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Abstract The present study documents the de novo
origin of an apparent B chromosome in Plantago lagopus.
The origin was associated with mutation (aneuploidy),
chromosome fragmentation, specific DNA sequence am-
plification, addition of telomeric repeats, and centromeric
misdivision. It originated in the progeny of trisome 2,
from the excision of 5S rDNA and 18S, 5.8S, 25S rDNA
sequences located on chromosome 2, and within a few
generations acquired many characteristics of an apparent
B chromosome. The B chromosome has preferential
transmission through the male (41%, P<0.025) and
female gametes (42%, P<0.01) but does not affect plant
phenotype. The B chromosome is completely heterochro-
matic, has a functional centromere and does not pair at
meiosis with any A chromosomes of the standard
complement. Fluorescence in situ hybridization analysis
showed that it arose from massive amplification of 5S
rDNA sequences, has 18S, 5.8S, 25S rDNA sequences at
the ends of both arms and telomeric repeats at both
termini. Ag-NOR-banding and determination of the
maximum number of nucleoli in interphase cells indicate
that the nucleolar organizer regions at the ends of both
arms of the B chromosome are active in organizing
nucleoli. RNA blot analysis showed that the 5S rDNA
sequences are not transcribed. To our knowledge, this is
the first report that fully documents one of the mecha-
nisms by which B chromosomes may arise in nature.
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Introduction

B chromosomes are dispensable supernumerary chromo-
some additions to the standard A chromosome comple-
ment of a species that may or may not be present in
certain tissues, individuals, or populations. B chromo-
somes do not pair and recombine with any of the A
chromosomes at meiosis, are often heterochromatic, and
usually do not contain major genes except for ribosomal
DNA (rDNA) sequences that have been mapped on many
plant and animal B chromosomes (Jones and Rees 1982;
Jones 1995). Although B chromosomes are usually
detrimental to their carrier, they are found in many
species. The reason for this paradox is that B chromo-
somes have developed drive mechanisms that ensure their
persistence in populations (Jones 1991).

Although a lot of work has been conducted on the
structure, occurrence, sequence analysis, meiotic behavior
and transmission of B chromosomes, their origin is still an
enigma (Jones 1995; Langdon et al. 2000). It is widely
accepted that B chromosomes originate from standard A
chromosomes. However, there is also evidence suggesting
that B chromosomes are derived from alien chromosomes
introgressed from related species by interspecific hybrid-
ization (Camancho et al. 2000). Irrespective of the intra-
or interspecific origin of B chromosomes, to quote Jones
(1995), “what we don’t catch... is the really rare event
where a fragment is born which simultaneously seizes
immortality”. We were able to observe such a rare event
in the plant genus Plantago and document here one of the
mechanisms by which a B chromosome may arise in
nature.

Plantago lagopus L. (2n=2x=12) is one of the 280
species comprising the genus Plantago of the family
Plantaginaceae. A small herb about 30 cm tall, P. lagopus
grows as a weed in the Mediterranean region. P. lagopus
is partly outbreeding and related to Plantago ovata Forsk.,
which is grown as a medical crop in India.

In 1982, a spontaneous trisomic plant (2n=2x=13,
Triplo 4) of P. lagopus was recovered in an experimental
population at Jammu, India (Sharma and Koul 1984). The
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Fig. 1 Plant morphology and
chromosome structure of Plan-
tago lagopus: a morphology of
plants (from left to right) with
2n=12, 2n=12+i, and 2n=12+2i
chromosomes; b a pollen
mother cell at meiotic meta-
phase I of a plant with 2n=12+i
chromosome paired as six ring
bivalents plus a ring univalent
(arrow); ¢, d C-banded mitotic
metaphase chromosomes of
plants with 2n=12+i (c¢) and
2n=12+2i (d) (arrows indicate
the heterochromatic isochromo-
somes); e, f mitotic prometa-
phase (e) and metaphase
chromosomes (f) of a plant with
2n=12+r chromosomes recov-
ered in the progeny of the cross
of Triplo 2 and euploid plants.
Note that the metaphase shown
in f is from the same individual
but has 2n=12+3r (arrows)
+3dm (arrowheads) chromo-
somes >

origin of this trisomic plant was attributed to nondisjunc-
tion, a feature observed in about 3% of the pollen mother
cells of normal euploid plants. Subsequent crossing of
Triplo 4 with euploid plants revealed the tremendous
plasticity of the genome, and plants with 13 to 28
chromosomes were recovered over a period of 10 years,
including primary trisomics for five chromosomes, tetra-
somics, double trisomics, triploids, tetraploids, and higher
aneuploids (Sharma et al. 1985a, b; Koul et al. 1992).

In one of the aneuploids, initially a primary trisomic
for chromosome 2 (Triplo 2), the extra chromosome
underwent rapid changes resulting in the formation of ring
chromosomes and double minutes and finally was stabi-
lized as an isochromosome. Here we report on the
molecular cytogenetic characterization of this isochromo-
some, which within a few generations has acquired many
of the features of a B chromosome.
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Materials and methods

Plant material

The P. lagopus seeds were originally obtained from the Royal
Botanic Gardens, Kew, United Kingdom. Triplo 2 was crossed with
euploid P. lagopus plants, and a ring chromosome (2n=12+r) was
identified in addition to the standard chromosome complement in
one progeny plant (Fig. 1e) (Dhar 1991). Mitotically this plant was
highly unstable and different cells showed different chromosome
constitutions including 2n=12+3 r+3 dm (Fig. 1f). The transmission
of the ring chromosome was 7.1% and 10.2% through male and
female gametogenesis, respectively. In the progeny of this plant,
one 13 chromosome plant was identified. This plant had the
standard chromosome complement plus an isochromosome
(2n=12+1). The peculiar characteristics of the isochromosome
prompted us to make detailed studies on the nature of this
chromosome.

Cytogenetic procedures

Chromosomal constitutions were determined in acetocarmine-
stained root-tip meristems. Meiotic metaphase I pairing was
determined in pollen mother cells. C-banding was performed
according to the standard protocol of Gill et al. (1991) and Ag-NOR
banding was according to Dhar et al. (1990). To determine the male
and female transmission of the isochromosome, plants with
2n=12+i were crossed as males and females with euploid plants
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GETTGCEFATCATACCAGCACTAATGC ACCGEATCCCATCAGAR
CTCCGCAGTTAAGC GCGCTTEGECTAGAGCAGTACTAGEATGE
GTGACCCCCTGGAAGTCCTCGTGTTGCAACCCTTTTTGCATGT
TCTTETTGCCEETTTCCCCTTTCTTOCGGATCTTTTCTTGTCTC
GTTTCTTCCTCCAACACGATACATATTACCTATTOTGGITGAC
CTCOGTGATATACACAATGTTTTCGATATOGEECETCACCACC
GTEEAGACGACACGTETCEEEGECEGAATTTGACCCTCGACCTA
AMGEATTTEACCEAALMACGETCATCGCTCAT GECEEAGCTAATG
ACTTETGCTCAARACACCGTTTCCGCATGEAAAADTCTATCGT
TTGAACAAAATCGCACGTETCGEEGECETTTAACATAGGAAGC
CETGATGAGGCAGC GGG GETAAAGGGATAAAATGCGATAGATTA
CGCATAGGCTATT

b

TGETGCGATCATACCAGCACTAATGCACCGGATCCCATCAGAR
CTCCGCAGTTAAGC GCGCTTGGGCTAGAGCAGTACTAAGATGEG
GTGACCCCCTGGGAAGTCCTCGTGTIGCACCCCTTTTTTGTGC
TCTTCCGCTCTTATTTTTTAATTTTGGETTTCTTTCTTETAGT
TTTCTTCATTCATCCT TEEETAACACATTCCGATCGLCATGT G
TTCTATTACGET T ETGAT T TACGACAAGAATTGTETGAATGT G
ACACGTGTOEHGEECETATTGET CGATTTGCAGCTGACGATTG
AAATTTGEAATGGAAAAGGCGTTCOTTCGETAATAGATATAAG
AATAGIGUGCAAAGACTAR

Fig.2 a DNA sequence of the clone pPovl containing the 5S
rDNA repeat unit of Plantago ovata inserted into plasmid pT-Adv;
the insert comprises 486 bp of which the first 119 bp constitute the
5S gene (bold) and the remaining 367 bp represent the non-
transcribed spacer; b DNA sequence of the 5S rDNA repeat unit of
Plantago lagopus; the first 119 bp constitutes the 5S gene (bold)
and the remaining 234 bp represents the non-transcribed spacer;
putative autonomously replicating sequencesare underlined

or were selfed and the chromosome constitutions of the progeny
were determined in root-tip meristems.

Fluorescence in situ hybridization (FISH) was according to the
protocol of Kynast et al. (2000) using the clones pTa71 (Gerlach
and Bedbrook 1979), pAtT4 (Richards and Ausubel 1988), and
pPov1 (Genbank Accession number AF464934), and total genomic
P. lagopus DNA as probes. Clone pTa71 contains a 9.05 kb EcoRI
fragment of rDNA isolated from bread wheat and recloned in the
EcoRlI site of the vector pUC19. The 9.05 kb fragment is part of the
rDNA repeat unit consisting of one copy of 18S rDNA, 5.8S rDNA,
25S rDNA and an intergenomic spacer derived from Triticum
aestivum L. cv. Chinese Spring. Clone pAtT4 contains a 0.4 kb
fragment of the telomeric repeat unit isolated from Arabidopsis
thaliana that was inserted in the HindIIl/BamHI restriction site of
the vector pSDS13. pPovl was cloned from P. ovata into the
plasmid pT-Adv (Clontech, Palo Alto, Calif., USA) and is 486 bp in
length; the first 119 bp constitute the 5S gene, and the remaining
367 bp represent the spacer region (Fig. 2). The spacer region has
two Mspl restriction sites and, therefore, digestion with Mspl
generates three fragments of 349, 110, and 28 bp.

Table 1 Male and female transmission determined in crosses with
euploid plants of the trisome in Triplo 2 and in 2n+12+i plants.
{Expected values are given in parenthesis and were calculated
based on a 25% transmission frequency of the extra chromosome.
Male and female transmission rates were calculated as follows: the

Clones pTa71 and pAtT4 were labeled directly with tetrameth-
yl-thodamine-6-dUTP (Roche Diagnostics, Indianapolis, Ind.,
USA) according to the manufacturer’s instructions. Clone pPovl
was labeled with digoxigenin-11-dUTP, and signals were detected
using fluorescein isothiocyanate (FITC)-conjugated sheep-an-
tidigoxigenin antibodies (Roche Diagnostics, Indianapolis, Ind.,
USA). For reverse genomic in situ hybridization (rGISH), total
genomic P. lagopus DNA was labeled directly with fluorescein
(Amersham Biosciences, Piscataway, N.J., USA) using an excess of
clone pPovl as a blocker. The post-hybridization stringency wash
was at 42°C in 2xSSC and 50% formamide. (1xSSC is 0.15 M
NaCl, 0.015 M sodium citrate.) The FISH and rGISH signals were
visualized with a Zeiss Axioplan microscope equipped with
epifluorescence. Images were captured with a SPOT CCD camera
using the appropriate SPOT 2.1 software (Diagnostic Instruments)
and processed with Photoshop 4.0 software (Adobe Systems, San
Jose, Calif., USA). Images were printed on a Kodak ds 8650 PS
color printer. Photomicrographs of conventionally stained and C-
banded cells were taken with a Zeiss photomicroscope III using
Kodak Imagelink HQ microfilm 1461.

Southern blot analysis

For Southern blot analysis, genomic DNA of euploid P. lagopus
and the 2n=12+i chromosome plants was digested with the
restriction enzymes BamHI, Scal, and Mspl and probed with clone
pPovl according to Sambrook et al. (1989) and Qi et al. (1997).

RNA blot analysis
For RNA isolation, we used RNAzol (Invitrogen, Carlsbad, Calif.,

USA) following the manufacturer’s instructions. RNA blotting was
done by the standard protocols outlined in Sambrook et al. (1989).

Results

The morphology of euploid and 2n=12+1i or 2i chromo-
some plants is very similar, indicating that the presence or
absence of the isochromosomes does not affect plant
growth habit or vigor (Fig. 1a).

C-banding analysis revealed mostly euchromatic A
chromosomes with centromeric bands. However, the
isochromosome was darkly stained throughout its entire
length, indicating that it is completely heterochromatic
(Fig. 1c, d).

Meiotic metaphase I pairing analysis of 2n=12+i
chromosome plants showed that the extra chromosome
does not form chiasmate associations with any chromo-
some of the standard complement. Occasionally, the two

progeny of the cross 2n=12+i (female) x 2n=12 (male) consisted of
36 2n=12 and 26 2n=12+i plants resulting in a 42% [12/(36+26)/
100] transmission frequency of the isochromosome through the
female. The expected frequency of 15.5 was calculated on the basis
that the isochromosome is excluded in 75% of the gametes.}

Chromosome constitution Female transmission Male transmission 7(2 Ppri
2n=12 2n=13 2n=12 2n=13
Triplo 2 12 8 (5) 1.8
2n=13 22 3 (6.25) 1.7
2n=12+i 36 26 (15.5) 7.1 <0.01
30 21 (12.75) 5.3 <0.025
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Fig. 3 Southern blot analysis using clones pPov1 (a) and pTa71 (b)
to probe BamHI (left), Scal (middle), and Mspl (right) digested
genomic DNA of Plantago lagopus plants with 2n=12 (/) and
2n=12+ chromosomes (2). Note the presence of a distinct block of
DNA on top of the lane containing digested DNA from 2n=12+i
chromosome plants in a, whereas no differences in hybridization
patterns were observed between 2n=12 and 2n=12+i chromosome
plants using the clone pTa71 (b)

Fig. 4 Fluorescence in situ hybridization (FISH) patterns of
2n=12+i mitotic metaphase chromosomes of Plantago lagopus
using clone pPovl detected by yellow fluorescein isothiocyanate
(FITC) fluorescence (a), pTa7l detected by red rhodamine
fluorescence (b), pAtT4 detected by red rhodamine fluorescence
(d), and total genomic P. lagopus DNA detected by yellow FITC
fluorescence in combination with an excess of unlabeled pPovl
DNA (c) as probes: a one pPovl FISH site is present in one
chromosome pair of the standard chromosome complement
(arrows), whereas this clone painted the isochromosome over its
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arms of the extra chromosome were paired in the form of
a ring univalent, confirming that the extra chromosome
was an isochromosome. At anaphase I, the isochromo-
some segregates to one spindle pole and at anaphase II it
divides into two chromatids that segregate to opposite
spindle poles.

The transmission of the isochromosome in reciprocal
crosses with euploid plants was determined to be 41% and
42% through male and female gametes, respectively
(Table 1).

Southern blot analysis of euploid P. lagopus and
2n=12+i chromosome plants using 5S rDNA clone pPovl
revealed a distinct band at the top of the lane at about 23 kb
that is present only in 2n=12+i chromosome plants
(Fig. 3a). To confirm that this additional band does not
represent undigested DNA, the same blot was probed with
rDNA clone pTa7l. No differences in hybridization
patterns were observed between euploid and 2n=12+i
chromosome plants (Fig. 3b), indicating that the additional
5S rDNA band was derived from the isochromosome.

Fluorescence in situ hybridization analysis using 5S
rDNA clone pPovl as a probe detected one FISH site
close to the centromere on one chromosome pair of the
standard chromosome complement of P. lagopus. The
isochromosome was painted over its entire length
(Fig. 4a). Fluorescence in situ hybridization results

d

entire length (arrowhead); b one major and one minor pTa71 FISH
site is present on the standard chromosome complement (arrows)
and additional pTa71 FISH sites are present at the terminal regions
of both arms of the isochromosome (arrowheads); ¢ note that the
isochromosome (arrow) is the only chromosome that is not painted
when total genomic P. lagopus DNA was used as a probe in
combination with pPovl as blocker; d all chromosomes of the
standard complement and also the isochromosome (arrow) have
telomeric pAtT4 FISH sites at their termini
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Table 2 Nucleolar activity of

2n=12 and 2n=12+i, chromo- gg;(;zlt?;?;ﬁe Number of nucleoli per cell
some plants of Plantago lago- 1 2 3 4 5 6
pus (percentages are given in
parenthesis) 2n=12 21 362) 20 (34.4) 11 (18.9) 6 (10.3)
2n=12+ 14(192)  22(30.1) 15(20.5) 14 (19.2)  6(8.2) 2. (2.7)
1 2 3 1 2 3 Fluorescence in situ hybridization analysis using
telomere-specific clone pAtT4 as a probe revealed the
- - expected FISH sites at the telomeres of all chromosomes
of the standard complement. Fluorescence in situ hybrid-
a b ization signals were also observed on the telomeres of

Fig. 5 RNA blot analysis of euploid (lane 1), 2n=12+i (lane 2), and
2n=12+2i (lane 3) chromosome plants of Plantago lagopus
sequentially probed with clone pPovl (a) and an actin clone (b)
used as a control. Note that plants with one or two doses of the
isochromosome have similar levels of 5S rRNA expression when
compared with euploid plants, indicating that the 5S rDNA loci on
the isochromosome are not transcribed

confirmed Southern analysis, indicating that the bulk of
the isochromosome consists of 5S DNA.

Sequential probing of the same mitotic metaphase with
18S, 5.88S, 25S rDNA clone pTa71 detected two nucleolar
organizer region (NOR) loci (one major and one minor)
on two chromosome pairs of the standard chromosome
complement. The major NOR site is located at the
terminal region of the short arm of one chromosome pair.
The minor NOR site mapped adjacent to the 5S rDNA site
close to the centromere (Fig. 4b) on another pair of
chromosomes. Additional NOR loci are present at the
termini of each arm of the isochromosome (Fig. 4b).

To verify further the structural organization of the
isochromosome, rGISH was performed using total ge-
nomic DNA of P. lagopus as a probe and either the
complete clone pPovl or only the coding part of the
repeat unit as a blocker. In both experiments, all
chromosomes of the standard complement were com-
pletely labeled, whereas the entire isochromosome had
reduced labeling, suggesting that the isochromosome
mostly consists of tandemly repeated 5S rDNA units
(including the coding and non-transcribed spacer)
(Fig. 4c).

Two pairs of Ag-NOR bands were detected in euploid
P. lagopus plants. Two additional Ag-NOR bands were
observed at the ends of both arms of the isochromosome
in 2n=12+i chromosome plants (data not shown). Simi-
larly, the maximum number of nucleoli in euploid plants
was four, whereas it was six in 2n=12+1 chromosome
plants (Table 2), indicating that the additional NORs of
the isochromosome are transcriptionally active in orga-
nizing nucleoli.

To determine the expression of 5S rDNA loci of the
isochromosome, RNA blots of euploid, 2n=12+i, and
2n=12+2i chromosome plants were probed sequentially
with clone pPovl (Fig. 5a) and an actin clone (Fig. 5b)
used as a control. The results indicate that the 5S rDNA
loci of the isochromosome were not active.

both arms of the isochromosome (Fig. 4d), providing
convincing evidence for a fully functional and stable
chromosome.

Discussion

B chromosomes have been defined as “dispensable
supernumeraries which do not recombine with any
members of the basic A chromosome set and have
irregular and non-Mendelian modes of inheritance”
(Jones 1995). B chromosomes occur in all eukaryotic
organisms and in 10%-15% of flowering plants and
appear to be restricted to outbreeders. They are usually
smaller but some may be as large as or larger than A
chromosomes, In morphology, Bs may exist as isochro-
mosomes, acrocentrics or telocentrics. They may be
totally or partially heterochromatic, usually genetically
inert, but may have NOR, 5S rDNA and other genes that
affect recombination and ensure their preferential trans-
mission through the gametes (Beukeboon 1994; Jones
1995). The newly arisen isochromosome described here
for P. lagopus has many properties of B chromosomes. As
such it should be considered a bona fide B chromosome
with a fully documented mode of origin.

Chromosome structure and behavior

The data show that the isochromosome is cytogenetically
unique. It is the largest chromosome, more than twice the
size of the A chromosomes of P. lagopus. C-banding
analysis showed that the isochromosome is completely
heterochromatic. It has NOR loci at the ends and the bulk
of the body mass is derived from 5S rDNA sequences.
The ends of the chromosome have been stabilized by
telomeric sequences. It has a fully functional centromere
as judged from its regular behavior during mitosis and
meiosis. During meiosis, it does not pair with any
chromosome of the standard complement. Instead, the
two arms of this chromosome are paired internally,
resulting in a ring univalent. It undergoes normal
disjunction at meiosis I and II. The structure and behavior
are typical of many naturally occurring B chromosomes.
For example, the much studied B chromosomes of Crepis
capillaris exist as isochromosomes and also have NOR



and 5S rDNA loci (Jones 1995). However, the isochro-
mosome described here is unique in having its entire body
mass derived from 5S DNA sequences. No plant B
chromosome with such a structure has been described,
partly because not all B chromosomes have been analyzed
for the presence of 5S rDNA sequences. However, in
Rattus it has been reported that ribosomal cistrons are
dispersed throughout the B chromosomes (Stitou et al.
2000).

Genetic activity

Most B chromosomes in nature are described as genet-
ically inert although they may carry one or more traits
unique to their survival (Jones 1995). The isochromosome
described here is also genetically inert as indicated by its
completely heterochromatic structure, and lack of visible
effects on plant morphology and vigor. Because of
genetic unbalance, pollen (male gametophyte) is very
sensitive to aneuploidy. As a rule, unbalanced male
gametes (1n+1) cannot compete against euhaploid ones
(In) and extra chromosomes are transmitted at a reduced
rate through males (Khush 1973). In Triplo 2, from which
the isochromosome originated by fragmentation, 1n+1
male gametes function at a frequency of 12% (Bahn
1990) as compared with the 41% for the isochromosome
(Table 1). This is the most compelling evidence that the
isochromosome is genetically inert. However, the NOR
loci on the isochromosome do organize nucleoli as has
also been documented for B chromosomes in C. capillaris
and other organisms (Jones 1995).

B chromosome drive

Many drive and accumulation mechanisms have been
documented by which B chromosomes enhance their
transmission and accumulate in nature (Jones 1991,
1995). These include premeiotic, meiotic or postmeiotic
drive, generally controlled by discrete genetic factors
located on the B chromosomes. B chromosome drive or
accumulation mechanisms may operate in the male or
female side or rarely through both sexes or even can be
absent in some cases. Thus, of the 70 species of plants
analyzed, only 60% have shown evidence of meiotic drive
(Jones 1995). The B chromosome accumulation mecha-
nism is usually associated with B chromosome nondis-
junction during pre- or postmeiotic mitosis and B
chromosome carrier germ cells usually participate in
gametogenesis and fertilization. Meiotic drive involves
directed movement of B chromosomes to poles to
minimize their loss during meiosis or to egg cells that
will participate in zygotic fertilization. We have not
analyzed details of the drive behavior of the isochromo-
some reported here but the data do suggest preferential
transmission. B chromosomes do not pair with A
chromosomes and form univalents that can be described
as laggards. There is an extensive body of literature
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documenting that a laggard (unpaired or univalent)
chromosome is transmitted to 25% of the gametes by
chance and 75% of the time it is lost as micronuclei (Sears
1944). The observed rate of 40%—41% in both sexes is
significantly higher than 25% (Table 1). Thus, even
though only 25% of gametes are expected to have the B
chromosome, 40% gametes with Bs were actually
involved in fertilization, indicating the existence of a
drive mechanism. In maize controlled crosses, male
(OBx1B) and female (1Bx0OB) transmission of Bs was
38% and 30%, respectively (data of Randolph 1941 cited
in Jones 1995). In maize, the drive mechanism only
operates on the male side with a well-known mechanism
of accumulation caused by B chromosome nondisjunction
at the second pollen mitosis.

Mode of origin

Although a lot of work has been conducted on the
structure, occurrence, sequence analysis, meiotic behavior
and transmission of B chromosomes, their origin is still an
enigma (Jones 1995; Langdon et al. 2000). It is widely
accepted that B chromosomes originate from standard A
chromosomes. In addition to this intraspecific mode of
origin, there also is evidence suggesting that B chromo-
somes are alien chromosomes introgressed from related
species by interspecific hybridization (Camancho et al.
2000). B chromosomes likely originate by several mech-
anisms. We were able to observe one such rare event and
document one of the mechanisms by which a B chromo-
some may arise in nature.

From our data, we can deduce several distinct
processes that may participate in the origin of a B
chromosome. The first process is a mutation causing
aneuploidy. Aneuploids arise spontaneously from chro-
mosome nondisjunction and other causes (Khush 1973).
Aneuploidy may play a role in the origin of B chromo-
somes by providing the raw material, i.e., the centromere
and autonomously replicating DNA sequences (ARSs),
and also may trigger aneuploidy-associated genetic
lesions such as chromosome fragmentation. However,
any mutation in euploid plants that causes chromosome
fragmentation can serve the same purpose because
centromeres have been shown to be divisible into
functional subunits (Zhang et al. 2001). Amplification
of DNA sequences then occurs to provide body mass
because a certain minimum size is required for a
functional chromosome (Schubert and Oud 1997). As
discussed below, several mechanisms are known that can
lead to rapid amplification of DNA sequences. The
acquisition of telomeric DNA sequences to stabilize the
chromosome end is the final process (Werner et al. 1992;
Friebe et al. 2001).

The results of this study show that all of these
processes participated in the origin of the isochromosome
reported here. The isochromosome is composed almost
entirely of 5S rDNA sequences, and the two termini of
this chromosome have 18S, 5.8S, 25S rDNA sequences
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Fig. 6 Possible mode of origin of the isochromosome: a in Triplo
2, chromosome 2 with a functional centromere (black), telomere
(blue), and adjacent 5S rDNA (yellow) and 18S, 5.8S, 25S rDNA
(red) sequences was present in triplicate and vulnerable to
chromosome breakage; b breaks in distal regions of both arms
followed by the fusion of the broken ends produced a ring
chromosome; ¢ fragmentation of the ring chromosome and d fusion
of a fragment containing the 5S and 18S, 5.8S, 25S rDNA
sequences with a centromeric fragment produced a nascent
minichromosome; e amplification of 5S rDNA sequences occurred;
f addition of telomeric repeats stabilized the end of the telosome; g
misdivision of the centromere resulted in the formation of the
observed isochromosome

followed by telomeric repeats. Although we do not know
how the isochromosome originated, the following hy-
pothesis is consistent with our observations. The origin of
the isochromosome can be traced to chromosome 2,
which has tandem arrays of both 5S and 18S, 5.8S, 25S
rDNA sequences (Fig. 6a). The 2n=13 chromosome plant
was first isolated in the progeny of Triplo 2, indicating
that the first step was the aneuploid mutation that
triggered the chain of events leading to the creation of a
stable isochromosome. Because chromosome 2 was
present in triplicate in the mother plant, it was probably
more vulnerable to chromosome breakage. The second
step was the formation of a ring chromosome that resulted
from two breaks in both arms of chromosome 2 (Fig. 6b).
The third step involved chromosome fragmentation
(Fig. 6¢c). Perhaps several double-strand breaks occurred
in chromosome 2, which resulted in a derivative nascent
minichromosome containing both the 5S and 18S, 5.8S,
25S rDNA arrays fused to centomeric sequences (Fig. 6d).
The observation of ring chromosomes and double minutes
during the development of this line supports this hypoth-
esis. The stage was set for the fourth process: DNA
sequence amplification (Fig. 6e).

In plants, gene amplification has been reported to
occur during evolution (Bedbrook et al. 1980), in in vitro
plant culture (Phillips et al. 1994) or in response to
metabolic stress (Donn et al. 1984). Furthermore, the
response of genomes to stress has been amply demon-
strated in maize (McClintock 1984). Rapid chromosome
remodeling was also observed in interspecific hybrids of
marsupials (Waugh O’Neill et al. 1998). The centromeres
of one parental genome in these hybrids became elon-
gated as the result of genome-wide undermethylation that

led to the amplification of retroelements and their
insertion into the centromeric heterochromatin followed
by additional chromosomal rearrangements. Similarly, the
challenges posed by trisomy in P. lagopus may have
triggered the excision and amplification of 5S rDNA
sequences.

DNA sequences can be amplified by different mech-
anisms in different organisms. In addition to classical
examples such as amplification of rRNA genes in
amphibian oocytes, macronuclei of Tetrahymena, and
chorion genes in Drosophila, cells with amplified onco-
genes and drug-resistance genes have been observed both
in vivo in tumors and in cell lines (Schimke 1988).
Although several models for gene amplification have
been proposed (Windle and Wahl 1992), none of them
seem universally acceptable. Our data also are not
consistent with any single model of gene amplification.
Most likely, unscheduled DNA replication, termed
Onion-Scale replication (Schimke et al. 1986) gave rise
to amplified 5SS rDNA arrays.

The fifth process was the addition of telomeric repeats
to the end that stabilized this chromosome (Fig. 6f). This
probably happened in the germ cells where telomerase
activity is known to be high (Eisenhauer et al. 1997). It is
tempting to speculate that enhanced nucleolar activity
may have played a role in the preferential transmission of
the newly arisen isochromosome as NOR loci have been
documented in many of the naturally occurring B
chromosomes (Jones 1995). Finally, misdivision of the
centromere (Rhoades 1938; Sears 1952a, b) occurred that
led to the formation of the isochromosome (Fig. 6g).

For yet another reason, the involvement of rRNA
genes in the amplification process does not appear to be
accidental. Recently, Borisjuk et al. (2000) cloned an
amplification-promoting sequence (aps) from the inter-
genic spacer of rDNA in Nicotiana. This sequence
stimulates the amplification of adjacent genes. This is
particularly true for an 11 bp core consensus sequence (A/
TTTTAT(A/G)TTT(A/T) of the Saccharomyces cere-
visae ARS that was found within the origins of DNA
replication in several eukaryotes including plants (Her-
nandez et al. 1993). Using the CLUSTAL W (http://
dot.imgen.bcm.tmc.edu) computer program, we aligned
the aps sequence with the internal transcribed spacer
(ITS) and non-transcribed spacer (NTS) sequences of the
5S rRNA gene cloned from P. lagopus (Fig. 2b) (Acces-
sion number AF464934). No significant matches were
found between the aps and ITS sequences although the
aps and NTS sequences showed about 50% similarity.
Interestingly, three sequences, TTTTTAATTTT, ATGT-
GTTCTATTA, and ATTTGGAAT, showed considerable
similarity to ARS sequences. The first sequence shows
10/11 matches with the ARS sequences, and the other two
sequences show 12/13 and 9/10 matches. The mouse
muNTS1 and several other mammalian aps elements also
contain ARS sequences, which suggests that ARS-like
elements are required for gene amplification in both
mammals and plants. The presence of an ARS-like
sequence in the NTS region of the 5S rRNA gene



suggests its involvement in the amplification of 5S rDNA
arrays that led to the origin of the isochromosome
characterized in this study.

Fate of the apparent B chromosome

The isochromosome reported here already has acquired
many characteristics that qualify it as a B chromosome
but it is still in the very early stages of B chromosome
evolution. It will be expected to evolve a more potent
drive and accumulate DNA sequences by horizontal
transfer or otherwise lose DNA sequence similarity to A
genome chromosomes. Green (1990) has suggested that B
chromosomes undergo degeneration by Muller’s ratchet
mechanism. These processes are related to the peculiar
behavior of B chromosomes, similar to the Y chromo-
some of mammals (Graves 1995), because of the absence
of pairing and recombination.
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