Copyright © 2002 by the Genetics Society of America

Highly Condensed Potato Pericentromeric Heterochromatin Contains
rDNA-Related Tandem Repeats

Robert M. Stupar,' Junqi Song,' Ahmet L. Tek, Zhukuan Cheng,
Fenggao Dong and Jiming Jiang®
Department of Horticulture, University of Wisconsin, Madison, Wisconsin 53706

Manuscript received January 24, 2002
Accepted for publication August 16, 2002

ABSTRACT

The heterochromatin in eukaryotic genomes represents gene-poor regions and contains highly repetitive
DNA sequences. The origin and evolution of DNA sequences in the heterochromatic regions are poorly
understood. Here we report a unique class of pericentromeric heterochromatin consisting of DNA se-
quences highly homologous to the intergenic spacer (IGS) of the 18S+25S ribosomal RNA genes in potato.
A 5.9-kb tandem repeat, named 2D8, was isolated from a diploid potato species Solanum bulbocastanum.
Sequence analysis indicates that the 2D8 repeat is related to the IGS of potato rDNA. This repeat is
associated with highly condensed pericentromeric heterochromatin at several hemizygous loci. The 2D8
repeat is highly variable in structure and copy number throughout the Solanum genus, suggesting that
it is evolutionarily dynamic. Additional IGS-related repetitive DNA elements were also identified in the
potato genome. The possible mechanism of the origin and evolution of the IGS-related repeats is discussed.
We demonstrate that potato serves as an interesting model for studying repetitive DNA families because
itis propagated vegetatively, thus minimizing the meiotic mechanisms that can remove novel DNA repeats.

HE term heterochromatin was first used by Emil

Herrz (1928) to describe condensed regions of plant
and animal karyotypes. Heterochromatin can be distin-
guished from euchromatin by a number of cytological
staining techniques. Euchromatin is lightly stained and
is generally associated with transcriptional activity. Het-
erochromatin is cytologically defined as darkly stained
and deeply condensed chromatin and is often associated
with transcriptional inactivity, late DNA replication, sup-
pressed genetic recombination, and silencing of euchro-
matic genes (reviewed by RENAULD and GASSER 1997;
WALLRATH 1998). Molecular characterization of cyto-
logically defined heterochromatin features is often a
daunting task because of the complex and repetitive
nature of the DNA sequences associated with most het-
erochromatin. For example, the centromeric regions of
all human and Arabidopsis thaliana chromosomes and the
entire heterochromatin portion of the Drosophila melano-
gaster genome could not be sequenced by the most ad-
vanced sequencing technologies (Apams et al. 2000; ARA-
BIDOPSIS GENOME INITIATIVE 2000; INTERNATIONAL
HumaN GENOME SEQUENCING CONsORTIUM 2001).
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The association of transposable elements and satellite
repeats with heterochromatin has been extensively doc-
umented (reviewed by CsINK and HENIKOFF 1998; BEN-
NETZEN 2000). However, the origin of heterochromatin-
associated DNA, especially the nontransposon sequences,
is poorly understood. Short, simple repetitive sequence
motifs, independent of selective pressure, are believed
to develop the higher-order sequence periodicity of typi-
cal heterochromatic DNA (Hancock 1996). Therefore,
heterochromatin is thought to spawn from “seed” se-
quences, which spread heterochromatic behavior by
expanding tandem duplications (reviewed by RepI et al.
2001). Replication slippage, unequal crossing over, and
rolling-circle amplification are among the proposed mech-
anisms of tandem-repeat amplification (RocHAIX el al
1974; DovER 1986; FLAVELL 1986; STRAND ¢ al. 1993).

Here we report the discovery of a unique class of
pericentromeric heterochromatin consisting of a tan-
demly repeated DNA element, named 2D8 repeat, that
is highly homologous to the intergenic spacer (IGS) of
the 185258 ribosomal RNA genes in potato. The IGS-
related repeats are highly variable in structure and copy
number throughout the Solanum genus, suggesting that
these repeats are evolutionary dynamic. The 2D8 repeat
is a rare heterochromatin-associated DNA element that
shows homology to DNA sequences with known func-
tion.

MATERIALS AND METHODS

Plant materials: The bacterial artificial chromosome (BAC)
clones used in this study were derived from two BAC libraries.
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One library was constructed from clone PT29 of Solanwum bulbo-
castanum (SONG et al. 2000), a diploid (2n = 2x = 24) wild
relative of cultivated potato. The second library was con-
structed from haploid clone USWI1 (2n = 2x = 24), derived
from potato (S. tuberosum, 2n = 4x = 48) variety Katahdin.
Other Solanum and related species used in the study were
provided by Dr. David Spooner from the U.S. Department of
Agriculture-Agricultural Research Service and Department of
Horticulture, University of Wisconsin-Madison. These species
included S. morelliforme, S. cardiophyllum (spp. cardiophyllum),
S. lesteri, S. capsicibaccatum, S. chacoense (spp. chacoense), S. boli-
viense, S. infundibuliforme, S. agrimonifolium, S. albornozii, S. verru-
cosum, S. multidissectum, S. oplocense, S. curtilobum, S. fendleri (spp.
Jendleri), S. iopetalum, S. etuberosum, S. suaveolens, S. muricatum, S.
taeniotrichum, S. appendiculatum, S. dulcamara, S. ochranthum, S.
pseudocapsicum, S. diploconos, Lycopersicon esculentum, and Capsi-
cum pubescens.

Isolation, sequencing, and sequence analysis of repetitive
DNA elements: BAC DNAs were isolated using standard alka-
line lysis methods (SONG et al. 2000). BAC clone 2D8 was
digested with HindIIl and the DNA fragments were separated
by agarose gel electrophoresis. The two resulting fragments,
5.9 and 8.8 kb, respectively, were subcloned into plasmid
pUCI18. Sequencing of the subclones was conducted using an
ABI Prism automated DNA sequencer at the University of
Wisconsin Biotechnology Center. BLAST similarity searches
were performed using the BLASTN algorithm. All further
sequence analyses were performed using the Lasergene '99
software package (DNAStar, Madison, WI).

Statistical analyses were performed to test if specific motifs
were occurring at a disportionately high frequency in the
sequenced subclones. The known frequencies of A, T, C, and
G bases for each sequence of interest were used to calculate
the expected frequency of autonomously replicating sequence
(ARS) consensus sequence (ACS) motifs (5'-WTTTAYRT
TTW-3") for all bases arranged at random. The analysis was
conducted at two stringencies, expected frequencies for 9/11
base matches and 11/11 base matches. The expected match
frequency was then compared with the observed match fre-
quency by chi-square analysis to identify significant deviations
from the expected ACS-related frequencies. A similar search
was performed for A-tract sequences =6 consecutive adenine
bases. For each sequence of interest, the known frequency of
adenine bases was used to generate the expected total number
of adenine bases involved in A-tracts =6. The total number
of expected A-tract bases for one 5" — 3’ sequence direction
was calculated according to the equation

Expected Adenines in tracts (=6) = Total Bases

5
X [%A = (3 n(%A)"(%Not A)?)]
n=1

where n represents the total base length of the A-tract. The
number of residues expected to be within A-tracts was then
compared with the number of A-tract residues observed. Chi-
square analysis was performed to identify significant deviations
from the expected abundance of A-tract residues.
Fluorescence in situ hybridization: Haploid S. tuberosum
clone USW1 and S. bulbocastanum clone PT29 were used for
cytological studies. These two clones were also used for BAC
library constructions. Chromosome and DNA fiber prepara-
tions were according to published protocols (JACKSON et al.
1998; DONG et al. 2000). Plasmid pTa71, which contains the
coding sequences for the 185¢26S ribosomal RNA genes of
wheat (GERLACH and BEDBROOK 1979), was used as a TDNA
probe. The DNA was labeled with either digoxigenin-11-dUTP
or biotin-16-dUTP. Probe preparations and signal detection
for fluorescence in situ hybridization (FISH) and fiber-FISH
were described previously (JACKSON et al. 1998; DONG et al.
2000). Chromosomes were counterstained by propidium io-

dide (PI) or 4',6-diamidino-2-phenylindole (DAPI) in Vecta-
shield antifade solution (Vector Laboratories, Burlingame,
CA). All images were captured digitally using a SenSys charge-
coupled device (CCD) camera (Roper Scientific, Tucson, AZ)
attached to an Olympus BX60 epifluorescence microscope.
The CCD camera was controlled using IPLab Spectrum v3.1
software (Signal Analytics, Vienna, VA) on a Macintosh com-
puter. Gray scale images were captured for each color channel
and then merged. The final images were adjusted with Adobe
Photoshop 5.1 (Adobe Systems, San Jose, CA).

Southern and dot-blot hybridizations: Genomic DNAs were
isolated from leaf tissue of the plant species. DNA samples were
digested with appropriate restriction enzymes. DNA fragments
were separated by agarose electrophoresis and transferred to
Hybond-N* membrane (Amersham Biosciences, Piscataway,
NJ). Prehybridization and hybridization were performed at
65° in 5X SSC, 0.5% SDS, 0.02 M NaPO, (pH 6.5), 2 mMm
EDTA, 10 mm Tris (pH 7.4), and 0.02% denatured salmon
sperm DNA. The membrane was hybridized with **P-labeled
DNA probes for 24 hr. Following hybridization, the membrane
was sequentially washed with 2X SSC + 0.1% SDS and 0.5X
SSC + 0.1% SDS at 65° for 15 min each. The radioactive
membrane was then exposed to X-ray film.

DNA samples used for dot-blot analysis were further purified
through a cesium chloride gradient. Dot-blot hybridization
was performed essentially as described by MILLER et al. (1998).

RESULTS

The 2D8 repeat is associated with highly condensed
pericentromeric heterochromatin: To identify potato
BACGs containing highly repetitive DNA sequences, fil-
ters prepared from a S. bulbocastanum BAC library (SONG
et al. 2000) were screened using a small amount of
S. bulbocastanum genomic DNA as a probe. Clone 2D8
showed one of the strongest hybridization signals to the
genomic DNA, suggesting that this BAC may contain
one of the most repetitive DNA elements in the potato
genome. Pulsed-field gel electrophoresis analysis showed
that the insert size of 2D8 is ~230 kb. The HindIII
restriction pattern of 2D8 gave only three bands: a
strong band at 5.9 kb, a relatively weaker band at 8.8
kb, and the BAC vector band at 7.4 kb (Figure 1A).
These results indicate that the insert of BAC 2D8 con-
tains mainly a 5.9-kb tandem repeat. This 5.9-kb band
was subcloned for further analysis and was named the
“2D8 repeat.” Southern hybridization of the 2D8 repeat
to Hindlll-digested genomic DNA of S. bulbocastanum
verified the presence of a 5.9-kb repetitive unit, together
with six additional bands of greater size (Figure 1B). The
majority of the 2D8-related DNA remained undigested,
presumably due to lack of HindIII restriction sites within
many 2D8 sequences (Figure 1B).

FISH analysis of a 5.9-kb subclone on the somatic
metaphase chromosomes of a haploid S. tuberosum clone
USWI revealed a single hemizygous hybridization site
near the centromere of an unidentified chromosome
(Figure 2, A-D). Weak FISH signals were observed at the
nucleolus organizing regions (NOR). The cross-hybrid-
ization of the 2D8 repeat to NOR was confirmed by
FISH analysis using a rDNA probe, pTa71 (Figure 2,
B-D). FISH analysis on meiotic pachytene chromo-
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FIGURE 1.—(A) Agarose gel electrophoresis of BAC 2D8
following HindIII digestion (right lane). BAC 2D8 produces
a strong 5.9-kb band and a much weaker 8.8-kb band. The
marker lane (left) is lambda DNA digested with HindIII. (B)
Southern blot hybridization using the 5.9-kb 2D8 subclone as
a probe on HindlIll-digested genomic DNA of S. bulbocastanum
(left lane) and undigested S. bulbocastanum DNA (right lane).
The Hindlll-digested DNA sample shows the expected band
at ~5.9 kb.

somes of USWI revealed the expected single location
of the 2D8 repeat. In early pachytene chromosomes the
FISH signal is associated with a conspicuous heterochro-
matic feature that is brightly stained by DAPI (Figure
2, E-G). The 2D8-associated region is highly condensed
and appears similar to the knobs of maize pachytene
chromosomes described by McCLINTOCK (1929). Cross-
hybridization of the 2D8 probe to the NOR was also
observed in the pachytene phase in USW1 (Figure 2F).

In S. bulbocastanum, two strong, one intermediate, and
one weak FISH signal were detected on four somatic
metaphase chromosomes, with all signals located near
the centromeric regions (Figure 2, H-]). Hybridization
of 2D8 to NOR on S. bulbocastanum chromosomes was
also observed (data not shown) but the cross-hybridiza-
tion signals were not as strong as those observed in
USWI. FISH on S. bulbocastanum pachytene chromo-
somes also yielded four distinct signals (Figure 2L),
indicating that the four loci do not pair with one another
and are therefore hemizygous. The high resolution pa-
chytene FISH signals confirmed the pericentromeric
locations of the 2D8 repeat (Figure 2M). The pachytene
regions associated with the FISH signals are brightly
stained by DAPI and highly condensed as compared to
the distal euchromatic regions.

The 2D8 repeat is homologous to the IGS sequence of
potato rDNA: One 5.9-kb 2D8 subclone was completely
sequenced. This 5862-bp sequence consists of two di-
verged monomers of similar size and composition (Gen-
Bank accession no. AF473838). Each 2D8 monomer
includes a cluster of AT-rich and a cluster of GC-rich
subrepeats. Figure 3 shows the nested organization of
repeats within BAC 2D8.

The dot-matrix display indicates a tandem-repetitive
nature of sequences within the AT and GC-rich subre-
peat clusters, with subrepeats displaying imperfect struc-

tural homology to one another (Figure 4A). The two
monomeric units also display significant repeat diver-
gence relative to one another. However, forward and
reverse end-sequence analysis of five additional 5.9-kb
subclones and two 8.8-kb subclones revealed a >98%
sequence identity among all subclones. These results
suggest that the 2D8 sequence is highly conserved
among higher-order repeats of 5.9 and 8.8 kb, with the
8.8-kb fragments likely representing trimeric derivatives
of the 5.9-kb dimer.

BLAST search revealed a high sequence homology
(Evalue = 4¢-26) of the 2D8 repeat to the IGS sequence
of potato rDNA. The AT-rich and GC-rich subrepeat
clusters each match the compatible domains of the po-
tato rDNA IGS sequence (Figure 4B). Although the 2D8
sequence has diverged from the IGS sequence, the 2D8
repeat still maintains the ~74- and ~54-bp GC-rich re-
peats associated with the IGS, identified by BORISJUK
and HEMLEBEN (1993).

Despite high sequence homology, the 2D8 sequence
appears to be significantly diverged from the IGS.
Borisjuk and HEMLEBEN (1993) reported the presence
of a ATATATAAGGGGGG putative RNA polymerase 1
transcription initiation site (TIS) sequence within the
potato IGS. The 2D8 dimer contains no such sites. The
most similar sites within the 2D8 sequence match only
10 of the 14 bases specified by Borisjuk and HEMLEBEN
(1993). There are no matches in the 2D8 sequence to
any of the forms of the IGS TIS sites previously described
in plants (PERRY and PALUKAITIS 1990).

Additionally, the AT-rich subrepeat clusters are far
longer in the 2D8 repeat than in the IGS (Figure 4B).
We also sequenced a 2.1-kb fragment from a BAC clone
105N20 (GenBank accession no. AF473839), which was
isolated from a BAC library constructed from S. tubero-
sum haploid USW1. BAC 105N20 was identified due to
its hybridization to the 2D8 repeat. A large, homologous
AT-rich cluster was also identified in 1056N20. We tested
whether specific sequence motifs were prevalent in the
AT-rich repeat clusters of the 2D8 and 105N20 sequences.
We found that these regions contain an abundance of
motifs related to the ARS ACS motif (5'-WTTTAYRTTTW-
3"). The observed frequency of ACS-related elements in
the 2D8 and 105N20 repeats is significantly greater than
would be expected of a random arrangement of se-
quences with the known base compositions of the AT-
rich domains (Table 1). Likewise, A-tract sequences of
=6 consecutive adenine bases, which are known to asso-
ciate with DNA bending and scaffold attachment re-
gions (SARs; Koo et al. 1986; BouLikas 1995), were also
found to be more abundant than would be expected
for the known AT bases frequencies (Table 2).

Organization and distribution of the 2D8 repeat in
the potato genome: FISH analysis on extended DNA
fibers prepared from both USWI1 and S. bulbocastanum
generated long and contiguous beaded signals, con-
firming that the 2D8 repeat is organized as long tandem
arrays. Applying the 2.87-kb/um fiber-FISH calibration
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F1GURE 2.—FISH analyses of the 2D8 repeat in S. tuberosum and S. bulbocastanum. (A) Somatic metaphase chromosomes of
haploid S. tuberosum clone USW1; (B) FISH signals derived from the 2D8 repeat; (C) FISH signals derived from a rDNA probe
pTa71; (D) a merged image. Arrows in B point to the cross-hybridization of the 2D8 repeat to the NOR. (E) Meiotic pachytene
chromosomes of haploid S. tuberosum clone USW1; (F) FISH signals derived from the 2D8 repeat; (G) a merged image. The
FISH signal (arrows in F and G) is located on a conspicuous heterochromatic knob (arrow in E). The arrowheads (F) point to
the cross-hybridization of the 2D8 repeat to the NOR. (H) Somatic metaphase chromosomes of S. bulbocastanum; (I) FISH signals
derived from the 2D8 repeat; (J) a merged image. Two strong, one intermediate, and one weak hybridization were detected on
four different chromosomes. All four hybridization sites are located close to the centromeres of the chromosomes (J). (K)
Meiotic pachytene chromosomes of S. bulbocastanum; (L) FISH signals derived from the 2D8 repeat; (M) a merged image. Arrows
in M point to the centromeres of three pachytene bivalents. Bars: D and J, 5 pm; G and M, 10 pm.

parameter (JACKSON et al. 1998), contiguous signals for (JACKSON et al. 1998). Figure 5A shows an ~1.8-Mb fiber-
individual fibers in USW1 were observed upward of 2 FISH signal observed in USWI.
Mb, the limit of the fiber-FISH technique in plants Dot-blot hybridization was used to estimate the copy
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F1GUre 3.—Structure of the 2D8 repeat. Each 5.9-kb unit
is partitioned into a dimeric substructure in which the mono-
mers show some divergence from one another. The ~3-kb
monomers consist of AT-rich and GC-rich subrepeat clusters.

number of the 2D8 repeat in potato. Using the DNA
content standard of 1.8 pg/1C for the potato genome
(ARUMUGANATHAN and EARLE 1991), we estimated that
the 2D8-related sequence occupies ~7 and 3.5 Mb of
the S. bulbocastanum (PT29, including four 2D8 loci)
and USWI1 (a single 2D8 locus) genomes, respectively
(Figure 6).

Conservation of the 2D8 repeat was analyzed by
Southern blot analysis across a wide range of Solanum
species and related taxa. Figure 7 shows that 2D8-related
sequences were detected in all tuber-bearing species
from Solanum section Petota, including representative
species from all four groups in series Tuberosa (HAWKES
1990; SpooNER and CasTiLLo 1997), and non-tuber-
bearing species S. etuberosum (section Etuberosum) and
S. ochranthum (section Juglandifolium; SPOONER et al.
1993). Particularly intense signals were observed from
S. agrimonifolium, S. albornozii, and S. fendleri, suggesting
that these species contain an especially high copy num-
ber of 2D8-related sequences. The Southern hybridiza-
tion results also indicate that copy number and restric-
tion patterns of the 2D8-related sequences display no
strong correlation with relatedness among taxa, indicat-
ing that the repeat family may be evolutionarily dy-
namic, capable of rapid expansion, contraction, and
structural alterations.

The distribution of the 2D8-related sequences was
also studied among distantly related Solanum sections
(SPOONER et al. 1993). Hybridization to the 2D8 repeat
was detected in the following outgroups: S. diploconos,
S. muricatum, S. taeniotrichum, S. appendiculatum, and Ly-
copersicum esculentum. However, the 2D8 probe failed to
hybridize to the species within the following outgroups:
S. pseudocapsicum, S. suaveolens, S. dulcamara, and C. pu-
bescens. The 2D8 probe also failed to hybridize to species
of various distantly related taxa, such as tobacco, soy-
bean, and Arabidopsis (data not shown).

Southern hybridization was further used to study the
DNA methylation status of the 2D8 repeat in S. bulbocas-
tanum and USW1 (Figure 8). Genomic DNAs were di-
gested by methylation-sensitive and -insensitive isoschiz-
omers, blotted, and probed with the 5.9-kb 2D8 clone.
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FIGURE 4.—Dot-matrix analyses of the 2D8 repeat. (A) A
self comparison of the 2D8 subclone was generated using
the MegAlign application from the Lazergene '99 software
package. The matrix stringency was set to 32/50 identical
nucleotides. The dimeric structure of the subclone is observed
as two discrete monomers, with each consisting of AT-rich
subrepeats adjacent to GCrich subrepeats. (B) Dot-matrix
comparison of the 5.9-kb 2D8 subclone and the potato rDNA
IGS. The matrix stringency was set to 21,/30 identical nucleo-
tides. The 2D8 sequence displays exclusive homology to both
the GC-rich and the AT-rich regions of the potato IGS. The AT-
rich alignments appear elongated and rectangular in shape
because the repeat cluster is much larger in the 2D8 repeat
than in the potato IGS.

Both EcoRII and BsiNI cleave the CC(A/T)GG site, but
only EcoRII is sensitive to methylation of the interior
cytosine. The differential restriction patterns between
EcoRII and BsiNI digestions (Figure 8) indicate extensive
methylation at the CNG cytosine residues within the
2D8 sequences in both S. bulbocastanumand S. tuberosum.
Hpall and Mspl recognize the CCGG sequence, but nei-
ther can cut when the 5" C is methylated. Only Mspl,
not Hpall, can cleave if the internal C is methylated.
Figure 8 shows that the restriction patterns of the Hpall
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TABLE 1

Sequence analysis of 11-bp reading frames that exhibit ACS-related sequences within the AT-rich regions of
the 2D8 and 105N20 repeats and the potato rDNA IGS

Exp. ACS Obs. ACS
Sequence Total bases % AT 9/11) (9/11) Chi-square P value
2D8 AT cluster 1 1217 82.82 80.3 105 7.57 0.0059%*
2D8 AT cluster 2 1179 81.34 72.6 97 8.17 0.0043*
105N20 AT cluster 2065 82.96 133.0 185 20.3 <0.0001*
Potato IGS 367 79.56 18.2 28 5.26 0.0219
(11/11) (11/11)

2D8 AT cluster 1 1217 82.82 1.20 7 28.1 <0.0001*
2D8 AT cluster 2 1179 81.34 1.06 3 3.52 0.0607
105N20 AT cluster 2065 82.96 1.91 5 5.02 0.025
Potato IGS 367 79.56 0.24 1 2.47 0.1157

*Significant difference (P = 0.01) between observed

Exp., expected; obs., observed.

and Mspl digestions are similar. The fact that Hpall
cut the 2D8 loci of both genomes and shares some
prominent bands with Mspl indicates that some CG cyto-
sines are unmethylated within the repetitive locus. This
is in contrast to previous reports in which 5’-methylation
is complete at CG cytosines in repetitive plant DNA (BEN-
NETZEN el al. 1994; MILLER et al. 1998; CHENG el al. 2001).

Additional IGS-—related DNA sequences in the potato
genome: We identified additional clones in the S. bulbo-
castanum BAC library that contain sequences related to
the rDNA IGS. One such BAC, 26]19, is structurally
similar to BAC 2D8. HindIIl digestion of BAC 26]19
produced only six fragments ranging from 6 to 10 kb.
End sequencing of plasmid clones containing these frag-
ments revealed high sequence similarity with potato
rDNA IGS (data not shown). FISH analysis showed that
BAC 26]19 hybridizes to two S. bulbocastanum chromo-
somes that also bear a 2D8 locus (Figure 5E). On one
chromosome the 26]J19 locus is centromere-proximal to
the 2D8 locus, while on the other chromosome the
26J19 locus is centromere-distal to the 2D8 locus. Cross-
hybridization of 26]J19 with NOR was also observed in
FISH experiments. Interestingly, no significant cross-
hybridization between the 2D8 and 26]J19 probes was
observed (Figure 5, B-E).

and expected frequencies of ACS-related elements.

Another BAC 4A4 was also identified by its strong
hybridization to the potato genomic DNA. HindIII di-
gestion of 4A4 produced numerous bands, suggesting
a different structure from that of BAC clones 2D8 and
26]J19. Several HindIII fragments of BAC 4A4 were sub-
cloned and end sequenced. Sequences related to both
rDNA spacer and rDNA coding regions were found in
these subclones. Only one major locus was detected in
S. bulbocastanumwhen BAC 4A4 was used as a FISH probe
(Figure 5G). The 4A4 locus is located on a S. bulbocas-
tanum chromosome that also carries a major 2D8 locus.
Faint cross-hybridization of BAC 4A4 to the 2D8 loci in
S. bulbocastanum was observed in some cells (Figure 5G).
Similarly, cross-hybridization of the 2D8 probe to the
4A4 locus was also observed on some pachytene chromo-
somes (Figure bH).

DISCUSSION

We have discovered a tandem repeat, 2D8, which is
associated with the pericentromeric heterochromatin
in potato. The most interesting characteristic of the 2D8
repeat is its high homology to the rDNA IGS sequence.
Three different scenarios can explain this relationship:
(1) The 2D8 repeat elements are derived from the IGS

TABLE 2

Number of nucleotides involved in A-tracts =6 bp within the AT-rich regions of the
2D8 and 105N20 repeats and the potato rDNA IGS

Exp. A-tract Obs. A-tract
Sequence Total bases % AT bases bases Chi-square Pvalue
2D8 AT cluster 1 1217 82.82 76.0 160 92.9 <0.0001*
2D8 AT cluster 2 1179 81.34 76.1 154 79.8 <0.0001*
105N20 AT cluster 2065 82.96 115.5 305 310.9 <0.0001*
Potato IGS 367 79.56 17.3 53 73.6 <0.0001*

*Significant difference (P = 0.01) between observed and expected frequencies of ACS-related elements.
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Ficure 5.—The high-order structure of the 2D8 repeat and its relationship with other repeats related to the rDNA IGS. (A)
A >600-pm FISH signal on DNA fibers prepared from S. tuberosum haploid clone USW1 using the 2D8 repeat as a probe. This
signal represents ~1.8 Mb of DNA (2.87 kb/pm; see JACKSON et al. 1998). Bar, 50 pm. (B) Somatic metaphase chromosomes
of S. bulbocastanum; (C) FISH signals derived from BAC 26]19; (D) FISH signals derived from the 2D8 repeat; (E) a merged
image. Bar, 5 um. Two hybridization sites of 26]J19 (C) are located on two chromosomes that also carry a 2D8 locus (D and E).
(F) Meiotic pachytene chromosomes of S. bulbocastanum. (G) FISH signals derived from BAC 4A4; (H) FISH signals derived
from the 2D8 repeat; (I) a merged image, Bar, 10 pm. Arrows in G point to the faint cross-hybridization of the 4A4 repeat to
the 2D8 hybridization sites. The arrow in H points to the cross-hybridization of the 2D8 repeat to the major 4A4 hybridization

site.

repeats; (2) the IGS repeat elements are derived from
the 2D8 repeats; and (3) the 2D8 and IGS repeat ele-
ments are derived from an independent common an-
cestor.

There is a strong possibility that the 2D8 repeat ele-
ments were originally derived from the IGS repeats, as
several previous studies have found evidence of rDNA-
related sequence elements dispersed throughout eu-
karyotic genomes. These elements are termed rDNA
orphons, and they have mainly been characterized as
noncoding, small-unit tandem repeats of variable copy
numbers. Such elements have been identified in various
eukaryotic species, including yeast (CHILDS et al. 1981),
animals (ARNHEIM el al. 1980; KomiNAMI and MURA-
MATSU 1987; DE LuccHINT ¢t al. 1988; LoHE and RoB-
ERTS 1990; GuimonDp and Moss 1999), and plants
(UNFRIED et al. 1991; FALQUET et al. 1997). It has been
suggested that IGS invasion into satellite DNA may occur
frequently during evolution, with most events remaining
undetected due to the divergence of the sequences
(FALQUET et al. 1997). The 2D8 repeat sequences in this

study may have been directly transposed or retrotrans-
posed from the rDNA IGS origin and then diverged
through an accumulation of mutations.

Within the first scenario, the 2D8 family may be de-
rived from an intermediate satellite element previously
derived from the rDNA IGS. As our results suggest, the
2D8 family is not the only IGS-—related element found
within the S. bulbocastanum genome. The 2D8, 26]19,
and 4A4 repeat families may have arisen independently
or, alternatively, the families may have evolved from one
another. It is interesting to note that the 2D8, 26]19,
and 4A4 repeats are located adjacently on the same
chromosomal regions, suggesting that they may evolve
from one another by duplication-related chromosome
rearrangements. Large interchromosomal duplications
have been reported recently in the human genome and
are associated with the pericentromeric regions of most
human chromosomes (HORVATH et al. 2001).

Reciprocally, it has also been proposed that satellite
DNA may be transposed into the rDNA IGS (ScHMIDT
et al. 1982; ScaMIDT 1984; MAGGINT et al. 1991). It is
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FIGURE 6.—Dot-blot analysis estimates the copy number of
the 2D8 repeatin S. bulbocastanum (PT29) and potato (haploid
clone USW1) genomes. Serial dilutions of known quantities
from the 2D8 repeat and the genomic DNA of the two potato
species were probed with the 5.9-kb 2D8 subclone. Genomic
repeat copy number is calculated on the signal intensities
generated from the genomic DNAs compared to the intensi-
ties of the 2D8 standards.

therefore possible that the rDNA IGS repeat elements
were originally derived from 2D8-related repeats. How-
ever, BORISJUK ef al. (1994) used interspecific compari-
sons to demonstrate that Solanum species exhibit only
slight variation in the length and sequences of the IGS,
indicating that these regions are structurally conserved
throughout the genus. Therefore, transposition of 2D8-
derived sequences into the rDNA IGS would have had
to occur prior to speciation within the Solanum genus.

The third possibility is that the 2D8 and rDNA IGS
elements are both derived from an independent com-
mon ancestor. Within this scenario, the 2D8 and the
IGS repeat elements would be directly derived from

9.4

g
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| 2345678 910111213141516171819
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FIGURE 7.—Distribution of the 2D8-related sequences in
Solanum and related species. Dral-digested genomic DNAs
were blotted and probed with the 5.9-kb 2D8 repeat. Lane 1,
S. bulbocastanum accession PT29; 2, S. tuberosum haploid USW1;
3, S. etuberosum; 4, S. ochranthum; 5, S. morelliforme; 6, S. cardiophyl-
lum (spp. cardiophyllum); 7, S. lesteri; 8, S. capsicibaccatum; 9, S.
chacoense (spp. chacoense); 10, S. boliviense; 11, S. infundibuli-
Sforme; 12, S. agrimonifolium; 13, S. albornozii; 14, S. verrucosum;
15, S. multidissectum; 16, S. oplocense; 17, S. curtilobum; 18, S.
fendleri (spp. fendleri); 19, S. iopetalum.
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FIGURE 8.—Methylation analyses of the 2D8 repeat in (A)
S. bulbocastanum (PT29) and (B) S. tuberosum (USW1). DNA
was digested by EcoRII (lane 1), BsiNI (lane 2), Hpall (lane
3), and Mspl (lane 4), respectively, and probed with the 5.9-
kb 2D8 subclone.

either the same ancestral element or related ancestral
elements that are homologous to each other.

The 2D8 repeat family is evolutionarily dynamic
throughout the Solanum species, in copy number, locus
number, and sequence structure. Despite the dynamic
nature of the 2D8 repeat, almost no divergence was
identified within the 5.9- and 8.8-kb 2D8 repeat units.
The near-perfect sequence identity among these units
indicates that this locus has recently undergone con-
certed evolution. Numerous mechanisms, including un-
equal crossing over, gene conversion, and DNA transpo-
sition accompanied by amplification, are believed to
drive the concerted evolution of repetitive DNA se-
quences (Dover 1982). The concerted evolution of the
IGS-related sequences may have occurred by recombi-
nogenic mechanisms similar to those believed to oper-
ate in NOR evolution (KrysTAL et al. 1981; DOVER and
FLAvELL 1984; SCHLOTTERER and Tautz 1994; COPEN-
HAVER and P1kaarD 1996). This would require a high
rate of interlocus, intralocus, and/or sister chromatid
recombination at the 2D8 loci, as the near-perfect se-
quence identity among the 2D8 repeat units indicates
that amplification of this locus has occurred rapidly and
recently. However, recombination is rare in pericen-
tromeric regions in Solanaceae species (SHERMAN and
Stack 1995). The hemizygosity of the 2D8 loci in S.
bulbocastanum further suggests that recombinogenic
mechanisms did not likely drive the concerted evolution
of the 2D8 repeat.

An alternative hypothesis on the concerted evolution
of the 2D8 repeat involves an extrachromosomal exci-
sion-amplification-reintegration mechanism (reviewed
by STARK et al. 1989), whereby a specific DNA sequence
is excised from the chromosome, amplified as an extra-
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chromosomal element, and then reintegrated back into
the genome at a different chromosomal location. Some
of the previously reported rDNA orphons have been
proposed to be derived from such extrachromosomal
mechanisms (LOHE and RoBErTs 1990; GuimonD and
Moss 1999). It has been suggested that such a system
may serve as a general means for genome-wide disper-
sions of repetitive sequences (DVORAK ¢t al. 1987) and
may function in the concerted evolution of paralogous
NOR loci (Dvorak 1989). The DNA loci generated by
such a system would originally be hemizygous. These
loci may be maintained as hemizygous if the reintegra-
tion occurs in a region of suppressed recombination
or/and if accomplished in a clonally propagating spe-
cies such as the tuberizing Solanum species.

We found abundant sequence motifs in the 2D8 re-
peat that are similar to ACS, DNA bending, and SAR
motifs (Tables 1 and 2). Similar motifs derived from
the rDNA IGS of tobacco can increase the copy number
and transcription level of heterologous DNA in trans-
genic constructs and have thus been termed amplifica-
tion-promoting sequences (aps; BORISJUK et al. 2000).
It is an intriguing possibility that aps sequences may
have played a role in the higher-order amplification of
the IGS-related tandem repeats in potato.
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United States Department of Agriculture/National Research Institute
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