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Functional analysis of the Arabidopsis centromere
by T-DNA insertion-induced centromere breakage
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Two minichromosomes (« and 8) in addition to two other aberrant
chromosomes (B and y) were found in a transgenic Arabidopsis
plant produced by an in planta vacuum infiltration technique. The
minichromosomes were successfully separated by successive cross-
ing and selfing and added to wild-type Columbia (Col-0) as a
supernumerary chromosome. FISH indicated that both of the two
minichromosomes originated from the short arm of chromosome 2.
The mini @ chromosome contained the whole short-arm 25 and a
truncated centromere (180-bp repeat cluster), whereas mini &
lacked the terminal region including telomere repeats. Pachytene
FISH clearly revealed that mini 6 comprised a ring chromosome
carrying two copies of the region from the 180-bp repeat cluster to
BAC-F3C11. Both of the 180-bp clusters (each ~500 kb in length)
were thought to possess normal centromere functions because the
centromere-specific histone H3 variant (HTR12) was detected on
both clusters. Notwithstanding this dicentric and ring form, mini &
was stably transmitted to the next generations, perhaps because
of its compact size (<4 Mb). Chromosome B also comprised a
dicentric-like structure, with one of the two 180-bp repeat sites
derived from chromosome 1 and the other from chromosome 2.
However, the latter was quite small and failed to bind HTR12. The
data obtained in this study indicated that 500 kb of the 180-bp
array of the chromosome 2 centromere, from the edge of the
180-bp array on the short-arm side, is sufficient to form a functional
domain.

minichromosomes | ring chromosome

he centromere is a multifunctional complex in eukaryotic

chromosomes that is involved with the accurate segregation
of chromatids to opposite poles during mitosis and with the
segregation of half-bivalents and chromatids at the first and
second divisions of meiosis, respectively. This function also
involves kinetochore formation, microtubule attachment, chro-
mosome movement, heterochromatin establishment, and mitotic
checkpoint control. In many higher eukaryotes, tandemly repet-
itive DNA sequences have been found as a main component of
the centromere (1, 2). In Arabidopsis thaliana, these repeats are
comprised of a 180-bp repeat family, with units mainly of 178 bp
in length (3-5). The cluster size of the 180-bp cores has been
estimated to be 2.7-3 Mb in all five chromosomes (6). This size
of the repeat was once thought to be critical in maintaining the
centromeres, but proteins such as HTR12 (Arabidopsis CENP-A
homologue), AtCENP-C, and AtMIS12 have been shown to
assemble in only limited parts of the 180-bp repeat clusters
(7-10). This indicated that short arrays of centromeric DNA
repeats are sufficient to bind kinetochore proteins.

To identify the minimum functional unit that confers centro-
mere function, minichromosomes carrying truncated centro-
meres have been investigated in Drosophila (11), humans (12),
and maize (13). Recently, we found a minichromosome in A.
thaliana derived from the short arm of chromosome 4 (14). The
size of this “mini 4S” chromosome and the amount of centro-
meric major satellite (180-bp family) were determined to be ~7.5
and 1 Mb, respectively. The initial aim of the present study was
to introduce marker genes into this mini 4S for subsequent
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manipulation. Rather than producing T-DNA-tagged mini 4S
chromosome, other minichromosomes were produced after T-
DNA insertion in the centromeric region of chromosome 2.
Here, we describe two types of minichromosomes (« and 8) as
well as other aberrant ones (8 and vy). Chromosomes & and £
display special features in that the former is a stable dicentric
ring minichromosome, whereas the latter is a pseudodicentric.
This phenomenon of T-DNA insertion-induced centromere
breakage may provide a powerful tool for manipulating plant
chromosomes and facilitating the analysis of the functional
structures of centromeres.

Results

Chromosomal Aberrations Induced by T-DNA Insertions. Approxi-
mately 50 transformants (T;) were produced in planta and then
subjected to FISH analysis by using pBGF101 [supporting in-
formation (SI) Fig. S1] and a 180-bp repeat DNA as probes.
Among these, one transformant, referred to as G40, was found
to contain a T-DNA-tagged minichromosome (Fig. 14). Subse-
quent FISH using 18S and 5S rDNA probes revealed that four
different types of aberrant chromosomes were involved in this
plant, which possessed a total of 13 chromosomes. These aber-
rant chromosomes were named «, 3, y, and & (o, minichromo-
some with T-DNA insertion; 3, large chromosome with T-DNA;
v, a small chromosome with T-DNA; 8, the smallest minichro-
mosome without T-DNA but with short 180-bp clusters) (Fig.
1B). Because the plants carrying a pair of mini 4S (14) were used
for transformation, a mini 4S chromosome also appeared in the
transformant. An additional T-DNA insertion was found in
chromosome 5 (Fig. 1 4 and B).

The transformant plant G40 was fertile, and after selfing, T»
seeds were collected and germinated for further analyses. The
plants obtained (G40-1, -2 etc.) were crossed with ecotype
Columbia (Col-0) to investigate the T-DNA insertion and chro-
mosome conformation.

Structure and Origin of Two Minichromosomes. At the back-cross
generation, B; = Col-0(Q)xT2(3), two types of minichromo-
somes, with and without T-DNA insertion, referred to as “«’” and
“8,” respectively, were separated from the other aberrant chro-
mosomes, and each was added to wild-type Col-0 as a supernu-
merary in the subsequent generations. The minichromosomes
were considerably smaller than the normal chromosomes and
hence easily distinguishable. FISH confirmed that « carried 18S
but no 5S rDNA (Fig. 1 C and D), suggesting that it had
originated from the short arm of chromosome 2 (2S) because the
other 18S rDNA cluster on the short arms of chromosome 4 is
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Fig. 1. Cytological analysis of a transgenic plant, G40 (T; generation) and its
offspring carrying minichromosome a. (A) A metaphase cell of G40 with four
different aberrant chromosomes (a, B, v, and §) in addition to mini 4S. (B)
Schematic representation of chromosome constitution of G40 estimated from
A and other FISH images. (C) Mitotic metaphase. (D) Pachytene nucleus of a Tr
a plant with a mini « (arrow) as a supernumerary chromosome. The centro-
mere-specific 180-bp repeat, 55 and 185 rDNA, and pBGF101 DNA to detect
T-DNA insertion sites were used as probes. (Scale bars: 5 um.)

associated with 5S rDNA (5, 15). FISH using all BAC clones
from the short arm of chromosome 2 yielded signals on chro-
mosome « (data not shown), thus confirming the proposed
origin. The minichromosome was designated as “mini «,” and
the line carrying it was designated as “Tr «.” However, it was
later found that the terminal tip from the top arm of chromo-
some 1 is attached to the centromeric region of mini «. This
indicates that the rearrangement involves 2S and the top arm of
chromosome 1. Compared with the wild-type (Col-0), no distinct
phenotypic changes appeared in these plants except the presence
of kanamycin-resistance and green fluorescence in the root tips.
These two features are due to expression of T-DNA.

Mini 6 also segregated as an additional chromosome to the
normal set of 10 chromosomes (2n = 10 + 8) (Fig. 24). It was
smaller than mini «, and no T-DNA insertion was detected in it.
BAC clones derived from the pericentric region of chromosome
2S, but not the terminal BAC clones nor 18S rDNA, yielded
FISH signals on mini 8. Thus, mini 6 also originated from the
short arm of chromosome 2 but lacks the terminal region.
Pachytene chromosomes probed with the centromere-specific
180-bp repeats and with pericentric BAC clones revealed 180-bp
repeats at both ends of mini 8, each associated with a FISH signal
of the BAC clone F3L12 (Fig. 2B), suggesting a circular structure
for mini . Indeed, some pachytene cells revealed a distinct ring

7512 | www.pnas.org/cgi/doi/10.1073/pnas.0802828105

Fig. 2. FISH images of Tr & nuclei with mini & (arrow) as a supernumerary
chromosome. (A) A mitotic metaphase cell probed with 180-bp repeats (pink)
and 18S rDNA (green). (B) Pachytene chromosomes probed with 180-bp
repeats (pink) and F3L12-BAC (green). (C) DAPI and FISH images of pachytene
chromosomes probed with 180-bp repeats (yellow), 18S rDNA (purple), 55
rDNA (red), and sixdifferent BAC clones; F3C11 (lightred, AGI-map position on
chromosome 2:1190978-1294851), F3L12 (light blue, 1288088-1404236),
F5G3 (orange, 1829395-1953720), T13E11 (green, 3006966-3102924), F9A16
(deep red, 3112063-3214311), and T5M2 (deep blue, 3214009-3308310). (D)
Side-by-side comparison of chromosomes 2 and mini §; the images were
derived from C. (E) A mitotic metaphase cell probed with PCR-amplified
telomere DNA (5'-TTTAGGG-3’) (pink). (Scale bars: 5 um.)

shape for this chromosome (Fig. 2 C and D). FISH using the
180-bp repeats and six BAC clones clearly demonstrated that this
ring chromosome is dicentric and comprises a head-to-tail
duplication, which encloses a region from the 180-bp repeats of
CEN2 up to the F3C11 sequence. The weaker signal for F3C11
on mini 6 compared with that of wild-type chromosome 2
suggests a truncation of the F3C11 sequence that became fused
to the 180-bp repeats, forming a ring that eventually doubled in
size after a cross-over event. As expected, no telomere sequences
were detected on mini & (Fig. 2E).

Pseudodicentric and Telocentric Chromosomes. The two aberrant
chromosomes 8 and vy could not be separated from each other,
possibly because they contain large portions of chromosomes that
compensate each other. Metaphase cells of plant (G40-18-6.7.3)
carrying aberrant chromosomes f3, y, and mini é are shown in Fig.
3. Chromosome f3 has two 180-bp repeat sites, one of which is much
shorter than the other (Fig. 34 and B). As in the original G-40 plant,
T-DNA insertions were found in chromosomes 8 and vy (Fig. 3D).
Chromosome f is longer than y and carries 18S rDNA at one
terminus (Fig. 3C). Interestingly, a gap appeared between the
rDNA and the T-DNA insertion, and a 180-bp repeat FISH signal,
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Fig.3. Cytological analysis of a G40 offspring containing chromosomes S, v,
and mini 8. (A) A mitotic metaphase cell probed with 180-bp repeats (pink). (B)
The same cell showing only 180-bp repeat signals (pink) to clearly visualize the
weak signal on chromosome B. (C) A mitotic metaphase cell probed with
180-bp repeats (pink), 18S rDNA (green), and 55 rDNA (blue). (D) The same cell
probed with telomeric DNA (red) and T-DNA (green). (Note: a weak telomere
signal on mini & is from an adjoining chromosome.) (E£) A mitotic metaphase
cell probed with 180-bp repeats (pink) and F219-BAC (green, AGI-map position
of chromosome 2:173440-276564). (F) A mitotic metaphase cell probed with
180-bp repeats (pink) and F18014-BAC (red, Altman-map of chromosome 1:
29205). (Scale bar: 2 um.)

although very weak, appeared to correspond to this gap (Fig. 3 C
and D). This indicated that the gap region is part of the primary
constriction of chromosome 2. The region distal to the gap could
represent a remnant of 2S after excision of that part that became
mini 8. In the region of the large 180-bp repeat cluster, a long stretch
of telomeric DNA, typical for the centromeric region of chromo-
some 1 (16, 17), was detected (Fig. 3D). Chromosome S is most
likely a pseudodicentric resulting from a translocation between
chromosomes 1 and 2S, probably at their T-DNA insertion sites.
This idea was confirmed by FISH with BAC clones F2I9 from
chromosome 2S and F18014 from the top arm of chromosome 1
(Fig. 3 E and F).

Chromosome v, which is smaller than chromosome B, had a
size that was close to the long arm of chromosome 2 (2L) (Fig.
34). Because the other arm (2S) of chromosome 2 had been
identified as mini «, it was highly probable that chromosome y
originated from the centromere breakage of chromosome 2. This
assumption was confirmed by FISH with BAC clones from 2L
(data not shown).

T-DNA Insertion in the 180-bp Array Coincides with the Translocation

Break Point. In the original transgenic plant G40, four different
T-DNA insertion sites were detected. Among these, only the
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insertion in chromosome 5 was not associated with chromosomal
aberrations. The other three insertion sites were either within the
centromeric 180-bp repeats of mini « (2S) and vy (2L) or within
B between the rDNA of chromosome 2S and the remaining top
arm of chromosome 1. The insertions found on mini « and 7y
apparently result from a single insertion event into the centro-
meric region of chromosome 2.

The insertion on mini « was investigated by DNA-fiber FISH
and Southern blot analyses (Fig. 4 A and B). DNA-fiber FISH
clearly revealed bipartite T-DNA inserts within the 180-bp
cluster, much longer than expected for a single T-DNA sequence
(=8 kb) (Fig. 44). Southern blot analysis showed that three
copies of T-DNA (two complete and one truncated) had prob-
ably been inserted in the centromeric satellite 180-bp repeat
cluster (Fig. 4 B and C). Expression of both GFP and NPTII
genes of the T-DNA was suppressed in some of the progeny,
probably due to RNA interference, because two complete copies
of T-DNA were inserted in a head-to-head fashion in the
centromeric region.

A T-DNA insertion site on chromosome 8 was also detected
by DNA-fiber FISH (Fig. 44), and the insertion pattern was
found to be identical with that of mini «. This suggested that
chromosomes mini « and B represent derivatives of one and the
same chromosome harboring an insertion.

Centromere Size and Activity in Aberrant Chromosomes. The cen-
tromeric regions of mini «, vy, and mini 6 and the distal region
of B were found to be truncated. Chromosomes 8 and mini &
possessed two 180-bp repeat clusters, and therefore, appeared as
dicentric. An investigation of the repeat cluster size and centro-
mere activity was then undertaken.

The sizes of the 180-bp repeat clusters were estimated by
pulsed-field gel electrophoresis (PFGE). Because mini « and
mini 8 were added to the Col ecotype as supernumerary
chromosomes, agarose plugs were made from lines Tr « and Tr
8. Of the 10 different restriction enzymes used, only Hpall could
distinguish plants with and without minichromosomes (« or §)
(Fig. 5 A and B). Hpall cleaves 5'-CCGG-3’ but not 5'-C"CGG
(CpG-methylation), and therefore, has been used to examine
cytosine methylation in the centromeres of Arabidopsis (18, 19).
Specific bands of 700 and 500 kb were detected in plants carrying
mini « and mini 8, respectively. These are markedly shorter than
the size reported for chromosome 2 (=3 Mb) (6). The size of two
180-bp clusters on mini & was similar because only one 500-kb
band was detected.

To examine centromere activity of the 180-bp repeat clusters
detected by FISH, we used an antibody against HTR12, the
centromere-specific histone H3 (CENH3) of Arabidopsis (20),
because CENH3 is a basic kinetochore protein that is bound only
to functional centromeres (21). CENH3-specific immunosignals
appeared on the centromeric regions of mini « and v, as well as
on all normal chromosomes (data not shown). On the ring-
shaped mini §, both 180-bp arrays revealed signals, despite their
small size (=500 kb) (Fig. 64 and Fig. S24), indicating that both
180-bp sites can function as a centromere. This notion was also
supported by the observation of lagging of mini §, on the
equatorial plates, when pulled from the two opposite poles
(Fig. S3).

Chromosome f3 also revealed two 180-bp repeat sites, one of
which was much smaller than the other (Fig. 3). As expected, the
large 180-bp site from chromosome 1 showed a distinct HTR12
immunosignal, whereas no signals were detected on the small
180-bp repeat site (Fig. 68 and Fig. S2B). A constriction was
retained at the small 180-bp-repeat site (Fig. 34). Chromosome
B was quite stable, and no anaphase bridges were observed in
cells containing this chromosome. This observation indicates
that chromosome B is a pseudodicentric and that only the large
180-bp site acts as a centromere.
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Fig. 4. DNA-fiber FISH and genomic Southern blot analyses. (A) DNA-fiber FISH with chromatin from a Tr « plant and a G40-derived plant carrying g and mini
& chromosomes, probed with T-DNA of pBGF101 (pink) and 180-bp repeats (green). (B) Southern blot analysis of genomic DNA isolated from a Tr a plant, probed
with NPTII (neomycin phosphotransferase gene) and GFP (green fluorescence protein gene), M: DNA marker, lanes 1-6: BamHlI, EcoRI, EcoRV, Hindlll, Smal, and
Xbal digests. (C) A schematic pattern of T-DNA insertions estimated from A and B. (Scale bar: 10 um.)

Discussion

Based on the FISH data, we interpreted the origin of aberrant
chromosomes as shown in Fig. 74. The processes involved
include the following.

1. A translocation event between the two T-DNA insertion sites
in the top arm of chromosome 1 and in the centromeric
180-bp array of chromosome 2.

2. This reciprocal translocation resulted in chromosomes tl1/2
and vy. The former chromosome was not maintained in the
original transgenic plant G40 because it was dicentric and thus
unstable. In the subsequent cell division, chromosome t11/2
was probably duplicated through nondisjunction.

3 4
e .-

565-
450-

-

.
Fig. 5. PFGE/Southern blot analysis for plants carrying mini « and mini & for
size determination of the 180-bp arrays. (A) PFGE pattern of plants without
(lane 1) and with mini «a (lane 2). (B) PFGE pattern of plants without (lane 3) and
with mini & (lane 4); M: DNA marker from Saccharomyces cerevisiae. Genomic
DNA was digested with Hpall. The 180-bp repeat was used as a probe. Specific

bands corresponding to ~700 and 500 kb from plants containing mini « and
mini §, respectively, are marked with arrows.
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3. Mini « originated from a break in the top arm region of
chromosome 1 as one of the duplicated copies of t11/2 formed
an anaphase bridge. Consequently, mini « contains the short
arm of chromosome 2 and a small region of chromosome 1 at
the opposite side of the centromeric region from chromosome
2. The larger part of t11/2, representing most of chromosome
1, was apparently lost.

4. From the other copy of tI1/2, mini 8 originated because of two
breakages, one within F3C11 and the other within the 180-bp
sequences, and subsequent joining of the internal break ends
generating a ring chromosome that comprised part of the
180-bp array derived from chromosome 2. This structure was
confirmed by PCR using primers from the 180-bp repeat and
F3C11 sequences. The remaining two parts of t11/2, the distal

180-bp

Fig.6. HTR12-immunostaining and FISH analysis. (A) A pachytene cell of a Tr
8 plant carrying mini & after fluorescentimmunolabeling by using anti-HTR12
antibodies (pink) and FISH using 180-bp repeats (yellow). The arrows indicate
mini 8. (B) A pachytene cell of a plant carrying chromosome g after fluorescent
immunolabeling by using anti-HTR12 antibodies (pink) and FISH using 180-bp
repeats (green) to the pachytene chromosomes. The arrow indicates the small
180-bp sites on chromosome B. (Scale bars: 5 um.)
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Fig. 7. Interpretation of the origin of aberrant chromosomes generated by
T-DNA insertions in the centromere of chromosome 2 and subsequent chro-
mosome rearrangements. (A) Presumed mechanism for generating minichro-
mosomes and other aberrant chromosomes involving T-DNA insertions. RT,
reciprocal translocation; Dp, duplication; CO, crossing-over; 1, 2, «, B3, v, 6, and
tl1/2 are chromosome designations. (B) Centromere structure and size of
chromosomes 2, mini , B, v, and mini 8.

portion of chromosome 2S containing 45S rDNA and the
remnant of the 180-bp array from chromosome 2 at the top
of chromosome 1, were also joined to generate chromosome
B. Because the short cluster of the 180-bp repeats on chro-
mosome f3 possessed no centromere activity and the other
large cluster behaved as a centromere, chromosome 3 was
stably transmitted.

5. As indicated by McClintock (22), a ring chromosome can
double in size and possess two centromeres by sister chro-
matid exchange after replication. Mini 6 must have originated
in this manner. Mini 8 was rather stable despite its dicentric
form (=~33% transmission rate through male but 0% from
female side).

The in planta technique for plant transformation is thought to be
superior to other techniques, such as those involving root culture,
because somaclonal and chromosomal variations, which are com-
mon in plant cultured cells, seem not to occur with the former
technique. When in planta transformation is applied to A. thaliana,
Agrobacterium-mediated transformation occurs preferentially in
female gametes 5-10 days before anthesis (23). In this study, a
reciprocal translocation involved two T-DNA-insertion loci on
chromosomes 1 and 2. This translocation apparently occurred in a
somatic cell during early flower development (after female and
male differentiation) and premeiotic DNA synthesis because it is
otherwise difficult to account for all four chromosomal aberrations
(mini «, B, v, and mini ) being transmitted through meiosis in a
single individual. If the translocation occurred immediately before
meiosis, a quadrivalent (ring-of-four) structure between chromo-
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somes 1, 2, t11/2, and vy (Fig. S4) could have formed at metaphase
I. Despite the presence of five active centromeres, a daughter
nucleus comprising chromosomes t11/2 and vy could have formed.
During the second meiotic division, nondisjunction of t11/2 yielded
two nuclei containing either two t11/2 and one y or no t11/2 and one
v, respectively. During subsequent cell divisions, chromosome
rearrangements involving the two tl1/2 chromosomes yielded mini
a, B, and mini & (Fig. 74).

To date, only one line carrying a minichromosome had been
established in A. thaliana (14). This mini 4S originated from the
short arm of chromosome 4. The total size was estimated to be ~7.5
Mb and included 1 Mb of centromeric 180-bp repeats. In this study,
two minichromosomes (« and 8) were identified. Mini « contained
the entire short arm of chromosome 2 of ~7 Mb (5, 24), in addition
to ~700 kb of 180-bp repeats and ~300 kb from chromosome 1
(unpublished data). Hence, the total size of mini « is ~8 Mb, which
is similar to that of mini 4S and is consistent with the hypothesis
proposed by Schubert (25) that stable minichromosome transmis-
sion through meiosis requires ~5% of the genome size.

Mini 6 comprises part of the short arm of chromosome 2 (T5E7
to F3C11 and corresponds to ~1.35 Mb) and 500 kb of a 180-bp
repeat cluster, both in duplicate. It is known that a mitochondrial
(mt) DNA sequence of ~270 kb is inserted into the pericentric
region on the short arm of chromosome 2 of ecotype Columbia (5,
24). However, Stupar et al. (26) claimed that the size of the insertion
was 2.3 times greater (618 = 42 kb) because of sequence duplica-
tions. Therefore, the total size of mini é would be 3.7 Mb, or 4.5 Mb
if the duplication of mtDNA had occurred. Because no duplication
of the inserted mtDNA was detectable during pachytene on chro-
mosomes 2 or mini 8 (Fig. 2 C and D), 3.7 Mb seems to be a more
accurate estimate. Although this size is inconsistent with Schubert’s
hypothesis (25), it may be generated through its ring structure
without telomeres.

A T-DNA insertion within the centromere of chromosome 2
eventually led to four aberrant chromosomes (mini «, 3, y, and mini
8) with truncated centromeres. These centromeres allow for an
estimate of the minimal region, which encompasses the functional
domain of the centromere of chromosome 2 (Fig. 7B). DNA
insertion and subsequent or simultaneous translocation with an-
other T-DNA inserted on chromosome 1 split the 3-Mb centromere
(180-bp repeat cluster) into two fragments comprising 0.7 and 2.3
Mb. The former was retained in mini «, whereas the latter was
retained in chromosome v, and both were functional. Although the
dicentric mini & had smaller centromere repeat arrays (500 kb each)
than mini «, each of the two centromeres was functional, indicating
that the 500-kb region comprising 180-bp repeats encompassed the
functional domain(s) of the centromere.

Chromosome B had two 180-bp repeat clusters, the original
derived from chromosome 1 and another derived from chromo-
some 2. The latter might contain only 0.2 Mb because ~500 kb of
the 0.7-Mb fragment was excised during formation of mini & (Fig.
7 A and B) if no amplification had occurred. This short array was
not longer in terms of centromere function, although it originated
from the central part of the original chromosome-2 centromere and
retained a constriction (Fig. 34). From these results, we conclude
that a 180-bp repeat array >500 kb is required for centromere
function. However, we cannot disregard possible differences be-
tween the 500- and 200-kb sequences on the centromere of chro-
mosome 2. Epigenetic modifications might differentiate the 180-bp
repeat clusters. Inactivation of one centromere on dicentric chro-
mosomes has been reported for humans (27, 28), maize (29), and
for barley centromeres in wheat chromosomes (30). Although the
mechanism of centromere inactivation remains unclear, these phe-
nomena imply that the DNA sequences alone are insufficient to
trigger inactivation and that epigenetic marks are necessary for
maintaining centromere function.
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Although ring chromosomes have been found in both animals
and plants, in general, they are not stably transmitted to the
subsequent generations because of mitotic and meiotic recom-
bination processes. The rare inheritance of human ring chro-
mosomes has been reported (31). Mini 8 is transmissible to about
one-third of the selfed progeny, notwithstanding its ring and
dicentric structure, and is now being maintained as a partial
trisomic (2n = 10 + §). The small size (<4 Mb) could reduce
recombination frequency and subsequent anaphase bridge for-
mation. During nuclear divisions, the two 180-bp arrays behaved
like a single centromere, although interlocked large-sized ring
chromosomes lagging on equatorial plates appeared occasionally
(=5%). Similarly, a ring minichromosome containing human
alphoid sequences was shown to be transmissible to the offspring
through mouse spermatogenesis (32). Recently, meiotic trans-
mission of circular centromeric DNA, which was introduced into
embryonic tissues, was reported for maize, although neither
circularity nor kinetochore formation has been proved (33).
Nevertheless, our studies indicate that small ring-shaped chro-
mosomes might be useful as chromosomal vectors.

Methods

Plant Material and Transformation. Three- to 4-week-old plants of the Tr4SCo5
line of A. thaliana (Col-0) carrying a pair of mini4S chromosomes (14) were
transformed by using the binary vector pBGF101 (Fig. S1) according to the in
planta vacuum infiltration method (34).

Cytological and Molecular Analyses. FISH was essentially the same as described
previously (8, 14, 15) but with minor modifications. Briefly, after rinsing with
milli-Q water, fixed flower buds were digested with enzyme solution [2%
(wt/vol) Cellulase Onozuka RS (Yakult) and 0.5% (wt/vol) Pectolyase Y23
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fixed and dropped on cold slides. Air-dried slides were denatured in 70%
formamide in 2 SSC at 76°C for 1 min and then placed in 70% ethanol and
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fied by PCR were labeled by using the FITC High Prime kit (Roche) (8). Other
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~500-bp 55 rDNA repeat unit (15), and the 18S rDNA (8) were labeled either
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