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1. LINEAGE AND VARIATIOR

IT is axlomatic that selection can produce an effect on the genetical com-
position of & population only if there exists a certain amount of genetical
heterogeneity. This heterogeneity will commonly depend on the segre-
gation and recombination of genes controlling the character on which
selection is being exercised. Indeed, unless segregatior and fecombina-
tion are bhoth occurring the reaction to selection will cease after a very
few generations. Segregation itself, without recomhination, can produce
anly a short-lived advance with selection. The veaction to a selective
force must be largely dependent on the recombination of genes where a
number of these aflect the character i question, as is the case with
polygenic characters.

The number of genotypes possible with # segregating genes, each of
two allelomorphs, 1s 3 in a diplold organism, and it is clear that if = is
at all large, say 10 or more, it would be necessary tc raise a great number
of individuals in order that each genobype should be represented in a
progeny or population. Even, however, if the possible genotypes are not
all represented in any one generation some of thoge present will cujoy a
selective advantage over the others and advances with selection wily
oceur. The selected individuals will in turn give rise to fresh progenies
containing segregant types and further selection will thus be possible
in the next generation, This process will be repeated for a nnmber of
generations depending on the population size, the rigour of selection
and the orgamization of the polygenes affecting the character. Iu general,
all the valuable genotypes can be produced with a relatively small pum-
ber of individuals in each generation provided that a sufficient number
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of generations ave raised, during each of which selection is exercised. The
actvance in each generation is small, but when continued over many
generations will be in total a large one.

The speed of this reaction is conditioned by the freedom of recom-
bination of bhe genes involved, as Goodate (1938) has pointed out. If all
genes recombined freely the rate of advance would depend on the
ﬂﬂmb‘l ol genes segr sgating, the size and breeding system of the popula-
tion, the rigetw of selection and the magnitude of the damping effect
exerted by envionmental influences on the manifestation of the character.
Where, on the other hand, many of the genes are linked mto a namber
of groups, depending on the number of chromosowes of the organiso, the
rate of advance with selection must also be influenced by the organization
of the combinations of these polygenes within the chromosomes. If
genes acling 1 opposite directions, conveniently described as plu& and
minus, are {ntermingled along the chromosomes many Cross-overs will
be necessary before the combination most favoured by selection is
produced. Selection will he slow in action. If, however, the plus genes
tend to ocour in one or more chromosomes and the minus genes in cthers,
the number of effective yecombinations necessary for the full advance
with selection will be small—smaller indeed than where all the genes are
unlinked. Belection will then be very rapid. In this way the rate of
advance in a given stocl may be either decreased ov increased by linkage.
So in order to understand the action of selection on populations i is
necessary first to know something of tlie organization of the polygenic
combinations in the Ghmmosomes

Now the effect of linkage on the rate of advance.will varish when a
large numeber of experimental crosses or a heterogeneous and previously
unselected population is considered; for in such a case all types of com-
bination in a cbromosome will be involved, and for every combination
which slows down advance there will be another which has an acceler-
ating action. This can be seen from a simple example. Consider the effect
of selfing doubly beterozygous individuals AaBb. When the loc of A, a
and B, b recombine freelv the various types of progeny are expected
with the velative frequencies

A/ Aa aa
BR 1 2 1
Bh 3 Y 2
bb 1 3 1

If we then suppose that the degree of expression of some polygenic
character affected by both genes is,equal to the number of capital letters
in the genotype, the phenotypes will be
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AX Aa aa
BB 4 3 2
Bb 3 2 1
bbb 2 1 ]

and the mean expression in the family is 2-0.

Next let these individuals be selfed and selection exercised so that
the relative numbers of progeny of each plant surviving fo the stage ab
which the character is measured in the next generation is the same as
the phenotypic expression, ie. that AABB leaves on the average 4
offspring, AaBB and AABD 5 each, aaBB, AaBb and AAbb 2 each,
etc. The next generation will then consist of the varions genotypes in
the proportions

AA Aa aa
BB 30 18 18
Bh 5 B3 8
bbb i8 8 6

These will show the polygenic character ta the sawe degree as the coire-
sponding genotypes ift the previous generation, and the mean expression
of the population will be 2-5. -

If the genes ave linked in the original double heterozygote, the re-
combination frequency bheing 0-25, on both male and fewale sides, selfing
will give the ten genotypes in the proportions

AL Aa aa
EB ¢* 2pg P
Bb 2pg 2p*f2g* Zng
(R) ()
bb Pt Zpy gt

wheve p+g=1 and p=0325 when the parent was in the coupling phase
AB/ak and ¢==0-35 for the repulzion phase Ab/aB. Note that the class
AaBb is divisible into coupling {€) and repulsion (R} double heterc-
zygotes. The mean expression of the polygenic character is, as before,
2-0. T'his it may be noted 1s true no matber what values p and ¢ may talke.
These individuals ave then selfed and selection is exercised as in the
example of two unlinked genes already considered. The various types of
progery ave Tound in the next generation with the relative frequencies

Coupling {p=0-25) Repulsion (g =0-55)
AR Aa aa Al Ba an
BR 401 102 e EB 145 02 Rt
Bl 102 10790 5 Bb 102 90 /10 54
{B) {h i ) ()
bb 73 5 65 bb 201 5l 65

Taking the same phenotypic values for each genotype ag were used in
the previous generation the mean expression of the coupling progeny is
2.75 and of the repulsion progeny in 3-25. Thus when p=0-25, i.e. in the
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coupling phase, the advance in the mean expression is 2-75 —2-00 = 0-75;
when p=0-5, i.e. free segregation, the advance is 0-5; and when p=0-75,
i.e. repulsion, the advance is 0-25. If eqnal numbers of coupling and
repulsion linked doubly heterozygotes were used the plean advance
would be & (0-75+0-25), i.e. 0-5, just ag when the genes recombined freely.

With three linked genes the maximum rate of advance is given by
the combination ABC/abe and the minimum by AbC/aBe, with
ABc/abC and Abc/aBC in intermediate positions. Still more grades
are possible with four genes, hut the same general principle holds. In
each case freely recombining genes give rates of advance intermediate
between those of coupled and repulsed linked genes. So in each case the
advance typical of {reely recombining genes can and will he simulated
by that of mixtures of the various linkage types, provided that nothing
prevents the cccurrence of such mixtures in the appropriate proporfions,
Selection can, however, affect the rate of advance under its own action
by changing the proportions of the varions linkage types.
~ Reverting to our simple example of two genes the original individuals
were all doubly heterozygous and so displayed the same potential
variability. The difference In reaction to the same selective force was due
to different rates of exposure of this heterozygosiby-variability to the
action of selection. The remaimng variability remains hidden, in the
sense that it exists as heterogeneity in the population of a type on which
selection 1s not operative. Thus AADbD and aaBB are different genotypes
having, in our example, the same phenotype. Their difference represents
genetic variability which is not exposed to selective action. AAbb and
aabb also differ in genotype, but here the phenotypes are different and
the genetic variability is open to the acfion of selection. The variability
is free, nmot potential as in the case of the difference bstween AAbLD
and aaBB.

Potential variation can be freed by suitable methods. If AAbb and
aaBB are intercrossed, their doubly heterozygous progeny will on selfing
produce a range of genotypes with phenotypic differences on which
selection will act. The variability is no longer wholly potential; some of
it has been freed.

With breeding systems other than continued selfing variability can
be stored in other ways. Heterozygous types will be produced which are
not subject to the full rigour of selection but whick can he made to
produce progeny in which the variation is free. The method of fresing
variability is dependent on the way in which it is stored and hence on
the breeding system of the population.
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It has been shown (Mather, 1941) that the relative amounts of
pobential and fres variation will be in equilibrium in wild populations, the
precise level of halance depending on the rate of change of the condition
to which adaptation is advantageous. In the majority of cases, whera
conditions are changing but slowly from generation to generafion, the
balance will be such that there is much more potential than free variation.
The free variation will tend to be diminished by the action of selection
in each generation but will be continually replaced from the hidden store.
In this way the opportunity for selective response will be imaintained,
the major part of the variation not being exposed to the risk of depletion
from this cause. This can be expressed in ancther way by saying that the
population will be capable of showing variation from which future
adaptation to changed conditions may fow, but will remain sufficiently
stable not to lose adaptation to present conditions. Present fitness and
the possibility of futwre change will be balanced against one another.

With potential variation maintained at a higher level than free
variation there will exist in the population more linked combinations of
the types which give slow response to selection than of the types which
allow of rapid change. Both types will arise by random mutation and
recombination of the genes, but the internally balanced types will be
favoured by selective achion.

Evidence of the existence of these types of linked and bhalanced
polygenic combinations has been obtained from a selection experiment in
Diosophila melanogasier (Mather, 1941), the polygenic character used
being abdominal hair number. This experiment eventually yielded a

Table 1. The mean abdomnal hawr mapnber of the two parendal,
twa selected, cand tester stocks

Fean number of hairs
on segiments 4 and 5
2.

Il ™

Stock Males Females
1 [OTH 39-88 4d-59
Parontal |57 3606 13-4
Seloctedq JE-BB 4485 5025
' ) S 27-63 34-45
Cy/Pm; H/Sb* 2594 3470

* This stock contains the gene M, which reduces the abdominal hair number.
stable high selection stock, denoted as H-BB, and a stable low selection
stoclk, denoted by L- +, whose means differed by about 17 hairs. The two
}‘.-Ebl'(-l}:i'l‘wﬂ& lines, Or + and BB, each had a mean of approximately 40 haivs
(see Table 1). The advance with selection was thus considerable 1n hoth
directions. It then seemed desirable to analyse In more debail the

Journ. of Genetics 43 3
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organization of the linked polygenic combinations on which selection
had acted in ovder to determine (¢) how the ordering of the polygenes
in the chromosomes has been affected by selection, and (b) how much of
the potential variation had been wused up by the large response fo
selection obtained during the experiment.

This type of analysis can only be underfaken using marker genes to
enable particular chromosomes and segments of chromosomes to be
recognized aad followed. The gene BB was actually segregating in the
material on which selection was exercised, and ibs presence permibted the
demonstration of a halance hetween whole chromosomes in the two
parental stocks; but in general the experiment can be hebter made using
special tester stocks to analyse the parental avd derived lines after
selection hag ceased, rather than by maintaining mavker genes segregating
in the material during the course of selection. The details of the method
of making the necessary comparisons will be described in the account of
the experimental results.

2. THE EPFECTS OF SELECTION ON THE WHOLE CHROMOSOMES

The first series of tests was designed to ascertain which of the major
chromosomes had been affected by selection during the procuction of
the selected lines from the cross Or + x BB, Males from the four stocks,
two parental and two derived by selection, were crossed with females
of a tester having the constitution Cy/Pm; H/Sh sr In (3R) Mo, The
F, generation gave Cy Sbh, Cy H, Pm Sh, and Pm 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 BB/ +, though the males,
of course, had wild-type eyes. This enakled 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 could
not be determined in these two cages.

Pm Sb males from each of the four F,’s were backcrossed o the tested
stocks, Or 4+, BB, H-BB and L-+, and F,’s were also raised from each
of the four crosses. Prm and Sb were used because H has an effect in
reducing the number of abdominsl hairs while Cy makes the flies awk-
ward to handle during the counting process.

Various types of progeny were produced. Tn each baclkoross Pm Sh,
Pm, Sb and + flies were found, as expecied, in equal numbers in both
sexes. Since, however, the BB and H-BB stock females to which the
F, males were backcrossed. gave only BB sons, Pm was classified only
in the BB/ + daughters of these backcrosses. P is not always classt-
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fiable with certainty in BB males. Tn the £, all combinations of Pm and
Sb were clagsified in the Or+ and L-+ test crosses, while in the BR
and H-BB crosses all combinations of Pm, 8b and BB were found. Pm
was not classified in BB males for the same reason ag in the case of the
backerosses.

After classification for these marker genes the abdominal hairs of the
various types of progeny wera counted. In each backeross 10 fomales
of the four types Pm Sh, Pm, Sb, and + were counted, these being
further subdivided into 5 BB and 5 not Bar wherever that character was
segregating. In the males from the crosses nvolving Or+ and L-+10
each of the Pm Sh, Pm, Sh, and + classes were also counted. In the
BB and H-BEB crosses 20 8b BB and 20 BB males were ¢ounted from
the backerosses (Pm being unclagsified as noted above) and 7 Pm Sb,
7Pm, 7 Sh, 7T+, 6 Sb BB and 6 BB (Pm being unclassified in the last
two classes) from the Fy’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.
In each case the Pm Sb, Pm, Sb, and + flies were counted in egual
nmbers in both sexes. Now the Pm S8b and Sb flies differ in that the
. latter class receives both of its 1 chromosomes from the stock under
test, 1.e. Or+ or L-+, while the former clags receives one chromosome
11 from the tested and one from the tester stocks. Pm and + flies differ
i exactly the same way. So as equal number of flies were counted in all
classes we may take the difference between the hair number means of
the Pro and not Pm flies, irrespective of whether they ave Sb or not, as
a measure of the difference in polygenic content of chzomosome I1 in the
tested and tester stocks. It may be nobed that only dominant or partially
donninant polygenes in the Pm chromosome will have an effect on this
difference. The fully dominant genes of the tested chrémoscme are not
detectable by the crosses.

Similarly the differences in polygene content of chromosome 11T in
the tester and tested stocks are measured by the differences between the
wmeans of all the 8Sb flias and all the not Sh flies, i_r.fr:espe@tive of their
heing Pm or not. The sexes are kept separate throughout and so the
experiment is in effect duplicated, the two sets of data serving as mutial
checks.

Bizactly the same analytical principle was adopted for the resulés of
the BB and H-BB tfests. Here there may he up to eight recognizable
clagses of progeny in one sex. In determining the effect of chromosome 11
P Aies were compared with not P flies, the classifications for BB and

21-2
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Sb being neglected, and so on for the other two major chromosomes. It
will be observed that this type of analysis is dependent on the Pm and
not Pm classes including equal numbers of Sb BB, Sb, BB and + in-
dividuals. The effects of differences in chromosomes X and TIT are thus
evened oub. Similarly, when aunalysing chromosome I1II the effects of the
other chromosomes are removed by neglecting Pm and BB classification.
The experiment and analysis ave of the type termed ‘factorial’ by
agronomists,

The mean differences are given in the right-band three columns of
Table 2. Their numerical derivation is quite simple. Thus the chromo-
some 11 difference in the females of the Or 4 F, is representable sym-
bolically as § (+ +8b—Pm — PmSh), i.e. numerically as

14830438 —39-6 —43-4) =1 (87-0 — 83-0) = 2-0.

In most cases all the differences attributable to each chromosome have
the same precision, hut in some cases where classification for Pm was
prevented, o partially prevented, by BB the precisions are vot all alike
because some flies were of necessity omitted when determining cerain of
the differences. In every case the value of the tester chromosome from
the Gy/Pm; H/8b stock was subtractad from that of the tested chromo-
some from Or +, BB, H-BB or L-+ as the case may be.

We are now in a pesifion to compare the homologous chromosomes
from the four tested stocks. Thus chromosome IT of the H-BB selected
Iine conbains genes which give in F, females 3:3 more hairs on the average
than these in chromosome IT of the tester. In L-4 F, females the genes
of the tested chromosome X give an average of 1-5 hairs less than the
tester chromosome II. Hence the chromosome II from Fi-BB has genes
giving 33 +1-5, i.e. 4-8, more hairs than the corresponding chromosome
from L-+. There are, however, three different estimates of this differ-
ence avallable from the whole experiment, viz. those from F, females,
from F, males and from backeross females respectively. Their differences
provide an estimate of the standard error to which the difference itself
is subject.

To obtain this sbandard error we must go back a stage in the analysis
to the difference between the tested and tester chromosomes. Bach of
these differences is estimated from various portions of the data. Thus the
difference between chromosome 11 in' Or + and the fester stock s esii-
mated from four sources, £, males and females and backeross males and
females. A sum of squares of deviations from the mean of the four is
obtained. The four values are 2-00, —2-40, 0-90 and 320, with a mean of
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0-925. The sum of squares of deviations from: the mean is then 17-3875.
Similar sums of squares are chtained from the tests of this chromosome
in each of the other stoeks, and also from the various tests of the other
two major chromosemes. The sums of squares so found are independent
of one another, Where different families are used this independence iy
cbvions; but where the groups added are from the same progenies,
though involving diffevent chromosomes, the data are independent only
by virtne of the factorial design of the experiment. The grand total sum
of squares 1s 34-3666 and it corresponds to 24 degrees of freedom as
shown by the analysis of Table 3. The mean square, ov varlance of a
single difference is thus 34-3666/24, i.e. 1-4319.

Table 3. The portions of the error sum of squares

Degrees
Ttem Bum of squares of freedom
Qr-f-  chromosome IT 17-38753 3
c¢hromesome TIT 4-9473 3
BB chromosome X, 1-G0S2 1
chromosoms 1T 1-5434 2
chromosome 11T 1-7519 3
H-BB chromosome X 0-9800 1
chromosome T 041086 2
chromosome 1T 41275 3
L4 chromosome I 1-1750 3
chromosome 11T 1-0350 3
Total 343666 24

This method of estimating the variance is to be preferred to the alter-
native of estimating it from differences hetween individuals of the same
kind in the same culture as the latter takes no account of interculture
differerices. These may be very large when compared with intra-culture
variation.

Table 2 also shows the mean differences between given chromosomes
of the tester and of the four tested stocks. These may be the averages of
4, 3 or 2 single differences. Where 4 values are averaged the varance of
the mean so obtained is 1-4319/4, i.e. 0-3580 and the standard error is
J0-3580 or 0-5983. The variances and standard errors of means based on
3-and 2 single differences are found in the same way but with 3 and 2
respectively substituted for 4 in the denominator.

The final analysis is given in Table 4, which contains the mean
differences bebween the homologous chromoesomes from the various
tested stocks, the tester chromosomes having been eliminated by sub-
traction as described above. The standard errors of the comparisons are
also given in this table. Only ope such difference is available for the
X-chromosome as this could be analysed only in the BE and H-BB
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stocks. Not all the differences of Table 4 are significant, but many are
and the rest are consistent. 3o the whole story is reasonably clear.

The two parental lines differ only slightly in the hair producing
sirength of the chromoesomes ET and IT1. In eack of these Or + 1s slightly
stronger than BB. It will be recalled that this was already inferred from
the behaviour of the X-chromosome in the account of the origin of the
selected lines (Mather, 1941), where 1t was found that of the two stocks
Or + was slightly more hairy than BB though the X-chromosome of
BB was stronger than that of Or +. Thus the earlier analysis depending
on the use of the BB marker segregating in the material during the process
of selection has been fully confirmed by a somewhat different test.

Table 4. Difference between homologous whole chremosomes of
the tested siocks

Chromosome
T =
Difference X II 111

Or+4 ~BB — 0-6850 +0-9139 0-2875 +0-8461
Or+ -H-BB — -~ 2-1650+-0-9139 — 1-1500 4+-0-8461
Or+4 —L-+4- — 1-9750 L£0-8461 1-9750 . 0-8461
BR -H.ERB —2-2100.£1-1966 - 2:8600 4-0-9770 - 1-4275 1 (-8481
BB ~L-+ S 1-3800 +£0-0138 1-6875 +0-848]
H-BB ~L-4+ e 4-1400 +0-0139 3-1250 - 0-3461

The two selected lines differ markedly and significantly from each
other in hoth of their large autoscmes, and it 15 clear from the com-
parison of each of them with their parents that effective recombinations
of polygenes has occurred in hoth these chromosomes during the course
of selection. Thus, for example, chromosome Il in fhe BB pavental stock
produces 2-86( less hairgthan chromosome 11 of H-BB. The Or + parenisl
stock similarly has & chromosome I¥ producing 2-165 less hairs than
chromosome Ll of H-BB. So the H-BE chromosome must have received
+ polygenes from both parental 11 chromosomes.

Tt wonld appear that chromosome II has played a larger pazt than
has chromosome IIT in the selection of the high line. The two autosomes
have on the other hand been of roughly equal importance in the develop-
ruent of the low line.

The difference in the X-chromosome of the BB and F-BE lines
though in the divection expected s not significant. So there is no good
evidence of selection having acted on recombinant sex chremosomes. This
is fully harne out by evidence presented in a later section.
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3. SELECTION AND cnmroMmosoms 11T

So far we have considered changes in the total effects of the different
chromosomes, hut an extension of the same analytical technique can be
used o obtain information as to the action of different parts of the same
chromosome. Two chromosomes have been avalysed, chromosomes X
and T11. Chromosome IT was omitted as a suitable tester stock was not
immediately available.

Chromosome I1T has been shown in the last section to have undergone.
interoal changes during the production of both selected lines. Of the
two parental stocks, Or + displayed a slightly greater hair producing
strength in its third chromosome than did BB. In the high selection line,
H-BRB, the third chromosome is stronger than either pavent and in the
low selgetion line, L-+4, it is correspondingly weaker. Kifeckive re-
combination has occurred and been selected in both cases

The nature of these internal arvangements hag been analysed using
h, th, e and ca as the marker genes. The tester stock was actuaﬂy
Mé ca/ru b th st cusre’ca; ey?, and each of the four stock s, two
parental and two selected, was crossed to flies of this constitution. In the
F, generation not-Mé flies were chosen and crossed back to ru b th st cu
sr & ca; ey® males. The offspring of these crosses were classified for the
marker genes and their numbers of abdominal hairs connted. Not all
the markers were followed. The fourth chromosome was neglected and
as ru proved difficalt to classify on fiies showing various combinations of
ey? and BB it tdo was omitied from the account. The flies were then
classified for all the remaining genes, but as recombination in the regions
th-st, st-cu, cu-st and sr-e® was rather rare these regions were
grouped and treated as one. Thus effectively four marker genes were
followed as detailed ahove. They are Teasonably well distributed along
the length of the genetical chromosome.

Double and higher recombinant types were neglected since they are
too rate to be useful in this fype of analysis. So eight classes of offspring
were counted, two non-recombinant classes, two showing recombination
in the region h-th, two showing recombination between th and e* and
finadty two showing recombination between e® and ca. The mean numbers
of hairs on the fourth and ffth abdominal segments and humbers of
individuals counted are shown tn Table 5. I will be observed that males
and females are presented separately as are flies from the two cultures of
each kind. In some cases the numbers of flies are very small, indeed the
whole experiment was rendered difficult by the rather marked indertility



PU POUIAOUOD S5V 94 UI BINY JO I9GTIAT WAL 91} (1) 30 m)smnon afqul oyy ui SMue [eap Youy

souahfijod: [7T owosowomyo Jo sisfiypun ayy sof v g o[qRY,

{s0IjuL UL} Paseg Bl UROTT 1) YOIHM UG S{UNPIAIPUL JO Isqund oqy (11

4 L2ET or 09-0F g 009¥ Fo4e68 9 L9 T FoOOLEY of 68-9F or 03-0F
FogeLsg or O1-¢¢ & 0098 noNgie F04-S% § 8898 L0698 oI 06-18
& EEFF OF 04268 FoGLOF 4 O00F 4 TLEF 4 1LEF ar 09-5F 0L DL5E
& 0%-8% or 0128 g L9gE I 0008 £ 1998 § L9988 0l G8-F8 0r 0418
0 05-8F ar 00-8TF 7 08Ly FoooDur g 0809 £ LPUF g L9TF 0L 0G-LF
g 0807 L EF-OF § 198 ¢ 09-hE ¥ 00-8F FooGL-8E g 0088 ar 08 1%
[ s 4 6887 0 - A LE8F I 0018 0 - I 009% or OF-LF
o 0448 or 0ty 4} - & 08-LE g 00&F FoooLs § BBTIV g (08¢
o 0%0F g 0G5F I 0000 £ 0987 g LU-S% 4 00-6F 7 Le-9F 0 (L-GF
¢ Q%18 6 BLLE 0 — g L1998 I 0088 & 00rsg Foo0u-ag o 00Lg
EL90% & 04-0F ¢ OO0 ¢ 0¥Fy g EBE-0P [ - & g ar 00-8F%
7 SG-A8 § EL68 [/ — ¢ 088E £ 06-L§ FoOo0L08 4 00reg o7 0748
§ BL-L¥  889r ¢ Q%8 FoozLy FooOL4v & OLOLF Gr 0r18 or 01-L%
£ ge6e g LO-LE I 008¥% g g80% 9 0%0F g LO-LE § 8§68 Of QL-8%
£ EEBY I Ohgp |4 _ &  00-F¥ I G008y T 0099 & 046% ¢ (8-EF
I oD6g & Do-be [/ & 0017 I 00G¥ & 00-0F £ gE-68 #0088
B UYL Yg € L LR €0 @ 17 20 40 U1 O 58 R +

. g L 9 g9 ¥ £ 7 1

SSEED

P ARt
— =1
S e

[=2]

— :
RS S

T

e b RN

[l
=1

W FQOETOOE YOO 00 FOOETOOR TODE OO

By AN

HeH

g

+3I0

159,



322 The Balance of Polygenie Combinations

of the rub th st cu sr e®ca; ey? parents. Care was taken to provide
a means of estimating the sampling ervor and so the pauctty of numbers
gives Tise to little diffculty of interpretation. Tt may be added that the
difference between the duplicate results, from which the variance is
estimated, was so much higher than the variance in hair number of
similay flies from the same culture that inereasing the numbers would
have availed little in reducing sampling exror. Some method of ensuring
wmore comparable results from different classes would have been of more
value in giving the experiment greater precision.

Before discussing the further analysis of these data it is necessary
to digress o little in order to consider the nature of the information
which is obtained. Bach of the marker genes may have associated with
it a number of polygenes, detectable only hy this associaticn. These
associated genes may or may not affect the abdominal hair pumber. If
an effective gene vavely or never recomabines with the marled its full
effect on hair number will be expressed by the rean difference in hair
nurmber existing between the two classes saparable by the marker. If,
however, a certain degree of recombination is fondd between the polygene
and the marker the full effect of she polygene is not detectable in this
way. The effect as measured by the difference between two classes
separated on the basis of the marker must be less than the full effect.
Thus a polygene, A-a, showing 33-§ %, recombination with the marker
B-b will give four classes in the backeross in the proportions 2 AB:1 Ab:
l1aB:2ab. These are separated inte B and b types, the former con-
taining A and a allelomorphs in the ratio of 2:1 and the latter having
the same allelomorphs on the ratio 1:2. So calling the difference hetween
A and a unity the mean difference between the B and b classes will be
31(2A+1a)—(1A+32a)]=% (A ~a)=1. In other words the use of the
marker gene allows only one-third of the effect of A-a to be detected.
It gives a measure of what may be termed the ‘linkage 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 polygenes associated with each marker and so the
total difference observed is the sum of the moments of the individual
genes. This question has been discussed in more detail, though in 2
different connexion, by Bartlett & Haldane (1935).

The summed linkage moments of the genes agsociated with any marker
are measured as the difference in the mean hair number between flies of
the two classes separable by means of the marker. Thus the effect of the
poiygenes associated with the th locus may be found by taking the
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difference in hair number of any two classes which differ solely in that
one has th and the other the corresponding + allelomorph. In our
crosges two estimates of this difference are obtainable, The net th class
which shows recombination in the region th-eS, viz. e® ca, differs from
the th class showing recombination between h and th, viz. th e ca,
in this way. Similarly the classes k th and h also provide an estimate of
the effects of the genes associated with th. The two differences in hair
number provided by these comparisons should be the same, apart from
the effect of sampling errvor, unless there is some non-additive relation
between those polygenes associated with th. and those in other parts of
the chroraosome. This possibility cannot he adequately tested from the
present data, but if the estimate of sampling variance is based on the
discrepancies between such pairs of differences it will malke due allowance
for any distortion caused by inferactions in effect of sets of polygenes.

The analysis of the data was carried out by differencing in the way
outlined above. Hight classes of progeny were observed, viz.

L+ .
non-recombination.
2. htheecal
3. th e® ca) S .
recombination in region 1.
4. h /
b. e ca e e .
1 recoizbination in region 2.
6. hith | -
g cal hination 1 on 3
- recombmation in region 3.
8 hthe | =

If we call the groups of polygenes associated with the loci h, th, e and
ca, A-a, B-b, C-c, and D-d respectively, the capital letter denoting the
group from the tested stock and the small letter the group from the
L th et ca tester, we can find

A-a as 1-4 or 3-2
B-b as 5-3 or 46
C-¢c as T7-D or G6-8
D-d as 1-T or 82

the numerals denoting the mean haiv number of the classes numbered
corvespondingly in the preceding list. It may be noted here that the use
of this differencing technique minimizes disturbances due to sex vania-
tions and Lo environmental variations hetween cultwre hottles.

Each culture provides a duplicate estimate of the effect of each
marked association of polygenes. The sexes were kept separate and two
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culbures of each kind were raized, so that in addition to the internal
duplication, sex and cultures give a further quadruplication. The four
sets of data were combined into one estimate of the hair number differ-
ence, only the internal duplication being allowed e remain 1o order to
provide an estimzate of error. The means and hence the differences of the
quadruplicates are based on different numbers of observations.and so
are of unequal precision. They must be weighted during the process of
combination.

The weighting system used was baged on the nuwmbers of individaal
nhreeyations nvolved in each of the means. Buppose each individual
observation is subject o o variance V. Then the mean of n, observations
has a variance V/n;, and the mean of 2, observations a variance of V/n,.
The variance of their difference 1s thus ¥ (%+$-), and since V may be

1 M
talen as consbtant over a series of observations fhe variances of the

o IR : 11 11 ..
differences will bein the proportions ( — +—) , (— ——) , ebe, The precision
Amy o ma/ Ry Ry
of an observation 1s conveniently measured by the veciprocal of its
variance and 5o the weights used in combining the differences are of the

1 . PR . .
type , Le. "172 The uge of these welghts may be illustrated by
1 1 g + Moy

t

T

T,

considering the combination of the four estitnates of the difference 1-4
in the tests of L-+. These four estimates, derived from the males and
females of the #wo like cultures, were found to be —4-97, —4-01, —1-60
and — 1-47. The fizst was found as the difference of two means one hased
on 10 observations and the other on 3 observations. So its weight is
10x3
10+3
observations), 2-857 {10 and 4 obseryations) and 3-749 (10 and 6 cbserva-
tions). The weighted mean of the four is then calculated as

1
T9307 + 4117 +2-857 - 3-749 i

=2-307. The weights of the others are similarly 4-117 (10 and 7

497 x 2:307) + (401 x 4117}

+ (160 2-857) -+ (1+47 x 3-749)]
380897

= L 9-920.
13-050 920

The cther entries in Table 6 are calculated in the same way.
At this stage of the analysis we are left with eight mean differences,
forming four duplicate pairg, in each of the tests of Or+, BB, H-BB
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and L+ . The final differences, denoted above as A-a, B-b, T-c and D-d
are then obtained as the unweighted means of the comes_ponchng pairs
of differences shown in Table 6. Thus for example in the Or + test, 1-4
hag a value of —0-660 and its hemologue, 3-2, 2 value of —(0-930. Bach
mesagures the effsct of the polygenes associated with the h locus, The
average effect of these polygenes is thus ~34 (0-660+0-930) = —0-795.
The variance of these final mean differences is found from a con-
sideration of the discrepancies between the two estimates of each differ-
ence. In the example of the previous paragraph this discrepancy is
0-930 — 0-660 = 0-270. There are 16 such values to be found, four from
each of the four tests; but not all of these may be used as they are not all
independent. Thus A-a is estimated by the two differences 1-4 and 3-2,

Table 8. Dual and mean estimates of the polygene differences between
the tested and tester stocks of chromosome ITT

h) A-a (th} B-b
I ™ - i
First Second First Second
Test estimate  estimate Mean estimate  estimate Mean
Ord -~ 0-680 —0-930 —0-795 - (567 ~2-183 -1-375
BB —1-452 —0-415 ~ (034 1-358 —0-673 0-342
H-RE —2-037 0-3233 -1-302 0-233 3-362 2-048
L+ -~ 2820 - 1-467 —2-104 - 2.903 1282 - 2003
(e’) G—= (ca) D—d
Is Y I 3 hY
First Second IPirst Second
Teszt estimade  estimate Meari estimate  egtimate Mean
Cr+4 - 1540 ~ 0163 ~ 0 S'”I 0-788 - 2-096 - 1-288
BB —0-482 1-678 w (30 —(-770 —0-625
H-BR 1310 —O-0a06 —3-211 1-164 —0-024
L4 0754 §-205 - (750 ~ 1023 — (857

while the caleulation of B-b invelves §-3 and 4-6. Two of the observa-
tions, 4 and 3, are common to the two pairs of estimates, which ave in
consequence corvelated. We may, however, use two sets of data from each
test, either the A-a and C-c figures, or dtmzm‘ﬂ\ze]y B-b and P-4, Bach
such pair involves every o%ﬂ@; vation once. We then find the discrepancies
hetween the two estimates of A-a and of G-c in each of the four tests.
These are squaved and the squares swmimed and divided by 2, in accord-
ance with the wsnal practice of estimating sums of squarves. Bight such
values are summed and so the sum of squares éorzesp@uds to eight degrees
of freedom. The mean-sguare, or varisnce, of sach estimate of A-z,
B-b, etc. is ther: found by dividing eight into the sum of squazes. If the
BA-z and G-c discrepancies are used to supply material for this calculation
the wariance is 1 5377 hut if B-b and B-d are employed it is estimated
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as 2-2899. The Iatter value will he used as a precauticn against over-
estimation of significance.

This is the variance of a single estimate of any difference. The final
differences obtained were, however, found as the means of a pair of
individual differences. The variance of each of these fnal mean differences
ig thug £ (2-2899)=1-14495.

The last stage of the calculation is the comparison of the tested stocks
with each obher. The results go far have consisted of differences between
the individual tesbed stocks and the common tester. A positive value
shows that the tested stock has stronger hair producing genes than does
the tester, and a negative that the tester stock genes are stronger than
those in the tested line. We now find the differences between the gene
associations of the tested stocks themselves by sabiraction. Or+ gives
a valne of ~0-795 for A-a when compared with the tester and BB gives
a value of —(-954 for the same association. Then the difference between
Or + and BB in this region 1s 0-934 —0-795, i.e. 0-139. Both are weaker
here than the tester but Or+ is less so than BB. The other differences
of this kind ave given in Talle 7. Each is the difference of two mean
values and so will have twice the variance of a single mean. This will be

Table T. Polygenic differences belween the lested
stocks in various regions of chromosome IT1

Differenece A (h) B {th) C (&%) D (ca)
Or+ ~-BB 0-139 ~1-718 ~ 144 - {-024
Or+ ~H.BB 0-507 —3-423% -1-178 ~0-635
Or+ ~L-4- 1-359 0-718 ~1-371 3-238
BE -H-BB (-368 - 1-T05 0-268 - (-601
BB L+ 1-260 3436 0-073 0-262
H-BB-L-+ 892 4:141% ~ 193 0863

Al differences have a standard errov of 1-5132.
* Probability of less than 0-05.

2 x 1-14995 or 2-2899. The standard exrror of the entries in Table 7 is thus
/22899, ie. 1-5132. Any difference hetween two tested stock means
which exceeds 3 may be considered to be siguificant.

It appears that only two entries in Table 7 are significant on this
test, viz. the difference between H-BB and L- + in the genes associated
with th, ie. B-b, and the difference hetween H-BB and Or+ in this
same region. H-BB has polygenes making for more hairs than those of
L-+ and Or+. It may, however, reasonably be supposed that, as the:
results are consistent, H-BB is also stronger than BB and L- £ weaker
than either Or+ or BB in this region of chromosome III. Effective
recombination of polygenes has occurred near the th Jocus aund the
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recombinants have heen 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 the parental limits dunng the selection of
either derived line. All the release of stored variability has occurred in
the section near to th.

4. SELECTION AND TER X-CHROMOSOME

The experiment described in § 2 provided no evidence that a change
had oceurred in the total hair producing strength of the X-chromosome
during selection of the H-BB hne. This has been fully confirmed by the
analysis of the distribution of polygenes along the lengih of the chromo-
some. It also appears from this later experiment that the same con-
chusion holds good for the L-+ Ine,

In outline the experiment was like that conducted for the analysis
of chromosome IIT. Males of each of the four stocks, two parental and
two derived, were mated with sc ec ov ¢t® v g% § females, and daunghters
of these four crosses were mated to their brothers who contained, of
course, an unchanged sc ec cv ct® v g2 £ chromosome. - It would perbaps
have been better to use stock males carrying this chromosome because
segregation of the autosomes no doubt ncreased the error variahility of
the results. This advantage was offset by the increased vigour of the
outhred males, and since sterility constituted a very real problem in
these experiments it was decided to use the brothers.

In each case two females were bred separately, each being allowed 4o
lay in two hottles successively. Thus four cultures of each test cross were
ohtained. In addition males and females from each culture were recorded
and their hairs counted separately, just as in the analysis of chromo-
gome 11T _

The analysis of the X-chromosome yielded results differing in two
ways from those of the previous section. In the first place one of the
marker genes used in the tester X-chromosome, viz. se, itself recuced the
number of abdominal haizs te a very marked degree. So sc flies could
not be employed in determining the differences atévibutable to the
polygenes associated with the various locit Hence no analysis of the
polygenes associated with sc was possible and, what is even more trouble-
some, a single culture provided in each sex only one estimate of the effect
of the polygenes associated with each of the obher markers, The duplicate
sstimates necessary for the estimation of error variance niust he obtaived

1 The genc b in chromesowe ITT does nob appear to affect abdominal hair number, as
il. might perbiaps have hecn expected to do.
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in a way differing from that used in chromosome IIT where internal
duplication was obtained.

Secondly, there is no reason to suppose that the two sexes will give
similar results in this analysis; for the males will show the effects of all
the sex-linked polygenes, except those whose action is suppressed by the
Y-chromosome, while the females will show only the effects of those
genes from the tested stocks which are not recessive to their allelomorphs
in the tester chromoesome. fn the case of chromosome 111, males and
females were alike in the evidence which they supplied.

One consequence of this possible sex difference iy that males and
females canmot be used to supply duplicate resulbs for the estirnabe of
the error variance. The duplicate cultures must be used instead. It has
already been moted that in each test cross two heterozygous females
were used each being allowed $o Iay in two botiles. The two bottles from
each female may be combined and the discrepancies between the results
from the two individual fomales used to provide the estimate of errvor.

The ‘mean hair numbers of the different classes distinguishable by
means of the markers are given in Table 8, together with the numbess of
individuals on which they are based. There are six classes, the gene ec
not being followed as it is difficult o classify on BB flies. These classes are

i + non-recombination.

2. ovetdv gl recombination between sc and ev,
3. ctfvg>f recombination betwesn ov and ctb.
4. vg?f recombination between cté and v.
5. g?1 repombination between v and g2
8. f recombiration hetween g2 and £

T4 will be seen that the sc classss are omitted from account.
The following differences are then found:

3-2 giving an estimate of A-a
4-3 . B-b
54 , G-¢
6-b . D-d
1-6 E-e

where A-a measures the difference in effect of the polygenes associated
with the ev locus in the tested and tester stocks, B-b that associated
with ct®, C-¢ that associated with v, D-& that associated with g* and
E-e that associated with f. The two mean differences from the bottles in
which a single female hag laid are then combined, using weights based on
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the numbers of individuals of each class involved, exactly as in the case
of chromosome III. Male and female vesults were kept separate.

The remainder of the analysis is the same as that of the previous
section. The means of the two estimates of A-a, B-b, etc. In each test
are found and the discrepancies between the two estimates of effect of
each set of polygenes are used as the basis of the estimate of ervor. In
order to avoid difficulties arising from the non-independence of some of
the diserepancies only those from A-a, C-c and E-e are used, male and
female results being pooled. In all there are 24 such differences, as 3 are
taken from the data concerning each sex in four different tests. The sum
of squares is 98-270864 which for 24 degrees of freedom gives a mean
square of 4-0946. This is the variance of each mean difference between the
tested and tester stocks.

Table 9 gives all these differences between tested and tester stocks
while Table 10 gives the difference between the tested stocks themselves
as derived from Table 9 by subtraction. These correspond to Tables 6
and 7 respectively for the chromosome IT1 data, but unlike the earlier

Table 10.- Polygenie differences belween the tested stocks
w various reqions of chromosome X

Males

— = =

Difference A {cv) B (otf) . C(v) D (g% B (5
Or4+ -BB (0-133 0181 ~ 1138 1-933 —2-306
Or+4 ~-H-BE 3-632* — 545 - 1-025 1-112 — 2776
Or+4- ~Le-4- 1778 —{-068 — {955 3082 —3-217
BB ~H-BB 3-500* — 0726 0114 ~ 0821 —0-570
BB ~L-+4 1-655 ~ 249 G134 1-159 - 1-021
H.BB -L-4 - 1-854 0-477 0-070 1-080 ~ 451

Females

Fal ' i

Diflerence B {cv) B (ct?) ) D (g% E{H
Or4+ -EB —~1-148 0614 —1-246 0-195 - 2713
Or4+ —-H-BB 0064 121 - {631 0702 - 2689
Or4 =T+ 0-618 0001 2-020 —1-841 ~ 0970
BB -H.BB 2162 — 0493 0-825 0-645 0013
BB L+ 1-812 —0-613 2272 —2.042 1-Td2
H.-BB-L-+ —0-3:40 —0-150 1:647 — 2687 1-718

All differences have a standard crrov of 2-0235,
# Probability belween 0-10 and 0-05

ones they contain two sets of entries since the sexes are kept separate in
this analysis. Back of the entries in Table 10 has a variance equal to that
of the single items of Table 8, viz. 40946, Tle standard ervor is /40946,
ie 2-0285. Any entry in Table 10 whicl is fess than 4 in value cannot be
considered as fully significant. On this bagis ao item in that table may

22-2
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be considered highly significant and fhere is thus no fully demonstrable
change in the hair number polygenes of the X-chromosome in either sex.

Though not quite significant, two of the differences of Table 10 are
very suggestive. In the miles, where maximum effects are expeched,
the polygenes associated with cv, denoted as A, show lttle difference
between the Or+ and BB parental stocks, yet the selected H-BB line
is markedly lower than either parent in this region. It gives-values of
3:632 and 3-509 when subtracted from the parental values. The proh-
ability of differences of this magnitude is less than 10 9. Such a change
is elearly against the action of selection but it appears to be compensated,
at least 4o sone extent, by smaller changes in the opposite direction in
other parts of the chromosome. In this way the total effect of the
ehromosome wonld be unaltered.

Such a redistribution of the + and — genes along the chromoseme
could oceur a8 a result of recombination, and indeed would be expected
to oceur on occasions if urnlike balanced polygenic combinations were
allowed to recombine with each other. In this way the stored variability
which the balanced combinations contain can change without any great
quantity being released and exposed to the action of selection. The
storage of polygenic variability is not a static process. If is essentially
dynamic in that recombination must always be bringing about redistribu-
tions of the genes within the combinations. The extent 5o which this
process can go on without causing a corresponding release and loss of
variability must depend on the precise way in which the 4 and — genes
of the combinations are intermingled along the chromosomes.

5. POLYGENIC COMBINATIONS IN POPULATIONS

Three results emerge from these analyses. In the first place selection
affects all chromosomes. Balanced polygenic combinations are not the
monopoly of any one chromosome. They may occur and be acted on by
selection In any member of the complement. Secondly, a large phenotypie
change may be brought about by recombination of polygenes in a small
portion of a single chromosome. Finally the polygenes in combination
in & chromosome may recombine with those of another corubination to
give new types with different arrangements of the + and — genes
without cansing any marked release of variation in the form. of changes
in the effect of the chromosome as a whole.

The first two results when taken together emphasise the very large
amount of heritable quantitative variation that can be stored in the
form of balanced combinations. In the origin of the lines tested above
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selection gave rise to a difference of about 17 hairs in eight generations,
le. a change equal to about 40 9 of the halr numbers of the parental
Lines (Table 1). The selective changes were ahout equally divided between
two large autosomes as shown by the analysis of § 2. Vet the detectable
change in dne of these chromosomes was shown in §3 to be confined to
a relatively small portion of that chromosome. Thig section of chromo-
some ITT is nob peculiar in containing polygenic differences, as experiment
has shown $he other two major chromosontes to have effects.

Tt would be unwise to attempt, on the basis of these data, to arrive a$
any estimate of the total change possible if all portions of all chromo-
somes regombine in such a way as to release all their stored variation.
It is, however, clear that when so much can depend on one section of a
chromosome very large total selective advances are possible. Quite
possibly greater effects were not obtained in the production of the H-BB
and L- + lines asthe small number of parents, never greater than 6, used
in each generation allowed homozygosity to develop before the full
selective potentialities had been realized. This conclusion as to the great
selective changes possible is fully verified by Wigan (1941) who showed
that on selecting wild Drosophila melwnogaster the number of sterno-
pleural chaetac could be donbled 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 an awmount of
variability amply sufficient to give rise to changes of the magnitude
which must occur during the separation of species in the wild, During
this process which takes many generations and is concerned with larger
popilations than arve possible in the laboratory, a greater release can be
achieved than would be possible in experiment. even though the same
combinations be used. Not all the variability will be so readily available
as that released and selected during the cowrse of the experiments in
whick H-BB and L- 4 were built up. Sowze sections of chromosome may
have combinations of genes so tightly linked as to prevent recombina-
tion except as a rarity. In an experiment such combinations would
seldom, if ever, he hroken down, yet in natnre tight linkage of this kind
would serve merely to prolong the processes of release and reaction to
selection, as homozygosity would be expected to supervene.

The third result of the present analysis, viz. the redistribution of
genes along the chromosome without much change in total effect brings
out the dynamic nature of polygenic organization. The number of com-
binations possible with a few score genes is enormeoas and each will have
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its charasteristic properties hoth of phenotypic expreseion, homozygous
and in combinabtion with other genes, and of-variation release by recom-
bination with obher associations. Under any given seb of conditions some
combinations will be advantageous in giving a well adapted..phenotype
and others will be disadvantageous owing to maladaptation. The former
will tend to increase in relative frequency as a resulb of natural selection
while the latter will tend to become rarer. There will, of course, be every
oradation of fitness between the extremes observable in the population
and wany combinations may show roughly the same offect.

Those combinations which tend to increase in frequency will, how-
ever, show continual recombination and hence will throw others which
may either be equally well adapted to conditions, or, more likely, less
well adapted. Similarly the poor combinations will recombine to give
a cerbain yproportion of better types. In general the balance of change
must be towards the loss of fitness by recombination except possibly in
populations subject to a steadily changing environment. The possible
increase 1u frequency of any good type as a result of natural selection
is limited and must be counterbalanced by some equal process causing
a diminution in frequency. In the same way the steady loss from the
population of relatively disadvantageous types by selection must in
general be replaced by recombination; otherwise such types wonld vanish
and the variability of the population would decrease to the vanishing
point, with the consequence that further evolutionary change would
become 1mpossible and ultimate extinction cerbain.

One further agent of change in polygenic combinations remains to be
mentioned, vizg. mutation. Though this will ¢learly not be so important
as recombination in causing redistribution of genes, and consequent
alteration in aclaptation, it plays a fundamental part in that it is the
ultimate source of all heritable variation. The gradunal disappearance of
extremely disadvantageous combinations tends to reduce the reservoir -
of variability but this reduction is counteracted by mutation steadily
adding to the store of variation. In this way mutation makes possible
the storage of variability ‘and the balancing of gene combinations. Tts
role in changing one combination into another is secondary, such changes
being more easily brought about by recombination.

Thus we can form some picture of the behaviour of polygenes in a
wild population. The polygenic combinations which give extreme pheno-
types are ab a disadvantage as compared with those that give better
adapted individuals. The former decrease and the latter increase in
frequency under the acticn of selection. The variability lost by the
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selective elimination of poor types is continually replaced by mutation
of the polygenss. Heterozygosity and linkage provide the means of
storage, while recombination is the distributing agency. It is continvally
reshuffling the genes in the chromsomes, continually giving new com-
binations which may be better, but are usually worse, adapted than their
progenitors. Recombination thus lowers present fitness bud maintains
the possibility of future change and its frequency will be subject to the
action of gelection by virtue of these properfies. The opposing advantages
of stahility and variability will be balanced against each other by adapta-
tion of the recombination frequency.

The phenotypic characteristic of a population may be much more
stable than the genobypes. Some polygenes are always becoming hémo-
zygous as a résult of both random and selective loss, and others are
mutating at the same time. The proportion of heterozygous and homo-
zygous loci may, indeed probably will, be fairly constant but the actual
loci which are heterogeneous are changing all the time. Simularly the
polygenic combinations are continually changing both as a result of
mutation and, moré especially, from the redistribution of alveady Letero-
geneous loci by means of recombination. In spite of this the superficial
stability of the phemotypic expression i1s maintained. The numerous
polygenes, each having a small effect indistinguishable from that of any
other, allow of a continual state of genotypic fux under cover of a statis-
tically constant phenotypic array, in much the same way as the numerous
molecules of a gas each act in an nnpredictable way, ves taken together
hehave according to certain regular laws. The picture given by a study of
qualitative genetical variation in the wikd is completely changed when the
behaviowr of polygenes is considered.

6. SuMMARY

Tinkage of polygenes may either increase or decrease the rate of
advance nnder the action of selection, according to whether the genes
are coupled or repulsed. Recombination is, in fact, the means by whieh
the rate of release of potential, ie. hidden, gemetical variation is made
free to the action of selection. In this way both the recombination
frequency and the phase of linkage are adaptive and hence are them-
selves subject to selective control. In general a slow rate of releass of
variation will be favoured.

Experimental analyses of certain stocks of Drosophila melanogaster
selected for their number of abdominal hairs, and of the parental stocks
from which they were dexived, show that
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(@) balancing of polygenic cowmbinations may oceur in any chromo-
sone, .

(b) a large change can ocour under the action of selection as a resulg
of unbalancing the polygenes in a small segment of chromogome, and

(¢} reordering of the genes may occur in a chromoseome in such a way
that the effects of individual segments are changed while the effect of
the chromosoine as a whole remaing nearly constant.

Frow these results it ig seen shat balanced polygenic combinations
provide ample storage for the variation necessary to give selective changes
of the magnitude required by species formation. Mufation initially
provides the reservoir of variation and is continually maintaining its
level, while at the same time recombination maintains the gene com-
binations in 2 state of finx and slowly exposes the variation to the action
of selection. Stable, or nearly stable, phenotypic characteristics of a
population bide an ever changing genotypic constitution.
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