy- 
drogenase. 

might have occurred. Populations that 
are fixed for alternative genotypes may 
result from founder effect and drift (pop- 
ulation sizes are often quite small) rather 
than antiquity of the genotypes. Data on 
the geographic distribution of genotypes 
may provide evidence on the precise 
evolutionary history of the complex. 
Each original allotetraploid genotype 
might spread from its point of origin to 
form recombinants with other similarly 

Locus A. platyneuron A. montanum A. rhizophyllum 

ACPH 
GOT-1 
GDH 
IDH 
LAP 
PGI-2 
PGM-2 
6-PGDH 
SKDH 

- --- - 

*The two alleles listed for PGM-2 are present in most individuals of this species, probably because of a 
duplication of this locus. 

Table 2. Inferred genotypes of Asplenium bradleyi. Numbers in parentheses represent dosage of each allele as inferred from relative banding 
intensities on gels. 

Warren Co., Gaston Co., Garland Co., 
Locus Virginia North Carolina Arkansas 

(n = 30) (n = 28) (n = 5) 

- - - 

Yell Co., Callaway Co., 
Arkansas Missouri 
(n = 25) (n = 27) 

ACPH 

GOT-1 
GDH 
IDH 

LAP 
PGI-2 

PGM-2 
6-PGDH 
SKDH 

Table 3. Inferred genotypes of Asplenium pinnatifidum. Numbers in parentheses represent dosage of each allele as inferred from relative banding 
intensities on gels. 

Chester Co., Fluvanna Co., Powell Co., Rowan Co., Union Co., Garland Co., Benton Co., 
Locus Pennsylvania Virginia Kentucky Kentucky Illinois Arkansas Arkansas 

(n = 9) (n = 6) (n = 13) (n = 15) (n = 30) (n = 14) (n = 25) 

ACPH 1 19 (2), 90 (2) 
GOT-1 130(4) 
GDH 100 (4) 
IDH 100 (2), 63 (2) 
LAP 118(4) 
PGI-2 100 (2), 80 (2) 

6-PGDH 100 (4) 
SKDH 160 (2), 135 (2) 
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spreading genotypes. Thus, extensive ar- 
eas now occupied by single genotypes 
may circumscribe centers of allopoly- 
ploid origin. This may well apply to A .  
bradleyi in the Ozark-Ouachita region. 
Three widely separated populations from 
this region (Garland and Yell counties, 
Arkansas and Callaway County, Missou- 
ri) shared essentially identical geno- 
types; the only exception is that A.  brad- 
leyi plants from Yell County are variable 
for ZDH, being either heterozygous 
(loo2, 63*), homozygous (634), or asym- 
metrically heterozygous (1001, 633). The 
latter pattern probably resulted from 
crosses between the former two geno- 
types. 

How general is the phenomenon of 
recurrent origins of allopolyploid spe- 
cies? Studies of allozyme variation in 
polyploid complexes are few, and most 
consider crops or anthropogenic weeds 
(20). There are indications from these 
and from morphological and cytological 
data on other taxa that the phenomenon 
of multiple allopolyploidizations may be 
much more general than has been 
thought. Studies of wheat (21), Phlox 
(22), and European Asplenium lepidum 
(23) have shown that differently named 
species may represent analogous combi- 
nations of different morphotypes of the 
same diploid progenitor species. Varia- 
tion in esterase genotypes indicates that 
Tragopogon mirus, a recent allotetra- 
ploid derivative of two species intro- 
duced into North America, originated 
independently at widely separated local- 
ities (4). Allozyme data also suggest mul- 
tiple origins for the fern allotetraploid 
Pellaea wrightiana (24). These studies 
suggest an important aspect of the 
dynamics of reticulate evolution: species 
genetically isolated at the diploid level 
may repeatedly contribute to a common 
gene pool at the polyploid level. The 
continued acquisition of genetic diversi- 
ty by allopolyploids, such as those in 
Asplenium, may substantially augment 
their potential to evolve and speciate. 
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Human Immunoglobulin D: Genomic Sequence of the 
Delta Heavy Chain 

Abstract. The DNA coding for the human immunoglobulin D (ZgD) heavy chain (6, 
delta) has been sequenced including the membrane and secreted termini. Human 6, 
like that of the mouse, has a separate exon for the carboxyl terminus of the secreted 
form. This feature of human and mouse ZgD distinguishes it from all other 
immunoglobulins regardless of species or class. The human gene is dlflerent from 
that of the mouse; it has three, rather than two, constant region domains; and its 
lengthy hinge is encoded by two exons rather than one. Except for the third constant 
region, the human and mouse genes are only distantly related. 

Immunoglobulin D (IgD) was discov- 
ered in human serum in 1965 ( I ) ,  and the 
corresponding mouse Ig was identified 
subsequently (2, 3). In both the mouse 
and the human, IgD is a predominant 
surface component of B cells and is only 
a minor component of serum Ig (1, 4). 
The function of IgD has been a subject of 
considerable speculation, but despite a 
wealth of structural information, the 
function is basically unknown (5, 6). 

IgD has been studied in great detail at 
physiological and molecular levels in the 
mouse. The majority of antigen-reactive 
splenic B cells co-express surface IgM 
and IgD of shared light chain type, idio- 
type, and antigen specificity (7, 8). The 

ratio of IgM to IgD varies with the state 
of B-cell differentiation (9), with early B 
cells expressing IgM only. As cell differ- 
entiation progresses, IgD is turned on; 
this leads to "double-producers" ex- 
pressing both IgM and IgD on the cell 
surface with identical variable regions. 
Most mature B cells have ten times as 
much IgD as IgM on the surface (10). As 
the B cell is activated, IgD is shut off 
rather than being secreted copiously as 
with IgM and other immunoglobulin 
classes. 

The murine 6 chain has several proper- 
ties that set it apart from all other immu- 
noglobulin heavy (H) chains: (i) Murine 
IgD has only two H-chain constant re- 
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