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10.2.1 Unlinked Genes

Independent Assortment & Segregation

Unlinked genes segregat e independent ly as a result  of  meiosis

Unlinked genes  are genes that an o rganism carries o n separate chro mo so mes

No t o n ho mo lo go us co pies o f the same chro mo so me

An example o f a pair o f unlinked genes in fruit �ies (Drosophila melanogaster) is

The gene fo r curly wings o n chro mo so me 2, and

The gene fo r maho gany eyes o n chro mo so me 3

An example o f a pair o f unlinked genes in humans is

The gene fo r trypsin (a sto mach enz yme) o n chro mo so me 7 , and

The gene fo r human gro wth ho rmo ne o n chro mo so me 17

Asso rtment  o f chro mo so mes refers to  their alignment in metaphase I o f meio sis

Each bivalent asso rts (aligns) itself independently o f all the o thers

Segregatio n o f chro mo so mes (ie. ho w they get separated) is go verned by their pattern o f

asso rtment

Segregatio n just refers to  which po le o f  the cell the who le chro mo so mes are pulled to  in

anaphase I

Segregatio n determines which co mbinatio ns o f  alleles  end up in which gamete cells by the

end o f meio sis II

By co ntrast, linked genes (o n the same chro mo so me) tend to  be inherited to gether
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The loci of selected genes in the human genome

Trypsin and CFTR are linked genes (both on the same chromosome);

Human Growth Hormone and trypsin are unlinked genes (both on di�erent chromosomes)
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Punnett Squares for Dihybrid Traits

Mo no hybrid cro sses lo o k at ho w the alleles o f o ne gene transfer acro ss generatio ns

Dihybrid cro sses lo o k at ho w the alleles o f two  genes transfer acro ss generatio ns

ie. dihybrid cro sses can be used to  sho w the inheritance  o f two  co mpletely di�erent

characteristics  in an individual

The genetic diagrams fo r bo th types o f cro ss are very similar

Fo r dihybrid cro sses, there are several mo re geno types and pheno types invo lved

When writing o ut the di�erent geno types, write the two  alleles f o r o ne gene, fo llo wed

immediately by the two  alleles f o r the o ther gene.

Do  no t mix up the alleles fro m the di�erent genes

Fo r example, if there was a gene with alleles Y and y and ano ther gene with alleles G and g an

example geno type fo r an individual wo uld be YyGg

Alleles are usually sho wn side by side in dihybrid cro sses e.g. TtBb
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Worked example

Worked example 1: Dihybrid genetic diagram

Ho rses have a single gene fo r co at co lo ur that has two  alleles:

B, a do minant allele pro duces a black co at

b, a recessive allele pro duces a chestnut co at

Ho rses also  have a single gene fo r eye co lo ur

E, a do minant allele pro duces bro wn eyes

e, a recessive allele pro duces blue eyes

Each o f these genes (co nsisting o f a pair o f alleles) are inherited independently  o f o ne

ano ther because the two  genes are lo cated o n di�erent no n-ho mo lo go us chro mo so mes

Such characteristics are said to  be unlinked

In this example, a ho rse that is hetero z ygo us fo r bo th genes has been cro ssed with a ho rse

that is ho mo z ygo us fo r o ne gene and hetero z ygo us fo r the o ther

Parental pheno types: black co at, bro wn eyes x
chestnut co at, bro wn

eyes

Parental geno types: BbEe x bbEe

Parental gametes: BE o r Be o r bE o r be x bE o r be
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Determining the Alleles Carried by Gametes Based on the Parental Genotypes Using the FOIL (First,

Outside, Inside, Last) Method

Dihybrid Cro ss Punnett Square Table

Predicted ratio  o f pheno types in o �spring =

3  black co at, bro wn eyes :

3  chestnut co at, bro wn eyes :

1 black co at, blue eyes :

1 chestnut co at, blue eyes

Predicted ratio  o f geno types in o �spring = 3 BbEE : 3 bbEE : 1 Bbee : 1 bbee

Worked example

Worked example 2: Dihybrid genetic diagram

In a separate cro ss to  that sho wn in Wo rked Example 1, a ho rse that is hetero z ygo us fo r bo th

genes has been cro ssed with ano ther ho rse that is hetero z ygo us fo r bo th genes.

Parental pheno types: black co at, bro wn eyes x black co at, bro wn eyes

Parental geno types: BbEe x BbEe

Parental gametes: BE o r Be o r bE o r be x BE o r Be o r bE o r be

Dihybr id Cr o ss Punnett Squar e Table 2
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Predicted ratio  o f pheno types in o �spring =

9  black co at, bro wn eyes :

3  chestnut co at, bro wn eyes :

3  black co at, blue eyes :

1 chestnut co at, blue eyes

Exam T ip

Fo r the do uble-hetero z ygo us cro ss fo r unlinked genes abo ve, yo u're expected to  remember

the pheno typic ratio  9:3:3:1. Yo u wo n't need to  remember the ratio  o f the geno types but this can

be wo rked o ut fro m a Punnett square like the o ne abo ve.
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10.2.2 Skills: Analysing Dihybrid Crosses

Predicting Phenotypic and Genotypic Ratios

Worked example

Fruit �ies (Drosophila melanogaster) were cro ssed in a labo rato ry study lo o king fo r inheritance

patterns fo r two  characteristics, wing length and bo dy co lo ur. We can assume that these

characteristics are unlinked.

The alleles fo r these characteristics are as fo llo ws:

V = lo ng wings

v = sho rt (vestigial) wings

B = bro wn bo dy co lo ur

b = black bo dy co lo ur

A black-bo died, hetero z ygo us lo ng-winged �y was cro ssed with sho rt-winged, ho mo z ygo us

bro wn-bo died �ies. Predict the pheno type ratio  o f their o �spring.

Step 1: Write o ut the parental geno types

The �rst parent is black-bo died and hetero z ygo us lo ng-winged. To  be black-bo died it must have the

geno type bb. Hetero z ygo us lo ng-winged has the geno type Vv

The seco nd parent is sho rt-winged and ho mo z ygo us bro wn-bo died. To  be sho rt-winged it must

have the geno type vv. Ho mo z ygo us bro wn-bo died has the geno type BB

Vvbb          ×          vvBB

Step 2: Identif y the gamete geno types that each parent co uld pro duce

These are the allele co mbinatio ns that each parent can pro duce in meio sis

Vb     vb          ×          vB

Step 3: Co mplete a Punnett square to  sho w the geno types o f  the o �spring

Punnett Square sho wing Geno types o f  the O�spring
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Step 4 : Identif y the pheno types o f  the o �spring

VvBb = lo ng-winged, bro wn-bo died

vvBb = sho rt-winged, bro wn bo died

Co nclusio n: The o �spring wo uld be 100%  bro wn-bo died and 1:1 lo ng to  sho rt-winged

Test  crosses

A test cro ss can be used to  deduce the geno type

The individual in questio n is cro ssed with an individual that is expressing the recessive

pheno type

This is because an individual with a recessive pheno type has a kno wn geno type

The resulting pheno types o f the o �spring pro vide su�cient info rmatio n to  suggest the

geno type o f the unkno wn individual

Fo r a mo no hybrid test cro ss:

If no  o �spring exhibit the recessive pheno type then the unkno wn geno type is ho mo z ygo us

do minant

If at least o ne  o f the o �spring exhibit the recessive pheno type then the unkno wn geno type is

hetero z ygo us

Fo r a dihybrid test cro ss:

If no  o �spring exhibit the recessive pheno type fo r either gene then the unkno wn geno type is

ho mo z ygo us do minant fo r bo th genes

If at least o ne o f the o �spring exhibit the recessive pheno type fo r o ne gene but no t the

o ther, then the unkno wn geno type is hetero z ygo us f o r o ne gene and ho mo z ygo us

do minant f o r the o ther

If at least o ne o f the o �spring exhibit the recessive pheno type fo r bo th genes then the

unkno wn geno type is hetero z ygo us f o r bo th genes
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Worked example

Worked example: Test crosses

Rabbits have a single gene fo r ear length that has two  alleles:

D, a do minant allele that pro duces lo ng ears

d, a recessive allele that pro duces sho rter ears

A breeder has a rabbit called Flo ppy that has lo ng ears and they want to  kno w the geno type

o f the rabbit

There are two  po ssibilities: DD o r Dd

The breeder cro sses the lo ng-eared rabbit with a sho rt-eared rabbit

A rabbit displaying the recessive sho rt ear pheno type has to  have the geno type dd

Test Cro ss Po ssibility Table

The predicted ratio  o f pheno types o f o �spring – 1 lo ng ears

The predicted ratio  o f geno types o f o �spring – 1 Dd

Test Cro ss Po ssibility T wo  Table

Predicted ratio  o f pheno types o f o �spring – 1 lo ng ears : 1 sho rt ears

Predicted ratio  o f geno types o f o �spring – 1 Dd : 1 dd

The breeder identi�es the di�erent pheno types present in the o �spring
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There is at least o ne o �spring with the sho rt ear pheno type

This tells the breeder that their rabbit Flo ppy has the geno type Dd

If Flo ppy was geno type DD no ne o f the o �spring wo uld have sho rt ears

Worked example

Worked example: Hard Question

A farmer wishes to  maximise his yield o f so ybean o il fro m his cro p. Oil is extracted fro m the

seeds which typically measure 6−12 mm in diameter. In o ne species o f so ybean, Glycine max, two

characteristics are go verned by the fo llo wing pairs o f unlinked  alleles.

H = high o il co ntent in the seeds; h = lo w o il co ntent in the seeds

E = fo ur seeds in a po d; e = two  seeds in a po d

The farmer cro ssed two  so ybean plants, bo th with high o il co ntent and fo ur seeds per po d. This

cro ss resulted in 381 o �spring plants being pro duced. The 381 F  o �spring had a pheno typic

spread as sho wn in the table belo w.

Use the data in the table to  deduce the geno types o f the parent plants in this cro ss.

Step 1: Write o ut the po ssible parental geno types

Bo th parents were high-o il co ntent with 4 seeds per po d, which are the do minant traits fo r each pair

o f alleles. Neither parent can be ho mo z ygo us recessive fo r either o il co ntent o r the number o f seeds.

Po ssible allele co mbinatio ns fo r o il co ntent: HH, Hh

Po ssible allele co mbinatio ns fo r 4 seeds per po d: EE, Ee

Therefo re, the po ssible parental geno types were: HHEE, HHEe, HhEE, HhEe

Step 2: Examine pheno type ratio s

The smallest number o f F  o �spring was 23 fo r lo w o il co ntent, 2 seeds. These must have the

ho mo z ygo us recessive geno type, hhee.

1

1
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The ratio s o f o ther pheno types, relative to  the ho mo z ygo us recessive pheno type, were:

lo w o il, 4 seeds : hhee = 70:23 = 3.04 : 1 ≅ 3:1

high o il, 2 seeds : hhee = 73:23 = 3.17 : 1 ≅ 3:1

high o il, 4 seeds : hhee = 215:23 = 9.3 : 1 ≅ 9:1

Step 3: Apply Mendel's Law o f  independent asso rtment f o r linked genes

The pheno types o f the o �spring display an appro ximate 9:3:3:1 ratio . This characterises a cro ss

between two  do uble-hetero z ygo us parents where the genes are unlinked, as in this case 

Co nclusio n: Bo th parents' geno type was HhEe / do uble hetero z ygo us

Exam T ip

Make sure befo re yo u start a test cro ss yo u think abo ut the fo llo wing: ho w many genes are there,

ho w many alleles o f each gene are there, which is the do minant allele, what type o f do minance is

it and is there linkage o r co do minance between genes?

Even tho ugh we learn abo ut fruit �ies (Drosophila melanogaster) being studied in detail which led

to  the disco very o f gene linkage, many o f their characteristics are unlinked and can be studied

o n a large scale in this manner.
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10.2.3 Gene Linkage

Exceptions to Mendel's Rules

NOS: Mendel used observat ions of  t he nat ural world t o �nd and explain pat t erns and
t rends

Since Mendel, scientists have lo o ked fo r discrepancies and asked questio ns based o n further

o bservatio ns to  sho w exceptio ns to  the rules. Fo r example, Mo rgan disco vered no n-Mendelian

ratio s in his experiments with Drosophila

When lo o king at dihybrid cro sses (cro sses with two  pairs o f o bservable characteristics), Mendel

explained his experimental data with his law o f  independent asso rtment

That individual characteristics are inherited co mpletely independently  o f each o ther

In many cases, this is co rrect

The signi�cance o f Mendel's wo rk went largely unno ticed f o r decades, until after his death in

1884

Scientists in the 1890s and early 1900s picked up his experimental �ndings and replicated them

The large number o f  trials  that Mendel underto o k highlighted patterns/trends in the inheritance

o f certain facto rs (what are no w kno wn as genes)

Ho wever, discrepancies were no ticed  when scientists replicated Mendel's experiments

And also  when experiments were undertaken o n the inheritance o f certain genes in o ther

o rganisms

Many o f their dihybrid cro sses replicated the 9:3:3:1 pattern o f  pheno types that Mendel �rst

o bserved in his wo rk

William Bateso n and  Reginald Punnett , two  Cambridge University geneticists (in co llabo ratio n

with a third Cambridge bio lo gist, Edith Saunders), replicated Mendel's �ndings, again in

experiments with sweet peas, ho wever

They disco vered so me apparently ano malo us results  in certain cases, in which pheno type

ratio s did no t f o llo w the classical 9:3:3:1 pattern

Many scientists wo uld have dismissed no n-co nf o rming results as mere ano malies, ho wever

Bateso n, Punnett and Saunders cho se to  search fo r an explanatio n

Punnett's quo te fro m o ne his  labo rato ry no tebo o ks  sums up their appro ach:

"Treasure your exceptions! When there are none, the work gets so dull that no one cares to carry it

further."

Bateso n and Punnett perfo rmed further wo rk, mainly o n cro ssings o f sweet peas and cro ssings

o f chickens, but were unable to  o �er a ro bust explanatio n fo r certain unpredictable pheno type

ratio s in their cro sses
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Gene Linkage

Gene loci are said to be linked if they are on the same chromosome

Lo ci (singular: lo cus) refers to  the speci�c linear po sitio ns  o n the chro mo so me that genes

o ccupy

If genes are o n the sex chro mo so me, they are said to  be sex-linked

Sex-linked genes have characteristics that generally o nly a�ect o ne gender o f a species

These genes are usually o n the X chro mo so me  because the Y chro mo so me co ntains very

few genes

In humans, co lo ur-blindness  and haemo philia are no table examples o f genetic co nditio ns

that o nly a�ect males

Linked genes lo cated o n the chro mo so mes 1−22, o r any chro mo so me that is no t a sex

chro mo so me (called auto so mes) are said to  be examples o f auto so mal linkage

The likeliho o d o f genes being inherited to gether, o r the extent to  which they are linked, is

measured in units called centimo rgans, in ho no ur o f Tho mas Hunt Mo rgan's wo rk

Not at ion f or link genes

When writing linked geno types it can be easier to  keep the linked alleles within a bracket

Fo r example, an individual has the geno type FFGG. Ho wever, if there is linkage between the

two  genes, it wo uld be written as (FG)(FG)

Ano ther co mmo nly-used way o f deno ting linked alleles is to  link them with a line. So , fo r example,

linkage between genes F and G might be sho wn as

F     G

_____

_____

f     g

Remember to  distinguish between sex linkage and auto so mal linkage. The explanatio n o f no n-

Mendelian ratio s falls into  the do main o f auto so mal linkage fo r IB

Aut osomal linkage

Dihybrid cro sses and their predictio ns rely o n the assumptio n that the genes being investigated

behave independently o f  o ne ano ther during meio sis

Ho wever, no t all genes asso rt independently during meio sis

So me genes which are lo cated o n the same chro mo so me  display auto so mal linkage  and stay

to gether in the o riginal parental co mbinatio n

Linkage between genes a�ects ho w parental alleles are passed o nto  o �spring thro ugh the

gametes

Ident if ying aut osomal linkage f rom phenot ypic rat ios
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In the fo llo wing theo retical example, a dihybrid cro ss is used to  predict the inheritance o f two

di�erent characteristics  in a species o f newt

The genes are fo r tail length and scale co lo ur

The gene fo r tail length has two  alleles:

Do minant allele T  pro duces a no rmal length tail

Recessive allele t  pro duces a sho rter length tail

The gene fo r scale co lo ur has two  alleles:

Do minant allele G pro duces green scales

Recessive allele g pro duces white scales

Wit hout  linkage

The o utco mes fo r this dihybrid cro ss if the genes are unlinked  are as fo llo ws

Dihybrid Cro ss witho ut Linkage Punnett Square Table

Predicted ratio  o f pheno types in o �spring =

1 no rmal tail, green scales : 1 no rmal tail, white scales : 1 sho rt tail, green scales : 1 sho rt tail,

white scales
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Predicted ratio  o f geno types in o �spring =

1 TtGg : 1 Ttgg : 1 ttGg : 1 ttgg

Wit h linkage

Ho wever, if the same dihybrid cro ss  is carried o ut but this time the genes are linked, we get a

di�erent pheno typic ratio

There wo uld be a 1 : 1 pheno typic ratio  (1 no rmal tail, green scales : 1 sho rt tail, white scales)

This change in the pheno typic ratio  o ccurs because the genes are lo cated o n the same

chro mo so me

The unexpected pheno typic ratio , therefo re, sho ws us that the genes are linked

The explanatio n fo r this new pheno typic ratio  is given in the wo rked example belo w:

Worked example

Worked example: Explaining autosomal linkage

In reality, the genes fo r tail length and scale co lo ur in this particular species o f newt sho w

auto so mal linkage

Parental pheno types: no rmal tail, green scales x sho rt tail, white scales

Parental geno types:       (T G)(tg)             (tg)(tg)

Parental gametes:       (T G) o r (tg)     (tg)

Dihybrid Cro ss with Linkage Punnett Square Table
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Predicted ratio  o f geno types in o �spring =

1 (TG)(tg) : 1 (tg)(tg)

Predicted ratio  o f pheno types in o �spring =

1 no rmal tail, green scales : 1 sho rt tail, white scales

Exam T ip

When yo u are wo rking thro ugh di�erent genetics questio ns yo u may no tice that test cro sses

invo lving auto so mal linkage predict so lely parental type  o �spring (o �spring that have the same

co mbinatio n o f characteristics as their parents). Ho wever in reality reco mbinant  o �spring

(o �spring that have a di�erent co mbinatio n o f characteristics to  their parents) are o ften

pro duced.  This is due to  the cro ssing o ver that o ccurs during meio sis. The cro ssing o ver and

exchanging o f genetic material breaks the linkage  between the genes and reco mbines the

characteristics o f the parents. So  if a questio n co mes alo ng that asks yo u why reco mbinant

o �spring are present yo u no w kno w why!
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Non-Mendelian Ratios in Drosophila

In the way that Bateso n, Punnett and Saunders develo ped and re�ned Mendel's �ndings, Tho mas

Hunt Mo rgan further re�ned genetic theo ry

His wo rk was awarded the No bel Priz e in 1933

A fruit �y (Dro so phila melano gaster) with some of the phenotypic variations observed in Thomas Hunt

Morgan's work

Sex linkage

Wo rking in the USA in the early 20th century, he bred fruit �ies (Dro so phila melano gaster) o ver

successive generatio ns

In his cro ss-breeding experiments he came acro ss red-eyed wild types and white-eyed mutants

He realised there was a distinct sex bias in pheno typic distributio n

All-female o �spring o f a red-eyed male were red-eyed while all male o �spring o f a white-

eyed female were also  white-eyed

 Mo rgan hypo thesised that this o ccurred because the gene f o r eye co lo ur was lo cated o n a sex

chro mo so me  (i.e. X-linked)
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Sex linkage in Drosophila. A cross between a homozygous white-eyed female and a male with red eyes

gives all white-eyed males and red-eyed female o�spring

Aut osomal linkage

As Mo rgan co ntinued his experiments he no ticed a number o f di�erent traits in fruit �ies that did

no t co nfo rm to  Mendelian ratio s as several pheno types o ccurred in much lo wer f requencies

than expected

Based o n this data, Mo rgan made two  key pro po sals:

The alleles fo r these traits were lo cated o n the same chro mo so me (gene linkage) meaning

they did no t independently asso rt

Linked alleles co uld be unlinked via reco mbinatio n (cro ssing o ver) to  pro duce reco mbinant

o �spring (o �spring that have a di�erent co mbinatio n o f characteristics to  their parents)

This is due to  the cro ssing o ver that o ccurs during meio sis

The cro ssing o ver and exchanging o f genetic material breaks the linkage  between the

genes and reco mbines the characteristics o f the parents

Mo rgan also  o bserved that the number o f reco mbinants that resulted fro m cro ssing linked genes

varied  depending o n the co mbinatio n o f traits

He pro po sed the idea that the number o f reco mbinants (cro sso ver f requency) may be related

to  the distance between two  genes  o n the same chro mo so me

Genes that were further apart had a higher cro sso ver f requency, whereas genes clo ser

to gether exhibited a lo wer cro sso ver frequency

Mo rgan used this co ncept to  create the �rst gene linkage maps

These maps displayed the relative po sitio ns o f  genes  o n chro mo so mes
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10.2.4 Skills: Identifying Recombinants

Identifying Recombinants in Crosses

Genetic diagrams invo lving auto so mal linkage o ften predict so lely parental type  o �spring

(o �spring that have the same co mbinatio n o f characteristics as their parents)

Ho wever in reality reco mbinant  o �spring (o �spring that have a di�erent co mbinatio n o f

characteristics to  their parents) are o ften pro duced

This is due to  the cro ssing o ver that o ccurs during meio sis

The cro ssing o ver and exchanging o f genetic material breaks the linkage  between the genes

and reco mbines the characteristics o f the parents

The process of crossing-over results in recombinant phenotypes that can di�er from the parental

phenotype.

The frequency o f reco mbinants within a po pulatio n will nearly always be less than that o f no n-

reco mbinants

Cro ssing o ver is rando m and chiasmata fo rm at di�erent lo catio ns with each meio tic

divisio n

 Reco mbinatio n f requency  between two  linked genes is greater when genes are f urther apart

o n the same chro mo so me

There are mo re po ssible lo catio ns fo r a chiasma to  fo rm between the genes

Ident if ying recombinant s using t est  crosses
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Test cro sses  are o ften used to  determine unkno wn geno types

Similarly, they can be used to  identif y reco mbinant pheno types in o �spring

An individual is cro ssed with a ho mo z ygo us recessive individual (f o r bo th traits)

If any  o f the o �spring po ssess a no n-parental pheno type  then they are labelled as

reco mbinants

These individuals have new allele co mbinatio ns  due to  the pro cess o f cro ssing o ver

during meio sis leading to  the exchange o f genetic material between chro mo so mes

Drawing a Punnet t  square t o show dihybrid inherit ance of  linked genes

A number o f sweet pea plants were generated by cro ssing do uble-ho mo z ygo us do minant plants

(PL)(PL) with do uble-ho mo z ygo us recessive plants (pl)(pl) to  pro duce a 100%  hetero z ygo us F

generatio n (PL)(pl) as expected

Members o f this generatio n were then interbred to  pro duce the F  generatio n

Alleles:

P = purple �o wers, do minant to  p = red �o wers

L = lo ng seeds, do minant to  l = ro und seeds

1

2
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The actual ratio s fo und were referred to  as 'no n-Mendelian' as they didn't fo llo w Mendel’s

pattern

Ho wever, this was no t z ero ; so me reco mbinants  were still being pro duced

Possible T heories t o Explain T hese Findings

At the time, it was kno wn that many genes were carried o n a f ew chro mo so mes

The idea that certain genes share the same chro mo so me  was being develo ped by many

scientists

This suggested that genes co uld be inherited to gether, no t by the law o f independent

asso rtment as put fo rward by Mendel

The idea o f linkage o f genes was develo ped to  explain the no n-Mendelian ratio s

The frequency o f reco mbinant pheno types is lo wer because cro ssing o ver is a rando m

pro cess  and the chiasmata do  no t always fo rm in the same place fo r each meio tic divisio n

The frequency o f reco mbinant gametes also  depends o n the clo seness o f  linkage  between

the two  genes

Genes lo cated clo se to gether o n a chro mo so me are less likely  to  be separated by

cro ssing o ver

So  reco mbinants o f tho se two  genes will be less frequent

Tho mas Hunt Mo rgan later pro vided pro o f o f linkage to  explain no n-Mendelian ratio s in his

experimentatio n with fruit �ies (Dro so phila melano gaster)

Exam T ip

Remember to  distinguish between sex linkage and auto so mal linkage. The explanatio n o f no n-

Mendelian ratio s falls into  the do main o f auto so mal linkage fo r IB.

Observat ions

Mo re o f the F  o �spring than expected sho wed the parental pheno types

Fewer plants with reco mbinant pheno types  were pro duced than the 9:3:3:1 ratio  wo uld suggest

2
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10.2.5 Skills: Chi-squared Test

Chi-squared Test and Dihybrid Crosses

Use of  a chi-squared t est  on dat a f rom dihybrid crosses

The di�erence between expected  and o bserved  results in experiments can be statistically

signi�cant o r insigni�cant (happened by chance)

If the di�erence between results is statistically signi�cant it can suggest that so mething else is

happening in the experiment that isn’t being acco unted fo r

Fo r example, linkage between genes

A statistical test called the chi-squared test determines whether there is a signi�cant di�erence

between the o bserved and expected results in an experiment

The chi-squared test is co mpleted when the data is catego rical (data that can be gro uped)

Calculat ing chi-squared values

Obtain the expected and o bserved results fo r the experiment

Calculate the di�erence between each set o f results

Square each di�erence (as it is irrelevant whether the di�erence is po sitive o r negative)

Divide each squared di�erence by the expected value and get a sum o f these answers to  o btain

the chi-squared value

Analysing chi-squared values

To  wo rk o ut what the chi-squared value means, a table that relates chi-squared values to

pro babilities  is used

If the chi-squared value represents a larger pro bability than the critical pro bability  then it can

be stated that the di�erences between the expected and o bserved results are due to  chance

If it represents a smaller pro bability than the critical pro bability  then the di�erences in results

are signi�cant and so mething else may be causing the di�erences

To  determine the critical pro bability bio lo gists generally use a pro bability o f 0.05 (they allo w that

chance will cause �ve o ut o f every 100 experiments to  be di�erent)

The number o f co mpariso ns made must also  be taken into  acco unt when determining the critical

pro bability. This is kno wn as the degrees o f  f reedo m
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Worked example

An experiment was carried o ut investigating the inheritance o f two  genes in rabbits

One fo r co at co lo ur and o ne fo r ear length

A dihybrid cro ss revealed the expected ratio  o f pheno types to  be 9 : 3 : 3 : 1

Several rabbits with the do uble-hetero z ygo us geno type were bred to gether and the

pheno types o f all the o �spring were reco rded

The ratio  o f the o �spring was no t exactly what was predicted, but was reaso nably clo se

In o rder to  determine whether this was due to  chance o r fo r so me o ther reaso n, the chi-

squared test was used

Chi-squared Wo rked Example Table 1

The expected number o f each pheno type is the fractio n o f the to tal number o f rabbits go verned

by the 9:3:3:1 ratio

These are / , / , / and / o f 160, respectively

In o rder to  understand what this chi-squared value o f 2.93 says abo ut the data, a table relating

chi-squared values to  pro bability is needed

Relating Chi-Squared Values to  Pro bability Table

9
16

3
16

3
16 

1
16 
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The chi-squared table displays the pro babilities that the di�erences between expected and

o bserved are due to  chance

The degrees o f  f reedo m can be wo rked o ut fro m the results. It is calculated by subtracting o ne

f ro m the number o f  classes

In this example, there are fo ur pheno types which means fo ur classes, 4 – 1 = 3

This means that the values in the third ro w are impo rtant fo r co mpariso n

Fo r this experiment, there is a critical pro bability o f  0.05

This means that 7.82  is the value used fo r co mpariso n

The chi-squared value fro m the results (2.93) is much smaller than 7.82

2.93 wo uld be lo cated so mewhere to  the left-hand side o f the table, representing a pro bability

much greater than 0.1

This means that there is no  signi�cant di�erence  between the expected and o bserved results,

any di�erences that do  o ccur are due to  chance
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10.2.6 Variation

Types of Variation

The ways in which o rganisms di�er fro m o ne ano ther is called variatio n

Variatio n o ccurs between species

In fact, species are classi�ed based o n di�erences between their respective members

This is called interspeci�c variatio n

Variatio n can o ccur within the same species

Between di�erent individuals o r gro ups o f individuals

This is called intraspeci�c variatio n

This suggests that o nly o ne gene is invo lved in go verning discrete variatio n

This is called mo no genic inheritance

Variat ion can be discret e or cont inuous

Discrete variatio n is an example o f intraspeci�c variatio n

Individuals fall into  two  o r mo re clear-cut catego ries with no  o verlap o r in-between

catego ries

Blo o d gro up is an example o f discrete variatio n

All human blo o d is either gro up O, A, B o r AB, each with a Rhesus facto r (+ o r -)

This gives just 8 distinct blo o d gro ups
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Worldwide A, B, O blood group distribution by percentage, 2019

(data varies regionally with ethnicity)

The petal co lo ur o f snapdrago ns is a discrete variable; either red, white o r pink with no  in-

between co lo urs

Discrete variatio n is so metimes referred to  as disco ntinuo us  variatio n, in co ntrast to  co ntinuo us

variatio n
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Continuous Variation

Co ntinuo us variatio n o ccurs when two  o r mo re genes  a�ect the �nal characteristic

Fo r example, height in humans is determined by many genetic f acto rs:

Bo ne length

Skeletal muscle structure

Ability to  abso rb fo o d substances e�ectively

Ho rmo ne pro ductio n

…As well as enviro nmental facto rs like diet, exercise, prenatal nutritio n, lifestyle etc

Mo st characteristics are determined by mo re than o ne gene - a po lygenic  characteristic

Even gro uped data like sho e siz e appears to  be discrete but in fact, peo ples' feet vary

co ntinuo usly in siz e

Sho e siz e is merely a practicality fo r sho e manufacturers, who  canno t make exactly the right-

siz ed sho es fo r everybo dy

Co ntinuo us variatio n in birth mass results in the po pulatio n displaying a no rmal distributio n (bell-

shaped curve)

Of co urse, enviro nmental facto rs can a�ect birth mass, eg. mo ther's diet, presence o f a twin,

smo king etc

Co ntinuo us variatio n o ccurs when there are quantitative di�erences  in the pheno types o f

individuals within a po pulatio n fo r particular characteristics

Quantitative di�erences do  no t fall into  discrete catego ries like in disco ntinuo us variatio n

Fo r example, the mass o r height o f a human is an example o f co ntinuo us variatio n

Instead fo r these features, a range o f  values  exist between two  extremes within which the

pheno type will fall

The lack o f catego ries and the presence o f a range o f values can be used to  identify co ntinuo us

variatio n when it is presented in a table o r graph
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Graph showing population variation in height: an example of continuous variation with quantitative

di�erences

Genet ic basis of  cont inuous variat ion

This type o f variatio n is caused by an interactio n between genetics and the enviro nment

Pheno type = geno type + enviro nment

At the genetic level:

Di�erent alleles  at a single lo cus have a small e�ect  o n the pheno type

Di�erent genes  can have the same e�ect  o n the pheno type and these add to gether to  have

an additive e�ect

If a large number o f genes have a co mbined e�ect o n the pheno type they are kno wn as

po lygenes

Co mpariso n o f  Co ntinuo us and Disco ntinuo us Variatio n Table
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Environmental In�uence & Variation

Polygenic traits such as human height may also be in�uenced by environmental factors

Many enviro nmental facto rs can a�ect the intraspeci�c variatio n displayed by an o rganism,

including

Diet

Lifestyle

Exercise

Expo sure to  sunlight eg. tanned skin

Availability o f so il minerals in plants

Human interventio n eg. pruning plants, neutering animals

Fashio n, individual preference

Native language and dialect (based o n where an individual is bro ught up)

These traits and di�erences have been o bserved in identical twins  who  were unfo rtunate

eno ugh to  have been separated at birth

No t a practice co ndo ned in the 21st century, but was o nce co nsidered a valid investigative

metho d

Individuals displayed distinct pheno typic di�erences  based o n their diet and lifestyle

di�erences
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