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Meiosis

There are two processes bywhich the nucleus of aeukaryotic cellcandivide. These are:
= Mitosis
= Meiosis

Mitosis givesrise to genetically identical cells and is the type of celldivisionused forgrowth,
repair of damaged tissues,replacement of cells and asexualreproduction
Meiosis givesrise to cells that are genetically different fromeach otherandis the type of cell
divisionused to produce gametes (sexcells)
During meiosis, the nucleus of the original '‘parent' cellundergoes two rounds of division. These
are:

= Meiosisl

= Meiosisll

Meiosisl

The nucleus of the original 'parent’' cellis diploid (2n)i.e.it contains two sets of chromosomes
Before meiosis |, these chromosomes replicate
During meiosis I, the homologous pairs of chromosomes are split up, to produce two haploid
(n) nuclei

= Atthis point,eachchromosome stillconsists of two chromatids

Note that the chromosome number halves (from2nto n)inthe first divisionof meiosis (meiosis
1), notthe second division (meiosis Il)

Meiosisll

Duringmeiosis ll, the chromatids that make up eachchromosome separate to produce four
haploid (n) nuclei
= At this point,eachchromosome now consists of a single chromatid
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One diploid nucleus divides by meiosis to produce four haploid nuclei
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Discovery of Meiosis

NOS: Making careful observations; meiosiswasdiscovered by microscope
examinationsof dividing germ-line cells

Inthe 19th century, microscopes were developed that could be used to view certaininternal cell
structures
Around this time, it was also discovered that certaindyes could be used to stain(and observe)
the cellnucleus
The use of these dyes eventuallyled to the discoveryof thread-like structures inside dividing
nuclei

= These were name chromosomes

Inthe 1880s,agroup of Germanbiologists used these new developments to make detailed
observations of dividing nuclei
= Theircarefulobservations led to the discovery of the process of meiosis and a basic
understandingofhowitoccurs

One keyobservationwas made byviewing the chromosomes inspecific cellsinanorganism
known as the horse threadworm (Parascaris equorum)
= [twas observed that the nucleiof theireggand spermcells contained two chromosomes,
whereas the nucleiof afertilised egg contained fourchromosomes
= This suggested that the chromosome numberhad beendoubled bythe process of
fertilisation
= Thisled to the hypothesis that,atsome pointineverygeneration,aspecialtype of nuclear
divisionmustoccurthat halves the chromosome number

The specific sequence of events inmeiosis was finallydiscovered by carefullyobservingcells
fromthe ovaries of Europeanrabbits (Oryctolagus cuniculus) between O and 28 days old
= This was possible becauseinfemales of this species, certaincellsinthe ovaries start
undergoing meiosis frombirthand the process continues slowly overaperiod of many
days

The initialdiscoveryof meiosis (as well as the following series of discoveries that revealed to
scientists howitoccurs)was made possible through careful scientific observations
Suchcarefulobservations are needed inorderto validate the claims and discoveries that
scientists make, as scientific evidence is required. Careful observations canenable scientists to
collect evidence that allows theories to be developed

The use of apparatus, dyes,sensors,amongst many otherscientific tools, allows scientists to
make these precise and accurate observations

The methods used to make suchobservations must be able to be repeated so that the results
canbe confirmed byotherscientists if necessary
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SexualLife Cycle

= Thelife cycles of organisms canbe sexual orasexual (some organisms are capable of both)
= |nanasexuallife cycle, the offspring are genetically identicalto the parent (theyhave
exactlythe same chromosomes)
= |nasexuallife cycle,the offspring are genetically distinct fromeachotherand fromeach
of the parents (theirchromosomes are different, causing themto be geneticallydistinct)

= The halvingof the chromosome number during meiosis is veryimportantforasexuallife cycle
asitallows forthe fusionof gametes
= Sexualreproductionis aprocessinvolvingthe fusionof the nucleiof two gametesto forma
zygote (fertilised eggcell) and the production of offspring that are genetically distinct from
eachother
= This fusionof gamete nucleiis known as fertilisation
= Fertilisationdoubles the numberofchromosomes eachtimeitoccurs
= Thisis whyitis essential that the chromosome numberis also halved at some stagein
organisms with a sexuallife cycle, otherwise the chromosome numberwould keep doubling
everygeneration
= This halvingof the chromosome numberoccurs during meiosis
= |nanimals, this halving occurs during the creationof gametes

Sexual life cycle
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3.2.2 Stages of Meiosis

DNA Replicationbefore Meiosis

Before meiosis occurs,allof the DNAinside the nucleus of the 'parent'cellis replicated
= Thisoccurs duringaperiod of the cellcycle known as interphase

Once thishas occurred,eachchromosome now consists of two genetically identical sister
chromatids, whichare joined togetherbyacentromere
= Thesisterchromatids are geneticallyidentical because DNAreplicationis averyaccurate
process and onlyaverysmall numberof mistakes occurwhen DNAis being copied

The two DNA molecules formed by DNAreplication priorto meiosis are considered to be sister
chromatids until the splitting of the centromere at the start of anaphase (a stage duringmeiosis
I, duringwhich the sisterchromatids are pulled apart)

Afterthis,theyare once againconsidered as individualchromosomes

DNA replication before meiosis
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O Exam Tip

Understanding the difference betweenchromosomes and chromatids can be difficult. We
countchromosomes bythe number of centromeres present. So whenthe 46 chromosomes
duplicate duringinterphase and the amount of DNA inthe celldoubles there are stillonly 46
chromosomes presentbecause there are stillonly46 centromeres present.However, there are
now 92 chromatids, which are strands of replicated chromosomes.

Formation of Bivalents & Crossing Over

= Atthe start of meiosis,homologous chromosomes pairup witheachother
= As DNAreplicationhas alreadyoccurred,eachchromosomeis made up of two sister
chromatids
= This means thatapairofhomologous chromosomesis made up of four DNAmolecules

= Apairofhomologous chromosomes is known as abivalent

= The pairing process resultinginthe formation of a bivalentis known as synapsis

= Aftersynapsis has occurred,aprocess knownas crossingover mayoccur

= Duringcrossingover,two non-sister chromatids (i.e.one chromatid fromeach of the
homologous chromosomes)formajunction

= Atthisjunction, the two chromatids break and rejoinwitheach other

= Asthesecrossoverevents occuratexactlythe same positiononthe two non-sisterchromatids,
this allows genes to exchange betweenthe chromatids

= Non-sisterchromatids are homologous but are not genetically identical and this means that
some of the alleles of the exchanged genes will be different

= This process,therefore,produces chromatids withcompletely new combinations of alleles
(thatwere not previouslypresentinthe DNA of the 'parent' cell)

= Asthese chromatids will eventually be split upinto different gametes,crossingoveris of great
importance becauseitis asignificant source of genetic variationbetween gametes

= This ensures thereis genetic variationin populations of sexually-reproducing species,
whichis keyto aspecies'abilityto evolve and adapt to changes inits environment overtime
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Crossing over of non-sister chromatids leading to the exchange of genetic material
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Random Orientation

= Atmetaphase,duringmeiosis |, homologous chromosomes line up at the cellequator as they
prepare to separate

= Spindle microtubules grow out fromthe poles of the celland attach to the centromeres of the
chromosomes

= Eachofthetwo homologous chromosomesinabivalentis attached to adifferent pole

= The orientationof the bivalents whentheyline up atthe cellequatordetermines which pole
eachchromosome gets attached to (and eventually pulled towards)

= The orientationof the bivalents is completely random

= |naddition, the bivalents also assortindependently of one another (i.e.the orientationofone
bivalent neveraffects the orientationof another)

The orientation of bivalents lining up at the cell equatoris random

ReductionDivision

= During meiosis, the homologous chromosomes forming a bivalent separate inaprocess known
as disjunction
= The homologous chromosomes thenmove to opposite poles of the cell
= Asonechromosome of eachtype movesto eachpole,the two separate nucleiformed bythe
first divisionof meiosis (meiosisl)now onlycontainone of eachtype of chromosome, making
the two new cells haploid
= Essentially,the chromosome numberof the cells has been halved

= Thisis whythe firstdivisionof meiosisis knownas areductiondivision
= The chromosome numberhas beenreduced (halved) fromdiploid to haploid
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3.2.3Genetic Variation

Genetic Variation & Meiosis

Crossing overandrandomorientation promote genetic variation

Having genetically different offspring can be advantageous fornatural selectionand therefore
increase the survivalchances of aspecies
= Meiosis has severalmechanisms thatincrease the genetic variationof gametes produced

= Bothcrossingoverand randomorientationresultindifferent combinations of alleles in
gametes

Crossing over

= Crossingoveris the process bywhichnon-sister chromatids exchange alleles
= Process:

During prophase lof meiosis homologous chromosomes pairup and are inveryclose
proximityto eachother

= Apairofhomologous chromosomes canbereferred to as abivalent

At this point, there can be an exchange of genetic material (alleles) betweennon-sister
chromatids inthe bivalent

= Thecrossingpoints are called chiasmata

This results inanew combinationof alleles onthe two chromosomes (these canbe referred
to asrecombinant chromosomes)

This swapping of allelesis asignificant source of genetic variationbecause it canoccurat
multiple random positions alongthe chromosome

Crossingovercanhappenanywhere alongthe chromosome butis more likelyto occurfurther
downthe chromosome awayfromthe centromere
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Crossing overoccurring between two non-sister chromatids

Randomorientation

= Therandomorientationof homologous pairs alongthe equatorof the cellduringmetaphasel
resultinthe production of different allele combinations indaughter cells
Inprophase I,homologous chromosomes pairup and inmetaphase |, theyalignalong the equator
ofthecell

= Eachpaircanbe arranged with either chromosome ontop, thisis completelyrandom

= The orientationof eachhomologous pairis random/independent (unaffected bythe
orientation of any other pair)

Inanaphase Ithe homologous chromosomes are separated and pulled apart to different poles
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= The combinationof alleles that end upineach daughtercelldepends onhow the pairs of
homologous chromosomes were lined up
= The differentcombinations of chromosomes indaughtercellsincreases genetic variation
betweengametes
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The random orientation of homologous chromosomes leads to different genetic combinations in
daughtercells

Thedifferent combinations of chromosomesfollowing meiosis

= The numberof possible chromosomal combinations resultingfromrandomassortmentis equal
to2n
= nis the numberofhomologous chromosome pairs orhaploid number

= Forhumans:the numberofchromosomesis 46 meaning the numberofhomologous
chromosome pairsis 23 so the calculationwould be:
= 223-8,388,608 possible chromosomal combinations

@ Worked example

Calculate how manydifferent chromosomal combinations canresult frommeiosis inaplant
species whichhas adiploid numberof16.Assume no crossingoveroccurs.

[Tmark]

Step 1:Use therelevant formula
2n
Step 2:Calculate the haploid number

Diploid number(2n) =16
Haploid number(n) =16 -2=8
Step 3:Substituteinfigures
28=256

There are 256 different chromosomal combinations that canoccur.
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Genetic Variation & Fertilisation
Fusion of gametesfromdifferent parentspromotesgenetic variation

= Meiosis creates genetic variationbetweenthe gametes produced byanindividual through
crossingoverand random orientation

= This means each gamete carries substantially different alleles

= Duringfertilisation,anymale gamete canfuse with anyfemale gamete to formazygote

= Thisrandomfusionof gametes at fertilisationcreates genetic variationbetweenzygotes as
eachwillhave aunique combination of alleles

The different combinations of chromosomesfollowing fertilisation

= |Inrandomfertilisation,any two gametes may fuse together
= Therefore the formulato calculate the numberof combinations of chromosomes afterthe
randomfertilisation of two gametes is (2")2
= nisthe haploid numberand 2is the numberof gametes
= Therefore inhumans, when the haploid numberis 23, the numberof combinations following
fertilizationis (2232 =70,368,744,177 664

= This explains whyrelatives candifferso much fromeach other. Evenwith the same parents,
individuals canbe geneticallydistinct due to variation at the meiosis and fertilization stage (as
wellas otherpossible mutations and crossing-over)

@ Worked example

Calculate the numberof different possible chromosome combinations afterthe random
fertilizationof anovule and pollennucleifromthe same plant species (Diploid number=16).

[2 marks]

Step 1: State formulaforrandomfertilisationbetweenany two gametes
(2)?
Step 2:Useinformationfromquestionto state haploid number
n=8
Step 3:Substituteinfigures
(21)?
(28)2

Answer 65,536

O Exam Tip

These sources of genetic variation explain whyrelatives candifferso muchfromeach other.Even
with the same parents,individuals can be geneticallydistinct due to the processes outlined
above.While we can calculate the numberof chromosomal combinations that result from
random orientationand random fertilisation, the numberof combinations fromcrossingoveris
infinite,oras good as!
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3.2.4 Non-disjunction

Non-disjunction

= Non-disjunctionoccurs whenchromosomes failto separate correctlyduring meiosis
= Thiscanoccurineitheranaphaseloranaphasell,leading to gametes forming with an abnormal
number of chromosomes
= The gametes mayend upwithone extracopy of aparticularchromosome orno copies ofa
particularchromosome
= These gametes willhave adifferent numberof chromosomes compared to the normal
haploid number

= |f the abnormal gametes are fertilized, then achromosome abnormality occurs as the diploid
cell(zygote) willhave theincorrect numberof chromosomes

Image showing how chromosomes failing to separate properly during meiosis can result in gametes with
the incorrect number of chromosomes

Down Syndrome

= Akeyexample of anon-disjunctionchromosome abnormalityis Down syndrome,also called
Trisomy 21
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= Non-disjunctionoccurs duringanaphase I (in this case) and the 2Ist pairof homologous
chromosomes fail to separate

= |ndividuals with this syndrome have atotalof 47 chromosomes intheircells as theyhave three
copies of chromosome 21

= Theimpactoftrisomy2lcanvarybetweenindividuals,but some commonfeatures of the
syndrome are physicalgrowthdelays and reduced intellectual ability. Individuals canalso
sufferfromissues with sight orhearing

Othertrisomysyndromes

= There are othertrisomypossibilities that canresult fromnon-disjunction; many, but notall, have
veryserious impacts onthe phenotype of the offspring which maybe fatal
= Patau syndrome (trisomy13) and Edwards syndrome (trisomy18) are very serious
syndromes whichresult in many physical disabilities and developmental difficulties
= Trisomy18 and 13 both have very low survival rates with few babies surviving past their
first birthday

= Klinefelter's syndrome is caused bynon-disjunctioninsexchromosomes whichleads to
having the chromosomes XXY
= Thissyndromeis oftennotdiagnosed untiladulthood and doesn'timpactlife
expectancybut mayhave anegative effectonfertility

= Turners syndrome also affects the sexchromosomes withindividuals possessingjust one X
chromosome
= |ndividuals with Turners syndrome would not necessarilyhave areduced life-expectancy,
althoughwilloftenbe shorterand may suffersome symptoms such as lack of sexual
development during puberty

Age & Non-disjunction

= Manystudies have shownthat thereis acorrelationbetweenage and theincidence of non-
disjunction
= |tis believed thatas the age of the parentsincreases theincidence of non-disjunction
increases
= [nparticular,the age of the mother has beenfound to increase the chance of havinga child with
Down Syndrome
= Theimpactofageontherisksisrepresentedinthe table below

Age and Riskof Down’s Syndrome Table
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Methods used for Karyotype Analysis
Methodscanbeusedtoobtain cellsfor karyotype analysis

= Akaryotype canbe created to showanimage of allofthe chromosomes of anindividualfroma
single cell.

= Chromosomes are arranged into theirhomologous pairs and studied to check forany
abnormalities

This karyogram shows a typical or “normal” karyotype

= Akaryotype whichshows achromosomal abnormality mayhave incorrect numbers of
chromosomes present
= Trisomysyndromes will show a third chromosome presentat one of the chromosome positions
= Forexample,Down's syndrome shows a third chromosomes at the 2Ist position
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A karyogram showing the karyotype of an individual with Down’s Syndrome

= Two methods canbe used to obtaincells fromanunbornchild forchromosome testing:

= Amniocentesis
= Chorionic villus sampling

Amniocentesis

Aneedleisinserted throughthe mother's abdomenwalland a small sample of amniotic fluid is
taken.The sample will containsome foetal cells foranalysis

This procedure usually takes place around 16 weeks of pregnancy

Thereis asmallrisk of miscarriage associated with the procedure (approx1%)

The procedure also poses asmallrisk of infection

Chorionic Villus Sampling (CVS)

Alongtube isinserted throughthe vaginaand thencervixinorderto take asmall sample of the
developing chorion(amembrane surrounding the embryo which forms part of the placenta)
This procedure can be carried out earlierinthe pregnancy;around 10 - 12 weeks

CVShas aslightlyincreased risk of miscarriage associated withthe procedure (approx2%)
Thereis also asmallrisk of infection
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Drawing the Stages of Meiosis

= Cellsundergoing meiosis canbe observed and photographed using specialized microscopes

= Thedifferent stages of meiosis have distinctive characteristics meaningtheycanbe identified
fromphotomicrographs

= Beingable to identifythe stages of meiosis from photomicrographs and diagrams is an
important skillforabiologist

Step1:ldentifying if meiosislor meiosisllisoccurring

= Homologous chromosomes pairup side by side inmeiosis lonly
= This means if there are pairs of chromosomes inadiagram orphotomicrograph meiosis |
must be occurring

= The numberof cells forming can also helpidentifywhethermeiosislorllis occurring
= [fthere are two new cells formingit is meiosis I butif there are four new cells formingitis
meiosis I

Identifying which stage of meiosislisoccurring

= Prophase l:Homologous pairs of chromosomes are visible indiploid cell (2n). Crossing over
occurs

= Metaphase |: Spindle fibres pullhomologous pairs so theyare lined up side by side along the
equatorofthe cell. Orientationof homologous chromosomesisrandom

= Anaphase l: Whole chromosomes are being pulled to opposite poles with centromeres intact

= Telophasel:There are 2 groups of condensed chromosomes around which nuclei membranes
are forming

= Cytokinesis: Cytoplasmis dividing and the cellmembrane is pinchinginwards to formtwo
cells with haploid chromosome numbers (n)

Prophasel, Metaphase |, Anaphaseland Telophase | as seen in photomicrographs

Identifying which stage of meiosisllisoccurring
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= Prophase lI: Single whole chromosomes are visible in haploid cells

= Metaphase ll: Single whole chromosomes are lined up along the equator of the cellin a single file
= Anaphase ll:Centromeres divide and chromatids are being pulled to opposite poles

= Telophasell: Nucleiare formingaround the 4 groups of condensed chromosomes

= Cytokinesis: Cytoplasmis dividingand four haploid cells are forming

Prophase ll, Metaphase ll, Anaphase ll and Telophase Il as seen in photomicrographs
Drawing the stagesof meiosis

= The distinguishingfeatures mentioned above canalso be used bybiologists to draw scientific
diagrams of meiosis land meiosis ||
= The conventions fordrawing are:
= The drawing must have atitle
= Asharp HB pencilshould be used (and agood eraser!)
= Drawings should be onplain white paper
= lines should be clear, single lines (no thick shading)
= No shading
= The drawingshould take up as much of the space onthe page as possible
= Well-defined structures should be drawn
= The drawing should be made withproper proportions
= Labellines should notcross orhave arrowheads and should connect directly to the part of
the drawing beinglabelled
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Drawing the different stages or phases of meiosis
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O Exam Tip

Formetaphase rememberMfor the middle of the cell whichis where the chromosomes will be
lined up.Foranaphase rememberA foraway from the middle to the poles, whichis where the

chromosomes /chromatids are being pulled.When drawing the stages of meiosis youdo not
have to show crossingoveroccurring.
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