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Summary. Reverse and relaxed selection were carried out 
in sublines which were derived from six replicate lines of  
Drosophila during 86-89 generations of  selection for in- 
creased abdominal bristle number,  and the reverse selec- 
tion sublines were reciprocally crossed with selection lines 
of their origin. 

The results of  serial relaxed selection initiated at differ- 
ent generations of  selection confirm that  the accelerated 
responses observed in the selection lines were largely due 
to deleterious genes, particularly lethals, with large effects 
on the selected character. The decline in mean bristle 
number under relaxed selection was not  much different 
between crowded and uncrowded relaxed sublines. 

Reverse selection init iated at generation 57 was very 
effective, though it failed to bring the mean back to the 
base populat ion level, and the genetic differences between 
replicate sublines ( two from each of  the six lines) indicate 
that low bristle number genes were probably rare in the 
selection lines. The genes which were still segregating after 
57 generations of  selection, on the average, did not  show 
any directional dominance. The contr ibut ion of  the 
X-chromosome to selection response was proport ional  to 
its chromosome length. 
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Introduction 

Reverse and relaxed selection have been used to investi- 
gate the strength of  natural selection opposing artificial 
selection and the nature of  residual genetic variability of  
forward selection lines, particularly in laboratory experi- 
ments on long-term responses and limits to selection 
(Robertson 1955; Clayton and Robertson 1957; Roberts  
1966; Frankham, Jones and Barker 1968). Recently,  

Nicholas (1976) studied consequences of reverse selection 
with an additive genetic model  in the absence of  natural 
selection to provide a theoretical  basis of  quantitative pre- 
diction. Yoo (1980a) reported the results of  long-term 
response to selection for increased abdominal  bristle num- 
ber in six replicate lines of  Drosophila. The accelerated 
responses observed in these lines were mostly associated 
with appearance of  non-fixable genes, part icularly lethals, 
with large effects on the selected character. I t  was argued 
that these lethals had at tenuated artificial selection pres- 
sure at later stages of  selection, resulting in less genetic 
gains than would be expected from the residual genetic 
variability. The analysis of  residual genetic variability in 
these lines (Yoo 1980b) indicated that  the additive gene- 
tic component  was hardly diminished in some of  the lines 
and dominance of  high bristle number genes was not  an 
important  cause of  selection limits (c.f. Falconer 1971). 

We report  here that  the results of  reverse and relaxed 
selection in various sublines split off  the six selection lines 
and of  subsequent crossing between these lines and their 
reverse selection sublines, consolidate the conclusions 
drawn in the preceding papers. 

Materials and Methods 

The six replicate selection lines (designated as Ua, Ub, CRa, CRb, 
CCa and CCb) from which the sublines were split, each consisted 
of 50 pairs of parents selected upwards at an intensity of 20% 
(Yoo 1980a). The character scored in the sublines was the same as 
the selected character, namely bristle number on one abdominal 
sternite, the fourth in males and the fifth in females. The selection 
was continued for 86-89 generations (G), during which relaxed- 
selection sublines were initiated with 25 (up to G25) or 50 pairs 
taken at random from each line, at intervals of 6 generations up to 
G49, and in G64 (G65 for some lines) and G82. These sublines 
had been maintained, each in one cream jar (142 ml), under 
crowded conditions for 5 (up to G25) or 6 generations before 50 
(up to G25) or 100 pairs were scored from uncrowded cultures set 
up with 10 pairs of parents per ~ream jar. 
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At G57 two replicates of each of the following subllnes were 
derived from all lines: (1) Reverse-selection sublines maintained 
for at least 15 generations, each with 10 pairs selected downward 
out of 50 scored; the two replicates are denoted by L1 and L2 
suffixed to the line designations (e.g. Ua-L1). (2) Uncrowded re- 
laxed-selection sublines each with 10 pairs of parents per genera- 
tion; 50 pairs were scored from G58 to G65, and in G71. (3) 
Crowded relaxed-selection sublines continued for 15 generations 
by 100 pairs of parents in one cream jar; 50 pairs were scored 
from uncrowded cultures set up separately in each generation. 

After 14 generations of reverse selection and then 6 of relaxa- 
tion, each reverse-selection subline was reciprocally crossed with 
the main line of its origin. In Ub-L1, in which suspension of re- 
verse selection increased the bristle number, the subline selected 
continuously was used instead. In addition, reciprocal matings 
were made between the two replicate reverse-selection sublines 
from Ub, CRb and CCb. Fifty pairs of progeny were scored from 
each mating. The degree of directional dominance (D) was esti- 
mated from female mean scores as the difference between average 
of reciprocal crosses and the lower parent relative to the difference 
between the two parents. The proportionate contribution of the 
X-chromosome (X) was estimated from male mean scores as the 
ratio of the difference between the reciprocal crosses to that be- 
tween the two parents. 
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Fig. 1. Loss in mean abdominal bristle number after 6-7 genera- 
tions of relaxed selection (sexes averaged) plotted against the gen- 
eration at which relaxed selection began 

Results 

Serially relaxed sublines 

Figure 1 shows changes in mean bristle number (averaged 
over sexes) after 6 or 7 generations of  relaxed selection 
init iated at different generations of  forward selection. 
Also included in the figure are the results of  the final 
relaxation of  selection in the main lines between G86 and 
G89; the uncrowded condit ion used in this case would not  
bias the comparison between generations, as the effect of  
crowding was negligible at this stage of  selection. That 
selection was relaxed for one generation more in those 
sublines derived after G25 would be of  little consequence, 
as most  of  the change in mean occurred in the first few 
generations of  relaxation. 

Relaxed selection resulted in relatively small declines 
in mean bristle number  until G19, but  the decline upon 
relaxation increased a great deal in subsequent generations 
in all but  one line (Ua), most ly after accelerated responses 
in the main lines, which in turn were associated with oc- 
currence of  non-fixable genes, particularly lethals, with 
large effects on abdominal  bristle number (Yoo 1980a). In 
many cases, the increased decline matched the corre- 
sponding accelerated response in terms of  the magnitude. 

Sublines derived in G5 7 

Figure presents the pat tern of  change in female mean 
bristle number for the crowded and uncrowded relaxed- 
selection sublines derived in G57. As the two replicates in 

each case showed much the same trend over generations, 
only the average has been plot ted.  

Most of  the decline in mean bristle number occurred in 
the first 2-5 generations in all relaxed sublines, although 
those from Ua and CCa showed some stepwise changes 
under crowded conditions. The crowded culture condi- 
tion, which was imposed as a means of  intensifying 'na. 
rural '  selection, had no consistent effect on the rate of  
decline or on the level of  downward plateau reached. 

The pattern of  response to reverse-selection in females 

is also depicted in Figure 2. In general, mean bristle 
number declined more rapidly and reached lower levels 
in reverse-selection than in relaxed-selection sublines. In 
Ua, CRa and CCa, the two replicate sublines behaved simi- 
larly, but  in the rest, the agreement between replicates 
was very poor,  with one replicate in each case showing a 
clear accelerated response in later generations similar in 
size to the initial decline. Ub-L1 and CRb-L2 reached an 
apparent  limit only 3 and 5 bristles above the base popula- 
t ion mean, respectively, while CCb-L2 and Ub-L2 pla- 
teaued at higher levels. The remaining 8 sublines appeared 
to be still responding to selection slowly when the reverse 
selection ceased, probably approaching plateaux well 
above the base level. 

Selection was relaxed in additional sublines taken from 
all reverse-selection sublines in G65, In Ub-L1, Ub-L2 and 
CRb-L2, where reverse-selection was continued longer, re- 
laxed sublines were again derived in G72; at the same 
time, reverse-selection was finally relaxed in the others. 
Overall, mean bristle number changed very little upon re- 
laxation of  reverse-selection except in Ub-L1, and thus 
only a part of  the results is shown in Figure 2. In Ub-L1, 



B.H. Yoo et al.: Long-term Selection in Drosophila melanogaster. Part 4 115 

-3O 

E 

R= 

24 

-~ 22 

i 

�9 -- , 
+ ~ "~r 

U a  

,< 
. , i i J * , I . . . .  i . 

57 60 65 70 

30 

28 

26 

24 

22 

: ~'~, .... C R a  

d 7  ' ' i . . . .  i . . . .  , , 
60 65 70 

Generations 

32 

30 

28 

26 

24 
57 

a 

60 65 70 

2 6 1 ~  ~ Ub 

o 20 . . . . . .  
.............. 

14 ~ ,  j r "  .. ............................................ 

12 ~ ' ' ~ " ' / " ~ "  ........ 

7 60 65 70 75 80 85 

28  

26 ~ , .~  CRb 

24 t 1 \ *  

l / \  

1 8  t ~ ~  ~r'~:::~:::::::::::'~r'~ ...................... o "[ 

57 60 65 70 75 

Genera t ions  

32 

30 

28 

26 

24 

22 i 

20 

57 

k~ x ..... " \ . / '~ \ / .  

�9 . i . . . .  i . . . .  i . 
6O 65 70 

Fig. 2 Female generation means of crowded (continuous line) and uncrowded (cross) relaxed-selection sublines averaged over two repli- 
cates, and  of two replicate reserve-selection sublines L1 (full circle) and L2 (open circle). For reserve-selection sublines, responses to 
'switch-back' (broken line) and to relaxed (dotted line) selection are also shown. 

Ub-L2 and CRb-L2, 'switch-back' selection sublines, 
where reverse-selection was reversed again, were derived in 
G72, but selection response was appreciable only in Ub- 
L1. 

The reverse-selection sublines of Ub were unique in 
that (1) relaxed selection, except that at G78, always 
moved the population mean towards seemingly an equilib- 
rium level of about 16.5 bristles, (2) the 'switch-back' 
selection in Ub-L1 showed an immediate response to 
reach a limit at the same level, and (3) fertility was very 
poor in Ub-L1 around G72, but improved considerably 
when reverse-selection was suspended or switched back. 

The changes in generation mean were proportionately 
similar in t h e t w o  sexes. Howe~,er, female means only 
were plotted in Figure 2, as they sometimes show the 
pattern of change, particularly accelerated responses, 
more clearly. 

Directional dominance and X-chromosome contribution 

D and X values were estimated from the cross between 
each main line and reverse-selection subline (Table 1). In 
crosses between Ub and its sublines, D values were signifi- 
cantly larger than 0.5, i.e. the genes increasing bristle 
number on average tended to dominance over their alleles. 
The opposite tendency was observed in CRb. In the re- 
maining lines, D values did not deviate significantly from 
0.5. Hence, the mean over all lines (0.51) was very close 
to 0.5 expected for additive genes. 

Also presented in Table 1 are similar estimates from 
crosses between the two replicates of reverse-selection 
subline derived from Ub, CRb and CCb. Note that a gene 
or genes differing between Ub-L1 and Ub-L2 showed 
probably complete dominance. 
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Table 1. The degree of directional dominance (D) and the pro- 
portionate contribution of X-chromosome (X) estimated from 
crosses between main selection lines and their reverse-selection 
sublines and between the two replicates of reverse-selection sub- 
lines 

Parental lines 
or sublines a D X 

Ua Ua-L1 0.502 +- 0.055 0.267 +- 0.083 b 
Ua Ua-L2 0.580 -+ 0.055 -0.045 -+ 0.081 
Ub Ub-L1 0.645 +- 0.037 b 0.645 -+ 0.038 b 
Ub Ub-L2 0.592 +_ 0.039 b 0.139 + 0.045 b 
CRa CRa-L1  0.538 -+ 0.074 0.414 -+ 0.100 b 
CRa CRa-L2  0.445 +_ 0.062 0.045 -+ 0.080 
CRb CRb-L1  0.384 -+ 0.031 b 0.086 -+ 0.048 
CRb CRb-L2 0.443 -+ 0.029 b 0.020 -+ 0.040 
CCa CCa-L1 0.496 -+ 0.039 0.236 -+ 0.071 b 
CCa CCa-L2 0.484 _+ 0.045 0.017 -+ 0.072 
CCb CCb-L1 0.576 -+ 0.095 -0.400 -+ 0.131 b 
CCb CCb-L2  0.471 +_ 0.041 0.095 -+ 0.053 

Ub-L2 U b - L 1  1.132 -+ 0.181 b 1.287 • 0.154 b 
CRb-L1 CRb-L2 0.788 -+ 0.216 -1.652 -+ 1.785 
CCb-LI CCb-L2 0.443 _+ 0.071 0.262 -+ 0.097 b 

a Higher lines or sublines given first 
b Significantly different from 0.5 (D) or from zero (X) at P < 0.05 

The X values show that the contribution of the X- 
chromosome was about two thirds of the difference 
between Ub and Ub-L1, but  only 14% of that between Ub 
and Ub-L2. This may be fully accounted for by the dif- 
ference between Ub-L1 and Ub-L2 being entirely due to 
the X-chromosome. A sex-linked genetic factor exhibiting 
complete recessiveness seems to have been responsible for 
the additional decline in Ub-L1 below Ub-L2. 

Although the response to reverse-selection was very 
similar between replicates in Ua, CRa and CCa, the genetic 
changes underlying the phenotypic similarity were quite 
different in that the X-chromosome made significant con- 
tributions only in one replicate from each line. It is hard 
to explain that the X-chromosome of CCb-L1, in spite of 
the downward selection, increased abdominal bristle num- 
ber relative to that of CCb. The mean of absolute values 
of X over all lines was 0.20, indicating that the contribu- 
tion of the X-chromosome was approximately propor- 
tional to its chromosome length. 

D i s c u s s i o n  

The decline in mean bristle number under relaxed selec- 
tion increased irregularly at later stages of selection in all 
lines but  Ua, largely reflecting accelerated responses ob- 
served earlier in the main lines. This supports the conten- 
tion that the accelerated responses were mainly due to 
deleterious genes which had large effects on abdominal 

bristle number or were closely linked to other genes with 
such effects (Yoo 1980a). Further, the comparison of 
crowded with uncrowded relaxed-selection sublines indi- 
cates that the natural selection operating under these con- 
ditions was 'hard' selection independent of competition 
level (Wallace 1968), consistent with the involvement of 
lethals and other deleterious genes of similar nature. 
Replicate variation of reverse-selection response was large 
in Ub, CRb and CCb. In the other lines, in spite of the 
similarity of response, the two replicate sublines differed 
significantly in contribution of the X-chromosome, imply- 
ing that the genetic basis underlying the response was not 

the same. The number of relevant loci still segregating 
after 57 generations of selection would have been limited, 
with the genes for high abdominal bristle number being 
fairly common. In other words, low bristle number genes 
were probably rare when reverse-selection was started, re- 
suiting in high replicate variation due to the founder ef- 
fect (James 1971). It seems reasonable to explain the de- 
layed, rapid response in some reverse-selection sublines by 
crossovers between closely linked genes. In the case of 
Ub-L1, the recombinant appeared to be recessive and sex- 
linked. 

As directional selection is not effective in eliminating 
recessive genes, some undesirable recessives, if present, are 
likely to persist even after long-continued selection (Fal- 
coner 1971 ; A1-Murrani and Roberts 1974). In the present 
selection lines, however, there was no strong tendency to 
directional dominance for those genes segregating at G57. 
Since undesirable dominant genes would have been mostly 
eliminated by then, this implies that dominance was not 
an important feature of the base population, as was shown 

by statistical analyses (Hammond 1973). The lack of di- 
rectional dominance in this study contrasts with the slight 
recessiveness of high bristle number alleles (D = 0.426) in 
essentially the same base population (Frankham 1974). 
One explanation for the difference could be that the leth- 
als with large effects on bristle number, present in the 
main lines, tended to move the F1 mean closer to the 
mid-parental mean, although the D value was not lower in 
the line without such lethals (Ua). 

Table 2. The comparison of forward- and reverse-selection 
responses (averaged over lines, replicates and sexes) 

Mean _+ S.E. a 

Forward response to G 57 (AX) 
Reverse response from G 57 to G 72 (R) 
R/Ax 
Decline under relaxed selection (L) 
(R - L) / (Ax -- L) 

17.85 -+ 0.79 
8.07 �9 1.01 
0.46 -+ 0.07 
4.40 -+ 0.62 
0.29 -+ 0.07 

a Standard errors were calculated from the variance among the six 
lines 
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According to Nicholas (1976), the ratio of  reverse- 

selection response to preceding forward-selection response 

would be 0.193 in this experiment,  assuming that the ef- 

fective population size was 60 during selection in either 

direction and that the 'proportionate effect '  of  a locus 

(Falconer 1960) was not greater than 0.012. A more gen- 

eral form of this original formula, which allows for differ- 

ences in effective population size between forward and 

reverse-selection, predicts a ratio of  0.153. The observed 

ratio (Table 2) was considerably higher than the pre- 

dicted, suggesting that the forward-selection was less ef- 

fective and/or the reverse-selection was more effective 

than expected because of  the natural selection, probably 
through the lethals mentioned above (Yoo 1980a). 
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