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1  |  INTRODUC TION

1.1  |  Explaining the diversity of asexual 
reproduction

Explaining why amphimixis (sexual reproduction) is common in na-
ture has been one of the most challenging problems for evolution-
ary theory (Lenormand et al., 2016; Otto, 2009) since the issue was 
raised, half a century ago (Maynard Smith, 1971, 1978; Williams, 
1975). Amphimixis has many costs (Lehtonen et al., 2012), and the 
cost of meiosis itself (or, more accurately, the cost of males) can be 
up to twofold (Lewis, 1987). What advantage of amphimixis balances 
this twofold cost? Research has focussed on two potential solutions 
to this (Williams, 1975) ‘balance’ argument: sexual reproduction may 
be beneficial because it increases the effectiveness of natural selec-
tion, thereby preventing the accumulation of deleterious mutations 
(‘mutational meltdown’) (Felsenstein, 1974; Felsenstein & Yokoyama, 
1976; Hill & Robertson, 1966; Keightley & Otto, 2006; Muller, 1964) 
or because it enables the survival of lineages with enough variation 

to adapt to coevolving parasites (the ‘Red Queen’ hypothesis) (Bell, 
1982; Bremermann, 1980; Jaenike, 1978; Lloyd, 1980; Rice, 1983).

Research has generally glossed over the costs of asexual repro-
duction, despite the well- known high frequency of developmental 
defects in parthenogenetic embryos (Darlington, 1932; Darlington 
& Mather, 1952; Krieber & Rose, 1986; Mogie, 1992; Templeton, 
1982; Uyenoyama, 1984): ‘The paradox of the persistence of sexual-
ity pales in comparison with the problem of explaining the existence 
of parthenogenetic species’ (Uyenoyama, 1984). An additional prob-
lem is that a specific variety of types of asexual reproduction exists 
(Asker & Jerling, 1992; Kondrashov, 1997; Maynard Smith, 1978; 
Nogler, 1984; Suomalainen, 1950; Suomalainen et al., 1987), and 
this diversity is not readily explained by current hypotheses. What 
accounts for the existence of only certain types of asexual reproduc-
tion in nature? For example (Archetti, 2010; Lenormand et al., 2016): 
Why is suppression of the second meiotic division less common than 
suppression of the first division in apomixis? Why is apomixis often 
associated with polyploidy? Why are only certain types of automixis 
and endomitosis common? Furthermore, the adaptive value of some 
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features of meiosis is still a mystery (Lenormand et al., 2016). For ex-
ample: Why is meiosis two- step, rather than one- step? Why do sister 
chromatids segregate after homologous chromosomes? A general 
theory on the evolution of sex must be able to explain, in addition to 
William's balance argument, the diversity and details of all modes of 
reproduction found in nature.

1.2  |  The LOC hypothesis

A hypothesis that can provide a solution to Williams’ balance argument 
and explain the diversity of types of reproduction in nature is the loss of 
complementation (LOC) hypothesis: Certain types of asexual mutants 
suffer a fitness cost due to loss of complementation (heterozygosity), 
which unmasks recessive deleterious alleles. If this cost is higher than 
the twofold cost of meiosis, sexual reproduction is stable against inva-
sion by asexual mutants. The idea that segregation and crossing over 
lead to homozygosity in certain types of asexual reproduction has a long 
tradition in evolutionary genetics (Asher, 1970; Asher & Nace, 1971; 
Carson, 1967; Darlington, 1932; Darlington & Mather, 1952; Maynard 
Smith, 1978; Suomalainen, 1950; Suomalainen et al., 1987; White, 
1970, 1973), but the LOC hypothesis was proposed in its explicit form 
and quantified relatively recently (Archetti, 2004a, 2004b, 2010) and is 
still relatively overlooked in discussions on the evolution of sex.

To understand the logic of the LOC hypothesis, consider apo-
mixis: suppression of the first division in standard meiosis leads to 
apomixis with no LOC, whereas suppression of the second division 
leads to apomixis with total LOC, in the absence of crossing over 
(Archetti, 2004a, 2010). Although recombination increases LOC in 
meiotic apomixis with suppression of the first division and reduces 
it in apomixis with suppression of the second division, suppression 
of the second division always leads to higher LOC than suppression 
of the first division. The cost of LOC is lower than the twofold cost 
of meiosis only in polyploid apomictic species with suppression of 
the first division. Hence, evolution of meiotic apomixis is predicted 
to be more likely by suppression of the first meiotic division than the 
second and to be associated with polyploidy, which seems to be the 
case in nature (Archetti, 2004a, 2010).

Extending the argument to endomitosis (a normal meiosis pre-
ceded by a further division) (Archetti, 2004a, 2010), one- step mei-
osis (a simple division, without duplication) (Archetti, 2004b) and 
inverted meiosis (in which sister chromatids segregate before ho-
mologous chromosomes) (Archetti, 2020) makes a more compelling 
case for the generality of the LOC hypothesis and helps understand 
some on the unsolved mysteries of meiosis (Lenormand et al., 2016).

1.3  |  The problem with automixis and 
inverted meiosis

Automixis, however, is a problem for the LOC hypothesis. Automixis 
consists of a normal meiosis with two divisions, followed by fusion 

of its products, and it is understood that this leads to rapid LOC. This 
is similar to selfing (Kirby, 1984; Lewis & John, 1963; White, 1973), 
and the so- called ‘dominance’ hypothesis of heterosis (Charlesworth 
& Willis, 2009; East, 1936) suggests that the reduced fitness of in-
breds is due to LOC (complementation of recessive deleterious al-
leles, however, is an inadequate model for heterosis, since it requires 
that homozygous deleterious recessive alleles are common) (Birchler 
et al., 2010). Heterozygosity in automictic species is maintained 
only in regions with low recombination rates (Hood & Antonovics, 
2004), and LOC can induce the evolution of recombination sup-
pressors (Antonovics & Abrams, 2004). It is understood, therefore, 
that avoiding LOC is a fundamental driving force in the evolution of 
automixis.

Different types of automixis have different rates of LOC: the fu-
sion of cleavage nuclei (generated by the same pronuclei) leads im-
mediately to complete LOC (Figure 1) and is obviously evolutionarily 
unstable; the fusion of non- sister nuclei (generated by a different 
second division; ‘central’ fusion) has a lower LOC (on average, 50% 
in 50% of the progeny in the presence of recombination (Figure 1)) 
and could be stable with few lethal equivalents (Archetti, 2004a) 
(like apomixis with suppression of the first division). The fusion of 
sister nuclei (generated by the same second division; ‘terminal’ fu-
sion) leads to rapid LOC (on average, 100% in the absence of re-
combination; or 50% with one crossing over (Figure 1)), which makes 
it unstable against sexual reproduction even for a low number of 
lethal equivalents (Archetti, 2004a). Terminal fusion, however, has 
been reported in some taxa, including the most striking of the an-
cient asexual ‘scandals’: oribatid mites (Wrensch et al., 1994) (see 
the Discussion for other cases). This seems to disprove the LOC 
hypothesis.

Automixis with terminal fusion appears even more puzzling 
when one considers that it often (including in oribatid mites) involves 
an additional mechanism that is rarely found in nature: inverted mei-
osis (Wrensch et al., 1994). In inverted meiosis (Bogdanov, 2016; 
Heckmann et al., 2014b; Li & He, 2020), sister chromatids segregate 
before homologous chromosomes (Figure 2). Inverted meiosis has 
been described also in some species of flowering plants (Bogdanov, 
2016; Cabral et al., 2014; Heckmann et al., 2014; Pazy & Plitmann, 
1991) and insects (Bongiorni et al., 2004; De La Filia et al., 2018; 
Hughes- Schrader & Tremblay, 1966; John, 1990; Lorenzo- Carballa 
& Cordero- Rivera, 2009; Nur, 1979; Pérez et al., 2000; Viera et al., 
2009), and in aberrant segregation in humans (Ottolini et al., 2015). 
It has been shown theoretically that asexual mutants arising from 
inverted meiosis have limited LOC and can therefore invade a sexual 
population reproducing by inverted meiosis, leading to its rapid ex-
tinction due to the twofold cost of meiosis (Archetti, 2020). Inverted 
meiosis in sexual reproduction, therefore, is generally not evolution-
arily stable.

Since automixis with terminal fusion is also highly susceptible to 
the deleterious effects of LOC, the co- occurrence of inverted mei-
osis and automixis (inverted automixis) with terminal fusion seems 
doubly problematic for the LOC hypothesis.
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1.4  |  Rationale: automixis is stable with 
inverted meiosis

However, I reasoned that, instead of being a (double) problem for 
the LOC hypothesis, the effects of inverted meiosis and automixis 
with terminal fusion cancel each other: x segregation (the chroma-
tids involved in crossing over segregate apart from each other) leads 
to 50% LOC in all the offspring with sister fusion and in only half the 
offspring with non- sister fusion; but with z segregation (the chro-
matids involved in crossing over segregate apart from each other) or 
no recombination, sister fusion leads to no LOC at all, whereas non- 
sister fusion leads to 50% LOC on average (Figure 3). Therefore, LOC 
is reduced when inverted meiosis occurs in automixis with fusion 
of sister nuclei. My hypothesis therefore is that, although inverted 
meiosis and automixis with fusion of sister nuclei are unstable sepa-
rately due to LOC, they can persist when combined.

My scope is to test whether the fitness cost of LOC in automic-
tic mutants with inverted meiosis is strong enough to offset the 
twofold cost of meiosis. Note that, although inverted meiosis with 
automixis with fusion of sister nuclei results in the same products 
as inverted meiosis with apomixis with suppression of the second 
division (Archetti, 2020), inverted meiosis with automixis with fusion 

of non- sister nuclei is not comparable with any of the modes of re-
production for which LOC has been studied previously (Figure 3). 
Here, therefore, I start by calculating the effect of LOC in inverted 
automixis with fusion of non- sister nuclei.

2  |  METHODS

My goal is to calculate the extent of LOC and its effect on fitness 
based on the number of lethal equivalents and the frequency of re-
combination. With no crossing over, it is straightforward to see that 
LOC in inverted automixis with fusion of non- sister nuclei increases 
by 50% at each generation. With one crossing over, the analytical 
method used in previous analyses (Archetti, 2004a, 2010, 2020) for 
other types of asexual reproduction cannot be used because here 
LOC does not occur only at one end of the chromosome (Figure 3). 
With more than one crossing over that analytical approach seems 
hopeless.

I therefore use simulations to reproduce the pattern of recom-
bination, segregation, formation of haploid products and their fu-
sion described in Figure 3. The position of crossing over is chosen 
at random on the chromosome. Multiple crossing over events can 

F I G U R E  1  Conventional automixis. Sister chromatids segregate after homologous chromosomes. Three types of fusion of the meiotic 
product are possible: fusion of cleavage nuclei (derived from the same meiotic product); ‘terminal’ fusion of sister nuclei; or ‘central’ fusion 
of non- sister nuclei. Some of the fusion products have partial or total LOC (the areas highlighted in pink) 
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occur, with no chromosome interference (the position of each sub-
sequent crossing over is not affected by the position of the previ-
ous ones). Chromatid interference is possible, however: multiple 
chiasmata can be reciprocal (involving the same two chromatids), 
complementary (involving the other two chromatids not involved 

in the previous chiasma) or diagonal (involving one other chro-
matid, not already involved in the previous chiasma). Segregation 
can be of two types, x and z (sensu Stern (1936)): in z segrega-
tion, the pair involved in crossing over segregate apart from the 
non- recombining pair; in x segregation, the chromatids involved 

F I G U R E  2  Conventional and inverted meiosis. The standard (conventional) and inverted forms of meiosis, without recombination (top) 
or with one crossing over (bottom). The first and second division are shown with the possible assortment of meiotic products. In inverted 
meiosis, chromatids segregate before chromosomes. In inverted meiosis with one crossing over, segregation at the first division can be of 
two types: the pair involved in crossing over segregate apart from the non- recombining pair (z segregation); or the chromatids involved 
in crossing over segregate apart from each other (x segregation). Note that, although the figure shows chromosomes with localized 
centromeres, species with inverted meiosis commonly have holocentric chromosomes

F I G U R E  3  Automixis with inverted 
meiosis and terminal fusion (fusion of 
sister nuclei) or central fusion (fusion of 
non- sister nuclei). Sexual reproduction 
with inverted meiosis (left side), without 
recombination (top) or with one crossing 
over (bottom) and the fusion products 
of their mutant automictic variants with 
fusion of sister nuclei (centre) or non- 
sister nuclei (right). Some of the fusion 
products have partial or total LOC (the 
areas highlighted in pink). Note that, 
although the figure shows chromosomes 
with localized centromeres, species 
with inverted meiosis commonly have 
holocentric chromosomes 
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in crossing over segregate apart from each other. Since the type 
of segregation is defined by the chiasma pair, x and z can only be 
defined with 1 crossing over or with multiple reciprocal chiasmata 
and become meaningless with multiple complementary or diagonal 
chiasmata, unless one defines it with respect to the last chiasma. 
This is what I do here: with multiple crossing over events, when a 
complementary or a diagonal chiasma occurs, I define segregation 
as x or z based on the chromatids participating in the previous 
chiasma.

I introduce inverted automixis with frequency of 1% in an am-
phimictic population and calculate its LOC, fitness and fraction over 
time, assuming a twofold cost for meiosis (for the sexual individuals) 
for various numbers of recombination events (ρ) and lethal equiv-
alents (λ; one lethal equivalent is one recessive mutation whose 
effect— or more mutations whose summed effects— is lethal when 
made homozygous). I limit the parameter space to [0,3] for ρ (given 
evidence of actual recombination rates— see the discussion) and also 
[0,3] for λ (as no differences are observed for λ > 2). For each com-
bination of parameters, 10 independent simulations are run, each 
for 200 generations (having verified that a stable value is generally 
reached after few generations).

3  |  RESULTS

Figure 4 shows the final state (the average of 10 independent simu-
lations) of the population after 200 generations, although a stable 
value is generally reached after few generations. The dynamics of 
each simulation for each combination of parameters is reported in 
the Supporting Information.

If the number of lethal equivalents per chromosome is low 
(approximately 0.5— the exact value depends on the frequency of 
recombination), inverted automixis leads to the extinction of amphi-
mixis in any case, irrespective of the frequency of recombination, 
the type of fusion and the type of chiasmata. Terminal (sister nuclei) 
fusion leads to the extinction of amphimixis for any number of lethal 
equivalents if the frequency of recombination events is less than 1 
per chromosome. For more than 1 recombination event with more 
than 0.5 lethal equivalents, amphimixis is stable if diagonal and com-
plementary chiasmata are allowed, but if only reciprocal chiasmata 
occur, amphimixis is unstable for all parameters.

The frequency of x segregation is not a major determinant of the 
dynamics: it plays a negligible role with central fusion, slightly affect-
ing only the results for 0.5 lethal equivalents; with terminal fusion, 
instead, it affects LOC and fitness (for the automictic individuals) 
significantly, especially when chiasmata are only allowed to be recip-
rocal, even though in any case this does not affect the overall result 
(amphimixis goes extinct).

A cluster of apparently unclear results, in which amphimixis 
and automixis seem to coexist, can be observed for values around 
1 lethal equivalent coupled with more than 1 recombination event 
when fusion is terminal, only reciprocal chiasmata are possible and 
there is an equal fraction of x and z segregations. Inspection of 

the dynamics (Supporting Information) suggests that these cases 
are due to the fact that fitness for automixis is approximately 0.5, 
which almost exactly balances the twofold cost of meiosis, lead-
ing to the stochastic fixation of amphimixis or automixis (with two 
recombination events) or their long- term coexistence (with three 
recombination events).

In summary, however, for most combinations of the parameters, 
amphimixis is unstable against inverted automixis: inverted auto-
mixis with terminal fusion replaces amphimixis unless diagonal and 
complementary chiasmata occur and lead to more than one recom-
bination event per chromosome and there are more than 0.5 lethal 
equivalents per chromosome. Inverted automixis with central fu-
sion, instead, is stable only with less than (approximately) 0.5 lethal 
equivalents per chromosome.

4  |  DISCUSSION

4.1  |  Stability of inverted automixis

In summary, inverted automixis with central fusion is not stable 
unless the number of lethal equivalents is below 0.5. Automixis 
with terminal fusion, instead, is stable unless three conditions 
occur at the same time: (1) diagonal and complementary chias-
mata; (2) more than one recombination event per chromosome; 
and (3) more than 0.5 lethal equivalents per chromosome. As we 
have seen, the frequency of x segregation (x segregation may be 
less common than z segregation in inverted meiosis (Cabral et al., 
2014; Marques et al., 2016; Yin et al., 2019)), which is important 
for the stability of amphimixis with inverted meiosis against apo-
mixis, is not critical here.

Although chromatid interference seems possible based on a 
recent model fitted to recombination data (Teuscher et al., 2000) 
and there is evidence of chromatid interference in one case in plant 
hybrids (Ferreira et al., 2021), the occurrence and frequency of di-
agonal and complementary chiasmata is still unclear. Values for the 
number of lethal equivalents, in general and in automictic species, 
are not known and, because recessive deleterious mutations are 
purged from the genome when LOC occurs (because individuals 
with LOC have lower fitness), the number of lethal equivalents in 
current apomictic species may not be the appropriate measure. The 
frequency of recombination in species with inverted meiosis seems 
low compared to species with conventional meiosis (Cabral et al., 
2014; Marques et al., 2016; Palmer & Norton, 1992).

Since at least one of the conditions for the stability of amphi-
mixis against inverted automixis (high recombination rates) seems 
unlikely, we can conclude that inverted meiosis is not expected 
to be found in nature unless it is associated with automixis with 
terminal fusion. This does not imply that inverted automixis is ex-
pected to be common. Both inverted meiosis and automixis with 
sister fusion must occur at the same time, which requires that an 
automictic mutant arises in a sexual population with inverted mei-
osis; or that a mutant with inverted meiosis arises in an asexual 
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population with sister fusion automixis. Since, as we have seen, 
these two types of reproduction are (separately) unstable (due 
to LOC), and since its stability requires either low recombination 
rates or the absence of diagonal and complementary chiasmata, 
inverted automixis with terminal fusion is expected to be possible 
but rare.

4.2  |  Evidence for inverted automixis

If the argument presented here is correct, we should expect in-
verted meiosis in species with terminal fusion automixis. Evidence 
of inverted automixis with terminal fusion in oribatid mites, the 
most prominent example of ancient asexuals, seems uncontroversial 

F I G U R E  4  Final value of the fraction of automictic individuals (‘Asex’), its fitness and loss of complementation (‘LOC’) as a function of 
the number of lethal equivalents λ and the number of recombination events ρ for different types of fusion: central (top row) or terminal 
(central and bottom row); when only reciprocal chiasmata are allowed (top and central row) or when diagonal and complementary chiasmata 
are also allowed (bottom row); and for different values of the frequency of x segregation (0.5 or 0.1) 
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(Heethoff et al., 2009; Wrensch et al., 1994). Indeed, the problem 
of the coexistence of two unlikely reproductive systems (inverted 
meiosis and automixis with terminal fusion) in oribatid mites has 
been noted before (‘Mites do things they should not’ (Wrensch et al., 
1994)).

Evidence in other taxa is complicated because of the scattered 
evidence for the existence of inverted meiosis and the considerable 
confusion over the taxonomic distribution of automixis (Mogie, 1986) 
(its genetic effects can be confused with apomixis; the nomencla-
ture is different between the animal and plant literature; and it can 
be induced by self- promoting elements). Automixis with central fu-
sion has been reported in Drosophila mangabeirai (Murdy & Carson, 
1959), hymenopterans (Belshaw & Quicke, 2003; Beukeboom & 
Pijnacker, 2000; Oxley et al., 2014; Pearcy et al., 2006; Rabeling & 
Kronauer, 2013), dipterans (Markow, 2013; Murdy & Carson, 1959; 
Stalker, 1954, 1956), moths (Seiler, 1960; Suomalainen et al., 1987), 
crustaceans (Nougué et al., 2015) and nematodes (Van der Beek 
et al., 1998). Automixis with terminal fusion has been reported, 
besides oribatid mites, in mayflies (Sekine & Tojo, 2010), termites 
(Matsuura et al., 2004), nematodes (Suomalainen et al., 1987), ro-
tifers (Birky & Gilbert, 1971), tardigrades (Suomalainen et al., 1987, 
contra Ammermann, 1967 and John, 1990), annelids (Suomalainen 
et al., 1987), cladocerans (Bacci et al., 1961, contra White, 1973), 
Artemia (Nougué et al., 2015; Wilson, 1928), arachnids (Tsurusaki, 
1986) and a variety of other insects (John, 1990; Suomalainen et al., 
1987; White, 1973).

Although the accuracy of the above list is debatable, the rarity 
of central fusion could be explained by mechanistic constraints, 
as the first polar nucleus in anisogametic organisms rarely divides 
during oogenesis and is located in the peripheral cytoplasm of the 
egg, which is unsuitable for fusion. It has been suggested that in 
Drosophila mangabeirai, central fusion is possible due to an unusual 
position of the first division spindle (Templeton, 1982). Terminal fu-
sion automixis, instead, seems to require its co- occurrence with in-
verted automixis. In addition to oribatid mites, two other cases have 
been reported in which inverted meiosis coexists with automixis 
with terminal fusion: in soft- scale insects (Coccidae, Hemiptera) (Nur, 
1979) and in damselflies (Coenagrionidae, Odonata), where there is 
also no evidence of recombination (Lorenzo- Carballa & Cordero- 
Rivera, 2009). Inverted meiosis is also reported in Hemiptera (at 
least in one sex (Hughes- Schrader & Tremblay, 1966; John, 1990) or 
in the sex chromosomes (Pérez et al., 2000; Viera et al., 2009)) and 
in some species of flowering plants (Bogdanov, 2016; Cabral et al., 
2014; Heckmann et al., 2014; Pazy & Plitmann, 1991). Interestingly, 
inverted meiosis has also been reported in mealybugs (Bongiorni 
et al., 2004) and in head and body lice, which reproduce through 
paternal genome elimination (De La Filia et al., 2018).

The evolutionary stability of inverted meiosis, one of the un-
solved mysteries of meiosis (Lenormand et al., 2016), has implica-
tions for the evolution of meiosis in general. From a purely genetic 
perspective, without considering cytology and development, the 
first division of inverted meiosis mimics mitosis; the evolutionary 
innovation is the second division, added to the end of an already 

existing process. ‘Conventional’ meiosis is more complicated to 
evolve from mitosis because it requires the intercalation of a reduc-
tional division between equational divisions. Parsimony therefore 
suggests that ‘inverted’ meiosis could be ancestral (Halkka, 1959; 
Suomalainen & Halkka, 1963).

4.3  |  Implications for the LOC hypothesis

If the thesis presented here is correct, automixis with terminal fusion 
has a more- than- twofold cost (due to LOC) compared to amphimixis 
when meiosis is conventional, but not when it is inverted. Therefore, 
amphimixis with conventional meiosis is stable whereas amphimixis 
with inverted meiosis is unstable; hence, we only observe conven-
tional meiosis in amphimixis and the rare occurrences of automixis 
with terminal fusion coincide with inverted meiosis. Far from being a 
problem for the LOC hypothesis for the evolution of sex, therefore, 
the co- occurrence of inverted meiosis and automixis with terminal 
fusion (both of which, separately, would lead to rapid LOC) is con-
sistent with its predictions.

The LOC hypothesis already explains why apomixis with suppres-
sion of second division cannot exist (Archetti, 2004a); why apomixis 
with suppression of the first division is associated with polyploidy 
(Archetti, 2004a); why one- step meiosis cannot exist (Archetti, 
2004b); why endomitosis can only exist with a specific type of chro-
mosome pairing (Archetti, 2004a); and why apomixis with inverted 
meiosis is unstable (Archetti, 2020). Here, I have provided a solution 
for the main outstanding problem with the LOC hypothesis: the exis-
tence of automixis with terminal fusion (in particular, in ancient asex-
uals such as oribatid mites). The LOC hypothesis, therefore, not only 
can address Williams’ balance argument, simply invoking a more- 
than- twofold cost of asexual reproduction, but also can help explain 
why only certain types of asexual reproduction are found in nature.

4.4  |  Other hypotheses for the adaptive 
value of amphimixis

Research on the adaptive value of amphimixis has focussed on the 
effect the accumulation of deleterious mutations (Felsenstein, 1974; 
Felsenstein & Yokoyama, 1976; Hill & Robertson, 1966; Keightley & 
Otto, 2006; Muller, 1964) and coevolution with parasites (Bell, 1982; 
Bremermann, 1980; Jaenike, 1978; Lloyd, 1980; Rice, 1983).

Empirical evidence of accumulation of deleterious mutations 
(‘mutational meltdown’) in asexual lineages (Hartfield, 2016; Henry 
et al., 2012; Hollister et al., 2015; Johnson & Howard, 2007; Neiman 
et al., 2010) and in non- recombining genomic parts of sexual ge-
nomes (Bachtrog et al., 2008; Lynch & Blanchard, 1998) seems to 
support the idea that sexual reproduction prevents the accumulation 
of deleterious mutations. However, purifying selection may not be 
significantly reduced in asexual genomes (Kočí et al., 2020). Indeed, 
ancient asexual lineages such as some oribatid mites (Cianciolo & 
Norton, 2006; Domes et al., 2007; Maraun et al., 2003; Norton & 
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Palmer, 1991; Schaefer et al., 2010; Von Saltzwedel et al., 2014) have 
evolved and diversified extensively (Norton & Palmer, 1991; Palmer 
& Norton, 1991, 1992) with no evidence of reduced effectiveness 
of selection. In fact, purifying selection is more effective in asexual 
than in sexual oribatid mite lineages (Brandt et al., 2017). Among the 
other classical ‘ancient asexual scandals’ (Judson & Normark, 1996; 
Schoen et al., 2009), bdelloid rotifers cannot be considered as ef-
fectively asexual (Schwander, 2016) and darwinulid ostracods have 
provided little evidence so far (Schoen et al., 2003). The persistence 
of ancient asexuals may be due to special circumstances (asexual 
oribatid mites may be able to escape from mutational meltdown 
by virtue of their large population sizes (Brandt et al., 2017), which 
enables to maintain effective purifying selection in the absence of 
sex (Gordo & Charlesworth, 2000; Lynch et al., 1993; Normark & 
Johnson, 2011; Ross et al., 2013)).

The standard main alternative hypothesis is that sexual reproduc-
tion enables the survival of lineages with enough variation to cope 
with coevolving parasites (Bell, 1982; Bremermann, 1980; Hamilton 
et al., 1990; Jaenike, 1978; Levin, 1975; Lively, 2010; Lloyd, 1980; 
Rice, 1983)— the so- called ‘Red Queen’ hypothesis. Evidence that 
sexual reproduction is more likely where parasites are more common 
(Gibson et al., 2016; King et al., 2009; McKone et al., 2016; Neiman 
& Koskella, 2009) seems to support the hypothesis. However, par-
asites are simply a source of negative frequency- dependent selec-
tion, and parasite- mediated selection, by itself, does not necessarily 
eliminate asexual lineages— it could even lead to a genetically diverse 
asexual population (Howard & Lively, 1994; Lively & Howard, 1994; 
Meirmans & Neiman, 2006).

The reason why only certain types of asexual reproduction 
exist, however, remains unclear. Neiman and Schwander (2011) dis-
cuss the implications of different adaptive explanations, including 
the Red Queen hypothesis and mutation accumulation, for auto-
mixis and mitotic apomixis without recombination. Further work is 
needed to understand how these and other hypotheses explain the 
co- occurrence of automixis with sister fusion and inverted meiosis, 
as well as the other unsolved ‘mysteries’ mentioned above: why in 
meiotic apomixis the first division rather than the second is generally 
suppressed; why apomixis is associated with polyploidy; why one- 
step meiosis does not seem to exist; why endomitosis exists only 
with a specific type of chromosome pairing; why apomixis with in-
verted meiosis is unstable.

5  |  CONCLUSIONS

Understanding the taxonomic distribution of asexual reproduc-
tion remains a relatively overlooked issue (Lenormand et al., 2016; 
Uyenoyama, 1984), which could be addressed by comparative analy-
sis. Brooding lineages, in which the progeny undergoes soft selec-
tion, may be more easily invaded by asexual mutants, because with 
soft selection, individuals with LOC can be eliminated without in-
curring any loss of fecundity, enabling the preferential survival of 
offspring with lower LOC. Indeed, an association exists between 

brooding and parthenogenesis in aquatic vertebrates (Lively & 
Johnson, 1994). The fact that only certain types of asexual repro-
duction exist, however, makes the issue more complex.

According to the LOC hypothesis, the permissive types of asex-
ual reproduction are the ones in which heterozygosity is preserved 
(Archetti, 2004a, 2004b, 2010, 2020; Lenormand et al., 2016). 
Although the details depend on recombination rates and the number 
of recessive deleterious mutations, in general it is possible to pre-
dict that certain types will be less likely to evolve and that, as I have 
shown here, certain features of meiosis are expected to coevolve 
(like automixis with terminal fusion and inverted meiosis). Further 
data on the number of lethal equivalents and of recombination 
events, as well as on the frequency of diagonal and complementary 
chiasmata, and the frequency of x and z segregation, are needed to 
test the predictions of the LOC hypothesis quantitatively.

Further research on taxa with inverted meiosis, in addition to 
the ones discussed here, is also needed to confirm its co- occurrence 
with automixis with terminal fusion. As discussed by Wrensch et al. 
(1994) ‘comprehensive reviews and synopses of this topic are nu-
merous, but none considers the potential significance of inverted 
meiosis, and we feel apomixis has been overemphasized, at least 
among animals’.
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