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Karyotypic fission theory of Todd offers an explanation for the
diverse range of diploid numbers of many mammalian taxa. The-
oretically, a full complement of acrocentric chromosomes can be
introduced into a population by chromosomal fission. Subsequent
inheritance of ancestral chromosomes and paired fission deriva-
tives potentially generates a diploid range from the ancestral
condition to double its number of chromosomes. Although it is
undisputed that both chromosomal fission and fusion (“’Robertso-
nian rearrangements’’) have significantly contributed to karyologi-
cal diversity, it is generally assumed that independent events, the
fission of single chromosomes or the fusion of two chromosomes,
are the sources of such change. The karyotypic fission idea by
contrast posits that all mediocentric chromosomes simultaneously
fission. Here | propose a specific cell biological mechanism for
Todd’s karyotypic fission concept, “’kinetochore reproduction the-
ory,” where a complete set of dicentric chromatids is synthesized
during gametogenesis, and kinetochore protein dephosphoryla-
tion regulates dicentric chromatid segregation. Three postulates of
kinetochore reproduction theory are: (i) breakage of dicentric
chromosomes between centromere pairs forms acrocentric deriv-
atives, (i) de novo capping of newly synthesized acrocentric ends
with telomeric DNA stabilizes these derivatives, and (iii) mitotic
checkpoints regulate chromosomal disjunction to generate fis-
sioned karyotypes. Subsequent chromosomal rearrangement, es-
pecially pericentric inversion, increases the probability of genetic
isolation amongst incipient sympatric species polytypic for fission-
generated acrocentric autosomes. This mechanism obviates the
requirement for numerous independent Robertsonian rearrange-
ments and neatly accounts for mammalian karyotype evolution as
exemplified in analyses of Carnivora, Artiodactyla, and Primates.

K aryotypic fission theory explains diverse mammalian karyo-
types in taxa that include Canidae (2n = 34-78), Artiodac-
tyla (2n = 14-74), Old World monkeys and apes (2n = 42-72),
and lemurs (2n = 20-70) (1-4). The ancestral chromosomal
complement for all mammals, in theory, was comprised of large
mediocentric (i.e., metacentric, submetacentric, and subtelocen-
tric) chromosomes (2n = 14), from which episodes of chromo-
some fission generated karyotypes with higher diploid numbers
and smaller chromosomes (5). In populations with all medio-
centric autosomes, a karyotypic fission event introduces a full
complement of homologous acrocentric derivatives (1). Varying
retention of ancestral mediocentric linkages and incorporation
of fission-generated acrocentric pairs potentially generates a
diploid range with up to twice the ancestral number of
autosomes.

Karyotypic fission theory recently applied to lemurs (prosim-
ian primates) explains their karyotypic diversity (2n = 20-70)
with a minimum of four evolutionary steps, whereas prior
explanations required at least 100 independent chromosomal
mutations (4). The differential incorporation of fissioned chro-
mosomes in five families (Lepilemuridae, Daubentoniidae, Le-
muridae, Cheirogaleidae, and Indridae) accounts for extant
karyotypes of all living lemur species. A fission event in the
proposed ancestral karyotype for all lemurs (2n = 20) generated

a diploid number range of 20-38. A secondary fission event in
a karyologically polymorphic population (2n = 34, which either
includes one acrocentric pair or is comprised of all mediocentric
autosomes) explains all karyotypes of Lemuridae (2n = 44-62)
and Cheirogaleidae (2n = 46 and 66), respectively. A separate
secondary fission event in the ancestral stock of the Indridae
(2n = 38, comprised of all mediocentric autosomes) explains all
indrid karyotypes (2n = 40-70). A later independent fission
event in the ancestral stock of the Lepilemuridae (2n = 20)
explains their karyotypes (2n = 20-38). Karyotypic fission offers
the most parsimonious explanation for the diverse chromosomal
arrangements found in lemurs.

Karyotype Evolution in Animals. Mammalian diploid numbers
range from 6 to 92 (6, 7), and differences in chromosome number
arise primarily through reorganization of chromatin by means of
fission or fusion. Low diploid numbers (2n = 14-22) are found
in didelphid marsupials, considered to be the most primitive true
mammals (8). The homology between marsupial mediocentric
chromosomes and smaller acrocentric pairs is shown by cross-
species chromosome painting (9). Both Australian and South
American marsupials exhibit a conserved complement of 2n =
14 with similar G-banding patterns (10). All higher marsupial
diploid numbers can be explained by fission.

Karyological polymorphism is often best explained by fission
theory, even in nonmammalian animal taxa. Chromosome mor-
phology and DNA banding in Diprion pini and D. similis (Hy-
menoptera: Diprionidae) imply chromosome numbers doubled
(from 2n = 14-28) by fission (11). The range of diploid numbers
in the Australian ant genus Myrmecia (2n = 4-76) was inter-
preted as the result of fission (12). Fission accounts for karyo-
type diversity in reptiles; the iguana, Liolaemus monticola (2n =
38-44), and five species of colubrid snakes (2n = 28, 34, and 36)
(13, 14). In the British Bay marine snail Nucella lapillus, typically
monomorphic in diploid number (2n = 26), a few populations
display variation in chromosome morphology (i.e., acrocentric
pairs or mediocentric homologs) along a cline (2n = 26-36),
which suggests fission as the best explanation. Trivalent forma-
tion during synapsis in N. lapillus hybrids involves 10 pairs of
acrocentrics that correspond to 5 pairs of metacentric chromo-
somes (15). Homology between metacentric and subtelocentrics
in N. lapillus hybrids was confirmed by DNA fluorescence in situ
hybridization studies (16). That chromosomal diversity of such
distinct taxa is explicable by fission implies this mode of animal
evolution is important.

On the basis of recent advances in cell biology, I postulate
“kinetochore reproduction theory” as the mechanism for the
simultaneous fission of an entire chromosome complement.
Biochemical behavior of kinetochores potentially leads to chro-
mosome polymorphism and offers the most parsimonious ex-
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planation for fissioned chromosomes observed. I theorize that an
additional round of kinetochore production followed by chro-
mosomal breakage between kinetochore pairs simultaneously
generates two acrocentrics for each mediocentric chromosome.
A single plausible event: kinetochore reproduction that occurs
during gametogenesis affects all autosomes. Consequent chro-
mosomal rearrangement will produce normal offspring with no
significant alteration of gene sequence, DNA quantity, or other
phenotypic change.

Clinical studies and long-term mammalian cell cultures in
which multiple dicentric chromosomes spontaneously arise pro-
vide evidence consistent with this theory (17). Transient multiple
dicentric chromosomes were found in lymphocytes from popu-
lations in the United States, the United Kingdom, and Japan,
and in South America Indians (18). The actual frequency of
formation of multiple dicentric chromosomes is likely to be
higher than that reported. Although details of supernumerary
kinetochore development remain to be elucidated, the occur-
rence of this frequently detected viable and heritable chromo-
somal change is indisputable. My kinetochore reproduction
theory attributes crucial significance to changes in the kineto-
chore reproduction timing that eventually lead to processes of
species diversification in animal evolution.

Synchronous Reproduction of Kinetochores. Kinetochores, disk-
shaped proteinaceous structures, form at chromosome constric-
tions where sister chromatids join (i.e., on the surface of the
centromere). These kinetochores, essential in spindle formation
and chromosome segregation in eukaryotic cells (19, 20), are
motors of chromatid segregation during karyokinesis (21). Ki-
netochore production during the interphase S stage when sister
chromatids replicate is synchronized for an entire chromosome
complement (22). Whereas a single kinetochore per centromere
is seen during the G; stage, typically the two kinetochores
develop by late S stage and are visible in G». I infer from the
observation that kinetochores are synchronously produced that
heritable changes generating additional kinetochore formation
may affect all chromosomes within a cell. One additional round
of kinetochore synthesis theoretically yields monocentric chro-
matids, each with a newly synthesized dicentric sister. Therefore,
each chromosome has three rather than two active kinetochores.
Inactivation of extra kinetochores involves the loss of kineto-
chore-associated protein (23); in the absence of such a loss, all
kinetochores would be active during the next cell division.

Seeding New Kinetochores. Two mechanisms of particular interest
to this analysis for kinetochore synthesis are (i) the duplication
of centromeric DNA that leads to neokinetochore formation,
and (i) epigenetic kinetochore formation in regions previously
devoid of centromeric activity. Centromere proteins for kinet-
ochore function are highly conserved (24), although centromeric
DNA widely varies in sequence and quantity even among
members of closely related species and races. The heterochro-
matin, the tandemly repeated a-satellite DNA associated with
centromere/kinetochore formation, has been correlated with
species divergence in great apes (25). Primate pericentromeric
sequences “appear to have undergone unprecedented levels of
duplication, transposition, inversion and either deletion or
sequence divergence” in all species analyzed (26). That centro-
meric DNA evolves rapidly is significant to chromosomal
evolution. The most parsimonious explanation for primate chro-
mosomal evolution, the one that requires the least number of
rearrangements, involves neocentromere formation (27). Mam-
malian kinetochores typically associate with specific centromeric
DNA sequences. This association supports the hypothesis that
simultaneous tandem duplication underlies the formation of
supernumerary kinetochores. Duplication of centromeric DNA
on all chromosomes results in a full complement of dicentric
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chromosomes. Kinetochores are known to form independently
of standard centromeric sequences (28). Chromosomes within a
karyotype even exhibit great variation in centromeric DNA,
which suggests that the essential base pair sequence with an
affinity for centromeric protein binding is minimal. Both dupli-
cation and epigenetic kinetochore formation provide likely basis
for vertebrate chromosomal evolution by Todd’s “karyotypic
fission” theory.

Kinetochore Protein Dephosphorylation Regulates Chromosome Seg-
regation. During anaphase 11, sister chromatids separate; those
with duplicated centromeres must segregate from their mono-
centric sisters to ensure that each daughter cell receives a full
complement of chromosomes (Fig. 14). Chromosomal fission at
this time results in partial aneuploidy. During division, a mech-
anoprotein-based “mitotic checkpoint” surveys kinetochore at-
tachment. The onset of anaphase is postponed until all kineto-
chores properly attach to spindle. A transient delay in cell-cycle
progression occurs while spindle attachment to chromosomes
that have additional kinetochores is surveyed (29).

Kinetochores are active in the mitotic checkpoint mechanism.
Checkpoint proteins at the kinetochore communicate with the
“anaphase-promoting complex” to regulate the transition from
metaphase to interphase. Key components of the mitotic check-
point are Mad (mitotic arrest deficient) and Bub (budding
uninhibited by benzimidazole) proteins first identified in yeast.
In mammals and frogs, Mad2 localizes to unattached kineto-
chores during prometaphase and inhibits activation of the an-
aphase-promoting complex until all kinetochores have microtu-
bule attachment (30). Chromatid separation is inhibited until
proper alignment is achieved (31).

Tension-sensitive dephosphorylation of kinetochore proteins
(putatively Bubl) provides a crucial signal for resumption of
anaphase. In mammalian and insect cells, certain kinetochore
proteins are phosphorylated before chromosome attachment to
spindle (32). They dephosphorylate as soon as proper chromo-
some attachment occurs. During metaphase, the kinetochore
proteins of chromosomes that are misattached remain phosphor-
ylated, and anaphase does not ensue until kinetochore protein
dephosphorylation occurs on all chromosomes. Kinetochore
protein phosphorylation is effected by tension caused by spindle
attachment. The Bubl protein is postulated to be a tension-
sensitive protein kinase that functions upstream of Mad2 to
regulate the onset of anaphase in mammals (33). After dephos-
phorylation of Bub1, Mad2 disperses from kinetochores, and the
anaphase-promoting complex is activated.

When the tension to kinetochores of the dicentric chromatid
equals that of the kinetochore on its monocentric sister, proper
segregation of dicentric chromatids in opposition to their mono-
centric sisters is assured. If a dicentric chromatid has monopolar
attachment in opposition to its homolog, the tension will be
correct. Whereas a single kinetochore on the dicentric chromatid
pulled toward the same pole as the monocentric will have
incorrect tension, dephosphorylation will not occur. Cell pro-
gression is delayed until proper alignment is complete.

Double-Strand Breakage Between Kinetochore Pairs. Fertilization
of a normal gamete with one that carries two kinetochores per
chromatid will produce a heteromorphic hybrid. During the
next round of DNA synthesis, dicentric chromatids become
dicentric chromosomes with four kinetochores, two on each
strand. Whether a dicentric chromosome breaks during an-
aphase depends on the orientation of kinetochore attachment
to spindle (Fig. 1B). Breakage between kinetochores generates
monocentrics in yeast (34, 35). If both chromatids have
monopolar spindle attachment, they segregate intact and do
not fission. However, if both chromatids have bipolar attach-
ment in opposition to one another, double strand breaks will
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(A) Kinetochore production during gametogenesis generates dicentric chromatids. Surveillance of chromatid attachment delays anaphase until

tension-sensitive kinetochore proteins respond to proper spindle attachment tension and signal resumption of cell cycle. Dicentric chromatids segregate from
homologs and remain intact as they segregate. (B) Chromatids replicate, and fertilization leads to offspring heterozygotic for the dicentric chromosome. A
mitotic delay occurs while chromatid attachment is surveyed at anaphase. When both kinetochores of a single chromatid attach facing the same pole in
opposition to their homologs, chromosome segregates intact. Chromatids that have bipolar kinetochore attachments fission yielding two chromosomes, each

with a functional kinetochore.

occur at weak points, which are likely to be at intercentromeric
regions and have no deleterious effect on phenotype. Chro-
matin breakpoints are most frequently associated in the cen-
tromeric and telomeric regions at light G-bands areas (36).
The de novo formation of stable fission-generated acrocentric
derivatives of human chromosome 21 has no clinical signifi-
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cance, for example (37). Although fissioned autosomal ho-
mologs pair without difficulty, proper pairing of fissioned X
and Y chromosomes may be inhibited by limited sex chromo-
some synapsis (at a small region of chromatin). Meiotic
selection appears to favor the retention of ancestral nonfis-
sioned sex chromosomes in mammals (1).

PNAS | August 15,2000 | vol.97 | no.17 | 9495

CELL BIOLOGY



De Novo Telomeres. Unless centromeric ends are promptly stabi-
lized with telomeric DNA, unstable fissioned acrocentric deriva-
tives may fuse with their counterparts or with other chromosomes
or may form isochromosomes. Dicentric chromosomes in yeast
form stable derivatives that exhibit newly acquired telomeric se-
quences (38, 39). Telomerase, a reverse transcriptase, maintains the
distal sequences of chromosomes. Broken or missing telomeres are
repaired by telomerase activity (40). Telomerase activity is notable
in mammalian germline and embryonic cells (mice, ref. 41; humans,
ref. 42) and also in oogenesis and embryogenesis of the amphibian
Xenopus laevis (43). During a karyotypic fission event, the de novo
acquisition of telomeric DNA on the centromeric ends of acrocen-
tric derivatives is likely assured by high telomerase activity in
embryonic cells.

Synapsis and Segregation of Acrocentric Derivatives. During game-
togenesis, homologous chromosomes randomly segregate. In-
heritance of a pair of acrocentric derivatives or their homologous
mediocentric chromosome is determined by chance. Two acro-
centric derivatives synapse with their mediocentric homolog to
form metaphase trivalents. DNA chromosome banding in hy-
brids confirms synapsis between homologs followed by normal
disjunction of derivatives. Five homologous trivalents were ob-
served in viable interspecific hybrid crosses between Eulemur
fulvus fulvus (2n = 60) and Eulemur rubriventer (2n = 50) (44).
Interspecific hybrid viability indicates that acrocentric pairs
segregate together from their unfissioned homologs. If an ac-
rocentric derivative begins to move toward the same pole as its
mediocentric homolog, the tension on the two kinetochores is
detected as incorrect, precluding dephosphorylation of kineto-
chore proteins. Anaphase will be delayed until proper tension is
achieved. Trivalent synapsis was delayed in the mesquite lizard
Sceloporus grammicus, heterozygotic for a fissioned chromosome
(45). That these heteromorphic individuals suffer no meiotic
deficit is consistent with my third postulate.

Homozygosity of fission-generated acrocentric pairs enables
segregational independence for each. Homologous acrocentric
chromosomes do synapse as typical bivalents that segregate
independently from the other chromosomes of a complement.
Although homozygosity for all chromosomes of a diploid is
expected to be maximally stable, the many polymorphic states
between a factor of two for chromosome number are sufficiently
stable and viable to make kinetochore reproduction theory far
more consistent with the enormous literature on animal karyo-
types than the preconceived Robertsonian one-chromosome-
change-at-a-time alternative.

Pericentric Inversions. Pericentric inversion contributes to karyo-
typic polymorphism by relocation of the centromere, where an
acrocentric chromosome is converted to a mediocentric or vice
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versa. Chromosome polymorphisms that were generated by
pericentric inversion are common in mammals. A key postulate
of Todd’s karyotypic fission theory is the idea that in a postfis-
sioned karyotype with a high number of acrocentric chromo-
somes, a trend for acrocentrics to revert to smaller mediocentrics
by pericentric inversion (or centric fusion) repotentiates the
karyotype for further fissions correlated with episodes of adap-
tive radiation directly inferable in the fossil record (46). Al-
though karyological polymorphism that results from pericentric
inversion generally does not reduce fertility, heterozygosity
(inversion X no inversion) leads to difficulty during synapsis
when large mediocentric chromosomes pair with smaller homol-
ogous pericentrically inverted derivatives. The gametic incom-
patibility accelerates genetic isolation in polymorphic species
that, according to Todd’s original thesis, augments sympatric
speciation over time. Analysis of the fossil record of adaptive
radiations for artiodactyls, carnivores, and primates is fully
consistent with this view. Additional mammalian taxa that
deserve scrutiny in light of karyotypic fission theory include
insectivora, bats, and rodents.

Conclusions. Karyotypic fission theory, backed by my kinetochore
reproduction analysis, elegantly explains chromosomal diversi-
fication in mammals and probably other animal taxa. Kineto-
chore reproduction theory explains the cell biology that under-
lies specific chromosomal polymorphisms throughout the animal
kingdom. The macroscopic analysis that posits the role of
pericentric inversion and other chromosomal rearrangement in
generating genetic incompatibility, reproductive isolation, and
patterns of fossil taxa distribution enhances the generality of the
theory. The fission model of evolution depicts radiations of
diverse karyotypes supplemented by the accumulation of ran-
dom mutations generally assumed, by themselves, to underlie
speciation. Recent advances in cell-cycle regulation, chromo-
some behavior, fossil record, and phylogenetic inferences dis-
pute that the primary direction of karyotypic evolution by
sequential fusion of chromosomes is toward an arbitrary reduc-
tion in diploid number. Rather the tendency of kinetochores to
reproduce, of telomerases to cap newly synthesized chromosome
ends, and of mitotic checkpoints to regulate disjunction and
generate freshly fissioned karyotypes in ancestral animals sup-
ports Todd’s concept of saltatory chromosomal evolution. In-
creases up to nearly doubling of smaller derivative chromosomes
throughout the Cenozoic underlie adaptive radiations, at least in
artiodactyls, carnivores, lemurs, Old World monkeys, and apes.
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