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Abstract

The history of the study of orthopteran chromosomes is coincident with
the formulation of the chromosome theory of heredity and the rediscovery
of Mendel's laws, thus with the birth of cytogenetics. We review the early
contributions of grasshopper chromosomes to the chromosome theory, the
understanding of sex chromosomes, the phenomena of mitosis, meiosis,
linkage, crossing over and recombination, the problems of chiasma
localization and terminalization, reproduction and parthenogenesis, the
nature and behavior of B chromosomes and supernumerary segments, and
the role of chromosomal rearrangements in microevolution and speciation.
We also discuss the influence of early works on later research, and emphasize
the fundamental contributions of Michael J. D.White to modern cytogenetics
and evolutionary biology in general.
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*Dedicated with admiration to Estrella Eleanor Carothers, Nettie Maria
Stevens, Mary Harman, Marcella O’Grady, and Sally Hughes, brilliant
scientists that paved the road to our understanding of chromosomes.

“...one of the finest objects thus far discovered for the investigation
of the minutest details of cell structure.”
Quote from Edmund Beecher Wilson when shown
Brachystola magna chromosomes for the first time.

The Orthoptera in early cytogenetics: Mendel's principles and big chro-
mosomes.—The history of cytogenetics will be forever intimately
associated with the Orthoptera. Cytogenetics was born at the begin-
ning of the twentieth century, with the combination of the already
well-developed science of cytology and the 'rediscovery' of Mendel's
principles in 1900 separately by three scientists: DeVries, Correns
and Tschermak (Crow & Crow 2002, Falk 2005, Schwartz 2008).
Clarence Erwin McClung, a pioneer in grasshopper cytology,
once wrote: ‘A subject of perennial interest is offered by the maturing
germ cells, and that appreciation is not lacking is well evidenced by the
large annual output of papers devoted to different phases of the question.
The task of keeping abreast of this literature has become a considerable
one, especially since it is now necessary to take into account the investi-
gations upon hybrid matings and upon unusual or modified methods of
fertilization. Despite regret at the increased labor thus brought about, one
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Fig. 1. Clarence McClung and the beginnings of orthopteran cytogenetics. A. McClung; B. McClung and his wife; C. Meiotic cells of
Xiphidium fasciatum (Conocephalus fasciatus) showing the ‘accessory (X) chromosome’ from the 1899 paper (from McClung 1899,
Zoological Bulletin 2: 187-197.); D. The first published figures of neo-XY chromosomes of Orthoptera; from left to right, the neo-XY
bivalent of Hesperotettix, partial diplotene cell of Mermiria showing the neo-XY bivalent, idem at first metaphase (from McClung 1917,

J. Morphol. 29: 519-605.),

cannot but rejoice at the enlarged conceptions of chromosome functions
which have followed from this union of two apparently different lines of
investigation.” (McClung 1905).

Chromosomes of grasshoppers and crickets were instrumental
in the development of the Chromosome Theory of Heredity (or
Sutton-Boveri theory) (Ault 1996). In recent years some doubts
were cast on the real provenance of the theory: the respective con-
tributions of the two classic authors (Martins 1999), the neglected
participation of Boveri's wife Marcella O’Grady, she being a former
student of E. B. Wilson’s (Satzinger 2005), and consideration by
some modern authors of Thomas Hunt Morgan as the real father
of the chromosome hypothesis (although initially, he was a fierce
opponent of the theory) (Castillo et al. 2010, Brush 2002). This is
notwithstanding the outstanding work of Walter Stanborough Sut-
ton, adisciple of McClung's and of Edmund Beecher Wilson (Figs 1,
3), on the meiotic chromosomes of the western lubber grasshopper
Brachystola magna (Romaleidae) (Sutton 1900, 1902, 1903). Helaid
the foundations of a completely new field, cytogenetics, and of the
final acceptance that thebehavior of genes in eukaryote heredity rests
on the mechanics of the meiotic process (Crow & Crow 2002).

Sutton first collected B. magna in the summer of 1899 while
working at his parents’ ranch in Kansas where literally thousands
of lubber grasshoppers were hopping around in the wheat fields.
Cells and chromosomes of this species were so large and easy to
observe microscopically that the amazed McClung urged Sutton to
immediately start research on its chromosomes (Schwartz 2008).

It has to be admitted that Sutton’s work rested mainly upon
careful microscopic observation, interpretation and speculative
thinking, and not upon experimental data (Martins 1999). It is
also true that some of his interpretations were erroneous and that
these mistakes produced several years of confusion regarding the
actual mechanism of chromosomal synapsis and segregation [Sut-
ton erroneously considered that the second meiotic division was
reductional and the first, equational, probably influenced by the
ideas of McClung, Wilson and Montgomery (Hegreness & Meselson
2007)]. Nevertheless, his conclusions on the existence of two sets of
homologous chromosomes (maternal and paternal) that synapse at
the beginning of meiosis, on the integrity of chromosomes through
cell divisions, and his hypothesis (based on an extrapolation of ge-
neticdataand noton his cytological observations) that chromosome
orientation was random with respect to the spindle poles (contra
Cannon 1902), were essentially correct — based on observations
of an extremely favorable material and on his technical dexterity
(Sutton 1902, 1903; Crow & Crow 2002).

Sutton’s work also constituted a physical basis for Mendelian
principles, and indicated, as earlier research by Theodor Boveri on
sea urchin eggs had suggested (Boveri 1902), that each chromosome
was unique and contained a set of distinct hereditary factors. This
was later proven without any doubt by Thomas Hunt Morgan’s
Drosophila group at Columbia, despite Morgan'’s initial opposition
to the chromosome theory (Morgan et al. 1915, Benson 2001).

A further and relevant development of Sutton'’s discovery was
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Fig. 2. Walter Stanborough Sutton and the Chromosome Theory of Inheritance. A. The first basketball team of the University of Kansas
(1899); Sutton is third from the left (back row); his brother William, team captain, is in the middle row (third from the left); B. Sutton
ca 1905 when he returned to Columbia University to complete his medical studies; C. Edmund Beecher Wilson in whose lab Sutton
completed his last and fundamental paper on Brachystola magna; Wilson is shown with one of his passions, the cello; D. Spermatogo-
nial metaphase of B. magna; E. Two diplotene cells of B. magna; note that chiasmata and the duplicated nature of all chromosomes, are
clearly depicted. Figures D. and E. from Sutton 1902; Biological Bulletin 4: 231-251.

made by Estrella Eleanor Carothers (1883-1957) using grasshopper
meiotic material (Fig. 2). Carothers followed Sutton as McClung'’s
student at the University of Kansas. At McClung's laboratory, she
had the opportunity to re-analyze some of Sutton’s B. magna slides,
as well as new ones she made herself (Hegreness & Meselson 2007).
Although Sutton correctly interpreted that chromosomes come in
homologous pairs, one chromosome maternal, the other chromo-
some paternal, he could not possibly identify each member of a
pair, due to inherent technical limitations at that time. However,
Carothers took advantage of a known fact, that of the univalence of
the X [then called “accessory” chromosome by McClung (McClung
1901, 1902; Castilloetal. 2010)] in males, and of her own observation
(in Sutton’s slides) that some individuals carried a heteromorphic
autosomal pair: thus, both homologues could be microscopically
identified according to size (Carothers 1913). Through the analysis
of a large number of meiotic divisions, she was able to document
their independent orientation behavior with respect to the spindle
poles and their random segregation (as suggested by Sutton), thus
producing the first physical evidence of Mendel's laws: segregation
and independent assortment.

She was obviously not able to extend her conclusions to the rest

ofthe chromosome pairs where again, maternal and paternal homo-
logues were unidentifiable. This perpetuated the uncertainty asto the
moment of the reductional division (Hegreness & Meselson 2007).
Although Edmund Beecher Wilson, one of the leading cytologists
of that time suspected that not only heteromorphic bivalents (or
univalents), but all bivalents experienced reduction at first division
(Wilson 1925), the confusion persisted in the following papers by
Carothers (1917, 1921, 1926, 1931) in which she studied segrega-
tion of heteromorphicbivalents of several other orthopteran genera
such as Circotettix, Trimerotropis, Mecosthetus and Amphitornis.
Although her results confirmed the independent assortment of
maternal and paternal chromosomes, sheremained undecided asto
the generality of reduction in the first meiotic division, considering
that it could be just a property of heteromorphic bivalents and the
sex chromosome (Hegreness & Meselson 2007). With hindsight, we
can now say that the solution was implicit in the same meiotic cells
she was studying, because such heteromorphic autosomes, which
are very common in grasshoppers (Nur 1961, John 1973, Bidau &
Hasson 1984), usually result from heterochromatic supernumer-
ary segments (see below), and the position of chiasmata (distal
or proximal to the segment) determines the mode of segregation
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of the heteromorphic bivalent during first meiosis (reductional or
equational, respectively).

Notably, oneyear after the publication of Carother’s 1931 paper,
Darlington (1932) correctly interpreted herimages of heteromorphic
bivalents and established thatfirstdivision is reductional with respect
to the centromere and the region between it and the first chiasma,
while the portion distal to the chiasma undergoes equational seg-
regation (Darlington 1958, Hegreness & Meselson 2007). Errors of
interpretation notwithstanding, the contributions of Estrella Eleanor
Carothers to the chromosome theory and to orthopteran cytology
were of fundamental relevance to the advancement of genetics.
Carothers was also fortunate that the riddle of sex chromosomes
was being disentangled at the same time.

The Orthoptera in early cytogenetics: the elusive ‘accessory’ chromo-
some.—The issue of chromosomal sex determination has a long
history and orthopterans were involved in it from the very begin-
ning. The historical aspects of the discovery of sex chromosomes,
their contribution to the chromosome theory, and the fundamental
role of grasshopper cytology in elucidating their true nature, are
discussed by Castillo et al. (2010) in this same issue, thus we will
treat the problem succinctly, emphasizing Michael White’s contri-
bution to their knowledge.

Although orthopteran cytology started in the late nineteenth
century (Castillo et al. 2010), the first relevant contriubutions to the
chromosome theorywere published by McClung (1899, 1900) with
hisidentification of the ‘accessory chromosome’as a true chromatin
body and not a nucleolus. Further work by McClung (1901, 1902)
(Fig. 3) correctly identified the accessory chromosome (soon to be
called 'X-chromosome’) as asexdeterminantand prompted anumber
of studies by himself and other researchers that corroborated his
insight (McClung 1905, 1914; Davies 1908; Pinney 1908; Robert-
son 1908; Biichner 1909; Payne 1909, 1912; Meek 1911; Wenrich
1916).

Essential to the understanding of the nature and role of sex
chromosomes was the brilliant work of Nettie Stevens who studied
spermatogenesis in a large number of insects of different orders,
including Orthoptera (Stevens 1905, Castillo et al. 2010 and refer-
ences therein). Stevens also (1908a) correctly identified the Xand Y
chromosomes of Drosophila, which was fundamental to the precise
localization of the first mutation (white) by Morgan and his group
(Morgan et al. 1915).

Thestudy of orthopteran sex chromosomes was also fundamental
to an understanding that chromosomes, though stable in principle,
were entities that could evolve and interact between each other
through chromosomal rearrangement, as early demonstrated by
the existence of neo-sex mechanisms that derived from transloca-
tion between the X chromosome and an autosome (McClung 1917,
Castillo et al. 2010).

In the same sense, Michael White's studies in Orthoptera and
Mantodea cytogenetics were of relevance for the understanding of
the evolution of sex chromosomes (White 1945, 1977). White's
(1940a) first paper dealing with orthopteran sex chromosomes was
a lengthy discussion about their heteropycnosis in different stages
of mitosis and meiosis.

It has been known since the beginnings of cytogenetics that
the X chromosome of Orthoptera (and many other organisms)
is positively heteropycnotic during most of prophase I, becom-
ing negatively heteropycnotic during metaphase I. The X is also
negatively heteropycnotic during spermatogonial mitoses (Church
1979, Nur 1981, John 1990). Today we know that such differential
heteropycnosis is due to facultative heterochromatinization, due to
epigenetic changes of the X chromosome chromatin.

White's interpretation of the changes in pycnosis observed in the
X chromosome were based on their spiral structure or differential
coiling, a subject that was being actively studied in those days (Dar-
lington 1959). Later work by White on condensation and pycnosis
of sex chromosomes was interpreted more in terms of inactivation
of X chromosome genetic activity and subjacent molecular mecha-
nisms (White 1970).

Regarding neo-sex chromosomes, White's contributions were of
great importance. He not only described and correctly interpreted
numerous cases in Acrididae, Eumastacidae, Tettigoniidae, and
Mantodea, but he produced the first comparative analyses of neo-
sex chromosomes from an evolutionary, not merely cytological,
point of view (White 1940b, 1941a,b, 1977; Castillo et al. 2010).
White’s permanentinterestin sex chromosomes and their evolution
undoubtedly stemmed from his profound interest in all aspects of
animal reproduction, the underlying meiotic process, its modifica-
tions, and the fundamental role of chromosomes and meiosis in
the shaping of genetic systems and organic evolution (see below).
Among the fundamental components of genetic systems, genetic
recombination occupies a central position.

The Orthoptera in early cytogenetics: intercourse? The crossing-over af-
fair.—The insight of Sutton that the number of chromosomes was
obviously lower than the number of characters of an organism, led
to the inescapable conclusion that each chromosome must contain
many hereditary factors. This posed a problem regarding Mendelian
factors (genes): if many factors co-exist in the same chromosome,
how could they always assortindependently during gametogenesis?
In fact, no sooner had Mendel’s Laws been ‘rediscovered” in 1900
than the first exception to the second law, that of independentassort-
ment, was reported in 1901 by William Bateson (1861-1926): this
was in the plant Matthiola, where his collaborator, Edith Saunders
(1865-1945), reported a significant deviation from Mendel's sec-
ond principle, for which phenomenon she proposed an erroneous
hypothesis soon abandoned (Bateson et al. 1904).

In fact, thesameyear, Theodor Boveri had advanced a revolution-
ary idea that soon proved true: “... the traits localized in a chromosome
can go independently of each other into one or the other daughter cell which
would point to an exchange of parts between homologous chromosomes.”
[Boveri 1904, translated by Stern (1950)].

The phenomenon of genes on the same chromosome not con-
forming to the principle of independent assortment was later to
be called ‘linkage’ by Morgan (1910), and the process of segmental
interchange between homologous chromosomes, ‘crossing over’
(Morgan & Cattell 1912, Morgan et al. 1916, Muller 1916), lead-
ing to intrachromosomal genetic recombination. Crossing over
was independently discovered by the brilliant Russian geneticist
Aleksandr Sergeevich Serebrovskii (1892-1948) in chickens (Fando
2008, Schwartz 2008). However, a clear explanation of the crossing
over process owed much to the work of an extraordinary cytolo-
gist working alone in Belgium: Frans Alfons Ignace Maria Janssens
(1863-1924) (Fig. 4).

Janssens, who was a Belgian Jesuit priest, received an excellent
education in Biology at the University of Louvain, several marine
biological institutes including the famous Stazione Zoologica of
Naples, and the prestigious Carlsberg Institute of Copenhagen.
Eventually in 1899 he succeeded the eminent cytologist]J.B. Carnoy
at Louvain and devoted his life to full-time research and teaching
in cytology and other biological disciplines. Janssens was a gifted
cytologist and was called “the microcope wizard” for his technical
expertise and acute powers of observation and representation of
nuclear structures. In 1909, he published a relatively short paper
(forthestandards of thatepoch) in which he demonstrated, through
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careful examination of meiotic cells (auxocytes, as he called them)
of urodelans (Batrachoseps, a plethodontid salamander), that ho-
mologous chromosomes pair, and pairs of chromatids can break
at corresponding points along their length and physically exchange
chromosomal material producing X-like figures that he dubbed
“chiasmata”; he derived a model called the chiasmatype theory
(chiasmatypie, in French) (Janssens 1909).

Morgan and his group quickly adopted this theory to explain the
results of their genetic crosses in Drosophila multiple-mutant stocks.
The details of crossing over were further worked out by Morgan’s
students, especially by Hermann Joseph Muller (1890-1967) and
Alfred Henry Sturtevant (1891-1970) and were the basis for the tech-
niques of genetic mapping. Although the chiasmatype theory was
initially resisted by some geneticists, particularly the controversial
German zoologist Richard Benedict Goldschmidt (1878-1958),and
ironically, William Bateson (Goldschmidt 1917, Sturtevant 1917,
McClung 1927, Cock 1989, Richmond & Dietrich 2002), it proved
correct.

Janssens (1924) extended his meticulous observations to insects
and especially, grasshoppers in a monumental 224-page paper,
which not only reinforced all previous observations of chiasmata,
but has to be considered one of the XXth century’s masterpieces
of cytogenetic observation and illustration. The color drawings of
grasshopperbivalents and chiasmata have been continually imitated
in textbooks since its publication.

The chiasmatype theory was further developed by several other
cytologists, chief among them, Cyril Dean Darlington (1903-1981)
a former student of Bateson’s at the John Innes Horticultural Insti-
tute, UK. Unlike Bateson, Darlington was an early adherent to the
chromosome and chiasmatype theories, and during the following
years developed his theory on the evolution of genetic systems in
which chromosomes, and especially chiasmata and recombination
were central to the evolutionary history of organisms (Darlington
1958). Darlington’s first relevant contributions to the study of meio-
sis and chiasmata (before he turned almost exclusively to plants)
were performed in gomphocerine grasshopper species (Chorthippus,
Stauroderus), an extremely good material for cytogenetic work on
male meiosis, because species of this group of genera (the ‘truxaline’
grasshoppers) not only have beautiful large-sized chromosomes,
but also an asymmetric karyotype involving three metacentric ho-
mologous pairs of autosomes and five telocentric ones, allowing
direct simultaneous comparisons of pairing and chiasma forma-
tion in both types of configurations (Darlington 1935, 1936, 1937;
Darlington & Dark 1932).

Furthermore, the study of meiosis and chiasma formation in
grasshoppers helped to gain insight into a very complex evolution-
ary problem. Since the discovery by Morgan’s group that crossing
over in Drosophila occurs only in females, evidence started to ac-
cumulate that even when both sexes of an organism are chiasmate,
they usually are heterochiasmate; that is, chiasma frequency and
distribution are significantly different in males and females.

Normally, the heterogametic sex (males in XY/XX systems, fe-
males in ZW/ZZ systems) shows lower chiasma frequencies than
the homogametic one (Trivers 1988, Burt et al. 1991, Lenormand
& Dutheil 2005), a phenomenon called the ‘Haldane-Huxley rule’
(Lenormand & Dutheil 2005) or ‘two-track heredity’ by Darlington
(1973).Infact, itwasJohn B.S. Haldane (1892-1964) who advanced
the first hypothesis regarding this puzzle (Haldane 1922), propos-
ing that selection against recombination between sex-determining
loci in the sex chromosomes brought as a by-product, less crossing
over in autosomes of the heterogametic sex. The same hypothesis
was put forward by Julian Sorell Huxley (1887-1975) for his ge-
netic data on Gammarus, a crustacean (Huxley 1928). Interestingly

enough, Haldane’s considerations were prompted by observations
in an orthopteran, Paratettix texanus, a tetrigid.

At that time besides Drosophila, the only other insects in which
serious linkage studies were being done were species of grouse locusts
(Tetrigidae) by Robert K. Nabours in Kansas (Nabours 1914, 1917).
It is worth noting that spermatogenesis of Tetrigidae (Tettigidae in
old terminology) was already well known through studies of Mary
Theresa Harman (1877-1961) and William Rees Brebner Robert-
son (1881-1941) (Harman 1915, 1920; Robertson 1916a,b), and
although males are not achiasmate, tetrigids are characterized by
extreme distal chiasma localization in autosomal bivalents, which
is almost analogous to an achiasmatic situation (see below).

Nevertheless, studies on female meiosis were hampered by techni-
cal difficulties. In grasshoppers, female meiosisis arrested at an early
stage of first prophase and its continuation is triggered by oviposition
whence meiosis is rapidly completed. Furthermore, unlike males,
each meiotic nucleus in an analyzable stage regarding chiasmata
is singly isolated within a mature egg. Reliable squash techniques
for the analysis of female first prometaphases and metaphases (and
later stages), were only developed in the last 35 y. Thus an assess-
ment of the Haldane-Huxley rule in grasshoppers is relatively recent
(Perry & Jones 1974, Jones et al. 1975, Henriques-Gil et al. 1986).
Nevertheless, comparative studies of chiasma frequencies in both
sexes of a limited number of grasshopper species did not support
the Haldane-Huxley rule (Cano et al. 1987, Marti & Bidau 1995,
Grieco and Bidau 1999).

The difficulties in analyzing female meiosis are made clear in
Colombo (1952) in his analysis of Anacridium aegyptium. Without
an adequate protocol, only early stages up to the diffuse stage are
obtained from femaleimagines, and thisis also extremely laborious.
In Church'’s (1974) words in a study of chiasma frequency in female
Melanoplus femurrubrum: ‘Obtaining 30 analysable cells in diplotene is
a monumental task for the following reasons. Subsequent to pachytene
of meiosis the bivalents form a typical diplotene configuration. However,
this stage must be a relatively short one since it is present in only a few
of the ovarioles and when it is present only three or four cells display the
stage. Following this typical diplotene stage, the chromosomes elongate
into a lampbrush stage and can no longer be visualised using conventional
techniques’.

Indeed, in one experiment she had to sacrifice 125 females to
obtain 30 diplotene cells. However, new and powerful cytological
and molecular techniques applied to grasshopper chromosomes,
progressively helped to gain insight on several problems associated
with chiasma formation.

A matter of situation: chiasma lozalization, chiasma terminalization,
terminal associations.—The use of crossing over as a means to con-
struct genetic maps of organisms, assumed that crossovers occurred
at random along paired bivalents during meiotic first prophase.
However, from the early cytogenetic studies using chiasmata as
physical markers of meiotic exchange, it became clear this was not
always the case. Not only could one sex be totally achiasmate as
in Drosophila, in many praying mantids and eumastacid grasshop-
pers (where no case of both sexes being achiasmate has ever been
reported), butin many species chiasmata were strongly localized in
more or less constant positions alongbivalents. Localization, which
would indicate that vast regions of the chromosomes would not
recombine, usually occurs in the heterogametic sex as predicted by
the Haldane-Huxley rule (Fig. 5). but unfortunately no studies on
female meiosis have been performed in these cases.

Despiteits geneticimplications, chiasmalocalizationisan aspect
of a more general functional problem of meiosis, the relationship
between pairing, synapsis and crossing over. Two different mecha-
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nisms have been described: in one, the occurrence of double strand
breaks/recombination is a prerequisite for synapsis initiation; in the
other, synapsis must occur forthe achievement of crossing over (Viera
et al. 2010a). A number of studies in grasshoppers with localized
chiasmata (e.g., Stethophyma grossum, Paratettix meridionalis) have
shown arelationship between incomplete synapsis and restriction of
chiasma formation to synapsed regions (McClung 1927; Robertson
1931; Jones 1973; Fletcher 1977; Jones & Wallace 1980; del Cerro
etal. 1997; Viera et al. 2009, 2010b). Excellent as these observations
were, they did not explain the puzzle of which event (synapsis or
recombination) comes first. However, recent studies on grasshopper
species with localized chiasmata, using fluorescentimmunolocaliz-
tion, have determined that the presence of mature cohesin axes at
the time when double strand breaks are being produced, is a pre-
requisite for the onset of recombination and subsequent synapsis,
at least in these species (Viera et al. 2010a,b).

Localization is opposed to terminalization.— According to Rieger et
al. (1976) chiasma terminalization is ‘a progressive shift between
diplotene and metaphase I in the distribution of chiasmata along the
arms of bivalents from their points of origin to more distal positions’. A
further related problem is that represented by so-called ‘terminal
chisamata’, terminal nonchiasmate associations, and the process
of ‘pseudoterminalization’ (White 1959, Jones 1978, Tease & Jones
1978, Egel 1979, John & King 1985).

Darlington (1929, 1931,1932) was the firmest supporter of the
concept of terminalization, which he originated, although he knew
of strong cases of localization. However, since the latter seemed to
be relatively scarce, Darlington considered terminalization as an
almost universal process: cases of localized chiasmata that do not
move as meiosis proceeds were exceptions (Darlington 1959). His
views were influential for 50 years.

Nevertheless, grasshopper meiotic chromosomes helped to solve
the riddle of terminalization. Chiasma comparisons at different
stages in many organisms, and especially the widely studied higher
plants, are complicated by the fact that at diplotene, chiasmata are
difficult to differentiate from relational twists that progressively
disappear towards metaphase I (Sybenga 1975). Grasshoppers do
not present this problem: diplotene stages are exceptionally clear
so chiasmata and twists are readily identified. From about 50 y ago,
many studies of chiasma frequency and distribution in grasshoppers
failed to find evidence of terminalization (Fox 1973).

However, the definitive proof came from a series of elegant studies
of bromodeoxyuridine (BrdU)-labelling of meiotic chromosomes
of locusts and grasshoppers. This demonstrated unambiguously,
not only that chiasmata resulted from X-type exchanges between
nonsister chromatids, but also provided unequivocal demonstra-
tion that terminalization does not occur: points of exchange always
coincided with chiasmata at all stages (Tease & Jones 1978). This
was also verified in mice (Kanda & Kato 1980). Further evidence
in grasshoppers came from a study in Chorthippus jucundus using
C-banding and a special technique of silver impregnation to iden-
tify core-like structures within metaphase I bivalents (Santos et al.
1989)

By definition, chiasmata cannot possibly be formed in a strictly
terminal position of bivalents. However, a common observation in
metaphase [ cells is that bivalents are frequently maintained by a
terminal association that does notressemble a chiasma. Darlington’s
(1932) classic explanation was that these terminal attachments of
homologous chromosomes represented the full terminalization of
chiasmata that had been formed in an interstitial position.

In Darlington’s words describing Chorthippus meiosis: ‘All the
chiasmata move away from the centromeres to the ends and give terminal

chiasmata; and if two are formed between one pair of arms they fuse at
the ends, the penultimate association of chromatids replacing the ultimate
one at the terminal chiasma’ (Darlington 1959). But these associations
are also clearly seen in grasshopper early diplotene bivalents where
terminalization could not possibly have started.

A number of alternative explanations were put forward, all con-
sidering terminalization as a reality. Callan (1949) proposed that
telomeres did not replicate until anaphase; sister telomere attach-
mentwould be essential for the integrity of the terminal association
until anaphase I. White (1959) stated re Callan’s hypothesis that:
"...because of the way in which it was published (in a popular article),
this suggestion seems not to have received the attention it deserved. White
was in sympathy with this hypothesis, but modified it, favoring
telomere-telomere attachments of sister chromatids after they have
been replicated, and envisioned some kind of enzymatic activity (a
'telomerease') producing their release at first anaphase.

Jones (1976), studying rye meiosis through C-banding, con-
sidered that terminal associations do not represent terminalized
chiasmata. Instead, he proposed a process of pseudoterminaliza-
tion that involved structural changes of the distal heterochromatic
blocks present in all chromosomes, this giving the false impression
of a terminal chiasma, which in fact is subterminal.

However, in a careful study of terminal associations and pseu-
domultiple formation involving heterochromatic blocks in the
Australian grasshoppers Cryptobothrus chrysophorus and Heteropternis
obscurella, John and King (1985) demonstrated that terminal asso-
ciations in these species are nonchiasmate and cannot be explained
by either terminalization or pseudoterminalization, although they
cautiously argue that terminal associations may be of a heteroge-
neous nature in the case of other species. During his career, Michael
White had several things to say about meiosis and chiasmata.

Chiasmata are not universal and localization is frequent: is recombi-
nation restriction a common trend?.—Although Michael White did
not produce extensive analyses of chiasma frequencies in natural
populations, herecognized theimportance of geneticrecombination
(thus, chiasmata) as a fundamental component of genetic systems
of species, and he realized the problems presented by the Haldane-
Huxley rule (White 1965). His first involvement with chiasmata at
the beginning of his career, had to do with the effects of external
factors on chiasma frequency, probably influenced by studies in
that direction performed in Drosophila (Plough 1917, 1921, 1924).
His first paper on the subject dealt with the experimental effect of
different rearing temperatures on chiasma frequency and distribu-
tion in Schistocerca gregaria, Locusta migratoria and Stenobothrus (=
Chorthippus) parallelus. He interpreted his results in terms of ‘interfer-
ence’, a known genetic phenomenon: higher temperatures would
reduce the interference distance, and discussed his hypothesis in
relation with to the chiasmatype and classical theories of chiasma
formation.

This pioneer study was the basis for further and more elaborate
analyses of the effects of temperature on crossing over in grasshop-
pers (Henderson 1962, 1988; Church 1974). It was demonstrated
for example, that temperature may affect chiasma frequency in dif-
ferent forms, depending on the moment of the treatment, i.e, in
spermatogonia or after the completion of premeiotic DNA synthesis
(Henderson 1988). Another factor studied by White, was the influ-
ence of X-rays on crossing over (White 1937).

Two other problems relating chiasmata and crossing over, less
experimental but extremely interesting, motivated anumber of other
White studies: one was the phenomenon of chiasma localization,
which hasalso a direct relation with the process of synapsis. Although
this problem is only now starting to be disentangled (see Viera et al.
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2010 in thissameissue and references therein), White “produced two
pioneering papers on male meiosis of species with strong localiza-
tion, one of which was intensively studied in the following years
by several authors (White 1936, 1954; Viera et al. 2010). Although
White’s hypotheses about the causes of localization (for example
that chiasmata formed preferentially in the boundaries between
hetero- and euchromatin) were later disproved, his observations
were fundamental in drawing attention to a problem that asked for
a solution, that is, the mechanism and adaptive nature of localiza-
tion in widely different grasshopper species, and the situation of
chiasmata in female meiosis (White 1954, 1964).

White was of the idea that some degree of localization is almost
universal, implying that restriction of recombination, at least in
one sex (usually the heterogametic one), should be adaptive. This
observation is very relevant because chromosomal rearrangements,
one of White's lifetime interests, have deep impact on recombina-
tion, and this effect has been repeatedly involved in models of
chromosomal polymorphism and speciation (White 1958): ‘The
significance of chromosomal rearrangements of various kinds in the adap-
tive polymorphism of many animal and plant species depends to a large
extent on their effects on crossing over’ (White & Morley 1955). In this
sense, he was always fascinated by ‘anomalous’ types of meiosis,
especially those in which one of the sexes is achiasmate.

In fact, White (1938) was the first to describe achiasmatic meiosis
in a mantid, Callimantis antillarum and later in other African and
Australian genera, plus another type of peculiar meiosis which he
called ‘cryptochiasmatic’ (1941a, 1965b, 1975a). Mantids and their
male meiotic process were of profound interest to White because
of their wide variation in diploid numbers, their varied and com-
plex sex-determining mechanisms, and because the existence of
male achiasmate meiosis posed problems to the mechanism that
maintained the integrity of bivalents to allow normal segregation
(White 1977, Wolf 1994).

He had an excellent opportunity to analyze these issues in a
group of orthopterans closely related to the Australian Morabinae,
the subfamily of Eumastacidae in which White produced his most
extensive and relevant work on evolutionary cytogenetics. In a com-
prehensive study of 33 species of the Eumastacid subfamilies The-
ricleinae and Euschmidtiinae from Africa (White 1965a), anumber
of meiotic peculiarities unique to Thericleinae were disclosed for the
first time: in the majority of species, classic diplotene and diakinesis
are omitted in male meiosis, and chiasmata only appear at early or
midmetaphase [; the latter species are ‘cryptochiasmate’. Also, three
Thericles species are clearly achiasmate, while oocyte metaphase I
(obtained by the sectioning technique) shows classical chiasmata.
But sex and meiosis (or the lack of it) posed further challenges to
orthopteran cytogeneticists.

When the battle of the sexes has a winner: parthenogenesis.—The vast
majority of orthopteroid insects reproduce sexually (White 1951a,
1975a, 1977; Hewitt 1979). However, a number of species do so
parthenogenetically. The original definition of parthenogenesis
was by Richard Owen (1849): ‘procreation without the immedi-
ate influence of a male. Since a number of forms of reproduction
distinct from the usual sexual one are frequently included within
this concept, several definitions of parthenogenesis have been put
forward (Mittwoch 1978). A useful definition is: ‘the production of
an embryo from a female gamete without the participation [or, without
ant genetic contribution] of a male gamete, with or without eventual
development into an adult’ (Rieger et al. 1976). According to the
mode of sex determination, parthenogenesis is classified in: arrhe-
notoky (unfertilized eggs develop into males, fertilized ones into
females), deuterotoky (unfertilized eggs develop into either sex),

and thelytoky (unfertilized eggs develop into females) (Mittwoch
1978, de Meets et al. 2007).

In orthopteroid insects, thelytoky is the sole known form of
parthenogenesis (White 1977). However, the mechanisms involved
in the development of the unfertilized egg are varied. In ameiotic
(apomictic) thelytoky, eggs are produced mitotically and thisimplies,
barring mutation, strict clonality; in meiotic (automictic) thelytoky,
eggs are produced by meiosis, but the ploidy of eggs is restored by
any of several mechanisms (White 1977, Mittwoch 1978, Normark
2003). Automictic thelythoky is common instick-insects and several
genera have been well studied in this respect, such as Carausius,
Bacillus, Clitarchus, Sypyloidea and Timema (Koch et al. 1972, Ke-
arney 2003, Marescalchi & Scali 2003, Schwander & Crespi 2008,
Morgan-Richards et al. 2010). An old case that is also relatively well
known is that of Pycnoscelus surinamensis, a cockroach with ameiotic
thelytoky where eggs are produced through two maturation divisions
of equational type (Matthey 1945, Roth & Cohen 1968). At least
one mantid, Brunneria borealis, is parthenogenetic (White 1948).

In the Orthoptera Saltatoria occasional thelytoky (tychoparthe-
nogenesis) has been reported in several species of otherwise sexual
insects (see Pardo et al. 1995). The earlier examples are the studies
on Apotettix and Paratettix grouse locusts by Nabours (1919) and
Robertson (1930, 1931). Cases of obligatory thelytoky are however,
very rare. There are some thelytokous cavernicolous crickets but their
cytology is unknown (White 1977, 1978). Within the Tettigoniidae
three species, Saga pedo, Poecilimon intermedius, and Xiphidiopsis lita
are thelytokous (White 1977, 1978), but the mode of partheno-
gensis is only known for S. pedo, which is tetraploid and ameiotic,
theireggs undergoing one maturation equational division (Matthey
1941, Dutrillaux et al. 2009).

Theonlyother case and the mostimpressive and well-studied one,
is that of the Australian morabine Warramaba virgo, discovered by
White (1962) in Eastern Australia feeding on Acacia (mulga) shrubs.
Ayear later, White et al. (1963a) published the first of a long series
of papers about the cytogenetics and evolution of this extraordinary
grasshopper. In this paper, the species was provisionally described
as Moraba virgo, and it was demonstrated that thelytoky was meiotic
through careful observation of oocyte meiosisin sectioned material.
Furthermore, since W. virgo has 15 somatic chromosomes and the
meiotic cells exhibit 15 bivalents, it was suggested that restoration
of the diploid condition occurs by a premeiotic doubling of chro-
mosomes, followed by a normal meiosis (White et al. 1963a).

One of the most interesting problems posed by the study of W.
virgo chromosomes was that the karyotype was heterozygous for
several structural rearrangements and late-replicating regions (White
& Webb 1968, Webb & White 1975). The authors explained this
unique re-arranged karyotype (or karyotypes, since there were small
vatiations between different populations) as the result of chromo-
somal mutations accumulated since the onset of parthenogenetic
reproduction (White et al. 1977).

However, since the discovery of W. virgo and the widening of
its geographic distribution, new related bisexual species had been
found in Western Australia, as well as new W. virgo populations.
This led Godffrey M. Hewitt (1975) to propose a new model for
the origin of the species and its unusual karyotype. Considering
that many parthenogenetic forms have arisen through hybridiza-
tion (de Mees et al. 2007), he proposed that W. virgo had been
originated in Western Australia as a hybrid between species P169
and P196 (or very similar ancestors), with subsequent acquisition
of premeiotic doubling and parthenogenesis (Hewitt 1975). The
hypothesis explained the standard W. virgo karyotype, the structural
heterozygosity and the late-replicating patterns. The deviations from
the standard karyotype could be explained by minor independent
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Fig. 3. Estrella Eleanor Carothers and the chromosomal basis of Mendel’s Laws. A. Carothers holding a specimen cage; B. Plate I from
her 1931 paper (Carothers 1931, Biological Bulletin 61: 324-329.); the plate shows male spermatogonial and meiotic divisions of Trim-
erotropis citrina. Several heteromorphic autosomal bivalents are shown.

mutational changes.

It is a tribute to Michael White’s scientific honesty and open
mind that he promptly started to test predictions of Hewitt's model
by experimental hybridization between P169 and P196, which pro-
duced ‘syntheticvirgo’, and by chromosomebanding, DNA replication
patterns, repeated sequences, and RNA ribosomal cistrons (White
etal. 1977; 1978a,b; 1979; 1980; 1981; 1982). The results quickly
supported the hybrid hypothesis (including the possibility of more
than one hybridization event) which was immediately adopted by
White.

White’s studies in W. virgo constitue a landmark in insect evo-
lutionary cytogenetics and today this species is a classical model
for the studies of the causes and consequences of parthenogenesis
(Kearney 2003, Kearney & Mousalli 2003).

It is interesting that Michael White, with his encyclopedical
knowledge of cytogenetics, did not concentrate on B chromosomes,
a common form of karyotype variation in grasshoppers.

B chromosomes: invasion of the genomic parasites.—B chromosomes
are selfish genetic entities found in numerous animal and plant spe-
cies, engaged in a continuous conflict with the standard A-genome
(Camacho et al. 2000). A simple definition has been given by Jones
(1995): "...dispensable supernumeraries which do not recombine with
any members of the basic A chromosome set and which have irregular
and non-Mendelian modes of inheritance’. Older definitions included
their genetic inertness, but there is growing evidence that some B

chromosomes carry active genes, despite the fact that once they arise,
probably from A chromosomes, they undergo a process of genetic
degeneration analogous to that of the Y or W sex chromosomes.
These genes include rDNA sequences in orthopterans, dipterans,
amphibians and flowering plants, genes conferring resistance to rust
in oat, to antibiotics in a fungus, and even an active proto-oncogene
in the silver fox and the raccoon dog (Green 1990, Camacho et al.
2000, Bidau et al. 2004, Basheva et al. 2010).

As with so many intriguing problems in cytogenetics, research
on B chromosomes has benefited enormously from studies in
grasshoppers and other Orthoptera (Hewitt 1973). Although the
term ‘B chromosome’ was coined by Randolph (1928) for maize
supernumeraries, their discovery and first formal study was per-
formed by Nettie Maria Stevens (1861-1912), the extraordinary
Bryn Mawr cytologist who also discovered the Y-chromosome of
insects (Castillo et al. 2010). She observed and described Bs and
their erratic meiotic behavior in chrysomelid beetles of the genus
Diabrotica (Stevens 1908b, 1912b). Also in 1912, she published the
first account of B chromosomes in Orthoptera in an unidentified
species of the cave cricket Ceuthophilus (Raphidophoridae), analyz-
ing their male meiotic behavior in relation to the autosomes and
X chromosomes (Stevens 1908). It is worth noting that Stevens
suggested a possible relationship between the Bs and the X, which
is presently considered as one of the possible origins of Bs through
polysomy and degeneration (Hewitt 1976, Camacho et al. 2000).

Although B chromosomes were occasionally detected in cy-
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Fig. 4. Frans Alfons Janssens and the chiasmatype theory of crossing-over. A. Janssens in his priestly robes; B. Hermann Joseph Muller’s
explanation of the chiasmatype theory and one alternative hypothesis (Muller 1916, Am. Nat. 50: 284-305.); C. The largest autosomal
bivalent (metacentric) of the tettigoniid Metrioptera saussureana, showing eight chiasmata (from John and Hewitt 1968; Chromosoma

25: 40-74.).

togenetic studies of other orthopteran species [for example, Sdez
(1930) described the first case of Bs in a Neotropical grasshopper,
Orphulella punctata), they only started to gain relevance after White's
large scale population studies in the North American Oedipodinae
(White 1949, 1951 b, ¢).

Population studies revealed that B chromosomes form natural
polymorphisms, and that their frequencies in the wild vary widely
between populations. This is of interest for reasons discussed below.
White reported Bs in several species of Trimerotropis, in particular
T. sparsa, a species distributed in western North America. He found
polymorphisms for two types of B chromosomes, acrocentric and
metacentric, whose frequencies were very different in eastern and
western populations. Both types of Bs seemed to be nonhomolo-
gous, the acrocentric type always forming, when in double dose,
a chiasmate bivalent that co-oriented along with the autosomes
in metaphase I, while both arms of the metacentric B paired and
formed a chiasma between their euchromatic ends (White 1951b).
This was the first report of what White correctly interpreted as a
B isochromosome, a type of supernumerary later found in other
grasshopperspecies (Hewitt 1973; Camachoetal. 1981; Confalonieri
& Bidau 1985; Lopez-Ledn et al. 1993; Santos et al. 1993; Bakkali
et al. 1999; Grieco & Bidau 1999, 2000). It was demonstrated that
the iso-B of Metaleptea brevicornis is dicentric and its anomalous
meiotic behavior induces the production of very high frequencies
of abnormal sperm (Grieco & Bidau 2000).

Following White's pioneering studies, research on grasshopper B
chromosomes increased substantially, not only with respect to their
dynamics and role in natural populations, but also regarding their

origin, transmission mechanisms, internal (molecular) structure,
and conflict with the A genome.

Owing to the extent and special characteristics of their B
chromosomes, some grasshopper species constitute exceptional
model organisms forstudies of supernumeraries. The gomphocerine
Myrmeleotettix maculatus and the eyprepocnemidine Eyprepocnemis
plorans are two such models. These species allowed a more pro-
found understanding of B-chromosome meiotic behavior, including
mechanisms of elimination and accumulation through meiotic
drive, Bchromosome structure in terms of molecular composition,
effects on carriers atthe endo- and exophenotypiclevels, distribution
in natural populations, including cases of clinal variation, and the
relationships of Bs with the A genome and their evolution through
genomic conflict, especially in E. plorans (Hewitt 1973a,b,c, 1979;
Jones 1991; Camacho et al. 2000, 2004; Manrique-Poyato et al.
2006; Teruel et al. 2009; Bakkali et al. 2010).

From heteromorphism to heterochromatin: supernumerary segments.—A
very common form of chromosomal variation in natural popula-
tions of most grasshopper species is that produced by supernumer-
ary heterochromatic segments (John & Hewitt 1966, John 1973,
Hewitt 1979). Segments, as B chromosomes, are dispensable and
frequently occur in the smallest (S) telocentric chromosomes of
the karyotype, but may be present in any element (John 1973).
In some cases, the segment may be several times larger than the
chromosome in which it occurs, as in Leptysma argentina (Bidau &
Hasson 1984). Segments are usually C-band, although euchromatic
segments are known (Camacho et al. 1984, John & King 1985,
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Fig. 5. Chiasma localization. A. Ex-
treme distal chiasmalocalizationin
male Paratettix leuconothus-leucotho-
rax (left) and Apotettix eurycephalus
(right) (Tetrigidae) (from Harman
1915, Biological Bulletin 29: 262-
277, and Nabours and Robertson
1933, Proceedings of the National
Academy of Sciences, USA 19:
234-239 respectively.) B. Extreme
proximal chiasma localization
in male Bryodema tuberculata first
metaphases (left, polar view; right,
equatorial view) (from White 1954,
Evolution 8: 350-358).
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Camacho & Cabrero 1987) and some species show extensive and
amazing variation for heterochromatic segments and bands, both
in polymorphic and polytypic forms (John & King 1977, 1982,
John et al. 1986),

Heterozygous segments produce heteromorphic meiotic biva-
lents which were extremely useful in the early studies of meiotic
segregation that allowed Eleanor Carothers to demonstrate the
physical basis of Mendel's laws (see above). However, since seg-
ments may be proximal, interstitial, distal or extrinsic (John 1973,
Hewitt 1979), chiasma formation in differentlocations with respect
to the segment and the centromere determine that segregation of
the inequality may be reductional or equational at first meiosis.
This situation as stated before, produced some confusion about
the ordering of meiotic events.

A number of early studies reported supernumerary segments
in grasshoppers (White 1951a, and references therein). In fact the
meticulous study of male meiosis in Phrynotettix magnus by Wenrich
(1916) presented fine images of heteromorphic bivalents in which
heteropycnotic segments and their relation to chiasmata are shown
at different states.

However, the first study of segments at a populational level, was
that of White and Nickerson (1951) in a rare gomphocerine North
American grasshopper, Pediosicirtes (now Acrolophitus) nevadensis.
White (1940) had always been interested in heterochromatin. In the
mentioned study avery small population of this species showed high
frequencies of polymorphic supernumerary segments (apparently
of the extrinsic type) in the three S autosomal pairs, and this was

observed in a reduced sample of nine males. The authors discussed
this high degree of polymorphism in such a small sample and
population of a seemingly relict species, and considered a number
of possibilities, one of which was that heterozygosis for segments
was maintained because they were adaptive (White & Nickerson
1951). Although the authors studied chiasma frequencies, they could
not compare between different individuals and karyotypes. This
could have been useful, since it is now known that supernumerary
segments usually affect chiasma frequency, and distribution of the
carrier chromosomes (Camacho et al. 1984; Navas-Castillo et al.
1985, 1987; Suja et al. 1994); but in many cases their effect is inter-
chromosomal, modifying chiasma frequency (usually increasing it,
but sometimes producinga decrease) and/or distribution of the rest
of the complement (Hewitt 1979, Santos 1993, Rodriguez-Inigo et
al. 1998).

Although practically no studies of effects of segments have
been made in females, Santos (1993) found that in Euchorthippus
pulvinatus heterochromatic segments increase chiasma frequency
in males, but have no effect in females. Other reported effects of
supernumerary segments refer to their possible role in maintaining
bivalent integrity before segregation through persistent, nonchias-
mate terminal associations, and the formation of pseudomultiples
and nonhomologous associations (John 1973, Church 1974, John
&King 1985, Rodriguez-Ihigo 1998). The most plausible hypothesis
about the maintenance of natural polymorphisms of segments is
that they serve as regulators of recombination, as proposed for most
polymorphic chromosomal rearrangements (Bidau & Marti 2002,
2005).
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Fig. 6. The discovery of B chromosomes in Orthoptera. A. Nettie Maria Stevens at her microscope. B. Two male first metaphases of Ceu-
thophilus sp. showing one and two B chromosomes (s), respectively; C. A first metaphase of Ceuthophilus sp. with two B chromosomes (s)
migrating precociously to the same pole, and three first telophases with lagging Bs and B-chromatids (s) (from Stevens 1912, Biological

Bulletin 22: 219-230).

As for the nature and origin of supernumerary segments, the
most accepted hypothesis is that they result from amplification of
pre-existing regions of the chromosomes (John 1973, Camacho &
Cabrero 1987) and consist usually of tandem repeats and in some
cases, interstitial telomeric sequences (John et al. 1987, Lopez-
Ferndndez et al. 2004). In a few cases, the segment resulted from a
translocation involving the megameric (usually heterochromatic,
Carlson 1936) bivalent (Camachoetal. 1986). Finally, Camachoand
Cabrero (1987) proposed two other hypotheses to explain special
cases: euchromatinization of previously heterochromatic regions,
and in the case of euchromatic segments in the megameric bivalent
of some gomphocerines, they could be relicts of a euchromatic

region that formed part of the ancestral megameric.
Classic observations of grasshopper chromosomes were based
on fixed material, but could they be observed ‘live’?

Reallife: chromosomes in motion.—The first observations on grasshop-
per chromosomes (and those of other organisms) were, of course,
done in fixed and sectioned somatic and gonadal tissues. However,
different fixation and staining techniques produce different results,
and not infrequently, artifacts. Thus, in the beginnings of cytoge-
netics, many structures observed in normal fixed preparations were
misinterpreted or even their existence doubted. That was the case
for spindle fibers, the fundamental structures that, through their
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Fig. 7. The first centric fu-
sion trivalents described. A.
Male metaphase I of Jamai-
cana subguttata showing a
fusion trivalent (14-14.16-
16); the X chromosome is
the large univalent on the
far left (from Woolsey,
1915, Biological Bulletin
28: 163-186); B. Male
metaphase I configura-
tions of Hesperotettix viridis
ordered by decreasing size;
this individual was homo-
zygous for a centric fusion
(far left), heterozygous for
a centric fusion (V-shaped
trivalent), and carried a
neo-XY sex bivalent (third
configuration from theleft)
(from Mc Clung, 1916,
Journal of Morphology
29: 181-264).
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relationships to chromosomes in dividing cells, allow chromosome
movements in mitosis and meiosis. Although the spindle was known
from the early days of cytology, it was difficult to see except as a
fusiform clear area devoid of mitochondria and other organelles
(Ault 1996). Although spindle fibers were occasionally seen, they
were considered artifacts, and the spindleitself, a nonfibrous gel; the
controversy lasted until 1953. This is not to say that excellent studies
of spindle fibers were not performed in fixed orthopteran material
(e.g., Carothers 1936). However, it was the study of the large living
cells of Orthoptera and their micromanipulation, that helped resolve
this problem and furthermore, disentangle the complex processes
of chromosome attachment to the spindle, and their congression,
orientation and segregation in mitosis and meiosis.

Belat (1929), studyingliving spermatocytes of Chorthippus linea-
tus, showed that hypertonicity produced transversal shrinkage, and
bending and splitting of the spindle. Bent spindles showed fibrous
structure when fixed, and fibers seemed to be closer together in the
bentregion. Also, splits were always parallel to the longitudinal axis.
All these features suggested a longitudinal structure of the spindle.
Studies of Schmidt (1939) using polarized light also indicated a
longitudinal structure. Ris (1949) further reported spindle fibers
and attachment of chromosomes in living meiotic cells of Chor-
tophaga viridifasciata and four other grasshopper species. However,
direct unambiguous observation of spindle fibers was only possible
through improvements of polarized light microscopy by S. Inoué
(1953) who, with his newly developed microscope, observed spindle
fibers corresponding to those in fixed cells in spermatocytes of the
grasshoppers Dissosteira, Melanoplus, and Chortophaga, and also the
dipteran Drosophila. This was the definitive proof that fibers were
not artifacts.

Regarding chromosome movements, living orthopteran cells
also have a long and fruitful history. The first chromosome micro-
manipulation study of living spermatocytes of grasshoppers (e.g.,

Dissosteira carolina), crickets, a cockroach, and the squash bug
(Anasa tristis) was performed by Kite and Chambers (1914) and
Chambers (1917). They easily removed intact spindles and also
isolated individual chromosomes with attached spindle fibers, a
notable feat for the ‘crude’ methods employed. More sophisticated
and less destructive methods were slowly developed and in 1942,
Carlson studied embryonic neuroblasts of Chortophaga (Carlson
1942), perforatingliving cells with a microneedle to manipulate the
spindle and associated chromosomes; he determined that the latter
were mechanically attached to the spindle, which was a semisolid
longitudinal structure, through their kinetochores from prophase
through late anaphase. Further micromanipulative work on living
cells was prompted by the development of the piezoelectric micro-
manipulator (Ellis 1962, Ault 1996).

The new technology allowed a series of extraordinarily elegant
experiments on living spermatocytes of grasshoppers, especially
by R. Bruce Nicklas and his colleagues and disciples, originally us-
ing as a model Melanoplus differentials and later extended to other
grasshopperspecies, such as Trimerotropis maritima and Eyprepocnemis
plorans. These studies allowed us to gain deep knowledge on such
important problems as: attachment of kinetochores to the spindle,
kinetochore orientation and re-orientation during prometaphase I
and metaphase]l, in vivo orientation and segregation of the X chromo-
some, autosomal univalents, multiple chromosomal configurations
(e.g., translocations and Robertsonian fusions, and B chromosomes,
including an exceptional case of a B chromosome translocated to
an autosome) (Nicklas 1961; Nicklas & Staehly 1967; Henderson &
Koch 1970; Wise & Rickards 1977; Arana & Nicklas 1992; Rebollo
& Arana 1998, 2000; Granado et al. 2004).

The possibility of studyingliving meiotic configurations was also
relevant to the understanding of the meiotic behavior of multiple
chromosome configurations.
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When grasshoppers began to show bizarre meiotic configurations.—The
chromosomal theory of heredity and the contributions of orthop-
teran cytology were central for the establishment of the individuality
of chromosomes and the stability of the karyotype. However even
in the earliest period of cytogenetics, it became clear that both prin-
ciples were somewhat relative, leading in due time to our present
knowledge of the genome as a dynamic entity in time and space.

It was evident from the first studies of orthopteran cytology
that homologous chromosomes may be heteromorphic (due to
heterochromatin additions or deletions as we know today), and the
standard diploid number may vary due to B chromosomes (Carrol
1920). Also, sexchromosomes and autosomes or autosomes among
themselves, could become ‘fused’ (McClung 1905, 1916; Robertson
1916b). Indeed, Robertson (1916b) was the first to discuss centric
fusions (later called Robertsonian translocations in his honor) in
grasshoppers in taxonomic and evolutionary terms, from which
the ‘Robertson Law’ (the variation of diploid number without
modification of the number of chromosome arms) was derived:
'Variations which have occurred in the Acrididae and which seem to be
of a permanent nature are the fusion of non-homologous autosomes to
form compound chromosomes as in the species of the genus Chorthip-
pus. That these are variations is to be inferred from the fact that about
nine-tenths of the genera of the twenty-three-chromosome grasshoppers
do not possess these V's, while in one-tenth, and especially this one genus
Chorthippus, the species so far described (5) all show this variation’
(Robertson 1916b).

The fusion process was later correctly interpreted as a special
form of translocation (Coleman 1947, John & Hewitt 1968, White
1977). The possibility of ‘splitting’ (fission) of chromosomes had
also been proposed for other insect groups (Payne 1909).

It was Carrie . Woolsey, Robertson’s student at Kansas, who first
described a probable structural polymorphism in a grasshopper
(Woolsey 1915). She studied three species of the tettigoniid genus
Jamaicana (Pseudophyllinae) which differed for fixed fusions, but
in one of them, J. subguttata, (Fig. 7) she found an individual that
was heterozygous for a fusion, thus describing the first fusion triva-
lent in the history of cytogenetics. She also analyzed its segregation
and advanced some ideas on nuclear architecture influencing the
production of the rearrangement. Robertsonian translocations are
frequent as fixed differences between species or races, but very rare
in a polymorphic state (see below); thus Woolsey’s discovery was
of great importance, although the species was never studied again.
The second case of fusion polymorphism was described a year later
by McClung (1916) in Hesperotettix viridis.

Itsoon became obvious that reciprocal translocations and inver-
sions occurred spontaneously in natural populations of grasshop-
pers (Carothers 1931; White 1940c¢, 1963; Coleman 1947; Bidau
& Hasson 1984), and that such structural mutations could also be
induced in grasshoppers by mutagenic agents such as X-rays, a field
in which Michael White was also a pioneer (Nabours & Robertson
1933; White 1935, 1937a,b; Carlson 1941a,b). However, although
spontaneous and induced rearrangements were of interest on purely
genetic and cytogenetic grounds, it was theirrole as polymorphisms
in natural populations, their mode of fixation, and their possible
role as postmating isolating mechanisms that attracted the interest
of grasshopper cytologists.

Orthopterans, and especially acridids, were ideal subjects for
populational studies of this kind because of the ease of studying the
effects of re-arrangements on meiosis and fertility. The firstlarge-scale
population studies on grasshopper chromosomal polymorphisms
were performed with North American Oedipodinae of the genera
Trimerotropis and Circotettix, a subject reviewed in this same issue
by Guzman and Confalonieri (2010).

Again, Michael White pioneered these studies in a series of
investigations that set the pace for a lifetime career devoted to the
understanding of the role of chromosomal rearrangements in mi-
croevolution and speciation (White 1949, 1951b, c). From the start,
White’s thinking about these problems was clearly populational:
"The existence of this type of polymorphism in certain species of Trimer-
otropis and Circotettix has been known since the work of Carothers |...]
but has never received the attention which it deserves and has not been
properly understood from the standpoint of the population-dynamics of
these species! (White 1951b). His studies on these genera led White
to propose taxonomic and evolutionary hypotheses, based solely
on cytology and geographic distribution, that have been recently
supported by modern molecular methods (Guzman & Confalonieri
2010).

White's fundamental contributions to population and evolution-
ary cytogenetics and the role of chromosome change came from his
extraordinary research in the morabine grasshoppers of Australia,
a work in which he was much benefited by his interaction with
several notable collaborators, especially Kenneth Hedley Lewis Key
(1911-2002), the eminent Australian orthopterist (Peacock & Dennis
2010). Besides the Warramaba virgo model discussed above, two other
major lines of research were developed by White: the analysis of the
chromosomal polymorphisms of Keyacris (formerly Moraba) scurra,
and the study of chromosomal diversification and its evolutionary
implications in the Vandiemenella (formerly Moraba) viatica group
of species. Both research projects showed the typical and fruitful
mixture of White’s descriptive, experimental and analytical work.

In Keyacris scurra, a species inhabiting southeastern Australia,
the main focus of White’s work in a series of papers published be-
tween 1957 and 1963 (Peacock & Dennis 2010), were the species’
chromosomal races and especially the pericentric inversion poly-
morphisms which showed positive heterosis within populations,
butnegative heterosis in hybrids. The latter was considered by White
as a plausible mechanism of race formation and this hypothesis
probably laid the foundations of White’s later ideas on speciation
mediated by chromosomal change. The impressive work on the
inversion system of K. scurra was the basis for many later popula-
tion cytogenetic studies in other grasshoppers; it radically changed
the then somewhat simplistic view on the maintenance and role of
chromosomal polymorphisms in nature; it stressed the importance
of the recombination modifications these polymorphisms produce
in the evolutionary dynamics of species (White 1957, 1958; White
& Lewontin 1960; White et al. 1963b).

Research on the V. viatica group of species was central to con-
solidate White's ideas on chromosomal speciation and eventually
led to his formulation of the stasipatric model (White 1968, 1978),
applicable to organisms of low vagility in which chromosomal re-
arrangements play a central role in speciation without geographic
isolation. In this model, speciation could occur within the range
of a species if chromosomal re-arrangements became fixed in an
internal deme and further expanded through the range of the par-
ent species, generating a narrow hybrid zone and displacing the
parental form to the periphery of the distribution (White 1969,
1978). Of course, the chromosome re-arrangements had to be
underdominant in hybrids and this is one of the major drawbacks
of most chromosomal speciation models (Ayala & Coluzzi 2005,
Butlin 2005).

However despite criticisms, White'sideas on chromosomes, poly-
morphism and speciation were extremely influential in studies of
otherwell-studied grasshopper models, such as the Australian Caledia
captiva that has two chromosomal races or subspecies ("Moreton’
and ‘Torresian’) differing for fixed pericentric inversions, which
form narrow hybrid zones originally attributed to hybrid inferiority
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(Shaw 1976; Shaw et al. 1980, 1987; Marchant et al. 1988; Arnold
et al. 1999), and the South American Dichroplus pratensis, where a
very complex system of polymorphic Robertsonian fusions with
monobrachial homologies generate recombination repatternings
and hybrid zones with reduction of gene flow (Bidau 1990; Bidau
& Marti 1995, 2002, 2004, 2005; Chiappero et al. 2004; Mino et al.
2010).

Chromosomal models of speciation flourished 30 years ago, but
then became somewhat discredited due to theoretical population
genetic considerations. However, recent years have witnessed a revival
of chromosomal speciation in the form of ‘recombinational’ models,
which put more emphasis, not on hybrid underdominance, but on
the role of the effects of re-arrangements on genetic recombination
to prevent gene flow of key genes (Rieseberg 2001, Forsdyke 2004,
Noor et al. 2004, Ayala & Coluzzi 2005, Brown & O'Neill 2010). It
is fair, in this context, to remember that Michael White was the first
population cytogeneticist to recognize and study the importance of
changes in genetic recombination produced by re-arrangements, in
the evolution of species.

Epilogue

Orthopterans accompanied the birth and development of cyto-
genetics through 110y, and it seems a far cry from those incredibly
detailed and laborious observations of chromosomes in sectioned
material to the modern immunolocalization techniques and DNA
technology of this postgenomic era. Grasshoppers have contributed
enormously in all aspects of genetics and cytogenetics at all stages
of this history, from the molecular and ultrastructural aspects of the
chromosome, to microevolution, ecological genetics and speciation.
We sincerely hope that this flow of information from our favorite
research organisms will continue in the future: grasshopper chro-
mosomes still have many things to tell us at all levels and modern
technology allows us to revisit many still unsolved problems (or
rediscover what the pioneer cytologists uncovered with their mon-
ocular microscopes). Michael White knew about this: "The modern
picture of karyotype evolution is thus an extremely complex one, which
involves many aspects of molecular cytogenetics and biochemistry as well as
the classical constraints of population genetics. Paraphrasing and altering
the famous remark of Muller (1922) we may ask: “Must we evolutionists
become cell physiologists, electron microscopists and molecular biologists
as well as ecologists, cytogeneticists and population geneticists? Lets hope
s0”" (White 1975).
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