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1. InTrRODUCTION

Practical information about the properties of genes which control the hereditary variation
of quantitative characters is almost non-existent. For any stch character we have little
idea how far it is legitimate to think in terms of dominance and recessiveness, additive
or epistatic effects in relation to the observed genetic variation. The general concepts of
gene hehaviour are derived principally from comparatively simple genetic situations, in
which it is possible to follow a few substitutions by more or less striking phenotypie
effects. An earlier discussion (Robertson & Reeve, 19524), based on general congsidera-
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.o stressed that an allele substitution which affects a quantitative character is likely
tw;e, greatly influenced by both genetic background and environmental conditions. At
tost sight 1 might appear fruitless to attempt study of such allele differences and safer
0 rely instead on the average effects of statistical analysis. For obvious reasons, this is

groidable in most animals, particularly in livestock. There are, however, considerable
ziugefs in this, since the constant emphasis on average or so-called additive effects of
J differences, encourages students to think in terms of truly additive effects of allele
) bstitutions, whereas the genetic situation may be really far removed from an additive
e I is usnally extremely difficult, even in such a convenient animal as Drosophila, to
goriminate between alternative genelic interpretations, as in the instance discussed by
peeve & Robertson (1953a). And yet if we really knew more of the properties of the

cnetic variation, it might greatly alter our interpretation of the effects of selection and
sed light on such problems as the stability of adaptive characters, heterosis and the
sdversc effects of inbreeding. It might also suggest profitable lines of inquiry which would
b uplikely to find favour when the preoccupation with average effects is too great.
prosoplala therefore presents something of a challenge to take genetic analysis as far as
possible, since it alone is sufficiently well known genetically to offer some prospect of
fiseriminating between alternative interpretations.

Although in quantitative inheritance, it is generally impossible to follow the behaviour
of individual gene substitutions, in Drosophila, at any rate, it is possible to follow the
pehaviour of particular chromosomes in different genetic situations. This might not
sppear particularly encouraging, since a chromosome carries many locl. However, we
mey Teasonably assume consicerable genetic similarity between a selected strain and the
wselected stoclk from which it was derived. Hence chromosomes of the selected strain
{iffer chiefly from their unselected homologues in the loci affected by selection. It is
s present unknown approximately what fraction of the total this is likely to be, but the
method represents a step in the breakdown of the total genetic differences into more
manageable proportions. Also such a method of analysis, by encountering novel genetic
stuations and by providing tests for various hypotheses, is quite a valuable tool for
deepening our insight into the properties of genetic variation.

In a previously published study of this kind (Bobertson & Reeve, 1953), the effects
of substituting, in different genetic backgrounds, chromosomes from large and small
stralns were studied with the aid of antosomal markers, using a system of crossing which
provided a sample of the theoretically possible combinations. These experiments revealed
substantial non-additive effects, arising in part at least from interactions between non-
bomologous chromosomes. They also suggested that study of a complete set of all possible
wmbinations of chromosomes from pairs of contrasted strains might resolve some of the
difficulties which are unavoidable with incomplete sets of combinations. Accordingly,
the present paper deals with such a complete chromosome analysis of an unselected and
2 mall selected line from each of two unrelated wild stocks. A similar analysis of un-
wlectec. and large lines is in progress and will be reported in a later paper of this
Series,

Ishould like to thank Dr E. C. R. Reeve for much fruitful discussion during the analysis
of the data and the preparation of this paper, which presents a contribution to our joint
ffudies on quantitative inheritance.
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2., EXPERIMENTAL MATERIAL

The two small lines used in these experiments are derived by inbreeding from y,
selected for short wing length which were descended from the Nettlehed sy Ediny
stocks; they are referred to as the D and S lines respectively. The origin an selecti;lr h
these small strains have already been described (Robertson & Reeve, 19524). tof

The line D was taken off the selected strain after the latter had ceased to reg
selection either way and was inbred by brother-sister mating for more than forty
tions before the start of the present experiments. The small Edinl)urgh line,

e Strﬂ.ins

Pongd to
8enery.

. . . . ) . S) Wa,
founded by making an isogenic line from the selected stock after it had mady 4 c;as
siderable response to selection, but when it still retained considerable genetic variabﬂif,n.

2 v.

The S line has also been inbred for many generations (40+) before heing used, The
unselected lines were derived by more than 100 generations of brother-sistor ating frop
the Nettlebed and Edinburgh stocks and are referred to as N and K respectively,
When a mass-mating stock is inbensively inbred, wing and thorax length declipe in
size, and therefore the unselected lines used in the present experiments are a litle smalley
than-the outhred stocks from which they were derived. The substantial differences n
thorax and wing length between the contrasted lines D/N and S/Ii (Table 1) refiet

Table 1. Wing and thorax length of the contrasted lines

Male Temale

— - M e T ™

Line Wing Thorax Wing Thorax
N 1774 89-8 201-1 1019
D 135-9 80-0 154-8 91-8
Percentage reduction 23-4 92 23-0 9:9
E 171-2 91-0 196-3 101-5
S 156-8 80-5 182-8 92:2
Percentage reduction 8:0 11-5 6-9 92

Average standard errors of mean wing length are: 0-56 (male), 0-62 (fomalc);
and of thorax length: 0-29 (male), 0-32 (female).
corresponding differences in general body size, with which these dimensions are highly
correlated. A partial chromosome analysis of several other inhred lines is also described;
discussion of their origin and attributes will be deferred until later.

3. DESIGN OF THE EXPERIMENTS
(a) The chromosome combinations

If the Y and IVth chromosomes are ignored for the moment and only the combinations
of the three pairs of major chromosomes are considered, then for each pair of chromosomes
there are, in females, two alternative homozygous and one heterozygous combinations,
i.e. 3x3x3 or a total of 27 possible combinations. In males, since there are only two
alternatives for I, there are only eighteen combinations. To simplify reference o so many
different genotypes, a notation is used in which any genotype can be specified by three
letters whose order corresponds to chromosome pairs I, IT and II1. Thus the purc lines
of Nettlebed origin are designated as DDD and NNN, while other combinations can be
referred to by such formulae as XXX, DNX, NDN, etc.; the X, of course, refers t0 the
heterozygous combination. It must be remembered that in males, the first letber of any
formula represents a single chromosome I. Numerical subsecripts as in Ny, Dy, efo.
indicate particular chromosomes of the origin specified by the letter.
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provided all possible combinations of pairs of homozygous chromosomes are available,
on all the types with one or more heterozygous pairs of chromosomes can be created by
Propl'iMiC crosses between these eight basic types. In the D/N comparisons for example,
ihe pasic types arc: DDD, NDD, DND, DDN, DNN, NDN, NND, NNN. The genotypes
gith one or more heterozygous pairs of chromosomes can be created by more than one
fype of cross. This is particularly true of males, since there are only two alternatives for
the X-chromosome. Thus, as a specific instance, males of the type DXX can be prepared
from gnch crosses as NNN xDDD, DNN x DDD or NDD x DNN; the male parent is
slyays quoted first. Similarly, females of the constitution XXX can be derived from no
jess than five different crosses. This is of considerable value, since it provides an exacting

th

Males .
DDD NDD DND DDN DNN NDN NND NNN
DDD DDD | XDD | DXD | DDX XDX | XXD | XXX
D~ D- D- D-
NDD | XXD | XDX | XXX
NDD Ne Ne Ne
DND DND
_ DDN DXX | DDN | DXN I]\)};X
@ -
3
g8 .
& DNN | DXX DNX DNN
NDX XDN NDN
NDN Ne
NXD | XND NXX | NND
NND N-
NN XXX | NXX | XNX | XXN| XNN | NXN | NNX | NNN
NNN | n- N- | N- | N-

Tig. 1. The production of different genotypes. In crosses which produce females heterozygous for the X-chromo-
some, the origin of the latter m males is shown by a single letter below the row which indicates the con-
stitution of the females.

test of the genetic constitution of the basic types. If the latter have the constitution

attributed to them, then the mean size of theoretically identical types, produced by

different crosses, should agree within the limits of sampling. Although all possible com-
binations of major chromosomes have been produced in these experiments, not all of
the possible crosses have heen carried out; however, there are enough crosses yielding

the same type to provide a checlk on the method, and these are indicated in Fig. 1.

(b) The preparation of the baste types

The preparation of the six basic types with one pair of homologous chromosomes from
One strain in the presence of homozygous pairs from the other strain, presented something
of & problem, since there must be no reasonable doubt as to their genebic constitution.
Preliminary experiments suggested that the usual method of replacing a pair of homo-
logous chromosomes of one strain by chromosomes from another were insufficiently
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rigorous for the present purpose, since it relies on the suppression of recombinaty,

I, IT and IIT by large inversions marked by dominants, and encounters g tcchgl

difficulties. The most suitable inversions are marked by dominant eye cffects, ¢.q me_al
CIB and M-5 (I); L* in CyL* (II) and Mé in the case of ITI. Since both B gng ~L4°r'cd In
eye size and, in combination, often lead to the appearance of flies with very smay Cuec
it is often difficult to detect the rather subtle appearance of Mé. By doing the OXPcrimzﬁz’
on'a large scale and testing all doubtful flies, these difficulties could be overcome, althouufl
the labour would be considerable. More serious is the fact that when sovera] major fl’l
versions co-exist in the same female, there i3 a general, if sporadic, tendeney for th;,
efficiency of individual inversions in reducing crossing-over to be lowered, SOMctimeg
dramatically so. For example, in females heterozygous for MéSh, recombination bctween
Méand Sb oceurs to the extent of about 4--5 %, but when Cy is also present, the frcqucncy
rises on the average to about 15%,, and it was also noted that -5, normally Sﬁch an
excellent suppressor, was similarly affected by the presence of other inversions, This
general phenomenon, which is familiar to all who have worked with mudtiple inversioy
stocks of D. melanogaster, has been studied by Steinberg (1936) and commented oy by
Gowen, Stadler & Johnson (1946).

Backergsses
1 BEEX'F@‘BE
" Y BB T+ 4+ 4+
o +OyM{ B BB
" ¥y B B B B B
5, B CyM B BB
" ¥, BB B B B

Similarly for Cy MeSb, CyL Me, CyL MeSh.

I I 11T
Chromosome replacement
o B Oy M CoyL e O OyL Mish B Oy M
Y B B ¢ C C Y C ¢ B B B
5. COuL Mé C ooy M B Cy Mésh BOyL B B Oyl i BB s
Y B B ¢ C C Y C B "B B B Y B ¢ "BB B
6. O Oy MiSH C Oy MéSH  BOyL B Byl B B B sh BB A
‘Y B B C B B Y C B B C B Y B ¢ "BB C
Pair matings; parents tested Pair matings; parents tested
BB BCB BBC

Fig. 2. The preparation of basic homozygous types from inbred lines B and C.

These difficulties have been satisfactorily by-passed by means of the crossing procedure
described in Fig. 2. Only autosomal inversions are used, and thesc include two dis-
tinguishable inversion complexes for each major autosomal chromosome, Thus, for IL,
the inverted chromosome with inversions in left and right arms is marked by the dominant
Curly wing (Cy), with or without the dominant eye effect Lobe (I4). Similarly, for I
we have an inversion complex marked by Moiré (Mé), with or without the dominant
Stubble (8b). The differently marked chromosomes are referred to in Fig. 2 and hereafter
as Cy, CyL, Mé and MéSh. Fven in the presence of either Mé or MéSh the Cy and CyL
inversions are excellent cross-over suppressors, although recombination does occasionally
occur. Mé alone or in combination with the Cy inversion is also good, although tholje
appears to be about 39, recombination at the extreme tip in the region of ru. MéSb 18
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he least satisfactory for the reasons noted earlier, but its shortcomings can be largely
prercome by testing flies of doubtful constitution; there remains a small proportion of
jouble CTOSS-OVCLS which escape detection.

s shown in Fig. 2 the four combinations of inversions marking IT and IIT are intro-
duced into a background of each of the lines used in these experiments, by repeated
back(}rossillg. The first cross is made to males of the experimental lines, in order to bring
i the Y-chromosome from the latter. Thereafter, only males carrying both markers are
used to hackeross to the females from the various lines. In this way it is possible to build
p large numbers of suitably marked flies—an important consideration when fertility
is low as in some of the lines used in the experiments.

The further steps are set out in the diagram, but one or two points are worth noting.
[o the Teplacement of I, there is a risk that recombination in MéSh females will lead to
wnfusion as to the genotype of males which are phenotypically Cy MéSbh, since some
mey be Mé[Sb due to recombination. However, Mé[Sb males can be identified from the
segregation of their offspring in cross 6, since M¢é and Sb will oceur separately, and, as
o further check, each male is also mated separately to + females. Only progeny from the
right matings are retained. In the replacement of II and III, only a single marker is
used in crosses B and 6, a considerable advantage, while in III recombination between
yé and Sb is detected as already noted.

There is no evidence that the presence of the autosomal inversions used here causes
an increase in the frequency of non-disjunction beyond the normal rate..

(¢) The Y and IVth chromosomes

The main assumptions likely to affect the validity of the experimental methods are
that cytoplasmic or maternal effects are absent and that the effects of the Y and 1Vth
chromosomes can be ignored. So far there is no evidence of cytoplasmic or extra-
chromosomal differences between strains of different body size. This is supported by a
geat variety of reciprocal crosses between lines of different size and also by the earlier
thromosome combination experiments which have been already noted. The possibility
of Y-borne differences was tested directly. With the aid of the dominant markers Cy, Mé
and C%P for 11, I11, IV respectively, the Y-chromosome of the large line was replaced by
the Y from the small line in the following way:

D DDD, + Oy MiGP

¥YWDDD + * ¥

The procedure for the S/F comparison was identical. Males carrying the Y from the
mall line, but otherwise genetically identical with the larger line, were compared with
Wales of the latter. The means quoted in Table 2, as in the rest of the paper, are expressed

1 :
U 55 mm. and are based on the measurement of five males from each of five cultures

b - . . . . . . )
T W giveeMe ooty 1 AL soarner desavihed helawe Plong fn (02 1 nop £ Hhe
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Y-chromosome fromn either of the small lines differs from the Y of ¢he ¢
largerline. It had been intended to compare also males carrying the Y from tj larpe 1:
in a background of chromosomes from the small line, but the tests (ailed ang W g lng
repeated. It has been assumned that the Y chromosome may be safely disregardse,
subsequent analysis.

OIres .
Il‘ehp()ndln

EIe gt
d in g,

Table 2. Test of Y-chromosome differences

Origin of Y  Background Wing Thorax
D N 190-434-0-59 9495 1,026
N 190-25 4-0-59 04+984_0-26
S E 179-254-0-98 03-60-0-40
B 180-294-0-98 93-08.1.0-40

The means are in 1§ mm.

The 1Vth chromosome has also been ignored. It had been intended to tesg different
IV chromosomes directly, but the analysis of the combinations suggested that any such
differences must be quite trivial and therefore it is unlikely that any appreciable errgp of
interpretation is introduced by disregarding IV as well.

(@) The accuracy of the method

The general validity of this method of preparing the basic types can be tested in g
variety of ways. Thus independent replicates of the various basic Gypes, reared at the
same time, should agree within the limits of sampling, and this is found to be the cage,
Using as error variance the variation between repeated cultures of the same series, we
find satisfactory consistency between replicated types for wing and thorax length,
Table 3 shows a representative series of comparisons based on the wing length of females;
the thorax lengths show equally close agreement.

Table 8. Comparison of mean wing length and coeflicient of
vartatzon of replicates of the basic types ($9)

DNN NDN NND NDD DND DDN
180-7 I-1 207-1 1.0 2000 I-1 1917 1-9 1750 1-3 1754 12
1809 1.2 207-2 12 197-1 1-6 193-1 1-56 1755 2:0 1734 08
179-8 1-8 2079 06 201-2 09 1940 2-3 1745 15 1732 1.2
180-3 14 205-9 11 199-5 09 — 1727 14 1754 11
- e 199-3 12 — 1729 21 —
The standard error of the difference between means based on pooled variation within replicates of the same
type is 0-99.

The figures on the right in each double column refer to the coefficient of variation.

An additional check on the method is provided by the cocfficient of variation of flies
reared together within the same culture. This is a sensitive test, since even bhe occurrence
of occasional flies which differ substantially from the mean, although they will have little
effect on the latter, will greatly increase the variance. Since the basic types should be
completely homozygous, except for the IVth chromosome, the cocfficient of variation
should be of the same order as that observed in the untreated pure lines. Any a,ppreciable
increase in this coefficient suggests that otherwise undetected recombination has occurred.
There is actually a very striking homogeneity of the variance in the types listed in Table 3’
indeed, in all the experiments described here, only one casc of very high phenotypte
variance has been encountered, and this was obviously due to the segregabion of fies
which differed considerably in size. This type, and all the crosses in which it was involved,
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28 discarded ; it will be referred to again later. Since only IV should be segregating in
;;e pasic types, and since the phenotypic variance of the basic types does not exceed
5 the average the variance of the pure lines themselves, this can be taken as evidence
for bbe identity in effect of IVth chromosomes derived from the contrasted lines.

Finally, We may compare the size of the theoretically identical heterozygous types
roduced by crosses between different basic types. Males have been chiefly used in this
tast, SIDCE the same type is produced by relatively more different matings than in females.

Table 4. T'he deviation between the wing lengths of theoretically
wdentical types produced by different matings (male)

D/N comparison S/E comparison

rf A Bl s —A T

Parent mating Parent mating

A —_—t

~ 8 Q Type Deviation 8 Q Type Deviation

NND NN NND 0-7--0-84 EES EES EES 1-140-77
DND NND SES EES
NDN NDN NDN 1-14-1-30 ESE ESE ESE 1:5--0-81
DDN NDN SSE ESE
NNN NNN NNN 0-540-86 ELER EER EEER 3-04-0-82%*
DNN NNN SEE EEER
NDD NND NXD 144125
NND DDD
NND NNN NNX 1-04-1-10 EBES EER EEX 0-81-0-76
DND NNN SES EEER
DDN NNN NXN 0-14-1-10 SSE EREER EXE 1-44-0-79
NDN NNN ESE ERER
DDN DDD DDX 1-741-15 SSE SSS SSX 0-84-1-08
NDN DDD ESE SSS
DND DDD DXD 1-841-10 SES SSS SXS 0-641-03
NND DDD EES SSS
NDD NDN NDX 164113
DDN NDD
DDD DNN DXX S. 888 SEE SXX N.S.
DDN NND SSE EES
NNN DDD EER SSS
DDD NNN NXX N.S. SSS ELE EXX 044-0-91
DNN NDD ESE EES
NDN NND
NDD NNN

Differences among the standard errors are due to variations in sample size. Where three or more crosses are
compared, S. and N.S. indicate significance and non-significance at 59, level. ** indicates significance at
19 level

0] .

The comparisons are set out for males of the D/N and S/E series in Table 4 and reveal
good agreement, The few blanks in the set of S/E comparisons are due to the rejection
of the type BSS and its crosses, since this is the defective type just referred to. There
e a few instances in which the replicates differ significantly and presumably this
Tepresents evidence of some recombination in the course of preparing the basic types.
But, in general, there is excellent agreement, and it appears that the genetic constitution
ofthe various basic types used in these experiments can he relied on with some confidence.

(e) The methods of culiure

After the basic types were prepared, they were expanded quickly. Plenty of virgin
*males of each type were collected and mated appropriately according to the scheme
%tlined in Fig. 1. The mated flies were well fed for several days and then transferred to
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oviposition bottles for the collection of eggs. Wherever possible ten vials contg;

: e i
eggs each were set up for each type, except when replicated in different crogseg 11? : ﬁ?ty
case five or six cultures were used. In each test the cultures were all sot up op a‘:_hlelh
ingly

day or on two successive days, so that error due to environmental difforeneeg affact;

cultures started on different days either did not oceur or could be allowed for C ng
cultures were randomized within an incubator at 25 +0-5° C. Both wing and tilo he
length of five males and five females from each culture were measure dirceﬂy r;;x
general methods of handling, the culture media and the method of mcasul-cmcnt-ha 8
been already fully described (Robertson & Reeve, 19524). Ve

4. THE STATISTICAT, ANALYSIS OF THE DATA

Five flies from each of ten cultures were measured to provide the mean for cach genotypg
except that oceasionally fewer flies were available, due to low fertility. The \’afiane;
of the mean thus includes within-culture effects (o?) and between-culture cffects (c?
The within-culture variance is not constant for all genotypes, since the Phcnotypi(;
variability of body size appears to decrease with increasing heterozygosity of the genotype
(Robertson & Reeve, 19520; Reeve & Robertson, 19530), so that a standard crror bageg
on the pooled variances would be too low for the homozygotes and too high for the mogt
heterozygous genotypes. To obtain more accurate standard errors, an average value of
oj, has been calculated from all the data, while o® has been averaged scparately for groups
of genotypes with 0, 1, 2 and 3 pairs of chromosomes heterozygous. The variance of 5
genotype mean is then Vm=%
number of flies per culture, and o® is chosen according to the number of chromosome
pairs heterozygous. Standard errors of various linear combinations of the means are then
easily obtained (cf. Robertson & Reeve, 1953).

A few minor adjustments of the raw data must be noted. In one or two of the crosses
between the basic types in the D/N analysis, a few flies appeared, which differed greatly
from the average size of the rest of the flies in the crosses. Such aberrant individuals
were within the same size range as the type represented by the female parents and were
probably due to an occasional fly not being virgin; tests of speed of first mating show
that females may occasionally mate within a few hours of emergence. These aberrant
flies, which were excluded from the data, occurred in the following crosses: NNN x DDD
(13, 19), NND xDDD (14), NDN xDDD (19).

The chromosome analysis which was described in an earlier paper (Robertson & Reeve,
1953) provided tests of how far metric bias of one sort or another might obscure the
interpretation of purely genetic effects. There is no evidence that metric bias is of any
importance in this respect, at any rate within the range of size studied in the present
experiments. A theoretical case could be made for the transformation of the data into
logarithms, but over the range studied here it would make very little diflerence to the
interpretation and would not justify the extra labour. Accordingly, all means are based
on the actual nieasurements and are expressed in ¢§y mm.

The following account of the chromosome combinations is designed to analyse the
difference between the contrasted strains and discover how far and in what way ?he
situation departs from an additive one, especially in relation to the dircction of selecthion
in the small strains.

(o%+mno), where N is the total number of flics and # the
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B, TeE aANALYSIS oF THE D AND N LINES
(@) General

These experiments represent a continuation of the analysis described in an earlier paper
pobertson & Reeve, 1953), which dealt with only some of the possible combinations
fehromosoInes from contrasted strains of different size. A complete chromosome analysis
dould provide more critical information about some of the problems which were en-
countered. But the almost embarrassing array of different genotypes in the present
qalyses Poscs rather a problem of deseription and interpretation, since the data can be
qnsidered [rom various angles, according to the aspect to which we wish to draw par-
jigular atention. We are obliged, therefore, to proceed empirically. Widening experience
ad the exploration of a greater variety of genotiypes should bring to light regularities
ghich are at present unsuspected or but dimly perceived.

Table 5. Observed sizes of types in the D|N analysis (735 mm.)

Temale Male

- —A— ~ — A -
Type Wing Thorax Wing Thorax
NXN 3- 2:0 1-2 1-6
NNX 06 - 01 - 19 -12
NXX 0-0 - 0-3 - 15 —-06
XNN - 37 - 09 — —
XXN - 37 0-6 —_ _
XNX - 41 - 16 — _
XXX - b1 - 16 — —
DNN - 242 - 31 - 229 -30
DXN —-25:8 - 15 —~ 249 -24
DNX - 277 - 38 - 264 —4:9
DXX —24-8 - 26 -270 -34
NDN - 15 - 02 - 23 05
NDX - 41 - 02 - 63 —07
NND -10-2 - 51 - 08 —4-2
NXD - 99 - 43 ~11-1 -39
NDD -153 - 52 -16'9 - 53
XDN - 83 - 15 —_ _—
XDX -10-1 - 13 —_ —
XND ~14-0 - 67 — —
XXD —15-1 - 62 — —
XDD -22.3 - 73 — —
DDN —334 - 32 -29-1 -3-0
DDX -27:3 - 19 - 260 -1-8
DND -33-8 - 82 ~313 —-81
DXD —26-9 — 44 - 263 ~40
DDD -46-3 -10-1 -417 -9-8

The observed sizes of wing and thorax length are expressed as deviation from NNN.

Rollowing the procedure in the earlier paper, we can look for answers to a few clear-cut
fuestions of gencral interest relating to (a) the importance of additive gene effects,
) regularity in the direction of dominance and (¢) the existence of interaction between
ton-homologous ehromosomes,

(b) Non-additive effects

lMere inspection of the effect of crossing the D and N lines shows that we are dealing
“flth a highly non-additive situation. This is evident from Table 5, which lists the observed
%8 of g]] types in the D/N analysis, expressed as deviations from the size of NNN. Thus,
Bheth qovan Aion f +he e NXX are r3 lerge as NNN. svpgecting the nresence of
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dominance in the direction of larger size. The triple heterozygote, XXX, is .
shorter in wing length and 1-6 units shorter in thorax length than the NNN type; ﬁlnlts
it appears that, unlike the N auntosomes, the N first chromosome is ngt Com’ 1ellce
dominant to the D homologue. Pletely

5.9

(¢) Aggregate dominance of chromosomes

The apparent dominance shown by the crosses may depend on Stmmagiop
effects of true dominance between alleles, or upon interaction between non-
or both may occur. Obviously we cannot test for the presence of true dominangg but
we can find out whether this effect 13 primarily due to the dominant behavioyy (;f ilrll
dividual chromosomes. The term ‘aggregate dominance’ has been used to refer 4o th.
dominance properties of whole chromosomes (Robertson & Reeve, 1953), to dray af,te:
tion to the probably complex origin of this phenomenon. We can test for aggregate
dominance by comparing the effect of making single or double substitutions of D-chro,.
somes for their N homologues. Such comparisons, carried out in a bhackgroung of N-
chromosomes, are set out in Table 6. There ig a considerable tendency for the substitution
of a single D-chromosome to have little effect on size, compared with the double sub-
stitution. Hence it appears that the aggregate dominance of N-chromosomes is Primarily
responsible for the observed size of the crosses between the D and N lines. Tt is worth

of th,
allelie gene:

Table 6. Comparison of the effects on wing length of single and double substitutions
of @ D chromosome for its N homologue wn an N background

Male Female
r A A (gl - =™
Chromosome Single Double Single Double
I -229 — -37 —24-2
11 12 -2-3 3.2 - 145
111 - 19 -9-8 0-6 -10-2

The effects are expressed in s mm. as deviations from NNN.

noting that the dominance appears incomplete in I, as has been suggested previously,
and that the substitution of a single D,-chromosome actually increases size, suggesting
that phenomena other than aggregate dominance may also be involved.

(d) Interactron between chromosomes

Having demonstrated substantial aggregate dominance in the dircction of larger size,
we must now look for the existence of interactions between non-homologous chromo-
somes. In particular, we wish to know whether they are randomly distributed and quite
unpredictable, or whether they occur primarily between chromosomes from the small,
selected line and, if so, whether there is any sign of regularity. The most fruitful approach
seems to be to estimate the effects of single and double substitutions of each chromosome,
and the expected value of each genotype, by least squares, on the assumption that tl'mre
is no interaction between non-homologous chromosomes. Examinations of the deviations
between expected and observed values of each genotype should throw light on {:,he
pattern of interactions between chromosomes. This is more appropriate than calculating
first- and second-order interactions between chromosomes I, I and III, by the usi
factorial method, since these interactions would be the average of the individual infer-
actions in all possible genetic backgrounds, and it is the individual interactions, rather
than the averages which are likely to be of interest.



ForBEs W. ROBERTSON 505

Assuming no interaction between chromosomes, the twenty-seven genotypes in females
1 pe expressed as linear combinations of one or more of seven constants (see Rohert-

¢al al Qe : ; .
Reeve, 1953), which may be taken as:

o &
n=gize of N inbred line,

a=ceffect of substituting single 1st chromosome of D for
NN, —X,),

A =effect of substituting two 1lst chromosomes of D for
N(N;—Dy),

b, B, ¢ and (' =single and double substitutions of I and III.

Thus we have NNN =#,
NXN=n-Db,
DDN=n-—A4—B, ete.

golving by least squares, giving equal weights to all genotypes, we find that the constants
5 4, etc., representing the substitution effects, are the means of the nine differences
presenting each substitution effect, calculated in all possible genetic backgrounds.
[n other words

A=3sum of the nine genotypes with homozygous N fizst chromosome minus
sum of the nine genotypes with homozygous D first chromosome],

a=3[sum of the nine genotypes with homozygous N first chromosome minus
sum of the nine genotypes with heterozygous first chromosome], ete.

Pnally, 7 is estimated as
n=g%[2+9% +94 +9b+9B +9c+9C],

vhere % is the sum of the observed values of all genotypes. In males we have only
tighteen. genotypes, and the equations are modified as follows:

b, B, ¢ and C are now averages of six differences,

8 b={[sum of six genotypes with homozygous second chromosome minus
suin of six genotypes with heterozygous second chromosome],

dho, A =4[sum of nine genotypes with N first chromosome minus sum of
nine genotypes with D first chromosome],

ml n= L% +94 4604 6B+ 6¢+60].

From the constants n, A, a, etc., we can caleulate the expected values of the various
fnotypes and compare these with their observed values. The differences (observed —
#pected size) are shown for wing length of both sexes in Table 7.

Itis convenient to deal first with the wing length of females. As might be expected,
the‘ mean square of the deviation of all types shows a highly significant degree of inter-
fokion; this is shown in the lower section of Table 8. But when we compare the deviations
bet.‘"eell the observed and expected size of individual types in column 1 of Table 8, in
"hich the types are arranged roughly in order of increasing number of D chromosomes,
:e find comparatively small deviations in the majority of types. Most of the variance of
ledeviations is due to major deviations of a few types, especially DDN, DDX, DXD
g DDD, i.e. bypes with a preponderance of chromosomes from the D line.

Jouryy] ol Uenetics 52 %
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Table 7. Least squares analysis of the D[N series: wing length (

1
o ; Tow hm.)
Deviatrons : Observed —expected size

TFemale Male
— At
Type 1 2 1 _?
1 NNN -12 —-1-9% -2 ~14
2 NXN 1-1 10 0-7 03
3 NNX -01 0-1 -0-1 ~0
4 NXX -1-6 -0-8 -0-1 04
5 XNN 06 -0-2 — —
6 XXN -0-3 -0 — -
7 XNX 07 0-8 — —
8 XXX ~14 -~ 04 — —
9 DNN 05 09 01 0-8
0 DXN - 2:0% -1:0 — Qe ek -08
21 DNX - 2.5% ~-1-2 ~1-6* 01
12 DXX -07 14 9B 01
13 NDN 3.1 15 9.7k% 19
14 NDX 10 03 05 00
15 NND —-07 0-0 0-0 10
16 NXD -1-3 00 —~ 7% 0-2
17 NDD -0-1 -02 ~2.1# 13
18 XDN 1.7% 02 — .
19 XDX 04 -0-2 —_ .
20 XND 0:9 16 — —_
21 XXD -1:1 03 — .
22 XDD ~1-6 -~ 107# — —_
23 DDN AL L — 3ok -1.1 06
24 DDX 374k 4-1%% 3-8** 5edkx
25 DND 16 R R 1-5 (5%
26 DXD 77 10:0%* [ 10:0%%
27 DDD — B2k — 4 Qe ~3-Q# ~1-0

Columns 1 and 2 refer to estimations based on the least squares analyses of respectively all types and types
1-22,
* Significant deviation from zero at P =005,
** Qignificant deviation from zero at P=0-01.

Table 8. Alternative least squares estimales of chromosome substilutions and
thesr relation to the mean square of deviations wn the DIN analysis

Female Male
g A Al ﬁ > Bl
Double Wing Thorax Wing Thorax
Con-  substi- — —— r —~ — A e
stants  tutions 1 2 1 2 1 2 1 2
A I - 25-89 —26-99 ~2-82 -3:25 -23-00 ~925-05 —-2.97 - 353
B 1T - 577 — 497 ~0-40 -041 - 500 - 488 0-20 ~0-02
c IIT -10-67 -12-11 ~ 528 — 563 - 9-85 ~12-22 —4-83 -516
Single
substi-
tutions
a I - 547 - 547 146  —146 — — - —
b 11 0-91 0-26 0-75 0-38 045  ~ 046 143 0-80
¢ 111 - 049 - 141 -013  -031 - 185 - 284 -loy 14
Mean square of deviations
ATl types 753 885 121 132 8-37 1325 157 123
Excluding 264 1-30 0-78 0-63 4-35 109 0-55 02
types 23-27
Average error variance 0-70 0-32 0-60 0-30

Columns 1 and 2 arc based on the least squares analyses of respectively all types and Lypes 1-22 ?ngéiog
males the estimates of a single subsbitution of I are listed in the same row as the estimates of double substitd
of I in {females.
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Now if the situation is truly one in which non-interaction is the rule, then inclusion
f the aberrant types in the least squares analysis will obviously inflate the average
deviﬂtiou between observed and expected values in the types which really combine
. dditi"dy; the least squares estimates of their size will be biased, because interacting

os have been included in the estimations. Accordingly, the seven constants have been

Ga.lculated, excluding the symmetrical group of five types numbered 23-27 inclusive in
Table 7. With this alternative least squares analysis, the average deviation hetween the
obserVCd and expected values in types 1-22 is substantially reduced. Table 8 shows that
jhe mean square of the deviations of this group is reduced from 2-64 with the first esti-
mations to 1-30 with the second. Column 2 of Table 7 illustrates the same point in terms
of the individual deviations. Naturally the total variance of deviations is greater in the
goond analysis, because evaluation of the constants is not based on all the types. The
rduction in average deviation of types 1-22 with the second least squares estimates
supports the view that interactions are generally absent or very small. The greater devia-
ions of types 23-27 shown in the second analysis probably gives a clearer impression of
their magnitude than those shown in column 1 of Table 7.

DDN and DDD involve interactions which reduce wing length below the expected
wlue, while, on the other hand, DDX, DXD and DND increase wing length quite

Table 9. Wing and thoraz length of types showing major
wnteractions in the DIN analyses (155 mm.)

Male Female
Type Wing Thorax Wing Thorax
DND 146-3 817 167-3 937
DXD 151-3 85-8 174-2 97-5
DDN 1485 86-8 1677 987
DDX 151-6 88-0 1738 100-0

silkingly. There is further evidence of atypical behaviour among these types, since
DXD and DDX exceed DND and DDN respectively in wing length (Table 9), i.e. instead
of the more ustal dominance of the N autosome there appears to be over-dominance.
This problem will be discussed in more detail later.

Dealing now with the wing lengths of males, we find a very similar situation. The
leviations hased on estimates derived from the full series of types show that major
nteractions in the same direction generally oceur in the same types as in females. Re-
aleulation of the constants, excluding the last five types, leads to a striking reduction
inthe Mean Variance of deviations of the other thirteen types from 4-35 to 1-09 (Table 8).
dcontrast with the situation in females appears in the type DDN, which, in males, shows
oly & minor deviation and also in the type DDD which appears to involve a very much
smaller deviation than in females. It will be remembered from Table 5 that the absolute
fIEViation of wing length of the DDD type is 4-8 units greater in females than males and
is possible that this difference may be partly or completely due to this sex-limited
Wteraction.

The analysis of thorax length may be carried out in the same fashion. In hoth sexes
the degree of interaction with respect to this dimension is relatively less than in wing
length (Table 8), but comparison of Tables 7 and 10 shows a largely parallel behaviour

tween wing and thorax lenpth in the direction of their deviations. The corresponding

b0-2
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group of five types is also responsible for most of the variance duc to deviati
when they are excluded from the least squares estimates, Table 8 shows ¢
appreciable reduction in the variance of deviations of the other types.

Jet;] and’
Cre is an

(¢) Comparison of the effects of the substitutions

Table 8 summarizes the least squares estimates of the constants 4, B, ¢, 4
Le. estimates of the effect of replacing single or pairs of N-chromosones }
homologues. The estimates based on the analysis of all types and numbers 1-9

f] b and C,

¥ their

2 Ollly are

Table 10. Least squares analyses of the D|N series. Thoraw length (L mm)
Deviaisons: Observed — expected size .

Female Male
— —

Type 1 2 1 _?

1 NNN -0-20 —0-47 0-11 —~0-41

2 NXN 1-06 1-15% 028 0-29

3 NNX -0-17 -0-26 0-04 --0-03

4 NXX -112 -0:84 ~0-89 ~0-43

5 XNN 0-36 0-09 - .

6 XXN 1-99%* 1-90%* — -

7 XNX - 1-09 -0-99 — —_

8 XXX —1.23% -0-68 — —

9 DNN -()-48 -0-32 0-08 012
10 DXWN 0-37 0-90 ~0-75 -018
11 DNX —1-05% -0-71 -0-79 —0-31
12 DXX -0-60 0-11 -0-72 0-30
13 NDN 0-00 0-26 041 011
14 NDX 0-13 0-05 0-24 0:39
15 NND -0-02 -0-04 074 0-55
16 NXD 0-03 0-38 -0-39 0-05
17 NDD 0-28 0-27 - 0-56 —0-53
18 XDN 0-16 -0-10 —_— —

19 XDX 049 041 e —

20 XND -0-16 -0-18 — —

21 XXD - 041 -0-06 — —

22 XDD -0-36 -0-37 — ‘e

23 DDN - 0-18 —0-01 ~0-12 014
24 DDX 1-25% 1-60* 2.11%* 2.82%*
25 DND ~0-30 011 -0-19 0-18
26 DXD 2-7H¥* 3-53%* 248%% 3.38%#
27 DDD - 1.80% ~1-38% — 2:09%* - 1-50%

Columns 1 and 2 refer to estimations based on the least squares analyses of respectively all types and types
1~2% Significant deviation from zero at P =0-05.

** Significant deviation from zero at P=0-01.
listed in columns headed 1 and 2 respectively. For the reasons just discussed, estimates
of the substitutions from the latter analysis probably provide a better basis for discussing
the effects of the substitutions. There is excellent agreement between the sexes in the
estimates of the effect of corresponding substitutions on both wing and thorax length.
In wing length, the X-chromosome is chiefly responsible for the total difference between
the D and N lines. D, ranks next in effect, a double substitution reducing wing length.b}’
appreciably 12 units, while a double substitution of D, causes a reduction of 5 units.
Comparison of the estimates of single substitutions with those of the corresponding double
substitutions, demonstrates the striking tendency to aggregate dominance of the

N-chromosomes. One interesting feature is that the single substitution of a D X-chromo-
nnrresnonding

poten i mnice ds who ot as fully offeetion inoreduing v Jeapth e the
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shle substitution in females, suggesting a high degree of dosage compensation. How-
0 as noted in Table 5, the absolute reduction of wing length of the D below that of
ever& line is 4-7 units greater in females than males. The deviations between observed and
t’ieected values in Table 7 have suggested the existence in females of the type DDD of an
?:ter&ction which reduces wing length by 4-2 units, while in males the corresponding
ivia,tion is insignificant; and this may account for the difference between the sexes in
{heir absolute reduction of wing length.

The relative changes in wing and thorax, produced by selection in the different
romosomes, have a bearing on the genetic correlation between the two dimensions.
If size 1 changed while body proportions remain constant, wing length changes at about
yrice the rate of thorax length. Actually, the difference in length between the N and D
fings is aboub 4 times as great for wing as for thorax, so that selection for short wings
s caused 2 relatively greater reduction in wing length than in thorax length of the
p strain. This is what we should expect from the fact that the two dimensions have a
wnetic correlation less than unity (Reeve & Robertson, 1953a), but we may carry the
:nalySiS further by comparing the relative changes cansed by selection in the different
dromosomes, as judged by the estimates of their effects given in Table 8. The ratio of
ying to thorax length is about 2:1 for chromosome I1I, so that here selection must have
picked out genes mainly affecting general body size. Genes affecting wing length only
@em to have been sclected in chromosome II, and genes mainly effecting wing length in
dromosome 1. 1t will be noted that the greatest contribution to thorax length comes in
thromosome 111, although the main wing length difference is due to sex-linked effects.

(f) Comparison with earlier chromosome analysis

The sclocted short wing strain from which the inbred D line was descended, and a
{iferent inbred line (taken from the same Nettlebed stock), were used in an earlier
dromosome analysis of a different sort (Robertson & Reeve, 1953); the earlier experi-
ments may be compared with the present ones to see how far they show similar features.
The procedure in the earlier experiments was as follows: a crossing system was used to
poduce cultures scgregating for chromosomes marked by the dominants Pm and H, in
which the genotypes otherwise consisted of chromosomes from one or other strain alone
a were heterozygous for chromosomes of the two strains. By finding the difference in
size between appropriate types, which were identical but for a single substitution, it was
possible to estimate the effect of substituting an N chromosome in place of its D homo-
bgue for cach pair of chromosomes. But, except in the X-chromosome substitution in
males, either the foreign Pm or H chromosomes or both were present. Hence the in-
dividual cffects were estimated against a background with one or two pairs of hetero-
wygous chromosomes. The variety of comparisons which could be made are set out in
wlimn A in Table 11 while column B shows the corresponding estimates in the present
periments, nusing comparisons which are as similar as possible to the others, in terms
of the presence of heterozygous pairs of chromosomes. It will be noted, in the earlier
&periments that two estimates ave available for I in females and IT and III in males,
Ucording to whether the genetic background consists only of D or N chromosomes apart
from e presence ol one or other of the foreign chromosomes. Dominance is indicated
by the cxcoss of the (a) estimate over the (b), if no interaction between non-homologous
tomosomes is present.
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Allowing for the probable existence of genetic differences between the tywo inbreg }j
and also between the selected strain (which was not so highly inbred) and h inbreq Deg
derived from it, there is nevertheless considerable agreement hetween corrospondl'me
estimates, as shown in Table 11. Thus in the wing length of females, the cffeqts of Slllg
stituting a single Ny in the presence of either a Dy~ or Ny-chromosome agree qQuite ‘le"
with the estimates from the later experiments, including the evidence for ngom 1?
dominance of Ny. The parallel estimates for N, and Ny substitutions alse showP fe-e
agreement in the two experiments. In males the position is a little different, Thus ;111
estimate of the N substitution is less in the earlier experiment, and this may he attribu;
able to the genetic differences already referred to. In the case of the sccond chromosop,
substitution, the difference between the (a) and (b) estimates is consistent, ity the

Table 11. Comparison of substibution effect on wing length i different
chromosome analysis experiments (vig mm.)

Male Femalo
A .
—_—

~

™

i 3 A B

®) N%g% 70 Ni‘rﬂgg 51
m TEDN o5 NNDD gy
(b) Eg%{g 43 %gﬁ&_]) 9.7

2 g

and B refer to the earlier and the present experiments respectively.
and b indicate substibutions in the presence of a D or N homologous chromosome.

assumption that the types which carry the H-chromosome do not involve inferactions,
since the (a) estimate is close to the estimate shown in Table 8 while the (0) cstimate does
not differ significantly from zero and indicates complete dominance of N,. In the sub-
stitution of Ny, the (a) and (b) estimates do not differ greatly in the carlier cxperiments
and dominance appears to be incomplete. Thus, as far as the analysis of the Nettlebed
short wing strain is concerned, the earlier analysis, which involved only a fraction of the
available genotypes, nevertheless provides a fairly satisfactory picture of the distribution
of major effects, dominance and the presence of unpredictable interactions.

6. THE ANALYSIS OF THE S AND If LINES

The small § and the unselected B lines, which are derived from the lidinburgh stock,
differ in thorax length by 10-6 and 9-3 units in males and females respectively (Table 1).
This is quite close to the differences in thorax length between the N and D lincs bus the
corresponding differences for wing length are 14-4 and 13-5 units. Although i is pob
surprising that the § and E lines should differ less in wing length than the D and N lines,
it is interesting that they depart from the 2:1 ratio in the opposite dircction.

It has been noted earlier that the basic type ESS had a very high variance and W88
obviously heterozygous; hence this type and the three crosses in which it was involved
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pve peen rejected from the data. This accounts for the gaps in Table 12, which lists
(e observed size of types, since HESS, ESX, EXS and XSS are not available for
comPMiSOD' -y . . . .

The first striking resemblance to the D/N comparisons is evident in the apparent
jominance in the direction of larger size. Table 12 shows that both wing and thorax length
o EXX in both sexes and of XXX in females are almost identical with the size of BEEE.
There is 1O evidence here of any difference in behaviowr between the X-chromosome and
the autosomes. The departwre from an additive system of gene combination could hardly
be mOTE complete.

Table 12. Observed size of types in the S|E analysis (g mm.)

Female Male
Is - S "
Wing Thorax Wing Thorax
EXE 09 1-8 0-2 05
ELX - 21 -2:0 0-0 - 14
EXX 11 0-8 - 15 - 06
XER I-1 08 — e
XEX - 05 -11 — —
XXE 22 2:0 — —
XXX 0-3 0-6 — —
SEE 11 0-6 2-4 - 07
SXE 17 2-2 - 04 0-3
SEX - 11 -1-2 0-8 - 15
SXX 1-7 1-2 - 2:0 - 12
ESE - 04 06 - 53 - 21
EES —-12.7 -96 - 179 - 84
XSE - 03 0-9 — —
X8X - 26 -09 — —
XES ~12-8 —9:2 — —
XX8 -13:8 —-74 — e
SSE - 34 -05 - 60 - 25
88X - 43 -16 - 70 - 34
SES -11-8 -90 - 94 - 78
SXS - 98 -7-2 -11-6 - 84
SIS —-13:5 -93 ~-14-4 105

The observed size of wing and thorax is expressed as a deviation from the type EEL.

Table 13. Least squares estimates of the effect of substituting S chromosomes

Wing Thorax
s —A— Al f—k%
Substitution Male Hemale Male Female
Double 1 - 0-08 0-27 0-28 040
11 - 674 - 194 - 202 0-01
111 -10-01 -1276 -8:09 - 975
Single I — 0-37 - 054
11 - 1.96 1-57 045 1-96
111 - 1.18 ~ 1-81 -1-14 —1-58
Mean square of deviations 0-87 0-10 1-03 0-16
Error variance 060 0-30 070 0-32

Using the least squares procedure, adjusted for the absence of the types ESS, ESX,
EXS and XSS, we here find little or no evidence of interactions between non-homologous
thromosomes. The mean square of the deviation between observed and expected values
does not, significantly exceed the error mean square (Table 13), for either dimension in
tither sex.

The least squares estimates of the effect of malking double and single substitutions of
§ chromogsomes ave also set out in Table 18. In both sexes the X chromosomes of the S
%d E lines appear to be indistinguishable. There is a different distribution of the effect
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of double substitutions of the S autosomes in the sexes. Although in maleg and
Sy produces a greater recuction in size than S,, the effect is greater in feing]eg “:31&1?5
the double substitution of S,, wing length is only slightly though signi[icnnﬂ}; redﬂe In
and thorax length not at all in females, while in males, on the other hand, they Uceq
striking reduction in wing and a significant reduction of thorax length. A further fn}s 2
difference between the sexes is that the substitution of a single S chroimogop, di Lnor
reduces wing length in males and increases it in females, i.e. the same chromoSo;ne Si tly
incomplete dominance in one sex and over-dominance in the other. Thus, although wit?hv'ls
each sex interactions between chromosomes are absent, there is neverthelesy evc{dence o
chromosome interaction controlled by the different chromosome constitution of malof
and females. Phenomena of this sort have been encountered in the earlier C]-H‘Omos()ﬁis
analysis (Robertson & Reeve, 1953), while the apparent wing reducing interaction ine
females of the pure D type provides a further example of sex differcnces in chromosoms
action. Effects of this kind raise interesting problems related to the genetic control of
the sex difference in size, and merit further attention.

Finally, instead of the 2:1 ratio in the effects of the substitutions on wing ang thorax
length, expected if body proportions remain constant, the substitutions show a relatively
much greater effect on thorax than on wing length, even though wing length wag the
dimension selected.

7. GENERAL PEATURES oF THE D/N AND S/E ANALVSEY

The generally recessive behaviour of chromosomes from the small lines is the mogt
striking feature revealed by the foregoing analysis. Since the Nettlehed and Edinburgh
stocks, from which the two small lines are descended, ave quite unrelated, the parallel
phenomena shown by the D/N and S/H analyses suggest that the apparent dominance
relations between chromosomes from the unselected and small lines illustrate a general
feature rather than a coincidence. It is unlikely that the more or less recessive behaviour
of chromosomes from a small line is a peculiar feature attributable to the usc of an inbred,
unselected line in the comparisons. The small S line has also been crossed to the mass
mating BEdinburgh stock and the mean of the F; was very close to that of the unsclected.

It is interesting to consider the implications of these analyses for a gencral under-
standing of the inheritance of size in Drosophila. The usually recessive bchaviour of
chromosomes from the small lines, together with the comparative scarcity of interactions
between non-homologous chromosomes, might suggest that we are dealing largely with
dominant and recessive alleles which tend to combine additively. The genetic variation
in the original population, inbreeding decline and the heterosis which usually occurs
when inbred lines are crossed, could be formally accounted for in such terms. However,
carlier experiments (Robertson & Reeve, 1953), have suggested that the heterosis in
crosses between inbred lines cannot be explained as simply due to summation of the
effects of dominance, and this throws doubt on the general validity of the first simple
deduction from the D/N and S/ analysis. In order to secure more information on this
point, chromosomes from a number of inbred lines have been combined in various ways,
and these experiments will now be described.
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8. CHROMOSOME ANALYSIS OF UNRELATED INBRED LINES
(a) The effects of single and joint substitutions

e lines used have been called 4, B and C and were derived by more than 100 genera-
yons of brother-sister mating from the following wild stocks respectively: Nettlebed,
Edinbm'gh and Oregon K. Chromosomes were combined from the pairs A/B and B/C
and only females were studied since the chief interest lay in the effect of different com-
jinations on cgg production. Altogether twenty-one out of the possible twenty-seven
fypes WeTo studiced ; these comprise the eight basic homozygous combinations, all possible

eg with one or two heterozygous pairs accompanied by chromosomes from one or
other of the lines, together with the fully heterozygous types. The experiments met the
usual bessts for homogeneity and the general procedure was identical with that used in
the other comparisons. The different combinations were prepared by Mr B. K. Sen, as
art of a general study of the inheritance of egg pradudlion—in preparation for publica-
gon—and the flies were also available for the measurerent of wing and thorax by our
gesistants.

Table 14. Heterosts wn crosses between unselected tnbred lines

Dimensions in t§s mm.

Line Wing Thorax
A 208-6 104-5
B 196-0 101-4
C 192-0 102-2
Cross P —mid-parent
AxB 10-34-0-85 414051
BxC 12:04+-1-45 5:540-64

The A/B and B/C tests were carried out at different times, but the observed sizes of
the pure B type, common to both tests, are almost identical. Hence temperature con-
ditions and the environment generally must have been very similar in the two tests.
The lines B and C have about the same wing and thorax length, while A has a larger body
size since it exceeds them in both dimensions, especially in wing length.

The F, produced by crossing the inbred lines shows substantial heterosis, and is larger
than either parent (Table 14). Following the same sort of approach as in the earlier
malyses, we can see whether this heterosis can be interpreted as the sum of the separate
dfects of making each pair of chromosomes heterozygous. However, we do not have to
look far to find difficulties in the way of such a simple interpretation.

We can find the effect of making each chromosome pair heterozygous in two different
bomozygous backgrounds. For example in a B hackground, we can find the differences
between BBB and respectively XBB, BXB and BBX; similarly in an A background we
tompare AAA with XAA, AXA and AAX. By adding the appropriate separate effects
o AAA or BBB, according to the type of substitution, we should get values for double
d single heterozygotes of the sort XXA, XBX or XXX, which closely correspond with
the observed values. Table 15, however, shows that this is far from being so. Whatever
the background in which the original substitutions are made, there are striking deviations
between the observed size and the sum of the separate effects. Thus in the A/B analysis,
the sum of the separate effects in a B background exceeds the observed size of XXX by
05 units and the corresponding deviation in the B/C analysis is about as great. On the
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other hand, it is particularly interesting that the sum of the separate effectg f.

. e alls
when the latter are derived from substitutions in the pure CCC type. Thuyg in A%ashort
background substitutions the sum of separate effects exceeds the doulle and : d

TIp]

heterozygotes, while in the C background substitutions the reverse is true.
Further light can be thrown on the sort of interactions which occur here h

paring the size of the fully heterozygous type with types in which only one or two pg;

of chromosomes are heterozygous. For example, in the A/B series we can compare Pairg

or BXB with XXX by finding the differences: (XXX-XAA) or (X.X.X.——BXB),

Y com.

ThESe

Table 15. Dewation between the sum of separale substitulion
effects on wing length and joint effects

A/B comparisons
Al

Joint effects Ahb:wkground B baokgrouuzl
I+11 -81 —-25-2
I+1IT -5 -175
IT+1IIT ~35 —-12-8

I+IT+II1 -89 -30-5

B/C comparisons
A

N
((3 background B background

I+1I 10-9 - 227
I+1IT 7-6 -21-2
IT 4111 13-0 ~11-1

I+IT+1I1 14-0 -27-2

The values are obtained by subtracting the sum of the appropriate separate effects from the observed size
of double or triple heterozygotes. All the deviations are highly significant.

Table 16. Deviation between the full heterozygote and the single
and double heterozygotes (355 mm.)

AlB B/C

4 - Al s - Al

Heterozygotes A background B background B background C background
I -09 16 -60 13-8
11 0-4 ~0-1 1-0 71
II1 04 12 -2:8 11-8
I4+1I 36 10-1 8-0 31
I+II1 0-4 37 27 64
IT+1IIT -0-5 -07 - 04 10

The values quoted are obtained by subtracting from the size of the XXX type, the size of single or double
heterozygotes, e.g. XXX ~ AXA. A negative sign indicates that the latter is greater than the full heterozygote.

differences are set out in Table 16. A negative sign before the figures means that the single
or double heterozygote is larger than the fully heterozygous type. This table reveals a
very remarkable fact, namely that, in A or B backgrounds, almost any individual
substitution increases size up to the level of the fully heterozygous type, and in some
cases, e.g. XBB in the B/C series, actually exceeds it appreciably. In other words, the
presence of a single heterozygous pair of chromosomes oyercomes the decline in size due
to inbreeding in the pure type and restores size to about the normal outhred level.
A double substitution, i.e. the presence of two heterozygous pairs, may lead to no Further
increase or may actually decrease size below the level of the single heterozygote. Sub-
stitutions in a background of C-chromosomes hehave differently. The individual sub-
stitutions, except in II, produce little or no increase in size but increase in the number of
heterozygous pairs leads to an increase which is greater than the sum of the scparate
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footS: Thus the substitutions in the A and B backgrounds, on the one hand, and the
zbackground, on the other, behave in opposite ways.
Although the inter-chromosome interactions are very striking, it is worth seeing
chether there is any frace of regularity in the effect of the different chror‘nosomes, as
suggested in the 1'e_Port hy Straus (1942), who found evidence of a correlation hetween
ihe Jength of the different chromosomes and their individual effect on rate of egg pro-
Juction- Thus we can find the difference between heterozygous and homozygous com-
pinations in fully heterozygous and fully homozygous backgrounds, i.e. we can compare
fifferences of the sort (XAA-AAA) and (XXX-AXX). The average values for all such
gifferences from the A/B and B/C analysis are set out in Table 17 which reveals quite
s conbrast in the two backgrounds. Thus in heterozygous backgrounds there is no redue-
on in size when I is macde homozygous, whereas size is definitely reduced when 11 and
&qpecially III is made homozygous. In homozygous backgrounds, however, the average
Jffect turns out to be the same for all chromosome pairs. In the heterozygous back-
ounds, therefore, there is a suggestion of a relationship between probable total genetic
sotivity of a chromosome and its effect, but none in the homozygous backgrounds; how-
ever, further comparisons are needed before we can be certain of these points.

Table 17. The relative effects of different chromosomes ( female wing length {5 mm.)

Background
Cliromosome b A N
pair Homozygous Heterozygons
I 11-9 -0-3
11 11-9 —4-6
I 11-6 -56

The left-hand column shows the average difference between single heterozygotes and fully homozygous types,
vhile the right-hand column shows the average reduction in wing length caused by making I, IT or III homo-
nygous in a fully heterozygous background.

(b) The substituiion of homozygous pairs of chromosomes

Although the foregoing discussion has referred to interactions associated with hetero-
wygotes, interaction is also frequent among different homozygous combinations. The
wbstitution of the same pair of homozygous chromosomes in different backgrounds
produces different results, and Table 18 shows that the same substitution may sometimes
ncrease and sometimes decrease size. Thus in the case of I and III, the effect of sub-
situting a pair of A-chromosomes for a pair of B homologues may be strongly positive
ar negative according to the background, while in the case of II there may be an increase
insize or no effect at all. Similarly in the B/C substitutions the genetic background greatly
influences the effect of a substitution and this is particularly striking in the substitution
of I It is also worth noting that some of the combinations of homozygous pairs, e.g.
(BB and BBC are as large as the cross between the two parent lines.

9. DiscussioN

trhe aualysis of the D/N and S/E lines, on the one hand, and the different, unselected
inbred Lines, on the other, provide a number of contrasts. Thus in the former the chro-
losomes of the N and K lines show a high level of dominance over their D or 8 homo-
bgues. There is widespread additive combination of the effects of non-homologous
thromosomes, although interactions do oceur, especially when most of the chromosomes
®me from the D line. Thus the size of the #, of the cross between the small and unselected
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lines could be largely interpreted in terms of chromosome dominance in the dipg .
larger size. T0Ction op
But in the analysis of the crosses between the unselected lines, which shoy
interactions are very striking and there is little evidence of additive com]
substitution of a single chromosome from another line in the otherwise
background, may increase size up to the level of the cross between the lines, or, in ag
case, the sum of the effects of such individual substitutions may fall short of the obs:a)ther
size of the cross. These contrasts appear to suggest rather differcnt interpregag; Tve]
the genetic control of body size, and our understanding of the inheritance of
be a good deal further advanced if such divergences could be reconciled. Tt ig Possib,
of course, that the contrasts may not be so important as they first sceim, singg t}f’
behaviour of the combinations of chromosgomes from inbred lines rests on c0111parative1e
few comparisons, and fortuitous choice of the lines may give an exaggerated imPrCssioZl

. heter()sis
Dination, Thc:
homoz}’gous

’ Ous of
size woylq

Table 18. The effect of substitulsng homozygous pairs of chromosomes
in different homozygous backgrounds (g mm.)

Chromosome
pair Substitution Wing Thorax
A/B comparisons
1 (A -B) BB 110 57
(A-B)AB -69 -89
1I BAB -BBB 10-2 dod
BAA -BBA ~0-5 -0-8
AAA-ABA 40 277
1t BB (A-B) 1249 44
AB (A -B) —24 -48
Standard error 0-98 0-60
B/C comparisons
I (B-C) CC 47 0-6
(B - C) BC 63 28
II CBC ~CCC 6-0 02
CBB - CCB 25-0 82
BBB - BCB -1.2 - 26
111 cc(B-0) -79 -35
BC(B-C) 0-8 17
Standard error 1-34 072

of the differences in behaviour between the two groups. Experiments arc in progress to
test this. Perhaps more important is the regularity with which the Iy of all crosses
departs strikingly from the mid-parent level in the direction of more normal size. In
the crosses between small and unselected lines, the #, closely resembles the latter, while
in the other crosses it exceeds either parent.

Dealing first with the unselected lines, the mteractions suggest that the heterosis
shown by the crosses between the lines, cannot be accounted for merely as a summniation
of the independent dominance or over-dominance effects of particular chromosomncs.
This agrees with the conclusion derived from the earlier chromosome analysis (Robertson
& Reeve, 1953). Particular substitutions may have no effect or they may increase 0f
decrease size according to the genetic background and some of these naturally resemb?e
the effects of dominance or over-dominance. Since whole chromosomes can behave it
this way, presumably the effects of individual genes may also be indisti \guishable from
those of their alleles, or there may be dominance or over-dominance or some degrec of
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i pmediate expression. This raises the question as to how far it is useful to think in terms

= classic antithesis between dominance or over-dominance as the cause of heterosis
o thesses. hetween mnbred lines, since to do so is to assume that the dominance or over-
in Gr-(;ance relations between alleles is stable or sufficiently stable over the range of
doE;ltypeS which are involved in the comparisons. The less this is so, the greater the
,G;Iest attaching to the genotype as a whole rather than the role of independent genes.
lTnhe present experiments clearly do not support an interpretation based on independent
offects- . . C .

Tnbreeding wild stocks leads to a variable decline in size, and when such lines are
qossed the I, tends to fall within the normal range of size of non-inbred strains. In
o far as the heterosis shown by crosses between inbred lines is 1;9 be interpreted in terms
o gene interaction, it seems likely that the decline due to inbreeding must rely on a similar
interpfem tion.

It appears that striking heterosis may be associated with less than the maximum
degree of hete rozygosity. Thus the presence of a single heterozygous pair of chromosomes
in the background of the unselected line B, mcreases size up to or beyond the level of the
fully heterozygous type. On the other hand, substitutions in a C background show maxi-
num heterosis with maximum heterozygosity. Also homozygous combinations of chromo-

Table 19
Deviation from DDD
Type (wing length)
DNN 22-1
DXX 21-5
DXD 194
DDX 190

gomes from two lines may lead to as great a size as that of the cross between them.
Doubtless a great variety of gene arrays can lead to the same result. Whether or not a
particular set of chromosome combinations show inferaction, may depend, to some
sxtent, on the more or less chance distribution of genes on different chromosomes, i.e.
whether the interactions are between linked or unlinked genes. It might be thought that
such interactions are a peculiar feature of combinations of chromosomes from unrelated
lines, This scems unlikely however, since other experiments, in which the parent lines
are from the same stock, show the same sort of phenomena.

The most striking feature of the D/N and S/E analysis is the dominance of chromo-
somes from the wnselected lines. This is probably a general feature since crosses between
different unselected and small strains also show dominance in the direction of the larger
parent; these, will be described elsewhere. This situation is particularly interesting since
it demonstrates regularity in the changes produced by parallel selection in different wild
populations. At first sight it might appear that selection for small size involves the selec-
tion of recessive genes, which combine in a largely additive fashion. This may be i part
frue, but it scemns unlikely that this is the whole story. The clear-cut interactions which
appear in the D/N combinations, the extensive interaction in the unselected line analysis,
the earlier experiments (Robertson & Reeve, 1953), together with the probability that
the study of whole chromosomes underestimates the importance of gene interactions,
tast doubt on any explanation which relies entirvely on purely independent effects. It seems
ﬁkely therefore that gene interaction has played a part m the selection for small size.
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A possible clue is provided by comparing the sizes of the types, responsi}, f
interactions, i.e. DXD, DDX and DXX, with that of DNN. Table 19 éhows thaﬁr Majop
types, though genetically different, have approximately the same wing length IIaiH fouy
zygosity of either pair of autosomes in an otherwise D backgromnd is zL-lmosti’; as eﬁete_m‘
as when all autosomes are replaced by N chromosomes. This situation reca]ly {"he ectiye
of single substitutions in a B baclkground, which increase size up to the leve] of fheﬂects
heterozygous type, and formally resembles the effects of dominance neg cOnéequY
gingle loci but extending over a number. ned to

Inbreeding reduces body size, hence selection for small size is likely to creatq 8 bigs :
favour of homozygous combinations, especially those which particularly reduce as 1
Unpublished experiments in which several different stocks were mass selected oy Slrlxz,ii
size, have demonstrated a steady response to selection which ceased when the selecteq
strains became apparently homozygous with respect o size, so there is good evideng th:t
selection for small size involves a progressive trend to homozygosity. Possibly ag select,jo;l
proceeds, remaining heterozygous combinations which inerease size arc throwp into
greater relief thereby making their elimination easier. Much of the variability, Tevealed
by selection for small size, was probably concealed in the wild stocks, cither hy dominange
or epistasis, possibly of the type indicated in Table 19, while the positive deviation from
mid-parent value for the F; of all crosses implies at least a partial return to the origing]
conditions.

The wild stocks, from which the different lines are derived by scleetion or inbreeding,
are highly heterozygous and appear to be phenotypically stable with respect to size,
Selection in either direction leads to an immediate response, while progeny tests yield
high estimates of heritability (40-509;), suggesting considerable consistency in the
expression of gene differences. Selection and inbreeding alter the genctic situation and
expose an underlying asymmetry in the genetic control of size, which is probably least
evident in the normal wild stoclk. Mather (1943) has drawn particular attention to the
adaptive stability of wild populations in the presence of a high level of genctic variability
and has proposed a solution in terms of more or less elementary, largely additive, poly-
genes—a view which has been criticized elsewhere (Robertson & Reeve, 1952a). Further
progress in this field would appear to hinge on greater understanding of the properties of
genes and gene complexes which influence the development of different characters.
Genetic analysis of the effects of selection may bring to light regularitics, as in the
behaviour of the small lines in the present experiments. As further experimental data
become available it may be possible to discuss the situation prevailing in wild popula-
tions in more realistic terms than at present.

10. SUMMARY

1. A crossing method is described for creating all possible combinations of major
chromosomes from pairs of inbred lines of Drosophila melanogaster. The twenty-sevel
different genotypes in females, eighteen in males, provide the basis for different tests
which throw light on the genetic control of body size.

2. Complete chromosome analyses have been carried out on two pairs of contrasted
lines of different size, descended from the Nettlebed and Edinburgh wild stocks. Bach
such pair comprises a small line, descended from a strain selected for soall body sizé,
and an approximately normal-sized line, inbred without selection from the same sbock.
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6o wnrelated lines inbred without selection have been studied in a similar way, except

of twenty-one out of the twenty-seven possible combinations for each pair have been

studied in females only. .
5, The accuracy of the m('athod .of. combining chromosomc.es was demonstrated by the
agfeement ’)017\\'00}1 preparations o? the saue genotype hy chffgrent means, and also by
fhe Jevel of ivh_.e -\\‘lﬁhll.kc‘,lﬂtul'e variance, which was generally of the same order as that
o0 mitreated inhred lines.

4, The within-culture variance is not consbant for all genotypes, but tends to decline
Ath an increase in the number of heterozygous pairs of chromosomes.

g, When the unselected and small lines are crossed, a highly non-additive situation is
svealed by the size of the 'y which may be as great, or nearly as great, as the size of the
mselected parent Line.

g In the analysis of the unselected and small Edinburgh lines the size of the different
types cauld be accounted for hy aggregate dominance of the chromosomes of the larger
line.
7. In the Nettlebed combinations, aggregate dominance and additive combination
of non-lomologous chromosomes account for the size of the majority of the types. But
there are also a number of striking interactions which increase or decrease size, leading to
gferent cffects of particnlar substitutions and different dominance relations in different
genetic backgrounds. Most of the larger interactions occwr in genotypes carrying several
tcj}lromosomes from the small line. The behaviour of the X-chromosome of the small
lne is exceptional in being incompletely recessive in all backgrounds.

8. In the coubipation of chromosomes from the unrelated, naselected, inbred lines,
inferactions hetween non-homologous chromosomes are much more frequent and
striking. The substitution of a single chromosome or of a homnozygous pair may increase
or decrease size, according to the genetic baclground.

9. Inter-crossing these unrelated inbred lines always leads to heterosis in the Fy,
vhich exeeeds both parent hnes in size. This heterosis cannot be acconnted for merely in
terms of the summation of the effects of dominance or over-dominance on different
thromosomes, but must be considered in terms of gene interaction. The effects of making
tach pair of chromosomes heterozygous in otherwise homozygous backgrounds may be
wmpared with the joint effects of making two or more pairs heterozygouns, In several
cases, the presence of a single pair of heterozygous chromosomes may lead to a body size
quite as large as in the fully heterozygous type, and actually exceeding the size of types
with two heterozygous pairs. Bub, in one series, on the other hand, increase in the number
of heterozygous pairs of chromosomes increases size more than the sum of the individual
effects,

10. The results are discussed in relation to the mechanism of heterosis, inbreeding

decline and possible ways in which selection has changed the genotype to produce small
Size.

Iwish to thank Miss Brenda M. Green and Miss Phyllis Cameron for valnable technical
asistance and also Mr C. M. Mazrr for carrying out most of the basic computation.
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