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 Abstract
7KH�RULJLQ�RI�VH[XDO�UHSURGXFWLRQ��KRZ�LW�HYROYHG��DQG�LWV�EHQH¿WV�KDYH�EHHQ�
topics of active research. Many different theories have been proposed and 
various models have been made to explain sexual reproduction in species. 
There is an inherent problem of which proponent of the evolution of sex is 
correct or whether it is a combination of theories that is correct. Although 
not exhaustive, the current review aims to synthesize and explore this issue 
and ideas based on some of its arguments including the generation of sex 
differences, the molecular basis for sex, and why it may have been selected 
for and kept in certain species. By providing a baseline for the discussion, 
further research may be executed in deriving the reasoning behind the 
evolution of sex and its pros and cons compared to asexual reproduction. 
What is obligatory sex and who has it?
7KH�GH¿QLWLRQ�RI�VH[�KDV�JHQHUDOO\�EHHQ�DFFHSWHG�DV�D�PHDQV�RI�UHSUR-
duction that requires the genetic material of two parents combining (via 
gametes) to form a zygote (Bai 2015). However, this is not the only means 
of reproduction as organisms can also pass on their genetic material 
through asexual reproduction where the parent clones its genes for the 
offspring. It is important to note that about only 0.1% of animal species 
reproduce asexually (Phillips et al. 1990). An even more curious and in-
teresting note is most asexual lineages have come from sexually repro-
ducing ancestors which may indicate that asexual reproduction is probably 
a niche tool for evolution in certain evolutionary situations (Geodakyan 
1991). Both sexual reproduction and asexual reproduction have a facul-
tative side and an obligate side that can be observed in species. Obligate 
asexual reproduction has been thought to arise because of inbreeding or 
mutation in large populations (Scheuerl et al. 2011). Facultative sexual 
reproduction is relatively rare, being only observed in a few animal spe-
cies. The reason for this seems to be a response from species for lack of 
viable mates in certain environments. On the other hand, obligate sexual 
reproduction is when species reproduce exclusively via sexual reproduc-
tion and is the reproductive method most observed in the animal kingdom.
It may initially appear evident and obvious as to why and how sexual repro-
duction is advantageous and thus so prevalent. Unfortunately, this is not 
the case, as the origin and maintenance of sexual reproduction is still one of 
the most elusive and hotly debated topics in evolutionary biology. The rea-
sons behind this are because sexual reproduction requires more resources 
and has more costs associated with it compared to asexual reproduction, 
and yet it is still prevalent. Therefore, there must be a greater payoff to the 
risks and costs that keeps sexual reproduction the main mode of propaga-
tion in species. In face of this logic, no concrete and agreed upon theory 
has been presented which explains how sexual reproduction came to be 
and how it is maintained. In the current review, some major theories and 
hypotheses will be discussed to provide a foundation for future research.
The sexual cons
One of the most famous costs of sex is known as the “two-fold” cost of sex. 
The idea is that a female can reproduce asexually and make many clones 
of herself which can then propagate further unhindered. Compare that to 
a sexual female who has a 50% chance of producing a male and cannot 
reproduce by themselves, decreasing the growth rate of the sexual popula-
WLRQ��%HVLGHV�WKDW��PDOHV�DQG�IHPDOHV�KDYH�WR�¿UVW�¿QG�HDFK�RWKHU�WR�PDWH�
and produce one male and one female at the very least to keep the popu-
ODWLRQ�DW�HTXLOLEULXP��*LEVRQ�HW�DO���������7KLV�LV�VLJQL¿FDQWO\�PRUH�GLI¿FXOW�
than cloning and duplicating which allows the asexual population to quickly 
double and outgrow the sexual population. Also, there is the loss of genetic 
information on both sides, known as the “cost of meiosis”, where each par-
ent is only contributing half of their genetic material (Williams 1975). This 
is obviously a problem as the genetic traits that helped the parent survive 
in the environment are not fully transferred from parent to the offspring. 
There are other problems that contend with the evolution of sexual repro-
duction. For example, recombination can and does destroy successful 

JHQH�FRPELQDWLRQV�ZKLFK�UHGXFHV�LQGLYLGXDO�¿WQHVV��/HKWRQHQ�HW�DO���������
/RJLFDOO\�� QDWXUDO� VHOHFWLRQ� VKRXOG� WKHUHIRUH� DFW� DJDLQVW� UHFRPELQDWLRQ��
Furthermore, the act of having sex can increase the transmission of sexu-
ally transmitted diseases (Otto 2009). These diseases can be crippling to 
populations of animals if the sexually reproducing members are dying from 
them. Genetic problems to consider include genetic linkages where cer-
tain areas of DNA are inherited together based on proximity and can carry 
disadvantageous alleles that may cause disease. There is also evidence 
showing that some genetic sequences can enhance their transmission 
and decrease other gene transmission regardless of whether they have 
QR�HIIHFW� RU� DUH� GHWULPHQWDO� WR� RUJDQLVPDO� ¿WQHVV� �+LFNH\� �������$� VLP-
ple way to avoid these problems would be to just not reproduce sexually, 
so what possible advantages could sex offer that overshadow its cons?
The sexual pros
Many experiments and explanations have been offered to demonstrate 
why sex may be advantageous. One explanation as to why obligato-
ry sex can evolve over facultative sex is that sexual selection exists in 
sexually reproducing species (Hadany & Beker 2007). It is usually the 
FDVH� WKDW� WKH�VH[� LQYHVWLQJ� OHVV� LQ� WKH�RIIVSULQJ�KDYH�YDULHG�¿WQHVV��9LD�
sexual selection, natural selection is sped up in these species, and this 
SUHVHQWV�WKH�ORQJ�WHUP�EHQH¿WV�RI�TXLFNHU�DGDSWDWLRQ�WR�WKH�HQYLURQPHQW��
7KH� VKRUW�WHUP� EHQH¿WV� RI� VH[XDO� UHSURGXFWLRQ� LQFOXGH� DOORZLQJ� VH[XDO�
organisms to compete in the “evolutionary arms race” better than asexu-
DO�RUJDQLVPV��7KLV�LV�NQRZQ�DV�WKH�5HG�4XHHQ�K\SRWKHVLV��/LYHO\��������
By recombining the genotype, sexual organisms can better adapt to the 
ÀXFWXDWLQJ�HQYLURQPHQWV� WKDW�DUH�GHWHUPLQLVWLF�� ,Q�RWKHU�ZRUGV�� WKH�EDFN�
and forth of the arms race may continue without sex, but sex enables the 
³UDFH´�WR�FRQWLQXH�HI¿FLHQWO\��6LPLODUO\��WKH�KDSORLG�GLSORLG�QDWXUH�RI�VH[XDO�
organisms is thought to exploit a very simple form of the Baldwin effect, 
where changed needs lead to learned behavior and natural selection takes 
care of the rest (Bull 2017). Simply put, the diploid stage of sexual organ-
isms acts like the learned behavior stage and associated phenomenon, 
such as recombination or the varied lengths of haploid-diploid stages, can 
EH� HYROXWLRQ� ¿QH� WXQLQJ� WKH� OHDUQLQJ� H[SHULHQFHG� E\� RUJDQLVPV�� ,Q� WKLV�
way, sex would be maintained as it allows for this learning stage to exist.
*DQGRQ� DQG�2WWR� ������� ORRNHG� DW� WKH� VSHFL¿FV� RI� WKH�5HG�4XHHQ� K\-
pothesis and argue that there are multiple factors that contribute to the 
SKHQRPHQRQ�� LQFOXGLQJ� ÀXFWXDWLQJ� HSLVWDVLV�� GULIW�� DQG� GLUHFWLRQDO� VH-
OHFWLRQ�� 7KH\� VKRZ� WKDW� ÀXFWXDWLQJ� HSLVWDVLV� LV� OLNHO\� WKH� PRVW� LPSRUW-
ant factor in the development of sex. Natural selection often leads to 
certain allelic combinations that work well together, but recombination 
FDQ� EUHDN� WKHVH� OLQNV�� ,Q� WKH� VKRUW�WHUP�� WKLV� LV� UHGXFLQJ� ¿WQHVV� IRU� WKH�
RUJDQLVP��KRZHYHU�� RYHU� WKH� ORQJ�WHUP�� VXI¿FLHQWO\� KLJK� UDWHV�RI� UHFRP-
bination can work to help break those linkages which do not work well 
together (Otto & Feldman 1997). In this way, recombination and sex would 
be favored as they increase the ability to correct linkages if the incor-
UHFW�RQHV�DUH�EHLQJ�EURNHQ�� WKXV� LQFUHDVLQJ� WKH�ÀXFWXDWLRQV� LQ�HSLVWDVLV�
Some phylogenetic evidence has also been provided showing that obli-
gate sex organisms may have evolved from facultatively reproducing an-
cestors (Kleiman & Hadany 2015). It begs the question: why is obligate 
sex so common? One important realization to note is that most facul-
tatively reproducing organisms are unicellular whereas multicellulari-
ty has been correlated with the development of sex (Kleiman & Hadany 
2015). Unicellular organisms that reproduce asexually would accumu-
late DNA damage from the environment and pass it on until it becomes 
debilitating. This answers the question of why organisms may devel-
op recombination, but that fails to account for the development of sex 
DQG� VH[XDO� GLPRUSKLVP�� ZKLFK� DOORZV� VH[� WR� KDSSHQ� LQ� WKH� ¿UVW� SODFH��
,W�VHHPV�WKDW�WKHUH�DUH�PDQ\�LQWHUWZLQLQJ�WKHRULHV�WKDW�DUH�¿OOLQJ�LQ�GLIIHUHQW�
pieces of the puzzle, but there does not seem to be one apparent theory 
HYHU\RQH�FDQ�DJUHH�ZLWK��)RU�WKLV�UHDVRQ��WKH�¿HOG�KDV�WDNHQ�D�³SOXUDOLVW´�
approach in addressing the origin of sex. As stated before, so many differ-
ent factors have contributed to the development and maintenance of sex, 
including the development of meiosis, anisogamy, sexual dimorphism, re-
combination, environmental constrains and pressures, and many more un-
listed contributors, that this view is the best way to approach the problem. In 
this review, a few early theories will be discussed along with some modern 
theories. This is not an exhaustive list as many topics are outside the scope 
RI�WKLV�UHYLHZ��EXW�D�IRXQGDWLRQDO�XQGHUVWDQGLQJ�RI�WKH�¿HOG�ZLOO�EH�SRVHG�����
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,Q�D�VHW�QXPEHU�RI�DVH[XDO�SRSXODWLRQV��WKH�HI¿FDF\�RI�QDWXUDO�VHOHFWLRQ�LV�
impeded by elements of genetic drift. The linkage of alleles talked about pre-
YLRXVO\�FDQQRW�KDSSHQ�E\�DQ\�HI¿FLHQW�PHDQV��5HFRPELQDWLRQ�RIIHUV�VHOHF-
WLRQ�DW�LQGLYLGXDO�ORFL��RYHU�WLPH��WKH�PHDQ�¿WQHVV�VKRXOG�LQFUHDVH��,W�KDV�EHHQ�
shown in the past that recombination in conjunction with sex increases the 
genetic variability in the genome of the species. Therefore, natural selection 
will then eliminate the unfavored combinations and have a better chance at 
bringing together successful allele pairs compared to asexual organisms.
7KLV�ZDV�H[SHULPHQWDOO\�IRUPDOL]HG�E\�)LVFKHU��������DQG�0XOOHU��������LQ�
D�FDVH�DSSOLHG�WR�D�VHW�RI���DOOHOHV��ZKLFK�DUH�ERWK�EHQH¿FLDO�EXW�DULVH�LQ�
two different loci that are linked. They both logically conclude that sexual 
organisms would have an easier time combining the two alleles into a new 
genome than asexual organisms. Asexual organisms would have to wait for 
WKH�PXWDWLRQ�WR�EH�PDGH�DQG�WR�¿[�LW�LQWR�WKHLU�VHTXHQFH�LQ�WKH�VDPH�JHQHU-
ation. This would naturally take a much longer time period, comparatively.
Muller’s hypothetical ratchet
0XOOHU� ������� SURSRVHG� DQRWKHU� K\SRWKHVLV� LQ�ZKLFK� UHFRPELQDWLRQ� DQG�
sex could evolve in a set population. Muller argued that most muta-
tions, due to random chance, are deleterious and restoration of the orig-
inal wildtype allele, even in long periods of time, is rare. So, imagining 
a scenario where there is an initial population of asexual organisms of 
which some incur this mutation, there will be a few which do not. How-
ever, this initial subset of mutation-free organisms will be lost over time 
and cannot be recovered evolutionarily. This constitutes as one “crank” 
of Muller’s Ratchet. Allowing for multiple generations to continue as 
such would result in the least loaded group being weeded out. Eventu-
ally, this would result in the irreversible degeneration of the genome 
to a point of no return as the entire species is driven to extinction. Re-
combination and sex evolved to combat these deleterious mutations as 
even a little bit of recombination can stop the cranking of the ratchet.
Geodakyan’s evolutionary theory
Geodakyan (1991) suggests another interesting theory involving sexual 
reproduction and why it has become the most common form of reproduc-
tion over the three other ones discussed prior: asexual, hermaphrodite re-
production, and sexual reproduction. The theory is broken down into two 
components: the principle of conjugated systems and the theory of asyn-
FKURQRXV�HYROXWLRQ��7KH�¿UVW�K\SRWKHVLV� LQYROYHV� WKH�YDULDQFH�SURGXFHG�
in a sexual population in the males and females and compares the two. It 
has been shown in subsequent analysis that males have higher variability 
FRPSDUHG�WR�IHPDOHV�LQ�KXPDQV�DQG�LQ�RWKHU�SODQWV�DQG�DQLPDOV���/HKUH�
et al. 2009) Geodakyan proposes then that sexual dimorphism is inherent 
to the development and maintenance of sex because the male acts as 
an experimental ground for recombination and variation whereas females 
function as a conservative subsystem. The second hypothesis takes these 
subsystems and separates them further by stating that they evolve slightly 
GLIIHUHQWO\��7KH�WUDLW�LV�¿UVW�DGDSWHG�WR�WKH�PDOHV�DQG�WKHQ�LQ�IXWXUH�JHQHU-
ations, the females. In this way, they evolve asynchronously. This theory 
ZDV�DOVR�GHVFULEHG�LQ�VXEVHTXHQW�VWXGLHV��$QGHUVVRQ��	�:DOODQGHU�������
Hickey’s theory
+LFNH\� �������KHOSV�HVWDEOLVK�DQ�HYHQ�PRUH� UXGLPHQWDU\�DVSHFW�RI�VH[��
describing how recombination came to be. Hickey relates that conjuga-
tion, or the linking of two unicellular organisms for genetic transfer, had 
to be a precursor step to recombination. After conjugation, karyogamy 
would have to develop, and then right before recombination is meiosis. 
He also suggests that outbreeding is very much in line with what evolution 
wants and is therefore favored. By having multiple copies of a success-
ful transposon spread within a population, it would be favored, and this 
ability would be kept in the genome. This somewhat relates back to the 
VHO¿VK�JHQH�WKHRULHV�PHQWLRQHG�SULRU��6H[�PD\�KDYH�HYROYHG�DV�D�E\SURG-
uct of ensuring rapid transmission of such elements, even if they cause 
D�VXEVWDQWLDO� UHGXFWLRQ� LQ� WKH�KRVW¶V�¿WQHVV� �+LFNH\��������$OWKRXJK� WKLV�
explanation is sound for the initial emergence of sex, it cannot similarly 
H[SODLQ� KRZ�VH[� LV�PDLQWDLQHG��2QFH� VHO¿VK�JHQHV� LQYDGH�D�SRSXODWLRQ�
and reach a high frequency, asexual individuals should be able to prop-
DJDWH� VHO¿VK� HOHPHQWV� MXVW� DV� TXLFNO\� DV� VH[XDO� LQGLYLGXDOV�� 7KHUHIRUH��
multiple theories are needed in order to explain each facet of this paradox.
Current working theories
There is some recently emerging evidence that helps explain and expand 
on the early working theories. One such study helps us to understand how 
meiosis may have developed originally as a response to errors in spon-
taneous auto-ploidy or whole genome reproduction. This would combat 
problems like aneuploidy, gene-overexpression, or even other negative 

HIIHFWV�RI�SRO\SORLG\��1LNODV�HW�DO���������7KLV�VWXG\�DOVR�DVVHUWV�WKDW�WKH�
reason for the continued maintenance of sexual reproduction has to do 
with decreased competition between siblings via increasing variability. 
Although their research is incomplete in addressing everything, they do 
point out important ideas. A more focused hypothesis looks at the Red 
Queen hypothesis once again, but this time from a genetic standpoint and 
as a cancer prevention theory. Aubier (2020) and his colleagues point out 
WKDW�HDUO\�PXOWLFHOOXODU�RUJDQLVPV�PD\�KDYH�EHHQ�DIÀLFWHG�E\�WUDQVPLVVLEOH�
cancers. In this scenario, the cell line of the host will continue to generate 
cancer cells (also known as neoplasia). They propose that although it is 
GLI¿FXOW�WR�EH�KRUL]RQWDOO\�WUDQVPLWWHG��LW�LV�HDVLO\�WUDQVPLWWHG�YHUWLFDOO\��DQG�
this is what promotes the evolution of sex through a mechanism known 
as similarity selection. To further elaborate, the study asserts that sexual 
reproduction evolved as a defensive strategy against vertically transmissi-
ble cancers, but only in certain circumstances where the host life history 
is slow, neoplasia is slow, and the transmission rate is high. Once that 
occurs though, sex can allow faster development of immunity to cancerous 
cell lines much like the arms race posed by the Red Queen hypothesis. 
$QRWKHU�UHFHQW�VWXG\�FRQ¿UPV�WKH�ORQJVWDQGLQJ�DQG�SUHYLRXVO\�GLVFXVVHG�
K\SRWKHVLV�WKDW�VH[�LV�EHQH¿FLDO�DQG�WKDW�UHFRPELQDWLRQ�VSHHGV�XS�DGDS-
WDWLRQ�WR�WKH�HQYLURQPHQW��0F'RQDOG�HW�DO���������VKRZ�WKH�VSHFL¿F�PHFK-
DQLVPV�WKDW�DOORZ�VH[�WR�VSHHG�XS�DGDSWDWLRQ��/RRNLQJ�DW�VH[XDO�DQG�DVH[-
ual Saccharomyces cerevisiae populations, they arrive at the conclusion 
WKDW�VH[�DOWHUV�WKH�VSHFWUXP�RI�PXWDWLRQV�WKDW�¿[�FRPSDUHG�WR�GHOHWHULRXV�
PXWDWLRQV� FDQ� HDVLO\� ¿[� LQ� DVH[XDO� RUJDQLVPV�� 5HFRPELQDWLRQ� DFWXDOO\�
SUHYHQWV�WKLV�VXEVWDQWLDOO\�GHOHWHULRXV�PXWDWLRQ�IURP�¿[LQJ�LQ�WKH�JHQRPH�

Summary
$V� LV� HYLGHQW� IURP� WKH� YDULHG� ¿HOGV�RI� UHVHDUFK�� WKHUH�DUH�PDQ\�DQJOHV�
from which to tackle the evolution of sex. This review only covered a se-
lect few, including the Red Queen hypothesis, Cancer deletion theory, the 
Fisher-Muller hypothesis, and more. Although each question comes from 
and leaves on different roads, the central theme of each theory is that 
sexual reproduction evolved to reduce the amount of errors in the replicat-
ed genome being passed down and to increase variation in the genome 
to increase the chances of survival of the organism via natural selection.

Discussion
Even after many decades of research, it is still not concrete why obligate 
VH[�LV�VR�XELTXLWRXV��+RZHYHU��LW�LV�FOHDU�IURP�WKH�¿QGLQJV�KRZ�HDFK�IDFHW�
and underlying mechanism works to a certain degree. Theories like the 
Red Queen hypothesis and selection interference only go so far in pro-
viding cases for the maintenance of sex in relation to its costs. They have 
not yet yielded models in which sex appears in a large range of biological 
scenarios. It is true that even in the models and papers posed in this review 
WKDW�FRQVWUDLQWV�DUH�SXW�LQWR�WKH�PRGHOV�ZKLFK�GR�QRW�UHÀHFW�DOO�WKH�SRVVLEOH�
situations. Also, we need evidence for diploid organisms that addresses 
both questions of origin and the maintenance of sex in order for them to be 
robustly answered. One of the most important tasks for evolutionary biolo-
gists is to determine all the different situations in which it would be the most 
conducive in making the maintenance of sex necessary for organisms. 
Some other direction could possibly be how multiple processes coexist 
and maybe even balance each other in producing both advantageous and 
deleterious mutations. An example could be if parasitic infections and can-
cerous cell lines were both generated and studied in a Red Queen model. 
5HJDUGOHVV� RI� WKH� GLUHFWLRQ�� LW� LV� SHUWLQHQW� WR� WKH� ¿HOG� WKDW�PRUH� H[SHUL-
mental data must be generated. There are a great number of phenom-
ena and theoretical predictions that need to be tested. The situation 
has seemingly gotten better over the past few years with many studies 
showing the advantageous sides of sex, dimorphism, parasitic co-evo-
lution, and breaking selection interference. However, more empirical 
evidence is needed to showcase the main mechanisms that select for 
sex in nature. There were a few discussed in this review but there must 
EH� YHUL¿FDWLRQ� VWXGLHV� DQG� UHSOLFDWLRQV� WR� UHDOO\� HVWDEOLVK� WKHVH� OHDGV��
It is certainly possible that a combination of theories may be the best bet 
in understanding the selective pressures for sexual reproduction to evolve, 
but most of the foundational data has been in the theoretical papers that 
introduced them. There should be some work done on the theoretical 
predictions, such as if the evolution of sex and recombination truly do 
OHDG� WR� DQ� LQFUHDVH� LQ� ¿WQHVV� YDULDQFH�� 7KH� RXWFRPHV� RI� WKHVH� VWXGLHV�
will no doubt be providing key insights in determining what key factors 
are the main determinants of the evolution of sex and its maintenance.


