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ABSTRACT The term interchromosomal effect was originally used to describe a change in the distribution of exchange in the presence
of an inversion. First characterized in the 1920s by early Drosophila researchers, it has been observed in multiple organisms. Nearly half
a century later, the term began to appear in the human genetics literature to describe the hypothesis that parental chromosome
differences, such as translocations or inversions, may increase the frequency of meiotic chromosome nondisjunction. Although it
remains unclear if chromosome aberrations truly affect the segregation of structurally normal chromosomes in humans, the use of the
term interchromosomal effect in this context persists. This article explores the history of the use of the term interchromosomal effect
and discusses how chromosomes with structural aberrations are segregated during meiosis.
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“Why, this means that a piece of one chromosome has been
broken off and attached to a nonhomologous one—it was trans-
posed! A fly with the deficiency dies but of course its life is saved
when it carries the piece on another chromosome.”

– Edgar Altenburg, as recounted by HermanMuller (1967)

INVERSIONS and translocations are two types of structural
variants that can directly disrupt genes or alter gene ex-

pression. While they may lead to copy number abnormalities
in an offspring, their effect on an individual are often purely
structural, making them attractive to study in model systems.
EarlyDrosophila researchers first recognized the impact these
variants can have when they noticed that the frequency of
crossing over was reduced between two homologous chro-
mosomes if one homolog carried either an inversion or a
translocation. Surprisingly, the reduction in exchange caused
by heterozygosity for these aberrations was accompanied by
a corresponding increase in crossing over on other pairs of
normal-sequence chromosomes (Sturtevant 1919, 1921). This

phenomenon, termed the interchromosomal effect, has sub-
sequently been observed in other model organisms.

More than half a century after it was first described in
Drosophila, the term interchromosomal effect appeared in a
very different context in the human genetics literature, where
it was used to describe the hypothesis that heterozygosity for
a translocation involving one set of chromosomes could in-
duce the nondisjunction of normal-sequence chromosomes
not involved in the translocation (cf. Stoll et al. 1978;
Lindenbaum et al. 1985; Couzin et al. 1987; Serra et al.
1990). Predictably, the usage of the term interchromosomal
effect to describe two very different genetic phenomena has
led to confusion. While it may not be appropriate, or even
possible, to change the use of this term in either the human
genetics or model organism literature, it is helpful to provide
the historical context behind how this discrepancy arose,
both as a bit of clarification and as a cautionary tale.

To begin this story, we need to briefly review the roles of
exchange inmediating segregation and themethods bywhich
meiotic cells cope with nonexchange chromosomes. During
meiosis, homologous chromosomespair andundergo crossing
over, forming chiasmata between them. Chiasmata ensure the
proper segregation of chromosomes away from each other at
the firstmeiotic division—in otherwords, they properly disjoin—
thus, crossovers are vital for proper chromosome segrega-
tion during meiosis. However, for a variety of reasons, not
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all pairs of homologous chromosomes undergo exchange.
These reasons can include homologous chromosomes in
which one carries an inversion that reduces the frequency
of exchange, heterologous chromosomes involved in a
translocation that interferes with exchange, and small
chromosomes which never undergo exchange. Collectively,
chromosomes that do not undergo exchange are referred to
as achiasmate chromosomes. For meiosis to be successful,
both achiasmate and exchange chromosomes must be seg-
regated properly. This raises a few questions: how does the
cell manage to segregate achiasmate chromosomes, and do
the processes that mediate achiasmate segregation under-
lie the so-called interchromosomal effect as it is described
in humans?

This perspective is a survey of the historical definition of
the interchromosomal effect, and how both homologous and
heterologous chromosomes are segregated during meiosis.
We will begin with a discussion of the two types of structural
variants that can give rise to these phenomena.

The Effect of Inversions and Translocations on Exchange

Drosophila melanogaster, with four pairs of chromosomes, is
an excellent system for the study of achiasmate chromosome
segregation, because the small fourth chromosomes do not
undergo exchange. In 1919, Alfred Sturtevant published data
regarding the frequency of exchange for twoD. melanogaster
second chromosome variants that together reduced crossing
over across both arms of the second chromosome (Sturtevant
1919). When one of these variants was studied separately,
it reduced crossing over only on the right arm of chromo-
some 2. However, as a homozygote it had no noticeable ef-
fect on the frequency of exchange. This was one of two
variants in The Fly Room with a similar phenotype. The sec-
ond had been mapped to the distal end of the third chromo-
some and had a similar localized effect on crossing over
(Muller 1916a–d; Sturtevant 1919).

The explanation for these puzzling results came from
studies of Drosophila simulans, which revealed that some
genes were in a different order when compared to the
D. melanogaster genetic map (Sturtevant 1921). Because
these species had a common ancestor, Sturtevant realized
that the change in gene order likely did not occur as a con-
sequence of normal crossing over, but instead could have
occurred only if these genes had been moved or inverted in
relation to one another in one or the other species since their
lineages diverged.1

With this, Sturtevant demonstrated that heterozygous
inversions can have consequences during meiosis. For exam-
ple, single crossover events within inversions that do not
span the centromere can create two chromatids that do not

segregate properly during meiosis. He also showed that the
frequency of exchange between an inversion and a normal-
sequence chromosome is reduced both within the inversion
and near the inversion breakpoints. Sturtevant concluded
that this observation explained the previously described
“crossover genes” that suppressed exchange in the region
they were mapped to when heterozygous but allowed free
exchange as homozygotes (Muller 1916a–d; Sturtevant
1917, 1919; Miller et al. 2019).

How is it, then, that inversions suppress exchange? Inver-
sions can be divided into two types: paracentric inversions,
which do not involve the centromere, and pericentric inver-
sions, which span the centromere (Figure 1A). Any single
exchange event within a paracentric inversion will create
one acentric and one dicentric chromosome fragment that
will not segregate properly during meiosis (Figure 1C). Sin-
gle exchange events within pericentric inversions produce
deletions and duplications that can segregate properly during
meiosis but are likely to be lethal during development (Figure
1C). Double crossover events within inversions produce via-
ble chromatids as long as both events occur on the same
chromatids, but they occur far less frequently than expected
compared to wild type because crossovers occur at a low
frequency near inversion breakpoints (Sturtevant and Beadle
1936). Thus, the cell appears to have amechanism bywhich to
reduce the frequency of crossovers within an inversion; this is
discussed below.

Translocations differ from inversions because they involve
the movement of genetic material from one chromosome to
another. The movement of an entire chromosome arm onto
another chromosome was first observed in grasshoppers by
William Robertson and became known as a Robertsonian
translocation (Figure 1B) (Robertson 1916). A second class
of translocations, known as reciprocal translocations, in-
volves the exchange of genetic material between two non-
homologous chromosomes. If no genetic material is lost as a
consequence of the reciprocal translocation then it is known
as a balanced translocation. Translocations have well-known
clinical consequences in humans. For example, the transloca-
tion of chromosome 21 onto the end of another chromosome,
a Robertsonian translocation, accounts for �5% of trisomy
21 cases (Zhao et al. 2015). Translocations can be recurrent
as well, such as the frequent reciprocal translocation between
human chromosomes 11 and 22 that occurs within repetitive
DNA (Hill et al. 2000).

Heterozygous translocations also act as region-specific
dominant suppressors of exchange. Studying translocations
between the D. melanogaster third and fourth chromosomes,
Dobzhansky (1930) reported a decrease in crossing over on
the third chromosome near the translocation breakpoints.
For any translocation recovered, the reduction was more
pronounced closer to a translocation breakpoint. Dobzhansky
eventually recovered translocations involving all chromo-
somes, including the Y, and found similar patterns of re-
duced exchange for all of them (Dobzhansky 1931). Larger
studies of translocation breakpoints have since confirmed this

1Sturtevant’s name is the only one on the 1921 manuscript, but he later ac-
knowledges that the idea was suggested by Morgan (Sturtevant 1965). This was not
uncommon in the Fly Room as credit for an idea was not as important as the testing
of the idea itself—a tradition that continues within the fly community today.
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suppression of exchange (Roberts 1972; Hawley 1980;
Sherizen et al. 2005).

It is worth noting that, although much of the exchange
suppression observed in inversion heterozygotes reflects the
consequences of exchange within the inverted region, the
occurrenceofexchange is strongly suppressed in thevicinityof
both breakpoints. This effect, like the exchange suppression
observed in translocationheterozygotes, clearlydemonstrates
that heterozygosity for discontinuities caused by breakpoints
produces dominant polar suppression of crossing over, sug-
gesting that homologous synapsis may be hindered. Unfortu-
nately, the mechanisms that generate that suppression still
remain unclear, although clues are emerging (Thomas et al.
2005; Crown et al. 2018; Altendorfer et al. 2020).

The Interchromosomal Effect in Drosophila: the Effect
of Structural Variants on Exchange

While it was the crossover-reducing property of heterozygous
inversions that led to their identification, it was soon ap-
parent that they increased the frequency of exchange on
other chromosomes (Sturtevant 1919, 1921). For example,
during her analysis of a variant with one inversion on each
arm of chromosome 2, Ward (1923) observed both a de-
crease in exchange on that chromosome and an increase of
exchange on other normal-sequence pairs of chromosomes.
Later studies of chromosomes carrying multiple inversions
revealed dramatic increases in exchange on freely recombin-
ing chromosomes when crossing over was reduced on two
or more chromosome arms (Figure 2) (Morgan et al. 1932,
1933; Hinton 1965; Crown et al. 2018). This change in the
distribution of exchange in the presence of a heterozygous
inversion is known as the interchromosomal effect (Schultz
and Redfield 1951). An intrachromosomal effect has also
been observed in Drosophila, in which a single inversion on
one end of the X chromosome resulted in an increase in ex-
change in a different interval on the same chromosome
(Sturtevant and Beadle 1936; Grell 1964).

Inversions in other organisms can alter the distribution of
exchange similar to what has been observed in Drosophila
(Dresser et al. 1994; Massip et al. 2010; del Priore and
Pigozzi 2015), and the inter- and intrachromosomal effects
have also been observed in other organisms such as grasshop-
per (White and Morley 1955), maize (Bellini and Bianchi
1963), and Arabidopsis (Termolino et al. 2019). Of course,
exceptions do exist. For example, local recombination sup-
pression by an inversion in Caenorhabditis elegans is associ-
ated with an increased frequency of exchange in regions
outside of the inversion only on the same chromosome arm,
but not on other chromosomes (Zetka and Rose 1992). Thus,
in C. elegans, there appears to be only an intrachromosomal
effect, possibly due to strict crossover control mechanisms in
C. elegans (Saito and Colaiácovo 2017).

The data for translocation heterozygotes are more compli-
cated, because conflicting data exist as towhether translocation-
associated reductions in crossing over lead to an increase
of exchange on other chromosomes (Williamson 1966).
Among nearly 9000 offspring from Drosophila females het-
erozygous for a translocation between chromosomes 2 and
3, Zimmering and Barbour (1952) found no difference in
single crossovers on the X chromosome but a slight increase
in double crossover events. Later work by Hinton provided a
more complicated view regarding the effect of a translocation
on exchange. Studying 26 translocations between chromo-
somes 2 and 3, Hinton found that some translocations in-
creased the frequency on the X, others decreased it, and
others had no effect (Hinton 1965). The impact on exchange
seemed to be related to the size of genetic material trans-
located: if most of one arm of chromosomes 2 and 3 were
swapped, he saw a decrease in exchange on the X, but, if only

Figure 1 Inversions and translocations are two types of structural variants
that can lead to disease in humans. (A) Inversions that do not involve
the centromere are known as paracentric inversions, while those that
involve the centromere are known as pericentric inversions. (B) Trans-
locations involve the movement of genetic material between two
chromosomes. This can either be the movement of an entire chromo-
some arm onto another, known as a Robertsonian translocation, or
the exchange of large parts of two arms between chromosomes,
known as a reciprocal translocation (a balanced translocation is a re-
ciprocal translocation in which no genetic material is lost; in an un-
balanced translocation, some genetic material is lost). (C) A single
exchange event within a paracentric inversion results in an acentric
and a dicentric chromatid, neither of which segregates properly dur-
ing meiosis. Here, two of four chromatids are shown. Single cross-
overs within a pericentric inversion will lead to two chromatids that
segregate properly during meiosis but have large deletions and dupli-
cations that may be lethal to the developing organism.
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a small part of the arms were swapped, he observed an in-

crease in exchange.
Studies of the effect of translocations in other organisms

have also produced mixed results. In C. elegans, transloca-
tions appear to affect recombination in different ways, with
some reducing recombination on only one side of the trans-
location breakpoint while the other side remains relatively
normal (McKim et al. 1988). Increases in exchange in the
presence of a translocation have also been observed in both
grasshopper and maize (White 1963; Auger and Sheridan
2001). Thus, there is no clear answer as to whether translo-
cations in general cause an interchromosomal effect on ex-
change, or if the impact is specific to the position of the
translocation.

The Mechanism of the Interchromosomal Effect

Despite abundant data demonstrating the presence of the
interchromosomal effect, the mechanism behind it remained
unclear for nearly 100 years (Lucchesi and Suzuki 1968).We
know that during meiosis, cells make programmed DNA dou-
ble-strand breaks (DSBs), which are then repaired as either
crossovers or gene conversions (GCs). Crossovers, which
are required for the accurate segregation of homologous

chromosomes, involve the exchange of flanking markers,
while GCs involve the copying of genetic material from one
homolog to another. In general, most DSBs are repaired as
GCs—that is, the cell makes more DSBs than it needs to re-
solve into crossovers (Lenzi et al. 2005; Mehrotra and McKim
2005; Gruhn et al. 2013).

How does the cell increase the number of exchanges on
somechromosomearmswhiledecreasing themonothers?Are
additional DSBsmade, or areDSBs thatwould otherwise have
becomenoncrossover gene conversions (NCOGCs) redirected
down a crossover-fate pathway? It is conceivable that, if one
pair of homologs could not undergo exchange, the cell could
make more DSBs, with some of those additional DSBs being
repaired as crossovers on those chromosomes able to undergo
exchange. Indeed, such aDSB-feedback loop exists in budding
yeast and C. elegans (Keeney et al. 2014). However, cytologic
data in D. melanogaster indicate that, in the presence of a
multiply inverted chromosome, the number of DSBs does not
increase (Mehrotra and McKim 2005). Indeed, whole-
genome sequencing of D. melanogaster individuals from fe-
males with one or more multiply inverted chromosomes also
revealed that the overall number of DSBs is not increased in
the presence of multiple inversions, but that existing DSBs
that are destined to become GCs are instead repaired as
crossovers (Crown et al. 2018). It has been shown that, in
Drosophila, the increase in exchange associated with the in-
terchromosomal effect is dependent on the widely conserved
checkpoint protein pch2 (Joyce and McKim 2010). This also
suggests that the cell monitors the number of crossovers, and
progression can be delayed when crossover frequency is re-
duced (Joyce and McKim 2010).

Many questions remain about the crossover-suppressing
properties of both inversion and translocation breakpoints.
While the mechanism of DSB repair in translocation hetero-
zygotes remains to be studied at themolecular level, it is likely
to be similar to changes seen in inversion heterozygotes. It
is also unclear over what distance an inversion breakpoint
suppresses exchange.While data from several studies suggest
that this suppression extends �1–2 Mb from inversion
breakpoints, confirmation requires further study (Novitski
and Braver 1954; Miller et al. 2016a,b, 2018; Crown et al.
2018).

The Interchromosomal Effect as Used in Human Genetics

While the original use of the term interchromosomal effect
described the change in genome-wide exchange frequency in
the presence of an inversion,more recentwork in humans and
othermammals has used the term tomean something entirely
different: the nondisjunction of a normal pair of homologous
chromosomes in the presence of a translocation involving
other chromosomes (cf. Estop et al. 2000; Eichenlaub-Ritter
2005; Barasc et al. 2019). A PubMed search for “interchro-
mosomal effect” in mid-2020 yielded �150 results. About
half of these studies were published after the year 2000,
and themajority are studies of the impact translocations have

Figure 2 The interchromosomal effect is seen by measuring the fre-
quency of exchange on a freely recombining chromosome in the presence
of one or more multiply inverted chromosomes [adapted from Schultz
and Redfield (1951)]. In the presence of a single chromosome with mul-
tiple inversions (green or pink lines), the frequency of exchange on the
second chromosome increases in the centromere-proximal and telomere
regions. When two multiply inverted chromosomes are present (yellow
line), the frequency of exchange in the centromere-proximal and telomere
regions is higher than either multiply inverted chromosome alone. In all
cases, the increase in exchange comes from shifting DSBs fated to be-
come gene conversions into a crossover-fate pathway instead (Crown
et al. 2018).
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on chromosome segregation in humans. For example, Anton
et al. (2010) studied spermatozoa from carriers of a Robert-
sonian translocation to determine the impact of any trans-
location on the segregation of chromosomes 18, X, and Y,
which they describe as the interchromosomal effect.

How did interchromosomal effect come to describe non-
disjunction in the presence of a translocation in humans?
When describing the term, many of these studies cite a
1963 publication by Jerome Lejeune (1963). Those papers
that do not directly cite Lejeune generally cite another refer-
ence that describes the interchromosomal effect by citing
Lejeune. Lejeune’s paper is based on a lecture given in 1962
on numerical chromosome abnormalities in humans (Lejeune
1963).

In his paper, Lejeune asks if translocations can cause other
chromosomes to segregate abnormally, and concludes that,
basedon three cases from the literature, autosomal rearrange-
ments do increase the probability of abnormal segregation of
sex chromosomes. For example, he cites one case describing a
female carrying a translocation between chromosomes 2 and
22 who had a daughter with Turner syndrome (thus she had
only one X chromosome)who also inherited the translocation
from her mother (Biesele et al. 1962). These observations are
used to put forth a hypothesis: “. . . autosomal rearrange-
ments can increase the probability of abnormal segregation
for the sex chromosomes, which are not themselves involved
in the structural change.” To support this hypothesis, Lejeune
cites two studies from Drosophila:

“This hypothesis can be related to the observationmade in
Drosophila, that structural changes in autosomes do increase
the frequency of abnormal segregation of the X (Morgan and
Sturtevant 1944) especially if the X chromosomes themselves
show structural changes (Cooper et al. 1955).”

While Lejeune does not use the term interchromosomal
effect in his paper, he cites work on the interchromosomal
effect in Drosophila, which may be the initial source of con-
fusion. Addressing the nature of this difference in meaning
requires us to consider two topics: (1) is there an effect of
translocation heterozygosity on the segregation of chromo-
somes not involved in the translocation; and (2) if such an
effect does exist, what role might the processes referred to as
“distributive segregation” play in mediating that effect?

The Impact of Inversions and Translocations on Meiotic
Chromosome Segregation in Model Organisms

Inversion and translocation heterozygotes clearly affect the
distribution of crossing over, but what is their impact on
chromosome segregation during meiosis? Because chiasmata
are the primary mechanism for ensuring the proper segrega-
tion of meiotic chromosomes, it is not surprising that the
frequency of nondisjunction is higher for those pairs of chro-
mosomes that fail to undergo exchange. For example, in
Drosophila, wild-type X chromosomes normally fail to un-
dergo exchange in 5%–10% of oocytes, and yet the frequency
of spontaneous X chromosome nondisjunction is much lower

at �0.2% (Zitron and Hawley 1989). If the female is hetero-
zygous for one or more X chromosome inversions, the
frequency of nondisjunction increases only slightly to
�0.2–0.4%, (Forbes 1962; Zitron and Hawley 1989;
Xiang et al. 2007).

This small increase in nondisjunction on the aberration-
bearing homolog pair is accompanied by a decrease of
nondisjunction among homologous chromosomes that can
undergo exchange, presumably because of the increased
frequency of exchange on those chromosomes. In study-
ing females heterozygous for inversions of chromosome 3,
Szauter saw a decrease in X chromosome nondisjunction
(Szauter 1984), similar to previous observations made by
Cooper et al. (1955). However, females heterozygous for in-
versions on two different chromosomes will show elevated
levels of nondisjunction for both chromosomes (Forbes 1962;
Zimmering 1976; Zitron and Hawley 1989). Several lines of
evidence suggest that these increased levels of nondisjunc-
tion are due to heterologous segregation (Baker and Hall
1976). As an example, consider the case where two nonex-
change X chromosomes segregate from an achiasmate chro-
mosome 2while the remaining chromosome 2 segregates at
random.

X;X  ,22.   2

,22 222.

When inversions occur on two different chromosomes, the
increased nondisjunction is associated with two-by-two seg-
regation. This results in random segregation without a need
for homology. Thus, while these two types of segregation
occur with equal probability:

X;X  ,22.   2; 2

X; 2  ,22.   X; 2

this type of segregation is relatively rare:

X;X; 2  ,22.   2

The central lesson here is that inversion heterozygosity can
increase the frequency with which other pairs of homologs
nondisjoin, but only if those other pairs also fail to cross over.
The mechanism for that effect is well understood and will be
discussed next.

The effect of translocations on the segregation of unin-
volved chromosomes is more complicated. Muller was likely
the first to directly measure the rate of nondisjunction in
female flies carrying translocations between chromosomes 2
and 3, and he found that it did not occur at a high enough
frequency to be detected (Muller 1930). A larger study by
Hinton (1965), which also involved a translocation between
chromosomes 2 and 3, revealed no X chromosome nondis-
junction events, confirmingMuller’s result that nondisjunction
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of structurally normal X chromosomes in the presence of an
autosomal translocation is quite low.

The failure of a reciprocal translocation between the large
second and third chromosomes to increase the frequency of
nondisjunction is easily explained by the pairing of the chro-
mosomes during meiosis. The two normal-sequence second
and third chromosomes will pair with the two translocated
chromosomes to form thequadrivalent seen inmost textbooks
(Figure 3). All four arms of the quadrivalent will undergo
crossing over and this will not affect the segregation of either
the X or the fourth chromosomes.

Other types of translocations can interfere with exchange
and thus increase the frequency of nondisjunction of other
chromosomes—but only if there are frequently nonexchange
chromosomes. An example is a translocation between the
Drosophila X and fourth chromosomes that transfers the dis-
tal 3/4 of the euchromatin of the X onto the fourth with the
end of the fourth chromosome now capping the X chromo-
some. The distal 3/4 of the X attached to the end of a fourth
chromosome will pair and recombine at high frequency with
a structurally normal X chromosome (Hawley 1980). The
proximal 1/4 of the euchromatin that remains attached to
the original X centromere will be unpaired and almost always
fails to recombine with the normal X. This element will now
be achiasmate, and can also interfere with the segregation of
other achiasmate chromosomes, such as the two structurally
normal nonexchange fourth chromosomes.

Thus, while translocations do not generally affect the
segregation of nonhomologous chromosomes, achiasmate
elements of translocation heterozygotes can interfere with
the segregation of other achiasmate chromosomes. How is it
then that achiasmate chromosomes are segregated, and why
does adding an additional achiasmate chromosome increase
the frequency of nondisjunction?

Achiasmate Chromosome Segregation

One can think of the pool of achiasmate chromosomes that
might exist in a fly oocyte as consisting of two populations:
pairs of achiasmate homologs, and chromosomes without
partners (often referred to as heterologous chromosomes).
Achiasmate homologous chromosomes can include the X
chromosome, which fails to undergo exchange 5%–10% of
the time, as discussed above, as well as the small fourth
chromosome in D. melanogaster, which never undergoes ex-
change yet is able to disjoin properly the majority of the time
(Zitron and Hawley 1989). This is not unlike humans, in
which up to 5% of chromosomes 21 and 22 have been ob-
served to fail to undergo exchange (Gruhn et al. 2013). No-
tably, this frequency is higher than the observed incidence of
trisomy 21 at birth of �1 in 700–800 (Allen et al. 2008).

To explain proper segregation of achiasmate homologs,
Sturtevant andBeadle proposed that “exchange is not anecessary
requirement for regular disjunction of the X chromosomes in
Drosophila,” implying the existence of an exchange-independent
back-up mechanism (Sturtevant and Beadle 1936). Based on

studies by Karpen and his collaborators (McKee and Karpen
1990) as well as on their own data, Whyte et al. (1993) pro-
posed that the segregation of both nonexchange X chromo-
somes and of the 4’s was mediated by the persistence of
heterochromatic homology until prometaphase. This hypoth-
esis was later validated by Dernburg et al. (1996) with cyto-
logical studies.

Rhoda Grell focused on the segregation of heterologous
chromosomes, such as compound chromosomes and free
duplications (or the example of the heterologous segregation
of the achiasmate X and second chromosomes described
above). Very little is understood about the mechanisms of
heterologous segregation, other than the clear demonstration
by Dernburg et al. (1996) that segregation is not preceded by
heterologous pairings. Unfortunately, Grell considered both
heterologous and homologous achiasmate segregation as
part of a singular process she named distributive segregation
(Grell 1959, 1964). Sadly, this confusion persists even after
the discovery of mutants that disrupt achiasmate homolo-
gous segregation, but do not impair heterologous segregation
(Hawley et al. 1993).

Distributive Segregation and Human Nondisjunction

Lejeune used what would become Grell’s distributive segre-
gation model to support the idea that autosomal transloca-
tions can influence the segregation of sex chromosomes,
increasing their nondisjunction: “[a]lso nonrandom segrega-
tion of the Y chromosome can be produced by autosomal
rearrangements (Grell 1959).” Approximately 1 year after
Lejeune’s 1963 paper, Grell and Valencia extended his argu-
ment by describing how the distributive pairing hypothesis
could apply to human chromosome abnormalities (Grell and
Valencia 1964). In doing so, they formally applied the term
distributive pairing, not the interchromosomal effect, to de-
scribe Lejeune’s observations of chromosome segregation
defects.

Using anecdotal evidence (including many of the same
cases Lejeune used) from the human literature at the time,
Grell and Valencia (1964) provide an “admittedly specula-
tive” argument that distributive pairing helps to explain how
karyotype abnormalities in humans can lead to nondisjunc-
tion. For example, they claim that nondisjunction of an X or Y
chromosome could be explained by a chromosome carrying a
translocation paring with the X during oogenesis, resulting in
nondisjunction of the X chromosome. This claim is supported
by no primary data, but instead by two cases in which a
parent with a translocation had an offspring with a sex chro-
mosome abnormality (at the time it was not possible to de-
finitively determine in which parent the nondisjunction event
occurred) (Grell and Valencia 1964).

Expanding the concept of distributive segregation to hu-
mans was speculative. The cases that were used to support
each hypothesis were difficult to interpret in the absence of
additional data such as the parent of origin for a nondisjunc-
tion event.A salient exampleofwhy this information is helpful
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comes from a study by Schinzel et al. (1992), who examined
seven individuals with trisomy 21 in which one parent car-
ried a translocation. They found that while the father carried
the translocation in five of the cases, in all cases the addi-
tional chromosome 21 was maternally inherited (Schinzel
et al. 1992). This is an example of the use of a modern mo-
lecular technique that allows for precise studies on the fre-
quency of nondisjunction in the presence of translocations
which can be used to address the impact of a translocation
in human meiosis.

Do Translocations Increase the Frequency of
Nondisjunction in Humans?

Warburton directly addressed the impact of a translocation on
nondisjunction and found no evidence suggesting there was
an increased rate of nondisjunction in the presence of a
translocation (Warburton 1985). Using data from amniocen-
tesis of nearly 1400 pregnancies in which one of the parents
were known reciprocal translocation carriers, Warburton
found no increased frequency of trisomy. She also asked a
second question in her study: are inherited translocations
found more often than expected by chance in individuals
with a trisomy? If there was a relationship between the two
events, one would expect there to be an increased frequency
of inherited translocations in individuals with a trisomy. Data
from a registry of individuals with trisomy 21 and of non-
viable pregnancies with a trisomy did not show an increased
frequency of inherited reciprocal translocations. Warburton
also observes that support for the original hypothesis that
translocations increase the frequency of nondisjunction was

mostly from anecdotal reports of families in which a trisomy
or monosomy X was found in an offspring of a parent with a
balanced translocation. Thus,Warburton’s data suggest there
is not an increased frequency of nondisjunction in the pres-
ence of a translocation.

Later studies looking at individual meiotic products also
found no increased frequency of nondisjunction in transloca-
tion heterozygotes. Studying sperm from two males carrying
balanced translocations of either chromosomes 11 and 17, or
1 and 11, Spriggs et al. (1992) found no evidence of an in-
creased rate of nondisjunction. Specifically, they found that
these two individuals had a frequency of aneuploidy of 0.7%
and 2.0%, lower than the wild-type rate of 2.4% based on
sperm frommales analyzed by their laboratory.While they do
not show the data, they also note that examining the karyo-
types of at least 160 sperm from each of seven additional men
carrying a translocation revealed no significant increase in
aneuploidy.

Microarray-based studies by Alfarawati et al. (2012) of
both oocytes and cleavage-stage embryos provided insights
into whether nondisjunction in the presence of a transloca-
tion is a meiotic or mitotic phenomenon. In a sample of
10,837 chromosomes from individuals with translocations
(both reciprocal andRobertsonian), they identified 553 aneu-
ploid chromosomes. This was compared to 9598 aneuploid
chromosomes in a sample of 204,406 chromosomes from
individuals not carrying a translocation. They find the overall
difference in frequency significant (0.047 in wild type vs.
0.051 in translocation carriers). A careful examination of
their data revealed no significant difference in aneuploidy
among reciprocal-translocation carriers, but a significant

Figure 3 Translocations can pair as quadrivalents,
which allows exchange between homologous chromo-
some arms. Chromosomes in the quadrivalent con-
figuration can segregate one of three ways. Adjacent
segregations result in unbalanced gametes, the viability
of which is variable and usually depends on the amount
of genetic material duplicated or deleted. Alternate
segregation results in viable gametes, one with a nor-
mal karyotype and one carrying the translocation.
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difference for Robertsonian translocation carriers. Among
those Robertsonian translocation carriers, the frequency was
significantly increased only in cleavage-stage embryos, not in
oocytes. This suggests that the increased frequency of nondis-
junction may be a mitotic, not meiotic, phenomenon.

Despite this powerful negative evidence, the concept of
translocations disrupting homologous chromosome segrega-
tion remains very alive in human genetics today. Studies
addressing this question have given strikingly inconsistent
results. While some reports have suggested that nondisjunc-
tion is increased in the presence of a translocation (Douet‐
Guilbert et al. 2005; Ogur et al. 2006; Mateu-Brull et al.
2019), others have found no such association (Spriggs et al.
1992; Blanco et al. 1998; Estop et al. 2000; Godo et al. 2015)
and some have found chromosome-specific nondisjunction
(Anton et al. 2010). Other studies have reported more gran-
ular results, such as a study that found no increase in non-
disjunction in the presence of translocations but did find an
increase in nondisjunction in the presence of a chromo-
some 10 aberration (Tulay et al. 2014), or another reporting
a similar increase in the presence of a pericentric inversion on
chromosome 9 (Amiel et al. 2001).

Many of the studies cited above relied onfluorescent in situ
hybridization (FISH) of sperm, a technique whose accuracy
has been shown tobevariable betweenusers and laboratories,
thus these conflicting results could simply be evidence of a
technical artifact during sample preparation and analysis
(Munné 2012). These inconsistent results suggest that addi-
tional work is needed to determine what influence, if any,
chromosome aberrations have on chromosome segregation
during meiosis in humans. Numerous studies have shown
that aneuploidy during early embryonic development is com-
mon (McCoy 2017), which should be kept in mind when
analyzing results from cleavage-stage embryos. The type of
careful analysis performed by Alfarawati and colleagues
(2012) should provide guidance for future studies addressing
this question.

Concluding Thoughts

Although the use of the term interchromosomal effect to
describe chromosome nondisjunction in the presence of a
chromosome aberration has been established in the human
genetics literature, it is clear that this was not the original
meaning of the term. The aim of this perspective was to
provide historical context for the interchromosomal effect
and to delineate how it came to be used to describe two
different phenomena. Is there a better term to describe non-
disjunction of a chromosome in thepresence of a translocation
if that chromosome itself is not involved in the translocation—
and does that phenomenon even exist? One cannot help but
wonder if this is a case in which the use of an inappropriate
paradigm might be precluding a more open search for the
molecular etiology of nondisjunction.

Early work used the term distributive pairing (Grell and
Valencia 1964) to describe the phenomenon as it was de-
scribed by Lejeune (1963). This usage was not adopted by

other studies, and it is not strictly accurate. This is partly
because early work in model organisms did not have a spe-
cific term to describe nondisjunction in the presence of a
translocation since the phenomenon was never observed.
Furthermore, the data are conflicting on whether there is
truly an interchromosomal effect in humans, thus additional
carefully designed studies are needed to truly understand the
impact of a translocation on the frequency of nondisjunction
in humans. Advances in molecular tools and techniques are
allowing new and exciting questions to be asked about the
interchromosomal effect, which will advance our under-
standing about the distribution of exchange and chromosome
dynamics in both meiosis and mitosis.

Acknowledgments

I thank Angela Miller for figure illustration and editing
assistance; Nicole Crown, Terry Hassold, and R. Scott Hawley
for helpful discussions; and two anonymous reviewers for their
thoughtful comments.

Literature Cited

Alfarawati S., E. Fragouli, P. Colls, and D. Wells, 2012 Embryos of
Robertsonian translocation carriers exhibit a mitotic interchro-
mosomal effect that enhances genetic instability during early
development. Plos Genet 8: e1003025. https://doi.org/10.1371/
journal.pgen.1003025

Allen, E. G., S. B. Freeman, C. Druschel, C. A. Hobbs, L. A. O’Leary
et al., 2008 Maternal age and risk for trisomy 21 assessed by
the origin of chromosome nondisjunction: a report from the
Atlanta and National Down Syndrome Projects. Hum. Genet.
125: 41–52. https://doi.org/10.1007/s00439-008-0603-8

Altendorfer, E., L. I. Láscarez-Lagunas, S. Nadarajan, I. Mathieson,
and M. P. Colaiácovo, 2020 Crossover position drives chromo-
some remodeling for accurate meiotic chromosome segregation.
Curr. Biol. 30: 1329–1338.e7. https://doi.org/10.1016/j.cub.2020.
01.079

Amiel, A., F. Sardos-Albertini, M. D. Fejgin, R. Sharony, R. Diukman
et al., 2001 Interchromosomal effect leading to an increase in
aneuploidy in sperm nuclei in a man heterozygous for pericen-
tric inversion (inv 9) and C-heterochromatin. J. Hum. Genet. 46:
245–250. https://doi.org/10.1007/s100380170073

Anton, E., J. Blanco, and F. Vidal, 2010 Meiotic behavior of three
D;G Robertsonian translocations: segregation and interchromo-
somal effect. J. Hum. Genet. 55: 541–545. https://doi.org/10.1038/
jhg.2010.67

Auger, D. L., and W. F. Sheridan, 2001 Negative crossover inter-
ference in maize translocation heterozygotes. Genetics 159:
1717–1726.

Baker, B. S., and J. C. Hall, 1976 Meiotic mutants: genetic control
of meiotic recombination and chromosome segregation, pp. 352–
433 in The Genetics and Biology of Drosophila, vol. 2d. edited by
M. Ashburner and E. Novitski. Academic Press, New York.

Barasc, H., N. Mouney-Bonnet, C. Peigney, A. Calgaro, C. Revel
et al., 2019 Analysis of meiotic segregation pattern and inter-
chromosomal effects in a bull heterozygous for a 3/16 robert-
sonian translocation. Cytogenet. Genome Res. 156: 197–203.
https://doi.org/10.1159/000494289

Bellini G., and A. Bianchi, 1963 Interchromosomal effects of in-
versions on crossover rate in maize. Zeitschrift F R Vererbung-
slehre 94: 126–132. https://doi.org/10.1007/BF00895890

628 D. E. Miller

https://doi.org/10.1371/journal.pgen.1003025
https://doi.org/10.1371/journal.pgen.1003025
https://doi.org/10.1007/s00439-008-0603-8
https://doi.org/10.1016/j.cub.2020.01.079
https://doi.org/10.1016/j.cub.2020.01.079
https://doi.org/10.1007/s100380170073
https://doi.org/10.1038/jhg.2010.67
https://doi.org/10.1038/jhg.2010.67
https://doi.org/10.1159/000494289
https://doi.org/10.1007/BF00895890


Biesele, J., W. Schmid, and M. Lawlis, 1962 Mentally retarded
schizoid twin girls with 47 chromosomes. Lancet 279: 403–
405. https://doi.org/10.1016/S0140-6736(62)91361-2

Blanco, J., J. Egozcue, N. Clusellas, and F. Vidal, 1998 FISH on
sperm heads allows the analysis of chromosome segregation and
interchromosomal effects in carriers of structural rearrange-
ments: results in a translocation carrier, t(5;8)(q33;q13). Cyto-
genet. Genome Res. 83: 275–280. https://doi.org/10.1159/
000015170

Cooper, K. W., S. Zimmering, and J. Krivshenko, 1955 Interchromo-
somal effects and segregation. Proc. Natl. Acad. Sci. USA 41: 911–
914. https://doi.org/10.1073/pnas.41.11.911

Couzin, D. A., J. L. Watt, and G. S. Stephen, 1987 Structural
rearrangements in the parents of children with primary trisomy
21. J. Med. Genet. 24: 280–282. https://doi.org/10.1136/jmg.24.
5.280

Crown, K. N., D. E. Miller, J. Sekelsky, and R. S. Hawley, 2018 Local
inversion heterozygosity alters recombination throughout the ge-
nome. Curr. Biol. 28: 2894–2990.e3. https://doi.org/10.1016/
j.cub.2018.07.004

del Priore, L., and M. I. Pigozzi, 2015 Heterologous synapsis and
crossover suppression in heterozygotes for a pericentric inver-
sion in the zebra finch. Cytogenet. Genome Res. 147: 154–160.
https://doi.org/10.1159/000442656

Dernburg A. F., J. W. Sedat, and R. S. Hawley, 1996 Direct evi-
dence of a role for heterochromatin in meiotic chromosome
segregation. Cell 86: 135–146. https://doi.org/10.1016/S0092-
8674(00)80084-7

Dobzhansky, T., 1930 Translocations involving the third and the
fourth chromosomes of Drosophila melanogaster. Genetics 15:
347–399.

Dobzhansky, T., 1931 Translocations involving the second and
the fourth chromosomes of Drosophila melanogaster. Genetics
16: 629–658.

Douet‐Guilbert, N., M.-J. L. Bris, V. Amice, C. Marchetti, B. Delobel
et al., 2005 Interchromosomal effect in sperm of males with
translocations: report of 6 cases and review of the literature. Int.
J. Androl. 28: 372–379. https://doi.org/10.1111/j.1365-2605.2005.
00571.x

Dresser, M. E., D. J. Ewing, S. N. Harwell, D. Coody, and M. N.
Conrad, 1994 Nonhomologous synapsis and reduced crossing
over in a heterozygous paracentric inversion in Saccharomyces
cerevisiae. Genetics 138: 633–647.

Eichenlaub-Ritter, U., 2005 Mouse genetic models for aneuploidy
induction in germ cells. Cytogenet. Genome Res. 111: 392–400.
https://doi.org/10.1159/000086917

Estop, A. M., K. Cieply, S. Munne, U. Surti, A. Wakim et al.,
2000 Is there an interchromosomal effect in reciprocal trans-
location carriers? Sperm FISH studies. Hum. Genet. 106: 517–
524. https://doi.org/10.1007/s004390000275

Forbes, C., 1962 The effect of heterozygous inversions on primary
nondisjunction in Drosophila melanogaster. Genetics 47: 1301–1311.

Godo, A., J. Blanco, F. Vidal, M. Sandalinas, E. Garcia-Guixé et al.,
2015 Altered segregation pattern and numerical chromosome
abnormalities interrelate in spermatozoa from Robertsonian
translocation carriers. Reprod. Biomed. Online 31: 79–88. https://
doi.org/10.1016/j.rbmo.2015.04.003

Grell, R. F., 1959 Non random assortment of non-homologous
chromosomes in Drosophila melanogaster. Genetics 44: 421–435.

Grell, R. F., 1964 Chromosome size at distributive pairing in
Drosophila melanogaster females. Genetics 50: 151–166.

Grell, R. F., 1979 Origin of meiotic nondisjunction in Drosophila
females. Environ. Health Perspect. 31: 33–39. https://doi.org/
10.1289/ehp.793133

Grell, R. F., and J. I. Valencia, 1964 Distributive pairing and an-
euploidy in man. Science 145: 66–67. https://doi.org/10.1126/
science.145.3627.66

Gruhn J. R., C. Rubio, K. W. Broman, P. A. Hunt, and T. Hassold,
2013 Cytological studies of human meiosis: sex-specific differ-
ences in recombination originate at, or prior to, establishment of
double-strand breaks. PLos One 8: e85075. https://doi.org/
10.1371/journal.pone.0085075

Hawley, R. S., 1980 Chromosomal sites necessary for normal lev-
els of meiotic recombination in Drosophila melanogaster. I. Evi-
dence for and mapping of the sites. Genetics 94: 625–646.

Hawley, R. S., K. S. McKim, and T. Arbel, 1993 Meiotic segrega-
tion in Drosophila melanogaster females: molecules, mecha-
nisms, and myths. Annu. Rev. Genet. 27: 281–317. https://
doi.org/10.1146/annurev.ge.27.120193.001433

Hill, A. S., N. J. Foot, T. L. Chaplin, and B. D. Young, 2000 The
most frequent constitutional translocation in humans, the
t(11;22)(q23;q11) is due to a highly specific Alu-mediated re-
combination. Hum. Mol. Genet. 9: 1525–1532. https://doi.org/
10.1093/hmg/9.10.1525

Hinton, C. W., 1965 The effects of heterozygous autosomal trans-
locations on recombination in the X chromosome of Drosophila
melanogaster. Genetics 51: 971–982.

Joyce, E. F., and K. S. McKim, 2010 Chromosome Axis defects
induce a checkpoint-mediated delay and interchromosomal ef-
fect on crossing over during Drosophila meiosis. PLoS Genet. 6:
e1001059. https://doi.org/10.1371/journal.pgen.1001059

Keeney, S., J. Lange, and N. Mohibullah, 2014 Self-Organization
of meiotic recombination initiation: general principles and mo-
lecular pathways. Annu. Rev. Genet. 48: 187–214. https://
doi.org/10.1146/annurev-genet-120213-092304

Lejeune, J., 1963 Autosomal disorders. Pediatrics 32: 326–337.
Lenzi, M. L., J. Smith, T. Snowden, M. Kim, R. Fishel et al.,

2005 Extreme heterogeneity in the molecular events leading to
the establishment of chiasmata during meiosis I in human oocytes.
Am. J. Hum. Genet. 76: 112–127. https://doi.org/10.1086/427268

Lindenbaum, R. H., M. Hultén, A. McDermott, and M. Seabright,
1985 The prevalence of translocations in parents of children
with regular trisomy 21: a possible interchromosomal effect?
J. Med. Genet. 22: 24–28. https://doi.org/10.1136/jmg.22.1.24

Lucchesi, J. C., and D. T. Suzuki, 1968 The interchromosomal
control of recombination. Annu. Rev. Genet. 2: 53–86. https://
doi.org/10.1146/annurev.ge.02.120168.000413

Massip, K., M. Yerle, Y. Billon, S. Ferchaud, N. Bonnet et al.,
2010 Studies of male and female meiosis in inv(4)(p1.4;q2.3)
pig carriers. Chromosome Res. 18: 925–938. https://doi.org/
10.1007/s10577-010-9162-7

Mateu-Brull E., L. Rodrigo, V. Peinado, A. Mercader, I. Campos-
Galindo, et al., 2019 Interchromosomal effect in carriers of
translocations and inversions assessed by preimplantation genetic
testing for structural rearrangements (PGT-SR). Genetics 36:
2547–2555. https://doi.org/10.1007/s10815–019–01593–9

McCoy, R. C., 2017 Mosaicism in preimplantation human embryos:
when chromosomal abnormalities are the norm. Trends Genetics
Tig 33: 448–463. https://doi.org/10.1016/j.tig.2017.04.001

McKee, B. D., and G. H. Karpen, 1990 Drosophila ribosomal RNA
genes function as an X-Y pairing site during male meiosis. Cell
61: 61–72. https://doi.org/10.1016/0092-8674(90)90215-Z

McKim, K. S., M. F. Heschl, R. E. Rosenbluth, and D. L. Baillie,
1988 Genetic organization of the unc-60 region in Caenorhabditis
elegans. Genetics 118: 49–59.

Mehrotra, S., and K. S. McKim, 2005 Temporal analysis of meiotic
DNA double strand break formation and repair in Drosophila
females. PLoS Genet. 2: e200. https://doi.org/10.1371/journal.
pgen.0020200.eor

Miller D. E., K. R. Cook, A. V. Arvanitakis, and R. S. Hawley,
2016a Third chromosome balancer inversions disrupt pro-
tein-coding genes and influence distal recombination events in
Drosophila melanogaster. G3 (Bethesda) 6: 1959–1967. https://
doi.org/10.1534/g3.116.029330

History of the Interchromosomal Effect 629

https://doi.org/10.1016/S0140-6736(62)91361-2
https://doi.org/10.1159/000015170
https://doi.org/10.1159/000015170
https://doi.org/10.1073/pnas.41.11.911
https://doi.org/10.1136/jmg.24.5.280
https://doi.org/10.1136/jmg.24.5.280
https://doi.org/10.1016/j.cub.2018.07.004
https://doi.org/10.1016/j.cub.2018.07.004
https://doi.org/10.1159/000442656
https://doi.org/10.1016/S0092-8674(00)80084-7
https://doi.org/10.1016/S0092-8674(00)80084-7
https://doi.org/10.1111/j.1365-2605.2005.00571.x
https://doi.org/10.1111/j.1365-2605.2005.00571.x
https://doi.org/10.1159/000086917
https://doi.org/10.1007/s004390000275
https://doi.org/10.1016/j.rbmo.2015.04.003
https://doi.org/10.1016/j.rbmo.2015.04.003
https://doi.org/10.1289/ehp.793133
https://doi.org/10.1289/ehp.793133
https://doi.org/10.1126/science.145.3627.66
https://doi.org/10.1126/science.145.3627.66
https://doi.org/10.1371/journal.pone.0085075
https://doi.org/10.1371/journal.pone.0085075
https://doi.org/10.1146/annurev.ge.27.120193.001433
https://doi.org/10.1146/annurev.ge.27.120193.001433
https://doi.org/10.1093/hmg/9.10.1525
https://doi.org/10.1093/hmg/9.10.1525
https://doi.org/10.1371/journal.pgen.1001059
https://doi.org/10.1146/annurev-genet-120213-092304
https://doi.org/10.1146/annurev-genet-120213-092304
https://doi.org/10.1086/427268
https://doi.org/10.1136/jmg.22.1.24
https://doi.org/10.1146/annurev.ge.02.120168.000413
https://doi.org/10.1146/annurev.ge.02.120168.000413
https://doi.org/10.1007/s10577-010-9162-7
https://doi.org/10.1007/s10577-010-9162-7
https://doi.org/10.1007/s10815�019�01593�9
https://doi.org/10.1016/j.tig.2017.04.001
https://doi.org/10.1016/0092-8674(90)90215-Z
https://doi.org/10.1371/journal.pgen.0020200.eor
https://doi.org/10.1371/journal.pgen.0020200.eor
https://doi.org/10.1534/g3.116.029330
https://doi.org/10.1534/g3.116.029330


Miller, D. E., K. R. Cook, N. Y. Kazemi, C. B. Smith, A. J. Cockrell
et al., 2016b Rare recombination events generate sequence
diversity among balancer chromosomes in Drosophila mela-
nogaster. Proc. Natl. Acad. Sci. USA 113: E1352–E1361. https://
doi.org/10.1073/pnas.1601232113

Miller D. E., K. R. Cook, E. A. Hemenway, V. Fang, A. L. Miller, et al.,
2018 The molecular and genetic characterization of second
chromosome balancers in Drosophila melanogaster. G3 (Be-
thesda) 8: 1161–1171. https://doi.org/10.1534/g3.118.200021

Miller, D. E., K. R. Cook, and R. S. Hawley, 2019 The joy of bal-
ancers. PLoS Genet. 15: e1008421. https://doi.org/10.1371/
journal.pgen.1008421

Morgan, T. H., C. B. Bridges, and J. Schultz, 1932 Constitution of
the germinal in relation to heredity. Carnegie Inst. Wash. Year-
book 31: 303–307.

Morgan, T. H., and A. H. Sturtevant, 1944 Carnegie Inst. Wash.
Year Book 43: 164–165.

Morgan, T. H., C. B. Bridges, and J. Schultz, 1933 Constitution of
the germinal in relation to heredity. Carnegie Inst. Yearbook 32:
298–302.

Muller, H. J., 1916a The mechanism of crossing-over. IV. Am. Nat.
50: 421–434. https://doi.org/10.1086/279553

Muller, H. J., 1916b The mechanism of crossing-over. III. V. An
experiment to determine the linkage of many factors simulta-
neously. Am. Nat. 50: 350–366. https://doi.org/10.1086/
279547

Muller, H. J., 1916c The mechanism of crossing-over. II. IV. The
manner of occurrence of crossing-over. Am. Nat. 50: 284–305.
https://doi.org/10.1086/279541

Muller, H. J., 1916d The mechanism of crossing-over. Am. Nat.
50: 193–221. https://doi.org/10.1086/279534

Muller, H. J., 1930 Oenothera-like linkage of chromosomes in
Drosophila. J. Genet. 22: 335–357. https://doi.org/10.1007/
BF02984196

Muller, H. J., 1967 Translocational pale drosophilae and snaker
mice, a semicentennial parallel. Mutat. Res. Fundam. Mol.
Mech. Mutagen. 4: 201–205. https://doi.org/10.1016/0027-
5107(67)90072-3

Munné, S., 2012 Preimplantation genetic diagnosis for aneu-
ploidy and translocations using array comparative genomic hy-
bridization. Curr. Genomics 13: 463–470. https://doi.org/
10.2174/138920212802510457

Novitski, E., and G. Braver, 1954 An analysis of crossing over
within a heterozygous inversion in Drosophila melanogaster. Ge-
netics 39: 197–209.

Ogur, G., E. V. Assche, W. Vegetti, G. Verheyen, H. Tournaye et al.,
2006 Chromosomal segregation in spermatozoa of 14 Robert-
sonian translocation carriers. Mhr Basic Sci Reproductive Med-
icine 12: 209–215. https://doi.org/10.1093/molehr/gah253

Robertson, W., 1916 Chromosome studies I. Taxonomic relation-
ships shown in the chromosomes of Tettigidae and Acrididae:
V-shaped chromosomes and their significance in Acrididae, Locus-
tidae, and Grykllidae: chromosomes and variation. J. Morphol.
27: 179–331. https://doi.org/10.1002/jmor.1050270202

Roberts, P. A., 1972 Differences in synaptic affinity of chromo-
some arms of Drosophila melanogaster revealed by differential
sensitivity to translocation heterozygosity. Genetics 71: 401–
415.

Saito, T. T., and M. P. Colaiácovo, 2017 Regulation of crossover
frequency and distribution during meiotic recombination. Cold
Spring Harb Sym 82: 223–234. https://doi.org/10.1101/
sqb.2017.82.034132

Szauter, P., 1984 An analysis of regional constraints on exchange
in Drosophila melanogaster using recombination-defective mei-
otic mutants. Genetics 106: 45–71.

Schinzel, A. A., P. A. Adelsberger, F. Binkert, S. Basaran, and S. E.
Antonarakis, 1992 No evidence for a paternal interchromo-

somal effect from analysis of the origin of nondisjunction in
Down syndrome patients with concomitant familial chromo-
some rearrangements. Am. J. Hum. Genet. 50: 288–293.

Schultz, J., and H. Redfield, 1951 Interchromosomal effects on
crossing over in Drosophila. Cold Spring Harb. Symp. Quant. Biol.
16: 175–197. https://doi.org/10.1101/SQB.1951.016.01.015

Serra, A., C. Brahe, A. Millington‐Ward, G. Neri, B. Tedeschi et al.,
1990 Pericentric inversion of chromosome 9: prevalence in
300 Down syndrome families and molecular studies of nondis-
junction. Am. J. Med. Genet. 37: 162–168. https://doi.org/
10.1002/ajmg.1320370733

Sherizen, D., J. K. Jang, R. Bhagat, N. Kato, and K. S. McKim,
2005 Meiotic recombination in Drosophila females depends
on chromosome continuity between genetically defined bound-
aries. Genetics 169: 767–781. https://doi.org/10.1534/genetics.
104.035824

Spriggs, E. L., R. H. Martin, and M. Hulten, 1992 Sperm chromo-
some complements from two human reciprocal translocation
heterozygotes. Hum. Genet. 88: 447–452. https://doi.org/10.1007/
BF00215680

Stoll, C. G., E. Flori, and D. Beshara, 1978 Interchromosomal
effect in balanced translocations. Birth Defects Orig. Artic. Ser.
14: 393–398.

Sturtevant, A. H., 1917 Genetic factors affecting the strength of
linkage in Drosophila. Proc. Natl. Acad. Sci. USA 3: 555–558.
https://doi.org/10.1073/pnas.3.9.555

Sturtevant, A. H., 1919 Inherited linkage variations in the second
chromosome, pp. 307–341 in Contributions to the genetics of
Drosophila melanogaster. Carnegie Institution, Washington.

Sturtevant, A. H., 1921 A case of rearrangement of genes in Dro-
sophila. Proc. Natl. Acad. Sci. USA 7: 235–237. https://doi.org/
10.1073/pnas.7.8.235

Sturtevant, A. H., 1965 A History of Genetics, The University of
Michigan, Harper & Row, New York.

Sturtevant, A. H., and G. W. Beadle, 1936 The relations of inver-
sions in the X chromosome of Drosophila melanogaster to cross-
ing over and disjunction. Genetics 21: 554–604.

Termolino, P., M. Falque, R. A. Cigliano, G. Cremona, R. Paparo
et al., 2019 Recombination suppression in heterozygotes for a
pericentric inversion induces the interchromosomal effect on
crossovers in Arabidopsis. Plant J. 100: 1163–1175. https://
doi.org/10.1111/tpj.14505

Thomas, S. E., M. Soltani-Bejnood, P. Roth, R. Dorn, J. M. Logsdon
et al., 2005 Identification of two proteins required for conjunc-
tion and regular segregation of achiasmate homologs in Dro-
sophila male meiosis. Cell 123: 555–568. https://doi.org/
10.1016/j.cell.2005.08.043

Tulay, P., M. Gultomruk, N. Findikli, E. Yagmur, and M. Bah-
ceci, 2014 Is the interchromosomal effect present in em-
bryos derived from Robertsonian and reciprocal translocation
carriers particularly focusing on chromosome 10 rearrange-
ments? Zygote 23: 908–915. https://doi.org/10.1017/
S0967199414000628

Warburton D., 1985 Genetic factors influencing aneuploidy fre-
quency. pp 133–148. in Aneuploidy, Etiology and Mechanisms,
edited by V. Dellarco. Springer, New York.

Ward, L., 1923 The genetics of curly wing in Drosophila. Another
case of balanced lethal factors. Genetics 8: 276–300.

White, M. J. D., 1963 Cytogenetics of the grasshopper Moraba
scurra. Chromosoma 14: 140–145. https://doi.org/10.1007/
BF00336755

White, M. J., and F. H. Morley, 1955 Effects of pericentric re-
arrangements on recombination in grasshopper chromosomes.
Genetics 40: 604–619.

Whyte, W. L., H. Irick, T. Arbel, G. Yasuda, R. L. French et al.,
1993 The genetic analysis of achiasmate segregation in
Drosophila melanogaster. III. The wild-type product of the Axs

630 D. E. Miller

https://doi.org/10.1073/pnas.1601232113
https://doi.org/10.1073/pnas.1601232113
https://doi.org/10.1534/g3.118.200021
https://doi.org/10.1371/journal.pgen.1008421
https://doi.org/10.1371/journal.pgen.1008421
https://doi.org/10.1086/279553
https://doi.org/10.1086/279547
https://doi.org/10.1086/279547
https://doi.org/10.1086/279541
https://doi.org/10.1086/279534
https://doi.org/10.1007/BF02984196
https://doi.org/10.1007/BF02984196
https://doi.org/10.1016/0027-5107(67)90072-3
https://doi.org/10.1016/0027-5107(67)90072-3
https://doi.org/10.2174/138920212802510457
https://doi.org/10.2174/138920212802510457
https://doi.org/10.1093/molehr/gah253
https://doi.org/10.1002/jmor.1050270202
https://doi.org/10.1101/sqb.2017.82.034132
https://doi.org/10.1101/sqb.2017.82.034132
https://doi.org/10.1101/SQB.1951.016.01.015
https://doi.org/10.1002/ajmg.1320370733
https://doi.org/10.1002/ajmg.1320370733
https://doi.org/10.1534/genetics.104.035824
https://doi.org/10.1534/genetics.104.035824
https://doi.org/10.1007/BF00215680
https://doi.org/10.1007/BF00215680
https://doi.org/10.1073/pnas.3.9.555
https://doi.org/10.1073/pnas.7.8.235
https://doi.org/10.1073/pnas.7.8.235
https://doi.org/10.1111/tpj.14505
https://doi.org/10.1111/tpj.14505
https://doi.org/10.1016/j.cell.2005.08.043
https://doi.org/10.1016/j.cell.2005.08.043
https://doi.org/10.1017/S0967199414000628
https://doi.org/10.1017/S0967199414000628
https://doi.org/10.1007/BF00336755
https://doi.org/10.1007/BF00336755


gene is required for the meiotic segregation of achiasmate ho-
mologs. Genetics 134: 825–835.

Williamson, J. H., 1966 Interchromosomal effects of autosomal
translocations on recombination in Drosophila melanogaster. Ge-
netics 54: 1431–1440.

Xiang, Y., S. Takeo, L. Florens, S. E. Hughes, L.-J. Huo et al.,
2007 The inhibition of polo kinase by matrimony maintains
G2 arrest in the meiotic cell cycle. PLoS Biol. 5: e323. https://
doi.org/10.1371/journal.pbio.0050323

Zetka, M. C., and A. M. Rose, 1992 The meiotic behavior of an
inversion in Caenorhabditis elegans. Genetics 131: 321–332.

Zhao, W.-W., M. Wu, F. Chen, S. Jiang, H. Su et al.,
2015 Robertsonian translocations: an overview of 872 Robertso-
nian translocations identified in a diagnostic laboratory in China.

PLoS One 10: e0122647. https://doi.org/10.1371/journal.pone.
0122647

Zimmering S., 1976 Genetic and cytogenetic aspects of altered
segregation phenomena in Drosophila, pp. 569–613 in
Genetics and biology of Drosophila, vol 1 B, edited by M. Ash-
burner, and E. Novitski, Academic Press, New York.

Zimmering, S., and E. Barbour, 1952 Interchromosomal effect in
D. melanogaster. Drosoph. Inf. Serv. 26: 127–128.

Zitron, A. E., and R. S. Hawley, 1989 The genetic analysis of
distributive segregation in Drosophila melanogaster. I. Isolation
and characterization of Aberrant X segregation (Axs), a muta-
tion defective in chromosome partner choice. Genetics 122:
801–821.

Communicating editor: A. Wilkins

History of the Interchromosomal Effect 631

https://doi.org/10.1371/journal.pbio.0050323
https://doi.org/10.1371/journal.pbio.0050323
https://doi.org/10.1371/journal.pone.0122647
https://doi.org/10.1371/journal.pone.0122647

