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CHBAPTER I

INFRODUCTION

Tt is well known that an attribute of a living
organism is partly determined by the effects of hereditary
factors received from parents and partly by the effects
of the ewironment in which it develops. The ultimate
part of hereditary factors are genes, The genes do not
cause a cell to develop into anything in particular,
but they give the cell the capacity to develop in any
one of a great many different directions. The particular
direction in which one cell develops is .hen determined
by the environment, acting in conjunction wi:h the genes,
The genes are located on the chromosomes in the nucledi
of the cells of the organism. Their totality consti-
tutes the genotype of an individual. The phenotype, the
sum total of an individual‘'s expressed peculiarities of
form, size, colour, behaviour... is the result of the

intersction of the genotype with a given environment.

In the case of gqualitative attributes,
usually variations in the enviromment do not effect +
the phenotype. BExcept in cases of dominance ang
epistascy, the various genot,pes can be distinguishable
on the basis of their phenotypes. Ihese dominance
and epistascy are interrctions wichin genetic material.
Few genes control such attributes and so tﬁe
mode of irheribance of such attributes cean be deter-

mined by Mendel's laws of inheiitanze and the princinle of

linkage.
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The attributes show discontinuous v-riation, So, the
avalysis of aata only req ire th: frequencies with
which the “ifferent genotypes arz representel 1in the

group of individuals under observ-tilon,

The sitration is differ:nt with quantitative
charzcters, I re the genotypes cannot “e identified
straightaway for, the variations in the environment rive
the same phenotypdce value for different genotypese
The nuwber of genes determining a genotvpe are guite
large, their individual effects being similar and
cumilative and small in relation to effeéts of environ-
ment, The la.rge number of genes coupled with environ-
mental modifications produce continuociis variagtion in

such characters,:

The mode of inheritd nce of such g character
is determined by the biometrical method given by Hather
(1949). This method consists of crossing two true
breeding strains, raising F,,F5,F, and the two back
crosses to the True parental forms, The data so
gathered allows the estimgtion of various components
of variation, viz., D, the fixable component, H the
unfixsble component, and 3 the variation due to non=
heritable zgencies. O corresponds to veristion due
to additive effects =nd H corresponds to varistion
due to dominence deviations, Tunis =nalysis is to te
carried out of me surements made on a scale satisfying

the criteria of scaling so that the variation component



" due to genic interaction is eliminated.

Ope of the important assumptions, apart from
others, on which this analysis is based on, 1s that the
differences among the two true breeding strains and
their Fl‘s are likely to be the same if the experiment is
conducted in any other environment. In othérwords, the
variance component due to environment and the heritable
components of variance are simply additive., For insvance,
in Fz’ the total phenotypic variance (Vle) is expressed
as 3D + 31 + B. This may not always be true. The
effect of environment may be interacting with that of
genotype so that there may be additional ¢omponent of
va;iation due to interaction which is not accounted for
in thls analysis. Jonss and Mather (1958) dave a method
when genotype = envirqnment interactions are present b;
introducing terms GD and Gy wh¥ch a re the components
due to interactions of fixable and unfixable variation
with the environment. ¢

Since it may not always be possible to
choose a scale so as to eliminate genic interactions,

a general approach should be to consider the scale
suggested by experimental techniwues, allowing the
allelic and non-allelic interactions to take their

own values. In addition to the genetic components of
variation, D and H chege would be components of variation
Tepresented, for the digenic interactions, by I,J and L
(additive X additive, additive X dominance, dominance x

dominance respectively)

Ccentd: J



(Hayman and dather - 1955) When the genotvpe = enwiromment
interactions are pr~sept, this would me. n more components
due to interactions, which nay be confounded with the

main components.

The object of the present investigation is,
therefore, to study and discuss how these variohs genefic
components of variances are aff ected when gene-environ-
ment interactions are p%?SQDt and both allelic and non%=-

allelic interactions are taken into account.



CHAHAPTER 2

R'VI™Y OF LITIRAT''RE

(a) neti mponents iation,

In the case of metric characters, it is not
pos¢ible to follow genes indlwicually and set up a
correspondence between the genes under consideration
and the characters expressed as can be done in case of
qualitative chargeters. One is interested in e~stimeting

\

the poded effects of all the genes carried by ths
indivicual, together with the pooled effeets nrodnuced
bv the various comhinations of a21lelic amé osn-zllelic
rere which are carried by the irdividnal., Thie totrlity
0" e*facts confers a senotypic value on the indivifual,
snc sgcocicter with a veriat (mejor or minor) of
erwirorwrent in which the individy&l develops. This
deterrines the nhe »typic velue of the individuesl,
This ir other words, nmeens that the observed phc.otypic
Value of 22 individuel deviates in one Airection or the
other from the genotypic welue depending o4 the ervironment
1 +vhiech the development of the i1dividual has occured.
So, the pgrnotynic value mey he dafined iv +terms of the
everacemvalle of the vhenotypes that world »e evoked
in each of the Ivdividusl e wironments o° a population

Fal

of ervironments,

The ahdve dafined reriotimic value of an

i:ivigusl has, however, further subfivisions, Siace,



the genes ate trans dtted from parents to offspri.g

and not the genotypfs, the genotywic vrluec of =n indi-
vidugl itself devieates in one Airection or another

from the value cor“=srrrd on the individucl due to
additive ecffects of genes, depending upon the dominance
and epistatic relations which cet set up between the
genes received br the individual from parents, Thus

the genotyvnic value can be looked upon &s composed of
Value due to additive effects of genes (often spoken

of as breeding value), value due to dominance deviations

and vrlue due to epistatl¢ deviations.

The differences among infividual on the
besis of theilr phenotypic velues canh be measured by
The variance of phenotypic values. This p henotypiec
varietion is capeble of resolution by virtue of aabove
definitions of 'values', into genetic and non-genetic
Variations, The genetic variation is, by the same
regsons capable of further resolution into various
components known as genstic componerts, These gre, the
additive genetic component and the noneadditive genetic
component, the latter being capable of subdivision irto

dominance variance and epistatic variance components,

The concept of value makes it necessary to
chooge a scale on which the phenotypic measurements are
to be taken, UNormally it is the scale provide¢ by the

instruments which are in use. However, to facilitate
\
,
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the analysls of data and the interpretation and use of
resulting statistics, sometimes it is advocated to choose
a scale such that the eplstatilc deoviations cancel out
whereas the dominance deviations take their own value on
the chosen scale (Mather (1949) ). In other words, on
the chosen scale, the genic, effects must be simply
additive on the average and the contribution made by
non~heritable agents must be independent of the genotype.
This choice is, however, perfectly arbitmary and at times
it may be guite a hard task to get a scale suiting the

(1960) even depreciate} the use of scaliﬁ from a

above needs. On the contrary some workeii/like Falconer
practical point of view, as it distorts//he genetic
situation existihg on the given scale 4f measurements
provided by the instruments in use, &rreSpeé?ive of
the merits or demerits of scaling ;% helps tO\adOpt

the biometrical method when elther the scaling tests
have shown the absence of eplstatic interactions or

proper scaling has been done to eliminate these inter.

actlons if they are existing,

(i) DES.CRIPTION

Fisher, Immer and Tedin (1932) gave a
method of determining the contributions of each of the
genes involved to the additive genetic variance and

dominance variance assuming that the genic interactions,



if found existing are eliminated by choosing a proper
scale. The additive effect for the gene A ~ a denoted
by dg may be defined as half of the difference between
the genotypic values of the two homozygotes AA and aa
so that the genotvpic values for AA and aag may be
represented by + dy and -~ dy measured from the mid-
point of the two homozygotes, the origin of the scale
chosen, The genotypic value of the heterozygote Aa may
be fepresented by * hy as measured from the origin

the + sign indicating the direction of the dominance,
with no dominance Aa would have a genotypic value equal
to zero, mldway between the values of twyo homozygotes.
Such a representation of main effect 'ahd gominance
deviation for the gene A-a would be quite consistent

with the principles of Mendelian genetics.

A cross between two true breeding parents
Pq and P5 results in Fq generatidn which shows only
Non.genetlc variations similar to that of the parents,
When 3 is selfed or two Fq's are crossed, the resultine
generetion ¥s, shows both genetic and hone.genetic
variations, According to Mather (1949) the genetiec
variations in Fo, yith no differential fertilization
and viability, can be shown to be equal to 2D + 4H
where D and H agre the fixable and unfixable vériations
respectlyvely given by

D:%dg H H= Zhg

a



The variance due to additive effects of genes, may,
thepefore be taken as +D and that due to dominance
deviations as #H, The F, can be &elfed to give rise
to Fg femilies. Pairs of ingividuals can be drawn at
random from F, and intercrossed,®egiving rise to bi-
parental progenies (denoted by S3), PFurther, each type
of female of Fo can be crossed to a male picked up at
random out of all possible males of Fg, giving rise to

maternal progenies (denoted by Ma),

The various second degree statistis arising
from these generations can be expressed in terms of D

and H as shown below (Mather (1949) ),

Y

le Variance of Fo : V _=D+H
/ H j_FQ‘
2,  Varlance of E means : HV1F3= 3D+ R H
3. Mean variance of Fg proghies v = -,%D+&- H
4, Covariance of Fo and Fag means W H
1F28 - ’%“D‘f‘ %

5. Variance of BIP mean : v — 1 L

ariance o means H183 41)1-51{
6.,  HeAn varianhce of BIP's H \' 3 3

H 233 = 3D+ 1_.6}1

7. Cowariance of Fo and BIP means: Wae =%0D
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8, Varlaice of MAT meagns s oV 1 D
b g 8

9 Mean variance of MAT progernies: 3 D4dH

qVEMB = 3

"hen the scaling tests demonstreste the
existance of genic interactions which cannot be removed
in the absence of an adequate scale, the ghove

biometrical quantities have pot to be modified,

Hayman and Mather (1955) considered the case
of genic irteractions in continuous variaiion, With
two gene differences, nine genotypes ale pOssihle and
elght parameters are used to glve a complete description
of the genotrpic wvalues, Four of these parameters will
be d's and h's appropriate to the two gene pairs., The
other four corresrond to non-allelic interaction com-
parasions, The distrithution of these four nerameter:

among nine renot'mes 1s shovm in the table below

AA Aa aa
da ha _da
|
BR da + dy, h, + 4 ~d. + dy
* *iab/ - /Lab/
a it T
bl ~=lasp - iy, + 1 .
b/a “Jb/a +4da/m ~ RNy
I
+ 41/8.70 —Ql/ab H;']_/ab

e
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fd, + by h, + by ~dg + hy

i

.‘da- ay h, - 3y, -d, - 4
bbh -1

b
ab/ &»ab/
=d - .
bl Ham ey - dv/a #a + Linya
* /0 /a0 *i g

These four parameters fzll into three classes, ™me is
homozveote - homozygote irteraction renresente” hy iab/

and the sccond oue is homozygote - heterozvgoke interactions
reprecentad by Jb/ #nd the last one is heterozygo%e -
heterozyesote 1nteract10n renresented by l/eb » The

- coefficients of 2 and 2 are sprlied to the j's ang 1's
respectivelv co that erugl contributiosns will bﬁ’made to

the overall diffevences in an Fs faplly bv interactions

of unit size, Al1l the clossical tvpec of genic interw

actions mev be cast in terms of 1, j and 1. The conw
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i
tribution of the two genc differences A-a, B~b to

various second degree statistics are shown as follows i~

1, Contribution to v

> 2 2 2
1Y F, g-da + Ady + rkha + i-hb

I

2 2 2 1.2 1 12
* 3y, taig t Em * 8v/a 18170

2, Contribution to H \F5 = $(d,- Ja/b)z + %(db-ﬁb/a)?-

- 2 2 2 .2
"346 (=410 ) + g (bl g, )? + HGyy t32 3o
1 .2 1 -2

*3udp/a 286 1/ab

3. Contribution to
2 3

1. 2 /i2
+§ @a = L/ap) tg hy=h ‘*1/ab) *;’15/1 ab/ +6243a/b

/
’

7 .2 2
*6adb/a * 3 1l/ap /

4. Contribution to W = %da’ { da - iLjé./b )

1¥a3

"'%'db(db“*}fjb/a)“‘%ha(ha"'i'l/ab)

+ 1 1 PR L 2
"8 h‘b (hb -’t /ah ) + 2 i ab/ + 16 j a/b
1.2 14 2
*16d b/a * &al “/ab
. — 2 2,
5, Contribution to i v 1S3 +d7, +1d% ’

1 2 1, 2 1, 2 -1 . 2
+=h & .
160 a *88 v Yl e/t &Y s

1 .2 1 2
téad v/a T oEg 1 /ab N

HV = %,"(da-;};.j a/b )2 + é(db"é:j b/a )2

;.. -
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I

2 3 .2 2 2
+da Ty +ig Pa+ 305 ¢ A1

ab/
7 .2 2 15 .2
+g4d afp +62213 b/a * 2561 /gy
Wle =
. VRS 2 2 1 .2
1
7. Contribution to + d o + 4 b +f61 ab/

™~

It can be seen from these results
that when extended to more than two gens

differences vlF y V ’ st y and W g

2’ 1°3 j 1723
can be expressed in terms ofj‘ yH,I,J and L
2 o -
vhere D = Z_d a ¢ H =Zh2a// I =2—12ab/

2
J=10 ap* 1%p/a ) affi/L =112/ab )

the last three being variance compoments
I

due to digenic interactions. As far as

v

v
1’2F

F

A and W p are concerned,

3 123
J's get confounded with 4's, and 1's with
hts so0 that the definitions of D and B

do not remain the same as befors,
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(1i) ANALYSIS

In shsence of eedic int ractions Mather (1949)
has given wethod of =nalysi< snd demonstrated it in
ccses of Juisenberryle date on grein lenpth in oats £nd
‘etu e Zpecies cross. This tywe of an-lrssisg 1s only
_epntice*le in absence of geanle irteractions, 4s ne tiloned
earlier, at first scaliag is to bhe done so that the
varions types of interactions vanisi °nd then only we
ca1 »only the analysis given by Mather. There can be
no cerfainty that o sesle evists on which a1l interw
sctions will venish, There sre.come ecvide-ces in
particuler ¢rses that scalin~ may reducp the intrractions
thot are nreernt but it ésamot wholly femove thew, In
t1ose c¢rses Mather's anzslyels caniaot be used., S -nal rsis
which takes nccourt of these interactions is to “e
de™ loped, 'Hth the 1aclusion o® ‘these irteractions,
Mo cre thet in F, S3y 20d My cenerations, *he interactions
rensin uaconfound d and <o they can “he us~g to help
directl r in sewrration of mai=n and interactive effrdéts,
But Fy gtetictics aamrly V 7> Vg #2d 1 g shou con-

13 273 123

foundiir of the<e irteractions and so the definitionse
of D enc¢ H cheneé frouw z,d2 and L h2 in Fé’ so that the
I~sic constitution of the compoments of varlption changes
with eeneration, In case orf linked genes also fhe
definitions of D and " will he changing, The hetero-
cene ity in the defirition of D 2nd "I poses nractical

dlfficulty in the estimstio~ of the components of



verlstion, Sufficisnt -unmber o” ct=tictics =re tg b»
calcul=ted ir which the defimitions of these coMnonents
do not cherge <0 2% to heve g frritful analrseis. It mer
rot 2lwevs be rogsible to hrve the statistice, saflfieirnt

in 2 mher, in 211 tines of situstions.,

-t 0 2
(n) Interaction of genotype and environment,

ng discus<ed earlier, the phienotvplc value
of ah individual ca1 he conNceived ag made yp of A , the
bre~cing value, D, the dominance geviation,I, the
enistatic devietion and E, the environmeitel devistion,
In ot"er words, e con write P = 4 + DI+ B, In this
model we assume that we can ascociate 2 certain erviron-
nentel deviation with a snecific aifferrnce of enviro4e
me~t, irrespective of the ~enoctvpe on which it sets,
“Mern thie is nmot go there is internpctions hetween wvarious
comnonents of G end B. Inclusion of this tvne of G 2and E
interaction Ymown es genotyve « envirovment i tersction

males the model commlrx,.

e these interactions exic{, the problem
of improvement in plants end animels take a new shape,
As mointed out by Wriesat (1939) in such a case, a.race
would have to me bred for each ecological niche larce

enough to suprort one,
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Howme 13 (1247) however, suggested that animals
ghould be bred in g highly favouradles eanvironment =
because s charscter is beat selected for under environ-
mental conditions favouring its fullest expression.

This ic only true if thore are "o genotyve - environwend
interactiong as chown hy Falcorner and Letyszewsld (1952).
The practical side of the relations in betwee1 genotype

and environment "as heeh receivine considerable attention

eand it is equrllv desirable to examline it thereticzlly.

The classi”ication ol the types of geaotype-
environment interactions was first made by Haldane (1946)
Ile nut forrard four types of interactions hotween two
genotyves ond two environments with no ties. e, howy-
ever, 4id 1ot give gny attetion to thf;: types of

differeqces botween cnvi-onments and betwee 1 ~enotypes.
[ i

As suggested by leride (1958) erviroamentsl
differences can be partitioned into two tynes, micro.
chd mecro-environments, Tle can coilsider these tvé types
11th regard to intra-and inter-ponuletiol grmotyple
di~ferences separately. Diffrrent climotes and even
different mahagement practices are examnles of macro-
gnvironmental defferences in domestic 1livestock, while
micro-environmental differerces are those envibronmental
fluchustidns which occur even when all i :dividuals are
apperently trested slike. The following table clesgifiles

the various situstions.
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Micro-environments Macro-environments

Intra-pooulation genotvprs Tyne A Type B
Inter.norulation renotypes Type C Type D

Type A  (Intra-population, micro-ctvironmental):

There is no direct evide ice =vailable
whether this t7pe of interactions exist or not. In
blometrical genetics, ususelly we assume them to be
absent, If =ny renetic variation in acrressiveness
exists in species showing this tvpe of effeet, genotrpe-

ehvironment intercctions of type A mav be detected.

Type B (Intra.pooulation, macro-environmentgl)
This type of interaction is of importance
when selection is practised within breeds or strains,
The presence of type B interactions necessitater the
selection within the enviromment far which the

orfganism is reguired.

When Robertson and Mason(1956) commared
prOgény groups in special testing stations with vrogeny
grolUps from the same bulls § in herds of varving
production lavels, the variation between sire erouns
was wuch greagter in the testing stations than that
observed in the high yleldins heords; 'the regression of
firld results on Test station valuwes for herds at all
levels of production was only ahout 0.2 for yield and
0.5 for butter-~fat vwercentage, This sugeests the

presence of twvpe 3 interagction.



Falconer and Latyszewslki (1952) selected for
body weight inwice in two lines, eme kept onl a high plane
of nutrition and the othcr on a low rlene, The resull
of this selection was, however, different in each environ-
ment sisnifving the presence of interaction. Under condi-
tions of low-level feeding, srlection onerated on the .
ability to lay down increascd body tissues, such as nuscle
ahd bone, whilec lesvines unchanged the obility to lay down
fat. On thr high plrie of nutrition, the a»ility to lay .
down fat was under selection to such an extent that in
elght generations of selection, the fat content of the
full-diet strain was about 24% greater thay that of the
mice on restricted diet when hoth were regred on the igh

plene of nutrition,

Talconer (1952) made a considernble advaace
i1 handling of this subjeclt "then he considared the problem
of performsnc- under two enviroam~nts as 2 case of two &
differrnt correlated characters, th~ correlation between
them having a genctic component.§f control of the environ.
ment 1bvolved o09ly a reduction in cnvironmental varience,
the genetic correlation would be unity, Falconer advo-
cated that if b2, and hZ are respactively the heritabilities
of performpnce in the coltrollcd and uwacontrollird economic
environments and I 1is the ganetic correlatlon between

Ay 1 3 N _ .
them, then 1If by rn is grester than ho selection should be

corried out under controlled conditions.



Type C (Inter-population micro-ervirormental)

Tn apolied genevies this type of interaction is
not considered importan.. HKooertsor and Reeve (1952) suggested
that heterozygomns genot,pes are competant, to handle a wi@er
range of micro-enviromnments then the homozygous genotypesj and
a re thus less subject to envirommental variation. Under
this interpretation, micro-envirormental fluctuations cause
some populations (che pure breds) to vary, yet trey produge
ho effects on other populations (the hybrids). Ia this
senge, heterosis is an example of Type T interaciions.

Type D (Inter-populavion, macro-environmental)

“he presence of type D interactions influence
important decissions in animal and plant breeding. This
is the type implied hy Wright (1939),

Before a breeder can locate the Ppreeds or strains,
that will perform best in his environment, he myst first
test for *he presence of type D interaction. Tavigg found
the best strain for his particular conditions, he must then
decide vhe.her the conditions under which his selection is
to he carried out are taportant, i.e., whether type B
interactions are present,

Breed differences in response to temparature changes
were demonstrated b Iuston and Jomey (1957) for egg sige, body
weirht, and fecd consumption in the fowl, They found thst the
white Leghorn perfnrmed as well at a constant temparature’
90°F as under uncoatrolled temparature conditions, while
New Hampshires and White Playmouth Rocks were adversely
effected by th high temperature envirorment,

"he existence of ishly adapted local races

of wany organisms sug-eésius th»t type D interactions may be

extremely prevalent,

L
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The presence and importsnce of Type B inter-

actions may well bhe hrourht out wy reviewing +he paper

of Mather »nd Vinesg45x)

In their experiment Fl? Fz,Fas, BIPs, IBs and
2Bs were avallable for usedn 1946, the F,s BIPs being

derived from Fy gnd 2 Bs from I3 nlants. Randomised
block desigh was used. In 1947 and 1948, the same type
of experiment was revpated except for the ommission of

BIP and 2B families but with ¥, instead. Thus in each

of the three years Fy, IBs, Fys and F3s webe included.
Seventeen second deoree statisties were cgleulated for
two characters, height and flowering time. The method
us~d in the analysis of the variagbility was the same as
the metlod deseribed by Mather (1949 ), The different
varlesnees and covarisnces were regarded as compounded

of the usual thres components ngmely D, H and ¥, agssuming
adequacy of Scale umon which the character was megsured,
Estimates of D, H and E were obbained b a least SQUares
technique from the values of different statistics g

available.

In 1946 experiment there was no evidence of
residuzl interaction in the ease of height, It was also
found true for 1947 data, where as for 1948 data, there
was egvidence of residgual intergetion, The linkage item
was significant in both the years (i.e., in 1947 gnd 1948),
when compared with the duplicates meanbquare, Regarding



flowering time, the situation was the same as in height
analysis in 1947, but in 1948 there was evidence of
neither linkage nor residuil interaction. Since the
results of the two vears were conflicting each other

a joint analysis of the two years' results was used,
which was sligqtly different from the metnod given by

Mather (1949 B)

In joint analysis, sum of squares due to
main effects (linkage and residual interaction), Jetero-
geneity between years {components, linkagge and residual
interaction), Heteregeneity within yegrs (components,
linkage =nd residual interaction) were obtained. Regard-
ing height, the three mean square, items for Hetero-
geneity within years and the three mean gsquare items
for heterogeneity bhetween years were homogeneous among
themselves., The two main effects did not differ
significantly. The mean square for heterogeneity between
years as a whole was significantly higher than that

for heterogeneity within years.

In the experiments considered, interactions
are not explicitly appearing in the analyses as compo-
nents of variation. They may, however, be detected by
their effects in causing heterogeneity of the components
utilized. There was no evidence, atleast in 1947 ang
1948 of variation in the values of D, H and E from one

statistic to another and it was not of a kind attributable

21



to linkage. It must he attriouted to interaction not
removed and perhaps irremovable by scaling. The
analysis which had revealed the interaction had been
carried out on the assumption that the gene ratios were
undisturbed by selection. Since disturbances attri-
butable to genic and genotype-environmental inter-
actions had been detected in the control of height, it
was apparent that new components of variation in addi-
tion to D,H and E should be explicitly introduced to

cover such situation.

'
The simplest case of genotype-~énvironment

interaction when non-allelic interactions are assumed
to be non-existent has been discussed theoretically by

Mather and Jones (1958). It is briefly outlined below:

Consider two true breeding lines differing
by a single gene substitution, in two environments.

Four situations are then possible as shown in the

table below and therefore, three parameters are required

to describe completely the differences among the four

phenotypes,
Ge_ao
¢
%ﬁ'\ A A a a Mean
em:
x dg * ey + 8y -dy + €1~ g €1
X dy = &1 ~ 83 ~dy - ey gy -eg

Mean dg ~da o
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The parameters are da eq and gli d, is the parameter

used to represent the differences between two genotypes
and e; to represent the differences between two environ-
ments. The third comparison Qéé?measures the statistical

interaction of the genetical and envirommental components,

If we include the hetrozygote Aa as well as the
two homozygotes AA and aa, six situgtions are then possi-
ble and hence fiwe parameters are needed. Three of
these will be the same as in the previous case and the
other two will be hy, and gh, - &n, represents the inter~
action of ha and eq comparilsonssg Coﬁ&idering Fé of the
cross AA X aa, the contribution of interaction to
variation can be determined. The Variance of Fs5 would
be riven by
2

2 ‘2
v = 3" +472¢ in
le % 2 d 1 + o

! ’
2 2
1 ‘
+ &‘Z ghl +Z(el + -%ghl)
Where the summation is taken over various envirdnmental
differences, 1In absence of epistasis, adding over all

the genes- under consideration V ¥ can be Trepresented as
1a

4D + H+Gp + 3G : =TT & ’
2 gii+zlp + 3Gy + E yyy vhere Gp =77 gdl, G, =7 g2
hy
!
= = S 2 :
3) Zl(el +32 gha) - 1L is the summation over various
gene differences and
'4
2:15 the summation over various environmental diferences,
In a similar manner the total variance of Fy generation

can also be shown as given below,



. 3 : 3
V, = v _+Vp =4D+H +3 + 2 G+ B
R TS s "% it P

!
VWhere E&f Z: (el + 3L ghal)z
I. is thus seen that when gene~environment
interactions exist it is possible to introduce coupo-~
nents, GD and Gy in addition to D and H to describe
the situation. 1In the following chapter this discri-
ption has been investigated in a general case when non-

gllelic interactions are also present.



Taking into cOngideratlon +two Pairs of genes A« and
B«b, there &re nine geno-tyPes, four homozygotes , four single
heterozygotes and one double heterozygote., With two environa
nents, elghteen sltuatilons 8re POssible and seventeen Parfe.
meters Will be necessary to sPecifiy comPletely the differences
among the eighteen PhenotyPes. For the two geneg Palrs there .
will be pParameters 48 dg, d’b’ ha’ hb corregPonding tc main
effects and 1ab/’ Ja/b’ Jb/a' 1/ab corresponding to digenie
Interactions In all eight Parameters. / ‘the n:h@-bh Parameter
6. rePresents the differences betw’éfen the tWo environmentse.

i /
The remaining eight more paramet.er;{ designated by

gda,gdb,zhe’ ghb’ giab/'gﬂa/b'gjb/a' and ‘g!./ab’ vould
represgent the interactions of the eariler eight Parémeters
with 9, comparisons. The elght Parameters d,, dyy by, hb’
"ab/’ Ja/b’ Jb/a’ l/ab’ are indePendent of each other and
so will be the eight interactlon Parameterse Moreover ,
the two sets of eight Parameters will be indePendent of
one another, The descriPtion 1s comPlete and shown in
rable No. i (vide Appendix w. )

The system can be extended t0 cover cases of/more
than two geneg Palrs, Provided dlgenic Interactions are
only considered &8s & first approximation. Another gene
difference repregented by Cec that 1s added brings in a

furtheT doy Bosly, 0 Jaserdeses tjag? e Yo /e’ den?
1 /b'é’ TO &ccomin0odate thelr interactions with the
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envirmment, a further Set\of g's 1090’ Edc, gh 3§ ggﬁc/’

g g
Iase’ Slop’ BLme’ b / ' Siep’ Ly O
be introduced . These g's w:ll be as InaePengent of One

another in their contributlon t6 variances a&s are the
vario us dfs o h®s, i's, j's and 1ts,

mTurning to the case Of more thdn two environments
it can be geen that, whatiever may be their number ,
their differences are exPressable by a series of
orthogondl comParisons equal In number +0 the degrees
of frsedom between them, .In the cBse of two environments,
there is only One comParison &s seen above and rePresented
'by eqe Three environments yield two coriwy’ar:lsom which can
bd represented by two Paremeters ey &t}&’ e,e Similerly in
the cage of four environments three eﬂ/mparismxs ca&n be
repTesented by thres Parameters o,, ;2, 03.\ As the
number of environments inclease s0 1s the case With
their ccuparisons and Parameters, The averége
PhenotyPes of the different environments can be coubined
in 8 variety of wAys giving appropriate sets of orthogonal
comparigsong. We mAy choose any one get Of comParilsons
vhichever is the most convenient for rePresenting
environmen+Al differences, As long a&s the comparisons
in a set &re orthogonfl 0 one &nother, the sum of /
squares will necessarily be equal t0 the sum 0f gsquareg
of devittiong of the environmental meesns from 1-;he general

meang The number of etg , 1f, increagsed t0 more
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environments +the number of g's Wwill grow oo,
J1Ppose there are two environmental comParigons °1 and

o5 Then +the intesraction terms with these may be rePresente

&d by gdal, gh']., sdbl, ‘hbl' g‘ab/l’ an/bl’ gjb/al ’
gl/a'bl’ gdaa’ Ebaa’ gdbz’ ghbz’ giab/a’ Sja/b21 8Jb/32
and gl/ab . With the same nine genotyPes In four environ.
ments 2 there will be thirty-six PhenotyPes. Thirty.five
Parametsrs ars needed for repregenting differences among
the thirtyesix PheotyPes . The sitila;t,ion 1s represented
in T8ble Ko, » (vide APPeniix '31,')/ « As mentioned earler
there are number of ways of assig{,ﬂng these pParanmeters ,
all equally appPropPriate for genet‘ical Purposes, O(hly
one way of &ssigning them 1s shown in the Table ,
Contribution of Jntersgiion iR Varjstjon:.
. when the chances of occurence of thé various gends
tyPes are the same in 8ll environments the overe&ll mean
PhenotyPe will be indePendent of the genotyPe.environment
interaction &s TePresented by g items. SamPling variation,
however, will reflect the magnltudes and relations of the
g'se The effects of the Interaction on the PhemotypPic
varisnceg can be lllustrated from the case of two géne
digferences in two environments &s set out in
Teble No. + (vide APpendix W ).

The variance of &8 line Pure for AABB genoiyPe over

tW0 environments c&n be seen t0 he equal t0



as

(®1 + 83, ., g, +8 48, 2
g

:al dbl 1813/1 Ja/bl jb/h]_ iy )
2 ( 1,) , s8y, when tRkeén about 1ts own me&n of /abl
(e @+ Q)= Hap = Hhyy) < (P, @
1f we take the varlance about zero, which 1s ofcourse
not the mid-farental value in Préssnce of ePistasils,
(I)2 is t0 be added. 1ln thils manner, the variance of

and heferozygaes

the various homozygotes ¢an be obtained, In terms of

notatlions given in APPendix l‘ these vamiances are

given bslowv, ,

T Gemotype | VariAnce when tAken 8bout Zero
it O AR
MBB .. @ . ap? .

ABL ... an? « ap?
BBD  ees .(111)20*(1111)2
4aBB cee (IV) 4- (lVl)

AaBb vos (v ) ¢ (V3 )2
Mabd ., e (),
aaBB oo (VIL)2¢(VIII) ”
aaBb coe (VIlI%fQ(Vllllé
aabb ove (IX) ¢ (X

{4) Mean variance of ixue breeding parents ¥ ( V;, 4V, )iw

1 a
With two gene digferences, there are four Possible

homozygotes AABB, 4Abb, 8aBB and 2abd and there & can be
tWo tyPes of parentdl crogses 'dssociated® and *DisPersed!,
In the former viz., (44BB x aabb), both the Positive
&lleles 8re in Ohe P&Trent and both the negative alleles

in another, while in the latter viz., (AAbb x 8&EB) the



8llelss are dispersed.

In the case of *AssociBted! cross, the variances
of the two true breeding pParents Are respectively (I;)
and (1}{1)2 when taken about its own mean over the two
environments. The mean awax tha variance woulgd,
therefore,be [(11)2¢- (le)gj / 2 which can be
exPressed in the J‘;‘»:u'm2 R

q-[gda.»gd_n -&(s

2
(0, ¢ 8, ¢ig j ))
ab/ /ab b/a
In 8 similar manner it can be shown that the me2n
/
variance of t#ue breeding parentsy/with 'DisPersed’
tybe of cross, 1s /
2 / ., 2
(o, =8, 448 ) ¢ | By/ =8, wB(g, a8 5]
L ey T L % Y ap b
!

The two tyPes of situatlon enunterated above can,
howsver, be descTibed In one way if parameters © and ©,
are Introduced t¢ Indicate the 8ssociation of the genes
in the parentw,

The genotyPlc value of the homozygotes 44BB or
4abb In the two environments P and Q can be representsd

By Yespectinly by o
[C’l‘.‘ea-l' d!’ eb + L“blea 8} ,-_‘.l_ CJ“"’OA-}-J%GB ) - %.'L-,@] /

(3 0. .80 L

and

[ Am 9, + ‘ibe\; + e‘&ble“ o --‘;__(.:l‘qst’a X 3\:\,,0 b)"’#"‘o&.]

S R KRR L AL ROR AR EN

Similarly the genotyPic vAlue of &abb and aaBB in the

tWo environments P and Q canbe represented by

a9



L'daed - cl_ba a;,en 8 + u.f& % +-£‘/ 0y ""!' l/ké]
i E'?JA —3dbb+% 00‘51,4’(9 9u+3 )4'3& J
and
L-deby -dgy ¢ deds e £ OOty Or)+ 4 A
- L'gdﬁu-‘%df}+9 b +'('.’J Oa “JJL, b)-l-—'?,[/d;f-e;:]
Here 8, and 9, are positive unity when the first Parent
contAins the Positlve homezygote of the corresPonding

gene and negative unitiy when the second Parent contlins
»

the Positive homozygote.

The mean variances of the Parents dfu either of the
tWo types of cFosses, ean, therefors be shown to have
the value N . a

.l 8, +'3;6, -1(3.8,+3 e
With moTe thsn two gene diffsrences, this exPression
e, +1_%- aop +L 9 1
would take the form [ Cat 2 Uab
2l -1 Z (3 0ed o0T L (e 1L (- 3)

Q< “fl
where ], . ] , ‘:L ] &:nd ‘71, are Pooled effects of correspondm.
ing Interactions defined below,
3= Z%e, : 9, - :1'::_%9 % 3 I, qu
G2 Z08 0ax5 00

Bringing oTs than two environments, would lead /

L

toxx the general exprassion [ % (Y, + Vo )3

= L(e +%,_+L3() "‘2(3d 1 ) ~\/(€+‘3 +‘ ) \/(3,,-7)
J

and Z 1s the summation over environmential comparisons.

The difference between the two ParentAl variances
would twrn out to be the govariance betwsen (&,-J +i §,)
and (J,-9))



1 3!
l

{i1) Vapjance of -
, j’l (VFl) s
The Fl..generation from & cross betwesen two +4{rue

breeding Parents, with twogene differences, would
contdin uniformly A8Bb genotyPes, The variance would
be (e + 5;“ ’ &b +t j%b y S (V]_)z s When

taken about 1ts own mean over the environments. With
geveral gene differences, this variance has the
exPregsion Le + % « % %Lf

where 4,:T %_  and % 1s defined earlier,

With more than two environments, V_ 1s given by

F
' 1
V.o . >N,
F, = Z (_e. qh_ﬁ}* %LI) = (.Cf?ﬂ’ -\-_‘1'_ QL)
L1i1) Varaagee ofiF (V) =
2 \F /

The Fz.genoraj-,:on descendad 'from & ¢cX0ss batween
two true breeding Parents contAin the nine genotyPes

as listed earlier in the ProPortions

D U SRS Ura GPED PR S P PR
x 8 16 8 4 8 16 8 16

v can then be obtained by multiPlying the exPressions

: 5
172
for tvariances of different genctyPes when taken &bout
the origin zero' (given earlier) by their resPective
Proportions and sub®racting the square of the overall

F2 meaén 1.00,( é’ba b -b-hb\ -‘»‘(X\, from 1it.
Thus in terms of not8tions used, this 1s equal to

$ - 1. 2- - -
2 | @@ e e ax 5 audy @y
SV s (v, ]
«d [ anhoag )+ (VIII) + (VIII,) + (IV) +Q1¥ )
NUORIU DN R S S S

4



After simplifying this becomes

[dairdtringdt, w3, i o sy o
g, + 48, +%s+% +%s 8. c 3
{L d db h gb ab/ Ja/‘b jb/a g:"/ab

« Loy tg,r dg, 1
The terms In the first bracket are the same &g that
of V F in case of two gene differences with no genotyPe-
mvii’ogmentq interactions &8s demonstrated by Hayman and
Mather (1955). The terms In the second bracket &re the
contrfibutions due t0 interétion terms betwesn genctype

and environmente /
/

In the case of more than two énvironments, the terms
in the first bracket remain as they are, 'The terms in ihe

/
second bracket can be shown to‘ba equal 0
. LY . \%z. \ 131.+ ‘1132_*"2-'%:.
3.1 %‘iq‘ *a L db, " z L“: o “"J % cﬁlll
J 2- \ 2. \ Lo 7 ]
* }EI gj‘*fb.- N !;b i ajb’ml t e Z ‘3L,*bf + I (e‘ *+ %" 3),‘”1- ::-'&)'Ll)

N LY v Ny
.t = Y+ WGyt 3“%;

‘V%

L vg ~
S %14'54' Jbb4 'ﬁ. S,L"b -~ (e -}__‘3;,“4 %-_%M, )

where the §umttMn 1s over different environmentgl ,
comParisons,

The interaction comPonents (Wlth environment) i.s,,
g's have mea8ng zero overall environments, but the heritable
variation measured within environments includes g's as .,
well &s other terms, Therefors the terms Z’?d: ,7_'9{;— .2 %',., ,ou
mAy also be regarded a&s the variances of d, dy o4,

as measured in each environment, round their overall mean



which 1s free from gd ts and &, ‘s, belng averaged

over ALl environmentse

In the cage of distinguilshable environments,
6.8+, Where each environment is & bdock in & replicated

oxperiment, the mean PhenotyPe of each environment or

block 1s given by B( 4hy + 4hy + égha + %gb{ 81)

Then the variance of block means round the grand meanx
is given by Z'(ﬂ, +1 52“, + 3’1_945' )L = \ée+i9,.a+ 31_32‘ )

which can be seen to be one of the terms In Vle .
Therefore the effect of the heterozygotes' Iinteraction
1s exPressed Partly by Inflation of the estimate of
environmental variation, Then the effects of all other
interaction terms and that of the remainder of the
hetsrozygotes' interaction, remalnwith thex +rue
genaticAl variatlion after deduction from V p of the
environmentAl variation as measured by dlf%‘egences
among the environmentsl means., The @rnetzcu and Inter=
actife components of variation remdining with themn
could be separated 1f the individualsof the different
genotyPes were regularly ldentitiable., Thils 1s not
generally Possible in continuous variation, Therefore,
generally, the heritable variatj,:'.cn s measured by a
gimPle analysis of wvariance wili be Inflated by such

mterac't:.ons with environment &s w8y exlist.

Inthe case of more than two gene differsences, the

vlF takes the following general form.
2
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VIF, = 3D +4H + 41 «% J+{ L
l L 8 L E
where D - Z o[“ ; H - Z,—‘tl‘:L i 1l - Z "q,'g/
N ach
j_(J L= L4,
c Aey a Ach " Zo\/
= 3 =7V ; = V.
D Z %, H qZ oy 1 - »
] CV + ‘fc) e 1Y% . R .
ach 4]], l”a L a<h I“l Fz (ea-,l_gﬁk
(lv) Variapnce of F geperatlon (V_, J):~
3 FS

&n F, PoPulatlon obteined from 'selfing individual
genotyPes of F2 would contain the :{/me genotyPes listed

earlier in the Proportions /

9. s .3.: 9. 3. b d; 2 3.2
64 32 64 32 16 32 64 32 64
As before, the totBl variance of Fa Population is
obt2ined bg multiPlying the exPressions for varifinces
around zero with the correspPonding Proprortions 8nd
subtracting the square of the overall F mean 1.e.,

3
(dhg+ dhy+ oo 31/ ) = (Xv) , from 1t.

in terms of notAtions, this is equal to
N

L W@y @y an . ufs qun)
~(IX)'% (X J]
. %[ (1n% (11, y +(1'v') + (m ,,(vz)+(V1 B
v (71215 (113 )" ]
LT OR@] - an
This exPression on simplification, reduces in original
gymbdls, to
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With more than two environments, the second bracket
in the 8bove exPression takes the following form
whereas the first bracket remsins unchanged.

\.« i(%‘l - ‘i' ‘(4 ) + §“-" 1(%45;-!‘; %jblq,)l * %Gi(-ﬂhq'_i‘;%%é)

- 3 ' = L
T&i(%hkr :Tr%{/uh,-) - ﬂ\_(—, 1%;‘%], Z‘ (i JL"

1
« 3 (ﬁ.d- L‘;‘ahq'-r.i_.“ikb *_‘n%% )2__

):'__1' a‘;;

3 VL 3V 3V L V! a VeV gV v
a a b “H fb L|. kb

+ Vv
(& +t 3;‘“1-#9;'5'1' "‘z s‘t'[qb)

Generalising the total variance of F3 PoPulation to more

than two gene differences, We get

VvV = 2 Dt H"inJ‘tL
F. & +.§_ 1-;_4 +2.!'6

3
+-§; Gpr <2 C'H"‘q 6100 Gyea G + EF s

6y 2%
7_(A -+ 74, )

a4b

where D' - 7—(“ S0

1,J and L are as defined earlier,

1 !
Gpe = Lvsd ; Gy = {’_ V9,‘

[

1,,G and Gl. are 8g defined earlier,

and EF - v
3 (Qr-"ij ....LZ
Cacy fs
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This total varisnce is comPosed of two parts
viz., variance of F, means (V L Fy )y 8nd the weén
variance of F, families (V ) 1.0,
3 F 3 '
VF:B: VJ.Fa »y Vp o 1f oacb {*‘3 family 1s consisting

of a large number of individuals and the families are
distrabuted equally over the environments, the variances
of F‘s families would be the variance of famllies

averaged over environments. The families would have means
as shewn in Table No,? (vide 4PPendix % ) the various
families ogguring In the pProportions

5 U U U U U U WA S
16 8 i6 8 4 8 16° 8 16

The contributidn of tWo gene differences to V F with
1°3

such 8 design 0f exPeriment would be
L (1) + (LII)> (V1) +(1x) ]
% L(xn W (X1T) + (XIT1)+ (xfIVJJ
Al@) - Lan]
This, on simplification, leads 10
LA - g gy 3 Ly - Lig Y+ G L(*Lfnb)L

‘Ts.(-\‘b 'q.Llo»\,—)"" L%]-&-—— (3‘4{5*"H )4‘ l’a&,
With more th&n two gene differences, this ca@n be
expressed in the form

v = ‘ﬁ'D. -\-TtH( -+ *1 ‘3\“ +

L
1F3

\
25
The me&n variance of F3 familles 1s then obt2ined

by subtraction.
1-0., V F - VF - V

-~

2°3 3 1¥3
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. ¢ ,L H'.S 1.7 J+i b
sza %D ;'4.3 Tﬁ +6‘f +3L
32 2 9. 9 G109 Be
v e S A G B By
7
When the families are small in siZze OTF the member/

individuals of each family are kePt together within the
exPerimental design and not distributed randomly over
the environments, VlFa would be inflated partly by
sampling variation 8nd Partly by the environmental

a8nd &ssociated interdctave d:fferences‘between, their
different sites or Plots. The same sl‘t}l’ﬂtlon wag noticed
by Mather and Jones (1958). /

/
’

f

The heritable Portion viz.,2 D'+3 H'+ 1 I.1J.7%
% le To T8y a

would always be capable of soparation mtp."; Dué Hu{% 1

+Z'¢ J“sl:.L (for Vv F3) andai_Du‘-"- Ht, $1I ‘L J*E';-GL (for v _ )

2
whatever mdy be ghe size of the families &nd howgoever the

1F3

families are distributed over the envirocnments, but the
separation of the &ssociated Interagtive variation into
between families 8nd within families would dePend on the
stfucture of the Population and the diﬁ:& of the
exPeriment inwhich the variation is measured. This would

be dealt with in the next chaPter in detall.,

VA
ar -par (Vo ):w
S5

-
A bil-parantal generatlon raised from an Fy Population
would contein the nime (92) genotyPes in the same Overall

Proportions
I6°8 16 8 "4 °8 *16 %8 'l6

ag in case of F2.
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ds such the total varisnce of 8 bhi.parental generation

would be same &s that of F2. 1e@ay

VS = %Df‘tﬂ*'&lr% J-c-":'ala

+iGp +40g+4Gy +f G+ G + V(g4 ¥igy)

This total variance 1s, however, comPosed of two
partsy one 1s t.hef’ variance of meang of bi.parental

progenies denoted by V and the other 1s the mean

1%3

of variinces of bi.parental progenies denotedby V 5. *
2°3

As alre&dy indicated while dealing..variances in :5'3
generation, the 'exact partioning of/ t0tal variance into
its tWo comPonents would dePend ori/ whether the families
of pl-parental Progenies are quite lgrze In size to

make sampling varlation negligible and whether thes=
familles are distributed randomly over the environment,
If these conditions are satlisfied, &8s exPected otherwise,
the whole of the interactive variation would tend to

appear in the mean variance of families,

With two gens differences, thele would be sighty
-one bi.parental families as shown iIn Table No., 4
(vide 4PPendix 1T ). Wilthin edsh of these familieg
+he genotyPic values &re gshown for two env1r0mmant{,s
P apd Q. With random disgtribution, the mean of families
would contain no environmental &nd &ssocifted interw
action effects, these being averaged out. The varlances

of edch of thess eighty one famllles can be worked out.

23
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To simplify the working, the eighty.one squares

are numbsarad (l)g (2), (3), ceevavs (81)0 It 13 seen .

that allthese efghty-one squares cax:%be divided Into

aixteen grouPs dePending uPon their simildrity, The

gixteen grouPs are as follows:

1.
24
3.
4.
5.
G,
7e
8.
.
10,
11,
12,
13.
14,
15,
16,

(1), (21), (61) and (81)

(2), (12), (62) and (72) each occuring twice.
(4), (24),(34) and (54) each oceuring twice.
(6), (36) each occuring ax iwiwax four times.
(8), (18) each occuring four {imes.

(3), (63) each occuring twice,

(7), (27) each occuring tw:tc/:e.

(14), (44) each occuring tWice.

{32), (42) each occuring twice.

£

(9) occuring four times,
tWO
(17) occuring fuuxX times.
(33) occuring two tlmes,
(11) and (71)
(31) and (51)
(41)
(5), (15), (35), and (45) each occuring four times,

The variances of the squares in each grouP are

calculated and then all the variances in & group are

/
conbined, The contribution of various groubs to0 the

mean variances &re as follows:
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2.

3e

4, ...

Oe

6, \---

e
8.

9.

§
|

Contribution to the mean variance o
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Sla o S o e x5 )
e ‘,_3@(1» (L) « (I1)+(11)% (xm
AL (11,3 (@15 e am, ) ]~ o)
ot (VLD ) o+ (VII1)" (V111 )3— (Rxxv)
wimn)i(vnz Y+ (IX) + (X )} - (xxxvuﬂ
.__\/ (1) (1, )+ (1) % (17,) | - vin)
:L(nl) ~ (111 )+(V1)+(V1 )}- (XXV1)
*,i‘”) + (1 )+ (V1) + (V1L 3 - (xxu)
Ji(Vl)**(V.L ) ~ (0% (1x )7 - cret) -]
(4] () (11, ) « (D74 (V) 1- (x)”

\15
LM (V) (Va1 (7111 ) - (o)

] ;:3_ L ti(lv)z'+ (IV )L-‘- (V)z+ (V 1)'§ - (XX)L

*-icwn (V1 )+(V) +(V )}- ™ |
2\ I ) + (V111 )y ]
2 L V) (v ) ]

N 5 E\i(zn (I, )+(111) +(111 )+(IV)+ (IV, )

o (VI3 (VL)Y {(11)+(11 )« (V) (v )j
- = (XX11) +si (1) (1Y) e (V1) 4 (Vi)™
- (VI35 (V11 ) % (0T + (E D Jei{(v) s v, )
1-(V111)L+ (V1iL )73 (XXXIII)LJ
’-[}i (1)4\-(1 )+(Il) +(II ) +(V11)L+(V11 )L/
W(VIII)" +(V1.Ll )5 {(Iw* (1v, ) a (V)4(V )j
- (xxvn)+ § (11) (11, )+(111) +(IIT )
£ (V110)% (Vi1 ). + (IX) % (m)g- (XKX11) ..
sL{EFeE) )@ ) ]

L

(GOntd.)
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Group Contribution to the mean variance
w0, .o 2L ]
m, . 2[4 e (AT 3+ (VD) (V2 )]V 2 (. )}
- (X.X.I.V) ]
A
12, - 4 G ar )% (VALY (\uu,) i

+11(V) (V. )S (XKVIII) ]

13, .. G,q,(zu-t(l)* (1) ~(11L) + (111 )34311}*(11 y {
- (x1)+‘§_(v11)+(v11 ) (IX)*4 (I )f

=31 (V111)+(v1u )} xv)” ]

B LRI Ve VL, )f#,jSIV)*c(IV >§
- (x11)+—1(111)+ (111 ) +(IX) +(IX, )

,,_{(v1)+ (VI,) }- (XI11) J

16, . L DR (0% () (1) « (I ) (VI +(VII)
x (1X) +(1x )3~{(11)+ (11 )+ (1) + (17 )"
+(v1)+(v1 ) +(V1.L.[)+(Vil.l y ]

LI @ ]

16, __,‘* Li (I)+ (1, o+ (I1)% (11 )+(IV)+(IV y
D (V) (KVIII)+‘{_ (11)+ (11,)"
+(111) +(111 )+ (V5% (v, )f(m*—(vx ) }

— (XXI1TY L L{ (1V)‘1‘ (1v F e (M (V)
L (VITY +(v11 )+(v111)+(v111 )j (xxx)
<1 (V)% (v, S+ (VD) (VI Y4 (VITL)™ + (V111 )
L% )}~ oy’ |
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Comblning the contribution of slxteen grouPs we
get
L arsaufs V1) +(1X)]+ [(115'-\ v (V1)
+(vm)J L(V)J+Lt(1 e (1in, )« (Vi1 )+ (1x ) ]
L0 (1, )+ (1v, )+ (v1 )+(v111 )]F (v, )
-& L (XV1) (XX1J+(XXXV1) +(xxxvu) (VLT vy
+ (KXID) 4+ (XXXV) "+ 2 ) (XIV)+ (X11) +(x111) =1
- -L(x1x)+ (XAKI)+ (XK)+(XXV)+ (xxm + (VL) .
lét (xxn) +(xxx111) +(xxv11)+ (m11)+ (X)+ (Xvi11)~
& (XK111) 4 (KKX) + (XXRIV) |

ra
Simplifying the ahove exPression, wWe get in the original

symbols
iy
%a+idb+wh 3 b2 12 ( Jl,l)»fz.“55 "
2
+%8+%s + is*% +ig+ (g + g )4l g
d g’\ qb] 4‘ "ta.-‘ L’dl)

’ 2

-+ <9\ + ‘58%4- %ghh )

With more th&n two environmentfl comParisons &nd
more than two gena differences, the exPresslon tAkes
the form:

%DJ H+3 1 1J+ L + #Gp + 4Gy
Y g G.nn G, + ER,
where D, Hyeso 8re the same &8s defined earlier in -/l;he

25’3
case of F_ generation.

2

V 5 1s,then, easily obtained by subtracting
1-38

v from Vo « The result 1s given below,
253 S3

3 A
vlsas iDL H o Tk J+-2‘_—%L
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This can 8ls0 be obtained indePendently by simplifying
the exPression given below (in terms of notations)
and generalising over gene differences.
Ll eui» (vl (1x>_1+ l}xnf}(xnf“
-\-(XXXVI) + (XXXVIIl + (XVII) '!'(XXVI) + (KXIX)
+ XV e (V) e (XI) + (XIV)* (X110 4 (X111) ]
.. L(xxx) L QKIS (KXY + (KXW (KRIV) 4 (xxviiL) ]
M[j((n) HVILL) % (1V) +(vnj+-£uxxu) +(xxxur)
-\-(IXVIJ.) +(X.XX11) + (X) + (KVI.LJ.), * (XXJ..L.L) + (XXX)
s @y | - [0"]

]

2

1+ mdy be noted that the exPression for V x

153

1s free from environmental &nd associlated interactives
components becduse the families are assumed to be equally
dilstributed over the environments., Wlth non.random
distribution of familles over environments, the above
pPartitioning i1s not perfect and either of the two
comPonents into which V s 1s divided, receive environ.
mental 8nd &ssociated in%eractive components dePending
uPon the design of the exPeriment used, This e8se

would be discusaed In detail In the next chaptisr,.

(v1) Varienges in Metorpal Progenies iw y

The maternal Progenies, iIn case of two gens
differences &8nd two snvironmental comparisonsg are

shown 1n Table No,& (vide 4PPendix % )

43
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4g before, the total variance of maternal Progeniss would
be the same 8s that of an F, porulation 1i,se,,
\ {
Ve = 0 AdE 43T+ ¢ J—*&I-

+ G +40g +4G +§ Gyrpp L + V(H%igh )

This total variance is comPosed of two Parts. viz,,
Variance of means of watsrnal progenlss (V R ) @&nd

mean variances of maternal Progenies (VZM ) .

ds in the wase of bi-Parental Progenies, vz“ and
V1M3 are calculated with the agsumbPtion that nmifies
are large enough to make sampling variation negligible and
that they are distiibuted at random owsr the environments.
The c&se of non-rendom distribution of familles over
environments 1s disCussed in detaill in the next chaPter,

For calculation of V s Variances of different m

M3

maternal progeny families are obiRined as given below
for two gene differences and two environmentAl comparisons:
e e OGRS RSt TN ARy TR RN

Frequency GesnotyPe Varisnce of family

PN rRrPE PR AT TP P AR TP e R e TR, P remew P

L aaeB L[ (1% (T, 5 (1) e (11, )+ (N)
AV, (0 v ) ] - (xV111)

% AABb 'g[ (13 (1 ) (111)+(111 )¢ (IV)

+(4V ) +(v1) (v, Je b &11)

133 D% )] cxan™

(Contd,.)
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-U---P..--ﬂﬁ-‘h---—- LYY T3 XY T X0 T 2 0 F W Fo b £ X T ol g ) ¥y P

Frequency Gonotype V&'.l'iance of Family

L Adbb L (1D (11) s +(I11 )+ (V)

«(V )+(v1) ¢(v1 )J ~ (RXTILY
(D% (103 @Dy (I )+(vn)*m§’

e (Vl]’.[)];-_KIVf? v, )% 0% @ )]
- (xxvn)

-
aaBB 1| (
1~

L 2
asBb L | (D3 (1 ). (111)+ (11T, )+ (V11)

(V11 )+ (0% (1) Js g.[m)"
(11 )+(1V) +(IV )5 (VI) +(v1 )
S(VILI)+ (VIIy )} L% L] @)
A\ an™ari (111)* (113, )+ (viip~
.\.(VIII)-\-(ﬁU*\-(IK )I Xx3) xxxxy
LD+ (MJ ~ (1) gL SR
()% (w )% (M (V) * (vn)
~(VIL ) % vuns (V111 )j— (xxx)”
2l (V) eV )3 (V)© +(V1, )4 (V1)
~m Y (1X) F(1x )Jfluw Y (V)
+ (vznﬁ (Viry )] - (XXXIII)
-L C (W% (V )+ (V1) +(V1 )+ (Vl.u)
«(VidL ) + (1X) -*(u{) ]_ (mw)

g e gl Y g e W g B W e rYyY' 3 2 2 F 1 F 4 ¥ 1'% L L X 3 S g L ey ) L K X 4 X _J ¥ FrY ¥ J-

Then the eontribution to V ZM would be equsl to
3 /

I_,(I) + (1 ¥a (111) « (111, )+ (VlI) + (Vll )+ (IX) *(IX ) J
+\[(II) +(11 )+(IV)+(IV )~(VI) (VI )..,(VIII) + (V111 ) =]
.‘E(v) iy )}-_ va111)+(xx111) S (XKD + (oxav) ]

Y L (K110 (XXVI1) 7 (KAKIL) + (XXK111) | -1

This simplifies, in original symbols, t0

1~

2.

4abdb

w)

e

aaBB 4.(,

aapbb

ﬁ]f

x
L 88bb
&

2z
(X)

3 Z‘g ‘h*‘hL‘;‘I iy L

3 a0y dpihelh Eal Y o

4L gl gal !ngs*._si 8a.Lg4QB+2 Y )
- dﬁ_*t db‘k "\(,-Q L*b( °‘]]: Jb,q_ gh &
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With more than two gene differences &8nd more thén twWo en-
vironmentgl comparisons the above exPression iskes the

following form
vaﬂag sg 131.‘1r H%l,,%.rqzl.
3 Ok iSO B
where D, Hy <«so 8Te the same 8s defined earlier,
Vlua is, then, easily obtained by subiracting
v2M3 from VMS &nd 1s given by
Vlua =

This variance can a8lso be obt2ined IndePendently by
simPlifying the exPression given below (in terms of
not8tions) &nd generalizing for more than two gene

differences.
v e 2. 2 2. 2
L @u 4 e+ ) + )
- 2 -3 2. e T
}E \_ (XX11) (XXVII) + (XXX11)«(XXX111) ]
y - > il
rrl@] - )
ar ar 8 tu

Generally, in a well desigmed exPeriment, Parents

44

and offsPrings are dlstributed indePendently of one a8nother

among the environments so that their environmental

conditions are uncorrelatsed, In describPtlon of genoOtypPic
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values, it means that the environment®l &8s well &g
8gsoclated interactive effects 8re to0 be taken different
for parents and offsPrings. Ror mnstance, 1f we consider
&n F2 &g parental generati: and & bi.parental or maternal
Progenles derived from 1t 8s offspPring generation, the
situatim for the calculation of covariance, c¢an be

ond 152 envirenmental (o mpayidons
desceribed, for two gene differencea,\ A shoan W Sasile Wy,
-an et ). The covarian;:e of Fy &nd BIP/MAT
means ls then calculated after taking averages over
environments for each Jdarent and corresPonding Progeny
meAnse The contribution 0 covarifince is equal to
%bﬁl)ml.ll) & (131)(XX2111) + (V11)(XXX) 4 (1X) (XXX1V) ]
w11 (XX11) + (IV)(XXVLD) (V) (EXX11) + (V111)(XXX111) ]
An@l - @
which siablifies to #d, * 14 «% L

e Tap)
Thus, summing over several gene differences,

W = D 1} I
when, however, the environmental eonditions of
Parents and offsPring are bPerfoctly correlated, 1.e.,
the offsPrings fall int0 the same environment &s the
Parenty, Whe CETEITRGHEMSwS SENGIIRS CAR—PT—oOL Codh B
R MUIeNd., (w1 Mppmskix ) ,the contribution
tc the covarinance would then, be ecual +to 4
WD EVLT) +(T, ) (V111 ) «(I11)(X111) + (111 ) (X111)
#(V11) (XXX + (V11 ) (XXX )+ (1X) (XRXIV) +(1X, ) (XKX1V, )]
+[(11) (XX11) + (13 (XK1 ) +(IV)(XKVI1) + (IV )(XKVIL,)
+(VI)(XKKLD) + (VL )(XXKLIL ) + (V1I2) (RKX11T) +
s e} @ s vpapy - @
% CE N [ - - 2
which simplifies to 2d, « idb-t—}&iqbr.“.f Byt B Bt (Grinety)

=

Then, summing over environmental comparisons &nd gene



difierences, we get

W -
P/o

*‘i’G])*

\

o
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Blometrical Malvsise

In the earlier chapter, it has been shown how the
total phenotyplc variation can be expressed in terms of
quantities denoted by 9, H, D*, H', I, J, L, G 5 @y »
Gt , Bgty O7 9 Gy , Gy AD E. It is apparent that
in presence of gene-environmenfal interactions, additonal
components of variance like G, , Gy 5 G 4 G, and G
come into pleture and in such’ a case, the genetic components
of variagtion viz., Dy Hy I, J and L are to be separated
from these and the envimnmen%oa?iag ":nabla a proper gsse s
ment of the gnetic situastion in the character under study.
Further, the environmental component of varignes 1s not, in
such clrcumstances free from g's, the parameters, megsuring
interaction egfecta. A cortain confowmding of g's with
environméntal effects (e's) gppears in the expreasion for B.
The expressions for various statlstics in terms of thess

components are set out in Tadble No. 1 (a) (Vide Appendix III).

The biometrical analysis for the separtion of the
interection components of varlance from the other components
of varignce, as well as the estimation of gll the componnai:s
wuld depend on the degign of the experiment and thie
multiplicity of the statistics avallable for estimation.
There 1s , however a complication that in the most genersl
cas® (1.e., vhen digenic interactions gre tgken into account),
the definitions of D, H, G, end Gy,4S in F, do not remain
the same in the subsequently selfed generation 1.¢., F3 ,F4,

etc.. 4s such, where D, H, Gy ,G 5 4re estimated from selfed



genepations Fgq and onwards, they do not strictly measure

the variance components due to gdditive effects of genes,
dominance deviations, and associated interaction effects.

The gdditive 'vé’Lf\rects get confounded with gdditive _::(zq\:aminanoe
type epistatic interagttions and the domingnce déviation L)
effects, with dominance x deminance type eplstatic inter- t
actions. 8Similar corresponding confoumding appoars for
interaction effacts. But, if F2 generation agnd thedr

subsequent hi-parental and maternal generations (&g ,Ilaj

are utilised for estimation purposes, w© get megsures of

Dy Hy G ,6pg clear of any confounding and strictly

giving gdditive genetic variance (D), dominace variance (H),
Varlgnce due to interaction of gddlitive effects with en-
vironment (G,), and veriance dve to interation of phittinm
domingee effécts with environment (Gﬁ). A successful esti-
mation, in such a case, would, however, require at lessi

as many statisties as the number of components 1.e., D, H,

Iy 3y By @D 40 50 5 G Gy and B 1.0., 6leven 1n sll. e
1f more than eleven statistics are available for use method %R‘,’”}-’%
of least sguades is required to be used for estimgtion as e
outlined by Mgther (1949). /

The use of biparentsl or maternal generationsg derived
foon Fy obtained from g cross between two true breeding
strains, 1s, however, dependent on the design of experiment

used. The total varignee of either of them is the szme as




1

that of F, but varignces within and between fanilies are
dependent on the degign of the experiment as pointed out

in Chapter 3. The desipg chiefly depends on how the
femilles are distributed over environments. The two cases
of random and non-rsndom distribution are discussed seriglly

bel OWe

dop 4 ent as
In case of families grown over a conmpgrghle range of

environments which gre large enough %o make the sampling
variation neglible in respect of genoty?e (¢r 'segregation
1soceurring), and of enviromments (shether sgegregation 1is

bekircen, It Mlan Phowdipes 4 e familier ol vefldck ouly Rece Afferencen
ocecurring or not), the differencesAiI;’ average genetical
constitutiony the assoclated mterad;tive effects, having
been cgncelled in tgking the means/- Thus 4f we compare
the megns ofy set of large Sa families grwon over cémparable
environmer:ta the eypected wvgriance of these means 10.,\
v sy will be ¥ $D « + [ H + LI +1J +lL as proved in

1 W
the previous ¥ymxxergsmx chapter.

Variation between individugls within families will
reflect the differences amongst the environments of the
individuals and aleo the intersctions wiich grise from these
differences. Variances of genetically uniform femilies,
parents and Fl s Will inclwde no genetic componentg. They
will contaln only the mgin effects of environmentgl diffe-
réences together with' the interactions of thege differences
with the particular genotype of each family. The megn

S
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q \
. E .
variance of the two true breeding perents 13 given by
! 2 i o
e, + +7g, )+ -tjg z
Z( 1 Zgiab/ z 1/an Z(Lgda z Ja/b )
= S ’ aay
and variance of F, fanily 1s given by

2
Z( €1 +7 gha+ *Zgl/ab

t
as shown in the previous chapter. / 1s sumation over

€ o e

environmentgl comparisons and / over the gene differences.

Now 1f gl1 the fanllies are distributed at random
over the envirorments we can uge S and € to correct the
verignoe of F2 for environmental and interactfve variations.
we then find
vle ¢ = 4D +H 1 47 +L
i lage

' 2
where A= Gy +1G; - Z(T_Gda -z

o)

P = g -1(Lnble )

4=aI+2Z'(e-%Zs;/ab)2 =2 }

! 2
- 22[3 +] giab/ -lj;l sl/a \

The variances of segregating generations exweept Fa
genetation can be written in terms of D, H, < , b, ¥ ,$
and € gs shown in Table No. 1 (b) (Vide pppendix IIX)



)

In case of Fa gene:bation we have to use different
quantities -{ ’ (5 , and 1( where

s 25m - Z'(zgd ey ) :

' oeae sk g -2 8n+tfsz,ab)2

1 s ed ‘:GI*;:L,GLQ(’:L**Z‘ha)a
«)(ey+#7 B - i);el/ab\

to correct for environmentgl gnd interactive components.
Ofcourse, in case of, FS’ biparentals end maternals, the
corraction is only required for within femily veriances.

The coefficients of & grd ¢ y in all cases are the
proportions of homeozygotes and heterozygotes expected
in the fahily under consideration.

The variances of family means shown in Table Fo. 1(b)
agsume that the fgmilies are large enough for sampling
variation to be negligible. If the gasmmption is not
valid, they will be inflated by an appropriate iéem for
sampling variationy gnd to this ektent will depend on the
non=heritable ard non-interactive components as well as
D, H, I, J and L. /

Thewarlances, such as ¥ and Wg  will not,
1¥23 123

in general, be cgpable of use in anaglysing variation

vhere gene-environment interactions are present, for the
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parents may be rglsed at a different time or in different
environments from their progeny. 1f, however, parents
and progany are ralsed and measured in the same rgnge of
environments, without ofcourse, introducing cofrelation
between environmental effacts, the govariances can be
includied 4n the group of data for gnalysis.

As far as E eonfxponant is concerned, it is of the femm
given by
v = V. 4+ xW +x2 ¥
(Q& ngh) e (@3 L &) I8
It invoYved three constants. Itgappears, tmkerefore, that
if enough different types of segregsting generatlions are

available these constants can 8lso be estimagted together

thus
wth Dy By I, Jy Ly & 5 Gy G o G , G and V, the
variance due to environment gets separgted from V
(® + X7 gh)

‘This may hot howdver, always be possible since the
estimation of Gp 403 ,Gf , Gy and G 1g not direct.
These components are estimated in the form of { ,(> and ¥
80 plways get entangled with other quantities.

Hon=Rapdop Plstributioy Over Environments:

In most experiments it mgy Mot be possible to have
families distributed at random over g common range of
environments. Hence it 1s desirable to extend consideration
to the cgse where each family 1s raised in one® or more

relatively compact groups, whichk are themselves distributed
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over g wider range of environments. In experiments
involving F3, 8; or Mo fanilles egch of them 1s common 1y
from in its own individugl plot the various plots being
disttibuted gt random over the bdlock of grourd which
also indludes all other families. The envirommental
differences affecting the varlation of individuals within
the plot are then different from those gffecting the
varlation in plot gnd family means.

Let the contribution made by environment to the
phenotype of an individugl im broken down intc two parts,
the one being the devigtion from the plot means (10)
caused by environmental didferences within the plot, and
the other being the deviation from the gross mean (je)
caeused by environmental differences btween plots, with the

assuwpption that the varlance of e 1is the sgme for all

2
values of ¢ gpart from sappling vartation. 1t is also
assumed that the same 1g true of the interaétion with

genotype to which the different enviktonments give rise.

Consider two gene differenceg, then the nine genotypes
will give rise to phenotypes Cthe phenotypie values are
eXpressed in terms of notations almaﬁy introdueed 71th
modification that the inferior suffixes m 1 and 2 on the
left correspord to 19 and 29) .



AABB: I + 13 + oL

AABD: II + 1111 + 211 1
AaBB: IV 4+ 1IVi + 21Vi
Agbbs I «+ 1’711 + 2?11
aaBbs vill +1v1111 + 2?1111
A4adbbs IX «+ 1131 + 2IX1

The means of F3 famllles, each grown in g separste
plot are giwen below, whcih are derived from diffrent

F2 plants.
Genotype of F, parent Kean of 3
AABBs I « 211
AABbt I+ X1y
Adbbs 111 +21111
AaBB3 X111 +2XII 1
AaBbs 7 X + 2x1
Aabbs X111 +2x1111
aaBBs Vil + 2V111
G?Bb‘ XIV + 2JLIV1

agbbt IX + 2131

R
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Then the varingce of Fy means 1s (neglecting sgupling

variagtion) given by, for two gene differences,
2 2
AL CRES VRS CIRR A
2 2
L - L -
s -1, ) iy - 41,)

+ 1§b/+é-;3§/b+5lq13‘f2>/a *éslﬁah +hi v‘zgda
&5
&Wagdb e Vg gl 28th* tWzsi

a ab/

+ +-V +1 7
3 Zgjn/b 32 Zgib/a 1s6 251/31::
+ Vv
(20 +.:-+25ha +;L|.2ghb +(‘a281/ab)

In case of V the mean variance within familles,

it is apperent mi:afor vholly AABB familieg thils 1s
2'(11;;9 s for aabb families it is 2'(1Ix1)2 y for
aaBB faniltes 1t 1s](,VILY , for Asbb fanilies 3t is
2'(1111])2 . Por segregsting families from parents
AABD, AgBB, AgBb, Aabb and X gaBb, we can EXpmEk
split the phenotypic family varimnce into components
within and between genotypes. Consider segrégating farllies
from AABb parents. Within 1 of the families comprigcing
plants of genotype AABB and AZbb, the within component
will bezi(llijz andl'(lﬁlf respectively, vhere as within
% of the families consisting of plants of genotype AABD,
it will bqZ(flIIf . The varlance between genotypes will,
however, be, equal to

Z'\: ,-ki(1+ 211)2 +(III + anxf}

s3(me 1) (T v P

The total varisnce within segregating familles from ALBD
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parents is then given by
7 [#{Gap? «uuPl o+ dlandis Hw gl
+{(a11) +(&m£§ + ${(ID) - +(2111)} -{(my+ gF1))] J

similarly for fhe segregeting families from parents AaBB,
aaBb, Aabb. For the segregating family from parents AaBb
the varingece is given by
Z'ﬁ-ép) + (Glq )}: +UIID + (GIT19)] : +AVID) + (gvnl)jl
LA + GEYY +8(an « Ii1y)) L+ (an + Iv%)
(v + (pm 1)) + (('ml) + (avnI ) J+ i{(V) + vyl
- {@ + (Ep) +Z“[( + (111 ) + (i x ¥y
&(n)g (1v)2+ (vx? + (VII1)) 21 44 (g 1)23

In origingl terms, the above,simplifies to
142 + 3 184, +22g§.) + $(aZ + Zlgd%’ +3 Gdb )
+-}(h "Zlﬂh +2232) + %(hb-l-zlgh +3 ghb)

2
e Tl T,D) e e T, )

2 ‘ '
+‘%Ubﬁa zlgdb/ +2-—25.‘11;./‘i +:Z(1/ab +Z131/§b +2231/§b)

'*2(10+#1gh + % Eh) -

Them combining the varigness of gll these nine types 6f
sagregating gnd non-sogregating familles in their expected
proportions we find that ‘ .
2 #
v = d - d -
B = 1@, b) f( o= é) +2&(n 1)
- 1 7
* Kh % b) 16 b/ +(:>sz +—] +-1
+H#H0 o+ -H’ + 4 W +% W R
254 o84 2fn,

+Lv +Ly +lv
Ly 2-3-.1a/b b4 283‘3/& 3 2glfab



3y 1V LV
“2V. + 3 T +3 V’g +—-Vg +o g ~V g
8,  Bay, C rh, B Thy C Ty, T
v 2y

" \ { { 8
iy, 0 EL, (Orlifag, 4Ty w1 Yen)
With more than two gene differences the above expression

for V and V F tgke s the form
1F3 23

(A o *RE L AT 4L L 4 oG oG 4 oG
I t -
128 el * B

Vr =t @ d | G0l 50 ) 1(Gu, a0y )

(v -
: '
where ,Gye =L V' and G, =LV ete.
1 ‘ ¢ 184a 2% 2gda

7/

Combining these two we get,

3

4 q
:;Eh R R +9G7)
O G 4G ) ¢ (B, ofp )
In a gimilar mammer, the varignces within and between

families for 8y and lﬁs generation can be worked out.
These are glven in Tgble No. 2 (vide Appendix III).

Apart from the degigns of the experiment mieh/ have
been congidered ghove in form of random and non-random
dlstribution over environments, there 1s glsoc the fguiliar
type of design used by Mgther and Vines (1952) whera g3
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paiir of true breeding lines, their Fl’ F_. and the two

2
backerosses to the two parents were ralsed over three years.
T™The different yoars can be regarded g3 providing g

common ragnge of environments distingulshed from egch

other in providing large effects between them.

Though it 13 not possible to undertgke the anglysis
of the data clted 1In this study agccording to the theore-
ticgl frame work discugsed gbove becguse of limited
number of statistics avallgble, yet it magy be of interest
to separate out the composite effects dye to additive
action of genes, domingnece devigtions, digenic interaction
deviagtions, effecks of environmentxs and corresponding
assoclated interactions. This can be done by studying the

generation megns.

Let the two components of one environmental comparison
mgy be denoted by Q and R. Then the expectations of various
x fgnlly and genergtion means derived from g cross xf t
between two inbred 1ineg§ can be expresssd in terms of
overall effects d,h,1,J,1,g4, 8, gi,'gj, g 988 defined

in chapter 3 and the environmental effect e,.

The se expectations are given by:
PQ = ( llH-d-'}Jh"‘i.J""kl) +(gd-%gh+§1-gi+tgl+61)
Py = ( " ) = " )
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P‘Q = (me-d-dh+i+J+dl) + (-gd-%gh+gi+g j-t—i-gl-q-el)
Pﬁ = ( n ) - n )
Fio = (m3h+41) + (tghﬁ—ﬁlq-el)
Fip ® ( » )= i )
F, < (m « +0)k B
an = (m - 91)

By e=(m+id+id) + (bgg+tgyrey)

BB=(“)-( " )
By = . (m-dd+dl) + (~dgqriggte;)
Bp = ( " )= n )

where PQ and P’R, are the two meazns of two parentgl families,
FlQ the mean of thelr progeny, Faq, the megn of gelfed
progenies from Fyn BQ and Ba., the ypneagng of the first
backcrosses to the parents, a3ll generationg raised in one
macroscfiwironment § (a season or year can be regarded as
such gn environment). Similgrly for the other macro=-
environment R. It may be noted that thess expectations

are sromnd m, the F, mean taken over both the facho-
environments. The above twelve equgtions can ba soved for
twelve paraneters. The variagnces of the parameters can
however be obtalned only 1f the error varlances of various
generation® means are avallabley If, however, more generation
means gre avallghble, the pgrameters can be fitted to thenm

by the least squares technique.

w 0 tw



The description of genetic components of variagtion in
pre sence of gene-enviromnment intergctions has been deglt
with in 1ts most general form. M attempt has been mede
to indigate the methods of biometrical analysis for the
separation of various components in two cagses viz.,
rendom and non-random distribution of individuals over
environments. A review of the glready existing litergture

on the relevant topic has glso been presented.

given by mine Ferotypes

The differences grong the eighteen phenotypes \with
two gene differences A=g gnd Be=b in each of the two en=
vironments can be desctibed In terms of seventeen parg-

meters. Eight of these parameters are dg,dy, hg,hp,i,p/

Ja/b ’Jb/a ,1/3.9 me gsuring the gverage effects of the

genic differences, the agllelic intergctions and the non-
allelic digenic type of intergctions as introduced by
Mgther (1949),and Hayman and Mather (1958). ‘6’!'1/6 is e, ,
megsuring the gverage effect of difference in enviromnments
and the rest eight parameters are gda’gdb’gha’ghb’giab/’
measuring the intergction of da’

g Y and
djaéb th{a gl/ab ad1,, with Mo ’
b8 90y ab/’da/b’jb/a and 1, e, re than -
two environments can be aceommodgted by partitioning the
envirormentsl differences into orthogonal e components.
Then the interaction terms cen be describel in terms of

correspording sets of orthogonal g components.

&h
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The veriance of F2 derived from a cross between
two truve breeding strains gnd of segregating familles
8 53 (biparentsl progenies) and M, (maternal progenises)
derifed from F2 are shown to be expressible in terms of
DB, TyJ,Ls Gy Gyy Opy Gy Gy, ard EFE. 1t is shown that
e comparisons oveur with g, terms s that E measuring
the variation due to enviromments gets inflated by
part of gy interaction. It is sglso interegting to note

that the sagme is true glso vhen digenic interactions are

not gaken into geccount as shown by Mather and Jones (1968)

In case of variances for Fos derived from F, the tems
?sﬂ"ba‘h ard EF2 chenge to P'aE'a%n%t end Ep,

regpectively. The first four qugntitiss chgnge their
definitions in the sense that ¥&» j's, and gj
founded with d's and g;'s 1's and gl‘s get confournded
with hts and gh's respectively. In EFs’ apart from the

‘s got con=

confounding of gh with ¢ as in EFz we also get confound-
ing of 31/ ) the proportion of & confounded being 4 and
a
|
that of gl/ab being o

So far as covariances of parents and offspring is
concerned 1t is fowd to be 0+ LI vhen he enwiromments
of parents and offsprings are uncorrelated whereas 1t
be comes 1D+ 3 I+Gp+ G+ EFg vhen the environments of
parents and offsprings gets wx correlated.

6



Wth a1l individugls of all gemerations distriduted

at random og‘etr&g:;\;ia;gnments, Gy Ggy Gyy Gyy Gy ard Ep
2!

appear in the forms of certaln transforms vViz.,d ,@,7,
b, and € . Tese transfoms are consistent in case of
Fa,% and M, generations. But in case of F:3 generation
because of G, G and EF having changed to GD' ’GH' and
Bg, Tespectively, different transforms viz.,d o, ad Y
are used in place of d,b,f. O grdtremain unchanged but
their coefficients chgnge from ¢ and ¥ to ¥ and #.
then in a generations such as Fa,sa or lﬁa the different
famllies agre each raised in a separate plot or group
the effects of environemhfal differences may be separated
into those within plots gnd those between plot means.
The expressions of variances between and within farily,

in such circumstances change characteristicelly.

=3 O te
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LXDresston Notation
d_+d 41~} -4
Mo ows B Hy. .- 1
g, +g +g. -3g. -3g. +4g e, - I
da dy Lab/ Ja/b Iv/a l/op 1 1
d +h. + -2l s
a2 b %Ja/b % /ab =
g, +g +38 . -3 +e .. TI
a h
a b Ja/b 1/ab L 1
d -4 -i - +35 +7z) .a 11
oS tans Ham Hp. g H
- -g. —ikg +4ig +hg s +e I1T
gda gdb g“a.b/ %ga %gah/a 4gl/ab 1 1
h +db++‘4‘a /b 41 /ab .o IV
8, *84 +%93 ~igl +e .e v
a H a/b /ab
h +h +1l/ b o v
g +8_ +ig +e ' v
ha hb l/ab L .
—d - - . VI
E Jb/g /ab
g, -8y kg, ~8, He . vi
h d 1 1 1
a b W /ab
- i ~3j 41 - Vil
da+d iab/+%']a/b é'}b/a RN
- - - + Vi
8y *84 g, +%gj %gj +48, el T
a b ab/ a/b b/ = /ab
= — i L l T 8 VIII
da+hb %Ja/b % /ab
gy *By -%g . +48q +eq .o VIIIl

a b da/b /ab




A e e N s T A S WS e S (e S ma S T e ey BN BN A B T s W e Gl A8 e MR S e bl W R e B SR e e W P W S g e Mt Ee e

Axpress on Notation
a0 any Yay Ry ey o X
_gda "gdb +giab/ +%gja/b+%gjb/a+i-g1/ab+el IX]-
$h_+3hy . X
38, thg  te) . X,

& b
da+-§hb . XTI
8 tiZ, te .o XT,
a b
#n _+d, . g
%P;ha +gdb te, o 1)
$h_-d .. AT
%gh -8, *e . XIII;
a b

-da-l»khb .o v
8q_ *i8n,  *°1 ‘- XTIV
#h_+4h+ % 1/ab .o LV
oy, iy, iR . XV,
da+%db+ﬁ-hb+»§~iab/ -:;-jb/a . VI
8, +%gdb +%ghb +é~giab , ﬁgjb/;- Xvi,
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Bxpression Notat“on
Wrdprib vy 2y t KV
%g%gda T8q, *38n,  *E; ., i85, pte1 Xvri,
44 _+3d, +3n +dh +41 .. XVITI
%gd;-%gdb +;‘ggha +§-ghb +-,§giab/ +ey .e XVIT Il
44 atEhthy+id, /y . KIL
%gda +ig, a+ghb +xgja/b *e, .. £TX,
h +ih +3d $3%, .o XX
gha+-5-ghb +-§~gdb ﬁ}gjb/a +eq . L&y
Caidytih $nul —31y 44y, °t XKL
8y, “HEq, tHE  He;  vigy ey - &7
4 o HEh g tihy .. XX1T
%gda+%gha+%ghb +eq - XLETy
%da —%db'*'%haq'%hb—iiab/ "t XXIIL
%gda-%gdb+%gha+-§-ghb—¢giag}}} +eq e XXITI4
ha+%hb .o XXIV
g, +%gh e, o XXTVL
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Bxpression Notation
ha+%‘hb'-‘%db-'£j b/a .o KXV
gha +%ghb -%gdb -Egjb/a +eq .o KAV
B Fdprih ¥ o i, . XXV
%‘%da —gdb*-:%gha“égiab/ﬁ?gja/b tey .o JL{VIl
3y +Eh +3hy . KAVTT
‘é‘gab-f%gh;%—ghb ey .. LVTT,
h +h .. XAVIT
ghb +§~gha +eq .o KLVILI
Bit-3d_+d, +4h -4 at}aj a/b . ALTX
—%gda‘bgdb.&%gha-%giab/ﬁ-gja/b ! o HIXl
~3d, +Hd 430 WD 2 e
—égda+%gdb+%aha+%ghb-%giab/+el . X0
-3 B +hy %, 1y oo £XXT
...é.gda+-§-gha +ghb-—f;gj /b +eq .o LLXI\l
“3d +3h +3h .. XXXIT

-85 +3g, +ig, +e .o XX T
a,"#8n T#8n, Tl 1
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Expression Notation
~5d, +Eh +3hy . XAXITY
-%gd;%gha’r%ghbwl . XXXTITq
'%’da"%db‘*'éha*%hb*i’iab/ .. XV
-é-gda-%gdb+%gha+%ghb+~zgiab761 . XALIVy
-8,y . ERw
—%gda-gdb*ﬂ%-gha'*%gia;?gj a/b+el o mwl
—da+§db+-§hb--§—iab s ruly /a .o XLLVT
-gda+%gdb+%ghb--%gg ab;&-g Jo/a e, .. XKV
~dgidpringeil Ly, iy, . RLVIT
“gda_%gdb-"%ghb vBe, L By, L KXXVII,
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TABLE 4

B’ sarental progenies in two gnvironmentsg-

The eighty-one possible squares are numbered
as below.

i 2 3 4 5 6 7 8 5

1 DEOWWm® 08 ©
o @O - e o UB)

3 e -
4 . - .
5 - - ..
6 . - .

7 e . .

3 - )
o (13) (714 (81

RS e a  w— e me e G e N T v— e ma g S v

The progernies in different sgquares are

exh bited below, and in the followi.g pages.

AABB ‘ S?ﬁmg No.

AABB (1)



4.

5.

|

AABB
P T+Il I+11

1
AABD Square Nos.
Q 1_11 II—IIl (2) and (10)
AABD
_HP I+I1 Square Nos,
AABB
Q I.7 (3) and (19)
1 , '
AaBB ’
P I+I IV+IV1 Square Nos,
AABB +
(4) and (28)
Q I-I, IV-IVy
AsBb
+ + + +
P I Il IT II1 IV Ivl W Vl
AABB: Square Nos.

Q I-Ip II-IT, IV-IV; V-V, (5) & (37)

1

Square MNos. £5¥ (13) and (29) will be having the
progeny as above but they are obtained from a eross

between (AABD x AaBB), /



(x1)

|
e 1 Aabb Square Nos.
P IT+IX V+V
AABB: 1 1 (6) & (46)
Q II-II1 V-Vl

8. The cross (AAbb x AaBB) yields the same progeny
as the above one and the squares having this type of

eross are (22) & (30).

9. aaBB
P IV+IV1 Square Nos.
AABB:
Q IV-IVl (79 & (55)
10. aaBh Square Hos.
P IV+IV v+vl
AABB: 1 {8) & (64)
Q IV-IV, V.V,

11, The cross (AABb x aaBB) gives the same progeny
as the above one and the sguares having this type

of cross are (18) & (56)

12, aabb Square Nos.
P V4V (9) & (73)

AABB: 1

Q V-V,

13, The cross {AAbb x aaBB) gives the same progeny
as the above one and the squares having this type

of cross are (25) & (57).

14. AABD Square Nos,
P I+I. TI+II. ITI+IIIX
AABD: 1 1 1 (11)
Q I—IlII-IIl III-IIIl
15. AADD Sq1 are Nos.
P I+I,  III+IILy
AABD: (12) & (20)
Q I-Il III--III:L



‘ (xn) \
|

|

16. AaBb Square Nos.
P I+IIII+IllIII+T1111V+IV1V+V1VI+V11
AABb: (14) & (38)

Q I-IlII-IIllII-IIIIIV-IVIV-ViVI—VII

17. Aabb

Square Nos,
P II+II,ITI+III, WV, VI+VE,
AABb: (15) & (47)

Q  II-II IIT-III, V-V, VI-VI,

18. The cross (AAbD x AaBb) gives the progeny same as
the above one and the squares having thjis type of
cross are (23) & (48)

19. aaBb Square Nos,
P IV+IV V+Vl VI+VIl
AABb: 1 (17) & (65)
Q IV-IV, V-Vy VI-VI;
20, aabb Square Nos.
P VYV, VI+VIy
AABD: (18) & (74)
Q V-Vl VI-VI
1
21. The cross (AAbb x aaBb) gives the progeny same as

the above one and the sguares having this type of
cross are (26) & (86)

22 AADD Square No.
P III+IIIl (21
Adbb:
R III-III 1
23, Aabb Squgre Nos.
P IIT+ITI4 VI+VIl ;
AfbD: (24) & (48)
Q III—III1 VI-VIg
24, aabb
P VI+VI Square Nos.
AAbb: 1

Q  VI-VI (27) & (75)



25.

27.

28.

30w

31,

32.

33.

[
1okiil)

AaB3
P I+Il IV+IV1 VII+VIIl Square No.
AaBB:
Q I-Iy IV-IV, VII-VII; (31)

A2Bb
P T+Iy III¥ITT; IV+IVy VVy VII+#VII; IX+IX
. 1 1 1 Wy 1 1
Q I-I; ITI-III; IV-IV; V-V, VIL-VII, IX-IX

Square Nos. (32) & (40)

1

Aabb
Sguare Nos.
P II+II1 V+Vl VIII+VIIIl
AaBB: (33) & (49)
Q II-IIl V-—V1 V’III-VIII:L
&aBB

Square Nos,
P IV+IV1 VII+VII4

"AaBB: (34)&(48)
Q IV-IVl VII-VIIl
aabBb
Square Nos.
P IV+IVl V+Vl VII+VIIl VIII+VIII1
AaBB: (35) & (67)

Q IVeIV,y V.V, VII-VII; VIII-VIII,

The cross (AaBb x aaBB) gives the progeny as the
above one and the squares having this type of corss
are (43) & (59).

aabb
P V+V, VIII+VIIIq

AaBB: (36) & (76)
Q V-vq VIII-VIII,

Square Nos.

The cross (Aabb x % aaBB) gives the progeny as
the above one and the sguares having this type of
crosg are (52) & (60).

AaBb

P I+I_IT+II.ITI+IIT
AaBbs: 1 1 1
I-T IT-~II TII-III IV-IV V-V VIIZVII VI-VI
< 1 1 1 101 =1 1

1
P VIII+VIIIl T+ T Square Nos,

Q VIII-VITT -
p B-IX (41)

IV+IV1V+V1VII+VII1VI+VI1
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34, Agbb

P II+II1 lVI+VIlVIII+VIIIlIX+IX
AaBb: 1
. Q II-IIlIII-IIIIV-V1VI-V11VIII-VIIIlIX-IIi

Square Nos. (42) & (50)
35. aaBb
+ +
p IV+IV1V+V1VI+VI VII+VII1VIII VIIIlIX le

AaBb: v 1
QI uIVlV-VlVI-Vll

III+IIIlv+V

VII-VIIIVIII-VIII:LIX—IXl

Square Nos. (44) & (68)

36 . aabb

P V+V1 VI+VIl VIII+VIIIl IX+IX1
AaBb: (45) & (77)
Q V-V, VI-VI4 VIII-VIIIq IX-IXg

Square Nos,

37 The cross (Aabb x aaBb) gives the progeny same as
the above one and the squares having this type of
cross are (53) & (69).

38, Aabb
P III+III; VI+VI, IX+IX Square No,
Aabb:
Q III=III, VI-VI; IX-T¥Xq (51)
39.
aabb
Agbb:P VI+VIl IX+IX1 Square Nos.
QR VI-VI, X-IX; (54) & (78)
40, aaBB ,
/
P VII+VIIl Square No,
aaBB:
Q VII-VIIZ, (61)



41.

42,

43,

44,

45.

\ (xv)

2aBb
/

P VII+VII1 VIII+VIII,
2aBB:
Q VII-VUIIE1 VIII-VIII1

aabb
P VIII+VIII;
Q VIIIVITI,

aabB:

aabb
P VII+VIIl VIII+VIIIl IX+IX1
aaBbs
Q VII—-VIIl VIII-VIIIl IX-IXl

/
H

aabb ,l
P VIII®#+VIIY IX+IX1 !
aaBb: 1 {'

Q VIII ~VITI, IX—IXl ,

7

2abb ‘
P DI+IX /
aabbs 1
Q  IX-IG

Square Nos,

(62) & (70)

Square Nos,

(63) & (79)

Square No.

(71)

Sguare Nos.

(72) & (80)

Square No.

(81)
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