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Cell Division

Formation of New Cells

Acco rding to  the cell theo ry, new cells are pro duced fro m pre-existing o nes

The cells that make up a multicellular o rganism are the result o f a single cell undergo ing many

cycles o f cell divisio n

This single cell will initially fo rm embryo nic stem cells which will specialise  to  fo rm the o rgans

and tissues o f the o rganism

A cell that divides is kno wn as a parent  (o r 'mo ther') cell

Each parent cell will pro duce two  daughter cells  after cell divisio n has o ccurred

Two  types o f cell divisio n exist

One results in daughter cells that are genetically identical to  each o ther and to  the parent

cell

The o ther pro duces cells that are genetically di�erent  fro m each o ther and fro m the parent

cell

This type o f cell divisio n is an impo rtant so urce o f genetic variatio n within po pulatio ns

Cytokinesis

During cell divisio n, the nucleus o f the cell will divide �rst

This is kno wn as nuclear divisio n

Once the nucleus has divided into  two  nuclei, the cyto plasm divides in two  with o ne nucleus

mo ving into  each cell to  create two  daughter cells

The divisio n o f the cyto plasm is called cyto kinesis

Cytokinesis in animal and plant cells

The pro cess di�ers slightly in animal and plant cells

In animal cells:

A ‘cleavage f urro w’ fo rms and separates the daughter cells

The cleavage furro w fo rms when actin and myo sin pro teins fo rm a co ntractile ring just under

the plasma membrane

This ring is fo rmed at the equato r (centre) o f the cell

As the pro teins co ntract, they pull the plasma membrane to wards the centre eventually

separating the cell into  two  daughter cells

In plants  cells:

A ‘cell plate’ (the precurso r to  a new cell wall) fo rms at the equato r. Once the cell plate

reaches the cell walls o f the parent cell, new cell walls are pro duced, separating the new

daughter cells

The cell plate is fo rmed fro m vesicles  carrying carbo hydrates, lipids and pro teins fusing

to gether to  create the two  plasma membranes

After this o ther vesicles, carrying pectin and cellulo se, depo sit these substances by

exo cyto sis in the gap between the two  new membranes leading to  the fo rmatio n o f new cell

walls
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Cytokinesis in an animal cell and a plant cell

Exam T ip

Remember that cyto kinesis will o nly o ccur af ter nuclear divisio n has happened.
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Equal & Unequal Cytokinesis

During cyto kinesis, the divisio n o f the cyto plasm is usually equal

This pro duces daughter cells that are o f a similar siz e

It is also  impo rtant to  ensure that each daughter cell receives at least o ne mito cho ndrio n fo r

cellular respiratio n

Plant cells wo uld also  need to  receive at least o ne chlo ro plast  in o rder to

pho to synthesise

These o rganelles can o nly be made by dividing a pre-existing structure

There are ho wever cases where the divisio n o f the cyto plasm is no t equal, such as:

Oo genesis  in humans

Budding in yeast

Oogenesis as an example of the unequal division of cytoplasm

The pro ductio n o f o va begins in the o varies o f the female fo etus bef o re birth

Germinal epithelial cells will divide to  fo rm an immature o vum called a primary o o cyte

During puberty, the primary o o cyte will divide to  fo rm a seco ndary o o cyte  and a smaller structure

called a po lar bo dy

These structures are the result o f the unequal divisio n o f cyto plasm

The seco ndary o o cyte will divide again to  fo rm an o vum and ano ther po lar bo dy

The po lar bo dies will degenerate  and fo rm part o f the �nal o vum
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Oogenesis is an example of unequal cytokinesis
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Nuclear Division

Role of Mitosis & Meiosis in Eukaryotes

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

Mito sis

Meio sis

It is impo rtant fo r the nucleus o f a cell to  divide befo re cell divisio n to  avo id the pro ductio n o f

anucleate  cells

An anucleate cell is o ne witho ut a nucleus

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

Mito sis maintains the chro mo so me number and geno me o f cells

Cells pro duced during mito sis will o ften be diplo id (2n)

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)

This is because the daughter cells pro duced during meio sis will o nly have half the number o f

chro mo so mes o f the parent cell

These cells are said to  be haplo id (n)

Meio sis is impo rtant fo r generating genetic diversity
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DNA Replication in Nuclear Division

DNA replication as a prerequisite for mitosis and meiosis

During interphase  (the perio d befo re nuclear divisio n) o f the cell cycle, the DNA replicates to

create two  identical strands o f  DNA called chro matids

The chro matids are jo ined to gether by a narro w regio n called the centro mere

The two  chro matids that make up the do uble structure o f a chro mo so me are kno wn as ‘sister

chro matids’

During anaphase, o ne chro matid fro m each chro mo so mes ends up in o ne daughter cell while

the o ther chro matid ends up in the o ther daughter cell

After the centro mere is split apart at the start o f anaphase, the chro matids are referred to  as

individual chro mo so mes  again

Chromosome st ruct ure and DNA replicat ion diagram
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Diagram illustrating the structure of a chromosome at di�erent stages of mitosis

Exam T ip

It is impo rtant to  distinguish between the terms chro matid, sister chro matids and

chro mo so mes.

Condensation & Movement of Chromosomes

Condensation of chromosomes

DNA mo lecules are very lo ng mo lecules  (human DNA can be mo re than 50,000 µm) that need to

�t within much smaller nuclei (human nuclei average less than 5 µm)

Prio r to  mito sis, the DNA mo lecules are lo o sely co iled (aro und histo nes in eukaryo tic cells) to

fo rm a co mplex called chro matin

Histo nes package DNA into  structures called nucleo so mes

Each nucleo so me co nsists o f a strand o f DNA co iled aro und eight histo ne pro teins

During pro phase, the chro matin gets co ndensed  by superco iling to  fo rm chro mo so mes

Co ndensatio n o ccurs by the repeated co iling o f the DNA mo lecule (superco iling)

This superco iling is aided in eukaryo tic cells by the presence o f histo ne pro teins and enz ymes

Supercoiling of  DNA around hist ones diagram
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DNA is coiled around histone proteins to make chromatin

Movement of chromosomes

Micro tubules  and micro tubule mo to rs  are respo nsible fo r the mo vement o f chro mo so mes

during cell divisio n

Micro tubules are tubulin �bres that fo rm part o f the cyto skeleto n o f the cell

They are able to  lengthen and sho rten in o rder to  enable chro mo so me mo vement

Two  types o f tubulin, α-tubulin and β-tubulin fo rm dimers  which can be added o r remo ved at

the ends o f the micro tubules to  change the length o f the tubule

A dimer is a co mpo und made up o f two  subunits
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Chro mo so me mo vement is facilitated by mo to r pro teins

These carry the chro mo so mes alo ng the micro tubules to  the equato r o f the cell in

preparatio n fo r nuclear divisio n

Microt ubule f ormat ion diagram

Microtubules are responsible for the movement of chromosomes during cell division
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Mitosis

Phases of Mitosis

Mito sis is the pro cess o f nuclear divisio n by which two  genetically identical daughter nuclei are

pro duced that are also  genetically identical to  the parent cell nucleus (they have the same

number o f chro mo so mes as the parent cell)

Signi�cance o f  mito sis: mito sis o ccurs whenever the pro ductio n o f genetically identical nuclei

are required in eukaryo tic cells

E.g. during embryo nic develo pment, gro wth, tissue repair and asexual repro ductio n

Phases of Mitosis

Altho ugh mito sis is, in reality, o ne co ntinuo us pro cess, it can be divided into  f o ur main stages o r

phases

These stages are:

Pro phase

Metaphase

Anaphase

Telo phase

Mo st o rganisms co ntain many chro mo so mes in the nuclei o f their cells (eg. humans have 46) but

the diagrams belo w sho w mito sis o f an animal cell with o nly fo ur chro mo so mes, fo r simplicity

The di�erent co lo urs o f the chro mo so mes are just to  sho w that half are fro m the female parent

and half fro m the male parent

Prophase

Chro mo so mes co ndense  and are no w visible when stained

The chro mo so mes co nsist o f two  identical chro matids  called sister chro matids  (each

co ntaining o ne DNA mo lecule) that are jo ined to gether at the centro mere

The two  centro so mes (replicated in the G  phase just befo re pro phase) mo ve to wards o ppo site

po les  (o ppo site ends o f the nucleus)

Spindle �bres  (pro tein micro tubules) begin to  emerge fro m the centro so mes (co nsists o f two

centrio les in animal cells)

The nuclear envelo pe (nuclear membrane) breaks do wn into  small vesicles

The nucleo lus disappears

2
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Prophase

Metaphase

Centro so mes  reach o ppo site po les

Spindle �bres  (pro tein micro tubules) co ntinue to  extend f ro m centro so mes

Chro mo so mes line up at the equato r o f the spindle (also  kno wn as the metaphase plate) so  they

are equidistant to  the two  centro so me po les

Spindle �bres (pro tein micro tubules) reach the chro mo so mes and attach to  the centro meres

This attachment invo lves speci�c pro teins called kineto cho res

Each sister chro matid  is attached to  a spindle �bre o riginating fro m o ppo site po les
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Metaphase

Anaphase

The sister chro matids separate at the centro mere  (the centro mere divides in two )

Spindle �bres (pro tein micro tubules) begin to  sho rten

The separated sister chro matids (no w called chro mo so mes) are pulled to  o ppo site po les  by

the spindle �bres (pro tein micro tubules)
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Anaphase

Telophase

Chro mo so mes arrive at o ppo site po les and begin to  deco ndense

Nuclear envelo pes  (nuclear membranes) begin to  ref o rm aro und each set o f chro mo so mes

The spindle �bres break do wn

New nucleo li f o rm within each nucleus
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Telophase

Exam T ip

Make sure yo u learn the fo ur stages o f mito sis and what is happening to  the DNA mo lecules (o ne

chro matid co ntains o ne DNA mo lecule) at each stage – learn ‘PMAT ’ (pro phase, metaphase,

anaphase, telo phase) to  help yo u remember the o rder o f the stages!
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Mitosis: Skills

Identifying Phases of Mitosis

Cells undergo ing di�erent stages o f the cell cycle can be identi�ed using pho to micro graphs

taken fro m micro sco pe slides

Cells undergo ing certain stages o f the cell cycle have distinctive appearances

Interphase

As cells spend the majo rity o f the cell cycle in this stage then mo st cells will be in this stage

The chro matin is visible  (ho wever chro mo so mes  are no t) so  the nuclei have a dark appearance

Prophase

Chro mo so mes are visible

The nuclear envelo pe is breaking do wn

Metaphase

Chro mo so mes  are lined up alo ng the middle  o f the cell

Anaphase

Chro mo so mes are mo ving away  fro m the middle o f the cell, to wards o ppo site po les

As they are pulled fro m the centro mere thro ugh the cyto plasm, the chro mo so mes tend to  have a

characteristic 'V' shape

Telophase

Chro mo so mes have arrived at o ppo site po les  o f the cell

Chro mo so mes begin to  unco il (are no  lo nger co ndensed)

The nuclear envelo pe is refo rming

Cytokinesis

Animal cells: a cleavage f urro w fo rms and separates the daughter cells

Plant cells: a cell plate  fo rms at the site o f the metaphase plate and expands to wards the cell wall

o f the parent cell, separating the daughter cells

Ident i�cat ion of  phases
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Micrograph showing a cell undergoing prophase (P)

Micrograph showing cells undergoing metaphase (M) and anaphase (A)
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Micrograph showing cells undergoing metaphase (M) and anaphase (A)

Micrograph showing a cell undergoing anaphase (A)

Exam T ip

It is impo rtant to  be able to  reco gnise each mito tic stage fro m electro n micro graphs and to  be

able to  explain why that cell is in the stage yo u have selected. It can be di�cult to  tell pro phase

and telo phase apart in so me pho to micro graphs. In pro phase, there is o nly o ne gro up o f

chro mo so mes in the cell while in telo phase there are two  gro ups, o ne at each po le.
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Meiosis

Meiosis as Reduction Division

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)

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

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 exchange o f genetic material is kno wn as cro ssing o ver

Spindle �bres  attach to  the centro meres o f the bivalents which pulls the ho mo lo go us

chro mo so mes to  the o ppo site po les o f the cell

The individual chro matids o f each chro mo so me are still attached by their centro meres

Between meio sis I and II there is no  replicatio n o f the chro mo so mes

Meiosis II
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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

Meiosis overview diagram

One diploid nucleus divides by meiosis to produce four haploid nuclei

T he need for meiosis in a 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
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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 lif ecycle overview diagram

Sexual life cycle
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Down Syndrome & 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

Diagram showing non-disjunct ion compared t o normal chromosome separat ion

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

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
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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

There are o ther examples o f no n-disjunctio n which result in triso my

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

The risk o f chro mo so mal abno rmalities increases signi�cantly  with age

The age o f the mo ther is particularly impo rtant in the case o f Do wn Syndro me as no n-

disjunctio n is mo re likely to  happen in o lder o va

Karyo typing o f the chro mo so mes in fo etal cells can be used to  identify chro mo so mal

abno rmalities

Fo etal cells may be o btained by perfo rming an amnio centesis o r by cho rio nic villus sampling

Down syndrome karyot ype diagram

A karyogram showing the karyotype of an individual with Down syndrome
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Meiosis as Source of Variation

Crossing over and random orientation promote genetic variation

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

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

Each pair co nsists o f a maternal and paternal chro mo so me

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)

This is because genetic material was exchanged between the maternal and paternal

chro mo so mes

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

Diagram showing crossing over
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Crossing over of non-sister chromatids leading to the exchange of genetic material

Random orientation of bivalents

At metaphase, during meio sis I, bivalents 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)
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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)

Diagram showing random orient at ion

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

T he di�erent combinations of chromosomes following 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

n

23
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