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ABSTRACT

Ribosomal ITS sequences are commonly used for phylogenetic reconstruction because they are included
in rDNA repeats, and hence are ubiquitous and present in high copy number. Ribosomal rDNA repeats
often undergo rapid concerted evolution within and between arrays. Interspecific hybridization merges
divergent repeat types in a single nucleus, setting in motion evolutionary processes leading to coexis-
tence, maintenance of paralogs, origin of novel sequence variants, loss of arrays, or inter-array sequence
homogenization via concerted evolution. Here we examined ITS polymorphism within and among six
Oryza tetraploids of varying genomic composition to infer the extent and direction of concerted evolution
following allopolyploid speciation. We demonstrate that different polyploids have experienced varying
fates, including maintenance or homogenization of divergent arrays, even among allopolyploids having
the same genomic origins but in different geographic locations. Bidirectional concerted evolution, in
which arrays become homogenized to alternative progenitor diploid types in different allopolyploid
derivatives, is evident among species in one clade. Our results exemplify the panoply of outcomes for
ribosomal DNA evolution following allopolyploid speciation.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Ribosomal ITS sequences are commonly used for phylogenetic
reconstruction because they are included in rDNA repeats, and
hence are ubiquitous and present in high copy number. Ribosomal
rDNA repeats often undergo rapid concerted evolution within and
between arrays (Baldwin et al., 1995; Alvarez and Wendel, 2003;
Nieto Feliner and Rosselld, 2007). The result of concerted evolution
is that individual copies are identical or nearly so, such that repeats
within a lineage appear to evolve more or less in unison because
inter-repeat sequence variation is reduced to a negligible level
due to sequence homogenization. Nevertheless, in recent years a
number of studies have shown that ITS polymorphism within indi-
viduals is quite common (Baldwin et al., 1995; Wendel et al., 1995;
O’Kane et al., 1996; Buckler-1V et al., 1997; Denduangboripant and
Cronk, 2000; Mayol and Rossell6, 2001; Bailey et al., 2003; Rossellé
et al., 2006, 2007; Nieto Feliner and Rosselld, 2007; Zhang and Ge,
2007; Kim et al., 2008; Goker and Grimm, 2008; Grimm and Denk,
2008; Pilotti et al., 2009). The presence of multiple paralogs, re-
combinant mosaic sequences or a mixture of both within a genome
are phenomena of ITS evolution in plants that need to be consid-
ered when conducting phylogenetic analysis (reviewed in Alvarez
and Wendel, 2003). This complexity may be increased following
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allopolyploidization, which merges divergent repeat types in a sin-
gle nucleus, thereby giving rise to at least an evolutionarily ephem-
eral coexistence of divergent ITS repeats (Volkov et al., 2007). A
number of studies demonstrated the diversity of outcomes of this
process, including maintenance of biparental rDNA repeats (e.g.,
Soltis and Soltis, 1991; O’Kane et al., 1996; Popp and Oxelman,
2001; Zhang et al., 2002), to loss of one parental copy (e.g., Wendel
et al,, 1995; Volkov et al., 1999; Kotseruba et al., 2003; Kovarik
et al., 2005, 2008; Matyasek et al., 2007; Kim et al., 2008), to the
origin of chimeric repeats (e.g., Volkov et al., 1999; Nieto Feliner
and Rossell6, 2007).

To better understand rDNA repeat interactions following geno-
mic mergers it is important to study the process in different natu-
ral polyploid systems. The genus Oryza is particularly appropriate
in this regards, as approximately half of the extant Oryza species
are considered to be allopolyploids derived from interspecific
hybridization (Gopalakrishnan et al., 1965; Vaughan, 1989,1994;
Ge et al,, 1999; Lu and Ge, 2005). Based on interspecific crossing,
subsequent cytogenetic analysis (review in Nayar, 1973), total
genomic DNA hybridization (Aggarwal et al., 1997), and compari-
sons of homoeologous DNA sequences (Ge et al., 1999), four
different genomic constitutions have been recognized among allo-
polyploid species (i.e., BBCC, CCDD, HHJJ and HHKK). Species with
the genomic compositions of BBCC and CCDD have been especially
well-studied phylogenetically. Cladistic analyses of multiple gene
sequences or microsatellite markers have clarified phylogenetic
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relationship among these Oryza polyploids and their diploids do-
nors (Ge et al., 1999; Bao and Ge, 2004; Bao et al., 2006). These data
show that BBCC species had multiple origins, with B genome
maternal parents for Asian species and C genome for African spe-
cies. All CCDD species derive from a maternal CC genome parent
and a paternal DD genome parent. Although no diploid, DD gen-
ome parent has been discovered to date, sequence analysis has
shown that EE genome species are closely related to the DD gen-
ome progenitor that gave rise to the CCDD species (Ge et al.,
1999; Bao and Ge, 2004). These clear relationships facilitate an
analysis of the pattern and direction of ITS homogenization follow-
ing allopolyploid formation.

Based on rDNA-FISH analysis, Chung et al. (2008) recently local-
ized rDNAs on chromosomes of Oryza species. They demonstrated
that allopolyploid species had four to eight rDNA loci in their hap-
loid genomes, and that these rDNA sites were not always additive
of their parental diploid rDNA array numbers.

In the present study, using cloning and sequencing of multiple
repeats per individual, we examined ITS polymorphism within
and among six Oryza allopolyploids having BBCC or CCDD gen-
omes, assessing nucleotide diversity among homologous ITS re-
peats and their origins. Our objective was to infer the
evolutionary outcome of reuniting two divergent ITS repeat types
in these allopolyploids, thereby providing some insight into the
consequences of allopolyploidization on ITS evolution in Oryza.

2. Materials and methods
2.1. Plant materials

A total of 25 Oryza accessions were used in this study, repre-
senting six allopolyploids and five diploids (Table 1). The allopo-
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lyploids included three species with BBCC genomes and three
with CCDD genomes. For the diploids, we selected one species each
with BB and EE genomes, and three with CC genomes. Also studied
were individual representatives of a diploid with a GG genome. The
latter taxon was selected as the phylogenetic outgroup, based on
earlier evidence that the species with GG genomes are sister to
the remainder of the genus (Wang et al., 1992; Ge et al., 1999;
Zou et al., 2008). In most cases, two accessions were selected per
taxon; exceptions were O. malampuzhaensis (three accessions)
and O. latifolia (four accessions).

Seeds were kindly provided by the Internal Rice Research Insti-
tute (IRRI, Manila, Philippines), except that the outgroup accession
(0. granulata) was collected from China. Seeds from each accession
were germinated following methods described previously by Bao
and Ge (2004) and kept in the greenhouse for DNA-extraction. Fur-
ther identities and genomic identification of these accessions are
described in Bao et al. (2005).

2.2. DNA-extraction, PCR, cloning, sequencing and ITS copy searching

Total DNA was extracted from fresh leaves, following extraction
methods described by Bao and Ge (2004). PCR amplification was
performed in 25 pl volumes of 10 mM Tris buffer (pH 8.3) contain-
ing 2.5 mM Mgcl,, 0.2 mM of each dNTP, 5 pM of each primer,
100 ng of template DNA and 0.75 U of Taq polymerase (Takaya).
In addition, 8% dimethylsulfoxide (DMSO) was added to the reac-
tion mixture to facilitate denaturation during PCR (Baldwin et al.,
1995). Two primers were used to amplify the ITS region, i.e., ITS5
(5’AGAAGTCGTAACAAGGTTTCCGTA3') near the 3’ end of the 18S
rRNA gene, and ITS4 (5'TCCTCCGCTTATTGATATGC3’) near the 5’
end of the 26S rRNA gene. The procedure for 35 cycles of amplifi-
cation was: 1 min denaturation at 94 °C, 1 min annealing at 52 °C,

Table 1
Materials used in the study, and nucleotide diversity of ITS sequences.

Taxa Acc. no. Genome Origin Seq. no. ITS type GenBank no. b4 Hap.

0. officinalis 105085 cC Philippines 6° C AF479067, EU574633-EU574637 0.0000 H_1
106159 Papua New Guinea 1° AF479063 0.0005" H_2

0. eichingeri 101422 cC Uganda 2° C AF479069, AY181995 0.0000 H_3
105159

O. rhizomatis 103410 cC Sri Lanka 2° C AF479065, AF479066 0.0000 H_4
105448

0. punctata 104071 BB Chad 10° B AF479070, AF479071 0.0023 H_7-H_10
105607 1? EU574638-EU574646 0.0022"

O. punctata 104059 BBCC Nigeria » B AF479074, AF479075 0.0017 H_11, H_12
105158 Kenya 2b C AF479077, AF479078 0.0034 H_5, H_6

0. minuta 104674 BBCC Philippines 31P AY188606-AY188636 0.0082 H_13- H_31
101082

0. malampuzhaensis 105223 BBCC India 27 B AY188637-AY188663 0.0035 H_32- H_38
105328
80764

0. alta 100161 CCDD Brazil 15° C AF513601-AF513606 0.0058 H_39- H_46
105143 Guyana AF514909-AF514917

0. grandiglumis 105664 CCDD Brazil 8> C AF520780, AF520781 0.0061 H_46- H_48
105669 AY151363-AY151368

0. latifolia 100914 CCDD Mexico 45P D AF513577-AF513600 0.0044 H_49- H_63
100167 Costa Rica AF513553-AF513564
105145 Colombia AY126015
105141 Costa Rica AY151355-AY151362

O. australiensis 105263 EE Australia 28 E AF520777, AF520778 0.0050
101144

0. granulata C0024 GG Hainan, China 1? G AF520779 —

7 refers to nucleotide diversity, according to Nei and Li (1979). Hap. refers to different haplotypes (cf. Fig. 1).

@ Refers to the sequences obtained by PCR sequencing.
" Denotes sequences obtained following cloning.

" Refers to the values obtained based on all sequences from species of O. officinalis or O. punctata.
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and 1.5 min extension at 72 °C. PCR was performed in a PTC-200
(Perkin Elmer) thermocycler. PCR products were electrophoresed
in 1.5% agarose gels, and DNA fragments corresponding to the ex-
pected size were cut from the gel and purified using a DNA Purifi-
cation Kit (Pharmacia) following the manufacturer’s instructions.
Purified products were sequenced directly or inserted into a
PGEM-T-easy vector (Promega) for cloning.

In general, PCR-purified products of diploids were sequenced
directly. In order to evaluate possible polymorphism within dip-
loids, PCR products from two accessions, representing the BB and
CC genomes, were cloned and sequences were obtained from indi-
vidual clones. This latter procedure was followed for all allopolyp-
loids. Sequencing was done on an ABI377 automated DNA
sequencer with a Dye Terminator Cycle Sequencing Reaction Kit
(PE Applied Biosystems). Both strands of the samples were se-
quenced. To avoid the influence of higher GC content during ITS
sequencing, 10% DMSO was added to the sequencing reactions
(Baldwin et al., 1995).

For purposes of identifying the genomic origin of individual
clones in the polyploid genomes, sequences of the diploids with
BB and CC were aligned and analyzed for the presence of diagnostic
restriction sites. This process revealed that the restriction enzyme
Saml could distinguish ITS clones originating from the B genome
from those originating from the C genome.

To evaluate whether ITS sequences in BBCC-genome polyploids
have both B and C genomic types, 40 clones of each accession were
digested with the restriction enzyme Saml and the digestion prod-
ucts were run in agarose gels. If the BBCC genome species dis-
played two kinds of profiles, two clones with different profiles
from each accession were sequenced. In cases where the restriction
enzyme could not detect different genomic types among clones,
27-31 randomly selected clones were sequenced. For CCDD gen-
ome species, because there is no DD diploid in nature, it was not
possible to design a diagnostic restriction site-based screening pro-
cedure, so we simply sequenced random clones (range of n = 8-45).

2.3. Data analysis

Sequences were aligned using ClustalW (Thompson et al., 1994)
and refined manually. To evaluate the consequences of homogeni-
zation, we estimated ITS polymorphism levels with nucleotide
diversity () (Nei and Li, 1979) and haplotype numbers (H), using
DnaSP v4.0 (Rozas and Rozas, 1999). In order to reduce false base
substitutions resulting from PCR polymerase mismatch, polymor-
phism observed in only one clone was removed from the analysis.
To detect the lineage relationships between ITS clones in polyp-
loids and those from their parental diploids, we conducted clone
genealogy by coalescent simulations using the Median-Joining
model as implemented in the Network v4.0 software (Bandelt
et al., 1999).

To further estimate phylogenetic “preference” for ITS repeats in
the allopolyploids, one sequence of each accession representing
different ITS copies from all polyploids and diploids were used
for an additional analysis. A total of 25 sequences were selected
randomly from each monophyletic clade of the clone genealogy,
and 2 EE genome diploid sequences and 1 GG genome outgroup se-
quence were also included. Maximum parsimony (MP), maximum
likelihood (ML), and Bayesian inference (BI) methods were all per-
formed for phylogenetic construction. MP and ML trees were
implemented with PAUP version 4.0 (Swofford, 2002), with the
branch-and-bound algorithm used for tree searching. Gaps were
treated as missing values and these sites were excluded from the
data matrix. Topological robustness was assessed by bootstrap
analysis with 1000 replicates (Felsenstein, 1985) for MP analysis
and with 500 replicates for ML analysis. ML and BI were both cal-
culated using the best nucleotide substitution model determined

by software Modeltest version 3.7 (Posada and Crandall, 1998).
BI was conducted using MRBayes 3.12 (Huelsenbeck and Ronquist,
2001) with MCMC estimation of posterior probability distributions.
Four chains of the MCMC were run each for 1,000,000 generations
and were sampled. For all analyses, the first 300 samples from each
run were discarded as burn-in to ensure that the chains reached
stationarity. Phylogenetic inferences were based on the trees sam-
pled after 30,000 generations.

3. Results
3.1. Polyploidy and ITS coexistence following genomic merger

A primary objective of the present study was to assess the fate
of divergent ITS sequences following their merger into a single nu-
cleus at the time of polyploidization. Notably, among the six polyp-
loids in the study, O. punctata was the only species in which two
types of ITS sequences were detected representing the contribu-
tions of the two progenitor genomes. In all others, only a single ba-
sic sequence type was detected.

3.2. Polymorphism of ITS sequences

Estimates of nucleotide diversity (7) and haplotype numbers
(H) are shown for each ITS genomic type in Table 1. Low levels of
polymorphism, with 7 in the range of 0.0000 (in O. officinalis) to
0.0023 (in O. punctata) were found in diploid clones within species.
Although high haplotype diversity was found within the BB diploid
species O. punctata, (4 haplotypes in only 10 sequences), the int-
erclonal differences were minor, involving only four point muta-
tions. These point mutations, however, would not have been
detected had we instead directly sequenced the PCR pool.

A variable level of polymorphism was observed among the
polyploid species. The most polymorphic ITS sequences were
found in O. minuta (7 =0.0082, H = 19), while the ITS fragments
of each genomic type in O. punctata were the least polymorphic
(B genome, 7 =0.0017; C genome, 7 = 0.0034). Not surprisingly,
ITS polymorphism levels were generally related to the number of
sequenced clones for both diploid and polyploid species.

3.3. Phylogenetic analysis

A total of 152 ITS clones were condensed into the 63 haplotypes
observed in this study (Table 1). A network of these haplotypes is
shown in Fig. 1. Haplotypes from same species were generally
grouped together. The most significant feature of the topology
was the existence of three clades (“B”, “C”, and “D” of Fig. 1), with
B separated from C and D by 12 and 18 mutations, respectively.
Clade C includes haplotypes from the species with the C genome,
i.e., the three CC-genome diploids O. officinalis, O. rhizomatis and
0. eichingeri, African BBCC-genome polyploids (O. punctata), and
American CCDD-genome polyploids (O. alta and O. grandiglumis).
Clade B contained all species with the B genome, i.e., African BB
diploids and BBCC polyploids (0. punctata) and Asian BBCC species
(0. malampuzhaensis and O. minuta). The third clade (D) included
sequences only from the remaining CCDD species (O. latifolia). Be-
cause the ITS haplotypes in this clade did not group with the C-
genome clade, these haplotypes might be representative of those
contributed by the “missing genome”, i.e. the D genome.

Phylogenetic analysis based on 28 representative clones rein-
forces the results based on the haplotype network. The strict con-
sensus of the eight most-parsimonious trees (length =160,
Cl =0.744, Rl = 0.869) is shown in Fig. 2. As with the haplotype net-
work, three monophyletic clades were also recovered from parsi-
mony analysis. The most notable feature of the MP tree was that
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Fig. 1. Haplotype network based on the 63 haplotypes detected among the 152 ITS
sequences. Open circles represent ITS haplotypes and the relative sizes of the circles
represent the sample size of each haplotype in the study. Filled circles represent the
median vectors. When more than one nucleotide difference exists between linked
haplotypes, this is indicated by the numbers next to the lines. Boxes include
corresponding genome types. Capital letters B, C and D denote specific Orzya
genomes.

divergent ITS repeat types from polyploidization grouped with
those from both putative parental species for one African BBCC
species, whereas for other polyploids only one ITS repeat type
was found, and as expected, in these cases the single ITS type

Q. alta
59/52/0.82 05 o liolumi
.5 . grandiglumis S
84/87/0.99 & 8 CCDD
. Q. alta
' 0.58 Eu.sz —————— O. grandiglumis

— O. officinalis

: L— 0. officinalis

100/100/1.00 ——  O. rhizomatis
CccC

0. rhizomatis
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0. punctata
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i % 0. punctata l BBCC
: 94/89/1.00 O. punctata
: —— O. punctata
B gom70.098 0. punctata l BB
93/93/0.99 0. minuta
| Q. minuta
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L— 0. malampuzhaensis
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0. latifolia

O. latifolia

D/E 99/96/1.00
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80/71/0.77 Q. latifolia
Q. latifolia
0. granulata | GG

Fig. 2. Strict consensus tree of the eight most-parsimonious trees (160 steps,
CI =0.744, Rl = 0.869) based on 28 representatives of ITS sequences. The topologies
obtained by Bayesian inference (—InL=1791.07) were the same except for the
nodes indicated in the figures. The numbers near branches are bootstrap percent-
ages of MP and ML trees, and are followed by Bayesian posterior probabilities.
Dashed lines indicated the nodes supported by Bayesian inference. Capital letters
above major clades and to the right of species names indicate corresponding
genome types.

grouped with sequences from one presumptive parental species
(Asian BBCC or American CCDD species). Three CCDD species
grouped with either the maternal (O. alta and O. grandiglumis) or
paternal (O. latifolia) species. Similar topologies were also found
using ML, with only a few differences in statistical support for
some clades (Fig. 2). Bayesian inference based on the best evolu-
tionary model of HKY+G (Hasegawa et al., 1985) with a transi-
tion-transversion ration of 1.921, and the sharp parameter of
0.014 generated only minor differences in topology from the for-
mer trees. The Bayesian inference weakly supported a clade includ-
ing the Asian, CC diploids, especially O. officianalis, with two CCDD
species (O. alta and O. grandiglumis), with 0.52 and 0.58 posterior
probability (PP), and weakly supported the grouping C genome
(CC diploids and African BBCC, two American CCDD polyploids)
and B genome (BB diploids and three BBCC polyploids) clades with
0.56 PP (Fig. 2).

3.4. Copy number validation

As pointed out by Baldwin et al. (1995), PCR “selection” and
“drift” can potentially lead to a pool of PCR products that includes
a biased representation of the paralogs present in a genome. To
mitigate against this possibility, we designed genome-specific
primers based on different ITS types. For the BBCC genome species,
the primer ITS4CF (5TCGCGGTCCGAGCCGGTC3') was designed
that amplified the C type of ITS sequences in combination with
ITS5. Although the fragments particular for the C genome were ob-
tained from all CC-genome diploids and polyploids of O. punctata,
they were not found in 0. malampuzhaensis and O. minuta (Fig. 3).

For the CD genome species, we designed and used two genome-
specific primers, ITS1CF (5 ACGGCGTCAAGGAACACATCGAC3'), spe-
cific to the C type of ITS sequence, and ITS1DF (5'CAC-
CACGAGGTGGTTAGTAATTT3’) specific to the D type of ITS
sequence. With the first primer, in combination with ITS4, we ob-
tained PCR product from all CC-genome diploids and two CCDD
species, i.e. O. alta and O. grandiglumis, but failed to obtain the cor-
responding product from O. latifolia. With the second primer and
ITS4 combination, specific to the D genome, we obtained PCR prod-
uct from O. latifolia, but failed to obtain the corresponding product
from O. alta and O. grandiglumis (Fig. 4). To test whether the rela-
tive concentration of total DNA of C and D genomes would affect
the PCR amplification of either type of ITS in the CCDD species,
we mixed total DNA of O. officinalis (CC) and O. latifolia (CCDD) or
in reverse with the following ratios: 1:1, 1:5 and 1:10 as the tem-
plate for amplification. Combined with the two genome-specific
primers, we evaluated the ability of PCR to amplify both ITS types
depending on their relative ratios. The result was shown in Fig. 4,
indicating PCR would work successfully for both types of ITS copies
despite of very low proportion of one of genome DNA. These exper-
iments confirmed that there was only one ITS copy in Asian polyp-
loids possessing BBCC genome and American polyploids possessing
CCDD genome.

M of rh ei PUPU MI MI MA MA MA pu pu

3.0 kb

0.6 kb

1 2 3 4 5 6 7 8 91011 12

Fig. 3. PCR amplification products with primers ITS1 and ITS4CF. The latter primer
is specific to C-genome repeat types in BBCC allopolyploids. M indicates a DNA size
marker. Letters above the figure are species abbreviation, with capital letters
denoting polyploid species. Notice the absence of amplification in 0. malampuzha-
ensis and O. minuta, for which only B-type ITS sequences were recovered (cf. Figs. 1
and 2). Primers are explained in the text.



140 Y. Bao et al./Molecular Phylogenetics and Evolution 55 (2010) 136-142

M rh ei of al gr la la la la mixImix2mix3 M
30kh - == 30kb
0.6kh — o —— — — — — 0.6kh
1 2 3 4 5 6 7T 8 9 1011 12 13 14
30kh - - 30kb
06kh ~ D6kb

- e e -
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Fig. 4. PCR amplification using primers ITSCF/ITSDF and ITS4. (A) The profiles of
PCR amplification products with primers ITSCF and ITS4. (B) The profiles of PCR
amplification products using primers ITSDF and ITS4. M indicates a DNA size
marker, while letters above the figure are species designations (cf. Table 1). Mixes
1-3 indicate products resulting from amplification following template mixing using
the CC diploid O. officinalis and the CCDD polyploid O. latifolia in the proportions 1:1,
1:5 and 1:10, respectively. Primers are explained in the text.

4. Discussion

ITS sequences have been the most popular source of DNA data
for plant phylogenetics for many years (Baldwin et al., 1995; Gre-
benstein et al., 1998; Jobst et al., 1998; Soltis and Soltis, 1998;
Hershkovitz et al., 1999; Baum et al., 2001; Horandl et al., 2005;
Nieto Feliner and RosselL6, 2007). One important reason for their
widespread exploitation is that ITS sequences are highly reiterated
as components of rDNA repeats and hence often are subject to ra-
pid homogenization through concerted evolution, which promotes
intragenomic uniformity of repeats even between loci on non-
homologous chromosomes (Baldwin et al., 1995). As a result, in-
tra-individual polymorphism has generally been considered to be
the exception rather than the rule for nrDNA (Hugall et al., 1999;
Wissemann, 1999, 2003; Mayol and Rossell6, 2001; Comes and Ab-
bott, 2001; Denk et al., 2002; Yonemori et al., 2002; Manen, 2004;
Siripun and Schilling, 2006). Nevertheless, the process of ITS evolu-
tion is complicated, especially in allopolyploid species (Alvarez and
Wendel, 2003; Denk et al., 2005; Volkov et al., 2007), which merge
different ITS repeats contributed by parental donors into a single
genome (e.g., Baldwin et al., 1995; Wendel et al., 1995; O’Kane
et al., 1996; Buckler-IV et al., 1997; Mayol and Rossell, 2001;
Kovarik et al., 2005, 2008; Matyasek et al., 2007).

In principle, there are three evolutionary outcomes of this mer-
ger. First, two divergent rDNA copies may be retained and evolve
independently without interaction, because concerted evolution
fails to act across repeat units contributed by different parental
species. Examples of this include Arabidopsis (O’Kane et al.,
1996), Silene (Popp and Oxelman, 2001), and Triticum (Zhang
et al., 2002). A second possibility is that one rDNA type would be
lost either through loss of an entire duplicated array or via interlo-
cus homogenization, the latter comprising directional concerted
evolution. In allopolyploid cotton (Wendel et al., 1995), Paeonia
(Sang et al., 1995), Nicotiana (Volkov et al., 1999), Zingeria tricho-
poda (Kotseruba et al., 2003), and Persicaria (Kim et al., 2008), for
example, a single type of rDNA repeat from either the maternal
or paternal parent is retained in different allopolyploids. The situ-
ation is more variable within the recently formed and model allop-
olyploids Tragopogon mirus and T. miscellus, where variable levels
of repeat bias are observed among individuals and populations,
with a trend toward elimination of repeats from one (T. dubius)
of the two parental diploid genomes (Kovarik et al., 2005; Maty-
asek et al., 2007; Lim et al., 2008). A third evolutionary possibility
is a mosaic of two different rDNA types, potentially homogenizing
to a new rDNA type unlike that of either progenitor parent. In allo-

polyploid Nicotiana (Volkov et al., 2007), for example, 35S rDNA
units have been replaced by novel variants. In the present study,
the first two of these three classes of outcomes were observed in
Oryza allopolyploids. It is difficult to entirely exclude the third class
(fixation of a recombinant or mosaic repeat type) without extant
diploids and a precise knowledge of the ancestral conditions,
although inspection of our data yielded no evidence suggestive of
this possibility.

Maintenance of both parental types of ITS repeats was observed
in only one Oryza allopolyploid, the African, BBCC polyploid O.
punctata. This was not the case, however, for the two Asian, BBCC
polyploids, where directional concerted evolution has resulted in
homogenization to only the B type of ITS repeat. Similarly, direc-
tional evolution appears to dominate ITS evolution within CCDD
allopolyploids, where in each species only a single basic ITS type
was recovered. Notably, this directional concerted evolution is
bidirectional, with the American O. alta and O. grandiglumis exhib-
iting only a C-type ITS repeat, whereas the D-type repeat was ob-
served in O. latifolia. Recently, a study based on FISH revealed
that among the Oryza polyploids, only one allopolyploid species
(0. punctata; BBCC genome) showed additivity of diploid parental
rDNAs (Chung et al., 2008). These authors also found evidence of
genome-diagnostic rDNA loci. One rDNA site at the end of the short
arm of chromosome 4 appeared specific to species with the BB gen-
ome, as it was found in O. punctata (BB), O. punctata (BBCC) and O.
minuta (BBCC), respectively. A second rDNA locus, in the proximal
region of the short arm of chromosome 5, was specific to CC gen-
ome species, as it was observed in O. officinalis (CC), O. punctata
(BBCC), and O. grandiglumis (CCDD). Interestingly, these putative
CC genome repeat types were not detected in O. minuta (BBCC)
and O. latifolia (CCDD), although both have CC genomes found.
These data corroborate our results based on sequence analysis.

When considered together, a diversity of outcomes is revealed
for ITS evolution following allopolyploidization in Oryza, which
has several parallels in other angiosperm genera studied to date
(Franzke and Mummenhoff, 1999; Kovarik et al., 2008). Perhaps
the most relevant examples come from the analyses of Nicotiana
allopolyploids (Kovarik et al., 2008), where, for example, the three
natural allopolyploids N. tabacum, N. rustica, and N. arentsii, which
vary in antiquity of origin, have experienced different degrees of
parental gene replacement. The extent of rDNA sequence homoge-
nization decreases in the order of N. arentsii, N. tabacum, and N. rus-
tica. Kovarik et al. (2008) further suggested that expression
patterns of ribosomal loci may be epigenetically established even
in the initial hybrids, which then may influence subsequent evolu-
tionary patterns of rDNA homogenization and retention; those that
are epigenetically silenced were suggested to be less vulnerable to
sequence homogenization but more subject to ultimate mutational
obliteration. In this respect Kovarik et al. (2008) suggest that only
about one million years would be required to for sequence deletion
of epigenetically silenced arrays. Work in Tragopogon allopolyp-
loids, many of which formed as recently as within the last century,
illustrates that the temporal dependence of inter-array homogeni-
zation may operate on surprisingly brief timescales, in the initial
generations following allopolyploid formation, where genomes
experience a highly labile phase prior to stabilization (Kovarik
et al.,, 2005; Matyasek et al., 2007; Lim et al., 2008). This is evi-
denced by highly variable levels of inter-array homogenization,
loss of parental repeats, and a range of expression bias ranging
from partial to complete nucleolar dominance. Similar examples
of variable and rapid homogenization have been demonstrated in
other systems, including in Armeria, where biased homogenization
arises as early as the F, generation following interspecific hybrid-
ization (Fuertes Aguilar et al., 1999), and in Cardamine, where both
biased homogenization and repeat maintenance was observed in
newly derived allopolyploids (Franzke and Mummenhoff, 1999).



Y. Bao et al./ Molecular Phylogenetics and Evolution 55 (2010) 136-142 141

These interrelationships between age of formation, repeat loss
vs. sequence homogenization, and epigenetic silencing of particu-
lar arrays represent promising directions for future studies of Orzya
allopolyploids. Our previous work revealed that African and Asian
polyploids with BBCC genomes originated at least three times (Bao
et al., 2006). Given that these BBCC polyploids originated from dif-
ferent speciation events, and that the African polyploid exhibiting
both B and C repeat types (O. punctata) might have originated more
recently than their Asian counterparts that exhibited complete
directional homogenization (the other BBCC allopolyploids), one
possible explanation for incomplete homogenization in O. punctata
is that there simply has not been sufficient time for interlocus
homogenization to operate to completion.

One noteworthy result in the present study is the bi-directional
interlocus concerted evolution pattern in polyploids having the
genomic composition of CCDD. Bidirectional concerted evolution
was first described in Gossypium, where Wendel et al. (1995) re-
ported that among the five allopolyploid cottons with AADD
genomes, four had ITS copies that had been homogenizing to an
AA-genome repeat type, whereas one had ITS repeats that had con-
certed to a DD-genome repeat type. They suggested as possible
mechanisms of interlocus homogenization mitotic or meiotic un-
equal crossing over between repeats located on different chromo-
somes. Based on rDNA-FISH, Chung et al. (2008) found that two
rDNA loci on chromosome 5 and chromosome 10 inherited from
the CC genome were lost in O. latifolia (CCDD) and the number
and distribution of rDNA sites in O. grandiglumis were modified.
They attributed this loss and modification to possible homoeolo-
gous pairing, unequal crossing over or amplification, or other cyto-
genetic anomalies. Alternatively, the possibility exists that
functionally or selectively unequal repeated families could become
united in common nucleolus as a consequence of polyploidization
(or diploid hybridization) and thereby provide the opportunity for
differential selection (Wendel et al., 1995). This has been noted
more recently and discussed in light of the possible connections
to expression dominance relationships, as proposed for Tragopogon
(Matyasek et al., 2007) and Nicotiana (Kovarik et al., 2008)
allopolyploids.

The present study adds to our growing understanding of the
complexity of ribosomal DNA evolution in flowering plants, partic-
ularly when hybridization and/or allopolyploidization is involved.
Here we have shown how a diverse array of ITS outcomes is possi-
ble even within a single genus, drawing attention both to this
molecular evolutionary possibility as well as its implications for
phylogenetics. Future work involving additional polyploids and
the connections between gene expression and the fate of divergent
ITS repeat types following genomic mergers will further illuminate
these aspects of ITS evolution in plants.
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