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Decades ago, the presence of extra chromosomes restricted to the male germ line in several grasshopper
species was interpreted as recurrent polysomy, as experimental crosses suggested that the extra chromoso-
mes were not transmitted from adult male parents to their embryo offspring. Under this hypothesis, poly-
somy was generated de novo through a nondisjunction for some chromosomes of the standard karyotype.
In the current study, I test this hypothesis by analysing 17 families of tandem repeats (TRs) in two males of
the grasshopper Chorthippus parallelus, which displays mosaicism for this kind of extra chromosome. Ac-
cording to the de novo polysomy hypothesis, the extra chromosomes should show the same FISH pattern
for the TRs analysed as at least one of the A chromosomes. However, three TR families displayed patterns
of FISH bands on the standard and extra chromosomes that ruled out the former as a possible source for
the latter. Therefore, these extra chromosomes are best interpreted as B chromosomes restricted to the
germ line, presumably present in both sexes, which are inherited as such and are not recurrently generated

de novo from the A chromosomes.
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Between 1963 and 1990, in the scientific literature
on grasshopper cytogenetics, several cases of mosaic
polysomy in the male germ line were reported
(Hewitt 1963; Southern 1967; Hewitt and John
1968, 1970; John and Hewitt 1969; Peters 1981;
Gosalvez and Lopez-Fernandez 1981; Camacho ef al.
1981; Viseras and Camacho 1984, 1985; Talavera
et al. 1990). In all cases, the extra chromosomes
showed a size similar to some chromosomes of the
standard set (i.e. A chromosomes), which was the
main reason to consider them as cases of aneuploidy.
However, they showed positive heteropycnosis
(i.e. high condensation) during the first meiotic
prophase, unlike the chromosome they supposedly
were derived from, i.e. the same behaviour displayed

by most of the known B chromosomes (Camacho
2005). Hewitt (1963), who reported the first case
in Chorthippus parallelus, discarded the idea that
the extra positively heteropycnotic chromosomes
were B chromosomes, because the extra elements
were unusually large and B chromosomes had not
been reported in any Chorthippus species. However,
B chromosomes larger than A chromosomes were
later reported in grasshoppers (John and Freeman
1974), as well as in fish (Ziegler et al. 2003) and
mammals (for a review, see Vujosevic and Blagojevic
2004).

The mosaicism described by Hewitt (1963) in-
volved extra chromosomes similar in size to the
longest acrocentric autosome (M4), and it implied
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an intra-individual variation in the number of extra
chromosomes, which was apparent between but not
within the follicles from a same male, with some
follicles carrying two extra chromosomes and oth-
er lacking them. The same kind of tetrasomic cells
were observed by Southern (1967), but Hewitt and
John (1968, 1970) as well as John and Hewitt (1969)
reported a much more extensive variation ranging
from trisomy to heptasomy in the Ashurst popula-
tion, i.e. the same population where Hewitt (1963)
first found this kind of chromosome variation. In this
population, Hewitt and John (1968) found that 27
out of 101 males analysed were polysomic, four of
which were full germ line tetrasomics for M4 (i.e.
they carried two extra chromosomes in all the testis
follicles analysed), whereas the remaining 23 indi-
viduals were mosaics. This showed the persistence
of the M4 polymorphism across a number of years.
As was previously observed by Hewitt (1963), all
the M4 chromosomes in excess of two were regular-
ly heteropycnotic from zygotene to diakinesis, and
multivalents were very rare, especially those involv-
ing the standard M4 autosomes, with the exception
of a diakinesis cell showing a positively heteropyc-
notic quadrivalent but no negatively heteropycnotic
M4 bivalent, thus appearing to show a pairing be-
tween all four M4 chromosomes (as shown in Figure
23, Hewitt and John 1968). This was probably one
of the main reasons to discard the possibility that
the extra chromosomes were actually B chromo-
somes. As the researchers stated: ‘Indeed were it not
for their capacity to form multivalents they would
almost surely be classified as supernumerary ele-
ments’ (Hewitt and John 1968).

A few years later, Sannomiya (1973) reported the
presence of extra chromosomes in the grasshopper
Atractomorpha bedeli, which displayed many simi-
larities with the M4 polysomy in C. parallelus. Spe-
cifically, they appeared to be restricted to the male
germ line, as they were not visualised in the gastric
caeca of both sexes or the ovariole cells, and showed
amosaicism also characterised by an intra-individual
variation in number between follicles, but not within
the follicles of the same male. The explanation for
these observations also coincided with that proposed
by Hewitt (1963), i.e. a mitotic non-disjunction
of these extra chromosomes in the male germ line
prior to follicle differentiation. Even so, Sannomiya
(1973) suggested that the extra chromosomes found
in A. bedeli were B chromosomes restricted to the
male germ line.

Remarkably, eight years later, Peters (1981) re-
ported a new case of germ line polysomy in the
grasshopper Atractomorpha similis, a close rela-

tive to A. bedeli. The resemblances between both
cases were quite high, including the absence of ex-
tra chromosomes in the somatic cells of both sexes
and the inter- but not intra-follicular variation in
number. This led the author to reinterpret the case
in A. bedeli as one of polysomy instead of B chro-
mosomes. In addition, Peters performed a series of
controlled crosses in the laboratory and did not find
extra chromosomes in the embryos analysed from
those crosses. This finding suggested that the extra
A9 chromosomes in this species were not transmit-
ted from parents to offspring. In addition, the author
performed artificial selection experiments for four
generations and showed that ‘germ line polysomy is
a transmissible character, sensitive to both positive
and negative selection’. This result, along with the
absence of extra A9 chromosomes in the embryos,
led him to suggest that ‘the transmission of poly-
somy occurs through the agency of heritable factors
which determine the probability of non-disjunction
and thus the accumulation of a particular autosome
during a specific series of mitotic divisions in the
embryonic germ-line’.

This conclusion was a compelling one for the in-
terpretation of subsequent cases of male germ line
polysomy reported in the grasshoppers Gomphocer-
us sibiricus (Gosalvez and Lopez-Fernandez 1981),
Omocestus bolivari (Camacho et al. 1981; Viseras
and Camacho 1984) and Chorthippus binotatus
(Talavera et al. 1990), as extra elements originated
de novo in each male from a given A chromosome.
In the case of O. bolivari, the extra chromosomes,
reported as M4 autosome polysomy, showed ex-
actly the same characteristics mentioned above for
C. parallelus, A. bedeli and A. similis. In the latter
species, Peters (1981) suggested that part of the ex-
tra A9 chromosomes could get lost as micronuclei,
a fact that was also observed in O. bolivari (Viseras
and Camacho 1984, 1985). Finally, the polysomy in
C. binotatus showed essentially the same features
as those observed in the remaining species (mosaicism,
male germ line restriction and heteropycnosis), although
in this case the extra chromosomes had a similar size to
the X chromosome, which led Talavera et al. (1990) to
suggest that they were extra X chromosomes. They
performed 21 controlled crosses in the laboratory,
two of which involved polysomic male parents, and
all 22 embryo offspring analysed again lacked the
extra chromosomes, suggesting that the polysomic
chromosomes were not transmitted. Talavera et al.
(1990) also observed the formation of microsperma-
tids in polysomic males, which was more frequent in
the testis follicles with odd rather than even numbers.
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Following Peters, these authors claimed that the re-
currence of these cases of polysomy might be due to
a heritable tendency of a standard chromosome to non-
disjunction during the development of the testes.

In the course of a recent analysis of the repetitive
DNA in the grasshopper C. parallelus, Navarro-
Dominguez et al. (2023) described 110 families of
tandem repeats (TRs), 77 of which were analysed by
FISH and 50 of them yielded FISH bands on the
chromosomes. Among the males analysed in that pa-
per, I found two males from a French population car-
rying extra chromosomes of a similar size and meiotic
behaviour as those previously described in the Eng-
lish populations of this species (see above). The two
males were mosaics, displaying some testis follicles
with two (or rarely one) extra chromosomes and oth-
ers lacking them. The high number of TR families dis-
playing bands on the chromosomes after fluorescent in
situ hybridisation (FISH) gave me the opportunity to
investigate whether these extra chromosomes were the
product of de novo polysomy in the male germ line, as
was previously claimed (see above).

The antecedents concerning germ line polysomy
in grasshoppers, described above, led to a hypoth-
esis based on the de novo origin of a given A chro-
mosome, during development, in those zygotes that
inherited certain genetic factors able to trigger the
non-disjunctions from becoming a standard chromo-
some into an extra element displaying mitotic insta-
bility and differential heteropycnosis. This hypoth-
esis should meet the condition that the extra chromo-
somes, as well as the A chromosome from which the
former were derived, should contain the same FISH
band pattern for TR markers, because it is unlikely
that they could display large differences after only
a few mitoses. In the current study, I tested this con-
dition by means of FISH for several TR markers in
the grasshopper C. parallelus. The results for two
mosaic males were conclusive in showing that the
former condition was not met; thus, the polysomy
hypothesis as an explanation for the male germ line
mosaicism for extra chromosomes can be rejected.

Materials and Methods

The present analysis is based on two mosaic males
of the grasshopper Chorthippus parallelus parallelus
collected at Arudy (France) (43°06'01”"N, 0° 26'38"W)
(see Navarro-Dominguez et al. 2023). During the
analysis of the FISH photographs obtained for the
former paper, I found two mosaic males displaying
extra chromosomes in addition to the A chromosomes

(see the methods for the TR search and FISH analy-
sis in that paper). One of the mosaic males (No. 1)
was analysed for nine TR families (CpaTR001-148,
CpaTR003-133, CpaTR005-130, CpaTR006-11,
CpaTR007-21, CpaTR008-331, CpaTR009-172,
CpaTRO11-213 and CpaTRO12-247), while the
other (No. 2) was analysed for eight families
(CpaTR022-239, CpaTR026-239, CpaTR038-203,
CpaTR049-215, CpaTR061-27, CpaTR062-56,
CpaTR075-45 and CpaTR077-16) (see the molecular
and FISH characteristics of these families in Nav-
arro-Dominguez et al. 2023). All of the A chromo-
somes in C. parallelus are easily identifiable on the
basis of their size and/or morphology, and were clas-
sified by Hewitt (1963) into three length groups:
long (L1-L3), medium (M4-M7) and short (S8), with
the X chromosome being longer than the M group,
the L chromosomes being meta- or submetacentric,
and the remaining chromosomes being acrocentric.
The extra chromosomes were therefore identified by
comparing the chromosomes present in the extra-
carrying and extra-lacking spermatocytes from the
same mosaic male.

Results

The two males with germ line mosaicism showed
the presence of the extra chromosomes to be acro-
centric and of a size similar to the longest acrocentric
A chromosomes, i.e. the M4 autosome or the X chro-
mosome. The extra chromosomes closely resembled
those previously described in this species (Hewitt
1963), although it is difficult to know whether both
chromosomes, found in such distant populations (at
France and England), represented the same biologi-
cal phenomenon. The present research did not allow
the frequency of mosaic males in the population to
be analysed (Arudy, France), because it would have
been necessary to cytologically analyse all the testis
follicles from all the males collected. However, my
purpose here was to test the de novo origin of the
extra chromosomes and such information was not
needed.

Three out of the 17 TR families analysed were cru-
cial to test the de novo origin of the extra chromo-
somes, and all three were analysed in male No. 1. The
first one, CpaTR012-247, showed distal FISH bands
on all autosomes but not on the X and the extra chro-
mosomes (Figure 1a), thus excluding the autosomes
as possible polysomic A chromosomes that gave
origin to the extra chromosomes. The second fam-
ily, CpaTR007-21, also showed distal FISH bands
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Fig. 1 Meiotic metaphase I (a-c) and anaphase II (d) spermatocytes from mosaic male No. 1 displaying FISH patterns for three TR fa-
milies on both standard (L1-L3, Ma-M7, S8 and X) and extra chromosomes (one asterisk per extra chromosome). a) Note the presence
of FISH bands for the CpaTE012-247 family on all autosomes (L1-S8) and the absence on X and the extra (**) chromosomes, which
excludes all autosomes as a possible source for the de novo polysomy. b) Presence of CpaTR007-21 family on all chromosomes,
including distal bands on the extra (**), whereas the X chromosome shows only a minute proximal band, which also excludes the X
chromosome for the de novo origin for the recurrent polysomy. ¢ and d) Presence of the CpaTR006-11 family on all A chromosomes
and the absence on the extra bivalent (** in c) or the extra chromatids (* in d), thus excluding all A chromosomes as the source for
the polysomy. Bar = 5 microns.
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on all autosomes and the extra chromosome, as well
as interstitial bands on two autosome bivalents, and
a minute proximal band on the X and the extra chro-
mosomes (Figure 1b). This was actually the only TR
family to display FISH bands on the extra chromo-
somes, but their FISH pattern did not match those of
any A chromosome. Finally, the CpaTR006-11 fam-
ily displayed FISH bands on all the A chromosomes
but not on the extra chromosomes (Figure 1c,d), thus
ruling out the possibility that the extra chromosomes
could have arisen de novo through aneuploidy for
any A chromosome. Taken together, these obser-
vations were incompatible with the de novo origin

of the extra chromosomes. Thus, the hypothesis of
recurrent polysomy as an explanation for the extra
chromosomes observed by us may be discarded.

In the mosaic male No. 2, the TR families analysed
by FISH gave poorer information to test the de novo
hypothesis, as only two of them (CpaTR026-239
and CpaTR077-16) were analysed by FISH on cells
containing the extra chromosomes and these fami-
lies showed FISH bands on only two (L1 and M6)
(Figure 2a) or one (M6) chromosomes (Figure 2b),
respectively. In addition, the cytological analysis of
this male revealed the presence of spermatic micro-
nuclei and microspermatids (Figure 2¢,d).

Fig. 2 Meiotic metaphase I (a, b) and micronuclei (mn) and microspermatids (ms) (c, d) from mosaic male No. 2. Note in a) the
presence of FISH bands for CpaTR026-239 on the L1 and M6 chromosomes and its absence on the extra bivalent (**). Note in b)
the presence of FISH bands for CpaTR077-16 on the M6 chromosomes and its absence on the extra bivalent (**). Bar = 5 microns.
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Discussion

Our present results clearly demonstrate that the
extra chromosomes found in the testes of the two
mosaic males of the grasshopper C. parallelus
parallelus from the French population at Arudy did
not originate de novo, through aneuploidy, from any
member of the standard chromosome set. The extra
chromosomes were acrocentric and similar to those
of the X chromosome and the M4 autosome in size.
I cannot rule out the possibility that they are the
same chromosomes described by Hewitt (1963) as
M4 polysomics, but this fact merits further research
in English populations using the CpaTRO006-11,
CpaTR007-21 and CpaTR012-247 TR families.

In fact, the conclusion about the de novo origin
of the extra polysomic chromosomes in several
grasshopper species, reviewed in the introduction to
this paper, suffers from several problems that were
previously overlooked. The most important issue
is that the presence of these chromosomes could
have gone unnoticed in the embryos descended
from polysomic males (Peters 1981; Talavera 1990),
because the mitotic metaphases observed by these
authors could all have been from somatic cells,
while some of those embryos could have carried
the extra chromosomes in germ cells that were not
undergoing mitotic division at the moment of the
analysis. Therefore, the conclusion that the sperm
carrying the polysomic chromosomes do not transmit
the extra chromosomes to the next generation could
be wrong. In addition, the conclusion that the extra
chromosomes described as cases of male germ
line polysomy in the aforementioned species of
grasshopper are absent in females has not properly
been tested at the current time, as all the authors
analysed mitotic cells of the gastric caeca or ovarioles,
all of which were somatic cells. However, I cannot
rule out the possibility that some females actually
carry the extra chromosomes in their germ cells, and
this could be tested by analysing the female meiosis,
which is feasible in grasshoppers (Henriques-Gil et
al. 1986). In fact, the crosses performed by Peters
(1981) actually suggested the possibility that the
extra chromosomes were also present in the female
germ line. In his selection experiments for polysomy,
the frequency of polysomic males sharply increased
from 23% to 71% in only three generations, while in
the selection against polysomy this frequency was
reduced from 40% to 5% in only two generations.
From these results, Peters (1981) estimated that the
heritability of germ line polysomy was 0.65, and
concluded that it is a transmissible characteristic
through both sexes, which is sensitive to both

positive and negative selection. On this basis, and
after not observing the extra chromosomes in the
embryos, the author suggested heritable factors as
the determinants of recurrent polysomy. However,
these observations were also compatible with
these heritable factors being germ-line restricted B
chromosomes present in both sexes.

In the case of O. bolivari, Viseras and Camacho
(1984) wrongly concluded that the polysomy for
the M4 autosome observed in the male germ line
was absent from the female germ line, even though
their ovary analysis was restricted to mitosis of the
ovariole wall cells, which are actually somatic cells.
In addition, these authors missed an important detail
that suggested the extra chromosomes might not be
homologous to the M4 autosome, because the extra
chromosome failed to show nucleolar expression
whereas the standard M4 showed a primary
(frequently active) nucleolar organising region
(NOR) close to the centromeric region. Of course, it
was conceivable that the extra chromosomes could
carry an inactive NOR, butitis still intriguing why the
same chromosome region on the extra chromosome
lacked a C-band present on the standard M4, which
suggests some structural differences between the
standard and extra M4 chromosomes, presumably
similar to the presence/absence differences for TRs
noticed in the case of the C. parallelus mosaics
analysed here.

In C. binotatus, Talavera et al. (1990) followed
Peters (1981) in concluding that the extra
chromosomes were another case of polysomy, in this
case for the X chromosome. A failure to visualise the
extra chromosomes in the embryos descended from
the two males carrying them led these authors to
postulate that the ‘sperm containing E chromosomes
is unfit for fertilization and that all offspring
produced from polysomic males are derived from
sperm lacking E chromosomes’. This conclusion
would be wrong if all the mitotic cells analysed
in those embryos corresponded to somatic cells.
To overcome the problem of sex determination, in
case the extra chromosomes were derived from the
X chromosome, Talavera et al. (1990) speculated on
the possibility that the extra X chromosome should
be inactive during sex determination, and they
even considered the alternative possibility that they
actually were not additional X chromosomes.

When all the weaknesses of the recurrent
polysomy hypothesis mentioned above are taken
together, 1 believe it is possible that the extra
chromosomes reported as cases of polysomy by
several authors, including myself, might instead be
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germ line restricted B chromosomes. The apparent
absence of the extra chromosomes in the embryos
descended from polysomic males can be explained
if the embryo cells analysed were all somatic, and
the extra chromosomes could still have been hidden
in the few germ cells existing at the stages that were
analysed. In this case, the heritable factors suggested
for de novo polysomy could actually be the germ
line restricted B chromosomes themselves.

In fact, the extra chromosomes found as mosaic
polysomy in the grasshopper testes of several
species closely resemble the case of the germ line
restricted chromosomes (GRC) found in the zebra
finch Taeniopygia gutatta (Pigozzi and Solari 1998).
GRCs are extremely widespread among songbirds,
as Torgasheva et al. (2019) found them in all
16 species they analysed, opening up the possibility
for a common descent of the GRC in this group
of birds. Likewise, recurrent polysomy has been
reported in several related grasshoppers within the
Gomphocerinae subfamily, including Chorthippus
parallelus (Hewitt 1963; Southern 1967; Hewitt and
John 1968, 1970), C. binotatus (Talavera et al. 1990),
Omocestus bolivari (Camacho et al. 1981; Viseras
and Camacho 1984) and Gomphocerus sibiricus
(Gosalvez and Lopez-Fernandez 1981). In fact, they
could be even more frequent, as their mosaic nature
and germline restriction make these chromosomes
difficult to find.

Another resemblance between the mosaic extra
chromosomes in grasshoppers and the GRC of
songbirds is their high condensation at the early
first meiotic prophase and later expulsion during the
anaphase-telophase stages in the form of a dense
micronucleus. This has been shown in songbirds
(Pigozzi and Solari 1998, 2005; Kinsella et al. 2019)
and probably represents a pathway to avoid the GRC
paternal transmission, although it is not completely
achieved (Pei ef al. 2022). Likewise, in grasshoppers,
the cases reported as male germ line polysomy
usually show micronuclei and microspermatids (see
the Introduction and Figure 2¢,d), which are also
frequent in many B chromosomes (Camacho et al.
2004). In addition, it has been demonstrated that
the micronuclei contain repetitive DNA sequences
specific to B chromosomes, suggesting that they
represent a pathway to B chromosome elimination
and are part of the host’s defence against parasitic
chromosomes (Cabrero ef al. 2017).

The main difference between the GRC in
songbirds and that of grasshoppers is that, in the
former, all individuals carry the extra chromosome
(Pigozzi and Solari 2005; Itoh et al. 2009),

whereas it is only present in some individuals in
the case of grasshoppers (see the Introduction
section). Nonetheless, the female-biased biparental
transmission in songbirds is reminiscent of the
biparental transmission found by Peters (1981) for
the A9 polysomy in the grasshopper 4. similis, so
that the polymorphic status in grasshoppers might
represent the ancestral stage for songbirds.

Taken together, the present results mean that the
hypothesis of recurrent polysomy can be rejected in
the case of the C. parallelus analysed here. I would
also call into question previous conclusions about
other cases described as recurrent polysomy in
grasshoppers, including some reported by myself.
Alternatively, I would suggest that the extra chromo-
somes found in those cases were, in fact, germ line
restricted B chromosomes, as previously described
by Sannomiya (1973) in 4. bedeli. This is a conclu-
sion that could be extended to all cases previously
reported as male germ line polysomy in grasshop-
pers (see the Introduction section). The hypothesis
that they are B chromosomes can be further tested
in at least three ways, following the steps of GRC
research in songbirds and of B chromosomes in gen-
eral: i) by analysing the grasshopper female meiosis
(Henriques-Gil ef al. 1986); ii) by searching for re-
petitive DNA sequences specific to the extra chro-
mosomes and analysing their presence among the
genomic sequences obtained from ovaries; and iii)
by determining the gene content (and sequence) of
the extra chromosomes (as in Kinsella ez al. 2019)
and comparing it to that of the A chromosomes. The
best material to test the GRC hypothesis in grass-
hoppers is the Ashurst population of C. parallelus
in England, where about 27% of males carried extra
chromosomes in the testes (Hewitt and John 1970).
The use of the TRs reported by Navarro-Dominguez
et al. (2023) could serve as a rapid test to solve the
polysomy-GRC conundrum.

Acknowledgements

I am extremely grateful to Beatriz (Bea) Navarro-
Dominguez, Josefa (Pepi) Cabrero, Maria Dolores
(Lola) Lopez-Leon, Francisco (Paco) J. Ruiz-Ruano,
Miguel Pita and José (Pepe) L. Bella for their
collaboration in Navarro-Dominguez et al. (2023),
without which I could not have done the present
work. I also thank Bea and Pepi for their suggestions
on the first manuscript draft.



Germ line restricted B chromosomes in grasshoppers 95

Author Contributions

Research concept and design, Collection and/or
assembly of data, Data analysis and interpretation,
Writing the article, Critical revision of the article,
Final approval of article — J.P.M. Camacho.

Conflicts of Interest

The author declares no conflict of interest.

References

Cabrero J., Martin-Peciia M., Ruiz-Ruano F.J., Goémez R.,
Camacho JPM. 2017. Post-meiotic B chromosome
expulsion, during spermiogenesis, in two grasshopper
species. Chromosoma 126: 633-644.
https://doi.org/10.1007/s00412-017-0627-8

Camacho JPM,, Perfectti F,, Teruel M., Lopez-Ledn M.D., Cabrero J.
2004. The odd-even effect in mitotically unstable B chromo-
somes in grasshoppers. Cytogenet. Genome Res. 106: 325-
331. https://doi.org/10.1159/000079307

Camacho J.P.M. 2005. B chromosomes. (In: The Evolution of
the Genome, T.R. Gregory ed., Elsevier, San Diego): 223-
286. http://dx.doi.org/10.1016/B978-012301463-4/50006-1

Camacho J.P.M., Diaz de la Guardia R., Ruiz Rejon M. 1981.
Polysomy and supernumerary isochromosomes in the grass-
hopper Omocestus bolivari (Chopard). Heredity 46: 123-126.
https://doi.org/10.1038/hdy.1981.11

Gosalvez J,, Lopez-Fernandez C. 1981. Extra heterochroma-
tin in natural populations of Gomphocerus
cus (Orthoptera: Acrididae). Genetica 56: 197-204.
https://doi.org/10.1007/BF00057560

sibiri-

Henriques-Gil N., Jones G.H., Cano M.I., Arana P., Santos J.L.
1986. Female meiosis during oocyte maturation in Eyprep-
ocnemis plorans (Orthoptera, Acrididae). Can. J. Genet. Cy-
tol. 28: 84-87. https://doi.org/10.1139/g86-011

Hewitt G.M. 1963. A tetrasomic mosaic in the germ line
of Chorthippus parallelus. Heredity 18: 505-512.
https://doi.org/10.1038/hdy.1963.55

Hewitt G., John B. 1968. Parallel polymorphism for su-
pernumerary segments in Chorthippus parallelus (Zetter-
stedt): 1. British populations. Chromosoma 25: 319-342.
https://doi.org/10.1007/BF01183124

Hewitt G., John B. 1970. Parallel polymorphism for supernu-
merary segments in Chorthippus parallelus (Zetterstedt): I'V.
Ashurst re-visited. Chromosoma 31: 198-206.
https://doi.org/10.1007/BF00285147

Itoh Y., Kampf K., Pigozzi M.I., Arnold A.P. 2009. Molecular
cloning and characterization of the germline-restricted chro-
mosome sequence in the zebra finch. Chromosoma 118: 527-
536. https:/doi.org/10.1007/s00412-009-0216-6

John B., Freeman M. 1974. B-chromosome behaviour in
Phaulacridium vittatum. Chromosoma 46: 181-195.
https://doi.org/10.1007/bf00332516

John B., Hewitt G. 1969. Parallel polymorphism for super-
numerary segments in Chorthippus parallelus (Zetter-
stedt): III. The Ashurst population. Chromosoma 28: 73-84.
https://doi.org/10.1007/bf00325991

Kinsella CM., Ruiz-Ruano F.J., Dion-Coté A-M, Charles A.J.,
Gossmann T.I., Cabrero J., Kappei D., Hemmings N., Si-
mons M.J.P., Camacho J.P.M., Forstmeier W., Suh A.
2019. Programmed DNA elimination of germline de-
velopment genes in songbirds. Nat. Commun. 10: 5468.
https://doi.org/10.1038/s41467-019-13427-4

Navarro-Dominguez B., Cabrero J., Loépez-Leon M.D.,
Ruiz-Ruano F.J.,, Pita M., Bella J.L., Camacho J.P.M.
2023. Tandem repeat DNA provides many cytologi-
cal markers for hybrid zone analysis in two subspecies of
the grasshopper Chorthippus parallelus. Genes 14: 397.
https://doi.org/10.3390/genes14020397

Pei Y., Forstmeier W., Ruiz-Ruano F.J., Mueller J.C., Cabrero J.,
Camacho J.P.M., Alch¢é J.D., Franke A., Hoeppner M., Bor-
no S., Gessara I., Hertel M., Teltscher K., Knief U., Suh A.,
Kempenaers B. 2022. Occasional paternal inheritance of the
germline-restricted chromosome in songbirds. PNAS 119:
€2103960119. https://doi.org/10.1073/pnas.2103960119

Peters G.B. 1981. Germ line polysomy in the grashop-
per Atractomorpha similis. Chromosoma 81: 593-617.
https://doi.org/10.1007/BF00285852

Pigozzi M.1., 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. https://doi.org/10.1023/A:1009234912307

Pigozzi M.I., Solari, A.J. 2005. The germ-line-restrict-
ed chromosome in the zebra finch: recombination in fe-
males and elimination in males. Chromosoma 114: 403-409.
https://doi.org/10.1007/s00412-005-0025-5

Sannomiya M. 1973. Cytogenetic studies on natural popula-
tions of grasshoppers with special reference to B chromo-
somes. 11. Atractomorpha bedeli. Chromosoma 44: 99-106.
https://doi.org/10.1007/BF00372576

Southern D. 1967. Spontaneous chromosome mutations in
Truxaline grasshoppers. Chromosoma 22: 241-257.
https://doi.org/10.1007/BF00319876

Talavera M., Lopez-Leon M.D., Cabrero J., Camacho J.P.M. 1990.
Male germ line polysomy in the grasshopper Chorthippus binota-
tus:extrachromosomesarenottransmitted. Genome33:384-388.
http://www.nrcresearchpress.com/doi/abs/10.1139/¢90-058

Torgasheva A.A., Malinovskaya L.P., Zadesenets K.S., Kar-
amysheva T.V., Kizilova E.A., Akberdina E.A., Pristyazh-
nyuk LE., Shnaider E.P., Volodkina V.A., Saifitdinova A.F.,
Galkina S.A., Larkin D.M., Rubtsov N.B., Borodin P.M.
2019. Germline-restricted chromosome (GRC) is wide-
spread among songbirds. PNAS 116: 11845-11850.
https://doi.org/10.1073/pnas. 1817373116



https://doi.org/10.1007/bf00332516
https://doi.org/10.1007/bf00325991
https://doi.org/10.1038/s41467-019-13427-4
https://doi.org/10.1073/pnas.2103960119
https://doi.org/10.1007/BF00285852
https://doi.org/10.1023/A:1009234912307
https://doi.org/10.1007/s00412-005-0025-5
https://doi.org/10.1007/BF00372576
https://doi.org/10.1007/BF00319876
http://www.nrcresearchpress.com/doi/abs/10.1139/g90-058
https://doi.org/10.1073/pnas.1817373116
https://doi.org/10.1007/s00412-017-0627-8
https://doi.org/10.1159/000079307
http://dx.doi.org/10.1016/B978-012301463-4/50006-1
https://doi.org/10.1038/hdy.1981.11
https://doi.org/10.1007/BF00057560
https://doi.org/10.1139/g86-011
https://doi.org/10.1038/hdy.1963.55
https://doi.org/10.1007/BF01183124
https://doi.org/10.1007/BF00285147
https://doi.org/10.1007/s00412-009-0216-6

96 J.P.M. CAMACHO

Viseras E., Camacho J.P.M. 1984. Polysomy in Omoces-
endophenotypic  effects and suppres-
sion of nucleolar organizing region activity in the ex-
tra autosomes. Can. J. Genet. Cytol. 26: 547-556.
http:/www.nrcresearchpress.com/doi/abs/10.1139/g84-087

tus  bolivari:

Viseras E., Camacho JP.M. 1985. The B-chromosome
system of Omocestus bolivari: changes in B-behav-
iour in M,-polysomic B-males. Heredity 54: 385-390.

http:/www.nature.com/hdy/journal/v54/n3/abs/hdy198555a.html

Vujosevi¢ M., Blagojevi¢ J. 2004. B chromosomes in popula-
tions of mammals. Cytogenet. Genome Res. 106: 247-256.
https://doi.org/10.1159/000079295

Ziegler C.G., Lamatsch D.K., Steinlein C., Engel W., Schartl M.,
Schmid M. 2003. The giant B chromosome of the cyprinid
fish Alburnus alburnus harbours a retrotransposon-derived

repetitive DNA sequence. Chromosome Res. 11: 23-35.
https://pubmed.ncbi.nlm.nih.gov/12675303


https://doi.org/10.1159/000079295
http://www.nrcresearchpress.com/doi/abs/10.1139/g84-087
http://www.nature.com/hdy/journal/v54/n3/abs/hdy198555a.html

