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Evolution of Sex –  
Why two sexes- or are there more?
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Yin and Yáng, a powerful symbol that indicates the diary, yet non-binary nature of 
sex. 
檒᭲҅ yin dào (literally the “yin path”) means vagina, 
檚ᇔ҅yáng w`y (literally the “yang thing”) means penis in mandarin Chinese. 
ᴢᴡ are the simplified characters used in mainland China.

Sex: Meiosis (reduction division, from diploid to haploid)

Massive Increase in Diversity
SEX = G.O.D.

(Generation Of Diversity)

Each generation, half of the reshuffled DNA 
from two parents forms a new individual

Meiosis is a special cell division occurring only in the gonads of males and 
females and allowing sexually mature individuals to produce sex cells (gametes) 
that carry only half a genome (one of each chromosome): Parents are diploid, but 
gametes are haploid. In addition most chromosomes are shuffled through 
recombination between homologous chromosomes. 

Sex: Meiosis (reduction division)

Colgrave, Nick.EMBO Reports 2012

Mixing of genomes via meiosis and fusion of gametes

The core aspects of sex in eukaryotes. For simplicity, the figure shows a hypothetical organism in which the whole 
genome is carried in a single chromosome. The sexual cycle starts with a diploid cell that contains two different copies 
of the genome on a pair of homologous chromosomes. Each chromosome is first replicated to produce two genetically 
identical chromatids. The chromosomes then line up and exchange genetic material through recombination, producing 
chromatids that contain a mix of genetic material from both chromosomes. A two-stage meiotic division then leads the 
production of haploid gametes, each containing a single chromatid—half of the genetic material of the original diploid 
cell. Completion of the sexual cycle requires that diploidy is restored through the fusion of two gametes, usually from 
two different individuals.



Diploid Dominant Life Cycle

copyright 1999-2018 Rice University, creative commons

In animals, sexually reproducing adults form haploid gametes from diploid germ cells. 
Fusion of the gametes gives rise to a fertilized egg cell, or zygote. The zygote will 
undergo multiple rounds of mitosis to produce a multicellular offspring consisting go 
billions of cells, all sharing the same genetic identity. The germ cells are generated early in 
the development of the zygote. 
Practice question: What does it mean that humans (and most other animals) are diploid? 
Diploid refers to the fact that each chromosome is present in two copies, one maternal 
and one paternal, except for the X and Y chromosomes, where males only have one 
each.

Haploid Dominant Life Cycle

copyright 1999-2018 Rice University, creative commons

Fungi, such as black bread mold (Rhizopus nigricans), have haploid-dominant life cycles. 
The haploid multicellular stage produces specialized haploid cells by mitosis that fuse to 
form a diploid zygote. The zygote undergoes meiosis to produce haploid spores. Each 
spore gives rise to a multicellular haploid organism by mitosis. (credit “zygomycota” 
micrograph: modification of work by “Fanaberka”/Wikimedia Commons) 
Practice question: What is the haploid phase of the human life cycle? 
The short phase as sperm and egg, each representing a haploid cell.

Balanced Diploid Haploid Life Cycle

copyright 1999-2018 Rice University, creative commons

Plants have a life cycle that alternates between a multicellular haploid organism and a multicellular diploid 
organism. In some plants, such as ferns, both the haploid and diploid plant stages are free-living. The 
diploid plant is called a sporophyte because it produces haploid spores by meiosis. The spores develop 
into multicellular, haploid plants called gametophytes because they produce gametes. The gametes of 
two individuals will fuse to form a diploid zygote that becomes the sporophyte. (credit “fern”: modification 
of work by Cory Zanker; credit “sporangia”



Sex among Fungi

Amanita phalloides  
(death cap, a fungus)

somatogamy

isogamy anisogamy oogamy

human, hamster, rat sperm 
stained with phalloidin-FITC

Mushroom form out of cell with two haploid nuclei. sexual recombination happens under 
the mushroom cap where cll fuse their nuclei to form basidia form haploid gametes.  
The death cap mushroom produces several toxins, among them the protein phalloidin, 
which incidentally allows the staining of actin filament in the sperm of mammals and other 
cell types.

Stranger than you can imagine….. Life Cycle of basidiomycete fungus: 
Fusion of haploid cells without fusion of nuclei gives rise to a eukaryotic (two 
nuclei) stage, during which the mushroom forms. Fusion if the two nuclei 
(karyogamy) takes place the parts of the mushroom that then forms zygotes 
(basidia) and immediately give rise to haploid gametes that form spores. The 
entire underground body of the fungus (the mycelium) is haploid.

Sex among others compared to fungi

Billiard, S. et al., Biol. Rev 2010

two gamete classes hundreds of gamete classes

Non-Binary 
No Words

Recent book 
In Search of Mycotopia argues that 

humans can work with fungi to better live 
with nature―and with one another.

Illustration of typical sexual reproduction, and its consequences on cytoplasmic inheritance and mate limitation, and of 
anisogamy and mating types.  ‘‘Anisogamy’’ is defined as a system regulating syngamy between different gamete classes that is 
dependent upon size, i.e. with small and large gametes. Gamete size can be determined by either the haploid genotype (e.g. in 
mosses) or the diploid genotype (e.g. in other plants and animals) that produces the gamete. The term ‘‘mating types’’ 
describes a molecular mechanism allowing discrimination for syngamy at the level of the gamete, independent of size 
dimorphism.‘‘Gamete classes’’: classes of gametes that are intercompatible but that cannot undergo syngamy within the same 
class, to include both anisogamy and mating types.



Cost of Sex is balanced by advantages

Colgrave, Nick.EMBO Reports 2012

The cost of males. The number of offspring of a hypothetical sexual species of fish and 
an asexual clone derived from it are shown. By not investing in male offspring, the 
asexual clone can double in frequency when rare.The sexual species generates diversity 
and can also “purge” disadvantageous mutations by “dumping” these into the same 
individual. 
Practice Question: How could sex promote the “purging” of deleterious mutations from 
the population? 
By recombining several different deleterious mutations into the same individuals, who do 
not survive to reproduce.

G.O.D. is costly!

sex no sex constant loss of potentially 
excellent combinations!

1. two-fold cost of sex 2. “shredding” winning combos

Sexual recombination is costly in many ways: 
1. Two sexes are required (asexual populations reproduce twice as fast) 
2. Co-adapted gene combination are ripped apart by recombination each 
generation

Gametes size evolution: small or big

Balancing the need to  
find the other gamete  
and to   
increase the survival chances of 
the fertilized egg (zygotes).

Sexual reproduction repeatedly 
led to the evolution of anisogamy.

“birth” of sexual conflict???

Natural selection has favored two types of gametes: small and quick (sperm), and large (egg). 
 For gametes to be successful, they must be able to find another gamete and produce 
a healthy zygote. Small (and numerous) gametes (sperm) do the former, while large (and few) 
gametes (eggs) do the latter.  Medium-sized gametes do neither and are selected against, leading 
to disruptive selection for small and large gametes.Thus there is competition among males for the 
scarce resource - eggs. 
Practice Question: What are advantage of large gametes? 
They can contain a lot of nutrients that can help the fertilized embryo grow immediately. 
What is the advantage of a small motile gamete? They can find other gametes more 
easily and they are “cheaper” to produce. 



The isogamy–anisogamy transition as a gateway in the evolution of sex. 

Jussi Lehtonen, Hanna Hokko and Geoffrey Parker Phil. Trans. R. Soc. B 2016;371:20150532

Gametes size The isogamy–anisogamy transition as a gateway in the evolution of sex. The fate of sexual 
reproduction (red) once anisogamy invades depends on whether sex is facultative (group A), 
obligate with no strong constraints preventing a return to asexuality (group B), or obligate with 
strong constraints preventing this transition (group C). Anisogamy is transient, i.e. males are lost 
and the system reverts to asexual reproduction (blue), in all groups except in obligately sexual 
species that have a very low transition rate back to asexual reproduction due to these constraints. 
Group C then diversifies, mostly keeping sexuality intact, but also giving rise to rare derived cases 
of asexual or facultatively sexual reproduction. 

Practice question: Is Isogamy or anisogamy more likely to represent the ancestral state in 
sexual reproduction? 

Isogamy, where gametes are of similar or identical size.

Gamete production: eggs and sperm

asymmetrical, maximise  
retention of cytoplasm

symmetrical, minimise  
retention of cytoplasm

One large egg (oocyte) 
per meiotic division

Four tiny sperm 
per meitoic division

The production of eggs (ova) maximizes the size and content of cytoplasm, 
including nutrients by generating a single egg from a meiotic division, that in the 
case of sperm produces four tiny sperm, each with its unique combination of 
reshuffled and halved genome. 
Practice question: Why is the production of an egg (ovum) through meiosis 
asymmetrical? 
Because the result is a single large egg rather than four identically sized sperm.

Sex Determination: many ways to make 2 sexes

Bachtrog D., et al., Pos Biology 2014

Diversity of sex determination systems for representative plant and animal clades. 
The bubble insert graph for the plant clades represents the relative proportion of species with documented sex 
chromosomes within plants with separate sexes. Vertebrates: Mammalia (placental, marsupial, and monotreme 
mammals), Aves (birds), Reptilia (turtles, snakes, crocodiles, lizards), Amphibia (frogs, toads, salamanders), and 
Teleostei (bony fishes). Invertebrates: Acari (mites and ticks), Crustacea (shrimps, barnacles, crabs), and 
Insects, which include Coccoidea (scale insects), Coleoptera (beetles), Hymenoptera (ants, bees, and wasps), 
Lepidoptera (butterflies), and Diptera (flies). Plants: Gymnosperms (non-flowering plants) and Angiosperms 
(flowering plants).  
Practice question: Is the mechanism of sex determination universal among different 
animals species, including mammals, insect and lizards? 
No, different lineage of animals have evolved different mechanisms to determine sex (sex 
chromosomes, temperature etc).



Sex Determination

Bachtrog D., et al., Pos Biology 2014

Hermes and Aphrodite

Hermaphroditism

Environmental Sex Determination:
temperature, contact

Genotypic Sex determination:

genes and or dedicated chromosomes

Schematic overview of some sex determination (SD) mechanisms. 
M refers to meiosis, F to fertilization. Haploid stages (n) are indicated as shaded areas and diploid stages (nn) are unshaded. Hermaphrodites: Most 
flowering plants (and gastropods and earthworms) simultaneously contain both male and female sexual organs (simultaneous hermaphrodites). Many 
fish and some gastropods and plants are sequential hermaphrodites; clownfish, for example, are born males and change into females, while many 
wrasses or gobies begin life as females and then change to males. Environmental Sex Determination: In turtles and some other reptiles, sex is 
determined by incubation temperature of the eggs (temperature-dependent sex determination). Social factors can act as primary sex-determining 
cues: sexually undifferentiated larvae of the marine green spoonworm that land on unoccupied sea floor develop into females (and grow up to 15 cm 
long), while larvae that come into contact with females develop into tiny males (1–3 mm long) that live inside the female. Genotypic Sex 
Determination: Almost all mammals and beetles, many flies and some fish have male heterogamety (XY sex chromosomes), while female 
heterogamety (ZW sex chromosomes) occurs in birds, snakes, butterflies, and some fish. In mosses or liverworts, separate sexes are only found in 
the haploid phase of the life cycle of an individual (UV sex chromosomes). In some flowering plants and fish, such as zebrafish, sex is determined by 
multiple genes (polygenic sex determination). In bees, ants, and wasps, males develop from unfertilized haploid eggs, and females from fertilized 
diploid eggs (haplodiploidy), while males of many scale insects inactivate or lose their paternal chromosomes (paternal genome elimination). In some 
species, sex is under the control of cytoplasmic elements, such as intracellular parasites (e.g., Wolbachia) in many insects or mitochondria in many 
flowering plants (cytoplasmic sex determination). In some flies and crustaceans, all offspring of a particular individual female are either exclusively 
male or exclusively female (monogeny).  

Sex Determination

Bachtrog D., et al., Pos Biology 2014

Evolution of Sex chromosomes

Reconstructed evolutionary 
path of sex chromosome 
differentiation in humans.

Degree of sex chromosome 
differentiation ranges widely 
across species

A. Reconstructed evolutionary path of sex chromosome differentiation in humans. Sex chromosomes originate from autosomes that acquired a sex-
determining function (the Sry gene) after their split from monotremes. Suppression of recombination between the sex chromosomes, associated with 
degeneration of the non-recombining region of the Y chromosome, results in the morphological and genetic differentiation of sex chromosomes. 
Recombination suppression occurred in multiple episodes along the human X and Y chromosome, forming so-called evolutionary strata. The oldest 
stratum is shared between eutherian mammals and marsupials, while the youngest stratum of humans is primate-specific.  
B. The degree of sex chromosome differentiation ranges widely across species, spanning the entire spectrum of homomorphic to heteromorphic sex 
chromosomes, from a single sex-determining locus, as seen in pufferfish, a small differentiated region (strawberry and emu), most of the sex 
chromosomes apart from short recombining regions (humans), to the entire sex chromosome pair, as seen in Drosophila. Note that the sex 
chromosomes are not drawn to scale. 

Master signals: steroid sex hormones

Key for female 
fertility 

/combined oral  
contraceptives

masculinizes 
brain

masculinizes 
body

Androgens Estrogens

Steroid sex hormones are synthesized from cholesterol, which originates from the 
diet. There are no genes for testosterone or estrogen, just genes for the many 
enzymes involved in modifying the hormones. Hormones act via receptors, these 
are proteins encoded by genes. Hormone receptors regulate gene expression in 
target cells. 
Practice Question: What class of biomolecules are sex steroid hormones like 
estrogen and testosterone derived from? 
Lipids



Master signals: steroid sex hormones

Estrogens

Estrogen receptor bound to a short piece of DNA. Flexible portions of 
the protein that are not included in the structures are shown 
schematically with dots.

Steroid sex hormones can pass through membranes and interact with stored 
receptors. 
Once bound to hormone receptors, these receptors interact with DNA in the cell 
and alter gene expression. 
Practice Question: How does a sex hormone affect gene expression? 
In at least two different ways: via hormone receptors in the nucleus or via cellular 
signaling in the cytoplasm.

Zócalo in Mexico City Spencer Tunick 2007

22,000 protein coding genes (UCSD undergrads in 2010) 
1000s of long non-coding RNA “genes” 
100s of thousands of enhancers in genome (friends and relatives of 
UCSD undergrads!) 
50,000 transcribed enhancers 

The naked “Gene” Crowd Genes defined as stretches of DNA encoding a protein, have become limiting. 
Genes now include any stretch of DNA with a function. There are thousands of 
other functional elements in our genomes that have regulating functions. 
Networks of co-expressed genes with hub-like proteins that orchestrate levels of 
co-expression. Just like these humans not usually being naked, each protein 
coding gene is influenced by hundreds of  other sites across the genome….

Daria Shlyueva,	Gerald Stampfel & Alexander Stark Nature Reviews Genetics 15, 272–286 (2014)

Enhancers (more than a million) and Transcription factors

Transcription Factors 
Proteins 
Pressure 
Cytoarchitecture 
Social  partners

enhancers
orchestrators of  

gene 
expression

Enhancers are distinct genomic regions (or the DNA sequences thereof) that contain binding site sequences for 
transcription factors (TFs) and that can upregulate (that is, enhance) the transcription of a target gene from its 
transcription start site (TSS). Along the linear genomic DNA sequence, enhancers can be located at any 
distance from their target genes on the same chromosome, which makes their identification challenging. b,c  In 
a given tissue, active enhancers (Enhancer A in part b or Enhancer B in part c) are bound by activating TFs and 
are brought into proximity of their respective target promoters by looping, which is thought to be mediated by 
cohesin and other protein complexes. Moreover, active and inactive gene regulatory elements are marked by 
various biochemical features: active promoters and enhancers are characterized by a depletion of nucleosomes, 
which is the structural unit of eukaryotic chromatin. Nucleosomes that flank active enhancers show specific 
histone modifications, for example, histone H3 lysine 4 monomethylation (H3K4me1) and H3K27 acetylation 
(H3K27ac). Inactive enhancers might be silenced by different mechanisms, such as by the Polycomb protein-
associated repressive H3K27me3 mark (part b) or by repressive TF binding (part c). d–f Complex patterns of 
gene expression result from the additive action of different enhancers with cell-type- or tissue-specific activities.



Impact of biological Sex on overall gene expression

Oliva et al., Science 369, eaba3066 (2020)

37% of genes in at least one of the 44 tissues studied exhibit a tissue-specific, sex-biased gene expression. 

They also identified a sex-specific variation in cellular composition across tissues. 
Overall, the effects of sex on gene expression were small, but they were genome-
wide and mostly mediated through transcription factor binding. 
Sex affects gene expression and its genetic regulation across tissues. Sex effects 
on gene expression were measured in 44 GTEx human tissue sources and 
integrated with genotypes of 838 subjects. Sex-biased expression is present in 
numerous biological pathways and is associated to sex-differentiated 
transcriptional regulation. Sex-biased expression quantitative trait loci in cis (sex-
biased eQTLs) are partially mediated by cellular abundances and reveal genetrait 
associations. TT, AT, and AA are genotypes for a single-nucleotide 
polymorphism; TF, transcription factor. 

Sample, data types, and discovery sets in the study of sex differences in GTEx 
v8. Tissue types 
(including 11 distinct brain regions and two cell lines) are illustrated, with sample 
numbers from GTEx v8 genotyped donors (females:males, in parentheses) and 
color coding indicated for each. This study included N = 44 tissue sources 
present in both sexes with ≥70 samples. Tissue sources comprised two cell 
lines, 40 tissues, and two additional replicates for brain cerebellum and cortex 
tissues. Tissue name abbreviationsare shown in bold.

Sex-specific effects at multiple levels 

Lock, R., Al Asafen, H., Fleischer, S. et al. A framework for developing sex-specific 
engineered heart models. Nat Rev Mater (2021).

Sex-specific biological processes range from the genetic, to the 
epigenetic=modification of DNA and chromatin, to hormonal factors and 
countless environmental factors (biotic and social).



Differentiation of sex organs

Anti-Müllerian Hormone 
Testosterone

Female or male sex organs in mammals prize from the same embryonic 
structures. 
The signals from different levels of hormones cause these structures to develop 
into male or female structures.

External Genitalia development in humans

48 days

9.5. weeks

newborn

Testosterone 
Dihydrotestosterone

Differentiation of the external genitalia in the male and female fetus from the common primordia. Top, The indifferent 
genitalia are shown at about 48 days. The tail of the embryo has been cut away to uncover the genitalia. Middle, The 
genitalia at about  weeks. In the male, anogenital lengthening and midline fusion have begun. Bottom, Newborn 
genitalia. Genitalia differentiation is complete by about 14 weeks of gestation. However, growth during the second and 
third trimesters accounts for the difference in phallic size. (From Grumbach MM, et  al. Disorders of sexual differentiation. 
In: Wilson JD et al, eds. Williams’ textbook of endocrinology. Philadelphia: Saunders; 2011:882 
Practice question: How many months into gestation do male or female genitals form from common 
structures in the human embryo? 
During the second month.

Less clear: when sex chromosomes play tricks
Swyer Syndrome  46,XY females, androgen insensitivity syndrome 
Swyer syndrome occurs in approximately 1 in 80,000 people.

46,XX Male Syndrome (“ testicular disorder” translocation of SRY to X chromosome) 
Approximately 1 in 20,000 individuals with a male appearance are 46,XX

Klinefelter Syndrome  47,XXY males 
approximately 1 in 650 male births..

Turner Syndrome  45,X0 females 
approximately 1 in 2,000 to 5,000 female births.

47,XYY males (Jacob’s Syndrome) 
This condition occurs in about 1 in 1,000 newborn boys.  
Five to 10 boys with 47,XYY syndrome are born in the US each day.

47,XXX females 
Triple X syndrome occurs in around 1 in 1,000 girls.  
On average, five to ten girls with triple X syndrome are born in the US each day

Some sex chromosome disorders cause distinct changes in the body and cognition (Klinefelter and 
Turner Syndromes), others cause barely any changes, even allow fertility (XYY males and some XXX 
females). 
Syndrome: a set of correlated symptoms often associated with a disorder or disease. 
Syndrome in a medical term of a collection of disorders. 
The term disorder is used for conditions that cause suffering and usually require medical 
intervention. In the cases of 47 XYY males and 47 XXX females, where fertility is maintained and no 
to minimal phenotypic (outwardly apparent) effects exist, the use of syndrome is not really justified 
(though there exists elevated health risks from premature ovarian failure, seizures and kidney 
problems). 46, XY, 46XX male, Klinefelter and Turner syndrome almost always cause infertility. We 
will discuss infertility as a disease of reproduction in future classes. 
Practice question: Why does inheriting imbalanced numbers of sex chromosomes 



sometimes cause “disorders”? The individuals can be affected by infertility and cognitive 
impairment. 

Sex reversal in mice: adding or removing maleness?

Production of Sry knockout mouse using TALEN via oocyte 
injection, Kato et al., Scientific Reports(2013)

Koopman et al. (1991) Male development of 
chromosomally female mice transgenic for SRY.  Nature.

Kashimada and Koopman (2010) SRY: the master switch 
in mammnalian sex determination. Development.

Overview of sex determination in mice. Chronological flow of early mouse sex differentiation; the grey area indicates the period of sex determination. 
During mouse embryogenesis, bi-potential gonads (yellow) arise from the genital ridges by 10.5 dpc. In somatic cells of XY genital ridges, Sry 
expression (shown in dark blue beneath the schematic) starts at 10.5 dpc, reaches a peak at 11.5 dpc and then wanes by 12.5 dpc. Afew hours 
later, Sox9 expression (shown in light blue beneath the schematic) is upregulated to induce differentiation of Sertoli cells. Sox9 expression peaks at 
11.5-12.5 dpc, continues to be expressed postnatally and is supported by several positive-feedback loops (including FGF9, prostaglandin D2 and 
SOX9 itself), and SOX9 subsequently activates many male-specific genes, including Amh. At 12.5 dpc, testis cords have formed, andmorphological 
differences between testis (blue) and ovary (pink) are evident. In the absence of SRY, genes such as Wnt4, Rspo1 and Foxl2 areexpressed in a 
female-specific manner and induce ovarian development, as characterized by the expression of follistatin and many other ovaryspecific genes. 
Abbreviations: Amh, anti-Müllerian hormone; dpc, days post coitum; FGF9, fibroblast growth factor 9; FOXL2, forkhead box L2; PGD2, prostaglandin 
D2; RSPO1, R-spondin 1; SOX9, SRY box containing gene 9; SRY, sex-determining region on the chromosome Y; WNT4,wingless-type MMTV 
integration site family, member 4.Postnatal Gonadal Sex Rev 

SRY gene encodes a protein that binds DNA: a TF

Kashimada and Koopman (2010) SRY: the master switch 
in mammalian sex determination. Development.

A. SRY protein structure and function. (A) A comparison of SRY (sex-determining region on the chromosome Y) protein structure among five mammalian 
species: dunnart (Sminthopsis macroura, a marsupial), horse (Equus caballus), chimpanzee (Pan trglodytes), human (Homo sapiens) and mouse (Mus 
musculus). The HMG (high-mobility group) domain is shown in yellow. Numbers indicate the percentage of amino acids identical to human SRY. The 
locations of post-translational modification sites [nuclear localization signals (NLSs), phosphorylation

sites, acetylation sites] and protein-protein interaction domains are indicated. Mouse SRY has a unique glutamine-rich domain, shown in purple. Between 
the HMG and glutamine-rich domains, mouse SRY has a ‘bridge’ domain of unknown function, indicated in pink. Kruppelassociated box domain only and 
SRY-interacting protein 1 interacting sites are indicated (KRABO and SIp1). (B) SRY protein binding to DNA. The double-helix structure of DNA contains two 
different grooves, major and minor. The HMG domain of SRY binds to the sequence motif (A/T)ACAA(T/A) in the minor groove of DNA, bending double-
strandedDNA at 60-85°.

Right a:  Before the embryonic to fetal transition, the gonads and reproductive ducts (Wolffian; blue and Müllerian; red) of the urogenital ridge are bipotential. 
B. In the presence of the Y chromosome, the gonads of the bipotential urogenital ridge differentiate into testes, which produce both MIS to eliminate the 
Müllerian ducts and testosterone to stimulate differentiation of the Wolffian ducts into the male internal reproductive tract structures. C. In the absence of 
SRY, ovaries differentiate, Wolffian ducts degenerate, and Müllerian ducts develop into a simple columnar epithelial tube that will differentiate into the 
oviducts, uterus, cervix, and upper portion of the vagina. From Texeira et al. Uterine Stem Cells http://www.stembook.org/node/501



More sex reversal in mice: female is more than default

maintenance of ovaries is an active process throughout life!

conditional loss of transcritption  factor gene Foxl2 in ovary: 
cells switch to becoming testes cells……

adult female 
control

adult female 
lacking Foxl2 major changes in gene expression

Uhlenhaut et al. Cell 2009

Sertoli cells 
(spermatogenesis)

Leydig cells 
(testosterone)

Postnatal Gonadal Sex Reversal in XX FoxL2 Conditional Mutant Mice 
Experimentally, it was shown that the expression of a certain gene: Foxl2 is required to maintain 
ovaries and prevent these from turning into testes. Thus female status is not just a “default” but 
requires active maintenance. By targeting the expression of FoxL2 in adult female mice, 
development of their ovaries into testes can be trigger in the laboratory. 
Practice Question: What is a transcription factor? 
A protein that influences the expression levels of one or more genes by binding to DNA or 
to other proteins that bind to DNA. (But: cellular architecture, pressure, temperature and 
even social interactions can all act as transcription factors). 

Testosterone and competitive sports

Dutee Chand

Caster Semenya Santhi Sundarajan

Ewa Klobukowska

Total testosterone

Testosterone (T) levels in males are on average 7 to 8 times higher than in females. 
Female athletes continue to get in trouble for having high testosterone levels. 
There are numerous reasons why these athletes could have higher levels: 
Natural variation in XX females, or that they are XY females with some residual effects of the Y 
chromosome, or that their adrenal glans produce unusually high amounts of testosterone, or that 
they resorted to injecting testosterone, which can be synthesized to look identical to natural T. 
Why do sports officials focus on Testosterone in athletes? 
Males and females can enhance their performances by testosterone or related hormones.

External genitalia

Crocuta crocuta, spotted hyena

The world’s only spotted hyena 
captive research colony: UC 
Berkeley up until 2014

Spotted Hyenas have evolved female social dominance. Females are masculinized in utter by high 
levels of T. Thus causes their clitoris and labia to form a “pseudopenis” though which they have to 
mate and give birth. Ancient Greeks and Romans did not know what to make of these mysterious 
and scary animals and assumed that they were all hermaphrodites. 
Practice question: What could be a costly consequence for female spotted 
hyenas being so masculinized in utero? 
The large size and tubular shape of their clitoris requires females to give birth 
through a tubular clitoris.



Females using male tricks for dominance

greeting ceremony

Dloniak et al. Gen. Comp. Endocrinol. 2004

Males are smaller, subordinate and peripheral. Males need to learn how to mate, 
by navigating a “tube in a tube” approach. Females cannot be force-copulated, a 
problem for females in many other species. pregnant females exhibit especially 
high levels of T.  
T levels are lower outside of pregnancy in part because too much T would 
interfere with ovary function. 

Testosterone levels and female dominance

Wobber et al. 2013 Physiology and Behavior

Humans’ closest living relatives: chimpanzees and bonobos. 
Each with radically different social dominance systems. Males dominate females in common chimpanzees and females 
dominate males in bonobos. 
The profile of T levels through development differs radically between these two closely related species (as closely 
related as modern humans and Neanderthals) 

Practice question: What is the biggest difference between testosterone levels in 
chimpanzees and bonobos? 
Chimpanzee start life with low levels that increase strongly during puberty,and 
reach higher levels in males than females, bonobos have higher levels as 
juveniles and differences between adult male and female levels are smaller. 

Size? Not all genitals are visible from the outside.



Vagina length plotted against body weight for humans and 
27 other primate species

 Plot by Robert D. Martin of Data from 
Dixson (2012)


Vagina length plotted against body weight for humans and 27 other primate 
species. Linked points are for inflated and flat sexual swellings. 
Source: Plot by Robert D. Martin of Data from Dixson (2012) 

Clitoris

illustration drawn by Amphis, from Jesielt / Wikimedia Commons.
Australian artist Alli Sebastian Wolf


Externally visible glans and the large internal parts of the clitoral complex in 
women. 
The clitoris consists of precisely the same parts as the penis, which is derived 
from it. 
Source: Relabelled illustration drawn by Amphis, from Jesielt / Wikimedia 
Commons. 
Practice Question: Describe the various parts of the human clitoris. 
externally visible glans and large internal swelling bodies and bulbs. 

Formation of oocytes Oocytes are formed during early embryonic development and patiently await their 
maturation and release during each ovulatory cycle. 
Practice question: Are ovaries and testes derived from different structures in the 
embryo? 
No, they both are derived from the same tissue, but under the influence of 
different hormone levels.



Human oocyte Human oocyte ready to be ovulated

Formation of oocytes Ovulation is controlled ultimately by the brain, the pituitary gland regulates cyclical 
hormonal changes that cause the ovaries to prepare a number of follicles for 
maturation and release.

Ovulatory cycle of female primate

Regularity and Variation!

The same hormones also cause other female tissues to undergo dramatic 
changes, including proliferation (cell division) and changes in cellular architecture. 
These include the endometrium (lining of the uterus) and the breast (milk ducts). 
These are biologically costly modifications and the lifetime number of such cycles 
contributes to the risk of female reproductive cancers. 
Practice question: What does it mean that human females are spontaneous 
ovulators? 
Their ovulation is regulated by the females hypothalamus and pituitary and does 
not require external stimuli. 



Breaking Eggs?

• Oocytic Atresia: destruction of 
oocytes trough apoptosis. 

• Oocytes form in the developing 
ovaries of the fetus, and never 
thereafter. 

• Atresia starts in that third month, 
when there are ~ 7 million eggs. 

• By birth there are about 6 million 
• At menarche, there area round 

400,000 eggs 
• At menopause there are none left.

Based on data from: Hassold, et al., 
Environ. Mol. Mutagen 1996. 28: 
167-175

All eggs a woman ever has are formed by the time she is a three month old fetus. 
Why female humans start with 7 million eggs and end up using at most too 
dozen…..is a very interesting unanswered question. 

Practice question: What does atresia mean? 
Steady loss of oocyte from the original number established during the first two 
months of fetal development. 

Breaking Eggs? Why are so many eggs lost?

Based on data from: Hassold, et al., 
Environ Mol Mutagen 1996. 28: 

167-175

“Wastefulness” of sexual reproduction

Modern women today can literally run out of eggs by waiting too long to have 
children. 
Practice question: Why has sexual reproduction been called “wasteful”? 
because the number of sperm and eggs produced vastly outnumbers the 
number of offspring produced. 

Cumulus: hyaluronan rich matrix and cells:  
eggs never alone!

Advanced Fertility Center of Chicago

DNA (blue), actin (red), tubular (green) 
mouse immature oocyte cummulus 

complex

Coticchio et al. Intl. J. Develop. Biol. 2012

The eggs is never alone, it is surrounded by “nursing cells” cumulus cells that secrete a 
thick goopy polysaccharide gel, through which a sperm has to navigate. 
The color microscopy photograph used potent fluorescent marker molecules to stain 
DNA, actin filaments and tubular rods. 
Practice question: What is the layer that naturally coats each human egg cell 
called? 
The cumulus layer or vestment.



Fertilization Fertilization in vivo is usually 1:1 egg sperm. The image on the left is from a fertility clinic 
or lab, where the cumulus was artificially removed from the egg vestment 

Practice question: How did the iconic electron microscope image of a human egg with 
large numbers of eggs bound to it come about? 
The egg was harvested from a woman and was treated by enzymes that remove the 
vestment, and then thousands of sperm cells were added to it in dish and allowed to 
bind.. 

Mammalian sperm size and shape

Hippo

Human
Honey possum

There is no relationship between animal size and the size of their sperm

Tecle & Gagneux 2015 Mol. Repr. Develop.

Gene
transcription

Formation of spermatozoa (sperm)
epididymis 20 ft or 7 m in humans  
transit time 2 to 6 days in humans, 10 in rat and mice 
Sperm cells shut down gene expression as they are formed and continue to mature in the 
epididymis. These specialized cells have to perform all their tricks without expression any 
genes, so they have to be equipped with the right toolkit during maturation. 
Practice question: How much time do maturing human sperm spend in the 
epididymis? 
Up to a week.



Paternal age and germline mutation rate
Culture directly affecting the human germ line mutation rate!

De novo mutation and 
paternal age.

Jonathan Sebat UCSD and other teams have counted the new (de novo) 
mutations in children by comparing the genomes of parent child trios. On 
average approx 45 de novo mutations are passed on to each child, most come 
from the father, more so if he is older. 
Practice question: What effect does paternal age have on the number of new 
mutations inherited by his child? 
Older fathers pass on many more mutations. 

SPERM
COMPETITION

Geoffrey
PARKER, 1970

Sperm Competition The idea that competition for access to the egg is an important process was first 
discussed and studied by Geoffrey Parker, who went on to found the field of sperm 
competition. 
What does the field of sperm competition studies have to do with cow dung? 
The first studies of sperm competition and mate guarding were conducted in dung flies.

SPERM
COMPETITION

SPERM
COMPETITION

PARKER, 1970 EBERHARD
 1985; 1986

Oviduct

Uterotubal
junction

Cervix

Vagina

Sperm Competition and Cryptic Female Choice Later, others such as Wes Eberhart refined the concept by also paying attention to the 
female and the many ways in which females could scrutinize sperm before allowing 
fertilization.



Feto-embryonic protection system (euFEDS),  
Gary Clarke, Anne Dell and colleagues 2001.Cells Tissues Organs

Immune Paradox of Mammalian Pregnancy In mammals, that are not only obligate sexual reproducers and internal fertilizers, the 
evolution of internal gestation gave rise to the immunological paradox of mammalian 
pregnancy. How can a female mammal, equipped with a potent and terrifying immune 
system, tolerate an embryo that carries and expresses genes from an unrelated father???

Moffet-King 2002 Nature Reviews| Immunology

Canine Transmissible 
Venereal Tumor CTVT

Tasmanian Devil 
Facial Tumor

Sperm

Placenta 
(Extra-villous 
trophoblast)

Invaders…… Very few cell types have evolved to survive inside another individual. 
Sperm, cells for the outermost layers of the placenta (extra villous trophoblast) 
and parasitic cancers such as the dog transmissible venereal tumor and 
Tasmanian devil tumor cells…. 
Practice question: Name three different mammalian cell types that evolved to 
survive inside the body of another individual. 
Sperm, extra-villous trophoblast cells, transmissible cancer cells.

Male germ cell must navigate to the egg
Female must protect against incompatible sperm & pathogens:

Male-female cooperation & conflict

Species
Correct species 
Not  a pathogen

Population

High fitness mate

Gamete
Acrosome-intact 
Functional

Individual
Correct diploid alleles 
Compatible genome

Males and Females share joint interest in reproduction.

Females benefit from discriminating against several characteristics of sperm cells. 
A mature, ovulated egg is a precious thing to waste on the wrong sperm (dysfunctional, 
wrong male, wrong species, or with a virus or bacterium stuck to the sperm!) 

Practice question: What are the criteria that the female reproductive tract could 
be testing sperm for? 
Right species, quality of male, quality or compatibility of haploid genome, 
functionality of the sperm.



Summary

Anisogamy seems to be the compromise to maximize the chance of fertilization  and guarantee a 
good start for the zygote.

Most sexual reproduction includes just two sexes, one producing small and motile sperm, the 
other large, nutrient rich immotile eggs.

Evolution has led to many different ways of sex determination.

In mammals each individual is usually male or female. But for many different reasons individuals can 
combine male and female characteristics.

Some organisms have gametes of the same size, most sexually reproducing organisms 
have evolved gametes that include tiny, motile and much larger, immotile gametes.

During development, genetic regulation of hormone production results in striking differences in 
bodily development, again with much variation.

Production of gametes show several asymmetries between males and females.


