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Polyploid formation in cotton is not accompanied
by rapid genomic changes

B. Liu, C.L. Brubaker, G. Mergeai, R.C. Cronn, and J.F. Wendel

Abstract: Recent work has demonstrated that allopolyploid speciation in plants may be associated with non-Mendelian
genomic changes in the early generations following polyploid synthesis. To address the question of whether rapid
genomic changes also occur in allopolyploid cott@oésypiuh species, amplified fragment length polymorphism

(AFLP) analysis was performed to evaluate nine sets of newly synthesized allotetraploid and allohexaploid plants, their
parents, and the selfed progeny from colchicine-doubled synthetics. Using both methylation-sensitive and methylation-
insensitive enzymes, the extent of fragment additivity in newly combined genomes was ascertained for a total of ap
proximately 22 000 genomic loci. Fragment additivity was observed in nearly all cases, with the few exceptions most
likely reflecting parental heterozygosity or experimental error. In addition, genomic Southern analysis on six sets of
synthetic allopolyploids probed with five retrotransposons also revealed complete additivity. Because no alterations were
observed using methylation-sensitive isoschizomers, epigenetic changes following polyploid synthesis were also mini
mal. These indications of genomic additivity and epigenetic stasis during allopolyploid formation provide a contrast to
recent evidence from several model plant allopolyploids, most notably wheaBasdica where rapid and unex

plained genomic changes have been reported. In addition, the data contrast with evidence from repetitive DNASs in
Gossypiumsome of which are subject to non-Mendelian molecular evolutionary phenomena in extant polyploids.
These contrasts indicate polyploid speciation in plants is accompanied by a diverse array of molecular evolutionary
phenomena, which will vary among both genomic constituents and taxa.

Key words polyploidy, genome evolution, cottoiGossypiumamplified fragment length polymorphism (AFLP).

Résumé: De récents travaux ont démontré que la spéciation via I'allopolyploidisation chez les plantes s’accompagne
parfois de changements génomiques non-mendéliens au cours des premiéres générations. Afin de déterminer si des
changements génomiques rapides surviennent chez des especes allopolyploides du cGtossyeiuf une analyse

AFLP (polymorphisme de longueur des fragments amplifiés) a été faite pour évaluer neuf jeux d’hybrides synthétiques
allotétraploides ou allohexaploides, leurs parents et la progéniture obtenue par autofécondation suite au doublement
chromosomique induit par la colchicine. A I'aide d’enzymes sensibles ou insensibles a la méthylation, le degré
d’additivité des fragments a été évalué chez les génomes nouvellement combinés pour environ 22 000 locds génomi
ques. L'additivité des fragments a été observée dans presque tous les cas et les quelques rares exceptions reflétaient
vraisemblablement une hétérozygotie parentale ou une erreur expérimentale. De plus, des analyses Southern sur six
jeux d'allopolyploides examinés a I'aide de sondes constituées de rétrotransposons ont également révélé une compléte
additivitt. Comme aucune altération n’'a été observée a I'aide des isoschizomeéres sensibles a la méthylation, les chan
gements épigénétiques découlant de la synthése des polyploides sont également peu nombreux. Ces évidences
d’additivité génomique et de stabilité épigénétique lors de I'allopolyploidisation contrastent avec les résultats récents
chez plusieurs espéces modeéles végétales, notamment le Btassica Chez ces dernieres, des changements rapides

et inexpliqués ont été rapportés. De plus, les données présentées contrastent avec celles obtenues avec des ADN répété
chez leGossypiumdont certains sont sujets a des phénomenes d’évolution moléculaire non-mendélienne chez les poly
ploides existants. Ces différences montrent que la spéciation via allopolyploidisation chez les plantes s’accompagne de
divers phénomeénes évolutifs moléculaires, lesquels peuvent varier parmi les composantes génomiques et les taxons.

Mots clés: polyploidie, évolution génomique, cotonni&@pssypiumAFLP.
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Introduction 1998, 1999; Zhao et al. 1998), phylogenetic analysis of du
) plicated low- and single-copy sequences showed that
The merger of two divergent genomes through allopoly homoeologs exhibit complete “additivity and independent
ploidization is a prominent means by which new lineages ofeyolution (Cronn et al. 1999; Small and Wendel 2000). To
plant species originate (Leitch and Bennett 1997; Soltis angl;rther address the issue of genome evolution in allopoly
Soltis 1999). Although the percentage of plant species thajioid cotton, and particularly to investigate whether the
have experienced relatively recent episodes of genome doyforementioned phenomena (rapid genomic changes) also
bling may be as high as 70% (Masterson 1994), relativeloccurred in this plant system, we undertook the present
little is known about the genetic and functional conse stydy. We were particularly interested in characterizing the
quences of uniting two divergent genetic systems into &arly stages in allopolyploid formation (0-2 generations fol
common nucleus in only one of the two parental cytoplasmsowing colchicine doubling), as this period appears to be as
(Wendel 2000). A critical period in the process is during andspciated with unexplained genomic alterations in
immediately after aIIopOIypIOId formation, when two distinct a||0po|yp|o|d Triticum and Brassica (See' however,
genomes are first brought into contact, thereby requiring axelsson et al. 2000). Hence, we studied newly synthesized
diverse array of genic, genomic, and physiological accomg|iopolyploid progenies representing a variety of genome
modations. Relatively little is known about the nature andcompinations. To efficiently examine a large number of nu
scope of these interactions, but recent studies in severglear loci in these progenies, we employed multi-fluorophore
model plant systems have shown that allopolyploid forma amplified fragment length polymorphism (AFLP) finger
tion may be associated with rapid and extensive genomigrinting. This procedure provides thorough genome cover
changes (Feldman et al. 1997; Liu et al. 189899%; Song  age, as demonstrated by mapping studieZea (Vuylsteke
et al. 1995;.\.Nendel et al. 1995). IIBrassm{;\(Song et al. gt gl. 1999),Glycine (Young et al. 1999), an@ossypium
1995) andTriticum (Feldman et al. 1997; Liu et al. 1988  (C.L. Brubaker, unpublished data). Here, we were able to
1998), for example, allopolyploid formation has been asso eyaluate predicted genomic additivity for over 2000
ciated with an unexplained appearance of novel genomigenomic loci in each synthetic progeny set. We also probed
fragments in Southern blots, less than full additivity of pa-Southern blots carrying digested genomic DNAs from a sub-
rental genomes, and methylation changes. In allopolyploidet of these polyploids and their parents with five represen-
Gossypiumduplicated ribosomal DNAs have been subjectedative retrotransposons isolated from cotton. In contrast with
to interlocus concerted evolution (Wendel et al. 1995) andyrevious studies on other model polyploid plants, we found
many repetitive DNAs have spread beyond their genome ofig evidence for either structural genomic changes or de
origin to the other resident genome following polyploid for- noyo DNA methylation modifications in any of the nine sets
mation (Hanson et al. 1998, 1999; Zhao et al. 1998). Thesgt cotton polyploids studied. We discuss possible reasons for
indications of novel process following allopolyploidization the differential response to polyploidization in various plant

provide insight into the dynamic nature of nascent PP'Yjs?/stems and the implications for polyploid genome evolution.
ploids and have been suggested to be essential for the initia

stabilization and establishment of the polyploid lineages. Al- .
ternatively, the changes observed may be selectively 'mcorMater'als and methods

sequential. | .
: . Plant material
One of the best-characterized examples of aIIoponpIomP To generate the synthetic progenies used in this study, parental

speciation occurs in the cotton genuBogsypium The ap  pjants, including both diploids and natural allopolyploids, were
proximately 40 diploidGossypiumspecies (Fryxell 1979, grown in greenhouse environments in either Australia (first five
1992; Percival et al. 1999) are divided into eight genomeprogenies of Table 1, termed Hyb synthetics) or Belgium (final
groups, designated as A—-G and K (Endrizzi et al. 1985four progenies of Table 1, termed G synthetics). In total, eight syn
Stewart 1995), and are variously distributed in the warmthetic hexaploids and one tetraploid progeny were used in this
arid to semiarid tropics and subtropics in Australia, Africa—study. Included in the eight synthetic allohexaploids are combina
Arabia, and the Americas. Five natural polypl@dssypium tions of the naturally occurring allotetraploi@ossypium hirsutum
species are recognized (Percival et al. 1999; Wendel 199%%?222?0'3‘95'3([)8) Vé'_th_r;%f’erels)e”éitr'vﬁevsengstﬁed:]ﬁfﬁgegin‘jtfé‘t’ifg%
szagellj(geilbr%]zig()\}i;f,Xv:glg'anLaAtS :Iéozt)e t_rl%%ggdzp%i?gsngpolyploids, the initial amphiploid (§) was selfed for one or two

L ; P ! enerations, in which case the resulting plants (designated;as C
originated following hybridization between an African or gnd G, respectively) were also includedginpthe st(udy. 9 '

Asian diploid species (genome AA;n2= 26), as female G hybrids were synthesized either by J. Wouters (G350) in the
(Small and Wendel 1999; Wendel 1989), with a diploid Belgian Congo before 1960 or by R. Maréchal (G371, G390,
American pollen donor (genome DDn2= 26). Molecular  G368) in Gembloux from 1973 to 1974, using Congolese <ulti
data suggest that the allopolyplo@ossypiunlineage arose vated varieties C2 (G107) and NC8 (G173) and wild species-origi
about 1-2 million years ago, with divergence of the two-pro nating from the Iguala Research Institute, Mexico (Maréchal
genitor diploid genomes occurring 4-8 million years earlier1983). For all these hybrids, the genetic integrity of the initiakam
(Seelanan et al. 1997; Wendel and Albert 1992). phld!plmds (G) was maintained by grafting vegetative branches on
Recent investigations into the evolution of duplicatedG' hirsutumplantlets every 4-5 years. These plants were selfed for

. . . i h i
sequences in naturally occurring allopolyploid cotton have?hneeCczjrrrt(\évnot ggggﬁmons (CC,) to produce the genotypes used in

yielded contradictory results for repetitive and low-COpYy  The Hyb allopolyploids were generated as described in
sequences. Whereas repetitive sequences, such as rDNA ag@ibaker et al. (1999. In brief, emasculated flowers were pelli
retrotransposons, exhibited concerted or nonindependeftted on the day of anthesis between 08:00 and 11:00. Emascula
evolution subsequent to polyploidization (Hanson et altions were performed the previous afternoon between 16:00 and
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18:00. A drop of 0.144 mM (50 mg/L) GAwas applied to the flo  ethidium bromide to verify preselective amplification, which when
ral cup at the time of emasculation and at the time of pollination tosuccessful results in a relatively even smear of amplification-prod
reduce premature fruit abscission. G allopolyploids were obtainedicts in the size range of 100-1500 bp. The remainingull(f
as the Hyb allopolyploids but without application of growth regu PCR product was diluted with 150-2@. of H,O prior to selee
lators to the floral cup at the time of emasculation. Thehfbrids  tive amplification.
were grown to reproductive maturity prior to treatment with  Fluorometric methods were used for detection of AFLP frag
colchicine. Morphological comparisons and pollen sterility con ments. These methods recently have been shown to provide higher
firmed that all the plants were true intergenomic hybrids ratherresolution than conventional radio-detection techniques (Schwarz et
than accidental selfs. al. 2000). For multi-fluorophore fragment analysis (multiplexing),
To double the chromosome complement of the Hythfrids, EcoRl (or Pst) primers were labeled with either 6-carboxy-
mature plants were trimmed of all side branches and leavedluorescein (6-FAM) or 4,7,27-tetrachloro-6-carboxyfluorescein
Colchicine was applied approximately 1 week later as the latera(TET), and theMsd primer was unlabeled. Selective amplification
axillary buds showed evidence of expansion. Plants to be treate@as carried out usiniylsd and EcoRl (or Pstl) primers, each with
were starved of water for 24 h before the end of the primary axighree additional bases at theireéhd (Table 2). Each multiplexing
was cut to expose fresh tissue. A plastic pipette tip (1 or 5 mL) wad?CR was carried out using 24 of the diluted preselective ampli
attached to the end of the primary axis with parafiim to create dications, 0.1uM each of two EcoRI + 3] primers labeled with 6-
reservoir. The reservoir was filled with 0.5% or 1% w/v colchicine FAM and TET, 0.15uM [Msd + 3 primer], 0.5 U of Tagq DNA
to create a colchicine gradient down the stem. After 24 h, theresepolymerase, 0.2 mM of each dNTP, and 1x PCR reaction buffer in
voir was removed. Successful treatments produced chimeric plang 10tL volume. The amplification protocol was 1 cycle of 94°C
with sterile segments (with the original chromosome complementyor 2 min, 1 cycle of 94°C for 30 s, 65°C for 30 s, and 72°C for
and fertile amphiploid segments. To produce the G allohexaploid® min, followed by nine cycles of a 1.0°C decrease in annealing
from sterile triploid F plants, a 0.15% colchicine aqueous solution temperature per cycle, followed by 35 cycles of 94°C for 30 min,
was applied for 24 h with cotton wool on the terminal meristem of 56°C for 30 s, and 72°C for 2 min, and a final extension at 60°C
young plants just after cotyledon expansion. During this treatmentfor 30 min. PCR reactions were also conducted using only one
cotton plantlets were kept at room temperature in a water-saturatedcoRl + 3 primer at a time to confirm the additivity expected from
atmosphere to avoid water evaporation from the cotton wool; thignultiplexing.
procedure was necessary to prevent concentrating the colchicine, Methylation-sensitive AFLP analysis was performed using- pro
which would burn the terminal meristem. Fertile segments wergocols identical to those described earlier for standard AFLP analy-
easily identified by the larger flowers that produced fertile pollen,sis, except that genomic DNA was digested withall + EcoRI or
and ultimately by the production of viable seed. Chimeric plantsMspl + EcoRl. Hpall and Mspl are isoschizomers that recognize
were redesignated as,@dividuals, indicating that they had not the same tetranucleotide sequenc€8GG but with different sen-
undergone meiosis as an amphiploid. seed were collected from sitivities to methylation at the inner cytosines. Care was taken to
fertile segments. ensure complete digestion by adding an excess amount of restric-
tion enzyme (10 U/reaction) and by using longer than standard in-
. . cubation times (overnight). Preselective amplification was
Multi-fluorophore AFLP analysis accomplished withEcoRI + 1] and Hpall/Mspl + 0] primers. Se-
Genomic DNA was isolated from young expanding leaves of in-lective amplification was performed usingdoRl + 3] and
dividual plants of the parental lines, synthetic allopolyploids, and[Hpall/Msp + 4] primers (Table 2). Reaction components and con-
subsequent generations (where available) using the Nucleon Plagtiions are exactly as described earlier.
DNA isolation and purification kit (Amersham Corp., Piscataway, Amplification products were electrophoretically separated using
N.J.). Care was taken to use leaves at the same developmentaltomated sequencing gels on an ABI Prisr873 DNA se
stage from all plants. quencer, at the DNA synthesis and sequencing center at lowa State
To explore the genomic composition of the synthetics relative toUniversity. AFLP images were analyzed with Genescamalysis
their parents, we used two types of AFLP analysis, i.e., standardoftware, version 2.0.2, and Genotypewersion 2.0 (PE/Applied
(Vos et al. 1995) and methylation-sensitive (Reyna-Lopez et alBiosystems), and by visual inspection.
1997; Xiong et al. 1999). Standard AFLP analysis was carried out
essentially according to the protocol of the AFLPlant Mapping  gguthern blot analysis
kit of PE/Applied Biosystems (Foster City, Calif), with slight  Genomic DNAs of six sets of cotton synthetic polyploids {Ta
mod!flca_tlons (M. Gitzendanner and t_he Soltis Iab,_personal_—com ble 1) were digested to completion with eithéindlll or a combi
munication). Briefly, 800 ng of genomic Dl\_lA was dlgestet_j with 1 hation of Hindlll + Hpall] or [Hindlll + Msp]. Restriction
U of Msd and 6 U of EcoRI (or Pst) and simultaneously ligated fragments were transferred onto Hybond N+ nylon membranes by
to 50 pmol ofMsd adaptors (I + Il pre-annealed) and 5 pmol of giajine transfer. One clone corrésponding to a portion of the
EcoRlI (or Pst) adaptors (I + Il pre-annealed) with 0.06 U T4 DNA jnteqrase region of a gypsy-like retroelement (R.C. Cronn, unpub
ligase in 1x T4 ligase buffer plus 50 mM NaCl and 50 ng BSA/L, ished data) and four clones corresponding to a portion of the re
in a total volume of 2%L. The reaction was performed at 37°C for yerse transcriptase gene from cotiopialike retroelements were
3 h. The restriction-ligation samples were diluted with 315 ;seq as probes. The latter four were selected to sample as widely
H,0 prior to preselective polymerase chain reaction (PCR) amplifi 55 possible within the diverse population of cotspialike ele
cation. The latter was carried out by using a single selective base Ahents, based on the phylogenetic analysis of VanderWiel et al.

the 3 end of each of theMsed and EcaRl (or Pst) primers (Ta  (1993). probe labeling, hybridization, post-hybridization washing,
ble 2). Each PCR reaction contained @@ [Msd + 1], 0.3 uM and autoradiography were standard.

[EcaRI (or Pst) + 1], 1.0 U of Taq DNA polymerase (GIBCO-
BRL, Grand Island, N.Y.), 0.2 mM of each dNTP, anqi4 of di-
luted restriction—ligation sample, in 1x PCR reaction buffer Results

(GIBCO-BRL) in a total volume of 2QL. The amplification pre . .
file was one cycle of 72°C for 2 min, followed by 20 cycles of The AFLP methods employed permitted the evaluation of

94°C for 30 s, 56°C for 30 s, and 72°C for 2 min, and one final ex @ far larger number of independent molecular markers than
tension at 60°C for 30 min. Ten microlitres of this PCR reaction has conventionally been possible by Southern hybridization-
was electrophoresed through 1.5% agarose gels and stained witlased means. The number of bands detected was approxi
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Table 1. SyntheticGossypiumamphiploids surveyed for non-Mendelian genomic alterations.

Polyploid Genomic Parental lines

designatioA constitution  Ploidy level Generation studied Female Male

Hyb-782 AADDCC 6X Co C1, G G. hirsutumSiokra V15 AADD) G. sturtianumGos-5034 C;C,)
Hyb-785 AADDCC 6X Co C1, G G. hirsutumGregg 25V AADD) G. sturtianumGos-5106 C,C,)
Hyb-786 AADDCC 6X Co C1, G G. hirsutumP784 AADD) G. sturtianumGos-5252 C,C,)
Hyb-783 AADDKK 6X Co Ci, G G. hirsutumSicala V2 AADD)  G. anapoideqKK)

Hyb-612 AAGG ax Co C1, G G. arboreumGos-5265 AA) G. bickii Gos-5048 G;G,)
G350 AADDB,B; 6x C, G. hirsutumG173 AADD) G. anomalumG29 B,B,)
G37r AADDD,D, 6X C, G. hirsutumG173 AADD) G. aridumG248 O,D,)

G390 AADDEE,; 6X C, G. hirsutumG173 AADD) G. stocksiiG32 E;E;)

G368 AADDF,F, 6X C, G. hirsutumG107 AADD) G. longicalyxG17 (F4F;)

#Accessions predicated by Hyb were synthesized as described in Brubaker et ah)(E§@¢hesis of accessions predicated by G are described in
Maréchal (1983).

PSubscripts designate the generation since chromosome doubling and correlate with the number of meioses as an amphiploid.

‘Used for Southern blot analysis.

mately the same using eithd?st/Msd- or EcdRI/Msd- gether, we conclude that the rare fragment losses in the
based AFLP methods, although the size range scored typamphiploids more likely reflected inheritance of null alleles at
cally was slightly higher (=50 bp) for the former. Similarly, loci for which the parental plant was heterozygous rather than
the number of parental fragments was equivalent usingle novo genomic changes following allopplgidization.

EcoRl paired with eitheHpall or its isoschizomeMspl. As

detailed later in the paper, the percentage of amplicons that . . L
distinguished the two parents of each synthetic allopolyploidVIethylation-sensitive AFLP analysis indicates absence

was similar among the different AFLP methods. of de novo DNA methylation changes in synthetic
cotton polyploids

Standard AFLP analysis reveals genomic stasis in The total number of parental fragments scored using eight
synthetic cotton allopolyploids primer pairs for each of plant-enzym&ocRI + Hpall or

The total number of parental fragments scored using eighECORI + Mspl) combinations is summarized in Table 4.
pairs of primers for each of the plant—-enzyme combinationémong plant combinations, the number of parental frag-
is summarized in Table 3. Among plant combinations, thements varies from 429 to 665 fécoR| + Hpall digests and
number of parental fragments varies from 518 to 815 forffom 427 to 620 forEcoRI + Mspl digests (Table 4). The
Msd + EcoRl digests and from 420 to 963 fdisd + Pst level of parental polymorphism ranged from 49.9 to 70.8%,
digests. Totaled across all nine progenies, 12 400 bands wegémilar to that detected using the standard AFLP described
scored in the parents, of which 6941 were unique to eithefarlier. Totaled across all nine progenies, 9729 bands were
one parent or the other (56.0%). Hence, nearly 7000 genetigcored in the parents, of which 5769 were unique to either
loci were directly tested for transmission to the synthetic al One parent or the other (59.3%). This latter number repre
lopolyploid and in some cases its selfed descendant$ents the total number of genetic loci that were directly
Among plant combinations, the minimum number of diag tested for transmission to the synthetic allopolyploid and in
nostic fragments tested for transmission to the synthetie alloSOme cases its selfed descendants. Among plant combina
polyploid was 641 (Hyb-785) and the maximum was 953tions, the minimum number of diagnostic fragments tested
(G390). for transmission to thg synthetic allopolyploid was 527

To address the issue of whether genomic changes odHyb-782) and the maximum was 827 (G390). The number
curred during or subsequent to allopolyploidization, pres Of amplicons detected usirigcoR| + Hpall digests was sim
ence—absence of each of the unique parental fragments wHar to the number detected BcoRl + Mspl digests; differ
visually scored in the amphiploids. This inspection revealectnces for these two isoschizomers reflect the presence of
that () loss of parental fragments was rare, as evidenced bgytosine methylation at internal Cs of CCGG sites.
the fact that of the 18 plant-enzyme combinations, eight Comparison of the parental fingerprints with those of the
showed complete fragment additivity, six showed a singlecorresponding allopolyploid, as well as between the two en
fragment loss, and four showed between two and five-fragzyme digests for a given allopolyploid, revealed thitl0
ments losses (Table 3)j) novel fragments did not appear in of the 18 plant-enzyme combinations yielded complete
any of the plant—-enzyme combinations (Table 8)) {n five  additivity, (i) identical patterns were invariably detected in
of the nine amphiploids, where individuals from successiveboth of the corresponding two enzyme digests of the eight
selfed generations (£C,) were surveyed, no variation in plant-enzyme combinations that showed fragment loss,
the fingerprint patterns was detected between generatior(gi) no intergeneration variability was detected for a given
(Table 3); and i) almost all fragment loss observed was allopolyploid, and i) nearly all fragment loss was from the
unidirectional, i.e., from the diploid wild species, which wild species. Taken together, we conclude that de novo-cyto
likely contain some heterozygous loci. Because AFLPs besine methylation changes at CCGG sites (a prominent-cyto
have as dominant markers, heterozygosity in the parentaline methylation site in plants) did not occur to an
lines cannot be diagnosed without progeny tests. Taken tappreciable degree following allopolyploidization, and the
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Table 2. AFLP adapters and primers (primer combinations) and RFLP probes used in this study.
Sequence or description
Adapters
Msd-adapterl 5GACGATGAGTCCTGAG
Msd-adapterll 5TACTCAGGACTCAT
EcoRlI-adapterl 5CTCGTAGACTGCGTACC
EcoRlI-adapterll 5AATTGGTACGCAGTC
Pst-adapterl 5CTCGTAGACTGCGTACATGCA
Pst-adapterll 5TGTACGCAGTCTAC
Hpall/ Mspl-adapterl 5GATCATGAGTCCTGCT
Hpall/ Mspl-adapterll 5CGAGCAGGACTCATGA
Preselective primers
Msd + C 5-GACGATGAGTCCTGAGTAAC
EcoRIl + A 5-GACTGCGTACCAATTCA
Pst + A 5'-GACTGCGTACATGCAGA
Hpall/Msp + 0 5-ATCATGAGTCCTGCTCGG
Selective primers
Msd + CAA Msd + C +AA
Msd + CAC Msd + C +AC
EcoRl + AAC EcoRl + A + AC (combined with bothMsd + 3 primers)
EcoRl + ACA EcoRl + A + CA (combined with bothMsd + 3 primers)
EcoRl + ACG EcoRl + A + CG (combined with bothMsd + 3 primers)
EcaRl + AGC EcoRl + A + GC (combined with bothMsd + 3 primers)
Pst + AAC Pst + A + AC (combined with bothMsd + 3 primers)
Pst + ACA Pst + A + CA (combined with bothMsd + 3 primers)
Pst + ACG Pst + A + CG (combined with bothMsd + 3 primers)
Pst + AGC Pst + A + GC (combined with bothMsd + 3 primers)
Hpall/Msp + TCAC Hpall/Mspl + 0 + TCAC (combined with the fouEcdRl + 3 primers)
Hpall/Mspl + TCAA Hpall/Mspl + 0 + TCAA (combined with the foulEcdRl + 3 primers)
Probes
Cel A3 750-bp fragment of integrase from a gypsy-like element f@nmherbaceum
A108 Approximately 280 bp of reverse transcriptase fromopialike element fromG. herbaceum
D104 Approximately 280 bp of reverse transcriptase fromopialike element fromG. raimondii
AD45 Approximately 280 bp of reverse transcriptase froropialike element fromG. hirsutum
Raim Approximately 280 bp of reverse transcriptase fromopialike element fromG. raimondii

few fragment losses most likely reflect parental hetero plants (Feldman et al. 1997; Hanson et al. 1998, 1999; Liu et
zygosity, as indicated in the previous section. al. 199&, 199&); Song et al. 1995; Volkov et al. 1999;
Wendel et al. 1995; Zhao et al. 1998). Brassica(Song et
Southern blot analysis detects no sequence—epigenetic ~ al. 1995), restriction fragment length polymorphism (RFLP)
changes or activity of retroelements in synthetic cotton analysis of synthetic allopolyploid progenies revealed the
polyploids presence of novel restriction fragments in genomic
For each of five radiolabeled cotton retrotransposons, n&outherns, as well as disappearance of parental fragments
new bands were detected in Southern blot analyses of thisee, however, Axelsson et al. 2000). Using similar tech
synthetic allopolyploids, relative to the fragment profiles ob niques, the fate of specific sequences has been studied in a
served in the parents. This complete additivity was observedariety of different natural and synthetic allopolyploid
for all six sets of synthetic allopolyploids evaluated {Ta Triticum and Aegilops (Feldman et al. 1997; Liu et al.
ble 1). By comparing hybridization profiles using 199&, 1998). Although most low-copy probes representing
isoschizomers that differ in methylation sensitivity, it also coding sequences have been shown to behave convention
was evident that there was no dramatic change irally, in that the expected additive patterns are recovered,
methylation status of the retroelements in the synthetic allosome low-copy, noncoding sequences appear to be preferen
polyploids (data not shown). We conclude that allopolyploidtially eliminated in one of the two genomes of allotetraploid
formation has not been associated with sudden and large invheat and two of the three genomes of allohexaploid wheat.
creases in retroelement activity or changes in retroelememioreover, synthetic allopolyploids exhibited Southern hy
methylation status. bridization profiles that are similar to natural and established
allopolyploid wheats, suggesting that polyploidy-induced se
quence elimination is repeatable and is somehow mediated
by the presence of specific sequences. Collectively, the data
A surprising degree of genomic nonadditivity recently hason Brassicaand Triticum show that in some allopolyploids
been reported for both natural and artificial allopolyploid there are rapid genetic and genomic interactions during the

Discussion
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Table 3. Comparison of nine synthetic cotton allopolyploids with their parents, as revealed by AFLP analysis.

No. of fragments changed in polyploids.

R+ M
Loss

P+M

No. of polymorphic

fragment§
R+ M

Total no. of

Novel
Co

Loss
Co

Novel
Co

parental fragmen

R+ M

G

G

C

G

C

G,

G

G

P+M

P+ M
963
924

Plant

463 (48.1)

256 (49.4)
371 (56.0)
446 (59.5)

518
663
749
744
788
682

G350

446 (48.3)

G368

442 (50.8)

870
976
476
630
374
420

457

G371

512 (52.5)

441 (59.3)

G390

242 (50.8) 1

524 (66.5)

Hyb-612

310 (49.2) 1

409 (59.9)

Hyb-782

232 (62.0) 0

488 (59.9)

815
624

Hyb-783

237 (56.4) 0

404 (64.7)

Hyb-785

265 (57.9) 0

453 (62.3)

727

Hyb-786

Note: Data in the table summarize the results from eight primer combinations forHmfRI/Msd and Pst/Msd; scoring criteria used were peak heigtt00 fluorescence units and amplicon sizes
>50 bp.R + M, EcaRIl + Msd; P + M, Pst + Msd. “Loss” indicates disappearance of parental fragments, and “Novel” denotes new fragments. In all cases, these data reflect means from two or three

individual plants.

#Values in parentheses denote frequency (%) of parental fragments that were different between the two parents and hence are potentially henesglety twitpredicted additivity in the

allopolyploids.
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initial stages of formation, which include non-Mendelian
genetic mechanisms for which satisfactory mechanistic ex
planations are lacking. Neither the generality of these ebser
vations nor their functional significance is known, although
it has been suggested that rapid genome evolution centrib
utes to initial stabilization of nascent allopolyploids and
long-term evolutionary success (Feldman et al. 1997; Leitch
and Bennett 1997; Soltis and Soltis 1995, 1999; Wendel
2000). This suggestion is bolstered by recent demonstrations
of novel phenotypic diversity among newly synthesized-allo
polyploids in Brassica (Schranz and Osborn 2000) and
Arabidopsis(Comai et al. 2000).

Gossypiumprovides one of the textbook examples of
speciation via allopolyploidy. The organismal history sug
gested by classic cytogenetic analyses has been repeatedly
confirmed by recent molecular phylogenetic analyses, which
also have served to illuminate the timing of diploid diver
gence events and allopolyploidization (Percival et al. 1999;
Wendel 1995; Wendel et al. 1999). Several different aspects
of naturally occurring allopolyploidsossypiunspecies have
been studied, including the degree of chromosomal synteny
and genic colinearity relative to diploid progenitors
(Brubaker et al. 1999), patterns of homoeologous sequence
evolution at duplicated single-copy (Cronn et al. 1999; Small
and Wendel 2000) and repetitive sequences (Wendel et al.
1995), and the invasion of repetitive elements into one
subgenome from the other following allopolyploidization
(Hanson et al. 1998, 1999; Zhao et al. 1998). It has not been
known, however, whether synthetic allopolyploid progenies
in Gossypium and by extension other allopolyploids, are
subject to the same non-Mendelian genomic phenomena as
exhibited by early generations Brassicaand Triticum.

To address whether rapid genome change is likely a hall-
mark of all nascent plant allopolyploids, or a characteristic
of only certain plant groups, we compared the genomic com-
positions of nine sets of newly synthesized allopolyploid
cotton plants to that of their parents using a total of 12 710
parental fragments that could be directly tested for transmis
sion to the progenies. A common feature of the genome con
stitution of all but one (the tetraploid) of these synthetic
allopolyploids is that they contain a naturally occurring
allotetraploid Gossypium hirsutujnas the maternal parent.
Our hypothesis was that the diverse nature of the paternal
parents would not only promise a high probability of detect
ing and quantifying genomic changes but also permit insight
into some of the possible factors influencing the extent of
genomic interaction (e.g., genetic distance between genomes
and genome size). Contrary to our expectation and in a con
trast with the data fronBrassicaand wheat, our AFLP sur
vey demonstrated near-complete genomic stasis in all nine
sets of plants studied. Moreover, de novo DNA methylation
changes that were detected in b&tassicaand wheat, and
implicated as one responsible mechanism for novel-frag
ments, were not found by methylation-sensitive AFLP analy
sis in any of the nine sets of plants. Thus, we conclude that
rapid genomic change is not associated with allopolyploid
formation in cotton. One difference between this study and
the Brassicaor wheat experiments is that tl@@ossypiumal-
lopolyploids were grown to a maximum of two generations
since chromosome doubling {C whereas fifth- to sixth-
generationBrassicaand wheat plants were studied. Given
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the near-complete genomic stasis across generations in the
Gossypiunprogenies, however, it is difficult to imagine that
drastic changes would suddenly occur in the subsequent sev
eral generations. Furthermore, in the case of Bnassica
study, although the number of changes reflected the cumula
tive effect of five or six generations, some changes were ob
served in the initial generations.

Our AFLP results are consistent with those obtained from
recent phylogenetic analyses of sequence variation at ap
proximately 20 low-copy genomic loci in naturally occurring
allopolyploid cotton and its extant two diploid progenitors
(Cronn et al. 1999; Small and Wendel 2000). Recovery of
the expected phylogenetic topology for each of these gene
trees demonstrates that since allopolyploidization about 1-2
million years ago, most low-copy nuclear loci have not inter
acted, through gene conversion or some other mechanism.
Similar results have been obtained for 5S ribosomal se
guences (Cronn et al. 1996). Contrary to this pattern of-inde

pendence and stasis, analyses of some repetitive sequences

and several characterized retrotransposons have shown that
there has been “invasion” of alternative subgenomes since
allopolyploid formation (Hanson et al. 1998, 1999; Zhao et
al. 1998). In addition, homoeologous 18S-26S rDNA arrays
in natural allopolyploid cotton have interacted to such an
extent that only a single sequence type remains, the other
having been “over-written” by some concerted evolutionary
process (Wendel et al. 1995). Collectively these data indicate
that most low-copy sequences evolve independently in natu-
ral allopolyploid cotton and probably are not subject to rapid

genome changes, at least at the sequence level. Responses to

allopolyploidization have been heterogeneous, however, as
shown by the intergenomic interactions exhibited by re-

petitive sequences, including retrotransposons and
rDNAs.

Given the apparent contradiction between the AFLP re-
sults, which presumably sampled a large number of highly
repeated genomic regions and those having less redundancy,
and previous work which shows intergenomic spread ef re
petitive DNAS, it was of interest to directly evaluate whether
specific repetitive sequences were subject to alterations in
the synthetic progenies we examined. To accomplish this we
selected representatives of five characterized retrotransposon
families as probes for Southern blot analysis, some of which
are known to have exhibited intergenomic retrotranspositions
in natural allopolyploid cotton (Hanson et al. 1998, 1999;
Zhao et al. 1998). As with the AFLP analysis, complete
additivity was found in all plant—probe combinations. Thus,
there was no evidence for de novo structural or epigenetic

changes for sequences homologous to the probes per se, nor

was there apparent novel retroactivation in the hybrids-(con
tra Comai 2000; Liu and Wendel 2000; O'Neill et al. 1998,
1999). We cannot exclude the possibility of these phenom
ena, however, as our techniques included only some classes
of retroelements, and low levels of novel retrotransposition
would go undetected against the background smears ob
served in Southern blot analysis using both methylation-
sensitive and methylation-insensitive enzymes. Moreover,
the previous demonstration of intergenomic spread of fetro
transposons in natur&ossypiumallopolyploids constitutes
irrefutable evidence that on a longer time scale there is-inter
genomic crosstalk.

Table 4. Comparison of nine synthetic cotton allopolyploids with their parents, as revealed by methylation-sensitive AFLP analysis.

No. of fragments changed in polyploids

R+ M

R+ H

No. of polymorphic

fragment$
R+H

Total no. of

Novel
Co

Loss
Co

Novel
Co

Loss
Co

parental fragment

R+ H

G

G

G

G

G

G

G

G

R+ M

R+ M
493
529

Plant

316 (64.1)
305 (57.7)

313 (49.9)
366 (58.7)
342 (52.9)
425 (63.9)
251 (58.5)
257 (55.0)
265 (58.2)
242 (56.0)

627
642

G350

3.5

G368

353 (62.7)

563
568

646
665
429

G371

402 (70.8)

G390

327 (62.8) 0

521
472
485
538

Hyb-612

270 (57.0) 1

467

Hyb-782

311 (64.1) 2

455

Hyb-783

314 (58.4) 3

432

Hyb-785
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The foregoing discussion demonstrates that, relative tonobile elements (Matzke and Matzke 1998; Matzke et al.
Brassicaand Triticum, nascentossypiunallopolyploids are  1999; O’Neill et al. 1998; Robertson and Wolffe 2000); to
genomically quiescent. The realization that the immediatehe extent that these mechanisms differ among allopoly
genomic consequences of allopolyploidization may differploids, we might therefore expect variation in levels of
among plant groups leads to questions regarding the featurgenomic instability.
that promote or suppress genomic interactions and rapid It seems important to distinguish between genomic and
genomic change. One obvious potential determinant of thgenetic changes that might accompany the earliest stages of
extent of genome interaction expected in a nascent allepolyallopolyploid formation from longer term evolutionary
ploid is degree of divergence among parental chromosomehange. As evidenced by previous studies of natural (i.e.,
sets, either structurally or at the primary sequence level. Inolder) allopolyploidGossypiumgenomic alterations do ec
deed, our study was designed to incorporate as broad a rangar, may be non-Mendelian in nature, and may differentially
as possible in this respect (reviewed in Endrizzi et al. 1985)affect various components of the genome. Whether these lat
We note that included in the eight allohexaploids involvingter phenomena occur gradually over evolutionary time or
G. hirsutum(AADD) as the maternal parent (Table 1) are saltationally is an open question.
paternal genomes of varying genetic distances to the two (A Polyploid formation in cotton is known to have created
and D) maternal genomes. For example, G371 has two dihovel genetic opportunities for response to artificial selec
ferent D genomes in the allohexaploid nucleus, and hence tion. This has been shown by genetic mapping analysis of
high frequency of tetravalents at meiosis, whereas in HybQTLs affecting the quality and quantity of fibers (Jiang et al.
783 the paternal parent has a genome size (Stewart 199%998) and by comparative morphological analysis of fiber
that is larger than that of the A and D genomes combineddevelopment in wild and cultivated species (Applequist et al.
Thus, if degree of either gross or sequence homology is aB001). These studies offer the perspective that, even though
important determinant of genomic interaction in the initial nascent allopolyploids are genomically relatively stable and
allopolyploid nucleus, we would have expected to detect thigluplicated single-copy genes largely evolve independently of
with our experimental design. one another at the sequence level, allopolyploid formation

The absence of a relationship between genetic ofay be associated with “expression novelty.” In this respect
cytogenetic distance and non-Mendelian genomic aberrghe recent report by Comai et al. (2000) is especially note-
tions indicates that inGossypiumand perhaps other plant Worthy. They demonstrated both gene silencing and novel
polyploids multivalent formation or other manifestations of transcript formation in newly synthesizedrabidopsis
structural differentiation are not necessarily causally conPolyploids. Our data further suggest that these kinds of mod-
nected to rapid genomic change as revealed through SoutHied expression patterns may develop without physical
ern hybridization or AFLP analysis. This suggestion ischanges or intergenomic interactions at the DNA sequence
additionally supported by the contrast betweBrassica  |€vel- The initial genomic stasis and long-term sequence
where there is a high frequency of multivalents in newly@dditivity in allopolyploid cotton do not necessarily rule out
synthesized allopolyploids (Song et al. 1995), amidicum, other_ novel parfadl_gms, either genetic or epigenetic, rendered
where there is almost exclusive bivalent formation (M.POssible by bringing two or more divergent genomes to-

Feldman, personal communication). In both cases, rapi@ether into a common nucleus and cytoplasm. Thus, our
genomic changes occur. present results do not necessarily contradict the emerging

.notion that polyploid plant genomes are unexpectedly dy

If, as our data suggest, the degree of cytostructural-simi amic: rather. thev point to the differences amond plant svs
larity and the degree of sequence similarity are not the mo? ' , they p gp y

relevant variables accounting for the range of genomic-abe neaTusré Zlfg:\lllglﬁttiosrgr?/r?:lh;rlgémglr? dnz d[jegﬁgggopgnmgp@;?y
rations observed in nascent plant allopolyploids, what fac . ! =R
tors are? One possibility is that specific DNA sequences an§)0|ou|roiznd|earr?ttarg22?n:sf rapid and long-term evolution in
(or) proteins involved in nonhomologous chromosome inter yp P 9 ’

actions are responding differently in the various allopoly

ploid systems. For example, mutations leading to

inactivation of mismatch—repair genes in mammals carfA¢knowledgements

cause various genomic instabilities that may lead to cafcino We thank M. Gitzendanner and the Soltis lab for advice
genesis (Arnheim and Shibata 1997). Comai (2000) recentlyyp AF| p methods. The contribution of the third author

speculated that mismatch-repair systems in plants might b« supported by the Belgian Fonds de la recherche
compromised when divergent genomes are brought togethgp,, jamentale collective (FRFC). This work was supported

He suggests that high Ievgls of genomi_c mismatch might ti by the United States — Israel Binational Science Foundation.
trate available pools of mismatch—repair enzymes, and thus

nonhomologous interactions would go uncorrected and be
revealed as genomic instability. Perhaps these and other pr& f
teins involved mediate the level of nonhomologous chroemo eterences

some interaction, and do so variably among different planhpp|equist, W.L., Cronn, R.C., and Wendel, J.F. 2001. Compara
allopolyploids. Similarly, some epigenetic systems such as tive development of fiber in wild and cultivated cotton. Evol.
DNA methylation—demethylation (Finnegan et al. 1998) may pev. 3: 1-15.

mediate genomic interactions through effects on ectopic rearnheim, N., and Shibata, D. 1997. DNA mismatch repair in mam
combination (Robertson and Wolffe 2000; Yoder et al. mals: role in disease and meiosis. Curr. Opin. Genet. Dev.
1997), and also may be related to activation of quiescent 364-370.
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