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]w is axiomatic that selection can produce an effect on the genetioal omn- 

])gsition of a population only if there exists a certain amount  of gene.tioal 
heterogeneity.  This heflerogeneit~y wil] commonly depend, ol7 the segre- 
gation and recombination of genes controlling the eharactm" on which 

selection is being exercised. Indeed, unless segregation and recombina- 
t ion are both  occurring the reaction to selection will cease after a very  
few gene,'ations. Segr%a,tion itself, without recombination, can produce 
only a shm't lived advance with selee, t,ion. The reaction to a selective 
force mus t  be largely dependent, on the recom]~inat]on of genes where a, 
nmnbm' of these affect the character m question, as is the case with 
polygenie characters. 

The numher of genotypes possible with ~ s%regai, ing genes, each o:f 
two allelomorphs, is 3" in a di]ploid organism, and R is clear tha t  if n is 
af, aJ.l large, say 10 or more, it would be necessary to raise a great  number  
of i11divJduMs i~.~ order tha t  each ge~otype should be represented in a 
progeny or popula,t.ion. ]3yen, ihowevm:, if j~e pOssible genoty]?es are not 
all represe2~ted in any  one generaldon some of those pre,sent wilt majoy a 
selective advantage over the others and advances w.ith selection w.iI1 
no, our. The selected individnals wi]] in turn give rise to fresh progenies 
contaioi{lg s%regant  types  and further selection will thus be possible 
in. th.e next, generation. This process will be repeated for a nnmber  of 
generatio~.~s depen.di.,:~g ca  the popula¢ion, size, t]a.e ?:igour of seleetio:n 
a, nd the organization of the polygmnes a:ffec.t.h.tg the character, h i  genes'a J, 
all the va, hmb]e genotypes can be produced wRl? a relatively small num- 
ber of individua, ls in each. gmmra, gion provided that  a suflicient number  



310 T£e J~d, ct)t~e oJ Po~ycde?dc C'o~)~bi,r~ctt'io'~ 

of generations a:'e l'aised, during each of which selection is exercised. The 
~dvgmce in each genm'ation is small, but when continued over many 
gener~tions will be i :  total a large one. 

The speed of this :reaction is conditioned by the freedou: of recom- 
bination of.Uhe genes involved, as Goodale (1.938) has poinLed out. If all 
genes recombined :freely the ra.te of advance would depend on the 
number of genes seg~:egating, the size and breedihg system of ~he popula- 
tion, the ]:igov{r O~" selection and the magnitude of ~he damping effect 
exerted by envionmental influences on the manifestation of the character. 
Where, on the other hand, many of {she genes are linked into a number 
of' groups, depending on the number of chromosoe~es of the organis~~, the 
ra~e of advance with seleotJon must ~lso be influenced l~y ~he m.ganiza~ion 
of the combinations of these polygenes within the chromosomes. If 
genes ~cting in opposite clireetions, conveniently desoxibed as p~us a.nd 
minus,, are .int.ermingled albng ~he ch~:omosomes many eross-oveJ:s will 
be necessary before the combination most favoured by selection is 
produced. Selection will be slow in ao5on. If, however, the plusgenes 
tend to occur in one o~ more ch:'omoson:es and the min::s genes in othe~s, 
the number of egective xecombinati0ns necessary for the t\:1I advance 
w{tk selection will be small--smaller indeed than where a.lt the genes are 
unIinked. Selectio~ will then be very rapid. In this way the rate of 
advance in a. given stock may be either decreased or increased by linkage. 
So in order to u:derstand the action of selection on pop::Is~tions it is 
necessary first to know son:ething of the organization of ~he polygenic 
combinabons in the chromosomes. 

Now the effect of Ii~kage on the rate of advance, will vanish when a 
large number of experimental crosses or a heterogeneous and previously 
unseleo~ed population is considered; for in such a case all types of com- 
bination in a chromosome will be involved, and for qvery combination 
which slows down advance there will be another which ha, s an acceler- 
ating action. This can be seen from a simple example. 0onsider the effect 
of se~ng doubly heterozygous individuals AaBD. When the loci of A, a 
and B, b recombine freely the vaious types of progeny are expected 
with the relative frequencies 

A-& Aa aa 

/ g ~  ]. 2. l 
Bb 2 ~ 
bb 1 2 1 

I f  we ~hen suppose that ~he degree of expression of~some polygenie 
character affected by both genes is, equal to the number of capital l.e~ters 
in the genotxpe, the phenotypes will be 
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/~a a a  

B13 '4 3 2 
B b  3 $ 1 
l~b '2 i 0 

and the mean exp~ession in the :family is 9-0. 
Ne.x$ let these i~dividn~Is be selfed and solectio~ exercised so that 

the relative numbers of progeny of each plant surviving to the s%age at 
which the character is measured in the next. generation is the same as 
the phenotypic expression, i.e. that  A/kBB leaves on the average 
offspring, AaBB and _&ABle g each, aaBB, AaBb. and AA]bb 2 each, 
etc. The next generation will then. conmst of the rat ions genotypes in 
the proportions 

A / k  ~g.a a a  

B B  30 16 18 
Bb 26 £ 8 
~b 18 8 6 

These will. show the poiygenie character to the same. degree as the con'e- 
spondflag geno~yp_es i5 the p~evious generation: and ~he mean expression 
.of the population wif] be 2-5. 

I f  ~he genes are linked in the original-d.oul~le heterozygote, ~he re- 
combination f.requency being 0-25, on bo~h rome andt female sides, selting 
will give t, hef, en genotypes in the proportions 

_~xA A a  aa 

I313 ~/-' 2p~ 2) ~ 
t3D S:pg 2I/"/2g: 22q  

(I?) (c) 
Db 2) ~ 22) [ ft ~ 

whe:t'e 2 + . q =  l a.nd 7)=0-25 when the parent was in the coupling ]?~ase 
AB/ab  and  f--0.25 for the repnlsio n phase. Ab/aB.  Igote t]Ja.[ the class 
AaBb  is divisible into coupling (C) and r~palsi.on (7~,) double hetero- 
zygo-ees. The meals expression of the po]ygenic e.har,q.,ceer is, as before. 
%0. This it may be noted is t:/"ue no mat)~er wSat values.l) and q may take. 

These indh, iduals ~re then selfed a.nd sdsction is exercised, as in Lhe 
e_xampl.e of two nnlinked genes already eonside:t'ed. The various types of 
progeny aa'e found in the new generation with the relative freque~cies 

Coup[iug ( p = 0 " 2 5 )  /~.epulsion (~l =O-g5) 
~gOx A a  a a  A A  / k s  a a  

B B  401 ] 02 73 B B  1,i.5 102 20] 
BI~ 102 10 / 90 54 NTO 102 90 / 10 54 

(2/ (c) (5:) (6') 
bJo 73 54 65 JOb 201 54 65 

Taking the same p]_ enotypic values for each genot~yl.m as were used kt 
~he previous ge]:tera,tion the mean expression of 1;he coupling p:,:ogeny is 
9.7.5 and of the reprllsiou, progeJ.)y in 9.25. Thus when # =O-25, i.e. in {l~e 
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coupling phase, the adva:ace in the mean expression is 2-75- 2.00 = 0-75 ; 
when ~ = 0.5, i.e. free segregation, the adxrz~nce is 0-5; and when p =0-75, 
i.e. repulsion, the advance is 0.25. if equal numbers of co{I.pling and 
replflsion linked doubly hcterozygotes were used l;he .a~eaa ad.vanoe 
would be ~- (0-75 + 0-25), i.e. 0.5, just as when tlxe genes reeombined freely. 

With t].~ree linked genes the maximum rate of ~dvance is given by 
the eombin~vg~o:a ABC/aDc and. ~he -minimtrm by AbC/aBc,  with 
ABe/abC and ABe/aBE in in~ermedlste posRions. Still more grades 
are possible w i g  four genes, but the same general principle holds. f.n 
each case :h'eely recombixdng genes give rates of advance intermediate 
between those of coupled and repulsed linked genes. So in each case the 
advance typical of fceely recombining genes can and will be simulated 
by that of mixtures of the various linkage types, provided gh.at nothing 
prevents the oec~trrenee of such mixtures in the appropriate proportions, 
Seleetion can, however, alfece the rate of advance under Rs own action 
by changing ~he proportions of the various linkage types. 

~everting to oar simple example of two genes the original individuals 
were all dotlbty heterozygous and so displayed the same p'o~ential 
variability. The difference in reaction to the same seIective force was due 
to different rates of exposure of this heterozygosity-variability to the 
action of selection. The remaining variability remains hidden, in ~he 
sense that R exists as heterogeneity in the population of a type  on which 
selectio~ is not operative. Thus AABB and aaBB are different genoty-pes 
having, i~ o~r example, the same phenotype. Their difference represents 
genetic variability which is not exposed to selective action. AAbb and 
aabb also differ in ge~otype, but here ~he pheIlotypes are differen~ and 
the genetic variability is open to the action of selection. The variability 
is free, not potential as in the case of the difference between AABb 
and aaBB. 

Potential variation can be freed by s~fitable methods. If AADb and 
aaBB are intercrossed, their doubly heterozygous progeny will on selling 
produce a ra~zge of geno~ypes wRh phenotypic diffez'enees on which 
selection ~ill act. The variability is no longer wholly potential; some of 
it has been freed. 

WRh breeding systems other than continued selfing variability c~n 
be stored in other ways. Heterozygous types will be produced which are 
no~ subject to the full rigour of selecti.o~, bug which can he made to 
produce progeny in which the variatio~t is fa'ee. The method of freeing 
variability is dependent on the way in wkich R is s~ored and hence on 
¢he breeding system of the popNa~ion. 
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I~ has been shown (bfa-~her, 1941) cha:~ the reIa~ive amounts of 
potential and fz'ee variation will be in equilibrium in wild pop~flations, ~hc 
precise level of balance depending on the ra~e of change of the condition 
to wkich ads)ration is advantageous. In ~he majority of eases, where 
conditions are changing but slowly from generation to generation, the 
balance will be such that there is m~ch more potential than free variation. 
The free variation will tend to' be diminished by the action of selec~io~. 
in each genre'c/rich but will be continually replaced from the hidden store. 
In this way the opportunity for sdeo~ive response will be .maintained, 
the major part of the variation not being exposed to the risk of depletio~ 
from this cause. This can be expressed in another way by saying that the 
population will be capable of showing variation from which %tu~e 
ada]?tat.ion to changed conditions may flow, but will remain sutffcien~iy 
stable no~ to Jose adaptation to ]?resent conditions. Present fitness and 
the possibility of futtu'e change will be balanced against one another. 

~'Vi~h potential variation maintained at a higher level t~an free 
variation there will existin the population more linked combinations of 
the types which give slow response ~o selection ~han of the types which 
.allow of rapid change. Both types Mll ~rise 1@ random m~ga¢io~ and 
recombination of ~he genes, but the in~ernally balanced types will be 
fa~,om-ed by selective action. 

Evidence of the existence of these types of linked and balanced 
polygenic combinations has been obt~i~ed from a seleetion-experin:en~ in 
Di:osolddh~ .m.e~e.no~)cts~e.r (Na.ther, 1.~141), th.e polygenie character nsed 
beJn<~ abdominal hair number. This experhnent eventually yield.ed a 

'Ttd)te. l, 2'/~e: 'm.¢o~ abkZo,l~:,~~cd hair v~.u,~be.r oj' th.e ~:r,o pa..rc~.~,7,1, 

l~'l.e:m nun:l)er of ha.its 
on segme:~t,s 4 ~md 5 

Sleek ~Iale: ]~'em ales 
f O r +  39.88 44-59 

]?arett~I ~B]B 36-06 ,J.3 -~I.8 
! i-1-~13 44","~5 ,52"25 

telecl;ed ] L- + 27.63 34"45 
G y / P m ;  t t  / S?o* 25,20 36-70 

* Th:s stock coJ~.i~a.h~s ~::e ge,::o :[:, whi<:h reduces ~?Le al.:do:mh:M }:aiv num~bea'. 

stable Ligh se]e.ction s~,oo.k_ denoI:ed ~,s !-ioBB, and a stable low se].ec~ioJJ 

~toek, :]en<~ted by L-+, wl~ose n: cans differed by about, 17 hairs. The two 

p~re~:ba] ][nes: Or + and BB, each Lad a mean of a]?proxhnately 40 ha,fl's 
(see Table 1). TLe ac[vance with sele<'tion wn,s tLu.,s ~onsidp~-able in bo:,l~ 
d.ireol:ions. :[t t,he:rt seemed desirable to a,nalyse in more det:~i[ Che 
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organization of the linked polygenic combinations on which selection 
had acted in order to determine (~) how the ordering of the polygen'es 
in the ahromosomes ha,s been affected by select%n, and (b) how much of 
the poten$iaI variation had been r~sed up by the large response ~o 
selection obtained during the experlmen2. 

This type of analysis can o-nly be nndertaken using marker genes to 
e:nable partieula,r chromosomes arid segments of chromosomes to be 
reeogd.zed aad followed. The gene BB was actuAly segregating in the 
material on which selection was exercised, and its presence ]?or.minted the 
demonstration of a balance between whole chromosomes in the tV¢o 
parental s~ocks; bat  in ge:neral the experime/~t can be better made using 
special tester stocks to analyse the parental au.d derived lines after 
selection has ceased~ rather than by maintaining marker genes segregating 
in the materi~Q during the course of selection. The details of the me,hod 
of maldng the necessary comparisons will be described in the account of 
the experimental resuRs. 

2. T ~  ~FFEOrS o~ s ~ 5 m c T I o ~  o~ c m ~  w ~ r o z ~  C~XOS~OSO~XES 

The first series of tests was designed to ascertain which of the major 
chromosomes had been affected by selection daring the pro~[uetion of 
the selected lines from the cross Or + x BB. Males from the four stocks, 
two parental and two derived by selection, were crossed wRh females 
of a test;or having the constitution C y / P m ;  t t / S b  sr  In  (.3R) _~¢Io. The 
F~ generation gave Cy S t ,  Cy H, P m  S t ,  and P m  H flies of each sex. 
In the crosses which involved the BB parental stock and the H~BB 
selected stock the female .progeny were also E B / + ,  though the males, 
of coarse, had wikl4ype eyes. This enabled the sex chromosome to be 
partially followed in these tests; but as Or + and L - +  ,did not contain 
BB or any other similar marker, the effect of the sex chromosome cotild 
not be determined in these two cases. 

P m  Sb males from each of th.e four Fl 's  were backerossed to the tested 
stocks, Or +,  BB, H-BB and L~ +,  and 7~'s were also raised from each 
of the font" crosses. P m  and St~ were used because t t  ]~as an effect in 
reducing the number of abdominal hairs while Cy makes the flies awk- 
ward to handle d~uing the counting process. 

V~rious types of progeny were produced. In each baekeross P m  S t ,  
P m ,  Sb and + flies were found, as expected, in equaI numberi in both. 
sexes. Since, however, the BB and H-Bt~ stock females to which the 
i~j. males were backerossed gave only BB sons , .Pm was classified only 
in the B B / +  daughters of these baekerosses. P m  is not always elassi- 
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fiable with certainty in BB males. In the ff~ all combinations of Pm and 
Sb  were elassifiec] in the Or  + and L - +  test  crosses, while in the B B  
and I-LBB crosses all combinations of Pro ,  Sb  and BB were found. P m  
was not c lass~ed in B B  males for the same reason as in the ease of the 
baokerosses. 

After classification for these marker  genes the abdominal hairs of the 
various types of progeny were counted. ! v  each baokcross 10 females 
of the four types P m  Sly, P ro ,  S t ,  and + were counted, these being 
further subdivided into 5 BB and 5 not Bar whe~ever that character was 
segregating. I n  the males from the crosses involving O r  + and L - +  l0 
each of the P m  S t ,  Pro,  S t ,  and + classes were also counted. In  the 
B B  and H - B B  crosses 20 Sb  B B  and 20 B B  males were counted from 
the backcrosses (Pro  being unclassified as noted above) and 7 P m  S t ,  
7 P r o ,  7 S t ,  7 +,  6 Sb  B B  and 6 B B  (Pro  being unclassified i n t h e  last 
two classes) from the je~'s. The mean numbers of hairs of these various 
types  of progeny are given in Table 2. 

Let  us first consider the further analysis of the Or  + and L~ + tests. 
I n  each case the  Pn~ S t ,  P ro ,  Sb ,  and + flies were connted in equal 
numbers  in bo tk  sexes. Now the P m  Sb and Sb  flies differ in tha t  the 
lat ter  class receives both of its I I  chromosomes from the stock under 
test, i.e. O r  + oz" L - + ,  while the former class receives ozle chromosome 
I I  from the tested and one from the testes' stocks. P r n  and + flies difl'er 
in exactly the same way. So as equal number of flies were counted in all 
classes we m a y  take the difference between the hail: number  means of 
the P m  and not P m  flies, h'respectjve of whether they are Sb or not, as 
a, measure of the difference in polygemc consent of chromosome I I  in the 
tested, and gesger s~ocl~s. It may  be no~ed thai; only dominant  or partia.1].y 
dominant  polyge:nes in tlhe P m  chromosome will have an eftset on this 
di:fferenee. The fully dominant g)Txes of the tested elu'dmosome are not* 
detectable by  the crosses. 

Similarly the differen.ecs ixt polyge.ne content of chromosome i I I  in 
the tester s,nd tested stocks a.re ]n.easttred by  the differences between the 
means of d l  the Sb  :flies and all the nat  Sb  flies, ir~:espeetive of thdr  
being P m  or :not. The sexes a, re kept sepa.rag.~ t].]rouffhout a.itd so the 
ex:periment is in efl%ct duplicated, the two sets of data, serving as mnt~;ml 
checks. 

Exac t ly  the same analytical principle was. adopted for the resuRs of 
th.e B B  and t t - B B  tests. ]:£ers there may  be up to eig~,g recognizable 
classes of progeny in one sex. I n  determimng the effect of Chromosome 111 
P m  flies were compa.red with not P m  flies, the chssifications fer BB and 

21-2 



316 The Bcdanoe of PoiygeT~ic C'ombir~c~t,2ons 

Sb being neglected, and so on re? the other ~wo major eb.romosomes. I t  
will be observed that  ~his type of analysis is dependent on the P m  and 
nee P m  classes iztchtding equal nmnbers of SD BB, SD, B B  and '+ in- 
dividuals. The effects of differences in chromosomes X and III are thus 
evened out. Similarly, when analysing chromosome I I I  the effects of the 
other chromosomes m:e :removed by neglecting P m  and g B  dassillestion. 
The experiment and analysis are of ~he type termed "Tactorial' by 
agronozrdses. 

The mean differences ~}re given in the sigh{Sand three colum~s of 
Table 2. Their nrunerieal derivation is quite simple. Thus the eln:omo- 
some i I  difference in the females of the Or  + / ~  is re]presentable sy.m~ 
bolically as ½ (+  - ~ S b - P m - P r n S b ) ,  i.e. n~merioaHy as 

~ .~.,~,.~.~. ~) ~- ,m.~., ~.q-og-~ 6 --1-3.¢)--}~- (8 '7.0-83.0)=2.0.  

In most cases all the differences atDib~r~able to each chromosome have 
the same precision, but ia some eases where classification, for P m  was 
prevented, of partially prevented, by BB the predsions are ac t  all alike 
because some flies were of necessity omitted when determining eer~Mn of 
the differences. In every case the value of the tester chromosome from 
the C y / P m ;  H / S B  stock was subtracted from that of the tested chromo- 
some from Or +,  t3B, H-BB or L~ + as ~he case may be. 

We are now in a position to compare the homologous chromosomes 
from the four tested stocks. Thus chromosome LI of the t l -BB  selected 
line contains genes which give in F~ females 3.3 more hairs on the average 
than those in chromosome II of tb.e fiester. In L- + ~ females the genes 
of the tested chromosome II give an average of 1.5 hairs less than the 
tester chromosome Ii .  Hence the chromosome II' from }i-BB has genes 
giving 3.3 + 1-5, i.e. 4.8, more hairs ~h.an the corresponding chromosome 
from L- +.  There are, however, three different estimates of tllis differ- 
enee available from the whole experiment, viz. those from ~z females. 
from F e males and from hankerers females respectively. Their differences 
provide an. estimate of the standard error to Which the difference itself- 
is subject. 

To obtain this standard error we must go back a stage 'in the analysis 
to the difference between the ~es~ed and tester chromosomes. Each of 
these differences is estimated from various portions of ~he data. Thus the 
difference between chromosome II i n  Or  + and the tester stock is estL 
mated from four sources, F~ males and females and ba.ekm:oss males' and 
females. A sum of squa~ies of devia,tions from the mean of the fot£r ~s 
obtMn.ed. The four values are 2-00, -2-40, 0-90 a~.ld ,3.20, with a mean. of 
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0.925. The sam of squares of deviations from the  mean is then. i[7.3875. 
Similar sums of squares are obtained :from the tests of this chromosome 
in each of ehe oth.er stocks, and also f rom ~he various tests of the other  
two major  chromosomes. The sums of squ.ares so found are independen.~ 
of  one another.  Where  dHl~erent :[5~milies are 11ned this independence is 
obvio~ls; bu t  where the grovps added are f rom the same progenies, 
though  involving cliffere~t chromosomes~ the d~ta are independeit~ onty 
b y  vir tue of the factoriaI design of the e:~periment. The grand tota l  sum 
of squares is 3.'4.-3666 arid it corresponds to ")4 degrees of f reedom as 
shown by  the analysis of Table 3. The mean square, or variance of  a 
single difi!erenee is thus 34-.3666/24, i.e. 1-~1319. 

Table 3. l']~e portio~s of tl~e e~'.ro~" sum qf x~t.z~arex 
Degrees 

I~em Sum of squares of freedom 
Or+ chromosome II i7-3875 3 

chroraosom.e III 4..9~75 3 
BB chromosome X 1.0082 1 

chromosome II 1-5~[34 2 
chromosome III  1-7519 3 

H-Be chromosome X 0-9800 1 
chromosome II 0.4106 2 
chromosome II£ 4, t275 3 

L-+ chromosome II 1.1750 3 
chromosome III 1-0350 3 

To~M 34'3666 24 

This method of estimating the variance is to be preferred to the alter- 

native of estimating it from differences between individuals of the same 
kind in the same culture as the latter takes no account of in~ereulture 

differences. These may be very large when compared with intra-eulture 
variation. 

Table 2 also shows the mean ¢lifferences between given chromosomes 

of  the  tester and of  the fonx tes ted stocks. These m a y  be the averages of  
4, 3 or ,9 single differences. Where 4. v a h e s  are averaged the variaIice of 
the  mean  so obtained is 1.,~319/4~, i.e. 0-3580 and the s tandard  error is 
~/0-3580 or 0.5983. The variances and s t andard  errors of means based on 
3-and  2 single differences are found in the  same w a y  but  with 3 and  2 
respectively subst i tuted for 4= iiz the denominator .  

The final analysis is given in Table 4, which con.~,ains the mean  
di~eren.ces bebween the  homologous chromosomes f rom the  various 
tes ted stocks, the  tester chromosomes having  been eliminated b y  sl~b- 
t rac t ion  as described above. The s tandard  errors of the comparisons are 
also given in this table, Only o~e such difference is av~dlable for ~he 
X-chromosome as this could be analysed only in the B B  and H~BB 
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stocks. Not all the ctifferences of Table 4 are significan% hut  many are 
and the rest are consistent. So the whole story is reasonably clear. 

The two pa:rental lines differ only slightly in the bah" pJ:oducing 
;trength of the  chromosomes ! I  and III .  In each of these O r  + is slightiy 
stronger than  BB, I t  will be recalled that  this was already inferred .from 
the beha~dour of the X-chromosome in the account of the origin of the 
selected lines (tViather, 1941), where it was fonnd that  of the two stocks 
O r  + was slightly more hairy than  BB though the X-chromosome of 
B B  was stronger than that  of O r  +. Thus the ear~ier analysis depending 
on the use of the BB marker segregating in the material dlzring the process 
of selection has been fully confirmed by a somewhat different test. 

Table 4. Difference bet~oeen homoZQgous ~ohofe eh.~'omosomes of 
~]ze tested xtoc#s 

CL-omosome 

Difference _g II III 
Or+ -:BIB -- 0.6950~0-9139 0.2875 ~:0-8461 
O r +  - ~ - B I B  - -  - 2-1650 ~ 0 - 9 1 3 9  - 1-1500 ~0.8461.  
O r +  - L - +  - -  1 - 9 7 5 0 ~ 0 ' 8 4 6 1  1"9750 :k0"846I 
:BIB -HoIBIB 2 .2100  ~ 1 , 1 9 6 6  - 2 '8600 _+0-9770 - 1-4~375 ~, 0-8461 
BIB - L - +  - -  1'2800 ___0"9139 1-6875 ±0"8461 
1~-t~B-L-÷ --  4-1400±0.9139 3-1250 ±0,8461 

The two se]ected lines differ markectly and. siglz[fic, ant]y from each 
ot4er in both of their large a,atosomes, and i t  in clear from the com~ 
parison of each of them with {heir ]?a.rcnts tha t  eft'ectblve recom-bina,tions 
of potygenes has .occllrred in both  IAese chromosomes during the course 
of ,;election_ Thus, for example, chromosome I I  in the B B  parental, stock 
prodl~ces 2-860 less hairs.than chromosome ii of H~BB. Th.e Or  + parevim.1 
sl~oek shnilarly has a, chromosome II producing 2.165 less hairs t]h.au 
chromosome II  of H-BB. So the H-BB chromosome must, have received 
+ polygenes 5:ore both parental I I  chromosomes. 

It would appear tha t  chromosome II has played a larger p a rb t h a n  
has chromosome i l I  in the selection of.the high line. The two ~iutosomes 
have on the othm: hand been of ro~ghly equal iml?ortance in tb.6 develop- 
m.ent of the low line. 

Tk, e d.if[el:c~tee i.a the N-chromosome of the I~B and ~ B B  lines 
t b t t g h  i1_l the dh.'ectiol? expected is not sig.uiltcant. So there is ~_/o good[ 
evidence of seIectlon having acted on recombinant ,sex chromosomes. This 
is fully borne out by evidence presented in a later seetiom 
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So far ~,e. have considered c~hanges in the total effects of the different 
chromosomes, but  an extension of the same analy~,ieal technique can he 
llsed to obtain information as to the action of different parts of the same 
chromosome. Two chromos.crees ha,re been analysed, chromosomes X 
and t i t .  Chromosome I I  was omitted as a suitable tester stock was not 
immediately available. 

Chromosome I l l  has been shown in the last section, to have undergone. 
internal changes during the pro&tetion of both selected lines. Of the 
~wo parental stocks, Or  + displayed a slightly greater hai r  producing 
s~rength in its third eIn'omosome ~han did BB. In the high selection line, 
lFI-BB, the thh:d chromosome is stronger than either pare]~t and in the 
low sei.ection line, L~+, it is correspondingly weal~er. Efl%c~:ive re- 
com.bination has occurred a.nd been selected in both eases. 

The natm'e of these internal arrangements has bee~ analysed ~sing 
h, th,  e s and ca as the marker genes. The ~ester stock was actually 
M@ c a / r u h t h s g c u  s r e  ~ ca; ey% and each of the f o,~ s~ocks; two 
parental and two selected, was c~ossed to flies of this constitution. In  the 
N I generation not-M@ flies were chosen and crossed back to r u  h th  s t  cu 
s r e  ~ ca; ey ~- males. The offspring of ~hese crosses were classifiec[ for the 
marker genes and  their numbers of abdomiJaal hairs counted. Not ali 
the m~rkers were followed. The fourth chromosome was neglected and 
as r u  prdved di~oult  to classify on flies showing various combinations of 
ey a and BB it t6o was omitted from the account. The hies were then 
classified for alI the remaining genes, but  as recombination in the regions 
th - s t ,  s t-on,  c u - s r  a n d ' s r - e  s was rather rare these regions were 
grouped and treated as one. Thus effectively four marker genes were 
followed as detailed above. They are reasqnably well distribu%ed along 
the length of the genetical chromosome. 

Double and higher recombinant types were neglected since they are 
too rate ~o be useful in this type of analysis. So eight classes of offspring 
were counted, two non-recombmant classes, two showing recombination 
in the region h- th ,  two showing recombination between .th and e ~ and 
:anaLly two showing recombhaation between e ~ and ca. The mean. numbers 
of hairs on the fourth and f~th abdominal segments and numbers of 
individuals co~mted are shown. ~n TuNe 5. I~ will be observed that  niales 
and females are presented separately as are :flies from the two cultui~es of 
each kind. I n  some eases the numbers of flies are very  small, indeed the 
whole experiment was rendered diNcnlt by the rather marked in~%rtitity 
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oi" She ru  h th  st  cu s r e  s ca; ey ~ parents. C!are was taken to provide 
a nleans of estimating the sampling errm' and so the paucity uf ~mmbers 
gives rise to little di:meuity of interpretation. I t  may  be added that  the 
difference between the duplicate results, g e m  which the variance is 
estimated, was so mn,ch higher than the variance in hair number of 
simila¢ flies from the same eult~a.e that  increasing the numbers wmfld 
have availed little in ,'educing samptieg error. Some method of ensuring 
more comparable results from different classes would have been of more 
value in giving the experimen.t greate]; precision. 

Before discussing the furl:her ana].ysis of these data it is necessary 
to digress a little in. order to consider the n~tttre of the ind~muation 
which is obtained. Each of the mal'ker genes may have associated with 
it a number of polygenes, detectable only by this association. These 
associa.ted genes may or may not affect the abdoniin,q.I hair aura'err. I f  
an effective gene rarely o r  never recombines with the marker its full 

effect on hair number will be eXl3ressed by the 3:n.ea~ difference in hair 
number existing between the two classes separable by the marker. If, 
however, a certain degree of recombination is fou~id between the polygene 
and the marker the full effect of the polygene is not detectable in this 
way. The effect as measured by the difference between two classes 
separated ca the basis of the marker must be less than the.fuil  effect. 
Tl~.~is a polygene, A-a, showing 33.3 °//o recombination with the marker 
B-b vritl give four classes in the baokcross in the proportions 2 AB : 1 Ab : 
1 a S :  2 a t .  These are separated into B and b types, the former cen- 
t.sluing A azad a allelomorphs in the ratio of 2:1 and the lat~er ksr ing  
the same allelomorphs on the ratio I : 2. So calling the difference between 
A and a unity the mean  difference between the B and b classes will be 
½ [ ( 2 A + l a ) - ( 1 A + 2 a ) ]  - 1  ( A - a )  ' In other words the use of the --g =.~-. 
marker gene allows only one-third of the effect of A-a to be detected. 
I~ gives a meastu, e of what may be termed the qinkage moment '  of the 
polygene about the marker. (Unlike the familiar moment of statics this 
linkage moment decreases as the distance from the marker increases.) 
There may be several 2olygenes associated with each marker and sp the 
total  difference observed, is the sum of the moments  of the individual 
genes. This question has been discussed in more detail, though in a 
different connexion, by Ba,rtlett & !-IaIdane (19"-35). 

The summed kidiage moments of the genes associated with any marker 
are measured as the difference in the mean hair nnmber between, flies of 
th.e two classes separable by  means of the marker. Thus the effect of the 
poiygenes associated with the th  Ioeus may be found by tal;ie.g the 
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di.ffezence in hair number of any two classes w}lich differ solely in tha t  
one has th  and t h e  other the corresponding + al le lomorI i .  In our 
crosses two estimates of %Iris difference are obtainable. The not gh class 
which shows reeombinat%n in the region t h - e  s, viz. e s ca, differs f~om 
the th  class showing recombination between h and th,  viz. t h e  ~ ca, 
in this way. Similarly the classes h t h  and h also provide an estimate of 
the effects of the genes associated with th. The two differences in hair 
hatuber provided by these comparisons should be the same, apart  from 
the effect of sampling error, unless there is some non-additive relation 
between those polygenes associated ~t5 th  and those in other parts of 
the eh{-omosome. This possibilRy cannot be adeq.ua~ely tested f rom the 

present data, but  if the estimate of sampling var iance is based on the 
diserel~aneies between such pah-s of differences it will make due allowance 
for any distortion caused by  interactions in effect of sets of polygenes. 

The analysis of th.e d~ta Was carried ou~ by differencing in the way 
outlined above. Eight classes of proge£y were observed, "~dz. 

1. + 
2.  h t h  e ~ c a  

3. t h e  s ca  

~1. h 
5. e ~ c a  

6. h th  
7. C~ 

S. h th e s 

n o n . - r e e o  robins.rich. 

recombination in region 1. 

recombination in region 2. 

l'e.cornbi:aation in region 3. 

I f  we call the groups of polygenes associated wit;h the loci h, th .  e ~ and 
ca, A~a, ]Bd~, Co% and D-d :respectively, ~he capital letter den.otiug the 
group :fro:re. the tested. stock and the sma.lI lette:r t, he group from the 
h t h e  ~ ca tester, we can find. 

A-a as 1 ~L o:r 5 - 2  

Bob as 5-3 or ,i 6 

C-c a,,s 7-5 or 6...8 

D-d as 1 7 or 8-3 

the numerals denotsing the mea.~ hair numlJer of the cla,sses mu.~bered 
correspond:[ugly in the preceding list. I t  may be noted here %hat tl~e use 
of this .differencing teohnklue minimizes distuN~a~.loes d~m t,o sex va.:ria~ 
tions and [;o env.h'onmenta] variations between cu]tm.'e ])ottles. 

Each cu ra re  pro%d~s a dup]ieate est~mate of tile ef[ect of each 
marl<ed assoeiat.[on of polygenes. T}]e sexes were :kep6 separate and two 
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cultures of each ]rind were raised, so tha t  ill addition to the internal 
duplica~ion, sex and. eaRures give a further quadruplication. The four 
sets of data were combined i.s.~o one estimate of the hair humbet ellfief- 
knee, only the internal duplication being allowed ~o remain in order to 
proxdde an eseimage of error. The means and[ hence the differences of the 
qua~buplicates are based o~ different m:!.mbers of observations.and so 
are of unequal precision. T h e y  mus~ be weighted dt~ring l~he process of 
combirmdoa. 

The weigbl;ing system used was based on the xrambe]:s of individual 
~,m,~<vabions involved in each of the means. Suppose each individual 
observation is subject ~o a variance V. The:a the mean of n z observations 
h.as a wria.nce ]7/~h, and else mean of .~.., observations a variance of V/.n,.. 

The variance of the.b difference is thus F(~+~), an.d since F m a y  be 

taken as conseant over a series of observations the variances of {he 

,. if er0nees the pro ,o,: *o ns ( * + i t, { ! .  l ] ,  etc.  , ,0c sion 
U h  ~C./ \ ' %  ' ~n4/ 

of an observation is conveniently .meas~tred b y  the recipl'oeal of its 
variance and so the weights used in combining the differences are of the 

type ~ - - T '  ie .  - - .  The use of these w e i g h t s m a y  be illustrated by 
~l ~ '~l.~. 

~I ~2 
considering the combination of the four estimates of the difference 1-~t 
in t~he tests of L- +.  These four estimates, derived from the males and 
females of the awe like cultures, were found to be -4 .97 ,  -4-01,  - 1 . 8 0  
and - 1-47. The first was.found as the cEfference of two means one based 
on 10 observations and the other on 3 observaio~.s. So its weight is 
l O x 3  
10+~=2.307.  The weights of the others are  similarly 4-117 (10 and 7' 

observations), 2.-857 {10 and { obserhmtions) and 3.74:9 (10 and 6 observa- 
tions). The weighted mean of the four is then calculated as 

1 
9 ~  

2-307 + i . l l 7  +2.857 + 3-749 [(~.97 x ~.-o07) + (4.01 x ~ ' i t7 )  

+ (1.60.x 2.857) +(1-47 x 3-749)] 

38.052'7 
. . . .  2-920. 

13-050 

The o~her entries in Table 6 are calculated in the same way. 
At this stage of the analysis we are left with eigh~ mean differences, 

forming four duplicate pairs, in each of the tests of O r  + ,  BB, t t - B B  
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and Lo +. The final" differences, denoted above as A-a, B b, C-c and D-d 
are then obtained as the unweigl~ted means of the con'esponding pah's 
of differences shown in.T~ble 6. Thus fo~ exan~ple in the Or + test, I-~ 
has avahm of -0-660 and its homologue, 3-2, a value of -0-930. Each 

measures the effect of the polygenes associated with the h icons. The 
average effect of these polygenes is thns - ½ (0-660 + 0-930) = -- 0"795. 

The variance of these final mean differen.ees is found from a con- 
sideration of the dJscrel]ancies between the two estimates of each differ- 
ence_ I n  the  example of the previous paragraph this discrepancy is 
0-930-0-660=0-270.  There m 'e  ]6 such values to be found, four from 
each of the fern" tests; but not all of these may  be used as they are not all 
independent.  Thus A-a is estimated by the two differences 1-~; and 3-2, 

Table 6. 

Test 
Or 

k~LB]3 
L-+ 

Test 

Or+ 
BB 
Iff-B'B 
L - +  

Dua{ and ~l.ea.n e~t'imc~tes of the yolygenie d,ifferer~ces between 
the tested a~d tester stoe/cs of chrom, osome I I I  

{ h )  A-a ( t h )  : B - : b  

~ i r s t  S e c o n d  F i r s t  S e c o n d  
e s t i m a t e  estimate zYiean e s t i m a t e  e s t i m a t e  ~{e~n 

- 0-660 - 0 .930 0.795 - 0 .567  ~ 2-183 - 1"375 
- 1.~52 - 0 - ~ I 5  - 0 ' 9 3 ~  1-359 - 0 . 6 7 3  0,343 
- 2-937 0-333 - 1-302 0-233 3-86~ 2-048 
- ~ ' 9 - 0  - 1-4167 2"19d - 2"903 - - ~ - 2 " 0 9 3  

(e') C-c (ca) D-d 

:Fh'st Second lqrst Second 
e s t ima , t e  ~s t i raa~e  l~{eaff e s t i m a t e  e s t i m a t e  -~][ea.n 

- 1.5-10 - 0 + 1 0 2  - -  (I.851 0-79S - 2 - 0 9 6  - 1.298 
- 0-4,92 1-078 0-:593 - 0 4 8 0  - 0-770 - 0.625 

1-310 - 0 - 6 5 0  0'327 - ~ , 2 1 ]  I-] 6:i - 0-024~ 
0 7 5 - i  0 .295 0 5 2 0  - 0 .750  -- 1 .023 ~ 0 8 8 7  

while the calculatim~, of B-b involves 5-.3 and ~'i. 6. Two of the observa- 
dons,  ¢1: axial 3, are common to the two pairs.of e, stin:ates, which are Jn 
6onssqaene, e eo.rreh.~ed. We may, hewers< use two Bets of data  from sash 
test, either the A-a  and C-c figures, or alte:rnativdy B-B and D-d. Ea, oh 
sudl pM.:,: involves every observation once. We then :find t, he discrepa.ncies 
b e t w e e n  t l [ e  t t v o  e s t h n & ~ e s  o f  A - a  a r i d  o f .  C - c  . i l : ~  e a c h  of the : [ o u r  t e s t s .  

T h e s e  a r e  s q l . t a r e . d  a n d  t.]~s s q u a r e s  s u l T n n e d  a . n d  d i v i d e d  b y  2 ,  i n  a c c o r d -  

anee wRh the usual 2ra.ctiee of estima.l;Jng slmls of squares. Eight  such 
values are munnmd aud so die sum of squares ~:orresponds to eight d%rees 
of fi'eeclom. TThe mea.].~,square, o.r variance, of each estimate of A-a, 
~ d ~  etc. is then fount1 bY dividing eight J~t,o bSe sum of sqlis,res. I f  I;he 
A a and C-c d fsorepanc[es are us~.d to su.p].)ly materhl,] :for this calculation 
the 'va:chl,ncs is 1-5377 ]mt if ~,,-1~ and D-d a:l.'e e:m])loyed :i.I; is estimated 
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as 2-2S99. The latter value will be used as a precaution against over- 
gs~,imation of significance. 

']]his is the varkmee of a single estimate of any  diff'erenee. The fin.a[ 
difk~rences obtained were, however, found as the means of a pair of 
individual cliff%reacts. The va.dance of each of ~hese final mean differences 
is thus ½ (2-2899)=1.I4-495. 

The last stage of the calculation is the eompar'~son o:[ the tested stocks 
with each other. The results so far have consisted of differences between 
tl~.e individual tested stocks and the common tester. A positive valrm 
shows tha t  the tested stock has shou te r  hair precluding genes than does 
~he ~ester, and a negative that  the tester stock genes are stronger allan 
those in. the tested line. We now find the &ifferenees between {he gone 
associations of the ten, ted stocks themselves by  subtraction. Or  + gives 
a value of ~ 0.795 for A-a  when compared wi~h the tester a~td BB gives 
a value of -0-93'4 for the same association. Then the dift'eren.ce between 
O r  + and B B  in this region is 0.934-0-795,  i.e. 0.129. Both are weakem 
here than  the tester but  O r  + is less so than BB.  The other differences 
of this kind are given in Table 7. ~aeh  is the difference of two mean 
values and so will have twice the variance of a single mean. This will be 

Table 7. PoZygenic d.ifferm~ees between t/m tested 
stoc[c, in various regions of ch.ro~noaorne f f I  

Differellee A (h) B (th) C (e ~) D (ca) 

O r +  - t l B  0-139 - 1-718 - 1-444 - 0-024 
O r +  - H - B B  0-,507 - 3.423* - 1 ' t78  - 0-625 
O r +  - L - +  1:-399 0-718 - 1,371 0-238 
B B  - H - B B  0.368 - 1-705 0-266 - 0-601 

I9B L--t- 1.260 2.436 0.073 0,262 
I-t BB-L-+ 0,$92 4.141" - 0'193 0.863 

2Al differences h~ve a .~a.ndard error  of I '5132.  
* Probab i l i ty  of  less ~han 0'05. 

2. x i-I¢995 or 2.2899. The standard error of the entries in Table 7 is thus 

~/2.2899, i.e. 1-5132. Any difference between two tested stock means 
which exceeds 3 may be considered to be significant. 

It appears that only two entries in Table 7 aze significant on this 

test, viz. the difference between I-I-BB ~nd L- + in the genes associated 
with th, i.e. B-b,  and the difference between H~BB and O r +  in this 
same region. I-I-BB has polygenes making for more hairs than those of 

L - +  and O r  +.  I t  may, however, reasonably be supposed that ,  as ~he 
results are consistent, !{-BB is also stronger than BB and L - 4  weaker 
{hart either O r  + or BB in ~his region of chromosome I I I .  :Effective 
recombination of po]ygenes has o~cnrred near the t h  locus and t, he 
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reeombina,nts have been selected, in both high and low lines. The rest of 
the chromosome, with the possible exception of the h region in the L- + 
line, has not transgressed ~he parental limits drcring the selection of 
either derived line. All the release of stored variability has occurred in 
the section near to th. 

The experiment described in § 2 pro~dded no evidence that a change 
had ooom:red in the total hair p~:oduei~g strength of the X-chromosome 
during selection of the }I-BB line. This has been fully confirmed by the 
analysis of the distribution of polygenes along the tengSh of the chromo- 
some. I t  also appears from %his lat, er experiment that  the same con- 
clusion holds good %r the L -+  line. 

In  outline the exlberimen~ was like that. conducted for the analysis 
of chromosome III.  3iales of each of the four stocks, two parental and 
two derived, were mated with sc ec cv ot 6 v g~ i females, al~d daughters 
of these four crosses were mated to their brothers who contained, of 
course: an unc%anged sc ec cv et ~ v g'-' f chromosome.. I t  would perhaps 
have been better to use ,stock males carrying this chromosome because 
segregation of the a.ntosomes no doubt inc"eased the error variability of 
the results. This advantage was o~set by the increased vigour of the 
outbred males, and since sterility constituted a very real problem in 
these expm:im.ents it was dodged to use the brothm:s. 

In each case two females were bred separa3ely, each Being a]]owed to 
lay in. two %cities suceessively, Thus 'four cultures of each ~est cross mere 
obtained. In  a.ddition ma, les and females from each culture were recorded 
and the.ir hairs counted separately, just as in the analysis of chromo- 
some III. 

The analysis of tlie X~ehromosome yidded results differ%g in t~vo 
ways from those of the previous section. In the :fi.rs~ ]?]ace one of the 
marker genes used in tlie tester X-cliromosome, %z. so, i t sdf  reduced the 
number  of abdominal hairs to a very marked degree. So sc ~lies could 
not; be employed in deeermining the differences a,~g:t'ibatable to the 
polygenes associa,ted wid~ the various loci, :t Hence ~Jo analysis of t i e  
polygenes ~,ssociated ~dth sc v,~,s possible and, wha.b is even more trouble- 
some, a single c,:d~ure provided iz~ each sex only m:e estima, ee of the efr.eaI; 
of the ]?olygenes associated wi~h each of the call.or markers. The du..liioate 
estimates necessary for the estimation (g errm" variance ].~ rest be obtained 

s The  gone h i n  chromosotae, l l I  does no t  appea.r to a, ff~..'ct ~bdomiaa.t  h~dr number ,  a.s 
iL mtgl.te perhapa  ha,re been expec ted  to do. 
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in a way diiiering from Chag used in chromosome I I I  whez'e internal 
duplication was obtained. 

Secondly, %b, ere is no reason to ,suppose tha t  the two sexes wilt give 
similar resubs in fhis analysis; for the males wilI show t, he effects of aU 
the sex-linl~ed polygenes, except Chose whose action .is suppressed by ~l~e 
Y-ehromcsomc, while the females will show only ~he effects of those 
genes @ore ~he tesl~ed stocks which are not recessive to th,eir al ldomorphs 
in ehe tester chromosome. I:a the case of chromosome i I I ,  males and 
females were alike in gl~.e evidence which they supplJ.ed. 

One consequence of this possible sex difference is tha t  males and 
females cannot be used ~o supply duplicate sosgigs :for the estimate of 
the error variance. The da]?l[cate enltnres must  be used instead. It ~has 

already been noted tha t  in fact> test  cross two he terozygoas  females 
were used each being Mlowed to lay in two bottles. The two.bottles from 
each female m a y  be com.bitLed and the discrepancies between the remdts 
:from the two individua.1 females used to pxo~dde the estimate of error. 

The m e a n  hair numbers of the different classes dis~ingNshable by 
means of the markers are given,in Table 8, together Witll the numbers of 
individuals on which they are based. There are six cI~sses, the gone ee 
not being followed as it is difficutt to classify on- ~ I !  flies. These classes are 

t, + 
2. c v c @ v g 2 f  
3. c t  ~ v g" f 

4, v gS'f 
5. gS f 

6- f 

non-z'ecombination, 

recombination between so and cv. 
recombination between cv and c@. 
recombination between c@ and, v. 
re_combination between v and g< 
recombination between g2 and f. 

I t  will be seen ~ha~ the so classes are omitted from account, 
The following differences are then found: 

3-2 giving an estimate of A~a 
i - 3  ,, B-b  
,5 4- ,, C - c  

6 - 5  ,, D~d 

-1-6 ,, E - e  

where A-a measures the difference in effect of the polygenes associaSed 
wish the ev locus in the tested and 8esterstocks,  B-b  tha t  assooiaSed 
with e¢ ~, C-e that associated with v, D-d ~,hat associated wb]l gZ and 
E-e that associated wi~h f. The two mean differences from the bottles in 

which a single fems,le has laid are then combined, using weights based on 
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t he  nmnbe r s  o:LindixdduMs of eadh class involved,  e x a c t l y  as in  the  case 

of ch romosome  I I I .  ]~lale and  fema.]e resul ts  were k e p t  separa te .  

The r ema inde r  of t he  analys is  is the  same as t h a t  of the  previous  

sect ion.  The  means  of t he  two es t imates  of A-a ,  B - b ,  etc. in each tes t  

are fbund  and the  discrepancies between the  t w o  est imates of effect of 

each set of po]ygenes  are  used  a.s the basis of the  e s t i m a t e  of error. I n  

o=dez" to avo id  d i [ i cu l t i e s  ar is ing f rom the  non- independence  of some  of 

t he  d iscrepancies  only those  f l 'om A~a, C-c and E-e  are used; male and 

female  resul t s  being pooled ,  i n  all  the re  are 24 such differences, as 3 are 

t a k e n  f rom the d a t a  concerning  each sex in  four  differ'cut tests .  The sum 

of squares  is 98.27086¢ which  for  24 degrees of f r eedom gives a mean  

square  of 4c0946. TNs  is the  va r i ance  of each mean  difference be tween  the  

te,~ted and t e s t e r  stocks.  
Tab le  9 gives- alI these  differences be tween  t e s ted  a n d  t e s te r  s tocks 

while Table  10 gives ~he difference be tween  the  t e s ted  s tocks  themselves  

as de r i ved  f rom Table  9 b y  sub t rac t ion .  These cor respond  to Tables  6 

a n d  7 respec t ive ly  fdr t he  ch romosome  I I I  da ta ,  b u t  un l ike  t he  earl ier  

~ a b l e  10.. Pol~ge.~gc d4ffere~zces bstween tJze tested stoc£s 
i~ various ~w'io~w of' d~.ro~noso,me iX 

f 

Difference A (cv) 13 (¢t s) C (v) D (g-") E (f) 
Or+  -:B:B 0-133 0.18;. - 1.139 1-933 -2.206 
Or-t- -IaI-IBB 3-632* - 0"545 - 1-0~5 I:112 -2-776 
Ox*-F - L- + .b77~ - 0"068 - @955 3:092 - 3"217 
lab -K-BIB 3.509* -0.726 0.114 -@82I -0-570 
BB - L - +  1-655 -0.249 0.184 1-1.59 -1.021 
i-I-1BB L-+ --1.854 0.477 0-070 1-980 -0.451 

~em:~les 
2,  

Difference *A <cv) B (clP) C (v} D (g~) E {~)' 
O r +  -:BIB - 1,198 0.61,1 - 1.2-J:~ 0-105 - 2,712 
O~'+ - 2:LBB 0,961 0,121 -0,621 0-70:~ - 2.689 
Or+  - L - +  0-618 0-001 -1-0116 ].-8-J:l -0-970 
t313 .- :E-IB:B 2-162 - U-493 0.825 0-8~5 0-013 
~:B - L- + ]-812 - 0-613 2,272 - 2.04-2 1-742 
:It-]~B - L-+ -0-34:6 -0.120 1.6d7 -2.887 ]-719 

AII diE'erences have a st.anda't'd error oI:'.2.023s. 
a,~ :ProbM)~til,y bet, worm 0.t 0 aud 0,05 

ones t]: ley ooutn,in t w o  sets o f  en0ries since the sexes are/~e]) t  separate in 
th is  aulal)~sJs, Each  of the entr ies in  Tab le  10 ]~]rS a ~{alia,~c¢ e'qaal bo t~hat 

o f  t he  single i tems of Tab le  9, v iz .  4"0946, The standa, r d  era'or is ,@i,0946 

i.e. 2-0235. A n y  Entry  in  Tab le  10 whirls, is less than  4 i~ vatue cannob be 

considered as f u l l y  s igniEc~nL On ~hi,~ basis no i l e m  in tha,t tab le  m a y  

22-2 
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be considm:ed highly s igni~ant  ~md ~here. is .thLm no :~ully demon~traBIe 
change in the hair ifumber polygenes of the X-chi, omosome in either sex. 

Though not quite significant, l:wo of the di:fferences of Table I0 are 
very suggestive. In the m~iles, where ma~mtrm el~'ects sre expected, 
tl~e polygenes a,ssoci~ed with cv, denol:ed as A, show little difference 
between the Or + and[ BB parental stocks, yet the selected g - B B  ]i~_xe 
is m~rkedly lower than either pa.renL in this region. 16 gives--va, hms of 
3.6a2 and 3.509 when subt,raceed from the :parentM valses. The prob- 
ability of differences of this magni~c!d.e is less than 10 %. Such a change 
is clearly aga~ns~ t;h.e action of selection btr~ it appears t o t e  compensated, 
a~ least to some exl:ent, by smMler cha~lges in the opposite direction.in 
other parts of the chremosome. In this way the l:o~al e~ect of the 
c~u:o~.~.osome would be unaItered. 

Such a redistribution of the + and - genes along the chromosome 
couId occur as a result of recombination, and indeed would be expected 
to occur on occasions if unlike balanced polygeiic combinations were 
allowed to recombine wi~h each other. In this w~y the stored variabiiity 
which the balanced combinations eo£tain can change withoat any great 
quanti V being released and exposed to the action of selection. The 
storage of pelygenio variability is not a static process. I t  is essentially 
dynamic in ~h.at recombination must always be bringing about redistribu- 
tions of the genes within the combinations. The e x t e n t t o  which ~his 
process can go ~oh without causing a corresponding rele£se and Ices of 
variability must depend on ~he precise way !n which the + and - genes 
of the combinations are intermingled along the chromosomes. 

5. ])OLYGENI0 CO~.IBINATIONS IN POPULATIONS 

Three results emerge from these analyses. In the first place selection 
affects all chromosomes. Balanced polygerie combinations are not the 
monopoly of any one chromosome. They may occur and be acted on by 
selecgion in any member ofthe complement. Secondly, alargephenotypi< 
change may be brought about b y  recombination ef polygenes in a small. 
portion of a single chromosome. ~inally the polygenes in combination 
in a chromosome may recombine with those of another combination to 
give new types wieh different arrangements of the + and - genes 
withoab causing any marked release of variation in the form of changes 
in the effect of the chromosome as a whole. 

The first two resnlf, s when taken together emphasise the very largo 
amount of heritable quantitative variation that can be s~ored in the 
form of baIanoed combinations, in  ~he origin of the lines ~ested above 
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selection gave rise ~o a difference of about 17 hairs in eight generations, 
i.e. a oharige equal t o  a.bou$ ~0 ~ of the h a t  lmmbers of the pal:en%al 
lines (Table 1). The selective changes were about equally divided between 
two large au.$osomes as shown by the a.nalysf's of § 2. i/e% the detectable 
change in 6no of these chromosomes wa.s sho~m in §°& So be eonfin.ed ¢o 
a rslagi~ely small portion of that  chromosome. TNs section of chromo- 
s-ome I I I  {s not peculiar in containing: polygs~ic differences, as experiment 
has shown the other two major chromoson~es to have effects. 

It would be ~nwise to attempt, on She basis of these data, to arrive at 
any estimate of the total change possible if all portions of all chromo- 
seines recombine in sttch a way as to release all their stored variation. 
It is, however, dear tha.t when so much can depend on one section of a 
chromosome very large total selective advances are possible. Quite 
possibly gre~ter effects were not obtained in ~he 12reduction of.the H~BB 
and L-.+ lines as-the, small number of parents, never greater tha~ 6, used 
in each generation allowed homozygosity ¢o develop before dae. full 
selective potentialities had been realized. This eonohsion as to the great 
selective °changes possible is fully verified by Wigan (1941) wh.o showed 
tha t  on sobering wild D~'oso2hil, c~ mef~.,~wg~s~er She number of st6rno- 
p].em'ai chaegae could be doubled in five generations even though a very 
small number of parents was used in each generation. 

There is thus every reason to believe that the organization of poly- 
genes into balanced combinations provides storage for a~l s.moant of 
varia.bflity amply sufficient So give rise to changes of the magnitude 
which must occur d.uring the separaSion of' species in the wild. During 
tliis process which takes many generations and is ooI~cerzled with larger 
popu]aSions tl~an are possible J.u the labora.~ory, a .greater release can be 
achieved than  would be possible in experiment, sve?:~ though the same 
oombinaSions be used. Not all the variability will be so rer~dily ~[vailable 
as that  released and selected during the course of She experiment  91 
which H-Bt3 and. L- + were built up. Seine sections of c]iromosome ma.y 
have combinatio:L~.s of genes so tightly linked as to prevent reoo:mbina- 
tion except as a r~riSy. In an experiment such eombina.tions would 
seldom, if ever; be broken down, yet in natm:e dgh(, ]:in]mge of this kind 
would serve merely to prolong She processes of relent,so and reaction to 
selection, a,s homozygosity syoald ~oe expected So supervene. 

The third resl:dt of the present analysis, viz. the redistribution of 
genes aloug the chro:mosome wil:houg much.change m totat effect ])rings 
out ~he dynamic nature of polygen[c organization. The number of com- 
bina.tions possible with a few.score genes is enormous and each will have 
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its characteri.stic properties both of phenotypie expression, homozygous 
a, nd in combination with other genes, and of.vs,~:iation releas~ by recom- 
bination with other associations. Under any gh~en set of conditions some 
combinations will be adwtttageous in giving a wall adapt.ed.phenotyl)e 
and others will be disadvantageous owing to maladaptation. The former 
will tend to increase in relative frequency as a result of natural selection 
while the latter will tend to become rarer. There will, of course, be every 
gradation of fitness between ~he extremes observable in the popr[lation 
and many combinations may show rortghly She same effect. 

Those eombina~tions which tend to increase in frequency wilt, how- 
ever, show continual recombination and hence will throw others which 
may either be e@ally well adapted to conditions, or, m,o~:e likely, less 
well adapted. Sinfilarly the poor eombin~bio:as will recombine to give 
a certain proportion of better types. In general the balance of change 
must be towards the loss of fitness by recombination except possibly in 
populations sabject ~o a steadily changi.ng en~-ironment. The possible 
increase in frequency of any good type as a result of natural selection 
is limited and must be counterbalanced by some eqaM prooes-5 causing 
a diminution in frequency. In the same way the steady loss fro?n the 
population of relatively disadvantageous ~ypes by selection must in 
general be replaced by recombination; otherwise such ~ypes would wnish 
and the variability of the population would decrease to the wnishing 
point, with the consequence that further evolutionary change would 
become impossible and ultimate extinction certain, 

One %rther agent of change in polygenie combinations remains to be 
mentioned, viz. mutation. Though this will clearly not be so important 
as recombination in causing redistribution of genes, and consequent 
alteration in adaptation, i~ plays a fundamental part in that it is the 
ultimate source of all heritable variation. The gradual disappearance of 
extremely disadvantageous combinations tends to reduce the reser,/oir 
of variability ba~ this reduction is eountsraeted by mutation steadily 
adding to the store of variation. In this w~y mutation makes possible 
the storage of v%riabili~y'and the balaneing of gene combinations. Its 
role in changing one combination into another is seconda{7, such changes 
being more easily brought ~bout ;by recombination. 

Thus we can form some" pictu.re o f  the behaviot~r of polygenes in a 
wild population. The polygenie oombir.~a$ions which give extreme pheno- 
types are at a disadva,nta, ge as compared with those tha~, give better 
adapted individuals. The former decrease and the latter increase in 
frequency raider the aetidfl of selection. The variability lost by t)he 
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selective elimination of poor types is continual]y replaced by mutation 
of the polygenes, l-]Zeterozygosity a~id linkage provide the means of 
storage, while recombination is the distributing agency. It is oonti~ually 
reshuffling the genes in the ohromsomes, continually giving new com~ 
binations which may be better, but are usuMly worse, adapted th~n their 
progeni$ors. I~eeombination thus lowe~s present fitness but maintains 
the possibility of future change and its frequency will be subject to the 
action of seleotion by virtue of these properties. The opposing advantages 
of stability and variability will be balanced against each o~her by adapta~ 
tion of the recombination frequency. 

The pheno~ypic characteristic of a population may be much more 
stable than the genotypes. Some polygenes are always becoming h6mo- 
zygous as a result of both random and selective loss, and others are 
m.lltating at the same time. The proportion of heterozygous'and homg~ 
zygous loci may, indeed probably will, be fairly constant but  the actual 
loci which are heterogeneous are changing all the time. Similarly the 
poiygenio combinations are cdntinuMly changing both as a result of 
mutation and, mort especially, from the redistribution of already hetero- 
geneous loci by means of recombination. In. Sl?51;e of this the superfidM 
stability of the phenotypie expression is maintained. The numerous 
polyge~es, eac)  h.aving a small effect indistifignisha,b].e from that of any 
other, allow of a continua.1 state of genotypic flux under cover of a statis- 
tically consta.nt phenotypic array, in much the sachs wa.y a.s the numerous 
molecules of a gas each act in a.n nnpredieta.])le way, yet taken together 
beha.ve according to certain regular laws. Tihe picture given by a stu.d.y of 
qaalita,tive genetica] variation in.the wild is comt)le ~ely ch anted when the 
behavionr of l?olygel~eS is considered. 

tJ. ~ u 3 ~ I A ~ y  

Lin]~age of po]ygenes may either increase or decrease the rate of 
advance under She action of selection, according to whether ~he genes 
are coupled or repulsecl..I%ecombin~.ion is, in :['gcK the means by which 
~h.e. rate o:I' release of potential, i.e. hidden~ genetic'~.] varia.tion is mad.e 
free to the ac~,ion o:[' seleotioL In this w~ 7 both the recombiJ]a.t~ion 
frequency and. the phase o:C lhikage a,re acl.aptivc and helroe are them- 
s el.ves subjec~ to se].ectivc control. In genera,1 a slow r~te of ~;elease of" 
vaaiation will be favoured. 

]Experimental anMyses of certain stocks ofDrosopfdk~, ~nd,(Lnoq(I,~l.er 
selected for their number of abdominal hMrs, and o:f the parental stocks 
from which they were derived, show ~,ha~ 
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(a) balancing of polygenic combinations may occur is. a.ny chromo- 
80!lle~ , 

(5) a large change can ocettr under the action of selection as a result 
of unbal~,~cing thepolygenes in a smaK segment of chromosome, and 

(e) reordm'Jng of the genes :nay occur in a ¢hromosome in m mh a way 
[hat the effects of iad.iv[ffual segments are changed while ~h.e e:ffeet of 
~he chromosome as a whole remains nearly tonal;ant. 

From bhese results it is seen that balanced polygetfie combinations 
pruvide ample sforage for the variation ne_eessary fo give selee[ive changes 
of ~he magnitude required by spee.ies formation. ]~{ttt, afiion ilfitially 
provides tile reservob of variation and is eontinnally maintaiming its 
level, while at the same time recombination maintains the gene com- 
binations iu a state of flux an{[ slowly exposes the variation to the action 
of selection. S~able, or nearly sta])le, phmsotypie eharae~m'is~-ics of a 
popnlat)ion hide an ever changing genotypic constitution. 
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