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10.1.1 The Process of Meiosis

Replication of Chromosomes

Like mit osis, meiosis is preceded by DNA replicat ion

Like mo st o ther eukaryo tic cells, gamete-pro ducing cells perfo rm a cell cycle

Gamete-pro ducing cells are fo und in the testes and o varies

The cells that give rise to  sperm cells are fo und in the testes

If a new sperm-pro ducing cell is being generated in the testes, mito sis  o ccurs as with any o ther

diplo id bo dy cell

The G1, S and G2 stages o f the cell cycle pro ceed 

The sperm-pro ducing cell undergo es DNA replicatio n and the amo unt o f DNA within that cell

do ubles

The cell still co ntains 2n number o f chro mo so mes; altho ugh each chro mo so me has do ubled

in siz e

DNA replicatio n also  happens befo re meio sis

Unlike mito sis, replicatio n in meio sis is fo llo wed by 2 ro unds  o f chro mo so me separatio n as

o ppo sed to  1 ro und in mito sis

Ho rmo nes  and o ther stimuli trigger cells in the testes to  enter meio sis; at this stage the sperm-

pro ducing cell ceases to  be diplo id  and ful�ls its functio n to  pro duce haplo id gametes

(spermatids, which then develo p into  spermato z o a, also  kno wn as sperm cells)

The triggering o f o va generatio n in female mammals is less well understo o d because o f the

di�erent times o f a female mammal's life when eggs are pro duced

Male mammals tend to  pro duce sperm thro ugho ut their adult life

Mit osis or Meiosis?

Gamete-pro ducing cells are unique in that they can divide by bo th well-kno wn cell divisio n

ro utes

Co nsidering a sperm-pro ducing cell as an example, it has two  po ssible ro utes o f cell divisio n

Mito sis - to  regenerate  itself and during gro wth o f the tissue in the testes

Like any o ther so matic cell in this regard

Meio sis - to  ful�l its specialisatio n ie. to  pro duce sperm (called spermato genesis) at the

required time o f the male's life

Bo th ro utes begin with DNA replicatio n within the diplo id cell's nucleus
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The two possible routes of cell division for a spermatocyte. Both start with DNA replication. The right

hand side describes spermatogenesis

DNA Replicat ion

During interphase, the cell increases in mass and siz e and carries o ut its no rmal cellular f unctio ns

eg. synthesising pro teins  and the reactio ns o f respiratio n

Interphase co nsists o f three phases:

G1 phase

S phase

G2 phase

During interphase the DNA in the nucleus replicates, after which each chro mo so me co nsists o f

two  identical sister chro matids

This phase o f interphase during which DNA replicatio n o ccurs is called the S phase – S stands

fo r synthesis (o f DNA)

Following DNA replicat ion, t he f at e of  t he sperm-producing cell is det ermined by
hormonal and ot her st imuli

If the male is sexually mature, so me cells in the testes will enter meio sis  and begin pro ducing

sperm

The individual sperm-pro ducing cell ceases to  exist  when it enters meio sis

Other sperm-pro ducing cells will divide by mito sis

To  ensure a healthy po pulatio n o f sperm-pro ducing cells fo r future sperm pro ductio n

A sperm-pro ducing cell retains its identity by this ro ute
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The Process of Meiosis

Overview of  Meiosis

Meio sis is a fo rm o f nuclear divisio n that results in the pro ductio n o f haplo id cells fro m diplo id

cells

It pro duces gametes in plants and animals that are used in sexual repro ductio n

It has many similarities to  mito sis but it has two  successive divisio ns: meio sis I and meio sis II

As with mito sis, within each divisio n there are fo ur stages; pro phase, metaphase, anaphase and

telo phase

Meio sis o ccurs:

In the testes  o f male animals and the o varies  o f female animals

In the anthers  and o varies  o f �o wering plants

Meio sis leads to  the pro ductio n o f the fo llo wing haplo id gametes:

Spermato z o a, o r sperm cells, in male animals, o va (singular o vum) in female animals

Male plant gametes are carried in po llen grains and female plants gametes are held in the

o vules  within the plant o vary.
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Overview of meiosis, showing chromosome numbers and quantities of DNA present in each cell in

humans (Ho mo  sapiens)

Format ion of  Bivalent s

After DNA replicatio n, the �rst step o f the meio tic pathway (pro phase I), is that the chro mo so mes

co ndense

This means that they sho rten, beco me denser and so  beco me visible

Co ndensatio n separates the jumble o f chro matin in the nucleus and allo ws the

chro mo so mes to  segregate pro perly later, in meio sis

Each chro mo so me is visible as a pair o f chro matids

Sister chro matids  are so -called because they o riginate fro m the same parent

This is no t a ref erence to  gender/sex chro mo so mes

Two  ho mo lo go us chro mo so mes (exact co pies o f each o ther) align alo ngside to  each o ther

This is called a bivalent because it is co mpo sed o f two  chro mo so mes
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It is also  called a tetrad because it is co mpo sed o f f o ur chro matids

This pro cess is called synapsis

An example o f a bivalent wo uld be fo r human chro mo so me number 11 (see image belo w)

The o riginal chro mo so me pair 11 has o ne chro mo so me no . 11 inherited fro m the paternal line

ie. fro m the o rganism's father and o ne no . 11 chro mo so me fro m the maternal line

Each chro mo so me 11 co pies itself in interphase

So  there are 2 identical co pies o f paternal chro mo so me 11

And 2 identical co pies o f maternal chro mo so me 11

Such a bivalent is also  a tetrad  because each o f the two  co pies o f chro mo so me 11 is

made up o f 2 chro matids, making 4 chro matids in to tal

Exam T ip

The cells o f the sex o rgans can divide by bo th mito sis and meio sis, while o ther bo dy cells (aka

so matic cells) o nly divide by mito sis.

'Cell divisio n' is so metimes a co nfusing term because that implies that DNA is being 'divided'

between cells. This IS strictly true, altho ugh in o rder fo r there to  be eno ugh DNA fo r the new cells,

DNA has to  replicate itself �rst. 

To  aid �uency in exam answers, write a glo ssary o r �ashcards o f the fo llo wing terms so  yo u can

always cho o se the right the keywo rds in yo ur written answers: allele; bivalent; centro mere;

chro mo so me; chro matid; gene lo ci; ho mo lo go us pair; synapsis; tetrad.
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10.1.2 Crossing Over

Crossing Over

Crossing over is t he exchange of  DNA mat erial bet ween non-sist er homologous
chromat ids

Meio sis has several mechanisms that increase the genetic diversity o f  gametes  pro duced

Bo th cro ssing o ver and independent asso rtment  ( so metimes also  called rando m o rientatio n)

result in di�erent co mbinatio ns o f alleles in gametes

What  are non-sist er chromat ids?

In a diplo id cell, each ho mo lo go us pair o f chro mo so mes co nsists o f o ne chro mo so me that

o riginated fro m the o rganism's father, and o ne fro m the mo ther

During replicatio n prio r to  meio sis, each chro mo so me co pies to  fo rm a bivalent

The chro matids align in pro phase I, during which paternal chro matids and maternal o nes can line

up directly against each o ther

If a pair o f adjacent chro matids are o riginated fro m two  di�erent parental chro mo so mes, they

are called no n-sister chro matids

As such, they carry the same genes but can carry di�erent alleles
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Non-sister chromatids originate from di�erent parents' chromosomes and align during prophase 1
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Chiasmata Formation

Crossing over

Cro ssing o ver is the pro cess by which no n-sister chro matids exchange alleles

Pro cess:

During pro phase I, ho mo lo go us chro mo so mes pair up and are in very clo se pro ximity to

each o ther

The no n-sister chro matids can get entangled  and 'cro ss o ver' each o ther

The entanglement places stress o n the DNA mo lecules

As a result o f this mo lecular stress, a sectio n o f chro matid fro m o ne chro mo so me may break

and re-jo in with the chro matid fro m the o ther chro mo so me

The breaking and re-jo ining is catalysed by endo nuclease  and DNA ligase  enz ymes

respectively

This swapping o f alleles is signi�cant as it can result in a new co mbinatio n o f alleles o n the two

chro mo so mes

Any pro cess that invo lves breaking and re-jo ining o f DNA to  create new co mbinatio ns o f genetic

info rmatio n is called reco mbinatio n

DNA/chro mo so mes that have exchanged DNA in this way are referred to  as reco mbinant

When the DNA co ils up, DNA strands at the cro ssing po ints remain attached to  each o ther, so  this

causes the chro mo so me structure to  change shape, develo ping an X-shaped jo in

These cro ssing po ints are called chiasmata (singular: 'chiasma')

There is usually at least o ne, if no t mo re, chiasma present in each bivalent during meio sis

Cro ssing o ver do es no t just o ccur between no n-sister chro matids that are immediately adjacent

to  each o ther

Cro ssing o ver can o ccur fro m o ne chro matid to  either/bo th chro matids o f the adjacent

ho mo lo go us pair
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The formation of chiasmata (following synapsis)
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New Allele Combinations

Crossing over produces new combinat ions of  alleles on t he chromosomes of  t he
haploid cells

So  within a bivalent, o r tetrad, there are 4 chro matids lying alo ngside each o ther and fo rming

chiasmata

So me o f these chro matids will have exchanged lengths o f  DNA with each o ther at the chiasmata

Each chro matid fro m a tetrad separates fro m the o thers during meio sis II

Each chro matid go es o n to  fo rm a haplo id gamete

And so  a di�erent range o f alleles will be carried in each gamete cell

This co ntributes greatly to  intraspeci�c variatio n

Back in pro phase I, cro ssing o ver is mo re likely to  o ccur further do wn the chro mo so me, away

fro m the centro mere

Because areas o f DNA away fro m the centro mere can �ail aro und mo re, they are mo re likely to

beco me entangled

Gene lo cus can therefo re a�ect the geno type spread within a po pulatio n, based o n the

likeliho o d o f cro ssing o ver generating new allele co mbinatio ns
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Distinct allele combinations appear in haploid gametes following crossing over

Because o f the rando m nature o f ho w chro matids align and where they break, there is an almo st

in�nite range o f  co mbinatio ns o f ho w DNA can reco mbine during cro ssing o ver

This explains that even in a very large po pulatio n, no  two  individuals will have exactly the

same geno type  (except identical twins)

Exam T ip

Independent asso rtment can create a number o f co mbinatio ns that can be calculated. Ho wever,

cro ssing o ver generates an incalculable amo unt o f variatio n (we can assume it's in�nite), just

because o f the rando m nature o f where chiasmata can fo rm.
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10.1.3 Meiosis I

Meiosis I

Homologous chromosomes separat e in meiosis I

Prophase I

DNA has already replicated and co ndenses  and beco mes visible  as chro mo so mes

Each chro mo so me co nsists o f two  sister chro matids jo ined to gether by a centro mere

The chro mo so mes are arranged side-by-side in ho mo lo go us pairs

A pair o f ho mo lo go us chro mo so mes is called a bivalent

As the ho mo lo go us chro mo so mes are very clo se to gether the cro ssing o ver o f no n-sister

chro matids may o ccur. The po int at which the cro ssing o ver o ccurs is called the chiasma

(chiasmata; plural)

In this stage centrio les migrate  to  o ppo site po les and the spindle is fo rmed

The nuclear envelo pe breaks do wn and the nucleo lus disintegrates

Met aphase I

The bivalents line up alo ng the equato r o f  the spindle, with the spindle �bres attached to  the

centro meres

The bivalents line up by independent asso rtment  (rando m o rientatio n)

Anaphase I

The ho mo lo go us pairs o f chro mo so mes are separated as micro tubules pull who le

chro mo so mes to  o ppo site ends  o f the spindle

The centro meres do  no t split

Telophase I

The chro mo so mes arrive at o ppo site po les

Spindle �bres start to  break do wn

Nuclear envelo pes f o rm aro und the two  gro ups o f chro mo so mes and nucleo li refo rm

So me plant cells go  straight into  meio sis II witho ut refo rmatio n o f the nucleus in telo phase I

Meiosis I is reduct ion division

Meio sis I is referred to  as reductio n divisio n because ho mo lo go us chro mo so mes separate and

mo ve to  o ppo site po les o f the cell.

Therefo re, the number o f chro mo so mes per cell is reduced  by a facto r o f 2
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The di�erent stages of meiosis I in an animal cell

Exam T ip

Understanding the di�erence between chro mo so mes and chro matids can be di�cult. We

co unt chro mo so mes by the number o f centro meres present. So  when the 46 chro mo so mes

duplicate during interphase and the amo unt o f DNA in the cell do ubles there are still o nly 46

chro mo so mes present because there are still o nly 46 centro meres present. Ho wever, there are

no w 92 chro matids, which are strands o f replicated chro mo so mes.
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Independent Assortment

During metaphase I, an event o ccurs that is an impo rtant so urce o f genetic variatio n in the

gametes fo rmed by meio sis

Independent asso rtment is the pro ductio n o f  di�erent co mbinatio ns o f  alleles  in gamete cells

due to  the rando m alignment o f ho mo lo go us pairs alo ng the equato r o f the spindle during

metaphase I

This rando m alignment is so metimes referred to  as rando m o rientatio n

In pro phase I ho mo lo go us chro mo so mes pair up and in metaphase I they are pulled to wards the

equato r o f the spindle

Each pair can be arranged with either chro mo so me o n to p, this is co mpletely rando m

The o rientatio n o f o ne ho mo lo go us pair is independent / una�ected by the o rientatio n o f

any o ther pair

The ho mo lo go us chro mo so mes are then separated and pulled apart to  di�erent po les during

anaphase

The co mbinatio n o f alleles that end up in each daughter cell depends o n ho w the pairs o f

ho mo lo go us chro mo so mes were lined up

To  wo rk o ut the number o f di�erent po ssible chro mo so me co mbinatio ns the fo rmula 2  can be

used, where n co rrespo nds to  the number o f chro mo so mes in a haplo id cell

Fo r humans this is 2  which calculates as  8 388 608 di�erent co mbinatio ns

This may seem like a lo t o f co mbinatio ns, but by co ntrast, cro ssing o ver intro duces an

almo st in�nite amo unt o f variatio n

n

23
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Independent assortment of homologous chromosomes leading to di�erent genetic combinations in

daughter cells
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Explaining Deviations from Mendelian Ratios

NOS: Caref ul observat ion and record keeping t urned up anomalous dat a t hat
Mendel’s law of  independent  assort ment  could not  account  f or

Grego r Mendel (o f pea plant fame) devised the law o f  independent asso rtment  in 1866

In this, he states that characteristics are inherited  co mpletely independently  o f o thers

This was re�ned by later scientists to  state that the allele that gets so rted into  a particular

gamete cell is no t in�uenced  by the allele received fo r ano ther gene

In many cases, this ho lds true, and can be o bserved in Mendelian ratio s  o f o �spring in certain

cro ssing experiments

Mendel o bserved a 9:3:3:1 ratio  in many dihybrid cro sses o f sweet pea plants

As a result, Mendel's �ndings were no t challenged  until the early 20th century, when Bateso n and

Punnett fo und seemingly ano malo us  ratio s o f o �spring

Fo r which they co uld o �er no  explanatio n

These became named as no n-Mendelian ratio s  because they did no t fo llo w the pattern as

predicted by Mendel

Bat eson and Punnet t s' experiment  (1905)

Also  wo rking with sweet peas, two  pairs o f  alleles  were identi�ed (Do minant alleles in capital

letters)

Flo wer co lo ur:

P = purple, p = red

The shape o f po llen grains:

R = lo ng, r = ro und

Their �rst cro ss invo lved pure-bred purple-�o wered plants with lo ng po llen grains (PPRR) with

pure-bred red-�o wered plants with ro und po llen grains (pprr)

As expected, this cro ss resulted in 100%  purple-�o wered plants with lo ng po llen grains, with the

do uble-hetero z ygo us geno type PpRr in the F  generatio n

Ho wever, when individuals fro m the F  generatio n were cro ssed with each o ther, Bateso n and

Punnett wo uld have expected a 9:3:3:1 mix o f  pheno types, in line with Mendel's law o f

independent asso rtment

Modelling t he expect ed rat ios using a Punnet  square

Parental pheno types:
purple �o wers, lo ng po llen

grains
x

purple �o wers, lo ng po llen

grains

Parental geno types: PpRr x PpRr

Parental gametes: PR o r Pr o r pR o r pr x PR o r Pr o r pR o r pr

Dihybrid Cro ss Punnett Square Table

1

1
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Expected pheno type ratio s fo r the seco nd generatio n:

9 purple �o wers, lo ng po llen grains

3 purple �o wers, ro und po llen grains

3 red �o wers, lo ng po llen grains

1 red �o wers, ro und po llen grains

Act ual Result s f rom Bat eson and Punnet t s' Experiment

In the F  generatio n o f o �spring, there were...

Very many  o f the grandparent pheno type (purple-�o wered, lo ng po llen grains) pro duced

Many  o f the grandparent pheno type (red-�o wered, ro und po llen grains) pro duced

Very f ew (but no t z ero ) o ther pheno types (purple/ro und o r red/lo ng) pro duced

This appeared as an ano maly  to  Bateso n and Punnett, tho ugh they did no t �nd an explanatio n

T homas Hunt  Morgan developed t he not ion of  linked genes t o account  f or t he
anomalies

Later in the 20th century (appro x. 1910−1940), an American bio lo gist, T ho mas Hunt Mo rgan, put

fo rward an explanatio n fo r the results previo usly o bserved by Bateso n and Punnett

Fro m his �ndings, he devised the theo ry o f linkage

Mo rgan wo rked o n f ruit  �ies  (Drosophila melanogaster) thanks to  their ability to  repro duce

quickly, in large numbers, in a small physical space and with o bservable heritable

characteristics  like eye co lo ur and wing shape

In fact, Mo rgan bred them selectively fo r many years to  develo p a range o f pheno types by natural

mutatio n

2
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Mo rgan's wo rk identi�ed sex-linked characteristics fro m genes carried o n the X o r Y

chro mo so mes that determine gender

This wo rk led Mo rgan to  develo p the idea o f auto so mal linkage

This is where unexpected patterns o f  inheritance  are caused by separate alleles being inherited

to gether, fro m the same chro mo so me (an auto so me)

Mo rgan then elabo rated his wo rk by develo ping the theo ry o f cro ssing o ver

As a way o f acco unting fo r unexpected (reco mbinant) geno types

Exam T ip

Several so urces o f genetic variatio n have been o utlined abo ve. It is also  wo rth remembering that

genetic variatio n can o ccur o n an even smaller scale than chro mo so mes. Mutatio ns can o ccur

within genes. A rando m mutatio n that takes place during DNA replicatio n can lead to  the

pro ductio n o f new alleles and increased genetic variatio n.
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10.1.4 Meiosis II

Meiosis II

Second division of  Meiosis : Meiosis II

There is no  interphase between meio sis I and meio sis II so  the DNA is no t replicated

The seco nd divisio n o f meio sis is almo st identical to  the stages o f mito sis

Pro phase II

The nuclear envelo pe breaks do wn and chro mo so mes co ndense

A spindle f o rms at a right angle to  the o ld o ne

Metaphase II

Chro mo so mes  line up in a single �le alo ng the equato r o f the spindle

Anaphase II

Centro meres divide and individual chro matids are pulled to  o ppo site po les

Sister chro matids separate in meio sis (anaphase) II

Ho wever, they are likely to  be no n-identical sister chro matids  at this stage due to

cro ssing o ver having happened in pro phase I

This creates f o ur gro ups o f  chro mo so mes  that have half the number o f chro mo so mes

co mpared to  the o riginal parent cell

Telo phase II

Nuclear membranes f o rm aro und each gro up o f chro mo so mes

Cyto kinesis

Cyto plasm divides as new cell surface membranes are fo rmed creating f o ur haplo id cells
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Prophase II, Metaphase II and Anaphase II in Meiosis II of an animal cell
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Telophase II and cytokinesis in Meiosis II of an animal cell

Exam T ip

Because o f the many similarities between mito sis and meio sis II, yo u are mo re likely to  get a

detailed questio n o n meio sis I than meio sis II and the so urces o f variatio n that o ccur in meio sis I.

Revise them bo th tho ugh!
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10.1.5 Skills: Drawing Chiasmata

Drawing Chiasmata

Skill: Drawing diagrams t o show chiasmat a f ormed by crossing over

Drawing t ips

Use two  co lo ured pens/pencils to  sho w chro mo so mes/chro matids o f maternal o r paternal

o rigin

One chro mo so me o f each co lo ur makes a ho mo lo go us pair

Blue and red are co nventio nally used fo r this purpo se, but any co lo ur cho ices that sho w

go o d co ntrast are acceptable

Draw each ho mo lo go us chro matid as a lo ng line

St age 1: Synapsis

All 4 chro matids o f a pair o f ho mo lo go us chro mo so mes align clo sely to gether

Draw this as 4 lines in clo se pro ximity, 2 red and 2 blue

Remember to  include the centro meres

Stage 1 : Synapsis. A bivalent (tetrad) forms from two homologous chromosomes. There are 4

chromatids aligned against each other

St age 2: Cut s occur in t he DNA of  non-sist er chromat ids

During co iling and sho rtening o f  DNA in pro phase 1, the DNA is stressed/placed under tensio n

This causes a cut in the DNA o f o ne o f the chro matids, catalysed by endo nuclease  enz ymes

In fact, many cuts o ccur simultaneo usly  within the same bivalent

One such cut is sho wn belo w

The adjacent no n-sister chro matid also  breaks at the same po int  as it has the same base

sequence at the po int o f breakage

And is cut by the same endo nuclease enz yme
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Stage 2: Cuts occur in the DNA of non-sister chromatids

Stage 2: Cuts occur in the DNA of non-sister chromatids

St age 3: Format ion of  Chiasmat a
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There are lo o se, cut ends o f  DNA within the bivalent with sho rt sectio ns o f expo sed, unpaired

bases

These bases re-f o rm hydro gen bo nds  to  co mplementary bases quickly, ho wever,

They can base-pair to  cut ends fro m a di�erent chro matid

This can o ccur with a no n-sister chro matid because the no n-sister chro matid will have a very

similar, almo st identical sequence o f  bases

This is ho w cro ssing-o ver leads to  swapping o f  alleles between no n-sister chro matids

When the chro mo so mes co ndense and sho rten again, the chiasmata co ntinue to  ho ld no n-

sister chro matids to gether

This causes the o verall chro mo so me shape to  feature X-shapes  at the chiasmata, viewable

under an electro n micro sco pe

Stage 3: Appearance of the recombinant bivalent, with chiasma showing as an X-shape
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