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Chapter l2

Polygenic inheritance,
quantitative genetics
and heritability

So far w€ have considered characters det€rmined by a single gene
with two alleles. occurring in sharply contmsting states. which can
have a major afftct on the fitnesi of the organism. In some cases
we xr€ justified in modelling sel€ction in this manner. bùt in many
cas€s, prcbably the majority, w€ are not. It is polsible to expand the
basic theory to consider chancters determined by two gene loci, but
this npproach is no longer ùseful when we consider characters that
are determined by many genes. ln thes€ cases we may obsen'€ a gen-
eral r€lationship between parent and offsp ng, which suggefs that
there is an underllng genetic balis to the trait, but we usually do
not krìow how many genes are involved or how they interact. In ad.
dition, we may also be aware that the environment influ€nces the
trait to some extent. Coffequendy, in order to study th€se traits w€
examine their variability, and atr€mpt to dissect this variation inio
its g€netic and enúrolmental components. This type of analysis is
called quantitati\€ gen€tics.

We can coDsider thre€ types ofquantitarive traits (Hartl and Clark
1989):

1. Mrdstic troits, in which the pheùot)?€ is expressed in discrete, in-
tegral classes. Examples include litter size or number ofseeds pro
duced per individìral, number of flower parts, and kemel colour

Continrors |'ol'l, in which there is a continuum of possible phè
notpes. Examples inclùde height, w€ight, oil content. milk yield,
humaD skin colour. and grcwth rate. In practi€e, similar phena
typ€s are oft€n grouped togetlìer into classes for the purpos€s of
anaÌysis,
Dlsr'ete raitr. in which an individual either does or does not ex-
press the characteristic. Multiple gen€tic and environmental fac-
tors combine to determine the dsk or liability of expressing the
trait. It is assumed that the liability has to be greater than some
threshold befoÉ the ùait is expressed. Examples include diabetes
and schizophrenia in humans.
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12. I I Polygenic inheritance

quaDtitative traits are inlluenced by many genes. called polygcnes,
each one ofwhich contributes a small amouDt to the vàriation of .l
character. The flrst g€netic .ìnàlysis of a quantitative trait was nadc
by the Scandinavian geneticist Nilsson-Ehle, in 1909. He studied red
vcrsus white kernel colour in wheat, and showcd that there are three
gcnc loci governing this trait. There are red.llelcs (Rr, R, and Rr)
and white allel€s W!, W, and W3l at each locus, and there is no
domnlance in their effecrs. lh€ alleles act in an additive manner,
so that as the numbcr of red alleles increases the intensity of thc
red colour increases, or conversely as the number ofwlìile allel€s in-
creases the intensity ofthe red colour decrcases. Nilsson-Ehle crossed
a homozygous whit€ {denoted oooooo) with a homozygous dark rcd
strain {denoted ......) and the kernels of rhe !1 w€re an interm€di-
are red colour (genotype o.ó.o.). The F, indrvidùals can produce 21 =

6 diflerent t)?es of gametes, and the Fr x Fr cross will produce 6 x
8 = 64 unique combinations of these alleles in the F, generation. As
there is no dominance there arc 7 possible phenotypes correspoDd-
ing to O to 6 red a l le les,  which occur  in  a 1 :6:15:20:15:6:1 rat io
(Fig. 12.1).

We have considered a meristic quantitative trail in this €xampl€.
It remains meristic because there is Ìittle environmental eff€ct on
kernel colour, and the alleles of the different genes act in a purely
additive manner Consequently, there are only seven discrete phena

B?es. However, had the envimnment affected kernel colour, and if
the allel€s of the three different gen€s affected rcdness by slightly

whhè and a dark ren úri€ry ol
whedL Thè colour difcrèncè ir
r$um€d to be dù€ to rhr.. g€n.
lo.i, and.rch Èd:ll.le k d€nor.d
. lnd ech whiÈàll.l€ is dènoÈd
,,. rh.6,1 p.ssibl€ combinrtion ol
.llol.i irc Eroup€d inb th. rd.n
pós ble pheno9pes, whlch occur
ln ihè pbpÒrtlons lhown.
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different amounts, the boundaries between the ph€not,?es would
becom€ blurred so that there would be more or less a continuum in
kern€l colour ftom white to dark rcd. In this case, the disúibution of
keînel colorlr would follow a smooth cun€ (Iig. 12.2)following the
generat shape of the histogram in Fig. 12.1. To analyse súch 3 con-
tinuous distribution ofkernel colour w€ might arbitrarily group the
colours into seven classes which would be r€lated in some Mtay to th€
number of red alleles per individual. Thùs, we can see that there is
really no distinction between th€ first two types ofquantitative trails
li.e. medstic and continuousì.
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12.2 | Partidoning phenotypic variation into
I different comoonents

The flrst attempt to partition phenotypic variation into its genetic
and environmental components was made by East (1916) who began
his experirnents on the flower length of Nicohara loîEúlorq i^ 1912-
We will use his alata iD the following two subsections to show how
phenotypic vaiation cen b€ pertitioned into its various components.
Our method of analysis is kept simple for obvious reasons, aDd you
should be aware that it is not applicable in aÌt situations. Some of the
dimculties wiU be briefly meotioned as vr€ develop our anÀlysis. but
for now let us consider our ùse of the similarity betw€€n parctrt and
offspring to measure the gen€tic basis of a trait. Behavioural traits
may be genetically transmitted fiom parent to offspring but may also
be modified or teùght by tlìe parents, and our method ofanalysis does
not distinglish b€tween thes€ t\'o modes of ùansmission. A more
complex example is provided hy th€ body weight of eutherian mam-
mals. Aù individual's body ueight at the time of weaning depends on
the body w€ight of the par€nts (genetic tmnsmissior), it! weight at
birth and the emount of úilk it rcceives. vrhich are influenced by the
nutritional status of tle moth€r and the litter size or lrumber of sib-
lings (Fansmission of maternaì and sibling environmental eff€cts).
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Ccncli(ists use a vnricty of metlìods to ovefcome thesc diffjculries
and Dìore accrìr)îcly prrtition tlìe ph€notypic variance into ils difter-
cnt componc,lts {see lalconcr nnd Mîckay 1996), but rhey arc more
conplex ànd arc beyond thc scopc ofthis tert.

12.2. I Genetic and environmental components
The phenolypic variance can be c:ìlculrred in a stl.aigbrlorwnrd lllan-
ncr, describ€d in rny statistics t€xl, as th€ averrge of the squared
devintions about the 'llcan phenotypic value. Phcnorypic variarion
is divided into its gcn€tic and environmental conrpoD€nts by assrF
ing ÙaÌ these sources ofvariation ar€ addiliv€. lf îhis is the case,
thc totnl ph€notypic varian(e (Vp) equals the fraciioD of rhe phenc
typic variance that is a rcsult of genetic differences berween indi-
viduals (yc) plus lhe ffa.tion of the phenotypic variance ì.esulting
ftonì ditrerences in the environnìental conditions ro which indiùdu-
als were exposed (VE). Synbolicàlly this is writterì:

East partitioned th€ variation in flower length iD the following
way. H€ €mssed homozygous long-flower€d plants with homorygoùs
shorÈflowered plants, aDd th€ resulting F, pÌants, which w€re genet,
ically identical to one another. had flowers of intermediate lengrh
(Fig. 12.3). There was no genetic varlation (i.€. yc = 0) in either of
the parental varieties or the Fr offspdng, and so the observed vari-
ance within these sroùps (Vr)cquals th€ environmental vaúatrce, VE.
The average variance ofthese three groups, yE, equalled 5.2 for Eastl

East then made a cross oflr individuals to produce the F, gener-
ation- The alleles inhe ted from th€ two parenraÌ strains segregated,
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and so the total ph€notypic varianc€ ofthe f, was made up of both
genetic and environmental v3riation. The total phe[otyPic variance
(Vp) of th€ F, offsp ng was 40.s. The genetic vadance (Vc) car then
b€ calculated by rearranging Eqn 12.1 as vc = vp - vE. which gives a
valùe of35.3.

ln sùmmary by analysing Easth data on the phenotypic valia.
tion of flower length in Ni.otiono, it is possible to partition the tù
tal phenotlTic variatior (Vp - 40.s) into its environmental {y[ - 5.21
and genetic (yc = 35.3) componenB by assultìing tlìat thele sources
of varietion are additi!€. Thus, in the I, generatìon approximately
87% of th€ vari:tion was genetically based and 13% environmental
based.

we can mike two general points about this pafitioning of phè
notypic variation. Firf, the amount of variation (yp) and the rela.
tir€ str€ngths of the genetic and environmental effects Àr€ not 6xed
entities. We may note ihat the value of Vc vaied fiom zero, when
the crosses were between genetically identical plants, to 35.3 for the
Fl x Ir cross. and it would b€ different again for crosses between other
genotypes.In addition, if the plants had b€en gfown in a more hetero
geneous environm€nt w€ rrould expect to see Vr increase for obvious
reasons. Mofeover, forsome trait! therc can be genot,?Hnvironment
interaction wheft some genotypes do better in some €nviÉnments,
and other genotyp€s do better in others. Consequentlt the ov€rall
phenoO?ic variation and the relatirrE irnportance of the genetic and
environmentel components vary according to the envitonment and
the preche gEnetic makèup ofthe population.

sccond, our partitioning of phenotypic variation do€s not give an
unequ ocal answer to the old genetì(s"versus4nvifonment or 'naturÈ

veEus-nurture' debate. ln our exemplE of flower length it looks as
though it is more imf,ortant to hav€ th€ 'right' g€ner rather that
environment if w€ want a flower of a specinc l€nglh. However, if
w€ ody had an inbred line wìth low genetic diversity. the reverse
might be true. The debate has been highly €motioúl at times, and
the opposing sides har€ oft€n taken extreme positions, claiming
either lhat only genetic variation is important lgenetic detelminism)
or that the environment (nurture) is all-important. In rcality it is
a mixtur€ of thes€ two compoùents that determines phenotypic ex-
pr€ssion, although their relative importance can ìruy, How€r,er, as lr,e
have seen, their relative importance is not ffxed and so the debate
continues without final rEsolution for some people. We will look at
t\^,o €xamples of îhis debate in more d€tail. in s€ction 12.6 0f this
chapter and in Chapter 19 {section 19.r).

12.2.2 Partirioning the components ofgenetic variation
The genetic variance (vc) is also made up ofa number ofcomponents-
These compon€nts include the additi\'€ effects of all of the alleles
that affect the trait, the dominance eff€cts between alleles within
gene loci, and epistatic int€ractions betw€€n different gen€ loci that
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modiry the additive effects. To help us understand how the additive,
dominance and epistatic effects c:n influence the genetic variance,
consider the following hypotlÌetical series:

Genotype AABb AABB

2. Dominance effect

3. Dominance plus

Imaginc that this corresponds to a sitùation similar to that of ker-
nel coloùr in wheat {section 12.1), but thcre are only two genc
loci involved and thc red alleles are represcnted by capital letters.
When there are purely additi!€ effects, the red colour intensifes in a
stepwise fashion (C-4) as each red altele is added. Now imagine that
the red allele is completely dominant to white. as shown in the second
exampìe. The intensity ofthe red colour would be the same whether
on€ or both alleles ofn gene cod€d for red, and the phenotypic scor€s
would be modified as shown. Finally. in th€ third €xample we can
imagine that the A allel€ only exerts ils €ff€ct in th€ prcsence of al-
lele D, and so there would be a further modification of phenotypic

Thus, it is necessary to partition the genetic variance, Vc, into the
various components as follows:

(Eqn 12.2)

in which y^ is lhe variance due to the additive effects of alleles,
VD is the variance due to dominance effects between alleles and y|
is the variance due to €pistatic interactions between the genes that
affecr the rrait. In prictice, ir is difficulr ro s€paÉr€ vD afid yr and
consequently they are often groùped togeth€r as nor-additive genetic

The additii€ genetic varianc€ {V^)is the main cause ofùe resem-
blance b€tw€en parents and their offspring, and between rehtives.
We can obtain a mealure of this r€lationship by drawing a graph of
the mean phenoq?ic score ofoffspring against the mean phenotypic
score oftheir parents. Ideally, th€ parcnts should be mated at rardom
when consùucting thes€ gnphs, which ca$ then be ùs€d to caÌculat€
v^ (see below), lf wE consid€r our €xampl€ of flower length in NlcÈ
tlon , and use the data fiom crosses ftom the F2 geneútion prcvided
in East (1916), we obtain the following rclationship between parent
atrd offsprins (Fis. 12.a).
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The slope of the regression tells us how much th€ offspring re
semble their parents, or what is called the hentubility in the rcrrow
sense (h'?N) of the trait.r Thus, if the offspring have the same average
phenot)?ic score as th€ir parents, the slope of the regression (h'zN)
will be 1.0, and if there is no relationship in the phenoo?ic scores
of parents and their offspring, then h'zN = 0. Obviously, the higher
the heritability (or slope ofth€ regression) the larger the additive g€-
netlc component. The relationship between heritability (h'zN), addiriv€
gen€tic variance (y^) and phenoLic variance (Vp) is gi!€n by:

(Eqn r2. l )

From Eastl data (!ig. 12.4) we see thar iuN = 0.8348 for flower
length in Nicoiraflo.In section 12.2.1, we noted that yrì = 40.5, and so
we can estimare y^ as 0.8348 x 40.5 = 33.8 by rearra[ging Eqn 12.3.
We have previoully eslimated the genetic va ance (Vcl as 35.3, and
so from Eqn 12.2 we can estimate the non-additive genetic variance
(VD + Yr) as 35.3 33.E = 1.s.

This completes our partitioning of the phenoù?ic variation into
its various genetic ard €nvironmental components, and the results
are summarized in Table 12.1. The genetic varian€e (Vc) is the sum of
the additive and non-additive genetic variances, and equals 35-3, or
87% ofthe toral ph€notypic variance.

12.3 Heritability

We have just seen that heritability in the narrow sense (h,N) is the
proportion ofthe total phenotpic variation ihat is a result ofaddirive
genetic variation (Eqn 12.3). Yoù shoìrld also be aware that there is
another measure of heritability, called à€ritabiltty h the brond smse

rTlì. dcglcc ofgcù.ric JrtcrnÌi.îiio., or hcritrbjlrù. of a Ìmjt is syorìrolizcJ tr\ hl
be .anse i t  wrs  ns t . rLùhr .d  a \  th .  f tùare  o f rhe  p  r ia l .o . rÈhuun.o t l î . ìdnr  t ie
prù (orfh.ientl lrerwùen rhe pmúrrl senoîypci rnd rhc ottitriù!\ phenarypc F..

slope = 0.8348
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Sou/ce: Data from East (1916).

(h's)which is equal to Vclyp. We will not consider this measure any
further, and wherever heritabiìity is referrcd to in this chapter it
means heritability in the narrow sense.

The (€rm heritability has unfortunate connotations, and is fre.
quendy misunderstood, particularly by non-biologists. Many people
belielr it is a ffxed property for a particular trair, and think rhar a
character is genetically detcrmìned to a certain extent and is modified
bythe environment by some other, usuallysmall, amount. This is not
the case. Heritebility is simply a ratio of two variances, and is only
applicable to the population and envircnment in which it was mea-
sùred. We can understand this ifwe expand Eqn 12.3 to:

(Exp.12.1)

The value of hzN is changed if we change the genetic constitution
of the population because the variance ofat least one of the genetic
componetts will be altered. For example. if we had estimated the
heritability of flow€r l€ngth for either of the two par€ntal populatiods
of Àlicoliom we would hai€ obtained values of 0 lzerol, inst€ad of
the value of0.8348 estimated in section 12.2.2. This is because there
is rio genetic veriation (Vc and V^ = 0) in these two homozygous
poputations, and all of the vadetion is a rcsult of environmental
vadation (vE). Similarly, changes to the environm€nt c:n also chang€
tl€ value of h'N. For example, height might have a high heritabitity
for a population of plants grown under very uniform conditions, bút
ifwE grew th€ same geretic stock in an?rea where the soil and water
conditions rr€re exEemely variable, the heritability would b€ lov/€red
becaus€ the environmental variance (VE) would incÉase.

Beadng this in mind when $p compare tlte heritabilities of differ-
ent chancteristics, we fird that tlle heritability of Fivial, appal€nù
unimportant charactedstics is frequendy high, whereas the heútabil.
ity is ùsùally Ìow for characteristics that are closely related to fit
ness flabte 12.2ì. This is becaùse selectior on trivial characters will
Fobably be low or non-€xist€nt, and so natural selection tolerates
large genetic variability in these chamcteristics. Hovrever there will be
strong selection pr€ssures oo traits that play a vital role in the fltness
of an organism, aùd so generally there will be much lels genetic
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Sorrce; Data from Haîtl and Clark (1989),

variation because the inferior genotDes will be eliminated flom the
popuÌation.

Plant:nd animal breeders are interested in the heitabilities ofdif-
fereùt characteristics becaùsc the higher the heritability, the greater
the rcsponse to selection. This leads us to oùr next topic where wE
consider tle effect of selection otr ouantitativ€ characters.
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12.4 ì Response to selection

How do quantitatir€ characters Éspond to selection? ln many cases
tlìey will change, and w€ can illustBte this olEr two generations of
selection using an abstract example (Fig. 12.5). The phenotypic score
is aúitrary, and could correspond to su.h uaits es the amount of
oil in a seed, plant height. the degree of resistaùce to a particu-
lar insecticide, or body \r€ight. W€ apply systematic selection to in"
cr€ase the size of th€ character in question. In th€ original population
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(Fig. 12.sa) we can se€ that th€ overall phenorypic mear of the
parental population (ip) is 3 units, anal the group of individuats s€.
lecred ds pdrenrs or rhe nexl Benerarion have rn overa mean (is) of
5 uDits-

The intensity of selection, or selection prcssur€, being apptied is
called tlìe sele.tion dilf ential lS), and is measured as the diff€rence
beMeen the mean of (he selecled parenrs ( ic) and rhe mean of d
the individuals in the parental popùlation (iF). Tlìus:

l\rean atter two
generations ol
selection

(Iqn 12.a)


