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3.2.1 Meiosis

Meiosis

There are two  pro cesses by which the nucleus  o f a eukaryo tic cell can divide. These are:

Mito sis

Meio sis

Mito sis  gives rise to  genetically identical cells  and is the type o f cell divisio n used fo r gro wth,

repair o f damaged tissues, replacement  o f cells and asexual repro ductio n

Meio sis  gives rise to  cells that are genetically di�erent  fro m each o ther and is the type o f cell

divisio n used to  pro duce gametes  (sex cells)

During meio sis, the nucleus o f the o riginal 'parent' cell undergo es two  ro unds o f  divisio n. These

are:

Meio sis I

Meio sis II

Meiosis I

The nucleus o f the o riginal 'parent' cell is diplo id  (2n) i.e. it co ntains two  sets o f  chro mo so mes

Befo re meio sis I, these chro mo so mes replicate

During meio sis I, the ho mo lo go us pairs  o f chro mo so mes are split  up, to  pro duce two haplo id

(n) nuclei

At this po int, each chro mo so me still co nsists o f two  chro matids

No te that the chro mo so me number halves  (fro m 2n to  n) in the �rst divisio n o f meio sis (meio sis

I), no t the seco nd divisio n (meio sis II)

Meiosis II

During meio sis II, the chro matids  that make up each chro mo so me separate  to  pro duce f o ur

haplo id  (n) nuclei

At this po int, each chro mo so me no w co nsists o f a single chro matid
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One diploid nucleus divides by meiosis to produce four haploid nuclei
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Discovery of Meiosis

NOS: Making caref ul observat ions; meiosis was discovered by microscope
examinat ions of  dividing germ-line cells

In the 19th century, micro sco pes were develo ped that co uld be used to  view certain internal cell

structures

Aro und this time, it was also  disco vered that certain dyes  co uld be used to  stain (and o bserve)

the cell nucleus

The use o f these dyes eventually led to  the disco very o f thread-like structures  inside dividing

nuclei

These were name chro mo so mes

In the 1880s, a gro up o f German bio lo gists used these new develo pments to  make detailed

o bservatio ns o f dividing nuclei

Their careful o bservatio ns led to  the disco very o f  the pro cess o f  meio sis  and a basic

understanding o f ho w it o ccurs

One key o bservatio n was made by viewing the chro mo so mes in speci�c cells in an o rganism

kno wn as the ho rse threadwo rm (Parascaris equorum)

It was o bserved that the nuclei o f their egg and sperm cells co ntained two  chro mo so mes,

whereas the nuclei o f a f ertilised egg co ntained f o ur chro mo so mes

This suggested that the chro mo so me number had been do ubled by the pro cess o f

fertilisatio n

This led to  the hypo thesis  that, at so me po int in every generatio n, a special type o f  nuclear

divisio n must o ccur that halves the chro mo so me number

The speci�c sequence o f  events in meio sis  was �nally disco vered by carefully o bserving cells

fro m the o varies  o f Euro pean rabbits  (Oryctolagus cuniculus) between 0 and 28 days o ld

This was po ssible because in females o f this species, certain cells in the o varies start

undergo ing meio sis f ro m birth and the pro cess co ntinues slo wly  o ver a perio d o f many

days

The initial disco very o f meio sis (as well as the fo llo wing series o f disco veries that revealed to

scientists ho w it o ccurs) was made po ssible thro ugh caref ul scienti�c o bservatio ns

Such careful o bservatio ns are needed in o rder to  validate  the claims  and disco veries  that

scientists make, as scienti�c evidence  is required. Careful o bservatio ns can enable scientists to

co llect evidence that allo ws theo ries to  be develo ped

The use o f apparatus, dyes, senso rs, amo ngst many o ther scienti�c to o ls, allo ws scientists to

make these precise and accurate o bservatio ns

The metho ds used to  make such o bservatio ns must be able to  be repeated  so  that the results

can be co n�rmed by o ther scientists if necessary
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Sexual Life Cycle

The life cycles o f o rganisms can be sexual o r asexual (so me o rganisms are capable o f bo th)

In an asexual life cycle, the o �spring are genetically identical to  the parent  (they have

exactly the same chro mo so mes)

In a sexual life cycle, the o �spring are genetically distinct f ro m each o ther and f ro m each

o f  the parents  (their chro mo so mes are di�erent, causing them to  be genetically distinct)

The halving o f  the chro mo so me number during meio sis is very impo rtant fo r a sexual lif e cycle

as it allo ws fo r the f usio n o f  gametes

Sexual repro ductio n is a pro cess invo lving the f usio n o f the nuclei o f two  gametes to  fo rm a

z ygo te  (fertilised egg cell) and the pro ductio n o f o �spring that are genetically distinct fro m

each o ther

This f usio n o f  gamete nuclei is kno wn as f ertilisatio n

Fertilisatio n do ubles  the number o f chro mo so mes each time it o ccurs

This is why it is essential that the chro mo so me number is also  halved  at so me stage in

o rganisms with a sexual lif e cycle, o therwise the chro mo so me number wo uld keep do ubling

every generatio n

This halving o f the chro mo so me number o ccurs during meio sis

In animals, this halving o ccurs during the creatio n o f  gametes

Sexual life cycle
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3.2.2 Stages of Meiosis

DNA Replication before Meiosis

Bef o re meio sis o ccurs, all o f the DNA inside the nucleus o f the 'parent' cell is replicated

This o ccurs during a perio d o f the cell cycle kno wn as interphase

Once this has o ccurred, each chro mo so me no w co nsists o f two  genetically identical sister

chro matids, which are jo ined to gether by a centro mere

The sister chro matids are genetically identical because DNA replicatio n is a very accurate

pro cess and o nly a very small number o f mistakes o ccur when DNA is being co pied

The two  DNA mo lecules fo rmed by DNA replicatio n prio r to  meio sis are co nsidered to  be sister

chro matids  until the splitting o f  the centro mere  at the start o f anaphase  (a stage during meio sis

II, during which the sister chro matids are pulled apart)

After this, they are o nce again co nsidered as individual chro mo so mes
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DNA replication before meiosis

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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Formation of Bivalents & Crossing Over

At the start o f meio sis, ho mo lo go us chro mo so mes pair up  with each o ther

As DNA replicatio n has already o ccurred, each chro mo so me is made up o f two  sister

chro matids

This means that a pair o f ho mo lo go us chro mo so mes is made up o f f o ur DNA mo lecules

A pair o f ho mo lo go us chro mo so mes is kno wn as a bivalent

The pairing pro cess resulting in the fo rmatio n o f a bivalent is kno wn as synapsis

After synapsis has o ccurred, a pro cess kno wn as cro ssing o ver may o ccur

During cro ssing o ver, two  no n-sister chro matids  (i.e. o ne chro matid fro m each o f the

ho mo lo go us chro mo so mes) fo rm a junctio n

At this junctio n, the two  chro matids break and rejo in with each o ther

As these cro sso ver events o ccur at exactly the same po sitio n o n the two  no n-sister chro matids,

this allo ws genes  to  exchange  between the chro matids

No n-sister chro matids are ho mo lo go us  but are no t genetically identical and this means that

so me o f the alleles  o f the exchanged genes will be di�erent

This pro cess, therefo re, pro duces chro matids with co mpletely new co mbinatio ns o f  alleles

(that were no t previo usly present in the DNA o f the 'parent' cell)

As these chro matids will eventually be split up into  di�erent gametes, cro ssing o ver is o f great

impo rtance  because it is a signi�cant so urce o f genetic variatio n between gametes

This ensures there is genetic variatio n in po pulatio ns  o f sexually-repro ducing species,

which is key to  a species' ability to  evo lve  and adapt  to  changes in its enviro nment o ver time
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Crossing over of non-sister chromatids leading to the exchange of genetic material
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Random Orientation

At metaphase, during meio sis I, ho mo lo go us chro mo so mes line up at the cell equato r as they

prepare to  separate

Spindle micro tubules  gro w o ut fro m the po les  o f the cell and attach to  the centro meres  o f the

chro mo so mes

Each o f the two  ho mo lo go us chro mo so mes in a bivalent is attached to  a di�erent po le

The o rientatio n o f  the bivalents  when they line up at the cell equato r determines which po le

each chro mo so me gets attached to  (and eventually pulled to wards)

The o rientatio n o f the bivalents is co mpletely rando m

In additio n, the bivalents also  asso rt independently o f  o ne ano ther (i.e. the o rientatio n o f o ne

bivalent never a�ects the o rientatio n o f ano ther)

The orientation of bivalents lining up at the cell equator is random

Reduction Division

During meio sis, the ho mo lo go us chro mo so mes fo rming a bivalent separate in a pro cess kno wn

as disjunctio n

The ho mo lo go us chro mo so mes then mo ve to  o ppo site po les  o f the cell

As o ne chro mo so me o f  each type  mo ves to  each po le, the two  separate nuclei fo rmed by the

�rst divisio n o f meio sis (meio sis I) no w o nly co ntain o ne o f  each type o f  chro mo so me, making

the two  new cells haplo id

Essentially, the chro mo so me number o f the cells has been halved

This is why the �rst divisio n o f meio sis is kno wn as a reductio n divisio n

The chro mo so me number has been reduced  (halved) fro m diplo id  to  haplo id
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3.2.3 Genetic Variation

Genetic Variation & Meiosis

Crossing over and random orient at ion promot e genet ic variat ion

Having genetically di�erent o �spring can be advantageo us  fo r natural selectio n and therefo re

increase the survival chances o f a species

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

Bo th cro ssing o ver and rando m o rientatio n result in di�erent co mbinatio ns o f  alleles  in

gametes

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 o f meio sis ho mo lo go us chro mo so mes pair up and are in very clo se

pro ximity to  each o ther

A pair o f ho mo lo go us chro mo so mes can be referred to  as a bivalent

At this po int, there can be an exchange o f genetic material (alleles) between no n-sister

chro matids in the bivalent

The cro ssing po ints are called chiasmata

This results in a new co mbinatio n o f  alleles o n the two  chro mo so mes (these can be referred

to  as reco mbinant chro mo so mes)

This swapping o f alleles is a signi�cant so urce o f genetic variatio n because it can o ccur at

multiple rando m po sitio ns alo ng the chro mo so me

Cro ssing o ver can happen anywhere alo ng the chro mo so me but is mo re likely to  o ccur further

do wn the chro mo so me away fro m the centro mere
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Crossing over occurring between two non-sister chromatids

Random orient at ion

The rando m o rientatio n o f  ho mo lo go us pairs alo ng the equato r o f  the cell during metaphase I

result in the pro ductio n o f di�erent allele co mbinatio ns in daughter cells

In pro phase I, ho mo lo go us chro mo so mes pair up and in metaphase I, they align alo ng the equato r

o f the cell

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  each ho mo lo go us pair is rando m/independent (una�ected by the

o rientatio n o f any o ther pair)

In anaphase I the ho mo lo go us chro mo so mes are separated and pulled apart to  di�erent po les
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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

The di�erent co mbinatio ns o f chro mo so mes in daughter cells increases genetic variatio n

between gametes
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The random orientation of homologous chromosomes leads to di�erent genetic combinations in

daughter cells

T he di�erent  combinat ions of  chromosomes f ollowing meiosis

The number o f po ssible chro mo so mal co mbinatio ns resulting fro m rando m asso rtment is equal

to  2

n is the number o f ho mo lo go us chro mo so me pairs o r haplo id number

Fo r humans: the number o f chro mo so mes is 46 meaning the number o f ho mo lo go us

chro mo so me pairs is 23 so  the calculatio n wo uld be:

2  = 8,388,608 po ssible chro mo so mal co mbinatio ns

Worked example

Calculate ho w many di�erent chro mo so mal co mbinatio ns can result fro m meio sis in a plant

species which has a diplo id number o f 16. Assume no  cro ssing o ver o ccurs.

[1 mark]

n

23
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Step 1: Use the relevant f o rmula

2

Step 2: Calculate the haplo id number

Diplo id number (2n) = 16

Haploid number (n) = 16 ÷ 2 = 8

Step 3: Substitute in �gures

2  = 256

There are 256  di�erent chro mo so mal co mbinatio ns that can o ccur.

n

8
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Genetic Variation & Fertilisation

Fusion of  gamet es f rom di�erent  parent s promot es genet ic variat ion

Meio sis  creates genetic variatio n between the gametes  pro duced by an individual thro ugh

cro ssing o ver and rando m o rientatio n

This means each gamete carries substantially di�erent alleles

During fertilisatio n, any male gamete can fuse with any female gamete to  fo rm a z ygo te

This rando m f usio n o f  gametes  at fertilisatio n creates genetic variatio n between z ygo tes as

each will have a unique co mbinatio n o f alleles

T he di�erent  combinat ions of  chromosomes f ollowing f ert ilisat ion

In rando m fertilisatio n, any two  gametes may f use to gether

Therefo re the fo rmula to  calculate the number o f co mbinatio ns o f chro mo so mes after the

rando m fertilisatio n o f two  gametes is  (2 )

n is the haplo id number and  is the number o f gametes

Therefo re in humans, when the haplo id number is 23, the number o f co mbinatio ns fo llo wing

fertiliz atio n is (2 ) = 70,368,744,177,664

This explains why relatives can di�er so  much fro m each o ther. Even with the same parents,

individuals can be genetically distinct due to  variatio n at the meio sis and fertiliz atio n stage (as

well as o ther po ssible mutatio ns and cro ssing-o ver)

Worked example

Calculate the number o f di�erent po ssible chro mo so me co mbinatio ns after the rando m

fertiliz atio n o f an o vule and po llen nuclei fro m the same plant species (Diplo id number = 16).

[2 marks]

Step 1: State f o rmula f o r rando m f ertilisatio n between any two  gametes

(2 )

Step 2: Use inf o rmatio n f ro m questio n to  state haplo id number

n = 8

Step 3: Substitute in �gures

(2 )

(2 )

n 2

2

23 2   

n 2

n 2

8 2

Answer  65,536

Exam T ip

These so urces o f genetic variatio n explain why relatives can di�er so  much fro m each o ther. Even

with the same parents, individuals can be genetically distinct due to  the pro cesses o utlined

abo ve.While we can calculate the number o f chro mo so mal co mbinatio ns that result fro m

rando m o rientatio n and rando m fertilisatio n, the number o f co mbinatio ns fro m cro ssing o ver is

in�nite, o r as go o d as!
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3.2.4 Non-disjunction

Non-disjunction

No n-disjunctio n o ccurs when chro mo so mes fail to  separate co rrectly during meio sis

This can o ccur in either anaphase I o r anaphase II, leading to  gametes  fo rming with an abno rmal

number o f  chro mo so mes

The gametes may end up with o ne extra co py  o f a particular chro mo so me o r no  co pies o f a

particular chro mo so me

These gametes will have a di�erent number o f chro mo so mes co mpared to  the no rmal

haplo id number

If the abno rmal gametes are fertiliz ed, then a chro mo so me abno rmality  o ccurs as the diplo id

cell (z ygo te) will have the inco rrect number o f chro mo so mes

Image showing how chromosomes failing to separate properly during meiosis can result in gametes with

the incorrect number of chromosomes

Down Syndrome

A key example o f a no n-disjunctio n chro mo so me abno rmality is Do wn syndro me, also  called

Triso my 21
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No n-disjunctio n o ccurs during anaphase I (in this case) and the 21st pair o f ho mo lo go us

chro mo so mes fail to  separate

Individuals with this syndro me have a to tal o f 47 chro mo so mes in their cells as they have three

co pies o f chro mo so me 21

The impact o f triso my 21 can vary between individuals, but so me co mmo n features o f the

syndro me are physical gro wth delays  and reduced intellectual ability. Individuals can also

su�er fro m issues with sight  o r hearing

Ot her t risomy syndromes

There are o ther triso my po ssibilities that can result fro m no n-disjunctio n; many, but no t all, have

very serio us impacts o n the pheno type o f the o �spring which may be fatal

Patau syndro me  (triso my 13) and Edwards syndro me  (triso my 18) are very serio us

syndro mes which result in many physical disabilities and develo pmental di�culties

Triso my 18 and 13 bo th have very lo w survival rates  with few babies surviving past their

�rst birthday

Klinef elter's syndro me  is caused by no n-disjunctio n in sex chro mo so mes which leads to

having the chro mo so mes XXY

This syndro me is o ften no t diagno sed until adultho o d and do esn't impact life

expectancy but may have a negative e�ect o n fertility

T urners syndro me also  a�ects the sex chro mo so mes with individuals po ssessing just o ne X

chro mo so me

Individuals with Turners syndro me wo uld no t necessarily have a reduced life-expectancy,

altho ugh will o ften be sho rter and may su�er so me sympto ms such as lack o f sexual

develo pment during puberty

Age & Non-disjunction

Many studies have sho wn that there is a co rrelatio n between age and the incidence o f no n-

disjunctio n

It is believed that as the age o f  the parents increases  the incidence o f  no n-disjunctio n

increases

In particular, the age o f the mo ther has been fo und to  increase the chance o f having a child with

Do wn Syndro me

The impact o f age o n the risks is represented in the table belo w

Age and Risk o f  Do wn’s Syndro me Table
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Methods used for Karyotype Analysis

Met hods can be used t o obt ain cells f or karyot ype analysis

A karyo type can be created to  sho w an image o f all o f the chro mo so mes o f an individual fro m a

single cell.

Chro mo so mes are arranged into  their ho mo lo go us pairs and studied to  check fo r any

abno rmalities

This karyogram shows a typical or “normal” karyotype

A karyo type which sho ws a chro mo so mal abno rmality may have inco rrect numbers o f

chro mo so mes present

Triso my syndro mes will sho w a third chro mo so me present at o ne o f the chro mo so me po sitio ns

Fo r example, Do wn's syndro me sho ws a third chro mo so mes at the 21st po sitio n
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A karyogram showing the karyotype of an individual with Down’s Syndrome

Two  metho ds can be used to  o btain cells fro m an unbo rn child  fo r chro mo so me testing:

Amnio centesis

Cho rio nic villus sampling

Amniocent esis

A needle is inserted thro ugh the mo ther's abdo men wall and a small sample o f amnio tic �uid  is

taken. The sample will co ntain so me fo etal cells fo r analysis

This pro cedure usually takes place aro und 16 weeks o f pregnancy

There is a small risk o f  miscarriage  asso ciated with the pro cedure (appro x 1% )

The pro cedure also  po ses a small risk o f infectio n

Chorionic Villus Sampling (CVS)

A lo ng tube is inserted thro ugh the vagina and then cervix in o rder to  take a small sample o f the

develo ping cho rio n (a membrane surro unding the embryo  which fo rms part o f the placenta)

This pro cedure can be carried o ut earlier in the pregnancy; aro und 10 - 12 weeks

CVS has a slightly increased risk o f  miscarriage  asso ciated with the pro cedure (appro x 2% )

There is also  a small risk o f infectio n
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3.2.5 Skills: Meiosis

Drawing the Stages of Meiosis

Cells undergo ing meio sis can be o bserved and pho to graphed using specializ ed micro sco pes

The di�erent stages o f meio sis have distinctive characteristics meaning they can be identi�ed

fro m pho to micro graphs

Being able to  identify the stages o f meio sis fro m pho to micro graphs and diagrams is an

impo rtant skill fo r a bio lo gist

St ep 1: Ident if ying if  meiosis I or meiosis II is occurring

Ho mo lo go us chro mo so mes  pair up side by side in meio sis I o nly

This means if there are pairs o f  chro mo so mes  in a diagram o r pho to micro graph meio sis I

must be o ccurring

The number o f  cells f o rming can also  help identify whether meio sis I o r II is o ccurring

If there are two  new cells  fo rming it is meio sis I but if there are f o ur new cells  fo rming it is

meio sis II

Ident if ying which st age of  meiosis I is occurring

Pro phase I: Ho mo lo go us pairs  o f chro mo so mes are visible in diplo id cell (2n). Cro ssing o ver

o ccurs

Metaphase I: Spindle �bres pull ho mo lo go us pairs so  they are lined up side by side  alo ng the

equato r o f the cell. Orientatio n o f ho mo lo go us chro mo so mes is rando m

Anaphase I: Who le chro mo so mes are being pulled to  o ppo site po les  with centro meres intact

Telo phase I: There are 2 gro ups  o f co ndensed chro mo so mes aro und which nuclei membranes

are fo rming

Cyto kinesis: Cyto plasm is dividing and the cell membrane is pinching inwards to  fo rm two

cells with haplo id chro mo so me numbers (n)

Prophase I, Metaphase I , Anaphase I and Telophase I as seen in photomicrographs

Ident if ying which st age of  meiosis II is occurring
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Pro phase II: Single who le chro mo so mes  are visible in haplo id cells

Metaphase II: Single who le chro mo so mes are lined up alo ng the equato r o f the cell in a single �le

Anaphase II: Centro meres divide and chro matids are being pulled to  o ppo site po les

Telo phase II: Nuclei are fo rming aro und the 4  gro ups  o f co ndensed chro mo so mes

Cyto kinesis: Cyto plasm is dividing and f o ur haplo id cells are fo rming

Prophase II, Metaphase II , Anaphase II and Telophase II as seen in photomicrographs

Drawing t he st ages of  meiosis

The distinguishing features mentio ned abo ve can also  be used by bio lo gists to  draw scienti�c

diagrams o f meio sis I and meio sis II

The co nventio ns fo r drawing are:

The drawing must have a title

A sharp HB pencil sho uld be used (and a go o d eraser!)

Drawings sho uld be o n plain white paper

Lines sho uld be clear, single lines  (no  thick shading)

No  shading

The drawing sho uld take up as much o f the space o n the page as po ssible

Well-de�ned structures sho uld be drawn

The drawing sho uld be made with pro per pro po rtio ns

Label lines sho uld no t cro ss o r have arro wheads and sho uld co nnect directly to  the part o f

the drawing being labelled
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Drawing the di�erent stages or phases of meiosis

Exam T ip

Fo r metaphase remember M f o r the middle o f the cell which is where the chro mo so mes will be

lined up.Fo r anaphase remember A f o r away fro m the middle to  the po les, which is where the

chro mo so mes / chro matids are being pulled.When drawing the stages o f meio sis yo u do  no t

have to  sho w cro ssing o ver o ccurring.
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