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1. INTRODUCTION

aukaryotic genomes are composed not only of genes
>und in normal chromosomes (A chromosomes) but also
f myriads of selfish genetic elements which do not obey
Aendelian laws of inheritance. Notable among these
lements are the transposons, segregation distorters,
arious cytoplasmic factors and B chromosomes. Of these,
ae latter were really the first selfish genetic elements to
e described (Wilson 1907), although their parasitic
ature (Ostergren 1945; Nur 1966, 1977) and selfishness
Jones 1985; Werren et al. 1987) were recognized many
ears following their initial descriptions.

The B chromosomes, also referred to as supernumerary
r accessory chromosomes, are ‘additional dispensable
hromosomes that are present in some individuals from
bme populations in some species, which have probably
risen from the A chromosomes but follow their own
volutionary pathway’ (J. P. M. Camacho & J. S. Parker,
1 Beukeboom 19944). In addition, their irregular mitotic
nd meiotic behaviour allows them to accumulate self-
shly in the germline, enabling non-Mendelian inheri-
ance with transmission rates exceeding those of normal
hromosomes (0.5). They have been found in all major
roups of animals and plants.

B chromosomes have traditionally attracted much
aterest and various aspects of their biology have been
eviewed several times (for an overview, see Jones 1995),
w f which the most recent comprehensive treatise is the
Ohonograph by Jones & Rees (1982). In this review, we
iscuss current insights into B-chromosome evolution and
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B chromosomes are extra chromosomes to the standard complement that occur in many organisms. They
can originate in a number of ways including derivation from autosomes and sex chromosomes in intra-
and interspecies crosses. Their subsequent molecular evolution resembles that of univalent sex chromo-
somes, which involves gene silencing, heterochromatinization and the accumulation of repetitive DNA
and transposons. B-chromosome frequencies in populations result from a balance between their transmis-
sion rates and their effects on host fitness. Their long-term evolution is considered to be the outcome of
selection on the host genome to eliminate B chromosomes or suppress their effects and on the B chromo-
some’s ability to escape through the generation of new variants. Because B chromosomes interact with the
standard chromosomes, they can play an important role in genome evolution and may be useful for

Keywords: B chromosomes; transposons; evolution; heterochromatin; repetitive DNA; Muller’s ratchet

point out new developments and directions in B-chromo-
some research that have occurred during the last two
decades. A large number of recent studies have revealed
new features of B chromosomes and some have shed light
on previously unanswered questions. Among them are
descriptions of previously unknown mechanisms of B-
chromosome inheritance, an extreme example being the
paternal sex-ratio (PSR) chromosome of the wasp
MNasonia, which accumulates through its ability to destroy
paternal chromosomes (Werren 1991). Long-term studies
on specific B-chromosome systems (e.g. the grasshopper
Eyprepocnemis  plorans; Camacho et al. 1997a,b) have
provided evidence for ongoing interactions between B-
chromosome morphs and the standard genome at the
level of local populations. Indeed, B-chromosome evolu-
tion may be viewed as the outcome of continuous conflict
between parts of the genome with different interests, i.e.
B-chromosome influences may shift back and forth from
parasitic to neutral and possibly beneficial effects.
Undoubtedly, the most important progress comes from
the development and application of new molecular tech-
niques. Data obtained from molecular analyses of several
B chromosomes are now available to shed light upon
questions of their origin and subsequent chromosomal
evolution and sophisticated @ situ hybridization tech-
niques have additionally contributed to a better under-
standing of B-chromosome DNA composition and
organization.

2. ORIGIN

In recent years, the types of DNA sequences residing
on B chromosomes have been analysed extensively in
some organisms. The first analyses in the 1970s and 1980s
demonstrated that B chromosomes contained DNA that

163 © 2000 The Royal Society


http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org

B-chromosome evolution

64 J. P. M. Camacho and others

“able 1. Classification of the origins of B chromosomes

At the highest classification level, B chromosomess are distinguished based upon their origination from the genome of their
ctual host species (intraspecies) or from the genome of another species (interspecies or hybrid origin). The second level of
lassification differentiates between origin from standard A chromosomes (autosomes) and sex chromosomes. For organisms with
eteromorphic sex chromosomes, a further distinction can be made between origin from the homogametic or heterogametic sex
hromosome. Evidence: 1, similar banding patterns of B chromosomes found among standard complement (including sex
hromosomes); 2, (repetitive) DNA sequences of B chromosomes shared with standard complement (including sex chromosomes);

1. (1996) for details on the techniques used.)

, (repetitive) DNA sequences of B chromosomes not shared with standard complement, but present in related species; 4, direct
bservation of origination of chromosomal fragments in interspecific crosses; and 5, phylogenetic analysis of transposable
lements shared by B chromosomes and standard complement (intra- and interspecies). See Beukeboom (19944) and Hackstein et

evidence reference

-
< lassification species
— P
O [_‘1traspeciﬁc autosomal C. capillaris
Cd R S. cereale
[—
O
— 2. mays
C. plumosus
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itraspecific sex chromosomal no heteromorphy E. plorans
itraspecific sex chromosomal homogametic no examples
itraspecific sex chromosomal heterogametic  Glossina spp.

L. hochstetter:
1terspecific autosomal Coix

N. vitripennis

P. formosa
iterspecific  sex chromosomal no heteromorphy no examples
terspecific  sex chromosomal homogametic no examples
iterspecific  sex chromosomal heterogametic ~ no examples

D. subsilvestris
Petauroides volans
Reithodontomysmegalotis
B. dichromosomatica

2 Jamilenaetal. (1994, 1995)
Jones & Flavell (1983), MclIntyre etal. (1990),
Sandery etal. (1990), Blunden etal. (1993),
Cuadrado & Jouve (1994), Houben et al.
(1996)

2 Peacocketal. (1981), Viottietal. (1985),

Alfenito & Birchler (1993), Stark ezal. (1996)

Keyl & Hégele (1971)

Gutknechtetal. (1995)

McQuade etal. (1994)

Peppersetal. (1997)

Leachetal. (1995), Houben et al. (1997a)

Lopez-Leon etal. (1994)

N NN NN —

2 Amos & Dover (1981)
2 Sharbel etal. (1998)
2,4 Sapre & Deshpande (1987)
3,5  McAllister & Werren (1997)
4 Schartletal. (1995)

ras similar to that found on the A chromosomes (for a
eview, see Jones & Rees 1982). Research in the 1990s has
the isolation, sequencing of
umerous repetitive DNAs located on B chromosomes of

wolved cloning and
arious species. Some of these are specific to the B chro-
10somes while others are shared with the A chromo-
omes (reviewed in Beukeboom 1994«; Hackstein et al.
996).
The traditional view, which is still widely accepted, is
e hat B chromosomes are derived from the A chromosomes
Jones & Rees 1982). From this perspective, we could
onsider the origin of the B chromosome as a simple by-
— roduct of the evolution of the standard karyotype. For
a3 (Jxample, a B chromosome could derive itself from poly-
O)mic A chromosomes, from centric fragments resulting

B
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wn om A-chromosome fusions or from amplification of the
aracentromeric region of a fragmented A chromosome.
"he first clear evidence in favour of the latter hypothesis
ras obtained by Keyl & Hégele (1971), who demonstrated
hat the polytene band pattern in the B chromosome of
w ‘hironomus plumosus was similar to that found near the
Oentromere of chromosome IV.

Recent cytological and molecular studies support the
otion that most B chromosomes seem to be derived from
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he autosomal complement of their current host species,
ut these studies have also demonstrated other modes of
i-chromosome origin (table 1). Intraspecific origin from
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A chromosomes is the most likely scenario for eight B
chromosomes investigated, given the identification of
similar repeat DNA sequences on them. For example, all
repetitive DNA sequences isolated by micro-dissection
from the B chromosome in Crepus capillaris are also present
in the A chromosomes, although it has not been possible
to identify from which autosome the B chromosome origi-
nated (Jamilena et al. 1994, 1995).

Sex chromosomes have previously been proposed as
ancestors of B chromosomes since they may be more
easily tolerated in the polysomic state (Hewitt 1973a).
An example of a sex-chromosome-derived B chromo-
the B, the grasshopper
E. plorans, where the arrangement of two DNA sequences
(a 180bp tandem repeat and ribosomal DNA) with
respect to the centromere coincide specifically with that
of the X chromosome (Lopez-Leon et al. 1994). This
suggests that the B chromosome of E.plorans has been
derived from the paracentromeric region of the X
chromosome, with subsequent amplification of the two
types of sequences contained there. Another example is
the B chromosome of the New Zealand frog Leiopelma
hochstetters, which appears to be derived from a univalent
(heteromorphic) W sex chromosome based on DNA
sequence comparisons (Sharbel et al. 1998) and morpho-
logical similarities with the univalent W chromosome
(Green et al. 1993).

some 1s chromosome of
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The idea that B chromosomes in one species could have
riginated from the A chromosomes of a closely related
secies, which was originally proposed by Battaglia
[964), has recently gathered strength (Sapre &
deshpande 1987; McVean 1995; Schartl e al. 1995). Sapre
t Deshpande (1987) demonstrated the spontaneous
rigin of B chromosomes in interspecific crosses between
oix aquaticus and C. gigantea. Possible evidence of the
rigin of B chromosomes by interspecific hybridization
ras recently found in the gynogenetic fish Poecilia formosa,
hybrid species between P.mexicana and P.latipinna. This
nisexual species requires sperm of a sexual parental
secies to 1initiate egg development, but paternal
= hromosomes are eliminated from the developing zygote
Qﬁ - Dawley 1989). Laboratory crosses between individuals of

== formosa and males of a black strain, both lacking B

hromosomes, produced some black-pigmented offspring
Ofrequency:0.00I), most likely the result of paternal
f= 2 igmentation genes located on B chromosomes which
ppeared in the offspring because of incomplete elimina-
on of paternal A chromosomes (Schartl et al. 1995).

The detection of DNA sequences that are restricted to
1e B chromosome of one species, but found on the A
hromosomes of a closely related species would imply an
aterspecies origin.  Although such a
reviously reported for a B chromosome in Brachycome
ichromosomatica (John et al. 1991), the repeat was later
iscovered at very low copy number in the standard
enome (Leach et al. 1995). The best documented case of
ybrid origin is that of the PSR B chromosome of the
rasp MNasonia. McAllister & Werren (1997) used a phylo-
enetic analysis of DNA sequences of a retrotransposable
lement to show that the copies on the PSR were most
milar to those of the species from the closely related
enus Trichomalopsis. Hybridization studies with a linear
iece of DNA from the PSR further supported a hybrid
rigin. Further phylogenetic analyses of sequences that
re shared by B chromosomes of different species, such as
r0se reported in the genus Brachycome (Houben et al.
997a), may prove useful in elucidating the evolutionary
istory of B chromosomes.

Reproductive mechanisms that are based on chromo-
>me elimination, as in the above-mentioned Poecilia, may
e especially conducive to the origination of B chromo-
omes. The frequent occurrence of aneuploidy among
serm-dependent parthenogenetic ( = gynogenetic) organ-
ims (Beukeboom & Vrijenhoek 1998) supports this idea.
mlecently, Sharbel et al. (1997) described three different
Q{i w—-chromosome morphs in one population of the sperm-
R (Jependent parthenogenetic  flatworm  Polycelis
iecause the mechanism of sperm chromosome expulsion
~ v imprecise (Benazzi Lentati 1970; Beukeboom et al.
996), these B chromosomes may have originated from
1completely expelled autosomes. Similarly, the PSR B
hromosome of MNasonia may have originated as a
aternal fragmented chromosome following an escape
wom sperm chromosome destruction due to cytoplasmic
Ocompatibility between Nasonia vitripennis and a species
{ Trichomalopsis (McAllister & Werren 1997). Although
aere are alternative explanations to cytoplasmic incom-
atibility, Ryan et al. (1985, 1987) showed that fragments
f paternal chromosomes sometimes survive in
ytoplasmic incompatible crosses.
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3. MOLECULAR EVOLUTION

At the time of their origin, B chromosomes would be
expected to share sufficient sequence and structural
homology with their progenitor chromosomes such that
they could synapse and recombine. However, their inde-
pendent evolution and differentiation through processes
analogous to Muller’s ratchet require genetic isolation
from any such elements within the nucleus (Green 1990;
Beukeboom 1994a). It follows that newly arisen B chromo-
somes must have some predisposition to undergoing the
relatively rapid structural modification required to induce
synapsis failure. Intraspecific B-chromosome origin, which
is probably the prevalent mode compared with those
associated with hybridization, presents a
conundrum. If a neo-B chromosome originates from
another chromosome, what initially inhibits synapsis
between the two related chromosomes and allows the B
chromosome to begin its journey towards independent
evolution? Although these initial processes of chromosome
evolution remain largely unknown, some indications are
provided by data on polysomy in grasshoppers (Peters
1981]; Talavera et al. 1990). These extra chromosomes, which
are restricted to the germline and not inherited, are gener-
ated de novo each generation from autosomes through non-
disjunction. In addition, they are heteropycnotic and do
not pair with the original A chromosome. This suggests the
presence of some cellular mechanism which can cause
rapid heterochromatinization of extra elements (sensu
genomic imprinting; Thomas 1995) and this could consti-
tute the basis for B-chromosome differentiation (see also
Hewitt 1973a). In contrast, a chromosome fragment
crossing a species boundary will likely be sufficiently
different to inhibit ectopic pairing with its new chromo-
some complement and, thus, such an element would imme-
diately be univalent and prone to evolve as a B
chromosome.

Subsequent to synaptic isolation within their respective
genomes, elements of both types of origin (i.e. intra- and
interspecific) will follow similar paths of molecular evolu-
tion and be subject to the same processes which act upon
non-pairing chromosomes (Charlesworth 1978). B chro-
mosomes thus converge upon a characteristic degenerate
morphology, a reflection of the processes acting upon
them rather than their mode of origin (Green 1990).
Encouragingly, we are gaining some insights into the
molecular evolutionary processes that act upon chromo-
somes once they have become isolated from the rest of the
genome, in particular from studies of sex chromosomes
and we discuss how these processes may play a role in
B-chromosome evolution.

therefore

(a) DNA repeat sequences

B chromosomes are typically composed of repeated
DNA sequences which vary dynamically in terms of
repeat type and copy number (Amos & Dover 1981
Matzke et al. 1990; Sandery et al. 1990; Eickbush et al.
1992; Zeyl & Green 1992; Wilkes et al. 1995; Franks et al.
1996), a result of unequal crossing over and reduced
recombination (Charlesworth et al. 1986; Stephan 1987).
Repeats may form a significant part of the B-chromosome
genome, as has been shown with different repeat families

on the PSR (Eickbush et al. 1992; McAllister & Werren
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997) and, in some cases, repeats may be the exclusive
onstituent, as with the pSsP216 repeat unit in the B
hromosomes of Drosophila subsilvestris (Gutknecht et al.
995). McAllister & Werren (1997) have additionally
1own that certain repeat sequences isolated from PSR of
\.vitripennis are also found in the genus Trichomalopsis,
hus providing evidence that they may be associated with
10bile genetic elements (see § 3(c)). The typically hetero-
hromatic nature of B chromosomes, as revealed by chro-
10some C banding, similarly demonstrates the presence
f repeat DNA, as constitutive heterochromatin 1s gener-
lly composed of satellite blocks (Bigot et al. 1990; Char-
>=sworth et al. 1994). In several cases, B chromosomes
F=ontain much larger amounts of repetitive DNA when
Qﬁ Fdompared to the genome from which they originated,
= hus suggesting massive amplification of repeat motifs
ver a relatively short time-scale, e.g. within one genera-
Oion following a hybrid cross. It has also been suggested
f= ©hat repeat family amplification may be a mechanism
hrough which a chromosome fragment (i.e. a neo-B
hromosome) may become stabilized and positively
slected for within a nucleus (Reed et al. 1994; Leach et al.
995).
L Repeat sequences have been implicated in lower verte-
rate (Nanda ef al. 1990, 1992, 1993) and plant (Guttman
¢ Charlesworth 1998) sex-chromosome evolution and,
hus, their influence upon B chromosomes may be analo-
ous to the mechanisms leading to the evolution of
eteromorphic sex chromosomes. In poeciliid fish, early
>x-chromosome differentiation appears to have been
atiated by the accumulation of simple repeat sequences
djacent to coding regions for sex determination (Nanda
' al. 1990, 1992, 1993). In the white campion (Silene
wifolia), a Y-chromosome-linked gene (MROS3) having
n active X-chromosome-linked homologue appears to
ave been degenerated and silenced by multiple inser-
lon—deletion events in addition to the accumulation of
10nonucleotide repeats (Guttman & Charlesworth 1998).
ince the expression of this gene is limited to developing
1ale flowers, a single active X chromosome copy in XY-
hromosome plants is viable, thus alleviating any selec-
lon pressure to maintain function in the Y-chromosome
omologue (Guttman & Charlesworth 1998). Genes on B
hromosomes (assuming they were derived from tran-
criptionally active autosomal regions) are similarly
e nder little or no selection pressure for maintenance of
- 10lecular genetic activity an(.:l, thus, they could prob.ably
mndergo analogous suppressive changes through time.
— lowever, such genes still remain to be found on B chro-
o (J10somes.

Once in position, repeat sequences may behave as
wn uclear protein targeting signals (Gilson et al. 1986; Char-
ssworth et al. 1994; Mitas et al. 1995) which can be highly
secific, as evidenced by a protein that binds to hetero-
hromatic autosomes but not to heterochromatic B chro-
10somes in male mealybugs (Epstein et al. 1992). Protein
w ssociation with such sequences has been suggested as a
Ohechanism through which significant conformational
hange in chromatid structure is established and efficient
airing with homologous regions of a sister element is
revented, effectively isolating these regions from recom-
ination (Nanda e al. 1993). Mammalian X-chromosome
ractivation is similarly mediated by chromatin—protein
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association, as evidenced by the histone protein variant
mH2A, which binds to non-heterochromatic regions of
the X chromosome and probably causes changes in
chromatin structure to induce transcription silencing
(Costanzi & Pehrson 1998).

Finally, the accumulation of GACA and GATA repeats
has been associated with the qualitative differentiation of
cytologically indistinguishable sex chromosomes in the
fish Poectlia velifera and Xiphophorus maculatus (Nanda et al.
1993). Southern hybridization of repeat sequence probes
to genomic blots of closely related species lacking discern-
ible sex chromosomes has demonstrated that many
different types of repeat sequences have independently
accumulated on the sex chromosomes of this group
(Nanda et al. 1993). Thus, as a general mechanism
through which synapsis between undifferentiated sex
chromosomes can be inhibited, the exact repeat motif
involved may be less important than the actual accumula-
tion of microsatellite DNA itself. The accumulation of
repeat sequences with subsequent
through conformational change in DNA structure may
thus be the initiators of early heteromorphic sex-
chromosome differentiation (Nanda et al. 1990, 1993) and
these may represent plausible mechanisms through which
intraspecific neo-B chromosomes are able to differentiate
rapidly from their homologue progenitors.

meiotic isolation

(b) Ribosomal DNA

One form of tandemly repeated DNA which has been
frequently described from B chromosomes is rDNA (see
Green 1990). These genes, which encode ribosomal RNAs
and exist as clusters of repetitive units, are typically
visualized as secondary constrictions (nucleolar organizer
regions or NORs) on metaphase chromosomes (e.g.
through silver staining). Interesting insights into both
B-chromosome origin and evolution may be made from
rDNA.

It has been suggested that NOR regions are prone to
chromosome breakage and this may provide a mechanism
through which B chromosomes can be generated. NOR
regions typically exhibit different times of expression (see
Dai et al. 1994; Lin et al. 1995) relative to other autosomal
genes and species-specific differences in rDNA condensa-
tion have been proposed as having led to the formation of
a neo-B chromosome in a somatic hybrid between
Solanum brevidens and S. tuberosum (Mitchell McGrath &
Helgeson 1998). This process appears to have also acted
in the genus Brachycome to generate different rDNA-
containing B chromosomes (Houben ¢t al. 1997a).

Chromosome regions containing rDNA show dynamic
variation in repeat numbers and this has been attributed
to deletions, duplications and unequal sister homologue
exchange (Garrido e al. 1994; Garrido-Ramos e al. 1995).
Intrahomologue recombination has additionally led to
biased excision of rDNA between the recombining units
in MNeurospora (Butler & Metzenberg 1989). Assuming
intrahomologue recombination and excision to be ubiqui-
tous processes acting on rDNA clusters, the extent of
NOR contraction is clearly limited in terms of organismal
viability in autosomal regions but would potentially be
under little or no selection on B chromosomes. A B chro-
mosome which originates as an autosomal fragment
containing an NOR region may lose its rDNA through
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itrachromosome recombination and this may partially

xplain how B chromosomes degenerate, as variation in

1e number of rDNA repeats may significantly influence

hromosome size (Adam 1992; Pukkila & Skrzynia 1993).

“his scenario does not necessarily exclude the possibility

aat the presence of rDNA on B chromosomes may give

ome selective advantage to B-chromosome carriers

— Beukeboom 19944); it could be that any selective advan-

age of having an rDNA-containing B chromosome

mply decreases through time as rDNA copy numbers

re decreased. Such a mechanism leading to the overall

>ss of TDNA repeat units may explain what have been

>= onsidered anomalous results in repeated studies of NORs

=1 different B-chromosome systems (Jones el al. 1989;
L Vilkes et al. 1995).

(c) Transposable elements

It has been proposed that B chromosomes might accu-
wlate DNA from various sources (Beukeboom 1994a)
xisting as amalgamations of transposable DNA. This
as been suggested as a mechanism through which some
f the variability in mammalian Y chromosomes has
risen, as random insertions of transposable DNA into
ifferent regions of the Y chromosome would result in
lements differing with respect to DNA composition and
ructure (Marshall Graves 1993). Compelling evidence
or early Y-chromosome structural modification and
llele silencing resulting from transposable element inser-
on comes from the TRAM element of the neo-Y
hromosome of Drosophila miranda (Steinemann & Steine-
1ann 1997). Transposable elements also appear to be
wolved in ectopic recombination (Montgomery el al.
991), providing a plausible pathway through which
>quences may be transferred across different homo-
gues.

Theoretically, transposons should
egions not subject to recombination (Zeyl & Bell 1996)
nd this is supported by the transposable elements TRIM
nd TRAM the copy number of which on the neo-Y
hromosome of male D. miranda (which undergoes recom-
ination) is comparable to that of the complete female
enome (Steinemann & Steinemann 1991, 1992; Steine-
1ann e/ al. 1993). Clear evidence of a B chromosome
roviding a safe haven for a mobile element comes from
rork on the retrotransposon NATE (NAsonia Transpo-
ble Element) which has been described from the PSR
lement of N vitripennis (McAllister 1995; McAllister &
Verren 1997). A retrotransposon has also been invoked in
—1¢ transposition of chloroplast DNA into the repeat
R (Jlement Bd49 of the B chromosomes of B. dichromosomatica

Franks et al. 1996). Mobile element insertion may thus be
wn csponsible for the generation of structural variability in
i chromosomes. This mode of differentiation should
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roceed in a stepwise manner, with a B chromosome
rising through the duplication of a major element
>llowed by transposable element insertion. A duplicated
w utosomal region found on a B chromosome could thus
Oapidly lose homology with its parental sequence, the
verall result being suppressed recombination between
aem. Such a scenario may be a contributing factor to the
ifficulties in elucidating B-chromosome origins.

Finally, any active genes inherited from the original
rogenitor elements of the B chromosomes may become
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silenced either by insertions of transposable elements
within the gene or through disruptions in ordered chro-
matin structure, as has been shown with silenced larval
cuticle protein (Lcp) genes on the neo-Y chromosome of
D. miranda (Steinemann et al. 1993). B chromosomes which
are transcriptionally active and have no apparent pheno-
typic effects (Green et al. 1993) could thus conceivably
have had their transcripts nullified through transposon
insertion.

(d) Epigenetic changes in B chromosomes

Stem—loop structures are good candidates for protein
binding sites and have been associated with heterochro-
matin condensation in the hymenopterans Diadromus
pulchellus and Eupelmus muillet: (Bigot et al. 1990). The
highly heterochromatic nature of B chromosomes may
therefore (in part) be attributed to the presence of such
secondary DNA structures. In the PSR chromosome,
small palindromic sequences are
exchanges between repeats, suggesting that they enhance
recombination between repeat units (Reed et al. 1994).
Support for the potential of B-chromosome DNA to form
hairpins i vivo also comes from the micro-dissected B
chromosomes of the frog L.hochstetteri (Sharbel et al.
1998).

At the structural level, the single-stranded loop compo-
nent of a hairpin may be prone to nucleolytic degradation
(Mitas et al. 1995), a process that has been connected with
chromosome breakage (Chen et al. 1995). For example, a
G/CTT consensus sequence for topoisomerase I 1s found
in certain eukaryote loop structures where single-stranded
DNA cleavage occurs. The formation of hairpin structures
in B chromosomes may attract DNases (Vogel et al. 1990),
and expose enough single-stranded DNA to induce
single-stranded cleavage and chromosome breakage,
predisposing them to chromosomal rearrangements.

Methylation is hypothesized to cause sex-chromosome
inactivation (Holliday 1987) and may therefore play a role
in B-chromosome evolution. The B chromosome repeat
family Bd49 of the Australian daisy (B. dichromosomatica) is
hypermethylated and, thus, transcriptionally inactive and
this is supported by an absence of Bd49 transcripts in leaf
RNA extractions (Leach et al. 1995). In addition to effects
on transcription, non-Mendelian B-chromosome beha-
viour may also be influenced by methylation. Neves et al.
(1992) showed that induced demethylation (or blocking of
methylation) in rye (Secale cerale) causes B chromosomes to
undergo mitotic non-disjunction, a known B-chromosome
accumulation mechanism.

Finally, chromatin packaging probably influences tran-
scriptional regulation and the relative acetylation of
histone molecules causes gene silencing in several organ-
isms (see Houben et al. 1997b; Costanzi & Pehrson 1998).
Houben et al. (1997b) showed that the B chromosomes of
B. dichromosomatica are underacetylated relative to the
autosomes and that this, in conjunction with late replica-
tion of B-chromosome DNA, may cause B chromosomes
to become genetically inert. Similarly, autosomal rDNA
transcription in Allium during different stages of mitosis is
blocked by (Gonzalez-
Fernandez et al. 1993). Genetic inactivity of B chromo-
somes may thus not only be considered in terms of
non-coding or non-functional DNA, but also from the

associated  with

chromosome condensation
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erspective of the many protein-DNA complexes which
an be physically affected by chromatin structure.

It is becoming increasingly evident that the apparent
imilarities between B and sex chromosomes are more
han just coincidental and that the molecular evolution of
» chromosomes may therefore be interpreted in the
ontext of sex-chromosome evolution (see Appendix A).
nitially, a process must be available which can isolate a
ewly formed progenitor B chromosome relatively
apidly, such that homologous (or homoeologous) pairing
; prevented. Such processes may be found in those analo-
ous mechanisms which act upon heteromorphic sex
>= hromosomes which have been studied in more depth.
= ubsequent to their isolation within the nucleus, B chro-
Qﬁ Fdh0somes would be expected to degenerate, in both struc-

== are and DNA sequence composition. This will make the
lentification of their progenitors more difficult over time.
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4. FREQUENCY

B chromosomes have been described in more than 1300
secies of plants and almost 500 species of animals (for
eviews, see Jones & Rees 1982; Jones & Puertas 1993;
Lones 1995) and in various species of fungi (Mills &
AcCluskey 1990; Miao et al. 1991a,b; Tzeng et al. 1992;
reiser ef al. 1996; Leclair et al. 1996). These chromosomes
ave been described predominantly from certain taxo-
omic groups, although the high frequency of B chromo-
omes in these taxa probably reflects the intensity and
>chnical ease with which each group has been studied. It
; not surprising, therefore, that B chromosomes have
-equently been reported in the Graminea, Liliacea and
Jrthoptera, groups which satisfy both these conditions.
n fact, the discovery of B chromosomes in fungi was
ossible only after the development of a pulse-field gel
lectrophoresis technique for karyotyping these organ-
sims. Thus, it is likely that many more species, when
nalysed with sufficient intensity, will be found to possess
» chromosomes.

B chromosomes can attain extremely high frequencies
1 natural populations, depending both on the degree to

hich a particular species can tolerate these additional
n lements and on the strength of the B chromosomes’ accu-
1ulation mechanism (if there is one). A stable frequency
- f B chromosomes 1s often found for several years in the
ame population, which has prompted authors in the past
> » conclude that polymorphism is in a state of equilibrium
O Hnd that the frequency is a result of the action of two
a8} q y
Q{i i pposing forces—the accumulation of the B chromosome
Fa (Jwhich tends to increase the B-chromosome frequency)
nd the harmful effects on the fitness of the individuals
wnarrying the B chromosome (which tend to decrease the
equency). However, as will be described later, B-
hromosome polymorphism may be best interpreted as a
ynamic system in which the frequency continually shifts
ue to an arms race between the A and B chromosomes.
L In addition, interpopulational differences in B chromo-
O>sme frequency depend on selective factors (i.e. the eco-
sgical tolerance of B chromosome carriers in terms of the
ermissiveness of the environmental conditions for a
articular population), historical factors (i.e. the number
f generations since B-chromosome origin), transmission
actors (related to the differences between populations in
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the accumulation intensity of the B chromosome) and
random factors (1.e. the action of genetic drift in popula-
tions of finite size). The four types of factor probably act
simultaneously, making it difficult to evaluate the relative
importance of any single one, even under intense analysis.
Some 1nsight into the relative importance of these factors
may be obtained from the distribution of B-chromosome
counts among individuals sampled from one population
analogous to tests on transposable elements in Drosophila
(Charlesworth & Lapid 1989; Charlesworth et al
1992a,b).

The maximum number of B chromosomes that a
species 1s capable of tolerating, measured by the
maximum number of B chromosomes found in adult indi-
viduals, varies broadly, although it ultimately depends on
the relative intensities of the above-mentioned factors.
Corn plants have been found with 34 B chromosomes
(involving a 155% increase in nuclear DNA content; see
Jones & Rees 1982), a situation which is probably toler-
able to the plant because of its domestication. In wild
plants, such as Lolium perenne (Jones & Rees 1982) and
B. dichromosomatica (Carter 1978), individuals have not
been found with more than three B chromosomes,
although in  Allium  schoenoprasum plants have been
reported carrying up to 20 B chromosomes (Bougourd et
al. 1995). In the grasshopper E.plorans (Camacho et al.
1997b) and the flatworm P. nigra (Beukeboom et al. 1996),
it is also rare to find individuals with more than three B
chromosomes in natural populations, while individuals of
the endemic New Zealand frog L. hochstetter: can have up
to 15 mitotically stable B chromosomes (Green et al. 1993).

5. EFFECTS

Most B chromosomes are heterochromatic, promoting
the general idea that these elements are genetically inert.
Analyses of general transcriptional activity using tritiated
uridine have supported this idea (Fox et al. 1974; Ishak et
al. 1991). Nevertheless, some B chromosomes show tran-
scriptional activity, as has been shown in the plumose
state in the frog L. hochstetter: (Green 1988) or in the poly-
tene state of the mosquito Sumulium juxtacrenobium (Brock-
house et al. 1989). In addition, many B chromosomes have
been found to carry ribosomal genes (for reviews, see
Green 1990; Beukeboom 1994a; Jones 1995), although
they are for the most part inactive (Donald et al. 1997).
Some effects of the B chromosomes appear to be attribu-
table directly to the products of their genes, as is the case
with genes controlling resistance to rust in the B chromo-
somes of Avena sativa (Dherawattana & Sadanaga 1973),
and the genes conferring resistance to antibiotics in the B
chromosomes of the fungus Nectria haematococca, thereby
favouring its pathogenicity (Miao et al. 1991a,b). These
examples indicate that not all B chromosomes are geneti-
cally inactive. However, much more information is
needed to support the generally accepted opinion that
most B chromosomes lack major genes.

There is ample evidence that B chromosomes can affect
a multitude of cellular and physiological processes in both
plants and animals. The effects are rarely manifest in the
external phenotype, although the B chromosomes of
Haplopappus gracilis influence the colour of the achenes
(Jackson & Newmark 1960) and, in corn, plants with B
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hromosomes develop striped leaves (Staub 1987). More
equently, B chromosomes affect processes or characters
ssociated with vigour, fertility and fecundity. Jones &
lees (1982) summarized a broad range of mostly detri-
1ental effects from the B chromosomes in many species
f plants and animals. These negative influences on host
tness pointed to the parasitic nature of B chromosomes.
levertheless, some B chromosomes, when present in low
umbers, have beneficial effects upon their carriers and,
aus, may have a different biological significance
discussed in § 7(a)). For example, the B chromosomes of
arious species of plants are associated with increased
>= ermination vigour or speed (see table 4.2 of Jones &
=tees (1982)).
2 The influence of B chromosomes may stem either from
== eir presence or from the activity of genes found on
aem. For example, the B chromosomes of the plant Scilla
Q utumnalis (Ruiz-Rején et al. 1980; Oliver et al. 1982) and
L. schoenoprasum (Plowman & Bougourd 1994) alter the
xpression of A-chromosome genes for an esterase and
ndosperm protein, respectively. The presence of B chro-
10somes can also influence the expression of NORs on
1e A chromosomes, as is the case for the grasshopper
7. plorans (Cabrero et al. 1987). As mentioned above, many
» chromosomes contain ribosomal genes, the activity of
rhich could give the cell higher levels of translation (but
e Donald et al. 1997). It would therefore be informative
) study the possible effect that B chromosomes possessing
ctive NORs might have on growth rates.

It should be emphasized that B-chromosome effects
epend on the environmental conditions acting upon a
opulation and can be characterized by both spatial and
smporal variation. It is therefore risky for the effects
etected in one population to be extrapolated over the
ntire distribution range of that species. Each case should
e analysed thoroughly in many populations and the
ffects should be studied under the most natural condi-
.ons possible.
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6. TRANSMISSION

Given that B chromosomes do not always occur in
airs and segregate to opposite poles during meiosis (the
chaviour that stabilizes chromosome number in A chro-
10somes), they do not conform to a Mendelian system.
lon-B univalent chromosomes would be expected to have
1eiotic transmission rates of 0.5, but this is typically
>wer as they are unstable in meiosis and/or mitosis.
— lany B chromosomes register transmission rates clearly
L (Jreater than 0.5, ie. they show accumulation, the most
O nportant property of parasitic B chromosomes. Accumu-
ition can take place before, during or after meiosis;
ones (1991) exhaustively reviewed the principal cyto-
sgical that cause this
legarding a pre-meiotic mechanism, it
1iention B-chromosome accumulation in

B
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mechanisms accumulation.
suffices to
the locust
w ocusta migratoria derived from their mitotic instability
O nd the preferential destiny of cells with a high number of
i chromosomes to become spermatogonia (Nur 1969).
Aeiotic accumulation has been described from female
1elosis 1n various species of plant and animal and is
ased on the inherent asymmetry in the production of

nly one ovule from each oogony; the B chromosome
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migrates preferentially to the secondary oocyte instead of
to the first polar body. In the insect Pseudococcus affinis, the
B chromosomes accumulate during male meiosis by
escaping the heterochromatinization and elimination of a
chromosomal set characteristic of spermatogenesis (Nur
1962). Post-meiotic accumulation is frequent in plants,
where the formation of pollen grains involves two post-
melotic mitotic divisions that give rise to the generative
and vegetative nuclei; the non-disjunction of the B chro-
mosome in this mitosis and the preferential migration of
the two B chromatids to the generative nucleus are
responsible for B-chromosome accumulation.

There is even a case of ameiotic accumulation of a B
chromosome in the parasitoid wasp N. vitripennis (Werren
1991), where the B chromosome (PSR) present in the
spermatozoa causes the condensation and loss of the
paternal chromosomes accompanying it, transforming the
diploid (female) zygote to a haploid male carrying the B
chromosome. Through this mechanism the B-chromo-
some’s transmission rate approaches one and, because it
reduces the fitness of its host to zero, this B chromosome
is considered one of the most parasitic of all known
genetic elements.

In two species, rye (for references, see Jones & Rees
1982) and L.migratoria (Pardo et al. 1994), B chromo-
somes accumulate through both sexes, whereas in the
grasshopper Myrmeleotetlix maculatus B chromosomes show
drive through females but drag through males (Hewitt
1973a,b,c). However, not all B chromosomes show accu-
mulation, as in the plants Poa alpina (Hakansson 1954),
P trivialis (Bosemark 1957), Centaurea scabiosa (Frost 1958),
Ranunculus acris (Frost 1969), A. schoenoprasum (Bougourd
& Parker 1979) and Guizotia scabra (Hiremath & Murthy
1986). In animals, the most notable case is that of the
grasshopper E. plorans, in which the three most frequent
types of B chromosomes lack accumulation mechanisms
(Lopez-Leén et al. 1992a). These examples suggest the
existence of other models of B-chromosome evolution
that differ from the parasitic one, as we shall discuss in

§7.

7. DYNAMICS

In general, B chromosomes could be considered
genome symbionts the population dynamics of which
depend on two important properties, i.e. their effects on
genome fitness and their transmission ratio. Several
outcomes are theoretically possible from the interaction of
these two properties (table 2). It is clear that, subsequent
to their origin, B chromosomes require accumulation
mechanisms, otherwise their proliferation may only be
explained in terms of beneficial effects on carriers. These
are the only ways in which these chromosomes can
increase in frequency and establish a polymorphism in a
natural population (categories 1, 4 and 7-9). A newly
risen B chromosome falling into category 5 would fail to
establish a polymorphism, as failure to synapse and irre-
gular meiotic behaviour would preclude its ability to
become fixed by genetic drift. As opposed to the A chro-
mosomes and the genes they contain, which normally
follow the laws of Mendelian inheritance, the B chromo-
some 1s destined to extinction through random forces.
Therefore, a near-neutral B chromosome (category 5) is
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"able 2. Possible outcomes of the effect on host genome fitness
nd B-chromosome transmission rate on the establishment of a B
hromosome

Awg, change in host genome fitness due to B chromosome
resence. kg—0.5 indicates the difference between the B-
hromosome transmission ratio (kg) and the Mendelian one
).5); therefore + indicates B chromosome accumulation and
- indicates B chromosome elimination.)

evolutionary

ategory  Awg  ky—0.5 netresult significance

B polymorphism
B disappears
—  Bdisappears
B polymorphism?*

parasitism

(e}
+

attenuated
parasitism
near-neutral B
chromosome

o
o

B disappears

SOCIETY

B disappears
B polymorphism® mutualism
B polymorphism* mutualism
B polymorphism mutualism

o+ |

+ + + o

i Infinite accumulation is prevented because individuals with
igh numbers of B chromosomes have reduced fitness.

(@)

resumably derived from an attenuated parasitic B chro-
10some (category 4) that has lost drive or from a mutua-
stic B chromosome (e.g. category 8) that is no longer
eneficial for genome fitness. If the new B chromosome
rere harmful to the carriers, it would only be able to
ersist if its propensity to accumulate outweighed any
egative effects upon its carriers. This may explain the
rigin of most of the parasitic B chromosomes known
»day from a multitude of species (category 1).

(a) Equilibrium models

The two most widely accepted models of B-chromo-
ome evolution, the heterotic model (White 1973) and the
arasitic (Ostergren 1945; Nur 1966, 1977) or selfish
10del (Jones 1985; Shaw & Hewitt 1990), assume that
he frequencies of B chromosomes are in equilibrium in
urrent populations and are used to contrast the antago-
istic forces responsible for the equilibrium. The heterotic
10del assumes a balance between the positive fitness
>_‘Hects of B chromosomes (which show no accumulation)
H/hen they occur in low numbers and their negative
s ffects when they occur in high numbers. Typically, it has
— cen applied to category 8, but could equally fit cate-
(U ories 7 and 9 (table 2). The only known B chromosome
rhich has a strong likelihood of being heterotic is that of
he chive A. schoenoprasum. While this B chromosome does
ot show accumulation, it has been demonstrated that
lants with B chromosomes survive better in natural habi-
ats than those without B chromosomes (i.e. in terms of
he development from seed to seedling; Holmes &
wiougourd 1989) due to the fact that the B chromosomes
O oost the germination rate under drought conditions
Plowman & Bougourd 1994).

For the parasitic-selfish model, the equilibrium is the
esult of B-chromosome accumulation (which increases its
equency) and, typically, of its detrimental effects on the
(which reduce the

tness of B-chromosome carriers

hil. Trans. R. Soc. Lond. B (2000)

frequency of the B chromosome). The great majority of
B-chromosome systems that have been analysed in detail
fall into category 1 (table 2) and are thus compatible with
the parasitic model (see Nur 1977; Jones 1985, 1995; Nur
& Brett 1985, 1987, 1988; Ruiz-Rejon et al. 1987, Shaw &
Hewitt 1990).

In most of these studies, B-chromosome frequencies
are minimized through their increasing negative effects
on host fitness when they increase in number, but other
selective pressures may also play a role. A good example
is the PSR chromosome of the parasitoid wasp
N.vitripennis, in  which population structure
fertilization proportion affect the spread of the PSR
(Beukeboom & Werren 1992; Werren & Beukeboom
1993). The PSR has a transmission rate to sperm of
nearly one but causes destruction of the paternal
chromosomes, except for itself, shortly after egg fertil-
ization. Owing to haplodiploidy, this results in the
conversion of diploid (female) eggs to haploid (male)
eggs that carry the PSR. Masonia vitripenmis parasitizes
fly pupae that occur in temporary patches (e.g. at
carcasses) resulting in a demic population structure
where flightless males mate locally with their emerging
sisters. A theoretical analysis showed that the PSR
equilibrium frequency is strongly affected by deme size
(the number of founding females) and the fertilization
proportion. Population experiments under laboratory
conditions confirmed most of the theoretical predictions,
i.e. it led to loss of the PSR from populations consisting
of small deme sizes and when the fertilization propor-
tion was low. Although these laboratory results have not
been repeated under natural conditions, Beukeboom
(19945) showed that the PSR causes such minor effects
on various that
population structure and fertilization proportion play
the major role in determining the frequencies of the
B chromosome in natural populations.

and

traits related to carrier fitness

(b) Tolerance to B chromosomes

It has been a parasitological dogma that a well-adapted
parasite should not damage its host, as debilitation and
death of the host can cause the death of the resident
parasites (Hoeprich 1977; Alexander 1981). However,
theoretical (Anderson & May 1982; May & Anderson
1983) and comparative analyses (Ewald 1987) have
suggested that this is not necessarily so. For instance, the
evolution of parasite virulence (the effect of a parasite on
host fitness) may be strongly influenced by the parasite’s
mode of transmission (Anderson & May 1982; Lipsitch et
al. 1995), i.e. parasites transmitted horizontally should be
more virulent than those transmitted vertically, because
the latter have their fitness linked to the fitness of their
host and, therefore, harming of the host will reduce
parasite fitness. In contrast, horizontally transmitted ones
can be more virulent because they may contagiously
infect other individuals. Mathematical models predict
that parasites that are only vertically transmitted should
evolve towards less virulence (Lipsitch et al. 1995) and
several comparative (Ewald & Schubert 1989; Herre
1993; Clayton & Tompkins 1994) and experimental (Bull
et al. 1991) studies have shown that the degree of vertical
transmission 1n nature is positively correlated with
benignity.
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B chromosomes are exclusively vertically transmitted
arasites and, hence, fit the expectation of the evolution
>wards attenuated parasitism, e.g. a change from
ategory 1 to 4 in table 2. This may result from the
ppearance of less virulent B-chromosome types and/or
1e evolution of more tolerant host genotypes. As Shaw
984, p. 93) pointed out, ‘alleles on the A chromosome set
aat reduce the selection operating against animals
arrying B’s will be selected, as will B-chromosomes that
re less damaging to their carrier’ Although many
etrimental effects of B chromosomes have been reported
Jones & Rees 1982), it should be borne in mind that the
>=volution of B-chromosome tolerance depends on the
= xistence of appropriate genetic variation and a high
Qﬁ Fdacrease in B-chromosome frequency, because selection

=r B-chromosome tolerance can only take place in
i-chromosome-carrying individuals. It is thus conceiv-
Oble that B-chromosome tolerance has not evolved in all
f= ©2 nown systems. The inability to detect significant effects
f B chromosomes on carrier fitness would be consistent

OYAL B
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7ith the evolution of B-chromosome tolerance in a
atural population. For instance, the locust L.migratoria
Castro et al. 1998) harbours attenuated parasitic B chro-
10somes that do not produce apparent deleterious effects
n B-chromosome carriers (category 4). Likewise, the
rasshopper  E. plorans  (Lopez-Leon et al. 1992a,b;
Jamacho et al. 1997a,b; Martin-Alganza et al. 1997)
ossesses B chromosomes that were originally parasitic
ut whose drive has subsequently been neutralized by the
ost genome. These B chromosomes have no apparent
ffects on carrier fitness. Interestingly, a new parasitic
i-chromosome variant (By,) that has recently replaced
1e neutralized B-chromosome version (By) significantly
educed egg fertility (Zurita et al. 1998). This suggests that
ewly arisen parasitic B-chromosome variants are more
armful than older B-chromosome versions. These
onclusions are preliminary since the evolution of
slerance to B
onsideration in the past, mainly because of the difficulty
1 detecting slight effects. Nevertheless, there are a large
umber of B-chromosome systems where no significant
i-chromosome effects have been detected.
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chromosomes has not received much

B

(c) Suppression of drive

An absence of accumulation does not necessarily indi-
>_‘ate that a B chromosome 1s heterotic. Parasitic B chro-
[ osomes impose a genetic load upon carrier populations

nd, thus, favour the evolution of any gene variants on
i 1¢ A chromosomes which would tend to reduce this load,
3 (Jither by eliminating B-chromosome accumulation (= B-

hromosome resistance genes) or by buffering any
wn ctrimental effects (the evolution of B-chromosome toler-
nce genes; see §7(b)). The presence of some type of
\-chromosome genetic control over B-chromosome accu-
wlation has been demonstrated in S. cereale (Miintzing
954; Romera et al. 1991; Jiménez et al. 1995), Festuca
w ratensis (Bosemark 1954), Zea mays (Carlson 1969; Rosato
Ot al. 1996), Hypochoeris maculata (Parker et al. 1982),
A. maculatus (Shaw & Hewitt 1985; Shaw et al. 1985),
Seudococcus affinis (Nur & Brett 1985, 1987, 1988), Aegilops
veltoides (Cebria et al. 1994) and E. plorans (Herrera et al.
996). Such evidence has been extrapolated mostly from
ariation in transmission rates between individuals, from
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the success of artificial selection in obtaining lines of high
and low transmission rates and from the different results
obtained through intra- and interpopulational crosses.
Recently, evidence has been provided that B chromosomes
in rye possess genes controlling their own transmission
(Puertas et al. 1998).

(d) A non-equilibrium model of long-term evolution

Parasitic B chromosomes that have lost their accumula-
tion mechanisms are doomed to disappear, unless they
become heterotic or recover accumulation at some point
during the long process towards random extinction,
thereby transforming them into a new type of parasitic B
chromosome. According to the magnitude of negative
effects exerted by the B chromosomes at the time of losing
accumulation, they would disappear rapidly (large
effects), slowly (small effects) or very slowly (impercep-
tible effects) from the population. In this last case, we can
consider B chromosomes to be near neutral (category 5),
a type of B chromosome that is not found in equilibrium,
but that, as we shall see below, constitutes a transitory
stage towards disappearance or towards regeneration of
the polymorphism.

The only proof of the existence of near-neutral B chro-
mosomes, that is those that have lost accumulation and
produced insignificant effects on the fitness of the carriers,
is presently provided by the B chromosome of the grass-
hopper E. plorans (see Appendix B). While the transmis-
sion ratio of B chromosomes in E. plorans is usually close
to 0.5 in most individuals (Lopez-Leon et al. 1992a), these
ratios can vary greatly between individuals in many
species with parasitic B chromosomes (Bosemark 1954;
Miintzing 1954; Parker et al. 1982; Nur & Brett 1985, 1987,
1988; Shaw & Hewitt 1985; Shaw et al. 1985; Romera et al.
1991; Cebria et al. 1994; Jiménez et al. 1995). This could be
due to the fact that the suppression of B-chromosome
accumulation imposes negative pleiotropic effects of the
genes involved, thereby impeding any marked increase in
their frequency and preventing complete suppression of
B-chromosome accumulation.

The B-chromosome system in E. plorans not only illus-
trates the presence of parasitic chromosomes neutralized
by the A-chromosome genome, but goes further to
provide evidence of one of the few evolutionary paths
remaining for these B chromosomes (apart from disap-
pearing, but this is of minor evolutionary interest); it
involves the regeneration of the polymorphism through
the appearance of a new parasitic B-chromosome variant
that starts the cycle again (figure 1).

Overall, the polymorphism for the B chromosome of
E. plorans has been regenerated on at least three occasions
on the Iberian Peninsula (assuming that B, was the ances-
tral type, given that it is predominant in the majority of
the populations analysed): (1) when B, was substituted by
B, in the province of Granada and the eastern part of the
province of Malaga, (i1) when B; was replaced by Bj in
the zone of Fuengirola (Malaga), and (ii1) when B, was
replaced by By, in Torrox. This polymorphism illustrates
that B-chromosome polymorphisms must not be seen
necessarily as a system in equilibrium, but rather as a
dynamic succession of stages through which the same
polymorphism can change from parasitism to near
neutrality and then to parasitism again. Thus, the B
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neutralization

parasitic B (drive)

near-neutral B (no drive)

random walk
leading to
stochastic loss

regeneration

new parasitic B variant (drive)

ROYAL
IETY

H

'

B extinction

O igure 1. Arms race making up the long-term evolution of a parasitic B chromosome. The life cycle of the B chromosome begins
rith the parasitic stage in which the B chromosome possesses drive (which is the property facilitating its establishment in the

= W opulation) and is harmful for the individuals carrying it. Neutralization consists of the suppression of B-chromosome drive by
1e evolution of appropriate genes in the A-chromosome genome, paralleled by the evolution of an A-chromosome genome more

hromosome’s existence can be prolonged by dynamically
esisting A-chromosome genome assaults which tend to
srce the B chromosome to disappear.

It is not possible at present to determine how many
ystems of B chromosomes might be similar to the
ystem of E. plorans, but a thorough analysis of those that
o not show accumulation or that show it in some popu-
aitions  but not in others will almost certainly show
imilar cases in the near future. The non-equilibrium
10del developed for the E. plorans B chromosomes illumi-
ates the possible long-term evolution of not only para-
itic B chromosomes but also other selfish genetic
lements (Johnson 1997).
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8. ROLE
The role of B

ukaryotic genomes appears at first to be somewhat
aperfluous. Given that their presence is not needed for
arvival or reproduction of the individual, these chromo-
omes appear at first to be simply ‘genomic junk’, a waste
roduct of the eukaryotic genome. Nevertheless, given
hat B chromosomes cannot originate as junk (that is, as
(U eutral or slightly harmful), but most probably begin by
eing selfish (because if they had no accumulation they
ould not increase in frequency), it is plausible that, of all
he extra chromosomes produced over the evolution of
enomes of most organisms, only the selfish ones can be
ransformed into B chromosomes.

We have already discussed the neutralization of a
w arasitic B chromosome, but one might ask whether a
O eutralized B chromosome could become heterotic. The
lea that a parasitic B chromosome could become
eterotic was proposed first by Kimura & Kayano (1961)
nd has also been defended by Ruiz-Rejon et al. (1987).
"he main problem arising from this possibility involves
he fact that the genes of the B chromosomes are

chromosomes in the evolution of

B
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blerant to B-chromosome effects and/or less harmful B-chromosome variants. The near-neutral B chromosome possesses no drive
nd causes minor effects on carriers, at least at low numbers. This leads it to a random walk towards stochastic loss (since
-chromosome fixation is impossible because of meiotic irregularity and harmfulness at high B-chromosome numbers) that may
e long in large populations. However, if in the course of the random walk the B chromosome mutates to a new variant capable
f driving, then the polymorphism regenerates and the cycle starts again.

generally inactive and can therefore accumulate a large
number of mutations. One must then ask how the
B chromosomes evolved a beneficial characteristic for the
carrier, somehow resisting the effect of Muller’s ratchet.
There are several possible answers: (i) as we observed
above, some genes of the B chromosomes are active, thus
conserving their requirement,
suggesting that under certain circumstances these genes
may be advantageous to the genome, and (i1) B chromo-
somes can capture genes from the A-chromosome genome
and, thus, become indispensable to the host. This is the
case mentioned above for the gene present in the B chro-
mosome of the fungus N kaematococca, which makes it
resistant to pisatine, an antibiotic produced by its host
plant, the pea (Miao et al. 1991a,b).

In the same light, it has recently been proposed that
the Y chromosome of Drosophila may have evolved from a
supernumerary chromosome with the characteristics of a
B chromosome (see Hackstein et al. (1996) for details of
the argument). This idea, which suggests one of the
forms in which a B chromosome can ultimately integrate
itself into the A-chromosome genome, makes sense only
when the B chromosome provides more or less essential
functions regularity
example, in the zebra finch Taeniopygia guitata, a super-
numerary chromosome has recently been reported which
is restricted to the germline such that all males and
females carry one (Pigozzi & Solari 1998). The authors
have proposed a mechanism by which one copy of the
supernumerary 1s always present in all individuals, i.e.
through complete elimination in male meiosis and total
preferential segregation to the oocyte in females. If this
hypothesis were correct, this could be a stabilized B chro-
mosome transmitted through a single sex (the female), a
case reminiscent of the MNasonia one. We could imagine the
zebra finch situation as a possible solution for many selfish
B chromosomes that show strong drive through the

some of functional

and achieves in meiosis. For
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‘male and are partly eliminated through the male, e.g.
A. maculatus (see §6). Their absence from the somatic
ne avoids most of their harmful effects on carriers and
aeir  special their
egular presence in the germline. In addition, it is
onceivable that B chromosomes can integrate them-
:lves into the genome by translocation, a possibility first
aggested by White (1973) and supported by the sponta-
eous translocations that have been recorded between

transmission mechanism assures

1e A and B chromosomes in E. plorans (Henriques-Gil et
[. 1983; Cabrero et al. 1987). At first sight, the possibility
aat B chromosomes may become transformed into
>= ssential members of the A-chromosome genome (even
F=>rming part of some of the chromosomes of the A set) is
= remote one. However, there are some recent data
== 1ggesting this possibility since a population analysis in
ae Brazilian wasp Trypoxylon albitarse has shown that, in
OlOSt populations in the Vigosa region, most males have
U2 ne B chromosome and most females have two B chromo-
omes. Since males are haploid and females diploid, it
zems that this B chromosome is close to stabilization in
aese populations (S. M. S. R. Araujo, personal communi-
ation). Perhaps these B chromosomes could represent only
& fraction of the total heterochromatin of these species and
aeir fate could depend on their possible role in the
enome. The molecular analysis of this system is an inter-
sting task for future research in the B-chromosome field.

TRANSACTIONS 1 HE ROYAL

9. PERSPECTIVES

We have discussed a variety of B-chromosome
ystems each with its particular transmission dynamics.
uIthough most B chromosomes show accumulation of
ne form or another (Jones 1991), some exceptional B
hromosomes transmit at nearly Mendelian rates and,
herefore, cannot be categorized as selfish. This is the
ase, for example, with the B chromosomes of the chive
l. schoenoprasum (Bougourd & Parker 1979) and of the
rasshopper E. plorans (Lopez-Le6n et al. 1992q), studies
hich offer new perspectives on the evolution and
1ological meaning of these enigmatic chromosomes. We
ave seen the discovery of new B-chromosome systems
rith previously unknown mechanisms of (accumula-
lon) transmission and we can expect more in the
1ture.

B

e Recent molecular studies of B chromosomes have
Havealed that they do not have a single mode of origin,
g ut instead can arise in a variety of ways. Although the
wurce of the B chromosomes can sometimes be traced
(rith a degree of certainty (e.g. the autosomal comple-
1ent, sex chromosomes or a closely related species), it has
ill been difficult to pinpoint the exact progenitor DNA
egion(s). The extent to which this will be possible is
nclear at the moment. It will depend critically on inten-
ve molecular study as well as our ability to determine
a1e speed and nature of the molecular processes involved
w1 chromosome evolution. This should also reveal why we
Oannot find any traces of silenced (relict) genes on
xisting B chromosomes (other than rDNA).

B chromosomes are being recognized as suitable
ystems for studying genome evolution. As single chromo-
omes that have been freed from the selection pressures
aat act on the maintenance of standard chromosomes,

TRANSacTions 1HE ROYAL

hil. Trans. R. Soc. Lond. B (2000)

they may prove useful in studying processes of molecular
degeneration analogous to studies of heterogametic sex
chromosomes. We expect that they will become important
in understanding chromosomal evolution, including
evolution of repetitive DNAs, gene silencing and trans-
posable elements.
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APPENDIX A. REASONS FOR SIMILARITY
BETWEEN SEX CHROMOSOMES
AND B CHROMOSOMES

B chromosomes are often similar to sex chromosomes
in terms of meiotic behaviour, size, morphology and
heteropycnocity (Hewitt 1979; Amos & Dover 1981; Jones
& Rees 1982, Green 1990), and this resemblance can be
interpreted in a number of ways.

(1) In the orthopteran, Melanoplus — femur-rubrum,
B-chromosome similarity to their X chromosomes
has been explained in terms of chromosome inactiva-
tion, as the heteropycnocity of both elements is likely
required for normal meiosis (Nur 1978). As such, the
B and sex chromosomes of M. femur-rubrum converge
upon a common morphotype due to the functional
constraints of meiosis (l.e. to prevent pairing of B
and X chromosomes with autosomal homologues;
Dover & Riley 1972).

(1) Shared similarity between B and sex chromosomes
may also imply real homology, as has been shown
by Amos & Dover (1981), who demonstrated that
the B chromosomes of the fly Glossina have arisen
from a duplicated Y chromosome and have subse-
quently become differentiated from the Y
chromosome through the accumulation of tandem
repeat DNA or as in the frog L. hochstetteri, whose B
chromosomes have been derived from the univalent
W sex chromosome (Green et al. 1993; Sharbel et al.
1998).

(111) B chromosomes and univalent members of hetero-
morphic sex chromosomes may converge upon a
typical degenerate morphotype due to similar mol-
ecular evolutionary processes acting upon them

(Green 1990).
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APPENDIX B. THE B-CHROMOSOME SYSTEM
OF E. PLORANS

The B-chromosome polymorphism of E. plorans is
xtremely widely distributed over Mediterranean and
buthern Atlantic coastal regions of the Iberian Peninsula
Henriques-Gil et al. 1984), the north of Africa
— Henriques-Gil 1984) and Italy (Lopez-Fernandez et al.
992). Its most important characteristics are as follows.

i) The propensity to mutate, as exemplified by the high

‘B

number of novel B-chromosome types described to
date (more than 40 have been differentiated on the
basis of size, morphology and C-banding; Henri-
ques-Gil et al. 1984; Henriques-Gil & Arana 1990;
Lopez-Leon et al. 1993) and that new types of B
chromosome can appear between the offspring of
controlled crosses where none of the offspring

SOCIETY

carried this type of B chromosome (Lépez-Leon et

al. 1993). The most widely distributed B chromosome,

called B,, is considered the ancestral B chromosome
from which the rest were derived (Henriques-Gil et
al 1984) by replacement processes (Henriques-Gil &

Arana 1990).

i) The three most frequent types, B;, B, and Bj;, lack
accumulation (Loépez-Leén et al. 1992a) and lack
significant effects over several traits related to the
fitness of the carriers (Lopez-Leén et al. 19920;
Camacho et al. 1997a,b).

ii1) By is capable of accumulating in females crossed with

PHILOSOPHICAL
TRANSACTIONS THE ROYA
OF

males from populations having no B chromosomes,
but not when the same females are crossed with
males from the same population (Herrera ef al
1996), thus suggesting that the B chromosomes
originally had an accumulation mechanism which
was lost due to the evolution of drive suppressor
genes in the A chromosomes, which, logically, are
not found in the males of the population that lacks B
chromosomes.

In the population of E. plorans captured in 1984 near
orrox (Malaga), Henriques-Gil & Arana (1990) verified
he dominance of a B-chromosome type termed By, (with

mean number of B chromosomes of 0.344), which was

B

ifferent from the predominant type in adjacent popula-
lons (By). This new B chromosome was like By, but with

duplicated proximal band associated with a greater
mount of repetitive 180 bp DNA than possessed by By, as
rell as a lesser amount of ribosomal DNA (Zurita e al.
998). After also finding B,, although at a very low
-equency, Henriques-Gil & Arana (1990) proposed that
is was being replaced by By, in this population. In 1992,
arita et al. (1998) captured specimens in this same loca-

THE ROYAL
SOCIETY

lon which showed a B-chromosome frequency of 0.975,
normously exceeding that of 1984 and made a series of
ontrolled crosses which indicated that By, had a strong
>ndency to accumulate through females, their mean
w ransmission ratio (0.696) being significantly higher than
O Mendelian one. However, they did not find any traces
f By in the sample analysed from 1992 and it would thus
ppear that By, a new selfish variant showing accumula-

PHILOSOPHICAL
TRANSACTIONS

lon, has completely replaced By (a neutralized B chro-
10some Incapable of accumulating) over the last few
ears in Torrox. In 1994, a new sample of individuals

hil. Trans. R. Soc. Lond. B (2000)

revealed that the By, frequency had continued to increase,
reaching its highest value ever recorded in a natural
population of E. plorans (1.533) and that B, was no longer
present. It seems, therefore, that the regeneration of poly-
morphism had already been completed in this population.
If our theory regarding the dynamic evolution of the
B-chromosome polymorphism is correct, By, should be
neutralized within the next few years. In fact, the first
evidence of suppressor genes against By, drive has already
appeared: a small proportion of the crosses made by
Zurita et al. (1998) showed a By, transmission rate close to
a Mendelian one and they even found one female with
one B chromosome to transmit this chromosome to only

15.2% of her offspring.

REFERENCES

Adam, R. D. 1992 Chromosome-size variation in Giardia
lamblia: the role of rDNA repeats. Nucl. Acids Res. 20,
3057-3061.

Alexander, M. 1981 Why microbial predators and parasites do
not eliminate their prey and hosts. 4. Rev. Microbiol. 35,
113-133.

Alfenito, M. R. & Birchler, J. A. 1993 Molecular characteriza-
tion of a maize B-chromosome centric sequence. Genetics 135,
589-597.

Amos, A. & Dover, G. 1981 The distribution of repetitive DNAs
between regular and supernumerary chromosomes in species
of Glossina (tsetse): a two-step process in the origin of super-
numeraries. Chromosoma 81, 673—690.

Anderson, R. M. & May, R. M. 1982 Coevolution of hosts and
parasites. Parasitology 85, 411-426.

Battaglia, E. 1964 Cytogenetics of B chromosomes. Caryologia 17,
245-299.

Benazzi Lentati, G. 1970 Gametogenesis and egg fertilization in
planarians. Int. Rev. Gytol. 27, 101-179.

Beukeboom, L. W. 1994¢ Bewildering Bs: an impression of the
Ist B-chromosome conference. Heredity 73, 328-336.

Beukeboom, L. W. 19944 Phenotypic fitness effects of the selfish
B chromosome, paternal sex ratio (PSR) in the parasitic wasp
Nasonia vitripennis. Evol. Ecol. 8,1-24.

Beukeboom, L. W. & Vrijenhoek, R. C. 1998 Evolutionary
genetics and ecology of sperm-dependent parthenogenesis. 7.
Evol. Biol. 11, 755—782.

Beukeboom, L. W. & Werren, J. H. 1992 Population genetics of
a parasitic chromosome: experimental analysis of PSR in
subdivided populations. Evolution 46, 1257—1268.

Beukeboom, L. W., Seif, M., Mettenmeyer, T., Plowman, A. B. &
Michiels, N. K. 1996 Paternal inheritance of B chromosomesin
a parthenogenetic hermaphrodite. Heredity 77, 646—654.

Bigot, Y., Hamelin, M.-H. & Periquet, G. 1990 Hetero-
chromatin condensation and evolution of unique satellite-
DNA families in two parasitic wasp species: Diadromus
pulchellus and Eupelmus vuillet: (Hymenoptera). Mol. Biol. Evol.
7, 351-364.

Blunden, R., Wilkes, T. J., Forster, J. W., Jiménez, M. M.,
Sandery, M. J., Karp, A. & Jones, R. N. 1993 Identification of
the E3900 family, a 2nd family of rye chromosome-B specific
repeated sequences. Genome 36, 706—711.

Bosemark, N. O. 1954 On accessory chromosomes in Festuca
pratensis. 11. Inheritance of the standard type of accessory
chromosome. Hereditas 40, 425—437.

Bosemark, N. O. 1957 Further studies on accessory chromosomes
in grasses. Hereditas 43, 236—297.

Bougourd, S. M. & Parker, J. S. 1979 The B chromosome system
of Allium schoenoprasum. 11. Stability, inheritance and pheno-
typic effects. Chromosoma 75, 369—383.


http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0305-1048^28^2920L.3057[aid=532636,nlm=1620602]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0066-4227^28^2935L.113[aid=532637,nlm=7027898]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6731^28^29135L.589[aid=532638,nlm=8244015]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0031-1820^28^2985L.411[aid=35659,nlm=6755367]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0018-067X^28^2973L.328[aid=532641,csa=0018-067X^26vol=73^26iss=3^26firstpage=328]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0269-7653^28^298L.1[aid=532642,csa=0269-7653^26vol=8^26iss=1^26firstpage=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1010-061X^28^2911L.755[aid=532643,csa=1010-061X^26vol=11^26iss=6^26firstpage=755]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-3820^28^2946L.1257[aid=532644,csa=0014-3820^26vol=46^26iss=5^26firstpage=1257]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0737-4038^28^297L.351[aid=532646,csa=0737-4038^26vol=7^26iss=4^26firstpage=351,nlm=2385173]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2936L.706[aid=532647,csa=0831-2796^26vol=36^26iss=4^26firstpage=706]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2975L.369[aid=532650,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0305-1048^28^2920L.3057[aid=532636,nlm=1620602]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0066-4227^28^2935L.113[aid=532637,nlm=7027898]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6731^28^29135L.589[aid=532638,nlm=8244015]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2981L.673[aid=532651,nlm=6258877,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1010-061X^28^2911L.755[aid=532643,csa=1010-061X^26vol=11^26iss=6^26firstpage=755]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0737-4038^28^297L.351[aid=532646,csa=0737-4038^26vol=7^26iss=4^26firstpage=351,nlm=2385173]
http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org

B-chromosome evolution  J. P. M. Camacho and others 175

ougourd, S. M., Plowman, A. B., Ponsford, N. R., Elias, M. L.,
Holmes, D. S. & Taylor, S. 1995 The case for unselfish
B-chromosomes: evidence from Allium schoenoprasum. In Kew
Chromosome Conference IV (ed. P. E. Brandham & M. D.
Bennet), pp. 21-34. Kew, UK: Royal Botanic Gardens.

rockhouse, C., Bas, J. A. B., Fereday, R. M. & Strauss, N. A.
1989 Supernumerary chromosomes evolution in the Sumulium
vernum group (Diptera: Simulidae). Genome 32, 516-521.

ull, J. J., Molineux, I. J. & Rice, W. G. 1991 Selection of bene-

volence in a host—parasite system. Evolution 45, 875—882.

utler, D. K. & Metzenberg, R. L. 1989 Premeiotic change of

- nucleolus organizer size in Neurospora. Genetics 122, 783—791.

< labrero, J., Alché, J. D. & Camacho, J. P. M. 1987 Effects of B

>_‘ >-4 chromosomes of the grasshopper Eyprepocnemis plorans on

= nucleolar organiser regions activity Activation of a latent

O L NOR on a B chromosome fused to an autosome. Genome 29,

B4 - 16-121.

28 U]amacho, J. P. M., Cabrero, J., Lopez-Leon, M. D. & Shaw,

: O M. W. 1997z Evolution of a near-neutral B chromosome. In

Chromosomes today, vol. 12 (ed. N. Henriques-Gil, J. S. Parker &
M. J. Puertas), pp. 301-318. London: Chapman & Hall.

‘amacho, J. P. M., Shaw, M. W., Lopez-Leon, M. D., Pardo,
M. C. & Cabrero, J. 19976 Population dynamics of a selfish B
chromosome neutralized by the standard genome in the grass-
hopper Eyprepocnemis plorans. Am. Nat. 149, 1030—1050.

larlson, W. 1969 Factors affecting preferential fertilization in

O maize. Genetics 62, 543-554.

larter, C. R. 1978 The cytology of Brachycome. 8. The inheri-
tance, frequency and distribution of B chromosomes in
B. dichromosomatica  (n=2), formerly in  B. lineariloba.
Chromosoma 67, 109—121.

lastro, A. J., Perfectti, F., Pardo, M. C., Cabrero, J., Lopez-
Lebon, M. D. & Camacho J. P. M. 1998 No harmful effects of
a selfish B chromosome on several morphological and physio-
logical traits in Locusta migratoria (Orthoptera, Acrididae).
Heredity 80, 753—759.

lebria, A., Navarro, M. L. & Puertas, M. J. 1994 Genetic
control of B chromosome transmission in Aegilops speltoides
(Poaceae). Am. J. Bot. 81, 1502—1507.

tharlesworth, B. 1978 Model for evolution of Y chromosomes
and dosage compensation. Proc. Natl Acad. Sci. USA 75,
5618-5622.

‘harlesworth, B. & Lapid, A. 1989 A study of ten families of
transposable elements on X chromosomes from a population
of Drosophila melanogaster. Genet. Res. 54, 113—126.

‘harlesworth, B., Langley, C. H. & Stephan, W. 1986 The
evolution of restricted recombination and the accumulation of
repeated DNA sequences. Genetics 112, 947-962.

‘harlesworth, B., Lapid, A. & Canada, D. 19924 The distri-
bution of transposable elements within and between

>" chromosomes in a population of Drosophila melanogaster. 1.

= Element frequencies and distribution. Genet. Res. 60, 103—114.

d . tharlesworth, B., Lapid, A. & Canada, D. 19926 The distribu-

= tion of transposable elements within and between
chromosomes in a population of Drosophila melanogaster. 11.
Inferences on the nature of selection against elements. Genet.

vy Res. 60, 115-130.

‘harlesworth, B., Sniegowski, P. & Stephan, W. 1994 The evolu-
tionary dynamics of repetitive DNA in eukaryotes. Nature 371,
215-220.

‘hen, X., Santhana Mariappan, S. V., Catasti, P., Ratliff, R.,

" Moyzis, R. K., Laayoun, A., Smith, S. S., Morton Bradbury,

0 E. & Gupta, G. 1995 Hairpins are formed by the single DNA
strands of the fragile X triplet repeats: structure and bio-
logical implications. Proc. Natl Acad. Sci. USA 92, 5199-5203.

layton, D. H. & Tompkins, D. M. 1994 Ectoparasite virulence
is linked to mode of transmission. Proc. R. Soc. Lond. B 256,
211-217.

PHILOSOPHICAL
TRANSACTIONS
F

B

OYAL

PHILOSOPHICAL THE

TRANSACTIONS

hil. Trans. R. Soc. Lond. B (2000)

Costanzi, C. & Pehrson, J. R. 1998 Histone macroH2Al is
concentrated in the inactive X chromosome of female
mammals. Nature 393, 599-601.

Cuadrado, A. & Jouve, N. 1994 Highly repetitive sequences in
B-chromosomes of Secale cereale revealed by fluorescence in situ
hybridization. Genome 37, 709-712.

Dai, K., Gillies, C. B. & Dollin, A. E. 1994 Synaptonemal
complex analysis of domestic sheep (Ouvis aries) with
Robertsonian translocations. III. Deficient pairing and NOR
role in Massey III heterozygotes. Genome 37, 802—808.

Dawley, R. M. 1989 An introduction to unisexual vertebrates. In
Evolution and ecology of unisexual vertebrates (ed. R. M. Dawley &
J. P. Bogart). New York: University of the State of New York.

Dherawattana, A. & Sadanaga, K. 1973 Cytogenetics of a
crown rust-resistant hexaploid oat with 42 + 2 fragment chro-
mosomes. Crop Sci. 13, 591-594.

Donald, T. M., Houben, A., Leach, C. R. & Timmis, J. N. 1997
Ribosomal RNA genes specific to the B chromosomes in
Brachycome dichromosomatica are not transcribed in leaf tissue.
Genome 40, 674—681.

Dover, G. A. & Riley, R. 1972 The prevention of pairing of
homoeologous meiotic chromosomes of wheat by a genetic
activity of supernumerary chromosomes of Aegilops. Nature
240, 159-161

Eickbush, D. G., Eickbush, T. H. & Werren, J. H. 1992
Molecular characterization of repetitive DNA sequences from
a B chromosome. Chromosoma 101, 575-583.

Epstein, H., James, T. C. & Singh, P. B. 1992 Cloning and
expression of Drosophila HPl homologs from a mealybug
Planococcus citre. J. Cell. Sci. 101, 463—474.

Ewald, P. 1987 Transmission modes and evolution of parasitism—
mutualism continuum. Ann. NYAcad. Sci. 503,295-306.

Ewald, P. W. & Schubert, J. 1989 Vertical and vector-borne
transmission of insect endocytobiosis and the evolution of
benignity. In Insect endocytobiosis: morphology, physiology, genetics,
evolution (ed. W. Scwemmler & G. Gassner), pp. 21-35. Boca
Raton, FL: CRC Press, Inc.

Fox, D. P, Hewitt, G. M. & Hall, D. J. 1974 DNA replication
and RNA transcription of euchromatic and heterochromatic
chromosome regions during grasshopper meiosis. Chromosoma
45, 43-62.

Franks, T. K., Houben, A., Leach, C. R. & Timmis, J. N. 1996
The molecular organization of a B chromosome tandem
repeat sequence from Brachycome dichromosomatica. Chromosoma
105, 223-230.

Irost, S. 1958 Studies of the genetical effects of accessory chro-
mosomes in Centaurea scabiosa. Hereditas 44, 112—122.

Irost, S. 1969 The inheritance of accessory chromosomes in
plants, especially in Ranunculus acris and Phleum nodosum.
Hereditas 61, 317—326.

Garrido, M. A., Jamilena, M., Lozano, R., Ruiz Rejon, C.,
Ruiz Rejon, M. & Parker, J. S. 1994 RDNA site number poly-
morphism and NOR inactivation in natural populations of
Allium shoenoprasum. Genetica 94, 67—71.

Garrido-Ramos, M. A., Jamilena, M., Lozano, R., Cardenas,
S., Ruiz Rejon, C. & Ruiz Rejéon, M. 1995 Cytogenetic
analysis of gilthead seabream Sparus aurata (Pisces,
Perciformes), a deletion affecting the NOR in a hatchery
stock. Gytogenet. Cell Genet. 68, 3—7.

Geiser, D. M., Arnold, M. L.. & Timberlake, W. E. 1996 Wild chro-
mosomalvariants in Aspergillus nidulans. Curr. Genet. 29,293-300.

Gilson, E., Perrin, D., Clement, J.-M., Szmelcman, S., Dassa,
E. & Hofnung, M. 1986 Palindromic units from E. coli as
binding sites for a chromoid-associated protein. Fed. Eur
Biochem. Soc. 206, 323—328.

Gonzalez-Fernandez, A., Navarrete, M. H., & De la Torre, C.
1993 Role for early replicating DNA in preventing nucleolo-
genesis in proliferating plant cells. Protoplasma 175, 138—143.


http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-3820^28^2945L.875[aid=530206,csa=0014-3820^26vol=45^26iss=4^26firstpage=875]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6731^28^29122L.783[aid=532653,csa=0016-6731^26vol=122^26iss=4^26firstpage=783,nlm=2527181]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2929L.116[aid=532654,csa=0831-2796^26vol=29^26iss=1^26firstpage=116]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-0147^28^29149L.1030[aid=532655,csa=0003-0147^26vol=149^26iss=6^26firstpage=1030]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2975L.5618[aid=532658,nlm=281711]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6723^28^2954L.113[aid=532659,nlm=2558961]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6731^28^29112L.947[aid=532660,csa=0016-6731^26vol=112^26iss=4^26firstpage=947,nlm=3957013]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6723^28^2960L.103[aid=532661,nlm=1334899]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6723^28^2960L.115[aid=532662,nlm=1334900]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29371L.215[aid=246221,nlm=8078581]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2992L.5199[aid=532663,csa=0027-8424^26vol=92^26iss=11^26firstpage=5199,nlm=7761473]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8452^28^29256L.211[aid=532664,csa=0962-8452^26vol=256^26iss=1347^26firstpage=211,nlm=8058799]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29393L.599[aid=532665,nlm=9634239]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2937L.709[aid=532666,csa=0831-2796^26vol=37^26iss=4^26firstpage=709]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2937L.802[aid=532667,nlm=8001813]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29101L.575[aid=532669,csa=0009-5915^26vol=101^26iss=9^26firstpage=575,nlm=1339320,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9533^28^29101L.463[aid=532670,nlm=1629256]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0077-8923^28^29503L.295[aid=532671,nlm=3304078]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2945L.43[aid=532672,nlm=4135134,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29105L.223[aid=532673,doi=10.1007/s004120050178,nlm=8854881,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6707^28^2994L.67[aid=532675,csa=0016-6707^26vol=94^26iss=1^26firstpage=67,nlm=7729698]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0301-0171^28^2968L.3[aid=532676,nlm=7956354]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0172-8083^28^2929L.293[aid=532677,doi=10.1007/s002940050049,nlm=8595677,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0033-183X^28^29175L.138[aid=532678]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2929L.116[aid=532654,csa=0831-2796^26vol=29^26iss=1^26firstpage=116]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2967L.109[aid=532679,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0018-067X^28^2980L.753[aid=532680,csa=0018-067X^26vol=80^26iss=6^26firstpage=753]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2975L.5618[aid=532658,nlm=281711]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6723^28^2960L.115[aid=532662,nlm=1334900]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29371L.215[aid=246221,nlm=8078581]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8452^28^29256L.211[aid=532664,csa=0962-8452^26vol=256^26iss=1347^26firstpage=211,nlm=8058799]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2940L.674[aid=532682,csa=0831-2796^26vol=40^26iss=5^26firstpage=674,nlm=9352646]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2945L.43[aid=532672,nlm=4135134,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29105L.223[aid=532673,doi=10.1007/s004120050178,nlm=8854881,springer=1]
http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org

B-chromosome evolution

76 J. P. M. Camacho and others

rreen, D. M. 1988 Cytogenetics of the endemic New Zeland
frog, Letopelma hochstettert: extraordinary supernumerary chro-
mosome variation and a unique sex-chromosome system.
Chromosoma 97, 55-70.

rreen, D. M. 1990 Muller’s ratchet and the evolution of super-
numerary chromosomes. Genome 33, 318—824.

ireen, D. M., Zeyl, C. W. & Sharbel, T. F. 1993 The evolution
of hypervariable sex and supernumerary (B) chromosomes in
the relict New Zealand frog, Leiopelma hochstetteri. J. Evol. Biol.
6, 417-441.

rutknecht, J., Sperlich, D. & Bachmann, L. 1995 A species
specific satellite DNA family of Drosophila subsilvestris appearing
predominantlyin B chromosomes. Chromosoma103, 539-544.

ruttman, D. S. & Charlesworth, D. 1998 An X-linked gene
with a degenerate Y-linked homologue in a dioecious plant.
Nature 393, 263-266.

[ackstein, J. H. P., Hochstenbach, R., Hauschteck-Jungen, E. &
Beukeboom, L. W. 1996 Is the Y chromosome of Drosophila an
evolved supernumerarychromosome? BioFssays18, 317-323.

[akansson, A. 1954 Transmission of accessory chromosomes in
Poa alpina. Hereditas 40, 523—526.

[enriques-Gil, N. 1984 El sistema de cromosomas accesorios de
Eyprepocnemis plorans (Acrididae: Orthoptera) PhD thesis,
Universidad Complutense de Madrid, Spain.

[enriques-Gil, N. & Arana, P. 1990 Origin and substitution of

L B chromosomes in the grasshopper Eyprepocnemis plorans.

O Evolution 44, 747-753.

[enriques-Gil, N., Arana, P. & Santos, J. L. 1983 Spontaneous
translocations between B chromosomes and the normal
complement in the grasshopper Eyprepocnemis plorans.
Chromosoma 88, 145—148.

[enriques-Gil, N., Santos, J. L. & Arana, P. 1984 Evolution of
a complex polimorphism in the grasshopper Eyprepocnemis
plorans. Chromosoma 89, 290—293.

[erre, E. A. 1993 Population structure and the evolution of
virulence in nematode parasites of fig wasps. Science 259,
1442-1445.

[errera, J. A., Lopez-Leon, M. D., Cabrero, J., Shaw, M. W. &
Camacho, J. P. M. 1996 Evidence for B chromosome drive
suppression in the grasshopper Eyprepocnemis plorans. Heredity
76, 633-639.

[ewitt, G. M. 1973a The integration of supernumerary chromo-
somes into the orthopteran genome. Cold Spring Harb. Symp.
Quant. Biol. 38, 183—-194.

[ewitt, G. M. 19735 Variable transmission rates of a B chromosome

in Myrmeleotettixmaculatus ("Thunb.). Chromosoma40, 83—106.

[ewitt, G. M. 1973¢ Evolution and maintenance of B chromo-

somes. Chromosomes Today 4, 351—369.
[ewitt, G. M. 1979 Grasshopper and crickets. In Animal cyto-
genetics. 5. Insecta 1 Orthoptera (ed. B. John), pp. 1-170. Berlin &
>" Stuttgart, Germany: Gebruder Borntraeger.

= liremath, S. C. & Murthy, H. N. 1986 The structure, stability

d Ed and meiotic behavior of B chromosomes in Guizotia scabra

== (vis.) Chiov. Ssp. Scabra (Compositae). Caryologia 39, 397-402.

O [oeprich, P. D. 1977 Host-parasite relationships and the patho-

genesis of infectious disease. In Infectious diseases (ed. P. D.

v Hoeprich), pp. 34-45. London: Harper & Row.

[olliday, R. 1987 X-chromosome reactivation. Nature 327,
661-662.

[olmes, D. S. & Bougourd, S. M. 1989 B-chromosomeselectionin
Allium schoenoprasum.11. Natural populations. Heredity 63, 83-87.
" [ouben, A., Kynast, R. G., Heim, U., Hermann, H., Jones, R. N.
0 & Forster, J. W. 1996 Molecular cytogenetic characterisation
of the terminal heterochromatic segment of the B chromo-

some of rye (Secale cereale). Chromosoma 105, 97—103.

[ouben, A., Leach, C. R., Verlin, D., Rofe, R. & Timmis, J. N.
1997a A repetitive DNA sequence common to the different B
chromosomes of the genus Brachycome. Chromosoma106, 513—519.

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS

OYAL

PHILOSOPHICAL TH
TRANSACTIONS

hil. Trans. R. Soc. Lond. B (2000)

Houben, A., Belyaev, N. D., Leach, C. R. & Timmis, J. N.
19976 Differences in histone H4 acetylation and replication
timing between A and B chromosomes of Brachycome dichromo-
somatica. Chromosome Res. 5, 233—237.

Ishak, B., Jaafar, H., Maectz, J. L. & Rumpler, Y. 1991 Absence
of transcriptional activity of the B-chromosomes of Apodemus
peninsulae during pachytene. Chromosoma 100, 278—281.

Jackson, R. C. & Newmark, K. P. 1960 Effects of super-
numerary chromosomes on production of pigment in
Haplopappus gracilis. Science 132, 1316—1317.

Jamilena, M., Ruiz-Rejon, C. & Ruiz-Rejon, M. 1994 A mol-
ecular analysis of the origin of the Crepis capillaris B
chromosome. J. Cell. Sci. 107, 703—708.

Jamilena, M., Garrido-Ramos, M., Ruiz-Rejéon, M., Ruiz-
Rejon, C. & Parker, J. S. 1995 Characterisation of repeated
sequences from microdissected B chromosomes of Crepis capil-
laris. Chromosoma 104, 113—120.

Jiménez, M. M., Romera, F., Gallego, A. & Puertas, M. J. 1995
Genetic control of the rate of transmission of rye B chromo-
somes. I1. 0B x 2B crosses. Heredity 74, 518—523.

John, U. P, Leach, C. R. & Timmis, J. N. 1991 A sequence
specific to B chromosomes of Brachycome dichromosomatica.
Genome 34, 739-744.

Johnson, N. A. 1997 Selfish genetic elements: long-range
dynamics predicted by non-equilibrium models. Trends Ecol.
Evol. 12, 376-378.

Jones, G. H., Whitehorn, J. A. F. & Albini, S. M. 1989
Ultrastructure of meiotic pairing in B chromosomes of Crepis
capillaris. I. One-B and two-B pollen mother cells. Genome 32,
611-621.

Jones, J. D. & Flavell, R. B. 1983 Chromosomal structure and
arrangement of repeated DNA sequences in the telomeric
heterochromatin of Secale cereale and its relatives. Cold Spring
Harb. Symp. Quant. Biol. 47, 1209-1213.

Jones, R. N. 1985 Are B chromosomes selfish? In The evolution of
genomesize (ed.’T. Cavalier-Smith), pp. 397-425. London: Wiley.

Jones, R. N. 1991 B-chromosome drive. Am. Nat. 137, 430—442.

Jones, R. N. 1995 Tansley review no. 85: B chromosomes in
plants. New Phytol. 131, 411-434.

Jones, R. N. & Puertas, M. J. 1993 The B-chromosomes of rye
(Secale cereale L.). In Frontiers in plant science research (ed. K. K. Dhir
& T. S. Sareen), pp. 81—-112. Delhi: Bhagwati Enterprises.

Jones, R. N. & Rees, H. 1982 B chromosomes. New York:
Academic Press.

Keyl, H. G. & Higele, K. 1971 B chromosomen bei Chironomus.
Chromosoma 35, 403—417.

Kimura, M. & Kayano, H. 1961 The maintenance of super-
numerary chromosomes in wild populations of Lillium callosum
by preferential segregation. Genetics 46, 1699—1712.

Leach, C. R., Donald, T. M., Franks, T. K., Spiniello, S. S.,
Hanrahan, C. F. & Timmis, J. N. 1995 Organisation and
origin of a B chromosome centromeric sequence from
Brachycome dichromosomatica. Chromosoma 103, 708—714.

Leclair, S., Ansan-Melayah, D., Rouxel, T. & Balesdent, M.
1996 Meiotic behaviour of the minichromosome in the phyto-
pathogenic ascomycete Leptosphaeria maculans. Curr. Genet. 30,
541-548.

Lin, M. S., Zhang, A. & Fujimoto, A. 1995 Asynchronous DNA
replication between 15qll1.2ql2 homologs: cytogenetic
evidence for maternal imprinting and delayed replication.
Hum. Genet. 96, 572—576.

Lipsitch, M., Nowak, M. A., Ebert, D. & May, R. M. 1995 The
population dynamics of vertically and horizontally trans-
mitted parasites. Proc. R. Soc. Lond. B260, 321—-327.

Lopez-Fernandez, C., Mezzanotte, R. & Gosalvez, J. 1992
Autosomal, sex and B chromosomes in Eyprepocnemis plorans
(Orthoptera) viewed with restriction endonuclease i situ
digestion. Heredity 68, 365—372.


http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1010-061X^28^296L.417[aid=532685,csa=1010-061X^26vol=6^26iss=3^26firstpage=417]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29103L.539[aid=532686,doi=10.1007/s004120050063,nlm=7621703,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0265-9247^28^2918L.317[aid=532687,csa=0265-9247^26vol=18^26iss=4^26firstpage=317,nlm=8967900]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2989L.290[aid=532689,csa=0009-5915^26vol=89^26iss=4^26firstpage=290,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29259L.1442[aid=523897,csa=0036-8075^26vol=259^26iss=5100^26firstpage=1442]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0018-067X^28^2976L.633[aid=532690,csa=0018-067X^26vol=76^26iss=6^26firstpage=633]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0091-7451^28^2938L.183[aid=532691,nlm=4524756]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2940L.83[aid=532692,nlm=4682087,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29327L.661[aid=532694,nlm=3600764]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0018-067X^28^2963L.83[aid=532695,csa=0018-067X^26vol=63^26iss=1^26firstpage=83]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29105L.97[aid=532696,doi=10.1007/s004120050164,nlm=8753699,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29106L.513[aid=532697,doi=10.1007/s004120050273,nlm=9426283,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0967-3849^28^295L.233[aid=532698,csa=0967-3849^26vol=5^26iss=4^26firstpage=233,nlm=9244450]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29100L.278[aid=532699,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9533^28^29107L.703[aid=532701,csa=0021-9533^26vol=107^26iss=3^26firstpage=703,nlm=8006083]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29104L.113[aid=532702,doi=10.1007/s004120050098,nlm=8585988,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0018-067X^28^2974L.518[aid=532703,csa=0018-067X^26vol=74^26iss=5^26firstpage=518]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0169-5347^28^2912L.376[aid=532704,doi=10.1016/S0169-5347^2897^2987377-6]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0091-7451^28^2947L.1209[aid=532706,nlm=6345071]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-0147^28^29137L.430[aid=532707]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29103L.708[aid=532710,doi=10.1007/s004120050083,nlm=7664618,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0172-8083^28^2930L.541[aid=532711,doi=10.1007/s002940050167,nlm=8939816,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8452^28^29260L.321[aid=532712,csa=0962-8452^26vol=260^26iss=1359^26firstpage=321,nlm=7630898]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2997L.55[aid=532714,csa=0009-5915^26vol=97^26iss=1^26firstpage=55,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1010-061X^28^296L.417[aid=532685,csa=1010-061X^26vol=6^26iss=3^26firstpage=417]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29393L.263[aid=532715,doi=10.1038/30492,nlm=9607762]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-3820^28^2944L.747[aid=532716,csa=0014-3820^26vol=44^26iss=3^26firstpage=747]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2988L.145[aid=532717,csa=0009-5915^26vol=88^26iss=2^26firstpage=145,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29259L.1442[aid=523897,csa=0036-8075^26vol=259^26iss=5100^26firstpage=1442]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0018-067X^28^2976L.633[aid=532690,csa=0018-067X^26vol=76^26iss=6^26firstpage=633]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0091-7451^28^2938L.183[aid=532691,nlm=4524756]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29327L.661[aid=532694,nlm=3600764]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2934L.739[aid=532718,nlm=1955155]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0169-5347^28^2912L.376[aid=532704,doi=10.1016/S0169-5347^2897^2987377-6]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0091-7451^28^2947L.1209[aid=532706,nlm=6345071]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2935L.403[aid=532719,nlm=5145014,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0172-8083^28^2930L.541[aid=532711,doi=10.1007/s002940050167,nlm=8939816,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0340-6717^28^2996L.572[aid=532720,nlm=8530005,springer=1]
http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org

B-chromosome evolution ~ J. P. M. Camacho and others 177

opez-Leon, M. D., Cabrero, J., Camacho, J. P. M., Cano, M. 1.
& Santos, J. L. 1992¢ A widespread B chromosome poly-
morphism maintained without apparent drive. Evolution 46,
529-539.

opez-Leon, M. D., Pardo, M. C., Cabrero, J. & Camacho, J. P. M.
19926 Random mating and absence of sexual selection for B
chromosomes in two natural populations of the grasshopper
Eyprepocnemis plorans. Heredity 69, 558—561.

Opez—Lebén, M. D., Cabrero, J., Pardo, M. C., Viseras, E.,

Camacho, J. P. M. & Santos, J. L. 1993 Generating high

variability of B chromosomes in the grasshopper Eyprepocnemis

plorans. Heredity 71, 352—362.

opez-Leon, M. D., Neves, N., Schwarzacher, T., Heslop-

Harrison, T. S., Hewitt, G. M. & Camacho, J. P. M. 1994 Possible
origin of a B chromosome deduced from its DNA composition
using double FISH technique. Chromosome Res. 2, 87-92.

me IcAllister, B. F. 1995 Isolation and characterization of a retro-

element from B chromosome (PSR) in the parasitic wasp

O Nasonia vitripennis. Insect Mol. Biol. 4, 253—262.

IcAllister, B. F. & Werren, J. H. 1997 Hybrid origin of a B
chromosome (PSR) in the parasitic wasp Nasonia vitripennis.
Chromosoma 106, 243—253.

IcIntyre, C. L., Pereira, S., Moran, L. B. & Appels, R. 1990
New Secale cereale (rye) DNA derivatives for the detection of
rye chromosome segments in wheat. Genome 33, 635-640.

L IcQuade, L. R., Hill, R. J. & Francis, D. 1994 B-chromosome
systems in the greater glider, Petauroides volans (Marsupialia,
Pseudocheiridae). 2. Investigation of B-chromosome DNA
sequences isolated by micromanipulation and PCR. Cytogenet.
Cell Genet. 66, 155—161.

IcVean, G. T. 1995 Fractious chromosomes—hybrid disruption
and the origin of selfish genetic elements. BioEssays17, 579-582.
farshall Graves, J. A. 1995 The origin and function of the
mammalianY chromosome and Y-borne genes—and evolving

understanding. BioEssays 17, 311-321.

fartin-Alganza, A., Cabrero, J., Lopez-Leon, M. D., Perfectti,
F. & Camacho, J. P. M. 1997 Supernumerary hetero-
chromatin does not affect several morphological and
physiological traits in the grasshopper Eyprepocnemis plorans.
Hereditas 126, 187—189.

fatzke, M., Varga, I, Berger, H., Schernthaner, J., Schweizer,
D., Mayr, B. & Matzke, A. J. M. 1990 A 41-42 tandemly
repeated sequence isolated from nuclear envelopes of chicken
erythrocytes is located predominantly on microchromosomes.

— Chromosoma 99, 131-137.

fay, R. M. & Anderson, R. M. 1983 Epidemiology and

genetics in the coevolution of parasites and hosts. Proc. R. Soc.
Lond. B 219, 2381-2413.

Tiao, V. P., Covert, S. F. & VanEtten, H. D. 199la A fungal

gene for antibiotic resistance on a dispensable (‘B’) chromo-

>" some. Science 254, 1773—1776.

= Tiao, V. P, Matthews, D. E. & VanEtten, H. D. 19916

. Identification and chromosomal locations of a family of cyto-

== chrome P-450 genes for pisatin detoxification in the fungus

[S9] U Nectria haematococca. Mol. Gen. Genet. 226, 214—223.

fills, D. & McCluskey, K. 1990 Electrophoretic karyotypes of

wn fungi: the new cytology. Mol. Plant—Microbe Int. 3, 351-357.

fitas, M., Yu, A., Dill, J., Kamp, T. J., Chambers, E. J. &
Haworth, 1. S. 1995 Hairpin properties of single-stranded
DNA containing a GC-rich triplet repeat: (CTG)15. Nucl.
Acids Res. 23, 1050—-1059.

fitchell McGrath, J. & Helgeson, J. P. 1998 Differential beha-
vior of Solanum brevidens ribosomal DNA loci in a somatic
hybrid and its progeny with potato. Genome 41, 435—439.

fontgomery, E. A., Huang, S.-M., Langley, C. H. & Judd, B. H.
1991 Chromosome rearrangement by ectopic recombination
in Drosophila melanogaster: genome structure and evolution.
Genetics 129, 1085-1098.

THE ROYAL

PHILOSOPHICAL
TRANSACTIONS

OYAL

PHILOSOPHICAL TH
TRANSACTIONS

hil. Trans. R. Soc. Lond. B (2000)

Miintzing, A. 1954 Cytogenetics of accessory chromosomes (B-
chromosomes). Caryologia S6, 282—301.

Nanda, I., Feichtinger, W., Schmid, M., Schréder, J. H.,
Zischler, H. & Epplen, J. T. 1990 Simple repetitive sequences
are associated with differentiation of the sex chromosomes in
the guppy fish. 7. Mol. Evol. 30, 456—462.

Nanda, I., Schartl, M., Feichtinger, W., Epplen, J. T. & Schmid,
M. 1992 Early stages of sex chromosome differentiation in fish
as analysed by simple repetitive DNA sequences. Chromosoma
101, 301-310.

Nanda, I., Schartl, M., Epplen, J. T., Feichtinger, W. & Schmid,
M. 1993 Primitive sex chromosomes in poeciliid fishes
harbor simple repetitive DNA sequences. J. Exp. Jool. 265,
301-308.

Neves, N., Barao, A., Castilho, A., Silva, M., Morais, L.,
Carvalho, V., Viegas, W. & Jones, R. N. 1992 Influence of
DNA methylation on rye B-chromosome nondisjunction.
Genome 35, 650-652.

Nur, U. 1962 A supernumerary chromosome with an accumula-
tion mechanism in the lecanoid genetic system. Chromosoma 13,
249-271.

Nur, U. 1966 Harmful B chromosomes in a mealy bug popula-
tion. Genetics 54, 1225-1238.

Nur, U. 1969 Mitotic instability leading to an acumulation of
B-chromosomes in grasshoppers. Chromosoma 27, 1-19.

Nur, U. 1977 Maintenance of a ‘parasitic’ B chromosome in the
grasshopper Melanoplus femur-rubrum. Genetics 87, 499-512.

Nur, U. 1978 Asymmetrically heteropycnotic X chromosomes in
the grasshopper Melanoplus femur-rubrum. Chromosoma 68,
165—185.

Nur, U. & Brett, B. L. H. 1985 Genotypes suppressing meiotic
drive of a B chromosome in the mealy bug Pseudococcus
obscurus. Genetics 110, 73-92.

Nur, U. & Brett, B. L. H. 1987 Control of meiotic drive of
B chromosomes in the mealy bug Pseudococcus affinis (obscurus).
Genetics 115, 499-510.

Nur, U. & Brett, B. L. H. 1988 Genotypes affecting the
condensation and transmission of heterochromatic B chromo-
somes in the mealy bug Pseudococcus affinis. Chromosoma 96,
205-212.

Oliver, J. L., Posse, F., Martinez-Zapater, J. M., Enriquez, A. M.
& Ruiz Rejon, M. 1982 B chromosomes and El isoenzyme
activity in mosaic bulbs of Scilla autumnalis. Chromosoma 85,
399-403.

Ostergren, G. 1945 Parasitic nature of extra fragment chromo-
somes. Bot. Notiser 2, 157—163.

Pardo, M. C., Loépez-Leon, M. D., Cabrero, J. & Camacho,
J. P. M. 1994 Transmission analysis of mitotically unstable B
chromosomes in Locusta migratoria. Genome 37, 1027—1034.

Parker, J. S., Taylor, S. & Ainsworth, C. C. 1982 The B chromo-
some system of Hypochoeris maculata. III. Variation in B-
chromosome transmission rates. Chromosoma 85, 229-310.

Peacock, W. J., Dennis, E. J., Rhoades, M. M. & Pryor, A. 1981
Highly repeated DNA sequence limited to knob heterochro-
matin in maize. Proc. Natl Acad. Sci. USA 78, 4490-4494.

Peppers, J. A., Wiggins, L. E. & Baker, R. J. 1997 Nature of B
chromosomes in the harvest mouse Reithrodontomys megalotis by
fluorescence in situ hybridization (FISH). Chromosome Res. 5,
475-479.

Peters, G. B. 1981 Germ line polysomy in the grasshopper
Atractomorpha sumilis. Chromosoma 81, 593—617.

Pigozzi, M. I. & Solari, A. J. 1998 Germ cell restriction and
regular transmission of an accessory chromosome that mimics
a sex body in the zebra finch, Taeniopygia guttata. Chromosome
Res. 6, 105-113.

Plowman, A. B. & Bougourd, S. M. 1994 Selectively advanta-
geous effects of B chromosomes on germination behavior in
Allium schoenoprasum L. Heredity 72, 587-593.


http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-3820^28^2946L.529[aid=532721,csa=0014-3820^26vol=46^26iss=2^26firstpage=529]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0018-067X^28^2969L.558[aid=532722,csa=0018-067X^26vol=69^26iss=6^26firstpage=558]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0018-067X^28^2971L.352[aid=532723,csa=0018-067X^26vol=71^26iss=4^26firstpage=352]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0967-3849^28^292L.87[aid=532724,csa=0967-3849^26vol=2^26iss=2^26firstpage=87,nlm=8032677]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-1075^28^294L.253[aid=532725,nlm=8825763]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2933L.635[aid=532726,csa=0831-2796^26vol=33^26iss=5^26firstpage=635,nlm=2262137]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0301-0171^28^2966L.155[aid=532727,nlm=8125012]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0265-9247^28^2917L.579[aid=532728,csa=0265-9247^26vol=17^26iss=7^26firstpage=579,nlm=7646478]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0265-9247^28^2917L.311[aid=532729,csa=0265-9247^26vol=17^26iss=4^26firstpage=311,nlm=7741724]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8452^28^29219L.2381[aid=532730]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0026-8925^28^29226L.214[aid=532731,nlm=2034215,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0305-1048^28^2923L.1050[aid=532732,nlm=7731793]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2941L.435[aid=532733,csa=0831-2796^26vol=41^26iss=3^26firstpage=435,doi=10.1139/gen-41-3-435]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-2844^28^2930L.456[aid=532734,csa=0022-2844^26vol=30^26iss=5^26firstpage=456]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29101L.301[aid=532735,nlm=1576882,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-104X^28^29265L.301[aid=532736,csa=0022-104X^26vol=265^26iss=3^26firstpage=301]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2913L.249[aid=532737,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2927L.1[aid=532738,nlm=5820707,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2968L.165[aid=532740,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6731^28^29110L.73[aid=532741,csa=0016-6731^26vol=110^26iss=1^26firstpage=73,nlm=3996897]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2996L.205[aid=532742,csa=0009-5915^26vol=96^26iss=3^26firstpage=205,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2985L.399[aid=532743,csa=0009-5915^26vol=85^26iss=3^26firstpage=399,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2937L.1027[aid=532744,csa=0831-2796^26vol=37^26iss=6^26firstpage=1027]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2985L.229[aid=532745,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2978L.4490[aid=532746,csa=0027-8424^26vol=78^26iss=7^26firstpage=4490]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0967-3849^28^295L.475[aid=532747,csa=0967-3849^26vol=5^26iss=7^26firstpage=475,nlm=9421265]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2981L.593[aid=532748,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0967-3849^28^296L.105[aid=532749,csa=0967-3849^26vol=6^26iss=2^26firstpage=105,nlm=9543013]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0018-067X^28^2972L.587[aid=532750,csa=0018-067X^26vol=72^26iss=6^26firstpage=587]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-3820^28^2946L.529[aid=532721,csa=0014-3820^26vol=46^26iss=2^26firstpage=529]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29106L.243[aid=532751,doi=10.1007/s004120050245,nlm=9254726,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0301-0171^28^2966L.155[aid=532727,nlm=8125012]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0018-0661^28^29126L.187[aid=532752,csa=0018-0661^26vol=126^26iss=2^26firstpage=187]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2999L.131[aid=532753,nlm=2357914,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8452^28^29219L.2381[aid=532730]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29254L.1773[aid=532754,nlm=1763326]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0305-1048^28^2923L.1050[aid=532732,nlm=7731793]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6731^28^29129L.1085[aid=532755,nlm=1783293]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29101L.301[aid=532735,nlm=1576882,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-104X^28^29265L.301[aid=532736,csa=0022-104X^26vol=265^26iss=3^26firstpage=301]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2935L.650[aid=532756,csa=0831-2796^26vol=35^26iss=4^26firstpage=650]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2913L.249[aid=532737,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2968L.165[aid=532740,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6731^28^29115L.499[aid=532758,csa=0016-6731^26vol=115^26iss=3^26firstpage=499]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2996L.205[aid=532742,csa=0009-5915^26vol=96^26iss=3^26firstpage=205,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2985L.399[aid=532743,csa=0009-5915^26vol=85^26iss=3^26firstpage=399,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0967-3849^28^295L.475[aid=532747,csa=0967-3849^26vol=5^26iss=7^26firstpage=475,nlm=9421265]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0967-3849^28^296L.105[aid=532749,csa=0967-3849^26vol=6^26iss=2^26firstpage=105,nlm=9543013]
http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org

B-chromosome evolution

78 J. P. M. Camacho and others

uertas, M. ]J., Gonzalez-Sanchez, M., Manzanero, S.,
Romera, F. & Jiménez, M. M. 1998 Genetic control of the
rate of transmission of rye B chromosomes. IV. Localization
of the genes controlling B transmission rate. Heredity 80,
209-213.

ukkila, P. J. & Skrzynia, C. 1993 Irequent changes in the
number of reiterated ribosomal RNA genes throughout the
life cycle of the basidiomycete Coprinus cinereus. Genetics 133,
203-211.

>eed, K. M., Beukeboom, L. W., Eickbush, D. G. & Werren,

J. H. 1994 Junctions between repetitive DNAs on the PSR

chromosome of Nasonia vitripennis: association of palindromes

with recombination. 7. Mol. Evol. 38, 352—362.

>-4>omera, F., Jiménez, M. M. & Puertas, M. J. 1991 Genetic

= control of the rate of transmission of rye B chromosomes. I.

Effects in 2B x 0B crosses. Heredity 66, 61—65.

e -0sato, M., Chiavarino, A. M., Naranjo, C. A., Puertas, M. J.

m O & Poggio, L. 1996 Genetic control of B chromosome transmis-

: O sion rate in Jea mays ssp. Mays (Poaceae). Am. J Bot. 83,

1107-1112.

VJMiz-Rej()n, M., Posse, F. & Oliver, J. L. 1980 The B chromo-
some system of Scilla autumnalis (Liliaceae): effects at the
isozyme level. Chromosoma 79, 341-348.

aiz-Rejon, M., Ruiz-Rejon, C. & Oliver, J. L. 1987 La evolu-
ciéon de los cromosomas B: existen cromosomas egoistas?

W Investigacion y Ciencia 133, 92—101.

Oyan, S. L., Saul II, G. B. & Conner, G. W. 1985 Aberrant
segregation of R-locus genes in male progeny from incompa-
tible crosses in Mormoniella. J. Hered. 76, 21-26.

yan, S. L., Saul II, G. B. & Conner, G. W. 1987 Separation of
factors containing R-locus genes in Mormoniella stocks derived
from aberrant segregation following incompatible crosses. 7.
Hered. 78, 273-275.

andery, M. J., Forster, J. W., Blunden, R. & Jones, R. N. 1990
Identification of a family of repeated sequences on the rye B
chromosome. Genome 33, 908-913.

apre, A. B. & Deshpande, D. S. 1987 Origin of B chromosomes
in Coix L. through spontaneous interspecific hybridization. 7.
Hered. 78, 191-196.

chartl, M., Nanda, I., Schlupp, I., Wilde, B., Epplen, J. T,
Schmidt, M. & Parzefall, J. 1995 Incorporation of subgenomic
amounts of DNA as compensation for mutational load in a
gynogenetic fish. Nature 373, 68-71.

harbel, T. F., Pinacker, L. P. & Beukeboom, L. W. 1997
Multiple supernumerary chromosomes in the pseudogamous
parthenogenetic flatworm, Polycelis nigra: lineage markers or
remnants of genetic leakage? Genome 40, 850-856.

harbel, T. F.; Green, D. M. & Houben, A. 1998 B chromosome
origin in the endemic New Zealand frog Leiopelma hochstetter
through sex chromosome devolution. Genome 41, 14—22.

>" haw, M. W. 1984 The population genetics of the B-chromosome

o polymorphism of  Mpyrmeleotettix  maculatus  (Orthoptera:

Fd  Acrididae). Biol. . Linn. Soc. 23, 77-100.

= haw, M. W. & Hewitt, G. M. 1985 The genetic control of

meiotic drive acting on the B chromosome of Myrmeleotettix

maculatus (Orthoptera: Acrididae). Heredity 54, 259—268.

wnhaw, M. W & Hewitt, G. M. 1990 B chromosomes, selfish
DNA and theoretical models: where next? In Oxford surveys in
evolutionary biology, vol. 7 (ed. D. Futuyma & J. Antonovics),
pp- 197-223. Oxford University Press.

haw, M. W., Hewitt, G. M. & Anderson, D. A. 1985
Polymorphism in the rates of meiotic drive acting on the

0 chromosome of Myrmeleotettix maculatus. Heredity 55, 61-68.

ROYAL

PHILOSOPHICAL
TRANSACTIONS

B

TRANSacTions 1HE ROYAL

hil. Trans. R. Soc. Lond. B (2000)

Stark, E. A., Connerton, 1., Bennet, S.T., Barnes, S. R., Parker,
J. S. & Forster, J. W. 1996 Molecular analysis of the structure
of the maize B-chromosome. Chromosome Res. 4, 15-23.

Staub, R. W. 1987 Leaf striping correlated with the presence of
B chromosomes in maize. j. Hered. 78, 71-74.

Steinemann, M. & Steinemann, S. 1991 Preferential Y
chromosomal location of TRIM, a novel transposable element
of Drosophila miranda, obscura group. Chromosoma 101,
169-179.

Steinemann, M. & Steinemann, S. 1992 Degenerating Y chro-
mosome of Drosophila miranda: a trap for retrotransposons.
Proc. Natl Acad. Sci. USA 89, 7591-7595.

Steinemann, M. & Steinemann, S. 1997 The enigma of Y chro-
mosome degeneration: TRAM, a novel retrotransposon is
preferentially located on the neo-Y chromosome of Drosophila
miranda. Genetics 145, 261-266.

Steinemann, M., Steinemann, S. & Lottspeich, F. 1993 How Y
chromosomes become genetically inert. Proc. Natl Acad. Sci.
US4 90, 5737-5741.

Stephan, W. 1987 Quantitative variation and chromosomal loca-
tion of satellite DNAs. Genet. Res. 50, 41-52.

Talavera, M., Lopez-Leon, M. D., Cabrero, J. & Camacho, J. P. M.
1990 Male germ line polysomy in the grasshopper Chorthippus
binotatus: extra chromosomes are not transmitted. Genome 33,
384-388.

Thomas, J. H. 1995 Genomic imprinting proposed as a surveil-
lance mechanism for chromosome loss. Proc. Natl Acad. Sci.
US4 92, 480-482.

Tzeng, T. H., Lyngholm, L. K., Yord, C. I. & Bronson, C. R.
1992 A restriction fragment length polymorphism and elec-
trophoretic karyotype of the fungal pathogen
Cochliobolus heterostrophus. Genetics 130, 81-96.

Viotti, A., Privitera, E., Sala, E. & Pogna, N. 1985 Distribution
and clustering of two highly repeated sequences in the A and
B chromosomes of maize. Theor. Appl. Genet. 70, 234—239.

Vogel, J. M., Nieto, M. C., Fishcher, A. & Goodenow, R. S.
1990 Overlapping palindromic sequences associated with
somatic deletion and meiotic recombination of MHC class I
genes. Mol. Immunol. 27, 875-886.

Werren, J. H. 1991 The paternal-sex-ratio chromosome of
Nasonia. Am. Nat. 137, 392-402.

Werren, J. H. & Beukeboom, L. W. 1993 Population genetics of
a parasitic chromosome: theoretical analysis of PSR in sub-
divided populations. Am. Nat. 142, 224—241.

Werren, J. H., Nur, U. & Eickbush, D. G. 1987 An extrachromo-
somal factor causing loss of paternal chromosomes. Nature 327,
75-76.

White, M. J. D. 1973 Amimal cytology and evolution, 3rd edn.
London: Cambridge University Press.

Wilkes, T. M., Francki, M. G., Langidge, P., Karp, A., Jones, R. N.
& Forster, J. W. 1995 Analysis of rye B-chromosome structure
using fluorescence in situ hybridization (FISH). Chromosome
Res. 3, 466-472.

Wilson, E. B. 1907 The supernumerary chromosomes of
Hemiptera. Science 26, 870—871.

Zeyl, C. W. & Bell, G. 1996 Symbiotic DNA in eukaryotic
genomes. Trends Ecol. Evol. 11, 10—14.

Zeyl, C. W. & Green, D. M. 1992 Heteromorphism for a highly
repeated sequence in the New Zealand frog Leiopelma hochstet-
tert. Evolution 46, 1891—-1899.

Zurita, S., Cabrero, J., Lopez-Leon, M. D. & Camacho, J. P. M.
1998 Polymorphism regeneration for a neutralized selfish B
chromosome. Evolution 52, 274-277.

maize


http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0018-067X^28^2980L.209[aid=532759,csa=0018-067X^26vol=80^26iss=2^26firstpage=209]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6731^28^29133L.203[aid=532760,nlm=8436270]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-2844^28^2938L.352[aid=532761,nlm=8007003]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0018-067X^28^2966L.61[aid=532762,csa=0018-067X^26vol=66^26iss=1^26firstpage=61]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^2979L.341[aid=532764,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-1503^28^2976L.21[aid=532766,csa=0022-1503^26vol=76^26iss=1^26firstpage=21,nlm=3980971]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-1503^28^2978L.273[aid=532767,csa=0022-1503^26vol=78^26iss=4^26firstpage=273,nlm=3624846]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2933L.908[aid=532768]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-1503^28^2978L.191[aid=532769,csa=0022-1503^26vol=78^26iss=3^26firstpage=191]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29373L.68[aid=29091,csa=0028-0836^26vol=373^26iss=6509^26firstpage=68]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2940L.850[aid=532770,csa=0831-2796^26vol=40^26iss=6^26firstpage=850]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2941L.14[aid=532771,nlm=9549055]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0024-4066^28^2923L.77[aid=532772,csa=0024-4066^26vol=23^26iss=1^26firstpage=77]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0018-067X^28^2955L.61[aid=532774,csa=0018-067X^26vol=55^26iss=1^26firstpage=61]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0967-3849^28^294L.15[aid=532775,csa=0967-3849^26vol=4^26iss=1^26firstpage=15,nlm=8653263]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-1503^28^2978L.71[aid=532776,csa=0022-1503^26vol=78^26iss=2^26firstpage=71]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29101L.169[aid=532777,csa=0009-5915^26vol=101^26iss=3^26firstpage=169,nlm=1665124,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6731^28^29145L.261[aid=532778,nlm=9071582]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2990L.5737[aid=532779,nlm=8390679]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6723^28^2950L.41[aid=532780,csa=0016-6723^26vol=50^26iss=1^26firstpage=41,nlm=3653688]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2933L.384[aid=532781,csa=0831-2796^26vol=33^26iss=3^26firstpage=384]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2992L.480[aid=532782,nlm=7831314]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0040-5752^28^2970L.234[aid=532783,csa=0040-5752^26vol=70^26iss=3^26firstpage=234,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0161-5890^28^2927L.875[aid=532784,nlm=2170832]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-0147^28^29137L.392[aid=532785]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0003-0147^28^29142L.224[aid=532786]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29327L.75[aid=532787,nlm=3574468]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0967-3849^28^293L.466[aid=532788,csa=0967-3849^26vol=3^26iss=8^26firstpage=466,nlm=8581298]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0169-5347^28^2911L.10[aid=532790,csa=0169-5347^26vol=11^26iss=1^26firstpage=10,doi=10.1016/0169-5347^2896^2981058-5]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-3820^28^2946L.1891[aid=532791]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-3820^28^2952L.274[aid=532792,csa=0014-3820^26vol=52^26iss=1^26firstpage=274]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0018-067X^28^2980L.209[aid=532759,csa=0018-067X^26vol=80^26iss=2^26firstpage=209]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6731^28^29133L.203[aid=532760,nlm=8436270]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-1503^28^2978L.273[aid=532767,csa=0022-1503^26vol=78^26iss=4^26firstpage=273,nlm=3624846]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-1503^28^2978L.191[aid=532769,csa=0022-1503^26vol=78^26iss=3^26firstpage=191]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0009-5915^28^29101L.169[aid=532777,csa=0009-5915^26vol=101^26iss=3^26firstpage=169,nlm=1665124,springer=1]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2989L.7591[aid=532793,nlm=1323846]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2990L.5737[aid=532779,nlm=8390679]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0831-2796^28^2933L.384[aid=532781,csa=0831-2796^26vol=33^26iss=3^26firstpage=384]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2992L.480[aid=532782,nlm=7831314]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29327L.75[aid=532787,nlm=3574468]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0967-3849^28^293L.466[aid=532788,csa=0967-3849^26vol=3^26iss=8^26firstpage=466,nlm=8581298]
http://rstb.royalsocietypublishing.org/

