
Vol.:(0123456789)1 3

Biologia Futura 
https://doi.org/10.1007/s42977-022-00148-x

ORIGINAL PAPER

The genome loading model for the origin and maintenance of sex 
in eukaryotes

András Tóth1 · Lóránt Székvölgyi2 · Tibor Vellai1

Received: 28 July 2021 / Accepted: 8 December 2022 
© The Author(s) 2022

Abstract
Understanding why sexual reproduction—which involves syngamy (union of gametes) and meiosis—emerged and how it 
has subsisted for millions of years remains a fundamental problem in biology. Considered as the essence of sex, meiotic 
recombination is initiated by a DNA double-strand break (DSB) that forms on one of the pairing homologous chromosomes. 
This DNA lesion is subsequently repaired by gene conversion, the non-reciprocal transfer of genetic information from the 
intact homolog. A major issue is which of the pairing homologs undergoes DSB formation. Accumulating evidence shows 
that chromosomal sites where the pairing homologs locally differ in size, i.e., are heterozygous for an insertion or deletion, 
often display disparity in gene conversion. Biased conversion tends to duplicate insertions and lose deletions. This sug-
gests that DSB is preferentially formed on the “shorter” homologous region, which thereby acts as the recipient for DNA 
transfer. Thus, sex primarily functions as a genome (re)loading mechanism. It ensures the restoration of formerly lost DNA 
sequences (deletions) and allows the efficient copying and, mainly in eukaryotes, subsequent spreading of newly emerged 
sequences (insertions) arising initially in an individual genome, even if they confer no advantage to the host. In this way, sex 
simultaneously repairs deletions and increases genetic variability underlying adaptation. The model explains a remarkable 
increase in DNA content during the evolution of eukaryotic genomes.

Keywords  Adaptive gene combination · Biased gene conversion · Crossover · Deletion · DNA double-strand break · 
Genome size · Group selection · Individual advantage · Insertion · Origin of sex · Meiotic recombination · Selfish DNA

Abbreviations
CDK-S	� Cyclin-dependent kinase Cdc28
COMPASS	� Complex Proteins Associated with Set1
D-loop	� Displacement loop
DDK	� The Dbf4-dependent Cdc7 kinase
dHJ	� Double Holliday junction formation
DNA	� Deoxyribonucleic acid
DSB	� DNA double-strand break
DSBR	� DNA double-strand break repair
Hox	� Homeobox-containing homeotic genes
H2AK5ac	� Histone H2A lysine 5 acetylation

H3K4me3	� Trimethylation of lysine 4 residue on the his-
tone H3 protein subunit

LLR	� Large loop repair
MMR	� Mismatch repair
PCNA	� Proliferating cell nuclear antigen
PHD	� Plant Homeo Domain
SDSA	� Synthesis-dependent strand annealing
ssDNA	� Single-strand deoxyribonucleic acid
RPA	� Replication protein A

Introduction

Mendel’s second law, the principle of segregation, states that 
when a diploid cell undergoes meiosis, one half of the genes 
in the four haploid products (gametes) should be maternal 
while the other half paternal (Morgan 1919). If this were 
exactly the case, one would expect that the proportion of 
DNA sequences with no contribution to the fitness of the 
organism should be nearly constant in the subsequent gen-
erations, that is, only a few individuals of the population 
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at each generation contained such a sequence—according 
to the Hardy–Weinberg principle (Stern 1943). Thus, non-
functional sequences such as microsatellites (short tandem 
DNA repeats), non-transcribed long inverted repeats, or 
inactive mobile genetic elements should only be sporadically 
present among the individuals of an eukaryotic species (note 
that each of these sequences primarily arose in an individual 
genome). Contrary to this expectation, considerable parts of 
eukaryotic genomes appear to have no adaptive role (Dawk-
ins 1976; Doolittle and Sapienza 1980; Venter et al. 2001; 
Nobrega et al. 2004; Ponting and Hardison 2011; Doolittle 
2013), and these “wicked” or even harmful sequences are 
located at identical genomic loci in almost all members of 
a given species. Uncovering the molecular mechanisms by 
which newly emerged sequences providing no advantage 
to the host can spread within a species is of major interest 
to science (Lynch 2007). Recent findings concerning the 
mechanisms of meiotic homologous recombination (HR) 
may help understand why eukaryotic genomes tend to accu-
mulate non-functional sequences, with important implica-
tions for the evolution of sex, which still represents a cen-
tral, long-standing issue in biology (Maynard-Smith 1978; 
Kondrashov 1993; Barton and Charlesworth 1998; Partridge 
and Hurst 1998; Butlin 2002; Otto and Lenormand 2002; 
Webster and Hurst 2012).

Sex includes syngamy, the formation of a diploid zygote 
by the union of a haploid maternal gamete and a haploid 
paternal gamete, and meiosis, which enables the exchange 
of genetic information between homologous chromosomes 
(the process is called homologous recombination; HR) and 
generates haploid gametes. Meiosis has two major effects: 
the segregation of alleles at each locus and recombination 
of alleles at several loci. Most evolutionary models have 
assumed that HR is the evolutionary value of sex and that 
HR is driven by the reciprocal exchange of allelic sequences 
between the two pairing homologous chromosomes, the 
process called crossing over (reviewed in Ref. Kondra-
shov 1993). However, meiotic HR is initiated by a DNA 
double-strand break (DSB) that forms on one of the pairing 
homologs, and this endogenously (enzymatically) gener-
ated DNA “lesion” is primarily repaired via gene conver-
sion, which mediates the non-reciprocal copying of genetic 
information from the intact homolog to the broken one (uni-
directional gene exchange). Gene conversion is often but not 
always accompanied by the reciprocal exchange of flanking 
homologous sequences (crossing over). Thus, gene conver-
sion, but not crossing over, is indispensable for HR. It is 
intriguing that the effect of gene conversion has rarely been 
taken into account in evolutionary models for the origin and 
short-term maintenance of sexual reproduction.

Models provided to date for the origin of sex can be 
divided into two major classes: immediate benefit hypoth-
eses and variation/selection hypotheses (Kondrashov 1993). 

According to the former models, sex is advantageous regard-
less of reciprocal gene exchange, while the latter models 
assume that sex allows reciprocal gene exchange (crossing 
over) promoting genetic diversity and response to selection 
among the progeny. Briefly, immediate benefit hypotheses 
have proposed that sex is advantageous as (1) it increases the 
fitness of progeny (Dougherty 1955; Lloyd 1980; Bernstein 
and Bernstein 1991), (2) reduces the deleterious mutation 
rate (Bengtsson 1986; Ettinger 1986; Holliday 1988), or 
3) increases the efficiency of selection (Geodakyan 1965; 
Trivers and Hare 1976). Variation and selection hypotheses 
include the (1) environmental stochastic (Morgan 1913; 
Fisher 1930; Muller 1932; Manning and Jenkins 1980; Man-
ning 1982), (2) environmental deterministic (Sturtevant and 
Mather 1938; Mather 1943; Eshel and Feldman 1970; Tre-
isman 1976; Charlesworth 1976), (3) mutational stochastic 
(Muller 1964), (4) drift (e.g., by generating negative link-
age disequilibrium—Otto and Lenormand 2002), and (5) 
mutational deterministic models (Kondrashov 1982; Crow 
and Simmons 1983). In general, the mutational deterministic 
hypothesis is actually the most preferred model for the origin 
of sex (Szathmáry 2015) and presumes an increased selec-
tion efficiency against synergistically interacting deleterious 
mutations (mutations are purged from populations through 
the loss of individuals in which they accumulate by sex). 
To summarize these models, sex provides the advantage of 
preventing the accumulation of deleterious mutations or/
and generating novel (adaptive) gene combinations. These 
advantages rely on long-acting group selection among popu-
lations to maintain sex. However, one can question the short-
term advantage of sex to individuals which is necessary if 
sex is to be maintained long enough for such group selection 
to operate (Prahlad et al. 2003). To address this subject, it 
is worth considering what is known about the mechanisms 
of meiotic HR.

The mechanism of homologous 
recombination: an essential role for gene 
conversion

The current consensus model of meiotic recombination is a 
composite of the DSBR (DNA double-strand break repair) 
and SDSA (synthesis-dependent strand annealing) mecha-
nisms (Fig. 1) (Sostak et al. 1983; Kusano et al. 1994; Paques 
and Haber 1999; Zickler and Kleckner 1999; Petes 2001; de 
Massy 2003; Haber et al. 2004; Chen et al. 2007; Serren-
tino and Borde 2012). The process begins with a homology 
search between the homologous non-sister chromatids, after 
the chromosomes become duplicated in the S phase of the 
cell cycle. Homologous pairing of DNA strands during the 
pre-leptotene phase precedes DSB formation that actually 
induces recombination (Danilowicz et al. 2009; Gladyshev 
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and Kleckner 2014). Homology recognition is based on 
electrostatic interactions between the two homologous DNA 
helical structures, which have complementary charge distri-
bution, and can occur at distances of 2 nm (Kornyshev and 

Leikin 2001). Similarities between the structures of 30 nm 
chromatin fibers could account for distant recognition of 
homology. As meiotic prophase I progresses, the assembly 
of the synaptonemal complex commences in the zygotene 

Fig. 1   Mechanisms of meiotic 
recombination. The model 
combines the DNA double-
strand break (DSBR) repair 
and synthesis-dependent strand 
annealing (SDSA) pathways. 
Proteins involved in this process 
are indicated as colored globes. 
For details, see the text. Briefly, 
the pairing of homologous chro-
mosomal regions precedes the 
recombination-inducing DSB 
formation that occurs on one of 
the homologs. DSB is formed 
endogenously by Spo11. The 
local chromatin structure largely 
affects the site where DSB 
forms (Spo11 interacts simul-
taneously with the two DNA 
duplexes). After nucleolytic pro-
cessing of the free DNA ends, 
DSB is essentially repaired by 
gene conversion, the non-
reciprocal transfer of genetic 
information from the intact 
DNA helix. Thus, the homolog 
on which DSB is formed 
becomes the recipient of gene 
conversion-meditated sequence 
copying. After mismatch or 
large loop repair, gene conver-
sion is infrequently associated 
with the reciprocal exchange of 
flanking sequences (crossing 
over). Thus, gene conversion 
serves as an essential process of 
homologous recombination to 
generate recombinant gametes. 
H3K4me3: histone 3 lysine 4 
trimethylation; γ-H2AX: H2AX 
histone phosphorylation; dHJ: 
double Holliday junction; CO: 
crossing over
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stage and becomes completed by the pachytene stage (Zick-
ler and Kleckner 1999). In the yeast Saccharomyces cerevi-
siae, the chromosomal axis proteins Red1, Hop1, and Rec8 
are necessary for both homologous pairing of non-sister 
chromatids and DSB formation (Zickler and Kleckner 2015).

The DSB is formed on one of the pairing homologs, and 
this site is generally trimethylated at the lysine-4 residue 
on histone 3 (H3K4me3) protein (note that in yeast DSB 
formation generally occurs at nucleosome depleted regions) 
(Fig. 1) (Borde et al. 2009). While the widespread mark of 
DSB formation in eukaryotes is H3K4 di- or trimethylation, 
in the nematode Caenorhabditis elegans DSB formation cor-
relates with H2AK5ac (histone H2A lysine 5 acetylation) 
(Wagner et al. 2010). The accessibility of chromatin struc-
ture and nucleosome positions thus greatly affects where 
DSB formation occurs (Pan et al. 2011; Brachet et al. 2012). 
The distribution of DSBs is controlled by a multi-level regu-
latory system. In S. cerevisiae, the Set1 catalytic subunit of 
the Complex Proteins Associated with Set1 (COMPASS) 
histone methylase complex carries out all H3K4 di- and tri-
methylation (Fig. 1) (Acquaviva et al. 2013). In mammals, 
Prdm9, a meiosis-specific histone trimethyltransferase, is 
responsible for H3K4 trimethylation (Baudat et al. 2010). 
While H3K4me3 is not the sole determinant of the site 
where the DSB forms, it promotes DSB formation through 
interactions with Spp1 (Acquaviva et al. 2013). Actually, the 
PHD (Plant Homeo Domain) finger domain of Spp1 binds to 
H3K4me3 sites and then anchors hot spots to DSB proteins 
(Mer2). The PHD finger-containing protein Spp1, another 
component of the COMPASS complex, connects histone 
modification to DSB formation by binding to H3K4me3 
sites and interacting with Mer2, a part of the recombina-
tion initiation complex. Spp1-Mer2 interaction may allow 
the tethering of the H3K4me3 rich region to the chromo-
somal axis and help DNA cleavage at a nearby nucleosome-
depleted region (Panizza et al. 2011).

In eukaryotes, DSBs are generated by the highly con-
served topoisomerase II-like transesterase Spo11 in the 
leptotene phase (prophase I) (Atcheson et al. 1987). Spo11 
shows clear homology with the subunit A of the Archaeal 
Type-IIB topoisomerase TopVI (Bergerat et al. 1997). The 
catalytic residue on Spo11p subunit, Tyr135, attacks the 
DNA backbone to form a link between the enzyme and the 
DNA strand, thereby cleaving it via a transesterification 
reaction. Protein–protein interaction studies have shown that 
Spo11 is part of a recombination initiation complex, which 
consists of the Mer2/Rec107-Mei4-Rec114, Ski8/Rec103-
Spo11, Rec102-Rec104, and MRX/MRN (Mre11-Rad50-
Xrs2/NBS1) subcomplexes (Fig. 1). Mer2 acts as a scaffold 
and regulator of Spo11, while Mei4 controls the place of 
DSB formation (Kumar et al. 2010). Ski8 stabilizes asso-
ciation of Spo11 with the chromosomal axis, while Rec102 
and Rec104 aid the Spo11-catalyzed DNA cleavage. The 

presence of MRX/MRN subcomplex is necessary for both 
DSB formation and subsequent gene conversion-mediated 
repair. The basic mechanism and regulation of DSB forma-
tion are evolutionarily conserved (Keeney et al. 2014).

Mer2 is phosphorylated by the conserved CDK-S (cyclin-
dependent kinase Cdc28) and DDK (the Dbf4-dependent 
Cdc7 kinase) proteins (Benjamin et al. 2003). This mecha-
nism ensures that DSB formation occurs after DNA replica-
tion only (Murakami and Keeney 2014). The phosphoryla-
tion of Mer2 is necessary for DSB formation, because only 
phosphorylated Mer2 is able to recruit the recombination 
initiation complex. Therefore, CDK-S and DDK link the 
regulation of DSB formation to cell cycle progression.

DSB repair is initiated by H2AX histone phosphoryla-
tion at Ser139 (γ-H2AX) by Tel1/ATM and Mec1/ATR, 
two highly conserved DNA damage serine/threonine pro-
tein kinases (Grabarz et al. 2012). Tel1 and Mec1 regulate 
the number of DSBs on a chromosome via a negative feed-
back mechanism (Lange et al. 2011). The ATP-dependent 
chromatin remodeler Fun30 is also directly involved in DSB 
response. It counteracts the inhibitory effect of Rad9 (a DNA 
damage-dependent checkpoint protein) on DNA resection 
(Chen et al. 2012). These chromatin modifications weaken 
histone-DNA interactions in nearby nucleosomes, which 
promote 5’ DNA-end resection, by helping the resection 
machinery to access the DNA strand.

Meiotic DSB formation is catalyzed by a complex involv-
ing SPO11 and TOPOVIBL (Robert et al. 2016). Contrary 
to earlier views, Spo11 proteins remain attached to 5’ DNA 
ends after the DSB is formed (Keeney and Kleckner 1995). 
The endo-exonuclease Mre11 and the endonuclease Sae2/
CtIP have to nick the dsDNA to be resected up to 300 nt 
from the 5’ ends of the break. Mre11 facilitates resection in 
3’ to 5’ direction (toward the break), while Exo1 or the Sgs1 
(RecQ helicase)-Dna2 nuclease complex acts in 5’ to 3’ 
direction (away from the break). Thus, resection is bidirec-
tional. As a result of 5’-end resection, two 3’ single strands 
form on opposite sides of the break. Then, RPA (Replication 
Protein A) is loaded on both sides of the DSB to the two 3’ 
DNA ends (Fig. 1) (Huertas 2010).

Dmc1, a homolog of the RecA bacterial/RadA archaeal 
strand exchange protein, forms a filament on one of the 3′ 
ssDNA tails (Neale and Keeney 2006). This strand then 
invades the opposing homologous DNA duplex to form a 
displacement loop (D-loop) during a process called strand 
invasion. Dmc1 interacts with Rad51, Mei5, Sae3, Rad52, 
Rad54, Rad55, Rad57, BRCA1, and BRCA2 proteins and 
with the Hop2-Mnd1 complex in aiding Dmc1-mediated 
strand exchange (Neale and Keeney 2006; Cloud et al. 2012). 
If mismatches are formed during strand exchange, they are 
corrected later by repair mechanisms (Jiricny 2006). After 
strand invasion, the D-loop is lengthened during branch 
migration by DNA synthesis (Chen et al. 2007).
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Branch migration without the displacement of the newly 
synthesized strand from its template leads to double Hol-
liday junction formation (dHJ). dHJ formation can lead to 
crossover and non-crossover events (Serrentino and Borde 
2012). In the DSBR pathway, dHJ can be either resolved 
or dissolved. dHJs can be resolved by the eukaryotic HJ 
resolvase Yen1/Gen1, the Slx1-Slx4 complex, or the Mus81-
Mms4 complex (Youds and Boulton 2011). dHJ resolution is 
promoted by the ZMM proteins, which leads to both crosso-
ver and non-crossover products. dHJ dissolution is promoted 
by the STR (Sgs1 (RecQ) helicase-TopIII topoisomerase-
RIM1-RIM2) complex, and it leads to only non-crossover 
products (Fig. 1).

The displacement of the newly synthesized strand during 
D-loop extension and then its reconnection to its partner 
strand lead to the SDSA pathway (McMahill et al. 2007). 
The pathway is promoted by the Srs2 DNA helicase and the 
Sgs1/BLM RecQ helicase, and it produces non-crossover 
events.

The highly conserved mismatch repair (MMR) system 
recognizes mismatches in the resulting recombination inter-
mediates (heteroduplexes) and then repairs them (Jiricny 
2006).

Repair of loops larger than 16 nucleotides (nt) is facili-
tated largely independently of the MMR system by the large 
loop repair (LLR) system (Jensen et al. 2005). LLR in yeast 
requires DNA Polδ, the RFC (replication factor C) protein 
complex, PCNA (proliferating cell nuclear antigen), and 
FEN1/Rad27, which can repair mismatches up to about 
5.6 kb, although repair efficiency decreases as the loop gets 
larger (Corrette-Bennett et al. 2001).

Depending on which of the pairing homologous regions 
(the shorter or the longer) acts as a template for DNA 
transfer, MMR and LLR can restore the original genetic 
information (a deletional allele is restored to the wild-type 
allele) or duplicate the donor sequence (the wild-type allele 
is transformed to an insertional allele) (Kirkpatrick 1999). 
This non-reciprocal sequence copying by gene conversion is 
largely the result of LLR and MMR of recombination inter-
mediates that are formed at the end of the DSBR and SDSA 
pathways (Fig. 1). The vast majority of recombination events 
result in gene conversion without crossing over.

Below, we summarize those molecular events of meiotic 
HR that appear particularly important in understanding the 
evolutionary function of sex:

•	 homology search between the homologs (DNA pairing) 
precedes DSB formation; HR is initiated by the forma-
tion of a DSB on one of the pairing homologous chro-
mosomes

•	 the opposite (allelic) homologous site remains intact 
throughout the recombination process

•	 chromatin structure greatly affects the site where the 
DSB forms (a local chromatin opening allows recom-
bination proteins to access the DNA strand): the acces-
sibility of chromatin structure and nucleosome positions 
largely influence where DSB formation happens

•	 DSB is endogenously generated by Spo11
•	 Spo11 simultaneously interacts with both DNA helixes 

(homologous regions)
•	 sequences at allelic position greatly influence DSB for-

mation
•	 DSB is repaired by gene conversion, the non-reciprocal 

transfer of genetic information from the intact homo-
logue

•	 gene conversion is indispensable for generating recom-
binant chromosomes

•	 gene conversion is not always associated with the recip-
rocal exchange of the flanking sequences (crossing over)

•	 gene conversion promotes the transmission of alleles 
even without conferring advance; thus, HR may be 
induced by self-promoting genetic elements (“selfish 
genes”)

Disparity in gene conversion

Meiotic HR is initiated by the formation of a DSB on one of 
the pairing homologs. DSB is then repaired by unidirectional 
sequence copying from the intact homolog (gene conver-
sion). An important aspect of the process that requires fur-
ther clarification is the homolog on which DSB is formed, in 
other words which of the pairing homologous chromosomal 
regions becomes the recipient of DNA transfer during gene 
conversion (Garcia et al. 2015). Experimental data show that 
in yeast heterozygous insertions often display disparity in 
gene conversion that duplicates, rather than eliminates, the 
insertion (Kearney et al. 2001). The segregation pattern of 
spore colonies is 6:2 when conversion transmits the wild-
type allele, whereas copying of the mutant allele (insertion) 
results in a 2:6 gene conversion tetrad (note that without 
recombination the spore segregation pattern is 4:4). In mei-
otic recombination including heterozygous insertions, 2:6 
conversions are more common than 6:2 segregations (Fig. 2) 
(Kearney et al. 2001; Johnson-Schlitz and Engels 1993). 
Kearney et al. observed (2001) that heterozygous very large 
(up to 5.6 kb) insertions show 11-fold 2:6 conversion bias 
(toward duplication of the insertion). This conversion bias 
results from the preference at which DSB forms on one 
homolog. Biased conversion has been accounted to be pri-
marily for responsible for spreading novel DNA sequences 
in mammals (Chen et al. 2006). For example, conversion 
bias is widely implicated in the evolution of human micros-
atellites (Xu et al. 2000).
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Conversion bias is also evident in meiotic recombina-
tion events involving heterozygous deletions, however, in 
favor of 6:2 segregations. This bias duplicates the wild-type 
allele and eliminates deletion (McNight et al. 1981). Thus, 
deletions (formerly lost DNA sequences) can be repaired 
by copying the corresponding allelic information from the 
intact homolog (Fig. 2). For example, deletion in a paternal 
genetic lineage can be restored to the original DNA content 
by using genomic information from a non-relative mater-
nal genetic lineage, and vice versa (closely related genomes 
often share deletions at identical genomic loci and thus can-
not repair each other). In other words, lost genetic informa-
tion on a paternal chromosome can be repaired by copying 

the corresponding wild-type sequence from the maternal 
homolog.

In contrast with heterozygous insertions and deletions (at 
these loci the two homolog differ in DNA content), gene 
conversion involving a heterozygous point mutation (substi-
tution) generally shows parity, i.e., a nearly equal frequency 
of 6:2 and 2:6 segregations (Fig. 2) (Nagylaki and Petes 
1982). At such a locus, the two homologous chromosomal 
regions do not diverge in size. Thus, the molecular machin-
ery underlying HR cannot “recognize” a gap in the original 
DNA content relative to its allelic sequence. In such case, 
DSB formation can occur with an equal probability on either 
of the homologs.

Fig. 2   DSB formation preferentially occurs on the “shorter” homolo-
gous region. Left column: heterozygous point mutations (at this site 
the two pairing chromosomal regions do not differ in size) display 
an equal frequency of DSB formation. Both alleles (wild-type and 
substitution) can undergo DSB formation and thereby become the 
recipient for sequence copying, with a similar probability (~ 50 to 
50%). Middle column: At a chromosomal locus being heterozygous 
for an insertion, disparity in gene conversion preferentially dupli-
cates (> 50%) the insertion rather than lose (< 50%) the extra genetic 
information. In this case, DSB is preferentially formed on the shorter 
(wild-type) homologous region, thereby becoming the recipient of 
sequence copying. Right column: Biased conversion involving a 

heterozygous deletion duplicates the wild-type allele, thereby restor-
ing the original genetic information at the site of deletion. Here, too, 
the shorter (deletion) allele becomes the homolog that preferentially 
undergoes DSB formation. These mechanisms imply that meiotic 
recombination is often initiated by self-promoting elements: a wild-
type allele transmits itself into its deletion derivative, or an insertion 
copies itself into its wild-type allele. Sequence transmission in both 
cases occurs by biased gene conversion (non-reciprocal transfer of 
genetic information). DNA helixes are indicated by semi-arrowed 
colored lines. Black lines between the homologs represent homology 
pairing. wt: wild-type allele; DSB: DNA double strand break
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Biased gene conversion: recombination is often 
initiated by self‑promoting (“selfish”) DNA elements

During meiotic recombination, the two homologous DNA 
strands interact before DSB formation occurs. Thus, the 
initial matching of intact homologs (homology search) pre-
cedes and somehow influences DSB formation through a 
sequence-specific chromatin structure. Indeed, Spo11, the 
protein that generates the DSB, interacts simultaneously 
with the two pairing DNA duplexes and produces a non-
reversible break on one of the pairing homologs only in the 
presence of the allelic sequence. We suggest that at chromo-
somal sites where the pairing homologs differ in size, i.e., 
heterozygous for a deletion or insertion, an unpaired DNA 
double-strand loop can be formed on the longer homologous 
region. This structural change that we call C-loop forma-
tion ensures the proper pairing of the flanking homologous 
sequences (homology is represented by horizontal black 
lines between the pairing DNA helixes in Fig. 3). Presum-
ably, this gene conversion-directed repair mechanism can 
only recognize the presence or absence of a DNA sequence 
relative to its allelic information. When the alleles do not 
differ in DNA content (size), the mechanism does not show 
preference to any of the alleles (an equal chance of DSB 
formation on either homologs).

Molecular tension formed opposite to C-loop on the 
shorter homologous region can be released by the forma-
tion of a DSB. This model is supported by several experi-
mental observations. First, chromatin structure is known to 
affect the probability of DBS formation (Pan et al. 2011; 
Brachet et al. 2012; Cummings et al. 2007). Second, recom-
bination hotspots in mammals are largely determined by the 
sequence-specific Prdm9 methyltransferase (Székvölgyi 
et al. 2015). Third, DSB formation is strongly affected by 
sequences at the allelic position (Xu and Kleckner 1995). 

These data support the idea that meiotic HR is induced 
by a self-promoting element (“selfish gene”) that can be 
effectively copied without conferring advantage to the host 
(Archetti 2003). We suggest that unused (non-functional) 
heterozygote sequences can transmit themselves into the 
corresponding homologous chromosomal regions by biased 
gene conversion. Mediated by sexual reproduction, such 
“selfish” sequences effectively disperse within the popula-
tion and then within the given species.

During meiosis, chromosomes are highly packaged into 
a condensed chromatin structure to facilitate their proper 
segregation. At this stage, the only information the recom-
bination protein machinery can process is the presence 
(“good”) or absence (“wrong”) of a given sequence relative 
to its allelic information. This may be the basis on which the 
recombination initiation machinery mediates DSB forma-
tion. The lack of a sequence that exists in the allelic region 
may serve as a key message for the machinery to make 
the choice of breaking the shorter homolog (“the lack of 
sequence is always wrong” decision). In this way, more than 
half of the gametes produced during meiosis will contain the 
given sequence (without biased conversion around half of 
the haploid gametes will contain, while the other half will 
miss, the given sequence if they are generated from a het-
erozygous diploid cell). As a consequence, more than half of 
the progeny will contain this particular sequence in the next 
generation. By passing subsequent generations, more and 
more individuals share this particular sequence, and eventu-
ally almost every genome of the population will possess it. 
Effective copying of a novel sequence thus requires no actual 
biological function. Taken together, we suggest that meiotic 
recombination is frequently induced by self-promoting DNA 
elements (formerly called “selfish genes”). Gene conversion 
at the region of DSB formation can encourage the transmis-
sion of such neutral alleles.

Fig. 3   Meiotic recombination is often induced by inequality in DNA 
content between the pairing homologous regions. During homology 
pairing (represented by horizontal black lines between the homologs), 
which precedes DSB formation, loci that differ in size (i.e., heterozy-
gous for an insertion or deletion) cannot match with each other. The 
longer allele forms a so-called C-loop to allow the proper pairing of 
the flanking homologous sequences. This structural change causes a 
molecular tension in the shorter homolog which can be released by 
a DSB formation. Thus, DSB is preferentially formed on the shorter 

allele, thereby conferring disparity in gene conversion. Biased con-
version duplicates the insertion or restores deletion to the original 
DNA content. In this way, “selfish” DNA sequences with no allelic 
counterparts can effectively copy themselves into the homologous 
region even if they confer no advantage to the individual or popula-
tion. dsDNA: double-strand DNA; DSB: DNA double-strand break; 
wt: wild-type; Δ: longer allele (insertion or a wild-type allele in front 
of deletion)
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Sex functions as a DNA loading mechanism: it 
simultaneously restores formerly lost and transmits 
newly emerged sequences

Despite its prevalence in eukaryotic organisms, why sex 
evolved and has been maintained in nature remains unclear. 
The process has a considerable time and energy demand 
and may disrupt favorable gene combinations. Furthermore, 
sexually reproducing populations grow at only half the rate 
of asexual ones, because females produce males instead 
of other self-propagating individuals (the twofold cost of 
sex). Asexual populations hence should rapidly overgrow 
sexual ones. In contrast, sexually reproducing species are 
significantly overrepresented in nature, as compared with 
asexual ones. The advantage of sex is assumed to rely on 
selection between populations by increasing genetic varia-
tion (originally proposed by Weismann in 1904) or prevent-
ing the accumulation of deleterious mutations. However, the 
short-term advantage of sex to individuals for maintaining 
the process long enough for group selection to operate is 
still enigmatic.

During meiotic recombination, biased gene conversion 
involving heterozygous insertions or deletions promotes the 
copying of the allele that contains the extra genetic infor-
mation. This suggests that DSB preferentially forms on the 
shorter homologous region, thereby becoming the recipient 
of sequence copying (Fig. 3). Transmission of the longer 
allele occurs even if it provides no advantage to the host, 
proposing a neutralist rather than a selectionist model for 
the ubiquitous and highly abundant distribution of non-func-
tional sequences in eukaryotic genomes (Kimura 1968; Eyre-
Walker and Hurst 2001; Ohta 2002; Lynch 2007). This is in 
good accordance with a negative relationship between selec-
tion efficiency and genome complexity, implying that many 
characteristics of genomic structures in eukaryotes may have 
originated via non-adaptive, stochastic processes. Together, 
we suggest that meiotic recombination (through biased con-
version of heterozygous deletions and insertions) may act as 
a genome (re)loading mechanism, resulting in a significant 
increase in genome size during the evolution of eukaryotes. 
By transferring genetic information from one DNA helix to 
its homolog, conversion can both restore formerly deleted 
sequences and allow novel sequences to be integrated into 
allelic positions. In this way, gene conversion accomplishes 
two seemingly opposite tasks: maintenance of genetic stabil-
ity (by restoring lost genetic information) and generation of 
genetic diversity (by spreading novel sequences within spe-
cies). The latter can be further increased via crossing over 
(the reciprocal exchange of flanking sequences), which is 
quite infrequently associated by gene conversion.

Biased gene conversion can repair deletions, thereby 
reducing the deleterious mutation rate [22]. Indeed, het-
erozygous deletions frequently reduce the fitness even 

when they are inherited in a recessive way (this phenom-
enon is called haploinsufficiency). For example, female 
mice heterozygous for a recessive deletion affecting the 
insulin/insulin-like growth factor (Igf) receptor gene are 
healthy but show a long-lived phenotype associated with 
reduced fertility (note that homozygous Igf null mutant 
mice are unviable) (Holzenberger et al. 2003). Biased con-
version decreases the proportion of individual genomes 
bearing the deletion in the subsequent generations and 
hence increases the number of potentially viable progeny. 
Thus, sex can confer a short-term individual advantage by 
recovering formerly lost DNA sequences, thereby reducing 
the mutational load even under constant conditions. This 
suggests that sex in eukaryotes facilitates the restoration 
of formerly lost genetic information, a trait that may have 
been inherited from bacterial ancestors (Vellai et al. 1998, 
1999; Vellai and Vida 1999; Ortutay et al. 2003; Szöllősi 
et al. 2006). In sum, by repairing deletions, sex can confer 
an immediate advantage to the host, explaining why the 
process could have been maintained stable for millions of 
years. Most deletions, however, form within intragenic, 
non-functional sequences and thus are not harmful. This 
function of sex can be advantageous (by restoring formerly 
lost functional sequences) or neutral (by copying nonfunc-
tional sequences).

Deletions occur commonly in eukaryotic genomes. The 
only way a population can purge a deletion from the genome 
is to eliminate individuals bearing the mutation (lethal muta-
tions) or to enable mating between a bearing and non-bear-
ing individual (homozygous non-lethal mutations and het-
erozygous lethal ones). Inbreeding has the opposite effect. 
Closely related genomes often contain deletions at identical 
genomic loci, so the pairing chromosomes during meiosis 
are unable to repair (restore formerly deleted sequences) 
each other.

In addition to eliminating deletions, biased conversion 
promotes the copying of heterozygous insertions (in this 
case the wild-type allele behaves as a shorter chromosomal 
region). This suggests that disparity in gene conversion does 
not necessarily reduce the deleterious mutations rate. Many 
insertions are beneficial. For example, a series of tandem 
duplications of a primordial Hox gene (a master regulator 
of early animal development) has led to the evolution of 
Hox gene clusters in various animal taxa (Garcia-Fernàndez 
2005). The number of Hox genes in an organism correlates 
with its biological complexity. The initial duplication of 
such a (Hox) gene originally had taken place in an individual 
genome in an early phase of evolution of the lineage. Sex-
ual reproduction then mediated the spreading of the given 
sequence among individuals of the species, and this process 
did necessitate no functionality to the gene (although a novel 
copy of a Hox gene certainly provided an advantage to the 
host through functional redundancy shared by the paralogs).
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A large portion of newly emerged insertions are neutral 
(e.g., a novel microsatellite). Such a sequence could have 
spread by gene conversion from an individual genome in 
which it primarily emerged to eventually all members of a 
species. Thus, sex increases genetic variability by promoting 
the spreading of novel sequences. In this case, sex confers no 
immediate advantage to the host. However, certain insertions 
are harmful as they are integrated into coding or regulatory 
sequences, thereby disrupting their function. Duplication of 
such an insertion by gene conversion generates a homozy-
gous mutant genotype that effectively gets eliminated from 
the population by selection (as the mutational determinis-
tic hypothesis postulates it). Together, biased conversion 
ensures the efficient copying of heterozygous neutral and 
beneficial insertions into the corresponding allelic (wild-
type) sequences, leading to their spreading and, eventually, 
ubiquitous distribution among the individual genomes of a 
species. These types of insertions could have accumulated 
during the evolution of eukaryotic genomes, whereas del-
eterious insertions may have been purged from the genomes 
by selection against their accumulation. Sex thus simulta-
neously provides immediate (to individuals) and long-term 
(to populations) advantages, explaining its origin and stable 
maintenance during evolution. It can reduce mutational load 
by restoring formerly lost genetic information and promote 
the formation of adaptive gene combinations by spreading 
novel sequences. The essence of both processes stems from 
disparity in gene conversion that supports the copying of a 
DNA fragment into the corresponding allelic position lack-
ing the particular fragment. Crossing over, which accompa-
nies gene conversion in a number of recombination events, 
can further increase genetic diversity by producing novel 
linkage combinations.

Here we suggest that sex evolved for two main purposes. 
First, it helps to restore formerly lost DNA sequences in 
a genetic lineage via copying the given information from 
another genetic lineage. Sex can repair deletions, thereby 
providing short-term advantages to individuals. Second, 
sex mediates the efficient copying and spreading of novel 
sequences that primarily arose in individual genomes. The 
process helps accumulate novel genetic innovations into 
a genetic lineage from another in which the innovation 
emerged. As a by-product, unused sequences (non-func-
tional genetic innovations) can also be spread during the 
evolution of eukaryotic genomes, explaining their tendency 
to accumulate “junk DNA” sequences.

The evolution of genome size in eukaryotes

Through restoring formerly lost genetic information and 
copying novel sequences into allelic positions, meiotic 
recombination resulted in a considerable increase in genome 
size during the evolution of eukaryotes (Vellai et al. 1998; 

Vellai and Vida 1999). Presumably, this genome (re)loading 
mechanism provided the genetic basis for further increases 
in biological complexity (across many taxa, the number of 
genes a given genome codes for correlates with the mor-
phological complexity of the organism). It can also account 
for the tendency of eukaryotic genomes to accumulate non-
functional sequences. In addition, meiotic recombination, by 
facilitating the transfer of genetic material between different 
genomes with sufficient homology, ensures the cohesion of 
continuously diverging clonal genetic structures (popula-
tions) into a taxonomic unit (species); it eliminates heterozy-
gous deletions, causing the corresponding wild-type alleles 
to become homozygous, as well as duplicate heterozygous 
insertions into homozygous genotypes. A previous model 
for the increased eukaryotic genome size also suggests that 
restructuring of eukaryotic genomes during evolution was 
initiated essentially by non-adaptive processes, which, how-
ever, were mainly driven by the strength of selection and 
drift (Lynch and Conery 2003).

It is worth seeing an example of how a newly emerged 
nonfunctional DNA sequence of germ-line origin can spread 
within a species by sex (Fig. 4). Such a novel sequence 
generally arises by a gene duplication event that occurs 
during replication or recombination. For example, when 
a short microsatellite undergoes duplication, the replicate 
often integrates into a chromosomal region adjacent to the 
original copy (tandem gene duplication). So, the original 
microsatellite becomes repeated. At this stage, three copies 
of the sequence exist in the genome: the original two cop-
ies (if we consider a homozygous karyotype for this locus) 
and the novel one. Initially, the new sequence (duplicate; 
indicated by red coloring in Fig. 4) is heterozygous as it 
arose by a single duplication event in an individual genome. 
During meiotic recombination involving this particular chro-
mosomal region, biased conversion transmits the duplicate 
into the wild-type allele located on the homolog. As being 
“shorter,” the wild-type allele is preferentially filled by the 
insertion. As a result, more than half of the gametes pro-
duced by the individual in which the duplication occurred 
will contain the insertion. In the following generation, the 
duplication-bearing gametes fuse with those derived from 
other individuals being homozygous for the corresponding 
wild-type allele. In their progeny, which are heterozygous 
for the insertion, biased conversion increases the ratio of 
gametes that contain the insertion relative to those bear-
ing the corresponding wild-type allele. Over time, the novel 
microsatellite can spread within the population by HR, and 
this process continues until the microsatellite accumulates 
in almost all genomes of the species at an identical genomic 
locus (Fig. 4).

In bacteria, this evolutionarily conserved mechanism 
(called localized sex that relies on natural genetic transfor-
mation of DNA fragments released from lysed cells, and 
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involves only parts of the genome) continuously expands 
genome size. To counteract this genome loading process, 
bacterial genomes also tend to eliminate unused sequences 
through a series of (micro)deletions, a process called 
genome economization (Vellai et al. 1998; Szöllősi et al. 
2006). This genome erosion mechanism is driven by the so-
called R reproductive strategy: cell division in prokaryotes 
is coupled to the completion of replication. A bacterial cell 
divides after its genome becomes duplicated (in other words 

a smaller genome can be duplicated faster than a larger one). 
As a consequence of these two opposite processes, genome 
loading, and streamlining, the genome size of contempo-
rary bacterial species fluctuates between ranges of 1 and 9 
Megabp.

In contrast, eukaryotes do not rely on genome economiza-
tion, most probably due to their compartmentalized energy 
metabolism. At a very early phase of eukaryote evolution, 
the compartmentalization of energy-converting metabolism 

Fig. 4   Model showing how sex contributes to the expansion of 
DNA content in a eukaryotic species. For simplicity, the population 
consists of single-cell individuals (protozoa) containing only a sin-
gle pair of homologous chromosomes (indicated by two blue lines). 
Occurring primarily in an individual genome, a gene duplication 
event leads to a novel copy (a red chromosomal region) of a certain 
gene. This copy can be effectively transmitted into its allelic position 
by biased gene conversion (indicated by a small black arrow). If the 
population propagates asexually, the bearing diploid genomes pro-
duce gametes, nearly the half of which contain the novel sequence, 

while the other half does not. The proportion of the novel sequence 
thus cannot be increased as the generations pass each other. However, 
if the population reproduces sexually, meiotic recombination (through 
biased gene conversion) can increase the proportion of gametes that 
contains the novel sequence. As a result, the proportion of individu-
als bearing this novel copy gradually increases in the population with 
the passing generations. Migration between populations allows the 
sharing of the new sequence between each population of the species. 
Eventually, this novel sequence appears at a certain genomic locus in 
each member of the species
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(the endosymbiotic emergence of the mitochondrion from a 
free-living alpha-proteobacterial ancestor) largely liberated 
the host cell from energetic limitation to expand DNA con-
tent. Replication in eukaryotes is limited to the S phase of 
the cell cycle, where sufficient time and (stored) energy are 
available for the duplication of the genome. From this inno-
vation (the emergence of compartmentalized energy-con-
verting metabolism), genome size was no longer restricted 
by size constraints. This allowed the development of vastly 
expanded genomes, providing the genetic basis for further 
changes in biological complexity (Fig. 4).

Thus, every novel gene arising primarily in an individual 
genome could spread within a given species by sex (i.e., 
biased gene conversion), rather than by natural selection. 
For example, if a genetic lineage (population) creates a 
novel Hox paralog, while another one generates a novel Igf 
receptor-encoding gene, individuals can accumulate both 
novel genetic innovations in the population even without a 
selection pressure. Thus, there is no need for the organism to 
decide which of the innovations (the Hox or Igf paralog) is 
better (i.e., which of them provides a more significant advan-
tage to the population over the other). Both novel genes can 
spread within the species from the individuals in which they 
emerged by biased gene conversion.

Conclusions

Here, we presented the so-called genome loading model for 
the origin and maintenance of sexual reproduction. Accord-
ingly, sex primarily evolved to restore formerly lost DNA 
sequences (repair of deletions) and to copy newly arisen 
sequences into allelic positions. Both processes are driven by 
biased gene conversion. The former function of sex reduces 
mutation rate in populations through reducing the proportion 
of deletions in the gametes generated during meiosis. The 
latter increases genetic variability through elevating the pro-
portion of novel sequences, each of which primarily arose in 
an individual genome. This model simultaneously involves 
Bengtsson’s hypothesis (deletions can be recognized as DNA 
gaps during chromosome pairing and filled by biased gene 
conversion; Bengtsson 1985), the environmental stochastic 
hypotheses (more rapid accumulation of beneficial and neu-
tral insertions; and the mutational deterministic hypotheses 
(an increased efficiency of selection against synergistically 
interacting deleterious insertions). Both elimination of (het-
erozygous) deletions and accumulation of beneficial inser-
tions can provide immediate (individual) advantage to the 
host, explaining the emergence and short-term maintenance 
of sex. Note that beneficial point mutations can be accumu-
lated, while deleterious ones can be eliminated, more rapidly 
in populations by crossing over (according to the environ-
mental stochastic and mutational deterministic hypotheses), 

but these effects generally rely on long-acting (group) selec-
tion pressures. Together, the genome reloading model for the 
origin of sexual reproduction postulates that sex provides 
both the advantage of generating novel, adaptive gene com-
binations (neutral and beneficial insertions) and preventing 
the accumulation of deleterious mutations (deletions).
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