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It is well known that polyploidy is a major
force in evolution, particularly in plants.
Perhaps 50% of all angiosperms are of
polyploid origin; estimates for the ferns
and fern allies range from 44 to 95% (1, 2).
Because of the significant role that it has
played in plant evolution, polyploidy has
been the focus of great interest and con-
troversy for >50 years. Diverse aspects of
polyploidy have been reviewed, including
types of polyploids (3-8), ecological and
evolutionary attributes of polyploids (8-
10), genetic consequences of polyploid
evolution (10-17), and mode of polyploid
formation (4, 18, 19). The application of
molecular techniques has dramatically in-
creased our understanding of polyploid
evolution and has fundamentally reshaped
traditional views. The paper by Song et al.
(20) in this journal further elucidates the
process of polyploid evolution and repre-
sents a key breakthrough in our under-
standing of the evolution of polyploid
genomes. To appreciate the great signifi-
cance of the paper by Song et al. (20), it is
important to consider briefly some of the
traditional tenets of polyploid evolution.

Polyploidy: Traditional Tenets

Although polyploidy has long been con-
sidered a major force in plant evolution (1,
5, 7, 8, 21), polyploids traditionally have
been viewed as possessing fundamentally
different genetic characteristics than dip-
loids. Because polyploidization events
were considered rare, each polyploid spe-
cies typically was thought to have had a
single origin, initially resulting in genetic
uniformity across all indihiduals of the
species. Furthermore, because of the pro-
posed "buffering" effect of multiple ge-
nomes, mutation and recombination were
considered less effective at constructing
new adaptive complexes in polyploids than
in diploids (21). This hypothesis is based,
of course, on the logical but untested
assumption that diploid and polyploid ge-
nomes have approximately equal muta-
tion rates. Reflecting this traditional line
of thinking, Stebbins (21) suggested that
the primary mechanism by which poly-
ploids enlarge their gene pools was via
acquisition of genetic diversity from re-
lated diploid species through hybridiza-
tion. The presumed genetic uniformity of
polyploids, coupled with their hypothe-
sized reduced capacity for molding new

genotypes, led to the extreme view of
polyploid species as evolutionary dead
ends (22). Another traditional tenet of
polyploid evolution involved the preva-
lence of the two categories of polyploids
generally recognized (allopolyploid and
autopolyploid). Of these, only alloploidy
was considered a major force in evolution;
in contrast, autopolyploid evolution was
viewed as maladaptive and extremely rare
in natural populations (8, 21).

Molecular Data and Polyploid Evolution

During only the past decade molecular
approaches have provided a wealth of data
that have dramatically reshaped views of
polyploid evolution, providing a much
more dynamic picture than traditionally
espoused. In particular, molecular data (i)
demonstrate that both autopolyploids and
allopolyploids exhibit a high frequency of
recurrent formation (multiple origin), (ii)
reveal that multiple polyploidization
events within species have significant ge-
netic and evolutionary implications, and
(iii) contradict the traditional view of au-
toploidy as being rare and maladaptive
(17). Perhaps one of the most important
contributions of molecular data to the
study of polyploid evolution is the docu-
mentation that a single polyploid species
may have separate, independent origins
from the same diploid progenitor species.
Multiple origins of polyploids have now
been documented in bryophytes (23) and
in >40 species of ferns (e.g., refs. 24 and
25) and angiosperms (e.g., refs. 26-29). In
fact, molecular data indicate that multiple
origins of polyploids are the rule and not
the exception (17). In several species stud-
ied in detail with molecular markers, re-
current polyploidization was shown to oc-
cur with great frequency during short time
spans and in small geographic areas (26,
28). For example, Tragopogon mirus and
Tragopogon miscellus may have formed as
many as 9 and 21 times, respectively, in a
small region of eastern Washington and
adjacent Idaho during just the past 50
years (26).
The frequent recurrence of polyploid-

ization also has major evolutionary impli-
cations, suggesting that polyploids are
much more genetically dynamic than for-
merly envisioned. Multiple polyploidiza-
tion events from genetically distinct par-
ents would certainly enrich the total gene
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pool of a polyploid species, particularly
given the high frequency with which these
polyploid events have been shown to occur
within at least some species. Furthermore,
molecular data also provide evidence for
significant gene flow across ploidal levels
through semifertile hybrids between dip-
loids and polyploids (30-32). Once varia-
tion is introduced into a polyploid species,
molecular evidence also indicates that dy-
namic evolutionary processes continue to
act at the polyploid level. In several
polyploid species, individuals with mul-
tilocus genotypes indicative of separate
origins have been shown to co-occur as a
result of migration after their initial for-
mation (26, 28). That different genotypes
resulting from independent polyploidiza-
tions come into contact obviously affords
the opportunity for subsequent recombi-
nation and the production of new geno-
types, further contributing to the dynamic
nature of polyploid gene pools (17). With
these various processes acting in concert,
the amount of genetic diversity present in
polyploids as revealed by molecular inves-
tigations is remarkably high (e.g., refs. 17
and 25-29). Genetic evidence, therefore,
provides a new view of polyploidy that is in
striking contrast to the traditional notion
of polyploids as genetically uniform.

Molecular data also provide compelling
genetic evidence to contradict longstand-
ing views of autopolyploidy as maladap-
tive (refs. 8 and 21, but see ref. 10).
Stebbins (21) stated, for example, that
chromosome doubling "... is not a help
but a hindrance to the evolutionary suc-
cess of higher plants." Molecular data,
however, have revealed three important
genetic attributes of autoploids compared
to their diploid progenitors: (i) enzyme
multiplicity, (ii) increased heterozygosity,
and (iii) increased allelic diversity (15, 17).
These attributes are the direct result of
polysomic inheritance and provide, strong
genetic arguments for the potential suc-
cess of autoploids in nature.

The Evolution of Polyploid Genomes

Although molecular data have recently
provided critical insights into the parent-
age, formation, and immediate genetic
consequences of polyploidy, less is known
about the subsequent evolution of
polyploid genomes after their formation.
Thus, the findings; of Song et al. (20) are
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particularly exciting and noteworthy in
that they provide convincing evidence for
extensive and rapid genome change in
polyploids.
The work of Song et al. (20) relies on a

model allopolyploid system based on three
diploid species of the genus Brassica: B.
rapa (A genome), B. oleracea (C genome),
and B. nigra (B genome) (33). Two pairs of
synthetic polyploids were produced [AB
and BA; AC and CA (34)]; each synthetic
polyploid was completely homozygous.
Hence, after self-fertilization of these raw
polyploids, no nuclear genome changes
were expected in the progeny. At this
point it is important to stress again the
traditional view that polyploidy provides a
genetic buffering against the effects of
individual alleles; hence, new alleles
should contribute less to the evolution of
polyploids than to diploids. This hypoth-
esis assumes, of course, that diploids and
polyploids have roughly equal mutation
rates. Song et al. (20) asked, however, if
genome change is, in fact, greatly accel-
erated in new polyploids, perhaps due to
greater instability resulting from the in-
teraction of diverse genomes.

Significantly, Song et al. (20) detected
extensive changes in the nuclear genome
of each synthetic polyploid during each of
just five generations. In contrast, there
was no evidence of change in the chloro-
plast and mitochondrial genomes of these
synthetic polyploids. Song et al. (20) also
demonstrated that the frequency of ge-
nome change was different between the
two pairs of synthetic polyploids-that is,
twice as many genome changes were de-
tected in the AB and BA polyploids as in
the AC and CA polyploids. Given that
previous studies (35-37) had shown that
B. rapa (contributor of the A genome) is
much more closely related to B. oleracea
(C genome) than to B. nigra (B genome),
the data suggest that the higher the degree
of divergence between the parental dip-
loid genomes, the greater the frequency of
nuclear genomic change in the resulting
polyploid (20). Song et al. (20) also pro-
vide evidence for what they term "direc-
tional genome changes" that are possibly
influenced by cytoplasmic-nuclear inter-
actions. In the AB polyploid (which con-
tains the A cytoplasm) the paternally
donated nuclear genome (B) changed
significantly, whereas the maternally do-
nated nuclear genome (A) did not exhibit
modification. Lastly, based on prelimi-
nary data, Song et al. (20) also suggest
that chromosome rearrangements in-
volving intergenomic (homoeologous)
recombination could be a major factor
contributing to the extensive genome
change seen in these synthetic Brassica
polyploids.
An obvious and critical question regard-

ing the work of Song et al. (20) is as
follows: can results from synthetic allo-
ploids be extended to natural popula-

tions? The synthetic polyploids produced
and analyzed by Song et al. are completely
homozygous, whereas natural polyploids
likely arise through fusion of unreduced
gametes and are therefore heterozygous
(17, 19). Despite these differences, the
data for synthetic polyploids complement
earlier data on natural Brassica poly-
ploids. DNA-based genomic maps for
these same diploid Brassica species and
both synthetic and natural polyploids pro-
vide evidence for considerable plasticity
of the nuclear genome within these
polyploid Brassica species (38). For exam-
ple, in a comparison of natural and syn-
thetic Brassica napus, convincing evidence
was provided for considerable in-
tragenomic rearrangement (38, 39); in-
tergenomic recombination has also oc-
curred in B. napus (38). In addition, Song
et al. (35) earlier obtained and compared
nuclear restriction fragment length poly-
morphism data for naturally occurring
Brassica polyploids and their diploid pro-
genitors. On the basis of these compari-
sons, Song et al. (35) suggested that the
cytoplasmic genomes in Brassica allo-
ploids had important roles in the subse-
quent evolution of the nuclear genomes of
these polyploids-that is, their analysis
revealed that the nuclear DNA composi-
tion of each natural Brassica allopolyploid
is more closely related to the diploid par-
ent that contributed the cytoplasm to that
tetraploid. Thus, the work of Song et al.
(20) on naturally occurring Brassica dip-
loids and polyploids complements their
recent paper on synthetic polyploids. Taken
together, the data for both natural and
synthetic alloploids in Brassica suggest a
coevolution of the nuclear and cytoplasmic
genomes. Both studies suggest that the cy-
toplasmic donor plays an important role in
the formation of a new polyploid. During
polyploidization, the native cytoplasm may
provide a selection pressure on portions of
the foreign nuclear genome, stabilizing the
newly produced polyploid by establishing a
"harmonious relationship between cyto-
plasmic and nuclear genomes."

In addition to Brassica, other possible
examples of genome evolution and chro-
mosomal repatterning have also been pro-
vided as a result of comparative genome
mapping (40, 41). The use of a genomic in
situ hybridization method has similarly
provided evidence for intergenomic trans-
fer of DNA in the alloploid Milium mon-
tianum (42). More recently, use of this
"chromosome painting" approach has
also provided evidence for chromosomal
repatterning in both the allotetraploid
Nicotiana tabacum (tobacco) (43, 44) and
in artificial Nicotiana hybrids (45). Such
studies indicate clearly that genome reor-
ganization not only occurs in polyploids as
well as hybrids but that this reorganization
can occur quickly.

In addition to the evidence provided for
genome diversification and subsequent

chromosomal repatterning in polyploids,
compelling, but more limited, genetic
evidence has also been obtained in mo-
lecular analyses of polyploid species, sug-
gesting that two other processes are also
occurring in polyploid genomes. These
are as follows: (i) gene silencing, even-
tually leading to extensively diploidized
polyploid genomes; and (ii) gene diver-
sification, resulting in regulatory or func-
tional divergence of duplicate genes (for
review, see ref. 17).
The occurrence of all three of the

above-noted processes in polyploid ge-
nomes indicates that polyploid genomes
are plastic and susceptible to evolutionary
change. All available evidence clearly sug-
gests that polyploids and polyploid ge-
nomes are much more dynamic than for-
merly envisioned. The view of polyploidy
actually acting to "retard ... evolutionary
progress at the gene level" (21), as well as
the more extreme concept of polyploids as
evolutionary dead ends (22), certainly are
contradicted by the evidence provided by
Song et al. (20), as well as by other mo-
lecular studies of polyploids (17). Thus,
molecular data have prompted a dramatic
rethinking of polyploid evolution and
polyploid genome evolution. Using Bras-
sica as a model system, Song et al. (20)
have added an important new component
to our view of polyploids. Their work, in
concert with other recent studies on ge-
nome evolution in polyploids, suggests not
only that polyploid genomes can under-
go substantial intra- and intergenomic
changes but that these processes can occur
rapidly. Polyploidization and the subse-
quent evolution of polyploid genomes are
extremely dynamic processes.

We thank Tom Osborn and Carlos Quiros for
helpful comments on the manuscript.

1. Grant, V. (1981) Plant Speciation (Colum-
bia Univ. Press, New York), 2nd Ed.

2. Vida, G. (1976) in EvolutionaryBiology, eds.
Novak, V. J. A. & Pacltova, B. (Czechoslo-
vak Acad. Sci., Prague), pp. 267-294.

3. Clausen, J., Keck, D. & Hiesey, W. H.
(1945) Carnegie Inst. Washington Publ.
564, 1-174.

4. Harlan, J. R. & deWet, J. M. J. (1975) Bot.
Rev. 41, 361-390.

5. Lewis, W. H., ed. (1980) Polyploidy: Bio-
logical Relevance (Plenum, London).

6. Mendiburu, A. D. & Peloquin, S. J. (1976)
Theor. Appi. Genet. 48, 137-143.

7. Stebbins, G. L. (1947)Adv. Genet. 1, 403-
429.

8. Stebbins, G. L. (1950) Variation and Evo-
lution in Plants (Columbia Univ. Press,
New York).

9. Ehrendorfer, F. (1980) in Polyploidy: Bi-
ological Relevance, ed. Lewis, W. (Plenum,
New York), pp. 45-60.

10. Levin, D. A. (1983) Am. Nat. 122, 1-25.
11. Barber, N. H. (1970) Tayxon 19, 154-171.
12. Crawford, D. J. (1989) in Isozymes in Plant

Biology, eds. Soltis, D. E. & Soltis, P. S.
(Dioscorides, Portland, OR).

Proc. Natl. Acad. Sci. USA 92 (1995)



Proc. Natl. Acad. Sci. USA 92 (1995) 8091

13. Gottlieb, L. D. (1981) Prog. Phytochem. 7,
1-46.

14. Gottlieb, L. D. (1982) Science 216,373-380.
15. Soltis, D. E. & Rieseberg, L. H. (1986)

Am. J. Bot. 73, 310-318.
16. Soltis, P. S., Doyle, J. J. & Soltis, D. E.

(1992) in Molecular Systematics of Plants,
eds. Soltis, P. S., Soltis, D. E. & Doyle,
J. J. (Chapman & Hall, New York), pp.
177-201.

17. Soltis, D. E. & Soltis, P. S. (1993) Crit.
Rev. Plant Sci. 12, 243-273. t

18. Den Nijs, T. P. N. & Peloquin, S. J. (1977)
Euphytica 26, 585-600.

19. De Wet, J. M. J. (1980) in Polyploidy:
Biological Relevance, ed. Lewis, W. H.
(Plenum, New York), pp. 3-15.

20. Song, K., Lu, P., Tang, K. & Osborn, T. C.
(1995) Proc. Natl. Acad. Sci. USA 92,
7719-7723.

21. Stebbins, G. L. (1971) Chromosomal Evo-
lution in Higher Plants (Arnold, London).

22. Wagner, W. H., Jr. (1970) Taxon 19, 146-
151.

23. Wyatt, R., Odrzykoski, I. J., Stoneburner,
A., Bass, H. W. & Galan, G.A. (1988)
Proc. Natl. Acad. Sci. USA 85, 5601-5604.

24. Werth, C. R., Guttman, S. I. & Eshbaugh,
W. H. (1985) Science 228, 731-733.

25. Ranker, T. A., Haufler, C. H., Soltis, P. S. &
Soltis, D. E. (1989) Syst. Bot. 14, 439-447.

26. Soltis, P., Plunkett, G., Novak, S. & Soltis,
D. (1995) Am. J. Bot. 82, in press.

27. Song, K. M. & Osborn, T. C. (1993) Ge-
nome 35, 992-1001.

28. Brochmann, C., Soltis, P. S. & Soltis, D. E.
(1992) Am. J. Bot. 79, 673-688.

29. Doyle, J. J., Doyle, J. L., Brown, A. H. D.
& Grace, J. P. (1990) Proc. Natl. Acad.
Sci. USA 87, 714-717.

30. Lord, R. M. & Richards, A. J. (1977)
Watsonia 11, 205-210.

31. Lumaret, R. & Barrientos, E. (1990) Plant
Syst. Evol. 169, 81-96.

32. Peng, C.-I. (1988)Ann. Mo. Bot. Gard. 75,
970-1009.

33. U, N. (1935) Jpn. J. Bot. 7, 389-452.
34. Song, K M., Tang, K. L. & Osborn, T. C.

(1993) Theor; Appl. Genet. 86, 811-821.
35. Song, K M., Osborn, T. C. & Williams,

P. H. (1988) Theor. Appl. Genet. 75, 784-
794.

36. Palmer, J. D., Shields, C. R., Cohen, D. B.
& Orton, T. J. (1983) Theor. Appl. Genet.
65, 181-189.

37. Warwick, S. I. & Black, L. D. (1993) Can.
J. Bot. 71, 906-918.

38. Quiros, C. F., Hu, J. & Truco, M. J. (1993)
in DNA-Based Markers in Plants, eds.
Phillipa, R. L. & Vasil, I. K. (Kluwer,
Dordrecht, The Netherlands).

39. McGrath, J. M., Quiros, C. F., Harada,
J. J. & Landry, B. S. (1990) Mol. Gen.
Genet. 223, 198-204.

40. Helentjaris, T., Weber, D. & Wright, S.
(1988) Genetics 118, 353-363.

41. Whitkus, R., Doebley, J. & Lee, M. (1993)
Genetics 132, 1119-1130.

42. Bennett, S. T., Kenton, A. Y. & Bennett,
M. D. (1992) Chromosoma 101, 420-424.

43. Kenton, A., Parokonny, A. S., Bennett,
S. T. & Bennett, M. D. (1993) in Evolu-
tionary Patterns and Processes, eds. Lees,
D. R. & Edwards, D. (Linnean Soc. of
London, London), pp. 189-207.

44. Kenton, A., Parokonny, A. S., Gleba,
Y. Y. & Bennett, M. D. (1993) Mol. Gen.
Genet. 240, 159-169.

45. Parokonny, A. S., Kenton, A., Gleba,
Y. Y. & Bennett, M. D. (1994) Theor.
Appl. Genet. 89, 488-497.

Commentary: Soltis and Soltis


