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Alteration of chromosome numbers by
generation of minichromosomes-Is there a
lower limit of chromosome size for stable

segregation?
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Abstract. Practical applications of minichromosomes, gen-
erated by de novo composition or by truncation of natural chro-
mosomes, rely on stable transmission of these chromosomes.
Functional centromeres, telomeres and replication origins are
recognized as prerequisites for minichromosome stability.
However, it is not yet clear whether, and if yes, to what degree
the chromatin content has a qualitative or quantitative impact
on stable chromosome transmission. A small translocation
chromosome, which arose after X-irradiation of a recon-
structed field bean karyotype, comprised ~ 5% of the haploid
metaphase complement and was found to consist of three
pieces of duplicated chromatin and a wild-type centromere.
This chromosome was stably transmitted through all meriste-
matic and pollen grain mitoses but was frequently lost during

meiosis (66 % loss in hemizygous and 33 % in homozygous con-
dition). This minichromosome was only a little smaller than
stably segregating translocation chromosomes (comprising
~ 6% of the genome) of a euploid field bean karyotype. The
duplications specific for this minichromosome did not in-
fluence meiotic segregation when associated with non-dupli-
cated chromatin of other chromosomes. In comparison with
minichromosomes of other species, the possibility of a lower
size limit for a stable chromosome transmission must therefore
be considered which might be based, for instance, on insuffi-
cient lateral support of centromeres or on insufficient bivalent
stability due to the incapability of chiasma formation.
Copyright© 2001 S. Karger AG, Basel

Artificial chromosomes of eukaryotes are exciting tools for
many scientific and biotechnological purposes. Such extrachro-
mosomal linear structures are available for yeasts, are being
established for mammals but have not yet been constructed for
plants. Also for plants, artificial chromosomes (PLACs) would
provide useful vehicles for transfer of genetic information into
target organisms which, once established, could be manipu-
lated by conventional crossing without (or only rare) recombi-
nation with the host genome. Compared to other methods of
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gene transfer, the advantage of artificial chromosomes is their
high carrying capacity. They enable the transfer of complex
traits and allow to study stability, function and modification of
large chromatin domains as separately segregating entities in
homologous and heterologous systems. Theoretically, it is even
possible to design artificial chromosomes in a way suitable for
controlled self-destruction (e.g., by inducible restriction endo-
nucleases).

There are two main strategies for construction of artificial
chromosomes: (i) systematic fragmentation of natural chromo-
somes and (ii) de novo composition including centromeres and
telomeres (Choo, 1997). Disadvantages of de novo composition
of PLACs are the limited knowledge about functional DNA
sequences of plant centromeres and the limited amount of
DNA which can be cloned in bacteria or yeasts. Therefore, it is
essential to address the question as to the minimal size for sta-
ble mitotic/meiotic transfer of (artificial) chromosomes.
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Table 1. Possible size limits for stable trans-

o g s Species Minichromosome Mitosis Meiosis DNA content  References
mission of artificial chromosomes may depend .
. size (10)
on genomic DNA content
Yeast 2150 kb 100% 100% 10 Mb Murray et al., 1986
<55 kb <100% <100% Murray and Szostack, 1983
Drosophila 1.3 Mb 100 % ~50 % 150 Mb Williams et al., 1998
0.2 Mb® ~87 % 0.3-14%
Mouse ~60 Mb°® ~99 % 3.300 Mb Telenius et al., 1999
~30 Mb*? <1-33% Tomizuka et al., 1997
4.5 Mb° >99% in vitro <20% Shen et al., 1997, 2000
30-80% in vivo
Human ~ 50 Mb 100 %" 3.500Mb  Mills et al., 1999
~ 8 Mb 95 %"
~ 2.4 Mb 88-92 %*#
~5Mb ~99 0% Ikeno et al., 1998
Harrington et al., 1997
) Heller et al., 1996
>10 Mb 99.8 %' ) Kuroiwa et al., 2000
5-20 Mb >90% 32-38% Shinohara et al., 2000
Tomizuka et al., 2000
5-10 Mb >99% 31-35%F Voet et al., 2001
Field bean < 700 Mb 100 % 17.0%' 13.500 Mb this paper
66.7%™

Linear centric plasmid.
Neocentric fragment.

In hamster cells.

In chicken DT 40 cells.

sat-DNA-based artificial chromosome.
Human Y-derived artificial chromosome.
Human artificial chromosome with mouse sat-DNA.

" In human HT 1080 or CHO cells.

Up to F3 in mice.
F1 in mice.
Hemizygous.
Homozygous.

In chicken DT40, mouse ES cells and chimeric mouse.

Previously we have shown the occurrence of and the reasons
for an upper size limit for stable chromosome transmission
(Schubert and Oud, 1997; Schubert et al., 1998).

There are (also) indications for a (possibly species-specific)
lower size limit for stable chromosome transfer, particularly
during meiosis (Table 1).

In yeast (1 C = 10 Mb), minichromosomes of 150 kb show
normal stability, while centric linear plasmids below 55 kb are
clearly less stable. In Drosophila (I C = 150 Mb), minichro-
mosomes of 1.3 Mb segregate normally, while neocentric frag-
ments of 0.2 Mb are partially lost during mitosis and are poorly
transmitted meiotically. Mammalian mini- or artificial chro-
mosomes of 4 to 60 Mb are fairly transmitted during mitosis in
homologous and heterologous systems. Transmission via germ
cells has so far been reported in a few cases: a human minichro-
mosome (~ 30 Mb) was transmitted through female mice
(33%), while transmission via males was below 1% (Tomizuka
et al., 1997); a human minichromosome (~ 4.5 Mb) with
mouse satellite sequences through three generations with a
transmission rate between 0 and 20 % (Shen et al., 2000, 2001)
and other human minichromosomes of 5-20 Mb with a trans-
mission rate between 31 % and 38 % up to F3 in mice (Shinoha-
ra et al., 2000; Tomizuka et al., 2000; Voet et al., 2001) (Ta-
ble 1).
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Based on these data it is tempting to speculate that for stable
mitotic transmission artificial chromosomes should contain
=1% of the host’s genome size and clearly more for perfect
meiotic stability. In order to study the possible effect of chro-
mosome size reduction on transmission frequency in a higher
plant with a large genome, we used field bean lines with recon-
structed karyotypes.

Using an established procedure for experimental alteration
of diploid chromosome numbers in the field bean Vicia faba
(2n = 12), karyotypes with 2n = 14 chromosomes were gener-
ated (Schubert and Rieger, 1985). This procedure is based upon
individuals heterozygous for two translocations both involving
the same metacentric but different acrocentric chromosomes
with breakpoints close to the centromeres. In such individuals,
hexavalents are formed during meiosis. Usually, the parental
karyotypes segregate into the gametes but in some cases mis-
segregation occurs (the two translocated metacentrics of the
hexavalent migrate to one and the four corresponding acrocen-
trics to the other pole). The hyperploid gametes (n + 1) contain
small duplications comprising centromeric/short arm regions
while the hypoploid ones (n — 1) suffer from deletions of the
same regions (and proved to be inviable in the cases tested so
far for V. faba). Fusion of hyperploid gametes yields progenies
with a homozygously increased diploid chromosome number
2n+2=14).
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Fig. 1. Scheme of the wild-type chromosome |;| P ‘ DKP14 * DKP14 tDI-VI
complement of Vicia faba and its derivatives
resulting via combination of rearrangements in & ni g =
the karyotype DKP tDI-VL. The duplicated re- - = = > . g o So= =
gions of the karyotypes with seven chromosomes I
are marked by vertical bars and the breakpoints of
translocation DI-VI by horizontal bars within the
karyogram of DKP14; each chromosome of the 1
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Presoaked seeds of one of these karyotypes (DKP14, see
Figs. 1 and 3) with 14 chromosomes and therefore with small
duplicated regions have been X-irradiated. Among the progeny
of the irradiated individuals, plants were found with a translo-
cation resulting in a large metacentric and in a small chromo-
some (~ 5% of the metaphase genome, Figs. 1 and 3). The
small translocation chromosome was perfectly stable during
mitosis but was frequently absent in progenies reducing their
chromosome number from 14 to 13 or 12. To study the possible
reasons for that loss, the chromatin composition of the small
translocation chromosome as well as meiosis and male gameto-
phytic mitoses of the new translocation karyotype have been
studied.

Materials and methods

For description of the reconstructed field bean karyotypes (EF, DKP 14
and its derivatives) used in this study see Results section. Letters specify the
chromosome reconstructions (reciprocal translocations or inversions), Ro-
man numbers (I-VI) the wild-type chromosomes and S or L the short and
long arms; t stands for translocation and Arabic numbers refer to the chromo-
some number of the respective karyotype. Translocation chromosomes are
designated by the letter for the corresponding translocation and the Roman
numbers for the chromosomes involved with that providing the centromere
in first position.

Chromosome preparations from root tip meristems, pollen mother cells
and pollen grains were made by gentle squashing after HCl-hydrolysis and
Feulgen-staining or after acetocarmine-staining (meiosis) according to rou-
tine procedures. Giemsa banding followed the schedule of Schwarzacher et
al. (1980). FISH was done according to Fuchs and Schubert (1995); for probe

Fig. 2. Complete metaphase cell of the heterozygous karyotype DKP/
DKP tDI-VI with all 14 chromosomes individually recognizable after FISH
with a digoxigenin-labeled probe of the 321-bp tandem repeat pV{7 (Fuchs et
al., 1998); a single FITC-signal occurred on chromosome pairs PV and KVI
and a double signal on the acrocentric chromosome VI and on the metacent-
ric translocation chromosome VI-DI. The weaker signal on chromosome VI
(short arrow) and on the shorter arm of chromosome VI-DI (long arrow) con-
firm the translocation between chromosomes DI and VI (compare Fig. 1).
Magnification: 3,000x.
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Fig. 3. Ideogram of karyotype DKP 14 and complete metaphases of its
derivatives DKP/DKP t DI-VI 14 (heterozygous), DKP/DKP t DI-VI 15
(heterozygous) containing an additional small translocation chromosome DI-
VI with a partially deleted arm, and DKP t DI-VI 12 (homozygous) with both
small translocation chromosomes lost (Feulgen-staining); duplicated regions
(bars) and translocation breakpoints (arrow heads) are marked in DKP14;
chromosomes VI-DI, DI-VI and its deleted variant are marked by long, short
and very short arrows, respectively. Magnification: 3,000x.

description see legend to Fig. 2. Measurements of propidium iodide-stained
root tip nuclei of karyotypes DKP tDI-VI14, DKP tDI-VI12 and wild type
using a FACStarP»s flow cytometer (Becton Dickinson) yielded DNA con-
tents of 26.972, 25.793 and 25.978 pg/2C, respectively. This showed that
DKP tDI-VI14 nuclei contain ~ 4.6 % more DNA than DKP tDI-VI12 or
wild type nuclei (P < 0.05), confirming the size estimation of ~ 5% for the
small translocation chromosome DI-VI which was based on length measure-
ment of the metaphase chromosome complements.
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T ye, and the micronuclei resulting from exclusion of
A i . the small translocation chromosome DI-VI. Mag-
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Fig. 5. Acetocarmine-stained metaphase I of
the homozygous karyotype DKP tDI-VI with 14

iy chromosomes; showing both chromosomes DI-VI
:** as univalents (arrows) apart from the equatorial
¥ plane. Magnification: 1,500x.
Results

The karyotype DKP14 and the translocation tDIL-VIS

The karyotype DKP14 arose by several consecutive events.
At first, a fusion of two n+1 gametes, resulting from meiotic
mis-segregation within an individual heterozygous for the
translocations D (t IS-IIIS) and K (t IS-VIL), resulted in karyo-
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type DK14. Into this karyotype the translocation P (between
the short arm of the pericentrically inverted chromosome BV
and the long arm of chromosome III) was introduced (Fig. 1).
Due to the combination of chromosomes DI and VI of karyo-
type D and KVTI and III of karyotype K, the karyotypes DK 14
and DKP14 contain duplications comprising the short arm of
chromosome DI (composed of the distal half of the short arm of
wild-type chromosome III and the proximal region of the satel-
lite arm of wild-type chromosome I) and the centromere and
the short arm of wild-type chromosome VI. The new X-ray-
induced translocation (t DIL-VIS) resulted in a large metacent-
ric (VI-DI) and a small chromosome (DI-VI). The latter con-
tains all regions duplicated within karyotype DKP14 (Fig. 1).
This became evident from chromosome morphology, Giemsa
banding (not shown) and FISH with the repetitive element
pVf7 (Fig. 2). The size and banding pattern of the shorter arm
of the large metacentric translocation chromosome precisely
correspond to that of the long arm of wild-type chromosome VI
which is characterized by four Giemsa marker bands (Fuchs et
al., 1998). It also contains the two loci of the tandem repeat
pVI7 typical only for the long arm of chromosome VI (Fuchs et
al., 1998). The longer arm of the small translocation chromo-
some represents the short arm of chromosome DI while its
short arm is somewhat longer than that of wild-type chromo-
some VI. Therefore, one breakpoint must have occurred within
the long arm of chromosome DI between the centromere and
the proximally adjacent heterochromatin band and the other
within the tiny short arm of wild-type chromosome VI. The
individual heterozygous for the karyotypes DKP14 and
DKP14 tDI-VI (DKP14 tDI-VI het) should produce two types
of gametes with the corresponding karyotypes, respectively,
which should equally contribute to the progeny. In fact, among
the 52 gametes contributing to a progeny of 26 individuals, 15
(28.8%) are of karyotype DKP14, and 8 (15.4%) of karyotype
DKP14 tDI-VI. The remaining 29 gametes were derived from
DKP14 tDI-VI by loss of the small translocation chromosome
DI-VI. Only one individual was homozygous for karyotype
DKP14 tDI-VI. Altogether, nine gametes (17.3%) transferred
the small translocation chromosome DI-VI (in one case as addi-
tional chromosome to karyotype DKP14). Individuals hetero-
zygous for karyotypes DKP14 and DKP14 tDI-VI without the
small translocation chromosome have 13 chromosomes per
cell. The progeny of such individuals also showed a deviation
from Mendelian expectation with a bias in favour of the karyo-
type with six chromosomes, i.e., without the small chromosome
which carries the segments duplicated in DKP14 (gamete ratio:
25:17 instead of 21:21).

From these data it is inferred that gametes containing small
duplications (~ 5% of the genome) are at a disadvantage as
compared to euploid ones. The ideograms of karyotype
DKP14, the heterozygous translocation karyotype DKP tDI-
VI14 and its derivatives DKP tDI-VI12 and DKP tDI-VI15 are
shown in Fig. 3. The chromatin content of karyotype DKP tDI-
VI with only 12 chromosomes corresponds to that of the wild
type. The centromere of chromosome VI is present twice, due
to the substitution of centromere I within the new large meta-
centric translocation chromosome.

Behavior of small chromosomes during meiosis and pollen

grain mitosis: translocation chromosome DI-VI

Meiosis and pollen grain mitoses were studied within an
individual with 13 chromosomes, homozygous for the translo-
cation karyotype DKP tDI-VI but lacking one of the homo-
logues of the small translocation chromosome (DI-VI). Anthers
at various developmental stages were acetocarmine-stained.
Pollen mother cells in metaphase I revealed six bivalents prop-
erly arranged in the equatorial plane and a dot-like univalent
which in 82.5% of 103 cells was clearly apart (Fig. 4a). During
prometaphase II the univalent often remains in separate posi-
tion (Fig. 4b). In anaphase II the small chromosome was found
to be left in the equatorial plane or separated from the spindle
area in 36% of 111 cells (Fig. 4c). In 18.2% of 44 carly telo-
phase II cells the decondensing chromatids of the small chro-
mosome were located outside the four daughter nuclei and
13.5% of 104 tetrads showed one or two micronuclei (Fig. 4d).
In ana- and telophases of the first pollen grain mitosis, lagging
of small chromosomes was no longer observable. The micro-
spores had either already lost chromosome DI-VI or, if still
present, it showed normal segregation. These data show that
the small translocation chromosome in monosomic condition
becomes only randomly incorporated into the nuclei of micro-
spores and is frequently lost during meiosis. Among the proge-
ny of plants with the karyotype constitution DKP tDI-VI 13
which had only 13 chromosomes due to the loss of one of the
small translocation chromosomes DI-VI, three individuals
were homozygous for karyotype DKP tDI-VI 14. From these
plants six seeds were harvested. Four of these were hemizygous
for the small translocation chromosome, i.e., the transmission
rate from homozygous parents is only ~ 66 %. Investigation of
meiotic cells of an individual with a homozygous karyotype
DKP tDI-VI 14 revealed that in 40 % of metaphase I cells chro-
mosomes DI-VI were excluded from the equatorial plane and/
or formed no bivalent (Fig. 5). These chromosomes segregate
randomly into the daughter nuclei or get lost.

Translocation chromosome FIIT

For comparison, meiotic stages were investigated in indi-
viduals homozygous for karyotype EF (Schubert and Rieger,
1991) with two translocations (E: tIVL-VL and F: tIIS-IIIL)
which contain a pair of small translocation chromosomes (FIII)
only slightly larger (~ 6% of metaphase genome length) than
translocation chromosome DI-VI. In the case of karyotype EF,
the six bivalents including the one formed by the small translo-
cation chromosome FIII showed normal meiotic behavior and
proper chromosome segregation during meiosis and pollen
grain mitosis in all inspected pollen mother cells and micro-
spores. Also individuals of karyotype DKP14 revealed normal
formation of (seven) bivalents and chromosome segregation.

Seed setting in plants of karyotypes DKP14, DKP12, and
EF was compared to that of the wild type. For EF, DKP14,
DKP12 and wild-type plants (21, 20, 21 and 26 individuals,
respectively) the average number of pods/seeds per plant was:
19.6/56.8 (wild type), 12.5/30.3 (EF), 14.3/18.5 (DKP14) and
5.4/8.7 (DKP tDI-VI12).
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Discussion

The data obtained from translocation karyotype DKP14
tDI-VI show that (i) reduction of chromosome number may
occur by loss of chromosomes consisting exclusively of dupli-
cated/dispensable chromatin and (ii) in the described case
chromosome loss is due to improper meiotic segregation of the
small chromosome even under homozygous condition and
although it contains a normal centromere (that of wild-type
chromosome I).

Theoretically, it cannot be excluded that the presence of
duplicated chromatin is “recognized” and becomes actively
eliminated. Such elimination is not possible when duplicated
chromatin is associated with non-duplicated chromosome re-
gions as in chromosomes of DKP 14 and other field bean
karyotypes with 2n = 14 chromosomes. The reduced transmis-
sion of these karyotypes from individuals heterozygous with a
euploid chromosome complement is explainable by a slower
migration of generative pollen nuclei containing the duplica-
tions as compared to strictly euploid ones. However, interpret-
ing the low transmission rate of chromosome DI-VI as a conse-
quence of active elimination bears the difficulty to explain how
chromatin duplication can cause meiotic malfunction of an
apparently normal centromere and why larger univalents of
polysomic chromosomes are often transferred with a higher fre-
quency, for instance in cereals (Tsuchiya, 1960, 1967).

Except for the cases listed in Table 1, there are reports on
meiotic loss of small chromosomes. A very small translocation
chromosome 7'5 of the mouse (<1 % of the haploid metaphase
complement, Schriever-Schwemmer and Adler, 1993) and a
short arm telocentric of a rye B chromosome (with a longitudi-
nal extension not surpassing the width of a chromatid, J. Syben-
ga, personal communication) were not transferred to the next
generation, while their centromeres functioned properly during
mitotic divisions. Although it cannot be excluded that the cen-
tromere of the rye B telocentric had lost by fission components
essential for proper functioning during meiosis, it might be pos-
sible that its size simply became too small for meiotic transmis-
sion.

Up to now, lacking or impaired meiotic transmission con-
cerned minichromosomes in monosomic condition. Thus, it
might be possible that the reduced transfer is a consequence of
their incapability to form bivalents during meiosis I. The high-
er transmission frequency of some polysomic chromosomes of
cereals in univalent condition could possibly depend on the
chromosome involved and/or the genetic background.

Frequent loss (~ 33%) of the small chromosome DI-VI
even occurs in homozygous condition. There is no obvious rea-
son why its centromere should function improperly during
meiosis. Either the chromatin on either side of the centromere
is specifically incapable of forming chiasmata for bivalent sta-
bilization or there is indeed a general requirement of a certain
(species-specific) amount of chromatin to form stable bivalents
that can properly be separated during meiosis I. Shen et al.
(2001) describe variable mitotic stability of minichromosomes
(1.7 to 6.7 Mb in size) in different host species (and tissues)
depending on correct centromere formation rather than on
minichromosome size. Nevertheless, the reported mitotic
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transmission rate decreased during culture without selection,
even in cells where transmission frequency is high. Transmis-
sion of these minichromosomes through meiosis was generally
below that of normal chromosomes (Shen et al., 2000; Tomizu-
ka et al., 1997; Shinohara et al., 2000; Voet et al., 2001). So far,
we are not aware of perfect meiotic transfer of chromosomes
with a size of ~ 1% of the host genome. Birds having minichro-
mosomes as regular components of their genomes might repre-
sent an exception with a particular adaptation for transfer of
naturally occurring minichromosomes.

Therefore, it might be possible that impaired meiotic trans-
mission of chromosome DI-VI, even in homozygous condition,
is caused by its “too small” size, and that the translocation chro-
mosome FIII, which is only little larger (~ 6% of metaphase
genome length), is demarcating the lower size limit for stable
transmission. To exclude the possibility that the failure of
chiasma formation is a specific feature of the chromosome
arms of chromosome DI-VI and the poor meiotic transfer is not
only due to the small chromosome size, the generation of other
minichromosomes of comparable size within the field bean
karyotype is required.

Another reason (except impaired chiasma formation) for a
lower size limit below which stable chromosome transmission,
particularly during meiosis, is no longer possible could be the
requirement of a “minimum lateral support” for proper cen-
tromere function, which has to be provided by a certain (spe-
cies-specific) amount of chromatin flanking a centromere.
Phosphorylation of histone H3 at serine position 10 occurs at
active centromeres and the surrounding pericentromeric re-
gions during mitosis and meiosis II and along the entire chro-
mosomes, including univalents, during meiosis I in plants
(Houben et al., 1999; Manzanero et al., 2001), while single
chromatids resulting from equationally divided univalents
show no phosphorylation during meiosis II and form laggards
(Manzanero et al., 2001). Therefore it might be possible that a
certain amount of chromatin around centromeres available for
H3 phosphorylation is required as a lateral support for correct
segregation.

Investigations of more minichromosomes in diverse species
are needed to decide whether indeed a species-specific lower
tolerance limit of chromosome size or the specific chromatin
content is responsible for impaired minichromosome transmis-
sion.
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