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Abstract
Chiasmata are necessary for proper chromosomal
segregation, but can result in inadvertent recombination.
Bernstein and Michod demonstrated that meiosis evolved
as a means of error correction, not genetic mixing.
Therefore meiotic recombination is not the sine qua non
of sex, but is instead an epiphenomenon of imperfect
meiotic error correction. By correcting against recombinant genotypes, meiosis reduces recombination load,
thereby providing an unappreciated selective advantage
for sex. Sex reducing recombination load should be
integrated into population genetic models of multi-locus
epistasis for maintenance of sex and may explain
sequestration of germ lines in animals. We predict that
eumetazoa have less recombination load than sexual
organisms without a germ line. Mitosis largely lacks the
error correction of meiosis, destroys linkage through
ubiquitous mitotic recombination, and thereby increases
recombination load, especially in co-adapted gene
complexes. Meiosis and possibly karyogamy provide an
unexpected benefit to sex, offsetting at least some of the
famed costs of sex.

Recombination reduces fitness of co-adapted gene
complexes
There is little doubt that the genome of almost any
organism has co-adapted gene complexes (Wasserman
1968, Santos 2009). Unfortunately, it is effectively
impossible to define what genes are, with a gene being
somewhere between the size of a single nucleotide

iee 11 (2018)

position and an entire linkage group. But, regardless, for
genes in co-adapted gene complexes, there exists linkage
disequilibrium between pairs or more of genes (Gorelick
and Laubichler 2004). Though we cannot exactly define
the units making up the complex, if those genes assort
even somewhat independently, then fitness may be
degraded, which is loss of the ‘co-adapted’ part of coadapted gene complexes. The important thing is that
recombination, which for simplicity here means crossingover recombination, reduces linkage disequilibrium
(Hartl and Clark 1989, Hedrick 2000, Gorelick and
Laubichler 2004) and is predicted to reduce mean fitness
of a population when it disrupts one or more co-adapted
gene complexes. This reduction in fitness, when breaking
up co-adapted gene complexes, is known as recombination load (Charlesworth and Charlesworth 1975,
Lynch and Deng 1994, Allen and Lynch 2008).
Meiosis can provide a source of recombination that is
generally corrected
Meiotic recombination may have evolved from
mitotic recombination (Villeneuve and Hillers 2001,
Marcon and Moens 2005), with meiosis evolving as an
error-correcting mechanism, not as a source of recombination (Bernstein 1977, Bernstein et al. 1981, Bernstein
et al. 1988). However, for the diametrically opposite
view, that mitosis evolved from meiosis, see Garg and
Martin (2016). We consider both below.
Meiotic recombination would not occur were it not for
chiasmata of the synaptonemal complex. Roeder (1997)
provides a summary of meiosis that places the chiasmata
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into a mechanistic context: “During prometaphase, homologous chromosomes can become attached to microtubules from the same or opposite spindle poles. Only
attachment to microtubules from opposite poles results in
a stable configuration that is maintained until anaphase.
If homologs attach to microtubules from the same pole
they dissociate and try again. The recognition that
chromosomes are properly oriented depends on the
mechanical tension that results when homologs are pulled
toward opposite spindle poles, and this pulling is resisted
by chiasmata” (Roeder 1997: 2612; emphasis added).
Importance of that physical tension was demonstrated
using micromanipulating needles to apply tension to
homologs that were attached to the same spindle pole.
When an opposing force is applied, the otherwise
unstable monopolar attachment is stabilized (Nicklas
1974) and dissociation does not occur. Twenty years after
Roeder (1997), Ruchaud et al. (2007) answered the
question of how tension signals that homologs are
correctly oriented by providing a summary of the micromolecular structures throughout the cell that respond to
the tension. Essentially, cell biologists view tension via
chiasmata as necessary for proper segregation of chromosomes during meiosis (Villeneuve and Hillers 2001,
Ruchaud et al. 2007). Consequently, if proper cell
division is necessary and sufficient to explain the
importance of chiasmata, then any contributions to
recombination must, by definition, be secondary. Indeed,
from this perspective, crossing over recombination is
collateral damage from chiasmata.
The synaptonemal complex is in turn an essential part
of DNA repair (Page and Hawley 2003, Barlow and
Rothstein 2010), a point even made by the person who
first elucidated Holliday junctions (Wilkins and Holliday
2009). “Recombination is required for proper segregation
of homologous chromosomes during the first division of
meiosis. Here chromosomes are subjected to programmed double strand breaks and the subsequent 5′ resection
creates single strand overhangs that invade the homologous chromosome to form hetero-duplexes. In the
majority of cases the following repair occurs by gene
conversion but a poorly known proportion results in
crossover of chromosomes.” (Munch et al. 2014: 892).
Therefore most recombination intermediates are resolved either via gene conversion, or via double-Holliday
junction resolution, whereby the majority of crossing
over is resolved, but a small proportion of crossing over
recombinants persist. Herein, we are focused on crossing
over recombination, or for simplicity, recombination and
recombination load. In addition, though many biologists
erroneously believe that recombination only occurs
during meiosis, and not during mitosis, as we discuss
below, mitosis and meiosis are related phenomena and
recombination occurs in both. If recombination occurs in
both, then we must consider how meiosis and mitosis
each contribute to recombination load.
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Meiosis decreases recombination load, while mitosis
increases recombination load
If the synaptonemal complex results in recombinants,
and if this were the selective advantage, then why is the
same complex involved in recombination repair?
Recombination may just be an epiphenomenon of both
sex and the mechanisms resulting in meiotic divisions,
whereby necessary gene conversion repair and doubleHolliday junction resolution has gone awry and recombination intermediates then persist (Bishop and Zickler
2004). If meiosis evolved as a mechanism for cell
division and ploidy reduction, resulting both in error and
an error-correcting mechanism, but did not evolve as a
source of recombination, then meiosis reduces additive
genetic variance (Gorelick and Heng 2011). Likewise, if
meiosis largely functions as a means of error-correction,
and largely suppresses or corrects for recombination,
then meiosis reduces or at least does not increase
recombination load.
The primary reason most people erroneously believe
that meiosis increases heritable variation is their uncritical acceptance of an error regarding independent segregation made by August Weismann (1891 [1892]).
Weismann grossly overestimated the number of possibly
independently segregated genomes from meiosis because
he did not realize that each gamete needed to have one
copy of each homologous chromosome (Gorelick and
Heng 2011). For n pairs of chromosomes, Weismann
(1891 [1892]) therefore thought that independent
2𝑛!
2𝑛
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different geno𝑛!∙𝑛!
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segregation resulted in (

types, whereas, with homologues, independent segregation only results in 2n different genotypes (1891
[1892]). For six pairs of chromosomes (2n=12), this
translates into Weismann thinking there was 15 times the
variation due to segregation than we now know exists.
For 23 pairs of chromosomes (2n=46), Weismann
believed there was almost 100,000 times the variation
due to segregation than we now know exists. Weismann
was also misguided in desperately looking for some
mechanism to increase heritable variation in order to
resuscitate Darwin’s theory of natural selection, which
had been largely discredited or abandoned between 1859
and 1886 because there was no apparent variation upon
which selection might act. As a final nail in the
“uncritical acceptance” coffin, Weismann never
considered that recombination was a source of heritable
variation because recombination was not discovered by
Morgan (1911) until just before Weismann’s death.
The crux of how meiosis reduces recombination was
encapsulated in Bernstein’s work showing how
synaptonemal complex formation allowed for detection
and correction of double-stranded DNA errors (Bernstein
1977, Bernstein et al. 1981, Bernstein et al. 1988). In fact,
evolutionary geneticists now realize that, “the initial
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function of chromosome pairing was to limit, not
enhance, recombination” (Wilkins and Holliday 2009: 3;
italics in original). Even more telling with regards to
recombination load, mitotic recombination lacks
synaptonemal complexes hence, by contrast, could in fact
contribute to the recombination rates. Relatively
speaking, meiosis eliminates some of the recombination
that it could otherwise contribute, while mitosis does not.
Thus, meiosis decreases recombination load, while
mitosis increases recombination load.
Mitotic versus meiotic recombination: relative rates
and cumulative effects
Contemporary biologists often contend that meiosis is
the source of heritable variation vis-à-vis crossing-over
recombination, rather than via segregation as emphasized
by Weismann (1891 [1892]) (but see Kirkpatrick and
Jenkins 1989 for the importance of segregation). Plenty
of recombination occurs during meiotic prophase I (Otto
and Lenormand 2002), but crossing-over recombination
also occurs during mitosis (Pontecorvo and Käfer 1958),
albeit without synaptonemal complex formation, which
may be required in meiotic recombination (Page and
Hawley 2001). On average there are 1.56 recombination
events per chromosome per meiotic division in
eukaryotes (Otto and Lenormand 2002, Lambing et al.
2017), but only 0.8 x 10-4 recombination events per
mitotic division (Mandegar and Otto 2007), meaning that
meiotic recombination rates are typically much higher
(probably about 20,000 times higher) than mitotic
recombination rates per individual nuclear division
(Pâques and Haber 1999). Compounding this disparity,
recombination is much more likely to be between sister
chromatids in mitosis than in meiosis (Pâques and Haber
1999, Villeneuve and Hillers 2001). Compensating for
this disparity in most eukaryotes, there are far more
mitotic divisions than meiotic divisions, such as in the
yeast Saccharomyces cerevisiae for which much of the
data on recombination rates was estimated. Therefore,
because of the type of recombination (mitotic versus
meiotic) and number of nuclear divisions, it is critical that
we consider the possible cases in which more recombination is occurring via a mitotic path than a meiotic
one. This situation is potentially most extreme in female
eukaryotes if no germ line is present: they are in a body
comprised of trillions of cells that were all formed via
mitotic divisions (Bianconi et al. 2013). While there may
be trillions of mitotic divisions, there may only be
thousands or millions of meiotic divisions per generation.
In addition, a long line of mitotic divisions can precede
any single meiotic division. The cumulative number of
recombination events due to many mitotic divisions
preceding any meiotic recombination is much less
pronounced in eumetazoa because of their sequestered
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germ lines, but seems particularly relevant for other
eukaryotes. But does the higher number of mitotic cell
divisions ever fully compensate for the lower rate of
mitotic recombination, such that more recombination
load is generated via mitosis than by meiosis? The answer
to this may simply depend on the taxon in question.
By definition, recombination increases recombination load, but this can be no more ascribed to meiosis
than mitosis. Because of the ubiquity of mitosis and
mitotic recombination, even in cells destined for germ
lines, sex by itself cannot be the primary determinant of
the magnitude of recombination load, nor can recombination load be relegated only to sexual organisms. Though
we acknowledge that meiotic and mitotic recombination
probably occur at different hotspots (Pâques and Haber
1999), it is possible that this source of variation could be
acted on by selection and the amount of recombination,
and subsequent load could itself evolve (Ziolkowski and
Henderson 2017, Ritz 2017).
Meiosis, mitosis, and co-adapted gene complexes
Lynch and Deng (1994: 257) showed that, “Sexual
reproduction can lead to a reduction in the amount of
expressed genetic variance when genes with like effects
tend to be associated in the same parental individuals,
that is, when there is coupling disequilibrium rather than
the repulsion disequilibrium predicted under stabilizing
selection.” This speaks directly to co-adapted gene
complexes and how sex should result in lower genetic
variance, particularly under any degree of inbreeding,
and because meiosis and karyogamy are the only times in
a lifecycle when wholesale epigenetic resets occur.
Indeed, most eukaryotes are more highly inbred than
generally perceived (Shields 1982). Molecular phylogenies demonstrate that interbreeding organisms usually
have very similar DNA, with well over 98% of their
nucleotides lacking polymorphisms (Chen and Li 2001,
Ebersberger et al. 2002, Unneberg et al. 2005). As a
consequence, in sexually reproducing organisms,
individuals within species should be much more closely
related to individuals of their own species than to
individuals in other species. So, for example, in a
comparison of average synonymous divergence in 61
pairs of closely related animal populations, Roux et al.
(2016) found a 10-30 times lower divergence between
populations comprising single species (populations
connected via genome-wide gene flow) than between
species (genetically isolated). Most interbreeding occurs
between individuals that look remarkably alike. From a
more mechanistic perspective, most offspring do not
travel far from their parents and breeding in philopatric
systems results in inbreeding (Shields 1982). Because of
typically extensive inbreeding, there is a higher probability that chromosomes are identical by descent than is
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generally acknowledged. Therefore, even with recombination, co-adapted gene complexes would be more likely
to remain intact.
However, what we assert here is far more general, i.e.
that meiosis virtually always leads to a greater reduction
in genetic variance than does mitosis. Meiosis preserves
co-adapted gene complexes better than does mitosis,
regardless of extent or forms of linkage disequilibrium
and epistasis. The problem here is not so much an underappreciation of the error-correcting role of meiosis, so
much as the woefully incorrect assumption that mitosis
results in little or no genetic variation and no recombination. Somewhat akin to meiotic recombination, mitotic
recombination (e.g. Lynch and Deng 1994, Avise 2008)
is believed to be an error-correcting mechanism (aka
somatic recombination; Stern 1936, Pontecorvo and
Käfer 1958, Schoustra et al. 2007), albeit probably not
nearly as good of one as is meiosis (Groden et al. 1990,
Ellis et al. 1995, Serrano et al. 2011).
Meiotic versus mitotic heritability
In discussing how meiosis reduces additive genetic
variance, especially when comparing meiotic with mitotic recombination, we need to be precise in defining
additive genetic variance and its measurement. For
instance, cancer researchers often speak of both meiotic
and mitotic heritability. Modulo phenotypic variance,
meiotic heritability is equivalent to additive genetic
variance. Meiotic and mitotic heritability can both be
measured using parent-offspring regression, albeit with
very different notions of who are parents and offspring.
We previously used meiosis and karyogamy to demarcate
individuals (Gorelick 2012), which admittedly does not
apply to mitotic heritability. With mitotic heritability,
individuals are simply different cells or, alternatively,
different nuclei possibly in a single coenocytic or
syncytial cell. This distinction between cells and nuclei
becomes important when cell division and nuclear
division are uncoupled. Note that due to development of
multicellular and multinuclear organisms and cell differentiation, mitotic heritability may be quite low
because daughter cells often look far different from their
mother cells, depending on what quantitative trait one is
using to measure heritability. By contrast, with meiotic
heritability, offspring almost always closely resemble
their parents. The conflation of mitotic with meiotic
heritability seems peculiar in light of the fact that
recombination occurs in both meiosis and mitosis.
Multi-locus functional epistasis
Much research on evolutionary maintenance of sex
focuses on epistasis and recombination, with the general
conclusions that there is almost no part of parameter
space in which sex will be maintained via epistasis, when
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assuming that only recombination associated with
meiosis (not mitosis) tends to break up co-adapted gene
complexes (Otto and Michalakis 1998, Otto and Nuismer
2004). In a sense, meiosis, associated with sex, would
itself be breaking up epistatic interactions that could
otherwise support sex. Therefore, population geneticists
suspect that higher-order epistatic interactions, i.e. those
simultaneously involving three or more loci, will be
negligible in maintaining sex (e.g. Otto and Lenormand
2002, Otto and Nuismer 2004, Otto and Gerstein 2006).
However, one would only come to this false conclusion
by ignoring that mitotic recombination does a far better
job of breaking up co-adapted gene complexes because
of the large number of mitotic divisions and their
cumulative effects. In addition, and conspicuously,
current models are all really two-locus or additive sums
of pairs of non-additive loci (Turelli and Barton 2006), in
part because it is necessary but mathematically cumbersome dealing with multi-locus linkage disequilibrium
(e.g. Kouyos et al. 2006). If sex vis-à-vis meiosis largely
acts to suppress recombination and repair DNA, while
mitosis causes substantial recombination without much
error-correcting capability, then maybe we need to pay
attention to multi-locus functional epistasis (Gorelick and
Laubichler 2004, Hansen 2013). It is not obvious what
population genetic predictions will be like once population genetic models have sex reducing recombination
rates and include bona fide multi-locus functional
epistasis. We suspect these models will more realistically
address co-adapted gene complexes.
Eumetazoan germ lines
Lineages that sequester a germ line (Weismann 1892
[1893]), which we now believe to include most eumetazoa, benefit from a substantial selective advantage
because meiosis reduces recombination load and mitosis
increases recombination load. Eumetazoan germ lines are
established soon after zygote formation, hence primordial
germ cells and their predecessor pole cells have undergone few mitotic divisions prior to meiosis (BendelStenzel et al. 1998, Mahowald 2001, De Loof et al. 2016).
Eumetazoa therefore have a clear selective advantage by
virtue of escaping the otherwise verdant recombination
load generated by mitotic divisions because eumetazoan
primordial germ cells undergo many fewer mitotic
divisions than do cells that will lead to gamete production
in non-eumetazoans. This not only begs the question of
why germ lines have not evolved in large multicellular
sponges, fungi (Ophisthokonta), plants (Archaeplastida),
and stramenopiles (SAR supergroup), but also suggests
that these other eukaryotes should have much greater
recombination load compared with eumetazoans because
they have many more mitotic divisions between their
meiotic divisions. It may prove fruitful to empirically
explore if this is indeed the case.
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Variation in recombination rates and empirical tests
Models of selection and linkage predict lower genetic
variation in regions of lower recombination, and data
from multiple species support this prediction (Nachman
2002). Herein we are predicting reduced recombination
and genetic diversity in areas with co-adapted gene
complexes or a reduction in recombination load due to
meiosis. More specifically we predict the recombination
load (i.e. breakdown of linkage disequilibrium of coadapted complexes) and genetic diversity will be greater
due to mitosis than due to meiosis. Conversely, we also
predict that linkage disequilibrium will be more frequent
due to meiosis than to mitosis. An empirical test of our
prediction would require a comparison of mitotic and
meiotic divisions within the same individual (for example
over time), or alternatively, a comparison across species
that differ in germ line sequestration. Support for our
prediction would be found if linkage disequilibrium were
more common under meiosis than mitosis, and if genetic
diversity were lower under meiosis than mitosis. The
most powerful test would compare cell lines or
individuals where all variation in the recombination rate
(and thus linkage disequilibrium) was caused by mitotic
versus meiotic cell divisions, with no contribution to rate
differences due to any other factor. This best-case
scenario is unlikely given the large number of factors that
are known to affect recombination rate.
Genomic advances in fine scale mapping of F1
recombinant genotypes and analyses of SNPs and genetic
diversity in naturally occurring populations have greatly
informed our understanding of variation in recombination rates. Within population recombination rates are
known to vary over four orders of magnitude (McVean
2000) and to show a similar range across a multitude of
species (Ritz et al. 2017). This variation exists for a
number of reasons. One suite of reasons is summarized
as the population recombination rate or Nμrs (Nachman
2002): where N is the effective population size, with
larger populations expected to have less linkage disequilibrium (Wall 2001); μ is the recurrent mutation rate and
is expected to decrease diversity; r is the recombination
rate and is expected to increase diversity; and s is the
selection coefficient and is expected to act against novel
recombinants and decrease diversity (Potapova and
Gorbsky 2017). The parameter r is itself a function of:
centromeric/telomeric position (Broman et al. 1998,
Kong et al. 2002, Nachman 2002); presence or frequency
of specific sequence motifs responsible for chiasmata
formation (Kong et al. 2008); GC content (Birdsell 2002,
Kong et al. 2002, Groenen et al. 2009); taxa, population,
individual, and sex (Broman et al. 1998, Wilfert et al.
2007, Kong et al. 2008, Groenen et al. 2009, Kong et al.
2010); age and temperature (Rose and Baillie 1979,
Kuliev and Verlinsky 2004); as well as feedback and
homeostasis mechanisms (Ritz et al. 2017, Ziolkowski
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and Henderson 2017) and, yes, whether recombination is
due to meiosis versus mitosis. Empirically, one would
need to control for a large number of factors in order to
test for differences in recombination rates or linkage
disequilibrium due specifically to meiosis and mitosis.
But, in theory, such a test is at least plausible. It may be
more productive to explore individual recombination
rates rather than population rates, and to compare the
relative contribution of meiotic recombination to that of
mitotic recombination. Importantly, comparisons within
individuals would control for a large number of factors
(except age).
No longer a need to explain the cost of sex
Meiosis provides advantages to populations that
engage in sex, regardless of whether the sex is amphimixis, autogamy, automixis, premeiotic doubling, or
gametic doubling (the latter two are when meiosis
alternates with endomitosis, where the endomitotic
division might occur either immediately before or after
meiosis). Sex (meiosis) not only corrects genetic errors,
epigenetic errors, and genomic errors (Gorelick and Heng
2011), but, by suppressing recombination, sex reduces
recombination load. Suppression is through selection
against mitotic recombinants or potentially through gene
conversion or meiotic drive. Sex is much less of a
conundrum in evolutionary biology if it reduces recombination load, but this is only clear if we consider that
mitotic recombination can break up co-adapted gene
complexes and thereby lead to increased recombination
load. Reduction of recombination load is a sexual form
of conservative bet hedging sensu Simons (2011). In
addition, we strongly disagree with the usual assumption
that genotypes remain intact with apomictic (aka mitotic)
reproduction, but instead argue that mitotic replication, in
and of itself, is a source of much genetic and genomic
variation and recombination load. We agree with Heng
(2007, 2009) who has emphasized that sex acts like an
error-correcting filter, which is why mitotic divisions can
so readily accumulate genomic abnormalities, as with
cancer (Gorelick and Heng 2011, Abdallah et al. 2013).
If this error-correcting filter of meiosis is lacking, then
the genetic variation due to mitosis becomes evident.
If meiosis decreases recombination load, then this
provides an obvious selective advantage for sex, largely
obviating a rich literature begun by George Williams
(2007, 2009), Michael Ghiselin (1974), and John
Maynard Smith (1966, 1975) on the supposedly
paradoxical costs of sex. Sex, vis-à-vis meiosis, as well
as karyogamy (see below), may not increase additive
genetic variance, but sex is still advantageous, even in
highly inbred lineages because it decreases recombination load. In sexually reproducing organisms without
germ line sequestration, recombination load contributed
by mitosis should exceed the contribution by meiosis (1)
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because of the much larger number of mitotic versus
meiotic cell divisions and (2) because the higher number
of mitotic cell divisions compensates for a lower mitotic
recombination rate (per nuclear division). Therefore, in
organisms with a germ line, the reduction in recombination load is due to elimination of a large number of
mitotic recombination events in the germ line.

Did mitosis evolve from meiosis?
Cavalier-Smith (2010) proposed that meiosis and
mitosis evolved simultaneously. However, his theory is
based on a purely eubacterial origin of eukaryotes,
without any archaebacterial contributions. Yet, eukaryotic ribosomes and histones are probably derived from
archaea (Sandman et al. 1990, Woese et al. 1990), so we
tentatively dismiss Cavalier-Smith’s claim. Most other
authors (e.g. Wilkins and Holliday 2009), assumed that
meiosis evolved from mitosis. Here we want to briefly
consider the opposite temporal order of evolution.
Garg and Martin (2016) proposed that eukaryotes
evolved as a syncytial (more accurately, coenocytic)
symbiosis of an archaebacterium with eubacteriallyderived mitochondria, in which they proposed that
mitosis arose as a modified form of meiosis. This is
curious given the prevalence of syncytia and/or coenocytes amongst the immediate products of meiosis and
karyogamy (e.g. Gorgoń et al. 2015, Yoshida 2016).
However, Garg and Martin (2016) primarily base their
novel order of meiosis evolving before mitosis on needing a way to reverse Muller’s ratchet and their assumption that recombination only occurs in meiosis, not
mitosis. In fact, they claim that mitosis evolved from
meiosis via a loss of both recombination and reduction
division. (Note, though, that Garg and Martin (2016:
1963) also make the ambiguous double negative claim
that, “Our proposal lacks mitosing cells incapable of
recombination.”). We disagree with Garg and Martin’s
(2016) premise that recombination is absent from
mitosis—we are only willing to concede that synaptonemal complex formation is lacking from mitosis. But
Garg and Martin’s (2016) theory is commensurate with
mitosis increasing recombination load and meiosis
decreasing it. A lineage would need some way of limiting
recombination load, implying that meiosis could easily
have evolved before mitosis, but not vice versa. The
recombination load reduction ascribed here to meiosis
would provide circumstantial evidence that mitosis
evolved as a degenerate form of meiosis and that meiosis
is eventually needed in all eukaryotic lifecycles to
ameliorate recombination load, even if this meiosis is just
automixis or autogamy.

iee 11 (2018)

Karyogamy also reduces recombination load
If sex is considered to be karyogamy, rather than
meiosis, which was the traditional view prior to 1890
(Hertwig 1890, Cole 1930), then how does sex affect
recombination load? Karyogamy is probably a modified
form of meiosis (Gorelick and Carpinone 2009). Traditional meiosis contains two reduction divisions, while
karyogamy only contains one reduction division, the
cleavage division. Otherwise, meiosis and karyogamy are
virtually identical. Karyogamy may be the elusive onestep meiosis. Therefore, if meiosis reduces recombination load, then so should karyogamy.
Here is a short synopsis of the parallels between
meiosis and karyogamy. Both meiosis and karyogamy
begin with a chromosomal duplication. This duplication
has been noted in all species studied, including humans.
That is, the first step in karyogamy, before egg nuclei
‘fuse’ with sperm nuclei (technically, before pronuclear
association) is for both haploid nuclei to duplicate their
chromosomes, meaning that zygotes have four copies of
each chromosome. The last step in both meiosis and
karyogamy is a reduction division. For meiosis, this
means going from two copies of each chromosome to just
one per nucleus. For karyogamy, this means going from
four copies of each chromosome to two per chromosome
during the cleavage division, which is not mitotic. Thus,
if meiosis reduces recombination load, then so should its
modified form, karyogamy.
Concluding Remarks
Like most objects of study in evolutionary biology,
recombination load is complicated and shaped by many
evolutionary mechanisms. Any recombination, whether
it occurs during meiosis or mitosis, will affect recombination load if it disrupts a co-adapted gene complex. We
have argued that the crux of study for recombination load
is whether co-adapted gene complexes are broken-up or
maintained. But the problem is that co-adapted gene
complexes are themselves poorly understood, partly
because of lack of study of multi-locus epistasis. If, as we
have argued, meiosis and karyogamy reduce or correct
recombination relative to what it could be, then both
reduce recombination load. By contrast, mitosis should
invariably increase recombination load, unless mitotic
recombination is somehow suppressed. Essentially, we
argue that meiosis reduces recombination load more than
is currently accepted, and mitosis increases recombination load more than is currently accepted. Therefore, if
we are correct, theories regarding the evolution of sex
should incorporate a reduction of recombination load due
to meiosis. Reduced recombination load should be

24

especially evident in lineages with germ lines, e.g.
eumetazoans, because pre-meiotic germ cells (PGCs)
eventually develop from the zygote after very few mitotic
divisions. At least one important implication is that sex
reducing recombination load ameliorates many of the
costs of sex. In sexually reproducing organisms without
germ line sequestration, recombination load contributed
by mitosis should exceed the contribution by meiosis
because of the much larger number of mitotic versus
meiotic cell divisions and because of the relative rates of
mitotic versus meiotic recombination. In organisms with
a germ line, the reduction in recombination load is due to
the elimination of a large number of mitotic recombination events in the germ line.
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