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1,
I INTRODUGTION
Seiecfle résgongé_  | L N V
. Mather (1941) ﬁaé qﬁe.éf thé first to dr;ﬁ attention to the associa£1on

-ongenea;governing'quantitatiﬁe charactess in linkage groups and the |

conaequénées of this fof eeléction :espoqée. His observations were
based on the}behaviour of his own population of Drosogbiia selec&gd‘fof
high and low aﬁdominal bristle number and those of Payne (1918) selected
for high scutellar brisﬁlé number? In these experiments, petiéds of
rapid advancé alternéted Qith tﬁose of stability under selection,l
Mather attributes the stéble periods to the exhaustion of available
genetié variétion between chromosomes and the response periods to'the
release of new variatioh through reéombination within linkage groups
of‘genes. He hypothesiseéAthe'accumulation under natural selection
vqf complexes of such polygeneé linked in internai and relational balanée.
This implies heterozygosity at individual loci and an excess of repulsion
linkages among the loci (negative linkage disequilibrium). In a more
detailed study of selection for abdominal bristle number Mather and
Harrison (1949) reported further discontinuities in response and found
that all four chromosomes contributed to response and their effects
were additive., More recently similar discontinuities observed in lines
selected for high sterno-pleural bristle number have been attributed to

the samé,cause by Thoday and Boan (1961).

Aithough the bghaviour of these lines undey sélecﬁion does prévide
some evidence for the existance of fepulsibn linkages of bristle genes,
it provides none for an excess of such linkages in natural populations
as proposed by Mather (1943). Wright (1952) has shown that the selective
values of repulsion linkages have to be very high and linkage very tight/
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/tight to maintain such e disequilibrium. Robertson (personsl commnication)
agrees thet such discontinuities observed may be due to recombination of

repulsion linkegesbut the probability of their being observed wae weighted in
favour of theee workers sinoe their selection linee were derived from crosses

!

between inbred lines. Under theee conditions, there are initially relatively
few gene errengemente each at about equel frequedoiee. Fevoured coupling
linkages are quiokly fixed giving immediate seleotion reeponee end repuleion

. heterozygotes of approximstely equal efteots pereist end give rise to delayed
SRR

reeponse upon recombination.

CF B

'Some doubt as to whether these discontinuities of response: wore due to
recombinational .events led :Fraser (1957) to computer simulation studies with
Monte..Carlo techniques on the effects of linkage on selection response. Using
a ‘model’' of -two gzoupe'of three linked loci.with'dominance and initial hégative linkage
disequilibrium, he wasg able to‘simulete discontinuous responses with tight
linkage (0.005) and the same high selection intensity (4/40) as that used
by Mather end Harrison (1949).. - Thus, the models of Fraser (1957) showed that
Mather's polygeno hypothesis was sufficient to explain the nature of the

gelection response.,

Some of the response curves for the selection runs of Freeer eleo suggest
a reduotion in limit or totel response to eeleotion in populetions with tightly
linked loci and eelected with high intensity. Thie effect appears to be
greeterhfor low initial frequency of the favoured alleles. However; from the
date of Fraser (1957) it is not possible to find a quantitative relationship
between.degree‘of linkage and the selection limit, .- Also, it has not been
satisfactorily established that his model of dominance and excess of
repulsion linkages represents the true situation in nature. Martin and/
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/andlcockefhém (1966)'en1arged uéon the work of Fraser (1957) by studying
the effect of linkage in models of five linked loci each’withfﬁwo alleles
with additive effects and freqﬁenéies of 0.5. Under initisl linkege
equilibriun they found that response was reduced only with the tightest

" 1inkage (0,0I)'and'thé highest seiéétion intensity (2/20). wheh.they '
commenced selection from a population in negative linkage disequilibrium
they found a more marked reductién in response due to linkage;'iﬁ
accordance with the observations of'Eriser (1957). - With thesé and other
Monte Gérlo’studiés of Qureshi (1963) a pattern of the effects of linkage

on response to. selection in polygenic characters began to appear. However,
none of thesg wpxkerg aytegpted g,geperql sormulqtion of thg'inper-relationahips
among the factors;‘gqqh gs,%inkgge and;selegtiQn intensity, which were found

in these computer runs to gffagt selection response,

Robertson (1960), developing the théory}of Kinﬁura (1957) of the chance
of fiiation’of génes'under selection in'améll pdpulétiOns; §as'thé first to
formulate a prediction of tdthl‘iespbnSe'to'selection'fof'a systém of o
indepéh&éht loci each with twé allélea."‘éy‘élbse examiﬁafion'of“a geﬁe.at
one;of‘thésé loci he determined that its chahce of fixation for a given
initial frequency could be completsly determined by N i a/éuhen N is the
effectivé population size, i the selection differential in stquafdh
devigpions and a/g the differenoe in mean bétween the two homozygates
at the locus. When the genstic variance ég of all such additive genes
affecting a character is small in relation to the total phenotypic variance § 2
selection response can be simply represgntgd by y;(z égz/'é).

This approach to predicting response in a polygenic character throﬁgh

cloae.e;amigatipn»qf the behaviour of a single gene under~selectipn'waa/,



- /was first used to elucidate the effeets of linkage on eelection limits
by Latter (1965) Using Monte Garlo techniquee, and e model of two loci
‘of equal effect with allelee of equal frequency linked 1nitially in
equilibrium, he studied the chance of fixation of the favoured alleles
under replicated solection runs with varying recombinatien'frequeeciee.
He found that linkage reduced response eppreoiebly ﬁo long teem selection
only for pairs of loci of fairly ia:ge effect et recombination values of
010 or less. In a more recent etudy Latter (1966) observed the fate
of ‘the GOuplihg and repulsion linkage phases under selection in a regime
vhere linkage had a high depreeeing effect on response. Favoured
coupling linkages were initially rare and a high proportion of tetal

responge was obtained from recombination amohg repulsion heteroeygotes..

While theee models of Latter considerably adeanced the understanding
of the effects of linkage en eelecﬁion limite, they suffered from the
limitations of equal effects and initial gene frequenciee at the two
loci under observation. These limitatione were removed 1n the modele
studied by Killband Rbbertson (1966)., Using Monte Oarlo teebniqnee they
obgerved the'ieeponse to selection of a gene at one locus as affected by
a gene eegregeting'et a ‘second lihked locus;v 'The& fouhe that tﬁe
' selection process for additive genes in initial linkage‘equilieriue .
could be completely ‘specified By the'pafaﬁetefevﬂ ia/f, Nibv/dand
N ¢ where N is the effective pepulation size, i the”standardised |
selection intéensity, a/€ and h/é the effects of the two loci on the

selected charecter and ¢ the linkege distance between them.

The chance of fixatxon of an observed gene was affected by linkage

with a second locua to an extent uhich depended upon the freqnency and/

4o
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/and effect of the favoured geme at the second locus. They found that

the mean at the selection limit was most sensitive to changes in rgcombination
freqﬁenéy between ﬁhe'tﬁo‘iéci Qhenifhey had eQua1 effeets and when segregating
independently, the favoured genes had chances of fixation of about 0.7. Thus,
these studies of Hiii*and Robertson (1966) énébled the‘selecﬁion processi

to be adequételf described for two linked loci from a knowledge of

relatively few parameters. ‘Whether or not this enébles predidtion of ﬁhe
selection process in natural populations where quantitativa characters are

likely to be influenced by more than two loci, is unknown.

Robertson (personal communication) has recently teken a more general .
approach to defining the effect of linkage on selection limits in a malti-
locus system than the Monte Carlo studies reported above. He determined
gelection limits for a 'Normal' model of 2 N groups of n completely linked
loci with equal effects a and initial gene frequencies.g. To establish
selection lines thése 2 N groups were égmpléd from é poﬁuléﬁion in which
they were normally distributed with a varianée 6@2. They ﬁoulﬁ correspond '
to the 40 chromosoﬁeslIII needed to establigh:qiéqieqtioh ligg‘o£'20'parehts.
He determined fhe relationship'bexﬁéén‘aéﬁﬁnééﬂhh&éi.éeiéction to;the iiﬁiﬁ'uu
(d2/6z) and N i b where i is the standarciise_%d selection differential and
h = 6g/6 vhere 6z and § are the éenétic'ﬁnd phénotfpic étanda?d deviétioﬁs;"
Limits for very low and very high values of N_i h were obtained explicitly N
and those for intermediate values of N i h usmng Monte Carlo selection
runs. By increas1ng the value of i h h he ﬁound ‘that with N = 10, limlts
rose rapidly from zero when N ihs= O to reach about 3 ég for high values
of N i h, '

Selection limite were then celculated for the samelN groups allowing

free recombination among the n loci of which they were comprised. For/
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/For each value of N i h the ratio R of the limit under free recombination
to that under 'Normal?! selection was obtained. Under this model of

completely independent segregation,ahd N E 10, values of.R‘iﬁcreased

from one at very low valhes>of’N.i;g~toj%/9‘(n(l - q)/q)’ for high but
finite values of N i h' which allowed fixation of the best slleles at all
_n loci under freeo reccmbination, . Some runs with fGCOmbination fréquenéies

between O and 0.5 gavée R values less than that fo& independent segregation.

This definition by Robértéon of the interaction of linkage éndA
selection limits for a multi-locus system uéing R estimable from a
knowledge of pbpu;ation sizé,'seiection ;ntehsity and,recombination frequency
is analagous to the specificatiop by H;ll and Robertson (1?66) of the résponse
of two linked genes by similar parameters. Iﬁ suffers only from the
limitatiops of equality of gene effects, initial gene.frequgncies and

distances between adjacent loci.

Roproductive fitness ' ’

Mathex's (1943) balanced poljgene hypothesis implics that a re@uction
in fitness is liable to result from unbalancing the combinations through
an increase in coupling linkages under selebiion. | Although reduction in
fitness due to change in bristle score per se 'has not been demonstrated a
considerable variat1on in change of fztness among lines of Drosoghila
selected for bristle score,euggeetive of bristle fitness gene linkage,has°i
been found by Mather and Harrison (1949), Wigan 'and Mather (1942), Thoday ‘

" and Boam - (1961) and Olayton and Robertson (l957)¢ Lihes’ uhich do decline

in fitness either die out or tega1n their fitness upon relaxation or back

selection.

In a more definitive study .of the chenge -in fitness under selection for/



/for bristle score in Drosoghila, Letter and Robertson (1962) established
that moat of the decline observed could be accounted for by inbreeding
depression alone but in a few of the lines: there wae clear evidence of

unfavourable bristle ‘fitness linkages. - = .

General , .

The experiments reported in this theais are a check on‘the égreément
between the aimula&ion models presented above and‘the behaviour of
Drosophila lines selected for sternopleural bristle number in which
two degrees of recombination frequency of linked groups of genss affecting

this character are contrived. Prom experiments carried out in this

laboratory (Louw (1966), Osman Mousa (1963), Allan (1963),) sternopleural

bristle number appears to fulfill the requirements of a character -
controlled by & number of additive genes at intermediate frequencies

and occurring in linkage groups in initiael equilibrium on all chromosomes.

compérisons undér the two regimes of recombination freqﬁency are made
of 'selection response as contributed by each of the four chromosomes and
changes in repﬁoductiVe fitness. In settihg up the comparisons, use was
made of the fact that crbésing over does not occur in Drosophila males and
crossover prcducte oécurring‘within inverted segments of chromosomes

carried in fémales are inﬁable.

The control of recombination frequenoy was restricted to ehromosomes II

and II1 since they ere responsible for a high proportion of the difference

between lines selected for high and low bristle score (Louw (1966)).

7.
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IX_ EXPERIMENTAL

ESTABLISHMENT OF RECCMBINATION REGIMES

For both high and low bristle score, one set of lines was selected
in vhich recombination was suppressed by balancing wild chromosomes II and
' J%@%a%vc\r ,
I11 in female parents against crossover"chromosomes. This was compared
with another set of lines where recombination occurred freely by using
wild type femielé parents, Recombination referred to as Free in this

study is that which is expected to occur between loci on chromosomes of

normal order.

To.be able to attribute with confidence differences in response
to differences in recombination frequency, sets were equalised for other
factors affecting response. Fot a gene with homozygous effect a above
the homozygote of its alternata gllele; it ﬁas already been shown that
apart from its linkagé relationship with other genes, its limit under
selection is determined by its initial frequency and N i a / & p where
N is the effective population size, i is the selection differential and 6

the phenotypic standard deviation.

To equalise initial gene frequencies, the chromosomes contributing to
response in both sets were large samples from the same wild population.
In addition, the chromosomes which were used to suppress recombination in
the female pareats were carfied at the same frequency in male parents of
the Free recombination set of lines. This balancing of the suppressgor
chromosone frequencies in both set of lines was necessitated by the effect
which the presence of segregating suppressor chromosomes had on both N and
i a / 6 and consequently the response of the wild chromosomes to selection.

A comparison of the expected i a / & between selecting parents within/
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/uithin heterozygous suppressor/wild and homozygous wild/wild geno?ypes

is given in Appendix 2. It shows that i g-/lé is slightly higher for the
former than for the latter due to a reduction in the genetic component

of g. Also, the oalonoing of wild alleles byiao invoriato suppressor
chromosoms in one set of parents reduces the possible number of wild
alleles segregating at a locus from 2N to 3/A(ZN). ~ Thus the sampling‘

| variances of such loci on chromosomes II and III are increased due to

a reductlon by /Z in the effective population size N. The reductlon-in
N through selection v1th1n suppressor heterozygotes is expected to more

than,oompensate for the increase in i a / 4.
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| CHROMOSCME _AND _ MARKER _STOCKS

Wild chromosomes _Those;are.tho chromosomes‘uhieh_provided;the response in
the selection lines. They were sampled from the Kaduna cage population.
This population of approximately 5,000 flies was described by'Glaytom,>.
Morris and Robertson (1957) and has been maintained undor constant conditions
sinces .. The mean sterno-pleural bristle score of the population was 17 at

‘the samplings of both Experiments 1 and 2,

Grossouer suppressors ‘Appmoximaue positions of chromosomal rearrongoments
anﬁvloci used in crossovér teéts are imdicateé in Fig. 1.

(i) Cy.pr (Gurly). Chromosome II; homozygous lethal; carries inversions
In (2L)'Cy and In (2R) Cy; non-inverted pericentric region marked with pr
(Abbreviated in this study to 0y).

(1i) Me, ca (Moiré), Chromosoms III; homozygous lethal; carries inversions
~In (3L) P and In (3R) P. Non-inverted terminsl region of right ari marked

with ca (Abbrev. to Me).

(éii) Ubx 130 (Ultrabithorax). Chromosome III; homozygous lethal; carries
a»short inversion on the left arm, a long pericentric inversion and several
translocations. Non-inverted terminal region marked with e (Lewis 1952)

(4bbrev. to Ubx).

Dominant markers These were used in chromosome substitution procedures.

(1) Pm Plum, chromosome 1I; homozygous lethal.

(ii) Sb Stubble; chromosome III; homozygous 1et.hal. »

(iii) ciD Cubitus-interruptus domlnant° chromosome IV; homozygous lethal.
(;v) clw Cubitus-interruptus of Wallace; chromosome IV; homozygous viable.

(v) Xa Xasta T(2:3) ; homozygous viable.

——
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Recessive margerS' ' These were used in estimating recombination frequencies.

@

Scar

car Chromosome I3 recessive markers in order are scute sc,

.....

. echinus ec, crossveinless ¢v, cut ct, vermillion y, forked £ and

carnation car, = o L

(i1) glsp Chromosome II; aristaless al, dumpy dp, black b, purple pr,
curved ¢, plexus px and speck sp. |

(i11) ruca Chromosome III; roughoid ru, hairy h, thread th, scarlet gt,
curled cu, stripe sr, ebony g and claret ca.

A1l of the above mutants;éxcept Ubx are listed by'Bridgeé and Breheme (1944).

’

Backgrougd stock DF. The origin of this line and the inheritance of

. some of its Sody colour patterns has been described by Louw (1966).
Mean sterno-pleural bristle score is 8 and has remained unchanged
throughout 10 generations of selection in both directioné, Multiple
‘stocks of dominant markers and suppreésdr éhromoéomesvﬁere incorporated
into DF backgrounds and maintained through meles backerossed to DF

femalés'éach‘generation.
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Cy . "—5.’4---~;;-.<.' b'a [ " : ——— q__i__,_

al - dp b pr e px 8p

spindle attachment (Saé)

Me .‘,
' /N NN | |
ra th Me_h ci sr ca
‘(S'oa)

be - "A. x .'.ooé;oooooen'o"o-o"ooaoo'
| : | N S R
be\éu \ ™ h th st sr e Ja

(s.8) ’ -

wewwes— Inversions

sssesos Translocations

Figﬁre 1. Structure of suppressor chromosomes and approximate positions

of markeriloci used ig crogssover tests, Bridgee and Breheme (1944).
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- RECOMBINATION TESTS

In the first experiment Cy and Ubx were chosen to suppress recombination
in the_égiéétion linéé. , fhis chéicg was baéédldn~racombination tests with
marker chromosomes I;.gigg}and III ruca when tested females had eitheé one
or other but not both suppressor chrom;somgs iq their genomes. Also, gpg
was reported to have a better viability tﬁan-Mg (Léuw (1966) personal
communication). Subsequent difficulty in identifying Ubx and a breakdown in
its ability to sﬁppress fecombination’efficigntly in the presence of Cy led

to its replacement in a second experiment by Me.

Method
The following tests were carried out to determine the inter-chromosomal
effects of suppressors on recombination within chromosomes I, II and III.
Tester chromosomes used were I gear, II alsp and IIT ruca. The Cy, Me
and Ubx chromosomes tested and used in establishing the selection lines
were isogenic having been carried in stocks through males since their origin .

in a single male.

Chromosomes II and III Samples of 10 Gy Me and 10 Cy Ubx meles were each mated
to alsp and gggg tester females in separate bottle cultures. Collections

were made of the following virgin feﬁales possessing one suppresso£

chromosome balanced with a tester chromosome: (i) Cy/alsp; (ii) Me/ru-e;

(iii) Ubx/ruca. Also collected were virgin females with 2 suppressor
chromosomés one of which was balanced with a tester. These were (i) Gx/h%gg;

Me; (ii) Gy; Me/ru-es (iii) Cy/alsp; Ubx and (iv) Gy; Ubx/ruca. This

enabled recombination testing of suppressor chromosomes II and III alone

and in combination, For each of these genotypes, 3 bottle cultures each/



/each of 10 females were backerossed to either alsp or ruca males according
to whether chremosomes II or III vas under test. Parents were removed

after 4 days and off‘spr:mg were scoz‘ed each day for 5 days.

Chromosome I Males from a standard scar chromosome I stock were

mated with females possessing the same Cy end Me chromosomes &s used in
establishing the selection linés of Experiment 2. From these matings
Cy Me and '+ females heterozygous scar / + were backcrossed to scar males
in 2 replicate bottle cultures. Females were allowed to lay for 2
successive periods of 4 days in separate cultures. Progeny were scored
over the first 4 days of emergence from each culture. This gave 2

maternal genotypes X 2 maternal‘. ages X 2 replicates.

RESULTS
Chromosomes II and III Teble 1 summarises the backeross 'results.
It shows that the Ubx, Me and Cy chromosomes are efficient suppressors
of recombination when present alone in femaless The ‘only crossovers
observed in Ubx and Me involved the ca locus at the end of the right
arm of chromosome III. Cy was a less efficient suppressor than Ubx
an.d Me. All single crossovers ebservlec;‘in chromosome II were between,
the 1ef§ and right arms. Since pr. vas cemon to both Qx and the tester
chromosome II alsp, crosgsovers occurring between b and ¢ could not be
identified as occurring either to the left or to t}‘xgi right of QgiwhighA
isr si;tﬁa:ieé Vbert;reen 'p_ax_xd‘g_ « The presence of 2 suppressor chromosomes in
the same female produced a signj;ficant inerea’s_.e in the number of ‘
crossovers observed only when Cy and Ubx occurred together. Recombine,tion
in be increased from 0.74% without Cy to 11 93% with Oy whereas it

remained low in Me in the pregence of Cy.
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‘" Ubx crossovers fell into 2 ‘classes, These were (i) double crossovers
involving the h, th and st loei and (1i) single crossovers involving the |
cg locus. According to the mep in Pigure 1 these loci ocour in the
nopfinvérted 6L A - C to 74 and the 96A to t;p_of 3R regiohs respectively
: cfzthe Ubx chromosome. ‘Recombinatiqh ih Qx appeared iﬁdeéendent of the
status of chromosome'IIIg ALl siggle-crqésovere were between the left
and;riéht arms and the 3 dpuple crossqvers_were i# phe :egion of the

centromere.,

Chromosome 1 Table 2 presents the results of backerossing scar/+
heterozygotes to scar males in the chremosome I recombination test.

It shows the numbers of parental; single end multiple: crossover types
emerging from Gy Me and + females du:ing the 2 time periods, A 3x 2 X2 ,
contingency test was carried ogt on Qhe'Byprogeny and 2 maternsl types
withih eachvmaternél_age., Qlder_females produced a higher proportion of
croésovers ihan youngerqonés§ Cy ﬁe'fémales, éértiqularly the older ones,
produced moré crossover progeny than + femaies. | They also produced more

multiple crossovers.

The distribution of crossover points over 6 regions. of chromosome I.
for Cy Me and + females is shown in Teble 3 with that of Bridges and Breheme

(1944). As expected the total distance sc - car is greater for the Cy Me

than for the ¢ females. Both, however, were greater thén,ﬁhab’of Bridges

and Breheme (1944): This may be explained by the relatively poor viability
of ‘gcar genotypes in thése cultures and their resultant low contribution

to parental types.t bespite differences iﬁ 8¢ - ggg lengths;, the distribution
of ciossover points does not differ markedly between'the'Cy:He and + females,

The suggestion of enhanced crossing over in the £ - car region in the presence/
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' Test  Non-homol ____ Backeross gemotypes ' Total ' ° %
chromosome, _ . genotype: Parental Single Double Total = flies Crossovers

ey . e L0303 6 . 9. 16 309 .. 1.9
SR Me .. M6 6 ., 3 . .9 425 2.1
," Ubx %8 6 -0 6 - 3 146
Me % 53% . 1 o . 1 - 53 0,2
L ' Cy \ 604 1 0 . .3‘ . 605 0.2
Ubx' o+ 615 5 o 5 680 0.7
o oy 753 74 28 102 855 11,9

'Table 1. Frequency of reoombinatlon between tester chromosomes and
sappressor chromosomes in the presence and absence of non-homologous

suppressor chromo-omes. ,



_.Maternal ' __ Bagkeross. héndt‘ eg
Age - - genotype - Parental - Single Mulgiple :

| "I;"otal

~% S

scored - Crossovers : -

W +
2 Cy Me
1 | +

3

i# 5 -Gy Me

' 186
Figa -

118

182

223
193.

203

R43

32
58
30

A

57.8
419 54:2
79 689

60,0

455

1 . 4 day emefgence'from eggs4laid immediately‘aféer mating

2 4 day emergence from eggs laid 4 days after mating

Table 2 Effect of maternal age and genotyﬁe on tﬁe frequency of

recombination in chromosome I¢

Maternal

‘1%

Chromosome I regions No.
genotype sc -ec ec-cu cu-ct ct-w wu-f f ~ car 8¢ - car scored
Cy He 4s3 10:0 6.8 171 24.0 8.6 710 834

4 89 77 149 25,0 5.0  66.0 860
Bridges et 5.5 8s2 . 663 13,0 23,7 5.8 625

al (1944)

Table 3 ' Percentage distribﬁtion of crossovér points in 6 regions of

chromosome I carried in the 2 maternal genotypés Cy Me and +,
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/presance of Gy Me réflects a huéh larger incresse found in this region
by Schultz and Redfleld (1951) in the presence of g1 and ‘the chromosome .

III inversion Payge°

The increase in chromosome L recombination observed in Cy Me
females is unlikely to be an important confcundlng factor in the
comparison of free and euppressed recombination in chromosomes II and
III in Experiment 2° The contribution of chromosome I to total response
is’ expeoted to be small in comparison with that ‘of chromosomes: II and III.
Also, since the enhancement of recombinaﬁiOn appears to be slight‘and to
be et one‘end of chromosome I it is unlikely'to‘occur betuween important
bristle loci: In Experiment 1, chromcsome.I was not expected to contribute
to selecticn response since it hed been replaced by isogenic DF at the

establishment of tho lines,
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ESTABLISHING SELECTION LINES

Experiment 1 ¢ Twenty selection 1ines weré.éstablishedg 10 being selected
for low (L) and 10 for high (H) sferno;pleutal bristle number. In each
direction 5 lines had free recombinaﬁion (F) within chromogomss II and

III and 5 had recombination suppresseé (8)« Lines were numbered 1 to 5
within each of the 4 direction x recombination (DxR) regimess: LF -« Low Free;
L8 - Low Suppressed, HF - High Free and HS - Higb Suppressed. Each of the
10 F lines was reproduced by mating selected Cy Ubx males and + females and
the 10 S lines by mating selected ¢ males and Cy Ubx females each generation.
In establishing the lines, chromoscmes originated in 3 sources; chromosomes I
and IV from the isogenic low score DF line,_# chromosomes II and III from the
Kaduna cage population and Cy and Ubx from a DF background stock., Chromosomes
I and IV were controlled in this way %o restrict response to chromosomes II
and IIT. The series of matings to produce the desired genotypes is outlined
in Figure 2, $Since the Cy and Ubx chromosomes originated in one fly, two
generations of multiplication were necessary prior to mating 1. Throughout
the substitution process, effective population sizes were kept high by

mating a large number of parents (> 300) in a large numbsr of vials.

- After establishment of the lines, selection intensities were 10 in 25
for each sex. Thus 25 flies of the following types were scored (i) F limes :
Cy Ubx males and ¢ females and (ii) § lines : + males and Cy Ubx females.
From matings of selected parents the 4 segregants Oy, Ubx, Cy Ubx and ¢
were expected to emerge in equal numbers. Of those segregahts not selected
as parents, 10 of each sex were scored. Scoring and selection are diagramed

in Figure 3,

Selection lines were kept in half-pint milk bottle cultures. Parents/



Keduna x DF/Y; Cy/DF; Ubx/DF; ciD/DF'-'
Keduna x K/¥; Gy/Ks Ubx/K; cil/K
'DF/DF; Xa/DF; DF; DF/DF %~ K/¥; K/K; K/K; ci/K
'DF/DF; Cy/DF; Ubx/DF; DE/DF x ~DF/T; Xe/K; K ; ci’/oF

W O

5 DF/DF; Cy/K; be/K; DF/DF '/x\mr/y; Oy/K, be/&; DF/DF

3

(}a) DF/DF; K/K; xg/x; DF/DF  DE/Y; Gy/K; Ubx/K; DF/OF
(b) DF/DF; Cy/K; Ubx/K; DE/DF DF/Y; ¥/K; K/K; DF/DF

¥

(a) Used to establish Free recombination lines (F)

:(b) " oon " Suppressed " " (s)

Figure'z. Substitution of DF chromosomes I and IV, Kaduna wild
chromosomes II and III and gx and be into. the base populatlon

of Experxment I.



. Free regombination . - o
¥

10 + females. 10 Cy Ubx males ', .

Parents .

Progeny ' - - -~ Gy - Tbx -~ ' 'Cy Ubx = . ¢ °

males scored 10 10 25 10
select A - - 10 -
females scored 10 10 . 10 j 25
selectx | - . - 10
§ggpreséed récombination
Parents 10 Cy Ubx females 10 + malés‘
Progeny Cy Ubx  ° Cy Ubx .
males.scored 10 10 10 . 25 )
select ‘ - - _ - .10
females scored 10 . 10 25 10
‘select - - 10 e

Figure 3, Numbers of segregan£3»and gsexes scored and selected in the

Free and Suppressed recombination lines of Experiment 1,



/Parents were matéd and females allowed to lay for 3 days. Progeny were
collected and sexes separatedfat'lthour pezbds-for the 4 days following
first emergences . Iheée:were then sgpé;ated into the 4 segregant classes
and, stored. Thé fﬁtal number of fenales emeréiﬁg.oveg this §eriod waé

counted and a sample of about 125 of each sex from each line was examlned

to determine the proporthns of the 4 segregants comprxs1ng it,

Bristle scores weie pinched on tape each generations 5A.KDF 9 computer
was hrbgrammea to summarise means and variances of data grouped into the
'foliOWing classes: (i) 2 directions of selection - High and Low, (ii) 2
. degrees of recombination - Free and Suppressed, (iii) 2 sexes, (iv) 5
selection lines and (v) 4 segregants - Cy,'be, Cy Ubx and +, Experiment 1
was discontinued after 5 generations of selection when anomalies in the

behaviour of the Ubx chromcsome were discovered.

Experigent 23 A.second series of 20lselectipn liqeg vas established

using ﬁg igstead_of Ubx as a suppresng.of gecombination in chromosome III.
Both the Cy and Me chromogomes had oxigingted‘inta single male. Théy were
drawn from gvline selected}for_low bristle score by pr; A, Boﬁertson in a
similar recombination sﬁudy carried out in 1963. The lines of Experiment 2 -
differed also from those of the first egperiment in the nature of their
chromosomes I and fV; ' Thej'we?e sampled'frdmfthe-Kad&né population instead
of DF. The lines were set up after 3 generations of multiplication of the °
Gy and Me chromoéoﬁes by backerossing to Kaduna femdles, The selection
procedure as outlined for Experiment 1 was then carried out. for 17 generations.
Lines were again designated LF(1 - 5); ES(1 - 5); HF(1 - 5) and HS(1 - 5).
Selection was discontinued at generation 17 since all but the HF lines appear
to have pléygaued and some alteration had occurred in the Cy chromosome of

geveral linesa



SELECTION _RESPONSE

- Rosulds

Exﬁefiﬁeﬂt 1: The means of + (wild type) segregants, sexes pooled, are
plotted for the 10 Free recombination (F) lines and the 10 Suppressed
recombination (S) lines in Flgs. 4 (o) and (b) “for 5 genexatlons of
selection. Responses of + and Gy be.segregants pooled.over lines within
each éf tﬁe 4 Direction x Recombination regimes .appeer in Fige. 4 (c) |
ané.(d) Msan scores of the / segregants Cy, be, Cy Ubx and + at the"

begxnning and end of selection are given in Table 4.

Seln. Segregant _
Gen regime - by Ubx Cy Ubx +
o} A A;l 13,0:0.1 13,.6¢0.1 .13;219.1 13.420.1
5 Lr 10;5:0;i 11.3+0.2 11.3:031 11.040.1
u L8 11.120.1 : 11.7+0.1 11.6+0.1 11.150.1
" HF 15,7¢0.1 17.6$0.2 16.2+0.1 16.2+0.1
" HS 15.840.1 16.9+0.2 16.7:0.2  14.3+0.1

Table 4 Experiment 1.

Mean scores of the 4 segreganis averaged over

lines within the 4 D x R regimes at the beginning and end of selection.

Fiom & mean # score of 13.4#0.1 bristles in gen. O the High lines rose
t0 16.5:0:1 in gen. 5 and'the Low lines feli to.ll.oﬁo.l. In peither
direction of selection was there a difference between the F and 8 lines
at gens 5. The low gen. O score of 13.4 compared with»ﬁhe usual score
of 17 for Kaduna + flies is due to the substitution of Kaduna chromosomes I

and IV for those of the low bristle score DF line. There is considersble/

23,



HF 2
“HFS
HF 4

HF
HF3

' Ffe_‘_u_g:"ie L' Expt. 1. 'Revspo’nse in bristles (B) to 5 gehei‘at.ioné {G)
'of selection. + means for individusi Free and Subpféésé& reconbination
‘lines plotted in (a) and (b). Response of + and Gy Ubx segregants’ pooled

over lines plotted in (c) and (d).

24
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/considerable variation émong iinés inimean + score at gen. 5. High lines
ranged from 14.6 for HF3 to 18,2'fbr H32 and the Low 1ings frém 10.1 for
1S2 to 12.5 for LFl. Linear regréssioA coefficients of score on cumalative
selection differential (remlised heritabilities) pooled over the 10 High and
10 Low lines were caleulated for the + ané'é& Ubx segregants. These are
givgn in Table 5 with similar valuesiof the + and Q& Me segregants of

-Experiment 2 gelected over the same period.

o Low High
Expt ) 1 + 0 ® 38:0 004 0 ) 40:0 004
Cy Ubx  0.3120.04 044440405
Expts 2 + 0.22$60,03  0,4940,04 .
Oy Me  0.10+0.02 0.1940,03

Table 5 Expts. 1 and 2. Realiged heritabilities of + and suppressor
heterozygote segregants over the first 5 gens. of selections Estimates

are pooled over the 10 lines within each direction of sslection.

The only significant difference (p<0,05) among the coefficients of
Experinent 1 lies in ﬁhe greater rate of response of Cy Ubx segregants in
ﬁﬁe High than the Low direction of selecﬁion. The slopes of ¢ responses
in both directions agree closely with the reslised h> caleulated for lines
of Kaduna flies selected under similar conditions by Ailan (1963).' The
replaééﬁeﬁt of + by DF chromosomes I and IV and the incorporation of Cy
and Ubx into the lines evidently did little to alter response. A simple
model is appropriate here to explain the expected response slopes of the

4 segregants.,



26.

Lat'selection coange the average.effécts of +-chromosomes II by d II,
+ chromosomes III by d& III and the sum of fheﬂeffccts‘of chromosones I and Iv
| b&fdcé Supprcssor chromosomoé 811 and SIIT (e.ga.gz“and ggg)vsegfegate in
the sclécoion?lines'with + chromosomes II acd-IIlc ‘Rare recombination
between these suppressor ond'* chromosomes whenAcarricQ in females
enables selection to change theic effects dK2 and dK3. Theo, suoming over
the.chromosome‘complements, the changes in‘mean‘of the 4 segreéont classes
under selection. can be written as follows:- |

‘a (smm) dII + 2dITT + dC + dK2

-

'd’ (SI1I) 2II + 4III + dC + dK3

L]

d (SII SIII) dII + dIII + 46 + dK2 + dK3
d(+) = 20II ¥ 24ITT + d |
Thus, substituting Cy and Ubx for SII and SIII in the above medel and
assuming no changes' dK2 and dK3 in Cy and Ubx, the expected change d (+)
is twioe d {Cy Ubx) since dC is zero the chromosomes I and IV being of
isogenic DF origin. However, inspection of Figg. (c) and (d) and
comparison of realised h2 for Cy be‘and + in Table 5 shou that the means
of both segregants change at about the same rate under selectlon. Thisﬂ
contrasts w1th 8 51m11ar comparlson in Table 5 of respoase in the lines
of Exgcrlment 2 where the realised hz of + was more than e;;cé that of
Cy Me. _ According to the model, twice the slope of the Gy be response
would be expected to exceed that of the + response if dK2, dKB and dC # CL
This could result from'recombiaationlin'gz and‘ggg'with f.ccromosomes when
carriod through fomales or by the congamination of cultures witc flies
carrying foreign chromosomes I and IV. Further light 15 thrown on this

) 1ater but these observations together with the difficulty of identifying/
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/identifying Ubx phenotypes resulted in'the dispéhtinuatibn of Experiment 1.

ﬁxperimeht 2 3 In Figé. 5 and 6 are plotted the requnseséto 17,gen§rations
‘of selection of the + segregants in thé'Frég aﬁﬂ;Shppressed recombination
lines’resbectively. .in Fig. 7 responses are plotted by pooling over

lines within each of the 4 Direction x Recombination regimes. The break

* oecurring in the HS response at gen. 11 is due %o ﬁﬁe"dying out of one of
'the lines HS3. From gon. 12 to 17 averagés are those of the % remaining

HS lines. To check the fépeatability-of the'ahpakent;y plateéued line

HS4 it was split into HS4A and HS/B at gen. 11.

In Fig.lg are plotted average responses of the Low lines together
with those of Dr. Robertsén. For the_puﬁposes.of comparison these
weréidesignated Series 1 and Series 2 respectively. Means of F- lines
wéie calcglated from scores on Cy Me males>and + fensles and of S lines
t‘rom'-j'F males and Oy Me females. These*different estiﬁates had to be
used since only these flies were scored in the initial generationsfof
the Series 2 liness In pooling them it is aasumed that sex difference

is independent of genotype.:

Average ¢ scores of each of the 4 D x R regimes are given in Table 6

at generations 1l and 17.
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HF4
HF2

HFS
HF 1

Figure 5 Expt. 2,

" “lines. Generation (G) means are the average bristle scores (B) of +

males and females.

Response to selection of the Free recombination

28.
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—via un

[

v

Figure'6 Expt. 2. Response to selection of the Suppressed recombination
lines, Generation means are the average bristle scores (B) of + males

and females. . At gen. 11 line HS3 was terminated and HS replicated.
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Fi gge 7 Expte 24 Selectlon response. Generation (G) means are average
+ bristle scores (B) pooled over lines withln the 4 Direction X Recombinatmn
classess LF - Low Free; LS - Low Suppressed HF - ngh Free ami ‘

BS - High Suppressed. |
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Figure 8 Expt. 24 . Response to.gelection of + scores (B) pooled over
lines within each of the 4 D x R regimes plotted against cumulative,

selection differential (S.D¢). .
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 Figgge 9 Response to selection in Series 1 and Series 2 Low, Free
and Suppressed recombination regimes; 1F, 1S, .2F and 28 respectively.
.-+ Generation (G) means are average bristle scores (é) of Oy Me males -and

+ females for the F lines and + males and Cy Me females for the S lines.



" High

Gen. Free - .. Suppressed - - F - 8% - P
1 250 234  41.681.7 N
7 266 22,6 © +4.0:1,2 0,001

~ Low series’l A
1. Ul 140 +0.140:3 . No§

17 ‘136 14.1 20454043 N.S

Low series 2
11 1440 - 14.5 -’-0.54"_0.3 N.S

17 12,8 T 14.6 <1.8¢0.3 0,001

# F - 8 : Free<Suppressed., - Standard érrors calculated from

between line variances.

Table 6 Experiment 2, Comparison of + means of Free and Suppressed

recombination lines after 11 and 17 generations,of selection.
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Suppression of recombination was apparently effectlve in reduclno

....

.......

response at gen. 17 by 4°0 bristles in the ngh 11nes and 1,8
bristles in the Serles 2 Low 1ines. HoweVer there was no difference
between the Free anavSupbzesséé Series l‘pow-lines. Separation of
the.Eﬂénd:S.responsésvoflﬁhe High:énd»SerieS'z Liow linBS'appears"

"o have occurred between gensqfil and 17,

At gen. 17 the range of + means. for the HF l%nes*was 2356‘£o
28.1 and for the HS lines 2.1.5 to 23.8 bx:isﬁs.l_esv giving an overlap .
of the two ranges of only 0.2 bristles. However, line HS3 which
had a mean score of Z5.5 when it died out at gen. 11 vas well inside
the range for the HF lines. = Mean + écore ranges.ét genes 17 .for the
Series 2 Low lines differ by almost one bristie.’ They are 12,5 %o
13.5 for the LF lines and 14.2 to 15,2 for the LS 1inés.

From inspection of Flgs. 6 and 7, plateauing in the 8 lines
appears to have occprred befote geéens 12: Thus selection llmlts
in these lines were estimated by accunulating + means fiom gen. 12
to 17+ These limits and the advances made from the base population

before they were reached are shown in Table 7

Advances are given in bristles aid absolute and logarithmic

‘ phenot&pic standard deviations. Phenotypic standard deviations are/
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/hre of + scores caieulated within oultures at gen. Oo These vere 1.87
(400 degrees of freedom) for Experxmenb 2 lines and 2 06(250 d £ ) "for
the Series 2 1ines. The logarithmic transformation was used to overcome

to some extent the associatxon between mean and variances

Table 7 shoﬁs the consequences to selection response of eliminating

. the contribution of genetio variance within chromosomes II and III by

. suppresaing crossing over., . Advance appearo greater in the High

direction of selection than the Low, In the HS lines it was approximately
3 phénotyéio standérd deviarions dnd in the LS lines something less than 2,
There is & close agreementibetweeo‘the advances of the Series 1 and 2

Low lines. The advances in Table 7’shou1d overestimate those expected
from utilising the variance among chromosomes iI and III alone. From
theh, must be subtracﬁedfthe coﬁtribdtions of chromosoﬁes I and IV as

well as that deriving from occasional recombidation between suppressor

chromosomes and their + homologues.

Half;lives ¢+ The number of géheraﬂions elapsing before half the total

selection advance had baen achieved in the HS and LS lines was calculated.
On a log. ‘scale the means of + segregants ab these half-llves were 19,7
and 15.4 for the HS and LS lxnes and the half lives were between 3 and 4

'and between 4 and 5 generations respectively.

Realiéed heritabilities t Linear regression coeffieients of response

on cumulative selection differential (realised h ) were calculated for
the 4 segregants within each of the lines over the selection period of
17 gens: These are-presented in Appendix Table 1. Since selection

differentials were not available for the Series 2 Low lines, realised/



Selection Gen. 0 Gen, 12-17 Advance

regime bristles  bristles bris@lés'  sed.¥ i log’ (8.d)
s 17.0 w2 w2050 3.3 a6

1S (feries 1) 17,0 140  -3.00,09 1.6 1.9

LS (Series 2) 17.8 147 -3;1+b,;5'."1,5 o A'1.7.‘4

# g.d, -+ standard deviations

Table 7 Experiment 2. Estimated limits and advances in the +
segregahts of the Suppréssed recomﬁination lines. Advances
measured 'in bristles and gen. O standard deviatiom of absolute . -

and- log scores, .

364
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/realised h2 estimates'could not be made. Responses of +‘meaqs pooled
oner the 4 D x R:iegimes'and plotted against cumulati;e s.d. ate shown

in Fig. 8. Estimates of the slopes of these responses are LF 0.16*0 .01,
LS 0.17+0. 01, HF 0 32*0 01 and HS 0.2520.01 so that ovet the 17 generations
of sslection, response in the High lines was about 1.5 that of the Low
lines for the same amount of selection. The lower realised h? for the

HS than for the HF lines merely reflected a reduced advance to the

selection limit rather than a slower initial rate of response.

Since realised b2 could not be found for the Series 2 lines,
rsgressions of scaled + means on gen. number were calculated and
compared uith similar estimates on the Series 1 ﬁow lines, Means
were scaled'usxng the transformation log (X - 6) of da Silva (1961)

to remove the effect of mean on variance. Cosfficients are presented

in Tabls 8.
Free . Suppressed
Series 1 0 o 18:0 o 01 O 019:0 001
Low ‘ . - : . |
Series 2 o 0026:0002 . 001620 01

Table & ‘ Cbeffisisnts sf linear regrsssion of means of + segregants
on gshsfation number for the Series 1 and 2 low lines. The + means

weie transformed to logarithms.

Ag seen in Fig. 9 the avsrags slope of the 2 F lines 0.26 1s’significant1y
greater (p<0.01) than the other three whics do not differ among

thsmselves; The continuation of response in the F lines of Series 2

after the F lines of Beries 1 had apparsntly platesued suggests that an
excess of 0,77 units in the gen. O variance of the Series 2 over the Series 1

lines may have been genetic,
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Generation means of the 4 segregants Cy, Me, éy Me and + are plbtted
for the Free and Suppresséd recombination lines in Figs. 10 and 11
respectively. Realised hz‘for these ségregants,can be substitutedf
into theiequatibns representing the contributiéns of chromosomes I %o
IV to total response already given for Expe:iment 1. These eqﬁations.
are then written aé follcwss~ A
(1) 8? (o)
(1) B (Me)
(111)  b2(CyMe)
(1v)  n° ()
where the elements on the righé hgn& slide representﬁchanées in units

)

dIl ¢ 2dIII * d4C + dK2
'2dII + d4III + dC - + dK3

1}

dIl + dIII.+ dC + dK2 + dK3

2dII + 24III + 4C

from one unit of selection in the aﬁerage effects cf N chromosomes II
and III (4II, QIII), suppréssor chromosomes Cy and Me (dK2, dK3) and

+ chromosomes.I and IV (dC).

From these 4 équations, 4 sets of 3 independent  simultancous
equations can be cﬂosén. These are first éolved fo} the F 1ine§ in
both directions of selection by substitﬂting in the appropriate realised
h2 estimateé from Append. Table 1 and.assuﬁing that‘dﬁz and dKBhare
zero since Cy and Me are carried in males. in these lines. This gives.
4 estimates of dK2, dK3 and dC for the 4 sets of 3 equations. The
same 4 sets are solved for the S lines in which. dC is assumed to be
the same as thg corresponding set of equatibns solﬁed<for the F lines
since the expected response in chromosomes I and IV is independent of
suppressionvoftrecombination-in chroﬂosomeéiII and III. fhe sets of -
3 equations foi the § lines still have 4 unkﬁowns so that solutions can
be found for the sum of effects dK2 + dK3 and dII ¢ dIII only.
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Figure 10 Expt. 2. Response to selection of the 4 segregants Cy, Me,
.Gy Me and ¢ in the Free recombination lines.. Generation (G) means are

bristle scores (B). pooled over: HF .and LF lines.

39..
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Figure 11° Expt. 2. f-Respbnséﬁto;selection,ofabhe.4 segregants Cy, Me, Cy Me

and + ih'thq=Suppressed'rchmbination~linesq Generation (G) means are

bristle scores (B) pooled over HS and LS lines.
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These responses in chromosome effects for the F and S lines were
averaged over the estimates corresponding to each of the 4, sets and
are presented in Table 9, ‘ |

Chromosome response

Selection I III II + III I+1IV Cy + Me
regime 411 aIrx aII + dIIX .ae dK2 + dK3
IF 0,01  -0.04 -0.05 -0.06 -
LS - - -0.06 - ~0.06 -0.01
HF +0,09  +0.12 +0,21 -0.10 -
HS - - +0.12 ~0.10 +0,08

Table 9 Experiment 2. Changes of chromosomal effects due to one
unit of selection; estimated from realised g? of the segregants Cy,

Me, Cy Me and +.

Since they are calculated from realised 5? they should be largely free
from the effects of scale. The following,observations can be made.,

(1) Chromosome III éontributes more to response than chromosome II

in both directioné of selection. | |

(ii) The combined responses of chromosomes II and III are reduced by
suppression of recombination in the High line but not in the Low.

(iii) Residual response dC is fairly high and negative in the Low lines
indicating some contribution from chromosomes I and IV. In the High lines,
on the other hand, dC is still negative suggesting a change in these
chromosomes opposite in direction to that of selection. This apparent
anomaly can be explained by dominance of the Me chromosome evidence for
which is presented later. Slopes of the Cy Me and Me responses are less
than would be expected fiom the mddel and the obser?ed slopes of the Cy

and + segregéntsa
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(iv) From estimates of dK2 and dK3 it appears that Oy and Me have
gaihed considerably in effect in the HS lines but almost negligibly
in the LS lineé'through recombination with balanced *'chromosomes in

females.
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INDIVIDUAL CHROMOSOME RESPONSES

Chromosomeg ‘I and IV

Method -

E#peéimént 1'3: 8ince chromosomes I and IV of these lines had been
_substituted at the beginning of the experiment for those of isogenic
DF they were not measured since they were not expected to contribute
0 response, | |

Experiment 2 ¢ The first chromosomes of these lines were a sample of
those in the Kaduna population and were expected to respond under
selection. Their effacts were measure& at the beginning and end of

selection by substituting them into a DF background as outlined in

Fig. 12.
1 "o ~ x DF/Y; Cy/DP; Me/DF; ci"/DF
2 + x /T3 Cy/37; Mefis ci'fv

3 +/+3 Cy/+5 Mo/+; +/+ /x DF

%

/Y3 Cy/DF; Me/DF; +/OF

# 4 females from selected lines

# # males scored differed between lines in chromosomes I and IV

Figure 12 Experiment 2. Substitution of chromosomes I'from selected
lines into an isogenic backgrpund'fbrfmeasurement‘of change under

selection.



The estimates of differences between lines in chromosome I effects
as measured in the_malevoffspring 6f'mating j ére-confounded with those

o?zchromosome,;y@

To check on iesponses in chromosome IV, samples were extracted from
the lines at the end of the experiment and substituted into an isogenic
background for measurement. The substitution procedure is outlined in
Fig. 13. - In all matings a single bottle culture per selected line was

uged with 10.parents of each sex.
1 F e  x_ DF/Y; Cy/DF; Me/DF; oi'/DF
2 DF - x +/¥3 Cy/+; Me/+; ci¥/+

* ® +/DF; Cy/DF; Me/DF; DF/+ and  DF/Y; Cy/DF; Me/DF; DF/+

% 4 females sampled from selected lines
# # Male scores estimated chromosome IV effects = °

Femalo scores estimated heterozygous chromosome I effects

Figure 13  Substitution of chromosome IV from selected lines into an

isogenic background for méasurémént of selection response.,
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Bosults

" ‘Brperiment 2t ' Appendix Taolé»z shows the line means for substituted
obromosomés I”ét the beginning énd end of selection and of chromosome
IV at the ond of selection. The effects of chromosome I substitutions
_are. summarlsed in Table 10. leferences are glven between the effects
~of substituting first chromosomes (x) from (i) DF, (ii) All llnes at
~.gen, O and the (iii) High and (iv) Low 1ines at gon. 17 into the ’
- background X/Y; Gy/bF° Me/DF; +/DF. ;

Geno Chros. I Mean Difference ' p
Origin IR
0 (1) DF 11.05+0.06 (i) - (ii) -0.86+0.08 0.00L

W (41) A1 11.9140.05 (i)~ (111) +0.38+40.08 0.001
17 (ii1) Low  11.53¢0.06 (iii)- (iv) -0.34#0.08 0.001

" (iv) Bigh  11.87:0.06 . (iv)- (ii) -0.0410.08  N.S.

Table 10 Expt. 2. Measurement of reoponée ﬁo selectioh of
. chromosomes I. Means are of first chromosomes sampled from DF,
the base population and the High and Low lines and substituted

into isogenic males.

At gen. 17 there waé a difference of 0.34 bristles betweeo the
High and Low lines but none between the Free and Suppressed lines
.within diroctions of delection.- Thus the slight enhancement of
croséihg over found in the presence of Ql and Mg:has not led to increased
response, The greatest difference in Table 10 is that of 0.9 bristles
between the first chromosomes of DF and all lines at gen. O.
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Although genetie'cnenge‘cennot be-ieolated from environmental change
over ‘the 17:gene:etionseof selection,-the,firse cﬁromosemee_of_ghe.Low
lines appear to have responded: by about - 0.4 bristles.and of the High
lines not at ell.“ At the end of the selection period no differences
were found among. linee in their chromosomes I when measured heterozygous
with the DF first'ehromosome' the mean of all females scored being
12.04 ¢ 00060 Males from the same: mating which produced these females
were scored to eetmmate between 1ine differences in chromosome IV effects.
No difference could.be detected‘among the lines or the 4 DxR regimes
so thet the chromosome I chengee measured eeme not confounded with changes
in the fourth chromosome , Tne’average of all males heterozygous selected
chromosome IV/DF was 10. 91*0.05 bristles. A sample of DF/Y; Cy/DF; Me/DP;
DE/DF males was found to have a mean score of 10.14 *+ 0008 giving the effect
of substituting a DF for a selected: chromosome IV as + 0.77 + 0,09 bristles.

A comparison'of the effects of chromosome I in the High and Low lines
with the differerce -between the means of + males in the High and Low lines
lndicates that thls chromosome contributed only about 3% of the overall
difference. Louw (1966) found that - chromosome I accounted for 20% of
the difference between a High (CBA) and a Low (DF) brietle 1ine both
originating from the Kaduna population. Of th;s dxfferenee 60% appeared
to be due to 'a single high genes The small difference observed between
the first chromosomes of DF and thqse'of/the selected lines at the -
beéinning and end of selection Suggeses that this gene must be rare in
the Kaduna population since it was evidently not sampled at the establishment
of these lines. ~From the means of males with High, Low and Df first/
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/first chromosomes in Table 10 the expected difference between females

heterozygous for chromosome I High/DF and LOH/BF can be. oalculated as
(11,87 ¥ 11.05)/2 = (11053 + 11.05)/2 = 0.21 ¢ 0.06

éséumieg sdditiﬁaty'ahd dosage pombensatiooe That this differenoe'

vas not detected sdggests a degree of dominance of the DF over the

seleeted.firstAehroﬁosomes; | This reflects the dominance of the DF

over the C3A first chromosome found by Louw (1966).

Selacted chromosoges II agg,iII

The change in effect of these chromosomes under selection haa already
been estimated from a consideration of the realised g? of the 4 segregant .
classes.. These estimates, however, assume response to be linear over .
the 17 gens. of selection. Tois'is clearly not the oase‘for the HS 1lines
which begin to plateau at about gen. 10.. In addltion to these estlmates,
the effects of substituting chromosomes II and III for their homologous
suppressors SII and SIII was estlmated in 2 ways fbr eaoh generation of
seleotion. This was done in the following way by finding the difference

in brissle'scorelbetween segregents emerging'from the seloetion lines,

Chromosome II -estimate . % «  8IT -

w©
e
—
H -
¥

X
. estimate ¥ SII; SIII
Chromosome III estimate i + - 8III
o | estimate Y SIT - SII; SIN
The regressiocn of ostimate XonY (bXY) and the correlation between
the two (rXY) was caloulated for the lines of Experiment II over the 17

generations of selectlon. Homogeneity among lines for these estimates,/



/ésﬁimates,‘except for chromosome II in the Low lines, enabled them to be

pooled within directions of selection. These are given in Tgble 1.

Chromosome
IIv - IIT
7 b(XY) N.8, # + 0.4
LOW
r(XY) ‘ H.S. B +v0.4
b(XY) * 005 + 007
HIGH
r(xy) + 0.6 + 0.8

# N.3. - Not significant (p< 0.05)
Table 11 Expt. 2. Agreement between effects of substituting selected
chromosomes II and III into 2 genetic backgrounds, X and Y measured as

the regression of X on Y (b(XY)) and correlation between X and Y (r(XY)).

Two points of interest arising from these estimates are: (i) r(XY)
rises with the magnitude of X and Y mainly because their standard errors
remain fairly constant. (ii) Y is always less than X i.e. a suppressor
chromosome has a greater effect substituted into a + background than
into a background possessing a non-hcmologous_suppressor chromosdme.
The generally high correlation between the two'subsbitutionslx and Y
illustrated additivity of chromosomes II and fII in bristle effect and
led to their being avefaged to estimate the effects of chromosomes II
and III,
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Resul@s

Experiment 1 ¢ Table 12 shows the effects of chromosomes II and III
substitutions at the beginning and end of selection. Since there
was no difference between estimates for the Free and Suppressed

recombination lines, they were pooled within dxrections of selection.

@ Gens O , Gena 5
Estimate ~ Alllines = High =~~~ Low
(1) ¢ - Gy +0.38+0.09 +0.7420:14  +0.2940,12
(i)  Ubx - Cy Ubx $0,3620,09 +0.8040,17  +0.04#0,12
w#  (i11)  + - Cy (DF) - +0,6840.11  +0.37:0.11
(iv) + - Ubx ~0,21+0509 ~0.7420:17 «034230513
(v) Cy - Cy Ubx : I--0.;2330.09 —066710514 «0667+0,11

* Bstimates (1), (ii) and (iii) measure chromosome II and estimates

(iv) and (v) chromosome III effects.

#% Measurement of chros. II substituted into DF backeround.

Table 12 Experiment 1. | Estimates of sobstitutionﬂeffects of

.chromosomes II apd III at‘the Boginning'and end of:seiectiona

Averaging estinates. (i) and (ii), chromosome .IX effects at gen. O were
+0537 ¢ 0406 brisﬁleéa ‘ In:5 geﬁératiohs of sélebtibnytheylfell-to'
+0 16+0 08 in- the Low lines and rose to *0.77+0 10 1n the High llnee.'
Estimate (111) measures response in chromosomes hed by substituulon
1nto g DF background as outlined in Figes 14: Responses were *0.68:0.1
for the High and *0&3710506 for the Low lines, | |



1 DF/OF ; $/8; be/s- DF/DF
2 DF/DF- Cy/DF, DF/DF DF/DF
3 DF/DF; Cy/S; DF/DF, w/mv

DF/DF; S/S; DF/DF; DF/DF

#%

- DF/DF; cy/s, DF/DF; DF/DF

X

1
|

" DB/Y; Pu/DF; eb/nF; DE/DF
DF/Y; Pm/ be/nv, DF/i)F_'
DF/Y, Cy/S ; DF/DF : DF/DF

DF/Y; S/S; DF/DF; DE/DF

DF/Y; Cy/S; DF/DF; DF/DF

% Sample of Ubx males from each selection 1ine :

ne Measurement of second chromosome S homozygous and heterozygous

for Cy in a DP background.

Figure 4 Experiment 1. Substitution of chromosomes II after

5 gens. of selection into an isogenlc background for measurement.

t

50,
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Estimates (iv) and (v) for cﬁromosome III averaged -0.22¢0.06
at gen, 0 and fell to «045440.06 in the Low lines at gens 5.
Unexpectedly, the effects of chromosome III in the High 1ines '
also declined to ~0.7030¢10. The reason fo; thls lies in the |
abnormally high scores of the Ubx and Cy Ubx segregants at gene 5.
This sapports the brévioﬁs obserVatiSn'bésed on realised h? that
the bristle effect of the Ubx chromosome has been: altsred in both

the HF and HS llne through recombination with selected wild

chromoscmes.

Bxperiment 2 ¢ The substitution effects of chromosomes II and IIT
were averaged over the 2 backgrounds % and Y into which they were
substlouted and over the lines within each of the A P x R,reglmes
and are presented for each generation of selection in'Appendix’Tabléé'
3 and 4. T@ey are also plotted against generation number ip Figures
15 and 16‘ ’In the HF lines the chromosome If effect rose from
0.4020. 16 to 301340.19 bristles after 17 gens. of selection while the
chromosome III effect increased from 0,3530.17 to 3.89%0.16 bristles
over the same period‘ Corresponding changes in the Low direction
could only be calculated for the Series 1 lines. They were, for the
LF lines, 0.40$0.16 to 0.0240,17 for chromosome II and 0,35$0.17 %o
-0¢67+0.16 for chromosome III. . In the Smppressed'lines, selection
limits for chromosomes II and III were estimated from inspection of
.Figs. 15 and 16, ° E#éépt‘for chromosoms II in.the HS lines, estimates
vere derived,by'avefaging'over'linés-from gens, 11-to 17. The limit
for chromosome II in the HS ‘lines was. estimated from gengs 7 to 1L . -

because of apparent change in the effect of Cy through crossing over/
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Figure 15 Expt. 2. Change under selection in t.he effect of substituting
a sx.ngle chromosome II for & homologous snppressor chromosome. Generation
(G) means in bz'lstlea (B) are the average of substitution into 2 genetic

backgrounds X and Y pooled over lz.nes within the’ 4 D x R regimeso



! . » o

a. single chromosome III for a hqmolégOus_suppressor chromosome. Axes are

the same as in Fig 15, - o

Figure 16 Expt. 2. "Change under sglqcﬁiongin the effect of substituting

\n

-



/over.in the 1atte¥ stages'of=eeleétion.' This lioit was chosen since
response seemed plateaued during thls P??i??f ? Cumﬁlative means of
the effects of chromosomes 1T anﬂ III were also estimated over

gens, 11 to 17 for the.Free'reoombinatlon lines, 'These are clearly
not limits for the HF lines but may be for the LF, _Differences
between gen. 0 andfohese later oumulaﬁivo means are shown ag

advances for the 4 D x R regimes in Table 13.

As expecoed; the relative differences among the‘responoos
agree closely with those estioated from éeaiised'g? %nuTable 9.
An examination of responses for the LF and HF lines shows a higher
contribution frem cﬁfomosome'III than chromosome II to total response
in both directiooso. The'raoio.of chromosome 111 to:chromosome II
contributions is 3.9 for the LF and 1.3 for the HF lines.s There
| is assymmetry of’response for'both chromosomes II and IIXs This
is greater for chromosome II than chromosome III: ﬁatios of response
in the High to that in the Low F lines are 10 3 for chromosome II and
34 for chromosome II1, Advances in chromosomes II and III over
the 17 gens. of seleotion are the same’ for the LF and LS 1ines. In
the HS lines, on the other hand, advances in chromosomea II and III
measured in this vay uere only 0 25 and 0¢67 respectzvely of those

in the HF llneso

54+
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(a)
DF/DF; Cy/+; Ubx/+; DF/OF x_ - DF/Y; Pum/DF; Sb/DF; DF/DF
DF X DF/¥; Cy/DF; Ubx/DF; DF/DF

DF/Y; DF/DF; Ubx/DF; DF/DF *

* Ubx segregants measured over 5 gems. of backerossiidg to'DF,

o . . B) |

+/+; Cy/+; Mo/+3 +/+  x_ DF/Y; Xa/DF; DF ; ci¥/DF

o = +/2; Cy/oF; Me/DF; o1/
DF . - ox ' F/Y; Cy/DF; Me/DF}, ci¥/DF

~ DF/Y and DE/DF; Cy/DPF; DF/DF; DE/DF

#% Both sexes of gx_ and r_vj_e; in DF were scored.

Figure 17 Measurement of suppressor chrémoSomes in a DF background
at the end of selection,  (a) Ubx from Expt. 1 and (b) Cy and Me -
from Expt. 2. |

Seln, Chromosome IT Chromosome III

LF . -0.24 + 0.03 -0.93 + 0.03 -
| B
LS -0.26 + 0,04 -0.92 + 0.0k4 |
' {

HF +2.48 + 0.12 +3.18 + 0.12
HS +0.66 + 0.11 +2.14 + 0.11
i

Téble«1§.. Experiment 2. Advances under selection in the
effeots: of chromosomes II.and III.

.

et
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Suppressor _chromogomes II and IIT

A check was made to see if these had altered their effects .
through exchange with thelr wild homologues duriuo selectlon.
0ver the 17 gen. selection pefioo of Expt. 2 & total of 4250
potentlal parents of %he Suppressed lines were scored whose Oy and
Me chromosomes had derlved from €y Me mothers. Thus, with estimated
recombination frequencies of 2% for gzgand 0:2% for Me, about 85 of
these flies would be expectedfto‘carry an aloered gz_end about 8 an

altered Me chromosome,

| Asbselection prbceeded the difference in effect between the *
chromosomes and their homologous suppressors increased. Thus, in
the latter stages of selection, exchange of segments between a ¢
chromosome and its homologous suppressor through rare.croesing over
15 the S linesemiéht be ekpected to produce a~seiectivb}y advantageous
soppressor and a disedvantageous + chromosome. Such an altered ¢
chfomosome should then oe eiiminated from end an altered suppgeseof .

incorporated into the S lines under selection.

That this has occurred, 1e suggested'by the high'séore of Ubx
segregants at the.end of selection‘in Experioent 1 and the high
valuee of dK2 + dK3 fecorded.in Table 9 for the HS lines of Experiment 2.
To measure the brlstle efi ets of the'suppressor chromoeomes, a sample
from each selectlon line was suhstltuted into a DF background as outlined

in Pigure 17 (2) and (b). 4n addltlonal check on the integrity of the/



/thefﬁxperimenﬁ]2zsﬁppreésor chroﬁbsémes*@as made by examining the
retention of recessive marker genes pr infgz'and,gg‘infgg, . This was
done by sampling Gy and Me segregan$5'froﬁ eéch iine and' backeyrossing

\

to the al sp and ru ca stocks respectively.

Résults
Experiment 1l : The Ubx éhrémosomé alone,was'meaéuiéd due to the
diffiéulty of distinguishiﬁg Cy frbm Cy ng éegregants in the latter
sﬁages of selection, Meén scores of Ubx chromosomes substituted
into DF were pooled over lines within the 4 D x R classes., They
were HF‘10@710.1, HS 10.630.1, LF 9.040.,1 and LS 9,0+0.1. Clearly
the Ubx chromocome has been aléered since its derivation from a single
male at the beginning of the expefiment. ‘Most likely, this elteration
occurred during=matihgs 4 and 5 of the éubétitutioa procedure of Figure 2
where both Cy énd Ubx occurred together in females. These were the
only opportunities for recombination in the ggg chromosome in the HF
lines since, during selection, suppressors werevcarriea through méles
only. ' |
Experiment 2 : The effects of gg‘and;ﬁg chromosomes sampled from the
20 selection lines at gen. i7 énd substituted into DF backgrounds are
.ghown in Table 14. Es%imates were podled over liﬁes within each of

the 4 D x R selection regimes.
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Selection - : J'Suppressor,gh;omosp@e
regime 4 ey ' Me

LF : 8.4640,17 9.8440.17
18 836 " 9.89 "

HF 801/0 ” ) 9094 - "

HS 8.89 " . 9.87 "

Table 14 Expt.. 2, Measurement of Cy and Me chromosomes sampled
from the selection lines at gen. 17 and su§stituted‘intb_a DF

background.

" There were sigﬁifiéaﬁﬁldifférenceé (p< 0.01) émong'the Cy but not among
" the Me means due to the high séore’of Cy in several of the HS lines.
Evidently Cy has obtained a segment of high bristle effect through
recombination with selected %-cﬁromosomes¢  This explains the apparent
decline in the effect of chrpmosome II in the-latter stages of selection
"shown in Fig. 15 due to the convergence of scores of Cy and non-Cy
bearing segregants. This Seems not to ‘have occurred in all HS 'lines
as is shown in Fig. 18, Here, the average chromosome II substitution
effects are plotted for the last 1l generations of sélection. The
only lines apparently not affected are the replicated lines HS4A and
HS4B. Replacement Qf‘ﬁhé original Cy by the aiﬁered~gy chromosome
appeared to be still'conﬁinuing when the experiment was terminated

at gen., 17 since the means of Cy aﬁd Cy Me segregantsiwere increasing
at a faster rate than those of the + and Me ségregants,(Fig‘ li}

This illustrates how renewed responsé can result from a recombination/
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/récombinatiqn event in a}ape&ific chromosome in the same way that

iSismanidiS‘(1942) was able ﬁo'attribu£e‘acéellerated‘reSponées'to

scutellar bristle selection to speclflc chromosom° recombinatisnso

Assays carried out on the retentlcn of ca by the Me chromosomes in

the Experiment 2 lihes found no alterat1on of the Me chromosomes

in thdisr region. HOWever, in the Series 2 Low lines ca was

observe& among the + segrégants'of one line after 14 genss of -

selectlon 1nd1cating a selectively advantageous exchange between

a+ and a Me chromosomes In only ome. line HS1 was pr found %o be

absent from the Oy chromosomes after 17 gens. of selection.‘ In

. this 1line all Cy cbromoSomés sampled‘were without pr. and had their

effects on bristle score increased indicatlng a complete replacement

under selection of the original by the altered gg chromosome s L
As shown in the erossover tests of the Cy chromosome, all

erossovers ébserved involved the region near pr and the centromere

and most wérg‘single crossovers. between the loft and right arms;f,‘If-

a whole arm of the Cy chromosome had been exchanged with that of & -

+ chromosome in this way, the rglativelyvlargexéhange in the bristle -

effects of the.Cy chromosomes observed in 3 of the HS lines would '

have been expectied.
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+4 |
+3 F
+2 |
B
1 F HS 4A
HS4
o =
HS 'S
r HSI
HS 2
-2 1 1 1 1
3 107 15 17
G

Figure 18 Expt. 2. Response-in chromosome II substitution effect .

- (bristles B) for the 5 HS lines from gen. 6 to.gen. 17 (G) of .selection,




VARIATION

Phenotxglc variances These vere calculated for the 4 segregant classes

(Qy, Me, Cy Me and *) of the Experxment 2 lines for the 17 generations
of selection,‘ Vhrianee8~of + segregants of all llnes pooled over
generations in 4 sections of the total eelection period are shown in
‘Appendix Table 5a In Table 15 are presenhed the variances of the
4»aogreganté pooled over lines at geno. O and for the 4 D X R regimes

at gens 17. The variances of the + segiegan%e are again shown for

the 4 regimes plotted sgainst generation number ia'Fig..l9a

In the Low dlxectlom‘variances of both Free and Suppressed
recombination 1ines decllned with the means as expecbed (Al]an (1963)).
Whilst variances did rise in the. High lines, their associatlon with
generation mean’was odch less magked, As seon in Appends Table 5
wide differences oceur amoog the.voriahoes of individudl lines. In .
the 14 to 17 gen. pefiod they ranged from 6,72 bristles® for HSL io
3.80 for HS5. To eliminate the effect of mean on variance,
coefficients of variation'(G.V@)‘ﬁere oélculated each generation.
Figures 20 (a) and (b) plot the average C.V's for + segregants of the
4 D x R regimes throughout 17 gens. of selections In both directions

of selection there is a marked decllne in G.V. particularly in the

early stages of selection. Changes in C.V. for both Free and Suppressed

Low lines are closely oarollel throughout. In the High direction,

however, there is a sharp rise in the'63V's of the Suppressed lines

between gens. 11 and 17 which was largely due to an increase in variance

of line HSl. This was one of the lines in which the Cy chromosome had

undergone some recombination in the latter stages of selection.

S



., .Segregant - °

, Seln. R
Gen., regime Cy ‘Me ' Oy Mer +
o A 290 263 229 3.8
17 LF 1.26 1.27  0.95 " 0.9
" 1S 126 1,077 L2’ 0.99
" HF 406 3._53"‘8. 2.63 3450
" BS 576 4.20 5.1 . - 5459

Table 15 Expte. 2. Phenotypic variances of the 4 segregan§
classes at the beginning (gen. 0) and end (gen, 17) of gelection.
Values are pooled over.lines within each of thetA D x R regimes.

" The numbers of degrees of freedom are about 400 for gens O and

128 for gen. 17 values.

. 626_
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Fi el Expt,.:._ 2. Change in phenotypic variance of + segregants under

T,

¢ ;

selection, Generation (G) means are in bristles 2 (Bz) pooled over lines

within each of the 4 D x R selection regimes.
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Figure 20. Expt: 2. Change in coefficient of variation (C.V.) .over

64 .

17 -generations (G) of selection, C.V's of + segregagts'in the Free (F) -

and Suppréssed (S):lihes.are showa for_High selection in (a) and Low
in"(b); C.V's for + and Cy Me segregants in' the Free recombination

lines only are compared for the High lines in (¢) and the Low in (d).



- Genetic variances It is shown-iﬁ.Apﬁendix 2 that, assuming random
mating and additivity of gene action, the substitution of a suppressor
chromBsome’fbr one member of a pair of +" chromosomes segregating in
a line is eipebﬁed t§ halve the contribution'of that chromosome to
total genstic ﬁaxiancel' "Thus one half the genetic variance dﬁe' '
toithat ehromosomé should be'estimable'frcm the difference between
the variances of éuppréésor and + segregants since they share the
séﬁé.pé&l of + chroﬁosomes; Iﬁ,khowever, genes on the suppressor
chrbmosoie are aominant ;o their wild alleles, this substitution
of the suppressor fbr'the f.chromosome uill,redﬁce its genetic
variance by more than a half. Two independént estimates of the
redﬁction in variance thrdughlsubstitutign of +.chromosomes.II and I11
for their supprossor homologues in the unselected base population are
giﬁen in Table 16y 4

Ghrdmosome I

BEstimate = S _ Variance (32)"
(i) o + - Gy ‘ 0057
(i1) Me - Cy Me 0.34

mean . o ' ‘ ~ 0445

" Chromosome III

(1) +-Me T 0485
(i1) Cy -CyMe . I 0.62
mean i . i ‘ 0,73

Table 16 Expt. 2. Estimates of half the genetic variance of
chromosomes II and III. Estimates are based on the difference

in varience between segregants in the unselected base population.
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Bias through the corrélation of meah and variance should be absent
since Cy and Me segregants had the same score in this generation? The
average reduction in variance effected by substituting + chromoscme II
for Cy was 0.45 units and chromosome III for Me, 0.73 units. 4
difference between estimates (1) end (11i) of 0.23 units estimates the
interference of backsround genotype. Thus, summing over the
suﬁstitubion offects of chromosomes II and IIT gave 1.19 units as an
estimate of half the genetic variance contributed by these chromosomes
and an estimate of (2X1.19)/3.48 = 0.68 for the heritability of the
sun of their effects. This is clearly too high considering the
rate of initial selection response (realised hz) which would elso utilise
chromosome I variance. One explanation is that the suppressor
substitution particularly that of chromosome III reduces the variance
by more than a half suggesting that the suppressor chromosomes have
dominant alleles at_éome of the loci cﬁntributing to genetic vafiance
in bristle séore.

A further examination of the effect of suppressor chromosomes on‘
variance was made by comparing the variances of the four types of
progeny emerging from the following matingz '

" Keduns x DF/Y; Cy/DF; Me/Ubx; DF/DF

Progeny were produced in 6 cultures each from 10 pairs of paremts. All
male pareants were derived from a single male line and the Kaduna female A
parents were sampled from the cage. The mean scores and variances of
males of the 4 progeny types pooled over cultures are preseanted in

Table 17,



Progeny ‘ No, .. mean variance,
type. ‘ o

DF/K; Wox/K 224 154 2.39
DF/K; Me/K 189 U7 L85
Cy/X; Ubx/K | A8 162 2.40 |
Cy/Ks Me/K 216 15,3 1.50

Tsble 17 Effect on variance of ¢ chromosomes II and III sampled from
the Kgdung population (K) of balancing with suppressor chromosones
in a DF background,

4 comparison of Ubx énd Cy Ubx progeny with Me and Cy Me shows that
Ubx heterozygotes are approximately 1.4 times more variable than Me
heterozygotes., Oﬂ tﬁe other hénﬂ, a comparison of Ubx with Cy Ubx
and Me with Cy Me shows no effect of the substitution of Gy for DF

on the variance of the + second chromoscmes.

These:obserbations.support tﬁe conclusion that Me exhibits some
dominance over the bristle effects of the + chromosomes. On tﬁe
somewhat tenuous assumption that Ubx displays no such dominance, the
substitution of Me for + homologues reduces'variance-due to the third
chromosome by about 0.7 and not the expected 0.5 ACorrecting for this
dominance, genetic yatianées of single chromosome II and III effects
esbimated from differenées betueén'segreganis are néw 0.45 and 0.51
and their heritabilities 0.26 and 0.29 respectivelys . These are still
considered to'belovarestimates in view of the heritabilities of all
chromosome effects realised under short term selection and shown in
Table 5« These averaged 0.35 over both directions of selection. High

values of 0.43 and 0.46 for the variances of chromosomes II and III were/
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/weféfalsorobtained ia the samé=way'in the:first‘seleeted generation.

......

It seems probable that the varmances of the suppressor heterozygotes have

1ower environmental components than those of .the homozygotes from which
they are subtracted, a commonly observed preperty -of heterozygotes
" Lerner (1954)

In Figss 20 (e) and (d) are plotted the mean coefflcients of
'varlation for the # and Cy Me segregants of the High and Low Free
.recombznation liness For both ngh and Low lines C.V's for Cy Me
vere initially lower than those for + segregants. However, after
2 or 3 generations these converged. Thence, in the Low lines they
remained about equal to the end of the experiment but in the High lines
the C.V's of. the + segregants continued to.decrease at a faster rate

" than those of the Gy-Me.segregantSav

The oon&ergeuce of C.V's férj#.énd Cy Me gegrogants

would Be expected as that part of the genetic variance acbouﬁting

for the differéhee between them is exhausted under selections Two -
explanations can be invoked for the higher.G‘V's.fom Cy Me than »
segregants at the enq of selectién in the High lines; These ave -
(1) The C.V. overcorrects for the effect of mean on variance at high -
mean scores and (ii) the environmental variance of Cy Me segregants
increased more rapidlﬁlthén that of the»&>segregan§s as selection.

proceededs
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REPRODUCTIVE _FITNESS

i vt

Viability,lndexes

Method

From the findings of Latter and ﬁobertson (1962) a reduction was
expected in the viability of + flieé due tc inbreeding depression
during selection. A viability component of fitnéSS was measured
Aeach generation from the ratio of emergence of ¢ flies to the
emergence of flies hetefozygous for + anﬁ suppressor chromosomes.
Ratios were obtained for each line of Zxperimeant 2 by éounting the
/ segregants in samples of 125 of both sexes taken from all flies
emerging over the first 4 days. This standard sampling period was
necessitated by the findings presented in Appendix 3. This shaws
how the measured ratio Qf emergenﬁe of the 4 segregants‘cy, Me, Cy Me and +
is dependent upon which parent'possegses the Ey and gg chromosomes and

- the length of time betuween first observed emergence and measurement.

The following ratios were calculated each generation to examine-
changes in the viability of zygotes homozygous ¢ for chromosomes II

and IIT alone and together.

1 Homoz. ¢ chromosome II / Heterozygous + chromosome II
ieee "+ and Me ‘ -/ Cy and Cy Me

2 Homoz. + chromosome III / Heterozygous + chromosome III

. iees + and Cy / Me and Cy Me

3 Homoz., + chros. II and III / Heterozygous chromss IT and IIX

ise. + ‘ / Cy Me
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Althoﬁgh they are not'independeﬁt, their values give an indication of
the separate and combined contributions of chromosomes II and III to
viabiliﬁy change. These ratioé are called Viability Indexes (v.I's).
They are roughly analagous to the Competitive Indexes of Knight and
Robertson (1957) who measured cbmpetition between zygotes to be tested
and an isogenic marked tester.étock as the ratio of their emergence
from the same culture. The difference in this study lies mainly in
the nature of the tester and the enviromments under which competition
is measured. Tester zygotes are constant«énd“differ from the tested
only in the suppressor chromoscmes vhich they carfy-and competition
among zygqtes includes a phase in a common mafernal envireonmeht

commencing at fertilization.

Results

The 3 estimates of V:I‘s for the Experiment 2 lines at the beginning,
middle and end of the selection period are shown in Appendix Table 6.
Estimates at the beginning were made froi emergence counts in thé
unselééteé base population,'in‘the middle by averaging counts from
gens. 7 and 8 and at the end from gens. 16 and 17. The V.I%s for
éach of these 3 points in the selection periocd pooled over lines within
the 4 D x R regimes are plotted for chromosomes II, III and IT + III

in Fig. 21 (a), (b) and (c).

Fig. 21 (¢) shows that flies homozygous ¢ for chromosomes II and
TIT declined in V.I. by about the same amount in the LF, HF and HS lines
during selection. The V.I's of the LS lines, on the other hand, increased

merkedly over the same period. By inspection of Figs. 21 (a) and (b) it/
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/it is seen that most of the decline in V.I's of the HS, LF and HF lines

appears to have derived from a reduction in emergence of flies homozygogs_

o e s A=A 2 I I

hOmezygous # for chromosome IL, The dincrease in V.I's of the LS lines
resulted from an increase in the ratio of emergence of Won-cy to Cy

segregants ag is seen from Fig. 21 (a)ﬁ

7
0

: Theggene?al-upifbrpity:pf»depline‘in,V,I's;emong,the ﬁF,,HSLand~LF.
lines regardless of direction of seleetion or degree of reeombination
suggests that most of the observed decline was due to inbreeding
- depression and little, if any; to unfavourable bristle viability
associations resulting from pleiotrophy or 1inkage. The lo& V.I. of
0.31 for chromosomes II + III in line HS4 at the‘ehd of seleetion reflects
a very low emergence of G§tﬂe segregants possibly due to interaction
between the two éé;;QQZ:SEZ of their effects on vigbility. The decline
in hhe.V.I's of the HF, LF and HS lines is less than that obtained in
the sterno-pleural selection lines of Latter and Robertson (1962). This
would be expected if a proportion of the ioci causing inbreeding depression
were on + chromosomes I and IV which are common to both-testef and tested
zygotes. Also, the spectrum of environments under which competition was

measured in this study was slightly different from that of the study of

Latter and Robertson (1962) .

. It is difficult to find an explanation other than plelotropyy or
llnkace to account for the increase in VoI's of the LS lines during selection.
‘It reflects a marked reduction in the nunber of Cy flies emerging. This
is most marked for LS3 whose V.I. for chromosomes II + IIi rose to 2.57

at the end of selection; 3 times the mean of all lines.
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) To explain thls unexpected result, a low viability recessive gene

is proposed which is associated with low bristle effect through linkege )
or pleiotropy . Thls gene is present on the Gy chromosome and 1nitia11y '
at low freqnency among the + chromosomes. Suppose that its gene o

frequency ¢hanges from q to q ¢ dq under one- generation of selection.

Before selectlon the frequency of homozygous recessives among + segregants’
is q? and among Oy segregants q since all ;g posses the gene. After
selection the frequencies are q2 + 2qdq *quz among + segregants endl
q ¢ dq among Cy segregants giving changes of 2qdq + dq2 and «; - dg
respectiveély. Thus the ratio of the rates of increase in frequency of
homozygous recessives in the 2 segregants is Cy/+ = qu?qﬂq + dq,) lA?q *tkﬂ
so that the increase in Cy> + when q< 0.5 ~ dg/2

and  +>Cy wher g» 0.5 - dg/2
If»the-viability of the segregants is a functioo of the fyequency<of the
homozygous' recessives and dg is small it would be expecsed that when q = 0
the rate of decline in viability of Cy would be greater than that of +
segregants aefg idcreased, This difference in rates would approach
'gero as g approached 0.5 and from q = 0.5 to q = 1.0 it would increase
'in the -opposite direction as the viability of + segregants declined faster
than that of Cy segregants. Such a gene in the LS lines might at worst
" be a‘lethal.. In which case maximum frequency amongst + segregents would
be O. 25 and in 1ncroaszng to this frequency the observed more rapid declins

1n emergence of Cy than + eegregants would be expected.

In Appendix 3 it 13 shown how the ratio of segregants emerging from
“matings of Cy Me and + parents depends upon the. time of its measurement.

' It is possible that. this ratio, measured over & standard period, might/
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/mlght also be sensitive to fluctuations in rate of emergence caused

by env1tonmental differences between generationsa | These would‘then

be confounded with the viabnit.y- changes of interest in the V.I'ss -
To check .on this;.rétes‘of emergénce weré‘estimazéd from the huﬁber.‘

of femélee.célléctéd over a 4 day period from all lines each generation.
These were pooled over lines w{tpin the 4 selection.regimes and are.
presented in Append; Table T« There was no systematic change over'

the selection period. Also, there was no difference between the first
and second period at which V.I's were measured and'onlj‘a slight increase
in HF, LF and HS and a slight decrease in L8 between' the second and third
period, From these observations, .the measured V.I's are considered not

to be biassed by rate of emergences
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'Letpals
An assay of léthal frequencies among chromosomes II and III in
the lines of Experiment 2 was carried out using the series of matings
outlined in Fig. 22 at two stages during the selection period. At
gen; 5 chromosomgs!for assay were sampled gﬁ random - from - the lines
within the 4 D x R regimes. At gen. 17 each line contributed a
‘separate sample of 8 chromosopes IT and III at mating 2 of Fig. 22.
Subsequent losses hovever were faigly'pigh so‘that‘ﬁhe number
actually assayediper linebwasimqu fewer.  When more than one lethal
was found in a line, identity tests were carried out by mating lethal

heterozygotes inter se.

Results
The numbers of lethal and non-lethal ChromosomeS‘recovefed in these
ﬁésts are presqnted in Apﬁend. Table 8. The datg are too few to give
reliable estimates of lethal,frequencies.of individual lines or even of

the 4 D x R régimes. However the following observations can be made.

(i) There is sﬁme evidence for an increase in lethal frequency

between gens. 5_and>l7. Léthal frequencies at gen. 5 vere 10.5+4.0% for
chromosome II and 8.5+4.0% for chromosome III.aﬁdvat gen. 17 they were
13.0#4:0% and 13.5#3.0% respectively. These increases should have
accounted for part of the decline in the V.I's of the HF, HS and LF
lines during selection. The assay technique wouid not have detected
the lethal common to the + and Cy second chromqsoﬁés hypoﬁhesiséd to

exist in the LS lines because of the use of Cy in mating 2 of Fig. 22,



‘GhromOSOme.II

3t

1 o+t ox \Pm/T- -
2 ey/t x o/
3 oyt X oy

"+ lethal if +/+ absent

_1"‘/*%, X Sb/T

Chromosome III
O #
Me/T x. Sbf+

Mle/ + x  Mefs

+ lethal if +/+ absent

- # ¢ gsegregants sampled ffom selected lines

#% Tester stock
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(11) Of the 20 selection lines at gen. 17, 10 had at least one
chromosome IT lethal and 7 at least oné chromosome III lethal. From
identity tests it was found that where more than one lethal was -
sampled from a line, they were all identical. An examination of
the V.I's for chromosomes II and III of all lines at gem. 17 in
Append. Table 6 éevealed none that appréached 0.5, This value
would be expected of & line held at the 1imit by the balancing of -

a lethal and non-lethal chrémosome.

(iii) Averaging over chromosomes II and III at gen. 17, the percentager
of lethals in the Low lines was 16.0¢3.0 and in the High 10.7+3.0.
The difference is not significant but seems to favour a higﬂer

frequéncy in the Low lines,

(iv) There was no difference between the Free and Suppressed lines in

frequency of lethals at gene 17.
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. III__DISCUSSION

Selection réSanse ' The expefimental résults show that suppression of
récombihatibn within cbiﬁmosomés II and III has succeeded in_réducing
résponée in’ﬁhe Series 1 lines seléﬁted for high but not for low
‘bristle score, A reduction in low bristle response was aéhieved
" however under suppression of recombination in the Series'Z‘set of
..'ééléciidn'iines deri&éd from a sepérate populaﬁion éémplihg. After
transformation to logarithms, the ratio R of advances under free. to
‘ ithose_under suppressed recombination over the se}ectian_period'wpre
{;S'for the High and 1.1 and 1.7 for the Series 1 and 2 Low lines
~respectively. These values of R\brobably underestimate the true
reduction ip response egpected from a complete suppression of
recombination wifhin these two chromosomes for the following reasons:
(i) A small contribution to the advance from which these R values
' wére'calcuiafed was attributdble to selection response in chrémosome I,
(ii) Limits were measured after only 17 gens. of selection at which
time the Free recombination High and the Series 2 Low iines appearea
to be continuing to respond to selection, (iii) There was clear
evidence for recombination within the second chromosomes of the

suppressed 1ines.selgcted for high bristle score.

In explaining the behaviour under selection of liﬁes in which
recombination was suppressed it is recognised that, apart from a small
contribution from chromosome I, total response should be the sum of
responses of two syétems undergéing Robertson's tNormal' selection as
described in the Introduction. These two systems are the sets of

chromosomes II and III which were sampled from the Kaduna population/



f/population in establishing. the selection lines. Evidence for the
additivity of the two sﬁstems appeared when changes under selection
in the effects of chromosomes II and‘IiI were'beiné measured and
hiéh correlations were oﬁserved betweén the effects.of chromdsomes
of one system in two backgrounds whose genotypes differed at the
second system. Other conditions requlred for the systems to agree
with the 'Normal! selection models of Robertson are (i) a normal
distribﬁtion of the effects of chromosomes impiyiﬁg'a relativ%ly
high number of bristle loci on each (n = 10), (1i) equality of
frequencies g and effects of genes at these loci and (iii) linkaée

phases of bristle genes in equilibrium.

From studies in selection for sterno-pleural bristle humber
by da Silva (1§61) and Allen (1963) and the relative positions on
a log. scale of the means of the Kaduna population and limits
observed in lines .selected in both directioms in this laboratory,
it appears that the genes responsible for a high proportion of the
variance in this character are additive and at‘intermediate frequencies
in the Kaduna population. Robertson (personal communication) has
estimated that such genes on chromosomes I, II and III contributed
in the ratio 1 : 1.5 ¢ 2 to an observed range betwsen limits in both
directions (D) of 18 bristles. These genes are responsible for a
genetic variance (53 ) of between 1 0 and 1 5 units in the base |
population. By subdlvi&ing both D and éé in the proportlons
1 : 1.5 : 2, from Wright'st (1952) formula for the number of effective
loci n = B%/Sééz, an outside estimste of 10 bristle 16ci on.bofﬁ
chromosomes II and IIT is obtained. This agfees with Louw's (1966)

finding that the difference between a high and a low effect chromosome/
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/echromosome III was due to the sum of the gnoqual effects of genes at
at’least 8 loci. Robertson (personal communication) doducedlthat genes
at these loci were in linkage equilibrium in the Kaduna population since

he found that rolaxed gelection lines appeared no less fit for their
possession of an excess of coupling linkages so that he was unable to
ascribe a natural selective advantage to repulsion linkages‘asvhypoghesised
by Mather (194i)e The ¢ondition for normal'distribution of the

~ chromogsonme II and III effects seems to be satlsfied from the observed
normallty of the distribution of bristle scores in large samples of flies

drawn from the Kaduna populatioa,

Thus, from these considerations, it is conolude& that the
behaviour of the suppressed recombination lines can be largely explained
in terms of ‘No;mal' selection operatiog.on'two independent‘chfomosome -
systemss The free recombination lines, on the other hand, may be less
like the computer models run by Robertson in ‘comparison with the !Normal!
nodels for the oaicﬁlotion of R.voluos.' Distances Botﬁeon loci and
individual genc effects on chromosomes II and III are unknown but are

almost certainly unequal.

The two chromosome systems were examined separaﬁely-to see if their
contributions to overall response and behaviour under selection were in
fact the same. - As eoﬁimated-frOm differonces beﬁweon segreganﬁ means,
advances to the limit in the suppressed recombination Series. 1 lines were
about one half a genetlc standard devxation for chromosome II in both
directions and 2.1 and 1,7 standard deviations in the high and the low
directions for chromosome III.. Whilst these odvances‘in ch;omosome III

effect agree with, those in chromosome IT are considerably less than/ .
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/than expectations of sbout 2 standard deviations obtained by Robertscn
in his Monte Carlo selection runs with N = 10, i= 1 and h° = 0.20.
This is partly the result of the suspected overestimation of the values
of genetic variances of the chromosome systems and partly due to the
effect that the observed crossing over in the Cy chromosome had on

E reducing the estihate(of'chromOSOme II.resﬁonSé from the difference
between‘gz_andfndn-gg,bearing segregahtss ' 'There was no evidence that
the:measureﬁent'of.Chromosbmé IIIeresponse was affected by érossing’

over in the same way.

.Aésuming that xhe eétiméte qf chromosome III‘response’is.tﬁue,4a
second estiﬁate can be made of chromosome II résbSnse in the HS lines
unbiassed by any recombination change in the Cy chromosomes hs
elready showﬁ thgxadVance in the + mednSfof”thg'HleinGS<can'be iéﬁresénted
by 24II + 23III + d4C where thesé terms represent the contributions of
chromosomes' IT, IIT and T + IV to total change. Since AIIT ié assumed
to be known with-féir accuracy from the differences between segregénts,
and dC. was found. bo be - gero, then & solution can be ‘found for dII.

After conversion to logs. .a value of 1.4 gene%ic standard deviatlons
was calculated. " This is ln agreement with the estimate from segregant
dlfferences in lines HSAA and HS4B, the only HS lines whose gx chromosomes
appeared unchanged ‘by recomblnation during selection. : The ratios (R)
of selection advances tranaformed to logs. under free and suppressed
recombination are the follow1ng:

Highﬂ - Low

" Ohromosomé IT (i) ‘3.4 1.0
: (i1) 1,4

- Chromosome III - 1.3 1.0.
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" Estimates (i) and (ii) of chromosome II response to high bristle’
nember selection were made from (1) segregant différences and from (ii)
a knowledge of chxomosome 'IIT contribution to the response 1n + means.
Estimate (ii) avrees most closely with expectations from the 'Normal'
model° The addltlvity of the two chromosome systems is illustrated

by the aimllarity of their separate R values to those of total response.

Differences in selection advance and R values are explicable in
terms of the parameters Q» D, N and E? where each of the 2 N segregating
chromoscnes of a system comprise n loci with genes at initial frequencies
q ent ©. h? is the heritebility of ‘their effects in the base population.
In Table 18 are given the probabilitieé (P) that ai least one chromosome
with the desired allele at all n loci is sampled to form the selection
line and the advance (A) expected in the mean of the selection line
uﬁon the fixation of such a chromosome. "These{are given for each of
two values of N, nand g. The initial genetic variance is the same
for all cases. | | |

oN (number of linkage groups) = 20

n (number of loci) = 5 ‘ n = 10
P I A P A
‘ (Probs best group) (Advance in std. dev)
qQ= 0.8 0.999 1,11 0,897 ‘ 1.41
@= 0.2  0.005 LT - 0,002 6:32
| - 2N = 10
n = 5 ‘ .n = 10
' P ' B A . P ' " 'A '
q=0.8 - 0,981 o ' . l1.11 0.679 1.4

Table 18 Frobability,(?) of sampling the best possible linkage arrangement of the n
genes in establishing a selection line and the advance (A) in standard deviationsexpected
from its fixation. (P) and (A) calculated for 2 values of N, n and g.
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Altmough the ﬁalmeé‘in Tabieylg cénnoi be gséaféé pmedicﬁ 11¢i£s
under Normal! oeiection, they do indicate'moy these three parémefeis
can influence two of the,compohents of’selechioh a&vance, A haiving
of N and g affect very little either P or As; As expected; the highést
probability of sampling the best linkage group and the lowest possible
edvance are associated with the highest N and lowest m. Selection’
lines drawn from a population with q = 0,2 have a very much lower-:‘
probability of possessing the best possible linkage group or chromoscme
than those from a populatiocn with q = 0.8. This is only partly

.compensated for by a higher expected advance when q = 0.2s -

With 2N = 20 and o = 10 msing compumerAsimulaﬁion, Robertson (personal
communication) investigated changes in R for different values of q and hzv
HLS results are plotted in Fig. 23 and show that appreciable reductions in
selection advance through suppression of recombination oceur only at low
values of g and high values of E? and when in comparison with completely

independent éégregation.

Thus a knowledge of'these.paraméters in the experimental population
of this study seems necessary to an understanding of the behaviour observed
un@ar the two recombination regimes. This is obtained by examinimg the
two chromosome systems in the Free tecomblnation linee of Experiment 2.
Although the additive genetic variances of the chromosome III and
chromosome II systems were in the ratio of 1.13 in the base population,
their ranges under selecticn for 17 gens. in both directions were in the
ratic of l.iA; A1l that can oe conciuded'from thié is that the:chromoéome

IIT system had a slightly higher initial gcnetic variance and perhaps more/ .
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/more effective loci (n) than ‘the chromosome~II system. Eetimatee of

h2 for the sum of the two systems tanged from 0.35 from short term |

realised h2 to 0.55 from segregant dlfferences ln the base populatxon,

S0 that the h2 of each of the two chromosome systems is thought to be

in the v1cinity of 0.15 to C. 25. Another important obeervatlon from
Experiment 2 is the aseymetry of reeponse in the two directlons of

selection observed in both chromosome systems. The retios of responses

in 1ogs. of high to low selectlon was 4. 5 for chromosome II and 1.6

for chromosome III. - This suggests a directional gene frequenoy,

greater for chromosome II than IIT and im fevoqr of e higher q for low

ailelee in the base population. This ie borne out by-ememining the log. means
of the base population and the ﬁigh and Series 1 Low lines after 17 gens.

of selection. These means were 17, 26 and 14 respectively and give q and 1 - o}
estimates of 0.35 and 0.65; The true frequencies may be more extreme

since only the Low but not the High lines-hao evidently reached their limits
when Experiment 2 was terminated. In the Series 2 Low lines, started from
a-eeparate»population sampling, the-means of the base popmlation and lower
limit uvnder free recombination approached 18 and 12 respectively; This,
together w1th a higber inltlal realised h2 than the Series l Low lines,

suggests a more 1ntermed1ate frequency of low and high brlstle alleles

in the base population,

The observed responsés to selection under the two recombination regimes
can best be explained by referring to Fig. 23. Assuming R values to .be
‘the 'same for both chromosome systems and E? = 0,15 to 0.25 with q'= 0.3
.£or.high.aqd~0;7 for low alleies‘in Experiment 2‘amd q = 0.5 in tme Series

2 Low lines the expscted R values from the h% = 0.20 curve in Fig. 23 are/
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" Figure 23 Batib;(R) of'édvance‘under Free recombihation to that under

' 'Normal'-selectibn;of 20 linkege groups of 10 loci with favoured alleles
at varying frequenciee'q; Values sre plotted for 3 levels of hz.of the

linkage group effects.
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/are 1@9‘fox:hiéhf§na;i,1-fbx';ow)bristle selectiod‘in Exéerimépt 2 and
1.5 for low bristie selection in,thé.Se?iésnz-}ineSs' The observed R
.values of 1.5 fér high and l.Oxfog_low‘in-toﬁél;respbpse 6£ Exéefiment
.2 and 1.7 in the Series 2 Lowvlinés.aré not 1nconsistent‘with these
gheoretical expectations.  Lower values than those of the model would
be expected in view of thé ‘appreciable linkage between loci even in the
,Etee rgcomblnation lines. Also,‘the,gffective number‘(zm) of 4
;hromQSOmes seg:egating:in each system is expected to be nsaferylo

than the 20 used in Robertson's simulation studies.

‘Reproductive fitness The decline ﬁhrcughout the selection period ih
the Viability Indexes of the LP, HF and HS lines appears to result
from inbreeding depression in emergence due to genes situated mairly
on chromosome'III. An increase in lethal freguency could have made
some contribution to this decline but this was probably small since

‘the increase was only about 4% between gens. 5 and 17.

Apart from the L$ lines, there does not appear to be any evidence

ifor bristle viabllity assoczations, through linkage or pleiotropyv,
undergozng correlated changes under selection. If such associations
had been impértant in selection, a higher variance than was observed
would have been expected among the Viability Indexes at the end of
selection, particularly among lines where the chances of elimination
of the associations would have been reduced by the suppression of

recombinationo'

As seen from Appendlx &, natural selection against such brlstle .

viability linkages favoured by artlflcial gelection wonld be slight in/
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/in lines whose suppressor chromosomes did not possess the same low
v1abilxty genes¢ Thsse llnkages, if present, should thsn increase
in frequency unhlndersd under artlflcial selectlon wlth a consequent4
reduction in Viabllity Indexes to values approaohlng C.5. * This was
not observed in either the- ohromosomes IT or III of any of the lines.
In the LS lines, such brmstle viability 1inkages were postulated to
exisb and to increase in frequency among the + chromosomes under ”
artificlal selection in the ‘face of much stronger natural seleotion
due to the balancing gg chromosomes possessing the same low viability

gene. (Appsndix 4)e

Since the mean bristle score of the HS Llines advanced less than
the HF lines ovsr the experimental period, they sould be expected to
have a higher proportion of‘bsistle gene 1inkages in repulsioo. :
Accordlng to Mather (1941), this should confsr a higher degree of
1nternal balance on the suppressed 11nes and, in consequence, a hlgher
: fitness. If this daid occur it failed to be réflected in higher

Viabllxty Indsxes«of these lines;
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SUMMARY

Results are presented of response and changes of reproductive fitmess

in lines of Droscphila melanogaster selected for high and low sﬁerno-pleural

bristle pumber under two regimes of recombination frequency. Under one,
recombination within chromosomes II and III occurred normally and under
the other recombination was suppressed by balancing wild chromosomes IT

and III with marked suppressor chromosomes.

Lines were starteé using Cy as a chromosome II suppressor and Me
anﬂ Obx as chromosome III suppreséors. Crossover tests detected a large
increase in crossing over in Ubx in females in the presencé of Cye.
Carried in the same female Cy and Me produced 2,0% and 0.2% crossovers

and caused & slight increase in chromosome I recombination frequency.

Conclusions are drawn from 2 series of lines using Cy and Me and
éstablished from é population samplings. Series 1 lines were selected
for high and low bristle score anﬁ Series 2 for low score only, Selection
was carried out for 17 generations during which time lines with suppressed
recombination had plateaued, half-lives being between 3 and 5 generations.
Bstimated limite for these lines were for Series 1, 23 bristles for high
and 14 for low and for Series 2, 14.5 for low.  The ratios of advances
over the selection period uniér free to that under suppressed recombination

were for Series 1, 1.5 for high and 1.1 for low and for Series 2, 1.7 for low.

Individual chromosome responses were estimated for the Series 1 lines.
There was no respénse in chromosome IV in either direction of selection
and only a slight response in chrﬁmosome I in the low lines and none in
the high. Chromosomes II and III contributed additively most of the.total/



/total rosponses They acconnted:for about 40% of the initial variance
.with a number of loci fewer for chromosome II than III each with high
bristle alleles at lower initial frequencies than low alleles.
Seiectionnadvances in both chromosomes II and III were reduced to the
same extent under suppression of recombination?. Suppressor chromosomes
were measured for change: under. selections = There was no detectable
change in the Me chromosomes of any line but Cy chromosomes with

effects altered by recombination were selected into some of the lines.

The results are consisteant with expectations from a theoretical .
model of & multi-locus system whose selection limits are predictable
from a knowledge  of Nih, g andAg'Whgre N is the effective population:
siZebgl the standardised selection differential, Q? the'haritability?
g the initial gene frequency at each locus and ¢ the distance between

loci‘.

Ohangesvin'viability under. selection werevstudied by coumparing the -
emergences of the 4 segregant types of progeny and by lethal tests.
In the suppressed recombination lines selected for low score therxe -
‘was:evidence for a low viability~briétle;genpAlinkgge_favouged by selection.
In the other lines bristle~viability linkages were unimportant but . .
inbreeding depression occurred im the emergence of flies possessing

a pair of wild third. chromosomes.. .
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Selection

95,

a generation 0 < 11

Segregants
_Line &y M CyMe :
LF 1. 0.5 0.08 .0.08 0411
2 013 - 0413 0,11 0.18
3 0.17 0.13 0412 0.20
4 014 0.15 0.12 0.17
5 0.16 C.14 0.11 0.1
Pooled 0.15+0.01 0.13+0.01 0,11+0.01 0.1640,01
18 1 0.14 0.16 0.12 0.19
2 0:13 ° 0,14 0.11 0.12
3 - 0.22 0.16 0.15 0.21
4 0,21 0.14 0.12 0.21
. 5 0.13 0.l 10,09 0.13
Pooled 0:16+0,01 | 0,14#0.01 © 0.12¢0.0L 0.17+40.01
HF 1 0424 . 0.21 0415 0.31
2 0.13 0.18 0.10 0.22
3 0.32 0.19° 0.11° 0.40
4 0.19 1 0.16 0.09 0.26
5 0.26 0.23 0.13 0.42
Pooled 0:23£0,01 0.19+0,01 0.11+0.01 0.32+0,01
B = 1 0.32 014 0.16 0.28
2 0.25 0.18 0.20 0.25
3 045 © 0.24 .0.25 0.41 *
4 0,11 . 0,12 0,07 0419
5 0.24 0.13 ‘ 0.16 | 0.20
Pooled 0.2630.01  0.15$0.01 . 0.16+0.01 0+2520,01

Appehﬂii Table 1 Eﬁbefiment 2, Linear regression coefficients of response

on cumulative selection differential for the 4 segregants of each line over

17 generations of selection.



Selection

Chromosone I

Chromosome IV
‘line . . gen. 0.(M) . gen. 17 (M) gen. 17 (F)  gen. 17 (M)
LF -1 . 11.8 - - 11.6 11,7 - 1045
2. 12,0 11.7 11.8 10,8
3 n.9 11.5 12,1 10.7
4 11.5 1.5 1241 10.8
5 12.0 . 11.6 12.3 1049
Meen 11.8¢0.1 11. 6+o.1 12.150.1  10.840.1
Ls 1 118 11.3 11.8 ' 10,7
2 12,0 - 11.3 12.0 11,0
3 11.9 11.8 11.8 11.1
A 1244 11.2 11.9 110.8
5 11.9 . 11.6 . 11.8, 11.0
Mean 12.050.1 _11.400.17 11.8s0.1 10.9*0.1
HF 1 12 . 11.9 o 12.2 1.0
2 ° 0 12.2 11,9 11,9 11.2
3. 11.2 11.6 12.2 . 11.0
4 11.6 12.2 12.3 1.2
5., 11.8 . -12.0 . 12.3 . 10.9
Mean 11.8#0.1 11.980.1  12.2:0.1 12,020, 1
HS 1 .. 11,9 . 12.3 11.7 11.0
2 11.9 11.4 12.1 11.1
3 12,1 - 11.8 12,2 10.7
4 11,8 " 11,8 © 1147 106
5. 12,1 11.8 12.6 1141
Mean 12.040,1 11.840.1  12.1#0.1 10,9401

. .

Append Table 2. Expt. 2. Measurement of chromosomes I and IV after

suhstitutlon into isogenic males (M) and females (F) Samples of first
ohromosomes were taken from all selection lines at gens. 0 and 17 and fourth

chromosomes from gens 17 only.



Selection regime

BS

Gen. LF s HF

0 0.40 0,40 0.40 0,40

1 0460 0449 1.04 0:55 |
2 0430 0.34 0.92 0.77 -
3 L0424 0.17 1.38 0,98
4 0.29 0.26 1.70 122

5 0.21 . 0.10 1.66 0.70. .
6 0.35 0.26 1.91 - 0i94

7 0.08 . 0419 1.95 1,18
8 0.22 0.11 2442 089

9 0.06 0.11 2.55 1.00
10 0.23 ©.19 2.08 0.99
11 0.2 0.22 2.57 1.27
12 0.18 0.03 2,78 0.77

13 0.33 °  0.22 3:06 0.59
14 ¢ 0,09 293 0.17

15 0.14 0.23 2.80 0.45
16 0.27. 0,19 2494 0.68
17 . 0,21 3.13 0,51

Aggan&, TaBle 3 Experiment 23 Responsé to 17 gens. of selection

in the bristle.efféets'of chromosomes II substituted into 2 genstic

0.02 ’

baékgrounds X and Y, Effects are averaged over lines of the 4 P x R

regimes and the 2 backgrounds.



Selection regime

O ®TOoWM™WN RO

Gen, w18 . HF BS

0435 0.35 0.35° 0.35

0,220 -0.24 0.89 . . 0.32

011 - -0.21 0,78 1.18

-0.35-,  =0.45 -  1.62 | 1.10

<0420 -0.27 1.22 © . 1.87

0459 ~0.46 1.99 1.53

“0e59  -0.65 - 2.80 - 2.48

0468 0,53 2.86 2.74

0,55, -0.52 2.86 2.39

0,65 . ~0.56 3.20 2.51

10 -0:35 . <076  2.89 2.7,

11 -0.59 0,78 3.22 2.84

12 =0.63 = -0.76 3.000 2446

13 ~0,61 -0.41 3.60 2434

14 ~0:39 -0.60 3.5 2.21

15 0,56 | -0.47 . . 374 . 2,58

16 ~0.64 ~ -0.54 3.78, 3.05
17

"Oo 67 —0040 3 089 R 2016

' Aggehd{ Table 4  Experiment 2: Response to 17 gens. of selection
in the bristle éffe@ts‘of dhrdmosqmes.III substituted into 2 genetic
_ backgrounds X and Y. Effects are averaged over lines of the 4 D xR

regimes and the 2 backgrounds.



99.

Seln. .:'j : Genéfétibns' |
régime | ;~f 5 ' | .6 9 ".'1679 13'_f 14 - 17
IF . 1 1.83 - 148 . L34, 1.40
2 2,25 . 1.7 © 116 © 0,99
3 1.52  :  1.53 C12 0 1.3
4 2,11 1.75 1.60 1.27
5 L.44 .10 . 0.9 © 1,01
IS 1 ,1 19 1.61 14 1.39
2 1.76 1.41 1.18 1,05
"3 1.18 . .1.58 1.08 . 1.32
4 1.76 1.11 1.27 1.25
5 2:46 1.44 1.37 1.19
HF 1 2.34 425 . 453 3.82
2 5.58 45T 0 5.52 6.01
3 460 485 419 . 3,76
4 3.66 5,11 422 . 5.1
5 439 5.84 617 3.92
HS 1 3.35 3.2 3.6 6,72
2 3.64 4.60 4,07 = 4,18
3 5,837 6,02 - 6454 (4.19)F 4,06 ®
A 394, . 406 . 3.97 ~ 5.08
5 3.96 3.35 4e31 3.8

# These values are the phenotypzc variances of HS&B which replaced

HuB at generation 11.

Append, Table 5 Expt. 2. Phenotypic variances of + segregants pooled
over generations'within 4 sections of the selection pericd. The average

number of & egreea of Preedom for each value is 128,



Gen. O Gen. 7 & 8 Gen. 16 & 17

Selection Homozygous + chromosomes : =

line II III II + IIT II 11X "I+ III I III Il +IIX
LF 1 0.67 1.27 0.85 0.89 0.92 0.82 0.81 0.89 0.69

"2 0.82 = 1.13 0.92 0.89 144 . 1.27 0.81 0.82 - - 0.95
"3 0.75 1.27 1.25 0.85 1.17 1.04 0.75 0.9 0.75

LA 0.72 - 1.22 © 0.89 0.92 " 0.85 " 0.81 072 . 1.00. .. 0.72
L 117 L 24, 1,94 0.82 " 1.27 T 1,04 1.00 ° 0.8 0.92

Pooled - .8240.08 1.26*0 07 1.0630.14, 0.89+0.08 1.13+0.07 o, 96»0 14 0.82+0.08 o;9zgo;cj' 0.75¢0.14
IS 1 1.08 " 1.25 1,13 1 00 , '1.04 ~1.08 1.22 1.32 1.56

v 2 0.92" 1.13 '1.04 1.38 1.13 1.63 1.08 0.89 0.92

v 3 0.82 1.27 1.04 1.44 1.38 1.9 1.94 1.32 2.57
LA 0.75 1.17 0.92 1.38 1.50 2.03 1.50 0.89 1.32

" 5 0.82 1.44 1.17 0.81 1.17 0.92 0.89 1.22 1.13
Pooled 0.84#0.08 1.16£0.07 1.00#0.14 1.17:0.08 1.2240.07 1.44;0.14 1.27+0.08 1,13:0.07 1.38:0.14
HF 1 . 0.92 1.22¢ 1.3 - 0.80 1.13 0.81 - 0.82 1.13° 0.9

"2 1.08 1.22 1.32 0.92 1.17 . 1l.08 0.85 - 1.08 10.89

"3 0,85 1.25 0.85 0.85 1.13 0.96 0.72 1.27 0.96

LA 0.72 1.38 1.25 0.82 1.17 0.96 0.69 1.04 0.72

" 5 0.75 1.44 1.08 0.82 1.17 - 0.9 0.75 0.96 0.72
Pooled 0.82:0.08 1.26#0.07 1.0620.14 0.82¢0.08 1.17+0.07 O. 96*0.14 0.75¢0.08 1.08+0.07 0.85+0.14
HS 1 0,82 1.04 0.85 1.13 0.82 0.92 0.82 ‘1.08 .- 0.89

v o2 - 0.92 - 1.13 1.04 1.08 0.75 0.85 0.96 0.89 0.89
w3 0.82 1.08 0.92 1.13 1.32 .1.50 0.69 " 1.27 0.89
K A 0.69 1.27 0.92 0.95 1.22 0.81 0.95 C0.96 O 0.31

v 5 0.85 1.13 1.25 0.85 0.85 0.75 0.96 0.82 0.75
Pooled 0.84£0.08 1.16#0.07 1.00+0.14 0.96:0.08 0.96+0.07 0.92+0.14 0.8240.08 0.92¢0,07

0.69:0.14

* Standard errors of V.I. estimated from between line variances.
Append. Table 6 Viability Indexes of zygotes homozygous wild type for chromosomes II, III and IT » I11
measured at the beginning, middle and end of the selection process.
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Append. Table 7 Numbers of females emerging over 4 days following

first emergence.

selection regimes.

Gen. LF - L8 HPF -

0 156 S 163 0 138

1 167, 185 153 1163
2 141 170 45 . 157
3 16 ier 156 143
4 144 1 144 17
5 193 .. 191, 242 170
6 154 101 164 119,
7 126 147 122 114
8 176 179 159 134
9 123 - 122 147 103
10 - 163 49 . 1 . 129
1 116 139 111 107
12 157 139 13 147
13 148 112 128 119
14 139 106 137 154
15 184, 123 206 134
16 183 e 185 150
17 137 129 137 19
Mean 154 144 153 13,

Counts are averaged over lines within the 4 D x R

101. -
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Seln. . Chromosome II . - Chromosome III
Line - No, sampled  Lethals No. sampled  Lethals
o Gems 5 | R
LF . 12 2 10 2
s - : 12 1 13 1
HF 1 1 13 1.
B ©16 2 7 o
Gens 5 total . 51 6 - / 43 4
- Gen. 17 o ;
LF 1 4 o 5 1
2 3 1 4 3
3 4 0 3 1
4 0 . 0 5 0
5 5 0 b 0
Total 16 1 21 5
s 1 5 0 3 )
2 .3 1 3 0
3 2 0 5 5 .
L4 1 0 3 0
5 2 0 4 1
Total 13 1 18 6
HF 1 4 1 5 0
2 3 0 6 0
3 3 1 6 0
4 -0 0 4 0
5 1 o 5 1
Total 1 2 26 1
HS 1 4 1 3 e
2 1 0 5 0
-3 4 1 4 0
4 6 2 3 0
5 5 1 3 1
Total . 20 . 5 18 ‘ 1
Gen, 17 total 60 9 83 , 13

Append, Teble 8 Expt. 2. Numbers of lethal and non-lethal chromosomes II
and IIT sampled from the selection lines at gens, 5 and 17.



103, -

APPENDIX 2
Comparison of expécted'genetic;géiﬁé beﬁweén sélection with the
same intensity (i) wlthin heterozygous suppressor segregants (S) and
(i1) within homozygous wild type segregants (+). Both segregants share

* the same pool of * chromosomes esg. selectlon lines maintalned by mating

+ males and Cy Me females.

Consider a locus with alleles Al frequency p and 42 frequency q on
+ chromosomes segregating in a population with allele K on a balanced
suppressor chromosome. With respect to this locus, genotypes, frequencies

and effects within the + and S segregants are the following.

+ Segregants , ' S Segregants
(i) Genotype A.A.  A.42 A2A2 | M KAQ
(ii) Freqe p2 "'2pql , qz' o P - a
(111) Effect (E) +a -0 . -a k¢ &/é .k -8/

and the frequency of A2(q) among the + alleles of these genotypes
(iv) | 0 0.5 1.0 0 1.0

Frem (i1), (iii) and (iv) the covariances between q and E are the same for
both segregants - o

(v) Covs (q,E) = - pqa
The regressions of g‘on E are ,
(vi) +b(g,E) = - pqa/épl2 and 8 b(q,E) = - pqa/5§22
. where 6p12 ‘and-ép22 arc the phenotypic variances of the + and § segregants

.respectively and are '
(vit) 6p12 = 41+ be? ana bpP = 4g2? + be?
when églz, éé22 and 4eo? are the genetic variances of the + and S

ségregants and the environmental variance respectively.



From (ii) and (iii) the éeneﬁic.vafianees'are }
(viii) g‘..ég’l‘? = 2pga”® and ségz‘?‘-: pdaz |

The ‘change in frequency of ‘A2 (dq) wmthin each of the 2 segregants
is the product of the eelectlon differential i é; and the regression l
of gene frequency on effect b(g,E) " _ .
(ix) + dql #-fipqa/gﬁl faed Sdge = - ipéa/&%é
Therefore the ratio of genetic,change'from selection within § to eelectipn

within + segregants is -

. dqfdqL = 592/41:1 = 2pqa2 » do? / pqa? + o2

Since genetic gain is proportional to the coefficient of selection,

this ratio is the same as that of the selection coefficients of A2 in the

two segregants. It has a maximum value.bf §2~ when ééz = 0 and when -

6;2 '# éézg it is JI.S and when ée2 = 6812 Ji% is iil.B.

Where parente of one sex are selected from S segregants and the
others from + segregants as'in the selection lines of this study

2 dq.?./dql = 2 &pl/ ({pl N ép?_)

when dqz is now the change expected from selectine within both segregants
and dql from selectino parenbs of both sexes within + segregants. ’
'Galculated valuee of the ratlo are 1,21 when é; = 0, 1.11 when

do? = ég22 and 1.07 when éez = églz Thus the gain from selecting the

parents of one sex within S segregants is very emall.
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 APPENDIX" 3

Differences between reciprocal crosses in the rates of emergence

of progeny of. 4 different genotypes.

Method |

‘In Experiment 2 the Suppressed recombination lines were reproduced
ééch géneraiioh from matings of + males and Cyimé females and the Free
:ecombihation lines from the reciprocal cross, ~From parental chromosome
}requencies it vas expgcted'that equal aumbers of Cy, Me, Cy Me and +
progeny would be produced by both these crosses. The ratios of these
4 segregants were measured each generation to estimate changes in their
‘relativé fitnesses under selection. Therefore, it was necessar& to
'éetermine the effect of direcﬁion df cross and time of measuremeni on
the raﬁio Qf.emergencés of the 4.segregants in the absence of selection.
Two % pint cultures wére set up in each of 6 éuéceséive genbf%ﬁions,_one
from the mating of 10 + males with 10 Cy Me females and the other from
the reciprocal cross. Each generation, + parents were obtained from

large sub-cultures of the Kaduna population and Cy Ms parents from the

105.

male parents in the previous gemeration. For each direction of the cross,

cumulative totals were: obtained of the 4 segregants emerging in the 5

successive 24 hour periods, following first observed emergences

_ Resu;té

" The ratios of cumulative ﬁotals of progeny from the Cy Me fémalesvto
the ¢ females (EgRa) averaged over the 6 generations are shown for the 5
successive periods (D) in Append. Fig. 1. The emergence of progeny from

the Cy Me maternal cultures is delayed in comparison with that from the/
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Append. Figure 1 Differences between reciprocal erosses of Cy Me and +
in rates of emergence of the 4 progeny types; Cy, Me, Cy Me and +.
Ratios of aumbers emerging from Cy‘Meito +.maternal cultures (E;.R.)

are’ éaleulated by aceumulating dounts 'over 5’ successive da}ys (D)

5
‘ o
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/the + culturese The rate of emergence from the Cy Me females is slowest
for all but the Cy segregants in the second 24 hour period but accellerates
later so that by the fifth period, about the same number of each of the 4

' segregants has cmerged from the Cy Me as from the + maternal cultures.

The initiasl retardation in emergence from Cy Mb'females.is greatest

for the Me and Cy Me segregants and least for the +.

The conclusion from this study is that, in estimating the relative
viabilities of the 4 segregants from thé ratio of their emergences,
the period over which these are measured should be kept constant
throughout selection and be at least 96 hours. Also, differences in -
these ratios can be expected between the Free and Suppressed recombination

lines due to the direction of the cross alone.
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PENDIX 4
Selection against a high effect gene due to complete linkage with

a recessive lethal under the mating conditions of this study:

. Let the frequency of the high gene A ( elternative allele E)-be P

in the suppreésor parents and_é in the * parents and let a proportion
‘£ of the suppressor chromosomes posses the lethal, then the distribution
of offépring genbtypés produced by mating suppfessbi (5)'x'4‘péreﬁ§§'
afe a8 followss ' o o

‘ SA Sa AA Aa . aa

Lethal = 'fq O pg 0 ° 0

Non-lethal (1-£}q 1l-q O peq-2pq (1-p)(l-q)

-From this; it happens that the freduency of A among the ¢ progeny is
pq(2-p-q)/2(1-pq) less than the 1/2(p + q) expected from parental
frequencies, If the lethal 13 present among the suppressor chromosomes
then £> 0 and the frequency of A ahong-the suppregsor progeny is
fq{1l-q)/1-fq less than the q expected from parental frequencies.

If p=q = 0.5 and the lethal is absent from the suppressor‘chromOSOme
lees £ = 0, then the expected total reduction in the frequency of the
high chromosome is 0.084. If all suppressor chromosomes possess the
lethal i.6. £ = 1, then the reduction is 0.334. - Thus, very little
depression of viability would be expected to accompany selection for

A when £ = 0 but if £ = 1 a measursble decline should result.



