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† Background Supernumerary B chromosomes (Bs) are a major source of intraspecific variation in nuclear DNA
amounts in numerous species of plants. They favour large genomes, and create polymorphisms for DNA variation
in natural populations. By studying Bs we can gain useful knowledge about the organization, function and evolution
of genomes. There are also significant biological questions concerning the origin and structural organization of Bs,
and the way in which these selfish elements can establish themselves by exploiting the replicative machinery of their
host genome nucleus.
† Scope It is a sine qua non that Bs originate from the A chromosomes, in a variety of ways. We can study their
modes of drive and ask how it is that chromosomes which apparently lack genes can have control over their own
drive process which leads to their survival in natural populations. Molecular cytogenetic studies are opening up
new avenues of investigation. Population equilibria for B frequencies are determined by a balance between accumu-
lation and harmful effects. Bs are also subject to meiotic loss due to polysomy and to elimination at meiosis as uni-
valents. These balancing forces can be seen in the context of host/parasite interaction, based on a dissection of the
genetic elements in both As and Bs (in maize) which interact to bring about a stable equilibrium, at least for a snap-
shot in time.
† Conclusions Aside from their intrinsic enigmatic properties, B chromosomes make useful experimental tools to
study genome organization. Thus far they have not been exploited for their applications, other than through the
use of A-B translocations used for gene mapping in maize; but there are opportunities to use them to modulate
the frequency and distribution of recombination, to diploidize allopolyploids, to study centromeres and to be devel-
oped as plant artificial chromosomes; given that they can be structurally modified and their inheritance stabilized.

Key words: B chromosomes, DNA polymorphisms, host/parasite interaction, mitotic/meiotic drive, applications, genome
organization/evolution, centromeres.

INTRODUCTION

Supernumerary B chromosomes (Bs) were first discovered
by E. B. Wilson in the leaf-footed plant bug insect
Metapodius (now called Acanthocephal) a century ago
(Wilson, 1907a,b), and many of their distinctive features
were described at that time. In the plant world they first
came to notice in rye and in maize in the 1920s. In rye
(Secale cereale, 2n ¼ 2x ¼ 14 þBs) their supernumerary
nature was clearly defined by Gotoh (1924), who named
them k-chromosomes, to distinguish them from the
l-chromosomes of the basic A chromosome complement.
Shortly afterwards they were reported in maize (Zea mays,
2n ¼ 2x ¼ 20 þ Bs) by Kuwada (1925) and Longley
(1927). Longley named them ‘supernumerary chromo-
somes’, and then Randolph (1928) later classified them as
‘B chromosomes’. Bs are now known in well over one
and a half thousand species of plants, and their properties
have been well documented (Jones and Rees, 1982; Jones,
1995; Puertas, 2002; Jones and Houben, 2003; Camacho,
2004; Burt and Trivers, 2006).

The main diagnostic features of Bs are that they are
absent from some individuals of a population, and therefore
supernumerary, and they fail to pair with the A chromo-
somes (As) at meiosis. In some cases they have mechanisms

of meiotic (Lilium callosum) or mitotic drive (rye and
maize), or no known mechanism of accumulation
(Centaurea scabiosa), and in other cases they are consist-
ently univalent yet still survive in populations. One of the
big enigmas of Bs is the near impossibility to show any
selective advantage that can explain their widespread
natural polymorphisms. Selfish drive, where it occurs, can
help to explain population polymorphisms, but where it
does not we are left with an enigma. Bs have manifold
effects upon all measurable aspects of the nuclear pheno-
type as well as on the whole plant and, in general, it is a
truism that in higher numbers they are deleterious,
especially to fertility.

In the present context, we are especially interested in the
way in which they contribute to intraspecific variation in
nuclear DNA amounts, as well as to the qualities of the
additional DNA which they contribute. We need to ask
again do these Bs carry any genes, are they transcriptionally
silent or are they just gene-empty and a drag on the meta-
bolic activity of the nucleus.

The present paper is dedicated to a century of B chromo-
somes, in the context of intraspecific variation in nuclear
DNA in plants. The thought line leads us to consider
their significance as a component of the genome, and
to present some thoughts on what lessons we can learn
from them more generally about certain issues in plant* For correspondence. E-mail rnj@aber.ac.uk
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cytogenetics. In dealing with these questions we will, of
necessity, focus our discussion on the three species where
most of the molecular biology of Bs is currently taking
place, namely maize, rye, and Brachycome dichromosoma-
tica. What we know about these three species will give us
clues about what we might expect to find in many other
species as well, in the fullness of time. The vast majority
have been left behind in a time domain of classical
studies in population cytogenetics, with a sign saying
revisit later with new ideas and new investigative tools.

POLYMORPHISMS FOR NUCLEAR
DNA VALUES

Bs are widespread in natural populations of species in
which they occur. In rye, for instance, they can be found
in every region where the species grows in the wild or
under semi-wild conditions (Jones and Puertas, 1993),
and likewise in maize (Longley, 1938; McClintock et al.,
1981) and in many other cases; the exclusions being from
cultivars, and from inbreeders where they are totally absent.

The distribution of Bs among different groups of angios-
perms is not random: there is considerable heterogeneity
between different groups, with hot spots of occurrence;
and their presence is correlated with genome size. Based
on a survey of 979 species with Bs there is a large disparity
between their presence in monocots (8.0 %) and eudicots
(3.0 %). Within the monocots the heterogeneity is striking:
there are Bs in 27.2 % of species in the Commelinales, in
contrast with the sister order Zingiberales with only 4.3 %.
There is also much more variability in B-frequency
among monocot orders than among eudicots, and they are
rare or absent among non-monocot basal angiosperms
(Nymphaeaceae, Magnoliales, Laurales). Heterogeneity
also extends to families: the two families with the largest
number of þB species are the highly speciose Poaceae
and Asteraceae; and there are hot spots of occurrence in
Liliales and Commelinales (Levin et al., 2005). There is
virtually no difference in frequency between diploid and
polyploids (Jones and Rees, 1982; Palestis et al., 2004;
Trivers et al., 2004), but there is trend suggesting that Bs
have a higher frequency in families with a large genome
size (Trivers et al., 2004). It is not clear why large
genomes should favour the presence of Bs over their
absence, although we can speculate that larger amounts of
noncoding DNA may create a more conducive, or more tol-
erant, environment for the origin of Bs, which themselves
share overall similarity with As, as in rye, except for the
B-specific terminal region (Timmis et al., 1975;
Tsujimoto and Niwa, 1992; Wilkes et al., 1995; Houben
et al., 1996). There are no reports of Bs in arabidopsis,
but they have been found in rice (Cheng et al., 2000).

Notwithstanding the wealth of data we now have about
the distribution of Bs, and at the same time our lack of
understanding of these significant issues in plant systema-
tics, the fact remains that where B do occur they impact
strongly upon nuclear DNA values and all of the conse-
quences that follow from that for individuals and for
natural populations. The genome of rye has a 1C nuclear
DNA value for its A chromosome set of 8.28 pg ¼ 8114

Mbp, and a single B has a value of 800 Mbp, which is
four times the genome size of arabidopsis. When we con-
sider that natural populations of rye carry mostly 2 and 4
Bs we begin to appreciate the extent and the range of poly-
morphism for nuclear DNA due to these supernumerary
elements (Jones, 1976). The mean B frequency of þB
plants in a number of populations of rye ranges from
6.6 % to 54.0 % (Jones and Rees, 1982) and the additional
DNA in a rye plant with 4Bs is a massive 3200 Mbp. The B
in maize accounts for approx. 4 % of the total chromosome
volume and there are correlations between the number of Bs
and the size of heterochromatic knobs, which can mask the
contribution the Bs to make total genome size (Rosato
et al., 1998). Genome size databases do not normally indi-
cate the existence of B chromosomes.

In most species, Bs are found in low numbers (0–4,5) in
natural populations. Examples of high numbers are Silene
maritima (0–15), Brachycome lineariloba (0–22), and
Allium schoenoprasum. As many as 34 Bs have been
recorded in Zea mays, in experimental material (for refer-
ences, see Jones and Rees, 1982). As far as the size of Bs
is concerned there is no known species in which the Bs
exceed the size of the largest of the A chromosomes, and
only a few cases where they are equal to and indistinguish-
able from the As at mitosis as, for example, in Clarkia
elegans (Lewis, 1951), Sorghum nitidum (Raman and
Krishnaswami, 1960) and Rumex thysiflorus (Zuk, 1969).
At the other extreme, examples of small micro Bs are
Hypochoeris maculata (Parker, 1976) and Campanula
rotundifolia (Böcher, 1960).

HOW TO BE SUPERNUMERARY

What Bs tell us about intraspecific variation in nuclear
DNA amount is that, in some species at least, part of the
genome may ‘escape’ and establish its own existence with
its own rules of heredity and evolution. In this sense to
be supernumerary has advantages, albeit at the expense to
the host genome from which it arose. To share the
nucleus, together with its mechanisms of division, and
then to have mainly negative effects upon nuclear physi-
ology and the phenotype, requires the means of survival
against the gradient of these negative effects; since we
cannot as yet advance any convincing arguments that
Bs have any selective advantages, except under certain
severely drastic experimental conditions (Rees and
Hutchinson, 1973; Holmes and Bougourd, 1991). In
addition there has to be, by definition, an absolute barrier
to recombination between A and B chromosomes. Neither
can it be demonstrated that they contribute any genes
[leaving aside RNA genes in some species, e.g. Crepis
capillaris (Leach et al., 2005)], other than those elements
needed for their own selfish survival in rye and in maize,
and if they did there could be a greater conflict than that
which already exists. Notwithstanding this comment there
are reports of some newly discovered putative B-located
genes in mammals, namely CCT6B, FHIT and a hypotheti-
cal XP transcript in the yellow-necked mouse Apodemus
flavicollis (Tanic et al., 2005), and the C-KIT oncogene
in the red fox, Vulpes vulpes (Graphodatsky et al., 2005).

Jones et al. — A Century of B Chromosomes768

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article/101/6/767/183932 by guest on 19 April 2024



What does it take to be supernumerary and to survive,
and what conflicts does this generate?

HOW TO ‘ESCAPE’ THE GENOME

Nobody really knows where B chromosomes come from,
other than to say that they originate from the As in some
way, although there are some plausible ideas and models
(Jamilena et al., 1994; Dhar et al., 2002; Berdnikov et al.,
2003; Jones and Houben, 2003). The most convincing
case is that for the fully documented origin of a nascent
B in Plantago lagopus (2n ¼ 2x ¼ 12) (Dhar et al.,
2002). The story began with finding a spontaneous trisomic
of chromosome 2 in 1984, and then tracking it through
several generations. The extra chromosome went through
a number of rapid structural changes, including the for-
mation of a ring chromosome, and finally stabilized as a
heterochromatic isochromosome with features of a B. It
showed preferential transmission, absence of any phenoty-
pic effects, had a functional centromere and did not pair
with any chromosomes of the standard complement. The
sequence of events leading to the origin of this apparent
B were unravelled by monitoring its life history over
several generation and then charcaterizing it by FISH
with several probes. It was ‘born’ by the massive ampli-
fication of 5S rDNA, as a component of a nascent
mini-chromosome which included a centromere (Fig. 1).
Telomeres were added de novo, which is known to
happen, but it is not known how the nascent B undergoes
preferential transmission.

Bs could also escape as small centric fragments follow-
ing unequal translocation and a reduction in chromosome
number to give a new species, as we speculate may have
happened during the evolution of Crepis fuliginosa (2n ¼
2x ¼ 8 þ Bs) from C. neglecta (2n ¼ 2x ¼ 6) (Jones and

Rees, 1982), and as proposed following an aneuploid
reduction process in Haplopappus gracilis (2n ¼ 2x ¼
4 þ Bs) (Jackson, 1960).

Genomic rearrangements following interspecific hybrid-
ization offer another opportunity for supernumeraries to
arise, e.g. the derivatives Coix gigantea (2n ¼ 2x ¼ 20)
hybridizing naturally with C. aquatica (2n ¼ 2x ¼ 10).
Coix gigantea has four pairs of small chromosomes,
about the same size as those of C. aquatica. In the deriva-
tives of hybrids, one or two of these small chromosomes
appeared as alien extras in the genome of C. aquatica,
giving plants with 2n ¼ 11, and various other hybrid com-
binations. In plants where the additional small chromosome
did not pair with the As of the C. aquatica genome it
showed meiotic behaviour typical of a single univalent B
as found in many þB species, and lacked obvious phenoty-
pic effects. This single B could also undergo centromere
misdivision to give smaller heterochromatic fragment
chromosomes. In the absence of cytological observations
in these hybrid derivatives the various forms of these
additional chromosomes found in population samples of
C. aquatica would almost certainly be taken to be B
chromosomes (Sapre and Deshpande, 1987).

In Brachycome dichromosomatica the Bs are a conglom-
erate of mainly tandem repeat sequences derived from
different A chromosome sites, and could not therefore
have originated by a single excision of an A fragment
(Houben et al. 2001). We propose instead that B-founder
sequences were ‘released’ from a polymorphic A chro-
mosome region, and were then stabilized by the addition
of other sequences such as extrachromosomal DNA
(eccDNA) and sequences necessary for their function as
chromosomes (e.g. telomeric and centromeric sequences).
Indeed, it should be noted that Bs contain similar types of
coding and non-coding repeats as found in eccDNA of

FI G. 1. Diagrammatic representation of the possible mode of origin of an apparent B chromosome from triplo 2 in Plantago lagopus, based on Dhar et al.
(2002). c, Centromere.
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various organisms (Cohen et al., 2003) and eccDNA with
similarity to tandem repeat sequences shared by A and B
chromosomes has recently been identified (S. Cohen,
A. Houben and D. Segal, unpubl. res.).

The composition of the nascent B would effectively
prevent meiotic pairing with any of the As, and licence it
to begin its own evolutionary pathway. Supernumerary A
chromosome segments in B. dichromosomatica could also
serve as potential regions to ‘donate’ founder sequences
(Houben et al., 2001), but where the centromere would
come from remains an open question, although their rare
de novo formation is possible (Nasuda et al., 2005). In
such a dilemma, we fall back on some epigenetic event to
induce its activity. The Bs in maize (Page et al., 2001;
Cheng and Lin, 2003) and rye (Wilkes et al., 1995)
also share many sequences with the As, and a mode
of origin similar to that proposed for the micro-B
of B. dichromosomatica is the best guess (Jones and
Houben, 2003).

Bs thus tell us a story about how a supernumerary
chromosome can arise and create new and autonomous
elements as components of the genome: (a) remodel a triso-
mic, starting with a small centric fragment, add other repeti-
tive sequences to give stability and isolation from
recombination, and be genetically silent – which seems
to be the case in all plants studied to date; (b) arise as a
small centric fragment following an unequal translocation
and reduction in chromosome number; (c) arise as a
by-product of interspecific hybridization; or (d ) excise as
a small fragment, and then recruit sequences, including a
centromere to enable passage through the cell cycle, and
a telomere to stabilize and protect the ends of the new
fragile B.

No doubt there are many such events going continuously,
resulting from errors in meiosis, hybridization, genome
restructuring and other unknown processes, the products
of which are aborted and never mature as B chromosomes.
In any event the origin of a B is a rare event, because in
species that we know well they appear to have a monophy-
letic origin, based on their sequence similarity across a
range of cytodemes, as in Brachycome dichromosomatica
(Houben et al., 1999) and their virtually invariant cytologi-
cal form over a broad range of geographic regions (rye;
Jones and Puertas, 1993). Rare or not, herein lies the poten-
tial for one major source of the origin of intra-specific DNA
variation.

HOW TO SURVIVE

To be born as a by-product of genome reorganization is one
thing, to survive the event and secure a future in the
nucleus, with all the physiological disturbance this is
likely to cause the host nucleus, is another story. We have
already touched on the first priority, which is ‘divorce’
from the rest of the genome by meiotic isolation, i.e. lack
of pairing and no adultery by recombination with the A
chromosomes – of mutual necessity. Homology distinctive-
ness can be due to several features of a nascent B: (a)
sequences may be common with the As, but not necessarily
in register; (b) size difference; (c) epigenetics differences in

the state of chromatin, and differences in replication timing,
as in Brachycome dichromosomatica (Houben et al., 1997;
Marschner et al., 2007); (d ) B-specific sequences, as in rye
(Langdon et al., 2000); (e) nuclear disposition, whereby
small Bs are often isolated at the periphery of the nucleus
in prophase of meiosis.

Given that a newly formed B may well be present as a
‘single’, without a pairing partner, how can it survive
meiosis without simply being excluded from the nucleus
at the end of anaphase I or II? It seems that it can do it
by dividing at anaphase I (AI) and then suffering some
loss at anaphase II (AII). Where there is a pairing partner,
or polysomy with several Bs, including structural variants,
the pairing is not as regular as for the disomic As, but none-
theless Bs will transmit into the gametophytes. In many
cases Bs do not pair at all, and have the capacity to pass
though meiosis as univalents, as in Centaurea scabiosa,
and still be maintained in populations, by means unknown
(for details on meiosis see Jones and Rees, 1982; Jones,
1995). Loss at meiosis, as well as various detrimental
effects on the phenotype, can be overcome to achieve a
population equilibrium by various mechanisms of mitotic
and meiotic drive (Jones, 1991a, 1995).

In Lilium callosum, B transmission through the pollen is
normal/Mendelian, and there is drive at female meiosis
based on spindle asymmetry. Single Bs lie outside the
metaphase plate and with a preference for the micropylar
end of the spindle rather than the chalazal end; they pass
to the micropylar pole of the egg mother cells in about
80 % of meioses, and then into the egg (Kayano, 1957).
In this case, we may be looking an opportunistic positional
effect without any obvious active process being involved.
Preferential meiotic segregation also occurs for the Bs in
Phleum nodosum (Fröst, 1969) and Plantago serraria
(Fröst, 1959) in a similar way. The situation in P. serraria
is interesting in that the Bs move to the poles at anaphase I
(AI) ahead of the paired As, implying a difference in
centromere/spindle microtubule interaction between As
and the non-chiasmate Bs in the same cell.

The more common drive process for Bs in plants,
especially in the Gramineae, is that based on directed non-
disjunction in the gametophyte phase of the life cycle. In
rye it takes place both at first pollen mitosis and at first
egg cell mitosis (rye is unique in this respect), and in
maize at the second pollen mitosis, and in other situations
in various other species (Jones and Rees, 1982). We will
use rye (pollen) and maize as our models, since these
two cases offer the best information on this significant bio-
logical question concerning centromeres, spindle microtu-
bules, and genetic control processes that cause direct
nondisjunction to take place in specific developmental
stages.

Directed nondisjunction of Bs in rye pollen

The phenomenon was first described cytologically by
Hasegawa in 1934, for the standard B. It was later shown
that a variant iso-chromosome for the long arm of the B
has the same capacity for directed nondisjunction as the
standard-B (shown in Fig. 2), but that a small iso-B for
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the short arm, which lacks the terminal region of the long
arm, does not (Müntzing, 1945, 1946, 1948). In his 1946
paper Müntzing demonstrated that in the standard-B, as
well as in the large and small isos, the centromeres
divided normally at anaphase of the pollen mitosis, but
that in the standard and large iso there are sticking sites
on either side of the centromere which prevent normal ana-
phase separation of the chromatids and thereby cause the
nondisjunction of these two types. Müntzing found the
different behaviour of the small iso to be ‘inexplicable’;
but following a detailed pachytene analysis of the
deficiency-B, Müntzing and Lima-de-Faria (1952) realized
that the sticking regions are actually present in both the
deficiency-B and the small iso-B, but are not active, and
that the reason for their failure to nondisjoin could be the
absence of the terminal part of the long arm, which
might supply some vital function to which the sticking
sites are sensitive. Lima-de-Faria (1962) later devised an
experiment in which he made crosses to place a
deficiency-B and a standard-B together in the same plant,
and then proved that the terminal half of the long arm of
the standard-B interacted with the sticking regions of
both chromosomes, causing the deficiency as well as the
standard-B to nondisjoin. The sensitive sticking regions
adjacent to the centromere are thus controlled by a trans-
acting element/gene located in the distal half of the long
arm of the standard-B (and long iso-B), as illustrated in
Fig. 2.

The region which carries the element controlling nondis-
junction is comprised of a concentration of B-specific
sequences from two families, E3900 and D1100, assembled
from a variety of repetitive elements, some which are also
represented in the A genome (Sandery et al., 1990;
Blunden et al., 1993; Houben et al., 1996; Langdon
et al., 2000). No genes have been found in the region,
which begs the question about what genetic process con-
trols nondisjunction, since its occurrence happens with
very high frequency (Matthews and Jones, 1983; Ortiz
et al., 1996).

As far as we can speculate from cytological studies, the B
centromeres act in the normal way at anaphase of the first
pollen mitosis, and can be seen to be separated and
pulling to opposite poles (Fig. 2). The B chromatids
appear to be transiently held together at sensitive sticking
sites (receptors) on either side of the centromere, and
since the spindle is asymmetrical, the equator is closer to
the pole which will passively (?) include the B chromatids
in the generative nucleus. The question to be answered is
how the B-specific region signals the receptors to remain
conjoined just long enough to facilitate directed nondisjunc-
tion? This is a fundamental question in terms of genome
evolution, since the mechanism had to arise de novo, and
then be rapidly established in a highly conserved way to
allow the rye Bs to survive following their origin in many
diverse populations. Further more, the autonomous nature
of drive in rye B was clearly demonstrated by Lindström
(1965), who showed that this enigmatic chromosome
behaved in just the same way in the pollen of wheat as it
does in rye, although its pairing properties at meiosis in
this alien environment are compromised. The same thing
happens when the B of S. cereale is transferred to
S. vavilovii (Puertas et al., 1985).

Mitotic drive in maize

The Bs of maize undergo nondisjunction at the second
pollen grain mitosis, with the B-containing sperm enjoying
an approx. 70 % advantage in fertilizing the egg (Roman,
1947, 1948; Carlson, 1969, 1978, 1986; González-
Sánchez et al., 2003). It is this selective fertilization
which constitutes the drive, and which raises questions
about how the egg selects the þB sperm? One possible
reason to explain preferential fertilization is that the Bs
are positioned differently in the sperm nuclei to the As,
being located at the tip; this was established by FISH
using the 157-bp B-specific ZmB satellite repeat sequence
(Shi et al., 1966; Rusche et al., 1997), but it is not
known how this positional effect confers the advantage.

FI G. 2. Genetic organization and nondisjunction properties of the rye B chromosome. The B-specific E3900 sequences are shown in pink and the D1100
in green (based on Jones and Pašakinskienė, 2005).
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A–B translocations and deletion derivates have been used
to dissect the B into various sized pieces, and to evaluate
the contribution of different regions of its long arm, and
of its centromere region, in control of the nondisjunction
process. The sticking region for nondisjunction is the het-
erochromatic region 3 adjacent to the centromere (Fig. 3);
and it is also known that only a small fraction of the
B-specific ZmB repeat sequence, approx. 700 kb domain,
is needed to interact with the centromeric histone H3
variant CenH3 to provide for the function of the B centro-
mere (Jin et al., 2005). Recent work confirms the trans
acting nature of region 1 in the long arm; since, when the
B centromeric region is separated from the tip of the long
arm, through a translocation event, the B–A chromosome
containing the B centromere retains the ability to non-
disjoin, but only if the reciprocal A–B chromosome con-
taining the B long arm is present in the same cell
(Carlson, 1978; Lamb et al., 2006). It is also noteworthy,
in relation to the sensitive sticking region 3, that centromere
function and nondisjunction are independent components of
the B chromosome accumulation mechanism, since an epi-
genetically silenced B centromere (of a dicentric B–A
translocation chromosome) still shows the property of non-
disjunction (Han et al., 2007). The B of maize is thus pro-
viding us with an invaluable insight into aspects of the
genome concerning the mechanism of nondisjunction, as
well as centromere organization and function.

Host/parasite interaction

B chromosomes are the ultimate genome parasites,
occupying the nucleus of their host and exploiting all of
the nuclear machinery needed for their replication and
transmission although, in some cases, they have a different
replicative chronology to that of the A chromosomes
(Marschner et al., 2007). They differ from transposons,
and other forms of selfish DNA, in that they are auton-
omous elements, and can vary their transmission rate,
their number within individual plants and their frequency
in natural populations. They have the capacity to spread
themselves and to optimize their survival strategy, but
within certain constraints imposed upon them by their
hosts.

The B in rye has a powerful drive based on nondisjunc-
tion through both the male and female, and simulation

studies (Matthews and Jones, 1982, 1983) predicted that
this drive is strong enough to overcome their negative
effects upon plant vigour and fertility, and that the main
factor enabling variation in population equilibria for
B-frequency is the level of pairing of Bs at meiosis, as biva-
lents or multivalents. When unpaired, as univalents, they
tend to divide at AI and then to be eliminated at AII as
micronuclei. Confirmation of the predicted variation in
pairing levels was forthcoming when selection for high
(H) and low (L) transmission genotypes was found be
based on the level of B pairing at MI in lines of Korean
rye (Jiménez et al., 1997). It was found that 2B plants of
the L line form bivalents in only 20 % of MI cells,
whereas in the H line there are more than 90 % of bivalents.
Puertas et al. (1998, 2000) later proposed that what they
called the ‘genes’ for transmission rate are actually the
sites of chiasma formation, or the binding sites, in the Bs
themselves. The corollary to this proposition is that the
Bs in rye modulate there own transmission rates and, there-
fore, their population equilibrium frequencies and the
nuclear DNA polymorphisms in the populations that carry
them.

The behaviour of the Bs in maize is more complex than
that in rye, in terms of host/parasite interactions, since the A
genome of maize has some influence over the transmission
rate of the Bs (as may well evolve in rye in the fullness of
time). It has been known for some time that the nondisjunc-
tion of the maize Bs at the second mitosis of the pollen is a
property of the Bs themselves (Lin, 1978), but preferential
fertilization of the egg by the B-carrying sperm is the criti-
cal factor in modulating B-drive, and this is controlled by a
gene(s) in the A chromosomes (González-Sánchez et al.,
2003; Fig. 4). There is thus a conflict, and a co-evolution,
between the A genome and its parasitic Bs, and as in rye
this generates a polymorphism for nuclear DNA amounts
in native maize populations.

POTENTIAL APPLICATIONS

B chromosomes offer the potential for modifying and
exploring the A genomes of their host species. They have
utility in mapping the A genome, in maize, modulating
recombination, exploring the structure of the centromere
and the process on nondisjunction, as well as other
aspects of genome evolution, as already discussed. They
also have some applications in crop plants (Jones, 1991).

Genetic mapping in maize

Roman (1947) first used translocations to study the
process of nondisjunction in the pollen of maize, and
since that time A–B translocations have found great
utility in gene mapping in the maize A chromosome comp-
lement (Beckett, 1991; Birchler, 1991).

Dissecting the maize centromere

Bs have also been widely used as an model system
to investigate centromere organization. This is possible
because when a B is univalent it often undergoes misdivision

FI G. 3. Diagram of the structure of the maize B in relation to nondisjunc-
tion. Regions 1 and 2 are trans acting, and are thought to signal the sensi-
tive sticking sites of essential region 3. Deletion of regions 1 or 2 causes
complete elimination of nondisjunction. Region 4 modifies the rate of non-
disjunction, but its loss does not eliminate it. c, Centromere; s, short arm.

(Based on Carlson, 1986.).
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of its centromere at AI of meiosis, and produces misdivi-
sion products of varying sizes (Kaszás and Birchler,
1998). Such studies have shown that the centromere has a
vast excess of sequences over that which is required for
normal transmission. Jin et al. (2005) later undertook mol-
ecular and function dissection of the maize B and found that
its functional boundary mapped to a relatively small CentC
(satellite repeat) and CRM (centromere retrotransposons in
maize)-rich region embedded with the megabases of the
ZmBs repeat. Probes for CentC and CRM have also
shown that these sequences from the A centromeres are
present throughout the whole length of the B, as well as
at its own centromeres, and these experiments have demon-
strated that these DNA sequences on their own are not suf-
ficient to mark the centromere; the CenH3 histone must also
be present (Lamb et al., 2005).

Modulation of recombination in the A genome

Work in rye was instrumental in showing that Bs could
alter the pattern of distribution of chiasmata in the A
chromosomes (Jones and Rees, 1967), and Moss (1966)
had early shown a greater variability among the progenies
of plants with Bs than of those without. Ayonoadu and
Rees (1968) later found the same effect in maize, and at
about the same time Rhoades (1968) found genetic evi-
dence for changes in recombination due the Bs, and much
more evidence from maize followed later, as well as for
other species (see Jones and Rees, 1982). Despite the poten-
tial significance of these basic studies we have yet to utilize
this knowledge as a component in crop improvement.

Diploidization in allopolyploids

It was pure serendipity to discover that Bs could provide
a diploidizing function in tetraploid hybrids between
Lolium perenne � L. temulentum (2n ¼ 4x ¼ 28) (Evans
and Macefield, 1972, 1973). The Bs were contributed to
the diploid hybrid by L. perenne, and had a marked effect

on reducing chiasma frequency in pollen mother cells.
Following chromosome doubling, the majority of the
chromosomes were in homologous pairs, as bivalents,
whereas in the tetraploids without Bs there was both hom-
ologous and homoeologous pairing. A similar effect
occurs in hybrids between wheat and other Triticeae
(reviewed in Jenkins and Jones, 2004) but, as with
Lolium, the difficulty in utilizing these pairing control
effects is not being able to stabilize the inheritance of the
B chromosomes.

Plant artificial chromosome

There is potential to modify the B chromosome of candi-
date species, such as maize and rye, to construct a stably
inherited plant artificial chromosome to carry transgenes
which would be outside the domain of the A chromosome
genome, with all the advantages that this could entail.
Birchler and colleagues have recently described how
telomere-mediated chromosomal truncation could be used
to down-size maize chromosomes, and to build in sites
for foreign gene integration (Yu et al., 2006).
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Puertas MJ, González-Sánchez M, Manzanero S, Romera F, Jiménez
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