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Summary 

M u t a t i o n s in five loci t h a t m o d i f y the p h e n o t y p e o f whiteavrtcot (wa), c a u s e d b y t h e r e t r o t r a n s p o s o n , 
copia, w e r e e x a m i n e d in t w o - w a y c o m b i n a t i o n s t o d e t e r m i n e w h e t h e r their effects w e r e a d d i t i v e o r 
ep i s ta t i c . Al l t w o - w a y c o m b i n a t i o n s o f m u t a t i o n s in these five loci , mottler of white (jnw), 
suppressor of forked (su(f)), suppressor of white apricot (su(wa)), Enhancer of whiteavricot, (E(w"J) a n d 
Darkener of apricot (Doa), a r e add i t i ve in t he i r effects o n wa, i m p l y i n g t h a t each s e c o n d - s i t e 
modi f ie r l o c u s affects a different p r o c e s s . T h r e e o t h e r co / j /a - induced m u t a t i o n s , HwUa, w

l l d 8 " ' 2 5 a n d 
ctns we re a l so e x a m i n e d for r e spons iveness t o m u t a t i o n s in t he se modi f ie r loci . N o n e c l e a r l y 
r e s p o n d e d . M u t a t i o n s a s soc i a t ed wi th B104 i n s e r t i o n s , i nc lud ing Gl, vgni, ctn a n d wric w e r e a l s o 
e x a m i n e d for r e s p o n s i v e n e s s t o mw m u t a t i o n s , w h i c h h a v e specificity for th is e l e m e n t a s we l l . B o t h 
vgnt a n d wric r e s p o n d t o m u t a t i o n s in mw. T h e f o r m e r i n t e r a c t i o n d e m o n s t r a t e s t h a t mw is c a p a b l e 
of i n t e r a c t i n g wi th B104 e l e m e n t s in loci o t h e r t h a n white. T h e signif icance of t h e r e s u l t s w i t h 
respec t t o t h e n a t u r e o f second-s i t e modif ier loci is d i scussed . 

1. Introduction 

S p o n t a n e o u s m u t a t i o n s in a va r ie ty of o r g a n i s m s a r e 
f r equen t ly c a u s e d by t h e i n se r t i on of a t r a n s p o s a b l e 
e l emen t , w h i c h inc ludes m a m m a l i a n r e t r o v i r u s e s a n d 
LINE s e q u e n c e s as well as r e t r o t r a n s p o s o n s such as 
t h o s e d e s c r i b e d in Drosophila, t o b a c c o , m a i z e , Arab-
idopsis a n d yeas t ( B e n d e r et al. 1 9 8 3 ; C a m p u z a n o 
etal. 1 9 8 6 ; G r a n d b a s t i e n e / a / . 1989; J o h n s , M o t t i n g e r 
& F r e e l i n g , 1 9 8 5 ; M o d o l e l l , B e n d e r & M e s e l s o n , 
1 9 8 3 ; M o r s e et al. 1988 ; N u s s e , 1986; V o y t a s & 
A u s u b e l , 1988). R e t r o t r a n s p o s o n s , as a c l ass , t r a n s 
p o s e t h r o u g h R N A i n t e r m e d i a t e s , a n d r e s e m b l e e a c h 
o t h e r to v a r y i n g d e g r e e s in s equence h o m o l o g y a n d 
the ove ra l l o r g a n i z a t i o n o f the i r g e n o m e s . R e t r o 
t r a n s p o s o n i n se r t i ons h a v e c a u s e d m u t a t i o n s by 
inse r t ing w i t h i n e x o n s , i n t r o n s , n o n - t r a n s l a t e d l eade r 
s equences , a n d u p s t r e a m of t r a n s c r i p t i o n s t a r t - s i t e s . 

W h y t h e i n s e r t i o n o f t r a n s p o s a b l e e l e m e n t 
s equences c a u s e s m u t a t i o n s w h e n inser ted in n o n -
c o d i n g s e q u e n c e s (e .g. i n t r o n ) is n o t i m m e d i a t e l y 
o b v i o u s , s ince th i s s h o u l d n o t necessar i ly in te r fe re 
wi th t r a n s l a t i o n o f a m a t u r e , n o r m a l l y spl iced R N A 
to fo rm a n ac t ive p r o t e i n . O n e e x p l a n a t i o n for t h e 
m u t a n t p h e n o t y p e , in such cases , is t h a t the in
t r o d u c t i o n o f t h e t r a n s p o s o n a l te rs e x p r e s s i o n of t h e 
h o s t gene , r e su l t i ng in p r e m a t u r e t e r m i n a t i o n of 
t r a n s c r i p t i o n , i m p r o p e r p a t t e r n s of its e x p r e s s i o n , o r 

ii 

i nco r r ec t spl icing (Cul len , L o m e d i c o & J u , 1 9 8 4 ; 
D o r s e t t et al. 1989 ; M o r i s h i t a et al. 1 9 8 8 ; P a r k h u r s t & 
C o r c e s , 1 9 8 5 ; Z a c h a r et al. 1985) . 

Seve ra l l ines of e v i d e n c e s u p p o r t t h i s c o n c e p t . F i r s t , 
r e v e r t a n t s o f in se r t ion m u t a t i o n s r e s t o r i n g full o r 
p a r t i a l func t ion o f t he h o s t g e n e h a v e in s e v e r a l 
i n s t a n c e s been c h a r a c t e r i z e d a s s e c o n d a r y i n s e r t i o n s 
i n to t he o r ig ina l t r a n s p o s o n ( C a m p u z a n o et al. 1 9 8 6 ; 
G e y e r , G r e e n & C o r c e s , 1 9 8 8 ; M o u n t , G r e e n & 
R u b i n , 1 9 8 8 ; S a n g et al. 1 9 8 4 ; W i l l i a m s & Bel l , 1 9 8 8 ; 
Z a c h a r & B i n g h a m , 1982). T h e s e r e v e r t a n t s m a y b e 
t h o u g h t of a s inse r t ion m u t a t i o n s in t h e first t r a n s 
p o s o n c a u s i n g the or ig ina l m u t a t i o n . S e c o n d l y , t h e 
t r a n s c r i p t i o n a l ac t iv i ty o f t h e i n s e r t e d e l e m e n t h a s 
been h y p o t h e s i z e d t o be t h e c a u s a t i v e f a c t o r fo r t h e 
m u t a t i o n in several o f these i n s t a n c e s . F o r e x a m p l e , a t 
the Notch locus o f Drosophila, t h e t y p e o f i n s e r t e d 
e l e m e n t , r a t h e r t h a n t h e p o s i t i o n o f t h e i n s e r t i o n , 
co r r e l a t e s wi th the m u t a n t p h e n o t y p e p r o d u c e d ( K i d d 
& Y o u n g , 1986). Pa r t i a l e x c i s i o n o f r e t r o t r a n s p o s o n 
in se r t i ons c a n resul t in a l m o s t c o m p l e t e r e v e r s i o n o f 
the o r ig ina l m u t a t i o n , i n d i c a t i n g t h a t t h e s i m p l e 
i n t e r r u p t i o n o f h o s t s e q u e n c e s is o f t e n n o t sufficient 
for t h e m u t a n t p h e n o t y p e ( B e n d e r et al. 1 9 8 3 ; M o u n t 
et al. 1988 ; Sear les & V o e l k e r , 1 9 8 6 ; Z a c h a r et al. 
1985). 

I n s e r t i o n m u t a t i o n s a r e a l s o k n o w n w h i c h a r e d u e 
to i n c r e a s e d o r ec top i c e x p r e s s i o n o f t h e h o s t g e n e , 
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i n d i c a t i n g t h a t n e w p a t t e r n s o f e x p r e s s i o n h a v e b e e n 
i m p o s e d o n it b y t h e i n s e r t e d e l e m e n t . E x a m p l e s 
i n c l u d e t h e Hairy-wing l o c u s (Achaete-scute c o m p l e x ) 
o f Drosophila, w h e r e i n s e r t i o n s o f d i f fe ren t t r a n s -
p o s o n s h a v e y i e l d e d m u t a n t p h e n o t y p e s d u e t o 
i m p r o p e r s t age - spec i f i c r e g u l a t i o n of t h e g e n e ( C a m -
p u z a n o et al. 1986) , a n d t h e a c t i v a t i o n o f c e l l u l a r 
o n c o g e n e s b y r e t r o v i r a l i n s e r t i o n ( M o r i s h i t a et al. 
1 9 8 8 ; M o r s e et al. 1 9 8 8 ; N u s s e 1986). 

I n Drosophila, s e c o n d - s i t e m o d i f i e r loci a l t e r i n g t h e 
p h e n o t y p e s o f t r a n s p o s o n i n s e r t i o n s h a v e b e e n d e 
s c r i b e d , w i t h v a r y i n g d e g r e e s o f specifici ty for a f fec ted 
t r a n s p o s o n s a n d m u t a n t a l le les ( C h a n g et al. 1 9 8 6 ; 
G r e e n , 1 9 5 9 ; M o d o l e l l et al. 1 9 8 3 ; R u t l e d g e et al. 
1 9 8 8 ) . T h e y h a v e a l s o b e e n f o u n d in o t h e r e u k a r y o t i c 
o r g a n i s m s , a n d a r e wel l d o c u m e n t e d in y e a s t , ( C l a r k e -
A d a m s et al. 1 9 8 8 ; C l a r k e - A d a m s & W i n s t o n , 1 9 8 7 ; 
F a s s l e r & W i n s t o n , 1 9 8 8 ; N e i g e b o r n , C e l e n z a & 
C a r l s o n , 1 9 8 7 ; W i n s t o n et al. 1984 a, b, 1987) . I n 
m a m m a l s , h o s t loci a f fec t ing the e x p r e s s i o n o f 
r e t r o v i r u s e s h a v e a l s o b e e n ident i f ied ( L e v y , L e r n e r & 
W i l s o n , 1982 , 1 9 8 5 ; T r a i n a - D o r g e et al. 1985) . 
M o d i f i e r s c a n e n h a n c e ( i n c r e a s e ) o r s u p p r e s s ( d e 
c r e a s e ) t h e s e v e r i t y o f t h e m u t a t i o n s t h e y affect, a n d in 
s o m e c a s e s a s ing le m u t a t i o n d o e s b o t h , t o d i f fe ren t 
m u t a n t a l le les a t d i f fe ren t loc i . I n o t h e r i n s t a n c e s , 
b o t h e n h a n c e r s a n d s u p p r e s s o r s o f a s ing le m u t a n t 
a l l e le h a v e b e e n d e s c r i b e d . T h e exac t m o l e c u l a r 
m e c h a n i s m s o f p h e n o t y p i c m o d i f i c a t i o n r e m a i n p o o r l y 
d e f i n e d , a l t h o u g h s o m e c l u e s a r e b e g i n n i n g t o e m e r g e , 
t h r o u g h g e n e t i c a n d m o l e c u l a r c h a r a c t e r i z a t i o n o f 
m o d i f i e r g e n e s , a s wel l a s t h e a n a l y s i s o f t r a n s c r i p t s 
f r o m af fec ted a l le les a n d t r a n s p o s o n s . T h e r e s u l t s 
i m p l y t h a t s e v e r a l d i f f e ren t m e c h a n i s m s a r e a t w o r k , 
i n c l u d i n g p o t e n t i a l c h a n g e s in sp l ic ing a n d t r a n 
s c r i p t i o n . I t is h y p o t h e s i z e d t h a t s e c o n d - s i t e m o d i f i e r 
loc i a r e g e n e s w h o s e p r o d u c t s p l a y a ro l e in t h e 
f u n c t i o n s o f t h e m u t a t i o n - c a u s i n g t r a n s p o s a b l e e l 
e m e n t , a n d w h i c h , i n m o d i f y i n g i ts ac t i v i t y , r e s u l t i n 
a n a l t e r a t i o n o f t h e m u t a n t p h e n o t y p e . 

T h e whiteavricot (wa), a l le le o f t he white l o c u s 
Drosophila is d u e t o t h e i n s e r t i o n of a copia r e t r o -
t r a n s p o s o n in t h e s e c o n d i n t e r v e n i n g s e q u e n c e o f t h e 
g e n e ( B i n g h a m & J u d d , 1 9 8 1 ; G e h r i n g & P a r o , 1 9 8 0 ; 
O ' H a r e et al. 1 9 8 4 ; P i r o t t a & B r o c k l , 1984) . S e v e r a l 
m o d i f i e r s o f t h e w" p h e n o t y p e h a v e b e e n d e s c r i b e d , 
s o m e w i t h o v e r l a p p i n g effects o n t r a n s p o s o n - i n d u c e d 
m u t a t i o n s a t o t h e r loc i , a n d o t h e r s w i t h effects o n 
a d d i t i o n a l t r a n s p o s o n - i n d u c e d al le les a t white ( B i r c h 
ler , H i e b e r t & R a b i n o w , 1 9 8 9 ; B i r ch l e r & H i e b e r t , 
1 9 8 9 ; G r e e n , 1 9 5 9 ; R a b i n o w & Bi rch le r , 1 9 8 9 ; R u t l e d g e 
et al. 1988) . T h e s e m o d i f i e r s c o m p r i s e o n e o f t h e m o s t 
e x t e n s i v e s e t s a f fec t ing a s i n g l e t r a n s p o s o n - i n d u c e d 
a l l e le k n o w n . I n o r d e r t o f u r t h e r c h a r a c t e r i z e t h e 
d i v e r s e m e c h a n i s m s o f s u p p r e s s i o n a n d e n h a n c e m e n t 
a c t i n g o n a s ing le t r a n s p o s a b l e e l e m e n t - i n d u c e d a l le le , 
w e u n d e r t o o k a s t u d y o f t h e p r e v i o u s l y d e s c r i b e d 
s e c o n d - s i t e m o d i f i e r s o f w" in c o m b i n a t i o n s , r e a s o n i n g 
t h a t t w o m u t a t i o n s a l t e r i n g a s ing le s t ep in e x p r e s s i o n 

o f t h e inser ted t r a n s p o s o n w o u l d i n t e r a c t in a n 
e p i s t a t i c , r a t h e r t h a n a d d i t i v e fash ion . W e a l so 
e x a m i n e d t h e effects of these modi f ie rs o n i n s e r t i o n s o f 
t h e copia t r a n s p o s o n in o t h e r loci to d e t e r m i n e if t he 
p o s i t i o n a n d o r i e n t a t i o n o f t he i n s e r t i o n w i t h r e spec t 
t o t h e h o s t gene affect its ab i l i ty to b e inf luenced by 
s e c o n d - s i t e modif iers in a p r e d i c t a b l e m a n n e r . F ina l l y , 
w e e x a m i n e d the effects of t he w" mod i f i e r , mw, on 
m u t a t i o n s a t several o t h e r loci c a u s e d b y the B104 
r e t r o t r a n s p o s o n , s ince mw a l s o e n h a n c e s white 
m u t a n t s c a u s e d by th is e l e m e n t . 

2 . M a t e r i a l s and methods 

(i) D r o s o p h i l a culture 

Drosophila melanogaster s t o c k s a n d c rosses were 
r e a r e d on C a r o l i n a Bio logica l I n s t a n t D r o s o p h i l a 
m e d i u m at 25 ° C . E y e c o l o u r s w e r e s c o r e d a t e c lo s ion 
a n d a f t e r 3 d a y s . 

(i i) Stocks 

T h e s o u r c e a n d n a t u r e o f copia- a n d 5 / 0 4 - i n d u c e d 
m u t a t i o n s e x a m i n e d a r e de sc r ibed b e l o w . Modi f i e r 
a l l e l e s a n d s t o c k s a r e p r e s e n t e d i n T a b l e 1. D. 
melanogaster t r a n s p o s a b l e e l emen t s a n d m u t a t i o n s 
w e r e r e v i e w e d b y F i n n e g a n & F a w c e t t (1986) . 

(iii) C o p i a insertions 

T h e s t r u c t u r e a n d exp res s ion of copia has been 
e x t e n s i v e l y c h a r a c t e r i z e d (F l ave l l et al. 1980, 1 9 8 1 ; 
M o u n t & R u b i n , 1985 ; P a r k h u r s t et al. 1988 ; 
S c h w a r t z , L o c k e t t & Y o u n g , 1982). 

whiteavricot (wa). B i n g h a m & J u d d ( 1 9 8 1 ) , G e h r i n g 
& P a r o (1980) a n d O ' H a r e et al. (1984) d e s c r i b e t h e 
g e n o m i c s t r u c t u r e o f wa. Lev i s , O ' H a r e & R u b i n 
( 1 9 8 4 ) , P i r r o t t a & Brock l (1984) a n d Z a c h a r et al. 
( 1 9 8 5 ) , desc r ibe w" R N A p r o d u c t s , w h i c h i n c l u d e 
t h o s e o r i g i n a t i n g in t he white p r o m o t e r a n d t e r m i n 
a t i n g i n e i the r L T R of copia, a s well as a smal l a m o u n t 
o f w i l d - t y p e - s i z e d m R N A , a c c o u n t i n g fo r t h e l ow 
level o f p i g m e n t o b s e r v e d . O t h e r , less wel l def ined 
R N A s p e c i e s h a v e a lso been o b s e r v e d (Bi rch le r et al. 
1 9 8 9 ; M o u n t et al. 1988; P i r r o t t a & Brock l , 1984; 
Z a c h a r et al. 1985). Z a c h a r et al. 1985) de sc r ibe 
effects o f t h e copia i nse r t ion o n t r a n s c r i p t i o n f rom the 
white p r o m o t e r . ( S o u r c e : B o w l i n g G r e e n S t o c k 
C e n t e r . ) 

whitehMlb25 (whMlb25). ( R u b i n , K i d w e l l & B i n g h a m , 
1982) . T w o o r th ree i n d e p e n d e n t copia a n t i - p a r a l l e l 
i n s e r t i o n s i n to t he white l o c u s , w h d i m - " a n d 2 5 , 
o c c u r r e d a t t h e s a m e l o c a t i o n . T h e exac t p o s i t i o n of 
t h e i n s e r t was d e t e r m i n e d b y s e q u e n c i n g whi8'b" 
( O ' H a r e et al. 1984). T h e w

h d S " ' 2 S allele w a s used in t he 
p r e s e n t s tudy . T h e p h e n o t y p e is b l e a c h - w h i t e eye 
c o l o u r , a n d it is t h u s a nu l l . ( S o u r c e : D r M a r g a r e t 
K i d w e l l , Un ive r s i t y o f A r i z o n a . ) 
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T a b l e 1. Modifiers of w a : allele specificity at affected loci 

Specificity/ 
Modifier Inserted element en or su Stock(s) Reference 

E(wa) 

Doa 

su(f) 

su(w") 

white" Jcopia 
white"41 BEL* 
whiteb!/B104 
white'"55/unnamed 
zeste' white""/BEL* 
white"/B104 into 

Doc-\ 

white"/copia 
whitea4/BEL* 
white1"55/unnamed 
white"/B104 into 

Z>ocf 
white"/copia 
H>/u7e ! p 5 5 /unnamed 

white"/copia 
cutk/gypsy 
lozenge'/ gypsy 
forked' / gypsy 
forked5 / gypsy 
bithorax341 / gypsy 
white" / copia 
cut"/gypsy 
lozenge' / gypsy 
forked'/ gypsy 
bithorax34' / gypsy 

en 
en 
en 
en 
en 
en (slight) 

en 
en 
en 
en 

su 
en 

en 
su 
su 
su 
su 
su 
su 
en 
en 
en 
en 

w" mw 
and 
w" ct mw f 

w";E(wa)/CyO 
and 
y w"; FrdE(w") sp Pin2/SMI 

w";DoaHD1/ 
TM3 or TM6 
and 
w"; Doa'05/CyO 
and 
w"; Doacc/SM6 
and 
ywa; DoaEMS1/TM3 
and 
w"; Doa' 5/TM3 
w" su(J) 

y2 sc su(w") w" 

Birchler et al. (1989) 

Birchler & 
Hiebe r t (1989) 

R a b i n o w & 
Birch le r (1989) 

B o w l i n g G r e e n / 
R u t l e d g e et al. (1988) 

B o w l i n g G r e e n / 
R u t l e d g e et al. (1988) 

en, enhancement, or increase of mutan t severity; su, suppression, or decrease of mutant severity. 
The effects of su(w") and su(f) on many insertion muta t ions were recently reviewed in R u t l e d g e et al. (1988), from which all 
of the presented data on loci other than w" is summarized for these two modifier loci. 

* The BEL element in w"4 has the same restriction map as, and hybridizes to the 3S18 e lement in w*m (K. Peterson and 
R. Levis, personal communications). 
t The w" allele is a revertant of w1, and is due to the insertion of a B104 element (K. O ' H a r e , personal communica t ion) . 

Hairy-wingUa (HwUa) ( C a m p u z a n o et al. 1986). T h i s 
m u t a t i o n is a h y p e r m o r p h , c a u s e d b y a n a n t i - p a r a l l e l 
copia i n s e r t i o n in a n e x o n g e n e r a t i n g a t r u n c a t e d 
R N A . T h i s R N A yields a f u n c t i o n a l p r o t e i n , a n d is 
p r e s e n t a t e l eva ted levels a n d i n a p p r o p r i a t e deve l 
o p m e n t a l t imes re la t ive t o n o r m a l . ( S o u r c e : D r J u a n 
M o d o l l e l , U n i v e r s i d a d A u t o n o m a d e M a d r i d . ) 

cut713 (ctns). T h i s allele is d u e t o t he a n t i - p a r a l l e l 
i n s e r t i o n o f a copia e l e m e n t a p p r o x i m a t e l y 70 k b . 5 ' 
f r o m t h e s t a r t o f t he k n o w n c o d i n g r e g i o n in severa l 
c D N A s (Bloch l ingere / t f / . 1 9 8 8 ; J a c k , 1985). A l t h o u g h 
t h e r e a r e n o k n o w n cut e x o n s in th i s r e g i o n , t r a n s c r i p t 
m a p p i n g o f t h e gene is n o t yet c o m p l e t e . T h e copia 
i n se r t i on lies in a reg ion w h e r e a n u m b e r of o t h e r 
i n se r t i on even t s h a v e c a u s e d m u t a t i o n s w i t h s imi l a r 
p h e n o t y p e s ( Jack , 1985). S ince th i s al lele a r o s e o n a n 
inve r s ion c h r o m o s o m e (op cit.; L i n d s l e y & G r e l l , 

1968), n o effort w a s m a d e t o t e s t fo r i n t e r a c t i o n s 
b e t w e e n it a n d m u t a t i o n s a t t h e o t h e r X - l i n k e d w" 
modif ie r s , su(wa), mw, a n d su(f). T e s t s w e r e s c o r e d b y 
visual ly e s t i m a t i n g t h e d e g r e e o f w i n g - s c a l l o p i n g . 
( S o u r c e : D r J o s e p h J a c k , M e m o r i a l S l o a n e - K e t t e r i n g 
C a n c e r C e n t e r . ) 

(iv) B 1 0 4 (or ' r o o ' ) insertions 

B104 s t r u c t u r e a n d e x p r e s s i o n w a s c h a r a c t e r i z e d b y 
Sche re r et al. ( 1982) . 

Glued (Gl) (Swaroop, P a c o - L a r s o n & G a r e n , 1985) . 
T h i s B104 i n s e r t i o n i s l o c a t e d in t h e t r a n s c r i b e d 
r eg ion o f t h e Gl locus , a n d is o r i e n t e d in t h e ' s e n s e ' 
d i r e c t i o n , w i t h r e spec t t o t h e t r a n s c r i p t i o n o f t h e h o s t 
gene . T h e m u t a t i o n is a r ecess ive l e t h a l , a n d p r o d u c e s 
a t r u n c a t e d R N A . T h e e y e s a r e m a l f o r m e d a n d t h e 

11-2 

https://doi.org/10.1017/S0016672300025453 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672300025453


L. Rabinow and J. Birchler 144 

f a c e t s r o u g h ( L i n d s l e y & G r e l l 1968) . ( S o u r c e : B o w l i n g 
G r e e n S t o c k C e n t e r . ) 

vestigial™""1 (vgni) ( W i l l i a m s & Bell, 1988) . A Bl04 
i n s e r t i o n o c c u r r e d i n t o t h e 412 e l e m e n t w h i c h c a u s e d 
vgBG, r e v e r t i n g t h e m u t a n t p h e n o t y p e . T h e 412 
i n s e r t i o n p r o b a b l y o c c u r r e d i n a n i n t r o n ( J o h n Bell , 
p e r s o n a l c o m m u n i c a t i o n ) . T h e vgni a l le le d o e s n o t 
s h o w a n y m u t a n t p h e n o t y p e w h e n h o m o z y g o u s , a n d 
o n l y s h o w s o c c a s i o n a l w i n g - n i c k i n g w h e n h e t e r o 
z y g o u s w i t h a s t r o n g vg a l l e l e ( L i n d s l e y & G r e l l , 
1968) . ( S t o c k s o u r c e : D r J o h n Bell , U n i v e r s i t y o f 
A l b e r t a . ) 

whiteroo-in-coVia ^ric^ ( D a v j S ) S h e n & J u d d ) j 9 8 7 ) 

T h i s a l le le is t h e r e s u l t o f B104 i n s e r t i o n i n t o t he 
c e n t r a l r e g i o n o f t h e copia e l e m e n t in wa, a l t h o u g h the 
p h e n o t y p e s o f t h e t w o a l l e l e s a r e i n d i s t i n g u i s h a b l e . 
T h e d i r e c t i o n o f t r a n s c r i p t i o n o f the i n s e r t e d B104 is 
t h e s a m e a s t h a t o f copia a n d white. ( S o u r c e : D r B u r k e 
J u d d , N I E H S . ) 

cut" (ctn) ( J a c k 1985) . T h i s i n s e r t i o n o f a B104 
e l e m e n t is i n t h e s a m e r e g i o n a s t h a t o f ctns, i.e. 
a p p r o x i m a t e l y 7 0 k b , 5 ' t o t h e c loses t c D N A yet 
c h a r a c t e r i z e d , a n d in t h e s a m e t r a n s c r i p t i o n a l o r i e n 
t a t i o n a s t h e h o s t g e n e . T h i s r e g i o n is o f i m p o r t a n c e t o 
n o r m a l ct e x p r e s s i o n , h o w e v e r , s ince s e v e r a l d i f fe ren t 
i n s e r t i o n e v e n t s h a v e c a u s e d m u t a t i o n s w i t h r e l a t e d 
p h e n o t y p e s ( J a c k , 1985) . ( S o u r c e : D r J o J a c k . ) 

(v ) G y p s y insertions 

T h e gypsy e l e m e n t a n d s e c o n d - s i t e mod i f i e r s affect ing 
it h a v e b e e n e x t e n s i v e l y s t u d i e d ( C h a n g et al. 1 9 8 6 ; 
D o r s e t t et al. 1 9 8 9 ; F r e u n d & M e s e l s o n , 1 9 8 4 ; G e y e r 
et al. 1986, 1 9 8 8 ; P a r k h u r s t & C o r c e s , 1985 , 1 9 8 6 a , / ) , 
1 9 8 7 ; P a r k h u r s t et al. 1 9 8 8 ; Pe i f e r & B e n d e r , 1988) . 

cut" {ct") ( J a c k 1985) . T h i s gypsy i n s e r t i o n is l o c a t e d 
n e a r t h e 5 ' e n d o f c D N A s r e c o v e r e d fo r t h e ct l o c u s 
( B l o c h l i n g e r et al. 1988) , a n d is p a r t i c u l a r l y sens i t ive 
t o m o d i f i e r s o f gypsy m u t a t i o n s ( R u t l e d g e et al. 1 9 8 8 ; 
J . J a c k , p e r s o n a l c o m m u n i c a t i o n ) . ( S o u r c e : D r J o s e p h 
J a c k . ) 

(v i ) Crosses to score interactions 

I n t e r a c t i o n s a m o n g t h e m o d i f i e r loci w e r e d e t e r m i n e d 
b y c r o s s i n g b a l a n c e d s t o c k s o f t h e a u t o s o m a l m o d i f i e r s 
a n d c o m p a r i n g t h e effects o n w" in b a l a n c e r a n d 
m o d i f i e r c lasses o f s i b l i n g s . X - l i n k e d m o d i f i e r s w e r e 
s c o r e d fo r i n t e r a c t i o n w i t h a u t o s o m a l m o d i f i e r s in 
m a l e s o n l y . I n t e r a c t i o n a m o n g t h e X - l i n k e d m o d i f i e r s 
o n w" w a s p r e v i o u s l y r e p o r t e d e l s e w h e r e ( R u t l e d g e et 
al. 1 9 8 8 ; B i r c h l e r et al. 1989) . A l l o f the copia i n s e r t i o n 
a l l e l es t e s t e d w e r e X - l i n k e d . A u t o s o m a l m o d i f i e r s 
(Doa a n d E(wa)) w e r e t e s t e d a s h e t e r o z y g o t e s by 
c r o s s i n g m a l e s o f a b a l a n c e d s t o c k of t h e m o d i f i e r t o 
f e m a l e s o f t h e copia i n s e r t i o n a l le le , a n d c o m p a r i n g F j 
m a l e p r o g e n y of t h e t w o s e g r e g a t i n g c l a s ses , b a l a n c e r 
v e r s u s m o d i f i e r . E(wa) h o m o z y g o t e s w e r e a l s o t e s t ed 
i n e a c h c a s e , b y c r o s s i n g F1 f e m a l e s h e t e r o z y g o u s for 

t h e copia i n s e r t i o n al lele a n d Frd E(w") sp Pin2 w i t h 
m a l e s o f t h e g e n o t y p e y w"; E(wa)/CyO. F 2 m a l e s 
h e m i z y g o u s for t h e copia i n se r t i on allele a n d h o m o 
z y g o u s f o r E(wa) w e r e c o m p a r e d w i t h the i r he t 
e r o z y g o u s a n d w i l d - t y p e s ibl ings. Doa h o m o z y g o u s 
e s c a p e r s o f le tha l i ty w e r e t e s ted for i n t e r a c t i o n w i t h 
HwUa, ctne, Wld8t»25 a n d wric in m a l e s o f the g e n o t y p e 
Doa"Dl/Doa105, g e n e r a t e d a s desc r ibed ( R a b i n o w & 
B i r c h l e r 1 9 8 9 ) . X - l i n k e d modi f i e r s w e r e tes ted for 
i n t e r a c t i o n w i t h copia, B104, o r o t h e r i n s e r t i o n al leles 
b y r e c o m b i n i n g t h e a p p r o p r i a t e modi f ie r o n t o t he 
c h r o m o s o m e t o be t e s t ed , a n d sco r ing t h e r e c o m b i n a n t 
m a l e p r o g e n y v e r s u s n o n - r e c o m b i n a n t s ib l ings . A l t e r 
n a t i v e l y , t h e y w e r e a n a l y z e d b y c o n s t r u c t i n g females 
h o m o z y g o u s for t he i n s e r t i o n m u t a t i o n a n d he t 
e r o z y g o u s for t h e modi f ie r , fo l lowed by sco r ing 
s e g r e g a t i n g m a l e p r o g e n y for t he a p p r o p r i a t e m a r k e r s . 
T h e s e t e s t s were p e r f o r m e d in a wa b a c k g r o u n d , a n d 
a p p r o p r i a t e gene t i c m a r k e r s w e r e u s e d t o a l l o w 
u n a m b i g u o u s s c o r i n g of t h e modi f i e r c lass . I n t e r a c t i o n 
o f mw2 w i t h the a u t o s o m a l B104 i n se r t ions in vgni a n d 
Gl' w e r e p e f o r m e d b y c o n s t r u c t i n g females h e t e r o 
z y g o u s f o r w* mw2 a n d t h e a u t o s o m a l m u t a t i o n , a n d 
b a c k c r o s s i n g t h e m to e i the r vgni o r Gl. F1 m a l e s ib l ing 
p r o g e n y w e r e c o m p a r e d to sco re t he resu l t s . 

(vi i i) Construction of a population segregating for 
su( f ) and s u ( w a ) 

F e m a l e s h e t e r o z y g o u s for e i the r y + su(f) or y2 su(wa), 
a n d h o m o z y g o u s fo r w", t he n o n - m o d i f i e d w" c h r o m o 
s o m e c a r r y i n g y w e r e p r o d u c e d in s t a n d a r d c rosses . 
T h e s e f e m a l e s w e r e b a c k c r o s s e d to y w" m a l e s . F e m a l e 
F 2 p r o g e n y were t h e n s co red for p h e n o t y p i c effects of 
t h e su(f) o r su(w") a s h e t e r o z y g o t e s , a n d c o m p a r e d to 
wa s i b l i n g s o f t h e s a m e sex, a g e a n d , a s ide f rom t h e X -
c h r o m o s o m e , t he s a m e gene t ic b a c k g r o u n d . T h e 
p r e s e n c e o f y+ o r y2 w a s u s e d t o i n d i c a t e t he p r e s e n c e 
o f t h e m o d i f i e r c h r o m o s o m e . 

3 . Resu l t s 

T h e e x p e r i m e n t s r e p o r t e d he r e were des igned t o e x t e n d 
t h e g e n e t i c ana lys i s o f Doa, mw a n d E(w"), t h r e e 
r e c e n t l y d e s c r i b e d mod i f i e r s o f wa. C h a r a c t e r i z a t i o n s 
i n c l u d e d e x a m i n i n g i n t e r a c t i o n s a m o n g these , a s well 
a s su(f) a n d su(w"), t w o p r ev ious ly desc r ibed modi f i e r s 
o f wa, a n d t h e suscep t ib i l i ty o f a se lected set of o t h e r 
r e t r o t r a n s p o s o n - i n d u c e d in se r t i ons to m o d i f i c a t i o n . 

(i) Action of modifier loci in combinations 

C o m b i n i n g t w o m u t a t i o n s w h i c h affect t he s a m e s t ep 
in a n y p r o c e s s s h o u l d p r o d u c e a p h e n o t y p e n o m o r e 
s eve re t h a n the s t r o n g e r o f t he t w o . A l t h o u g h o t h e r 
p o s s i b i l i t i e s exist , a s a g e n e r a l ru le m u t a t i o n s affect ing 
d i f fe ren t p r o c e s s e s a r e e x p e c t e d t o p r o d u c e add i t i v i t y 
in t h e i r p h e n o t y p e s . I t w a s r e a s o n e d t h a t a s y s t e m a t i c 
s t u d y o f t h e effects o f w" modi f ie rs in p a i r s w o u l d b e 
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Modifiers of w a 

Modifier loci Phenotype Reference 

su(f) + su(w") 
su(f) +mw2 

su(/) + E(wa) 
mw1 + E(wa) 
mw2 + su( w") 
DoaHDI + su(w") 
Doa"D' + mw2 

DoaHD' + su(f) 
DoaHD> + E(wa) 
su{w°) + E{w") 

= w» 
<g wa 

<| w" 
w° 

= w a 

P w" 
= w" 
= w a 

= w" 
- w 8 

Rutledge et al. (1988) 
Birchler, et al. (1989) 
This report 
This report 
Birchler, et al. (1989) 
This report 
This report 
This report 
This report 
This report 

= w" is a phenotype of approximately w", i.e. light orange in 
colour. 
P w" is a phenotype substantially darker than w", and either 
of the two modifiers alone, i.e. a dark ruby red in colour. 
<t w" is a phenotype substantially lighter than w", and of 
either modifier alone, i.e. bleach white in colour. 
Crosses were peformed by crossing males of a balanced 
stock of either autosomal modifier, E(wa) or Doa to females 
of a homozygous stock of a w" chromosome carrying one of 
the X-linked modifier mutat ions and comparing progeny 
classes in F j males. 

i n f o r m a t i v e as t o w h e t h e r o n e , o r severa l p roce s se s 
were be ing affected. 

T o s u m m a r i z e o u r r esu l t s , t h e effect of c o m b i n i n g 
a n y t w o m u t a t i o n s m o d i f y i n g t h e exp res s ion of w" is 
add i t i ve ( T a b l e 2) . If m u t a t i o n s a t t w o loci s u p p r e s s i n g 
wa, such as Doa a n d su(w") a r e c o m b i n e d , t h e n t h e 
d o u b l e m u t a n t is d a r k e r t h a n e i the r m u t a t i o n a l o n e . 
T h e o p p o s i t e a p p l i e s for t w o m u t a t i o n s e n h a n c i n g 
( l igh ten ing) wa, s u c h a s mw a n d E(w"), wh ich w h e n 
c o m b i n e d , yield essen t ia l ly w h i t e eyes . T h i s a l so h o l d s 
for m u t a t i o n s affect ing w" in o p p o s i t e d i r ec t i ons , i.e. 
t he c o m b i n a t i o n o f a n e n h a n c e r w i t h a s u p p r e s s o r , 
wh ich yields a c o l o u r a p p r o x i m a t e l y e q u i v a l e n t t o t h e 
or ig ina l w" p h e n o t y p e . Biases a r e seen, h o w e v e r , 
b a s e d u p o n the re la t ive s t r e n g t h s o f t he e n h a n c e r s a n d 
s u p p r e s s o r s u sed . F o r e x a m p l e , Doa a s a h e t e r o z y g o t e 
is a qua l i t a t ive ly ' w e a k e r ' s u p p r e s s o r t h a n mw is a n 
e n h a n c e r . C o m b i n i n g t h e t w o m u t a t i o n s resul t s in a 
p h e n o t y p e s l ight ly l i gh te r t h a n w", yet d a r k e r t h a n mw 
a l o n e . 

(ii) Dominant and recessive modifier mutations 

M u t a n t alleles o f t h e X - l i n k e d modi f ie r loci su(f) a n d 
su(w") h a v e d r a m a t i c effects o n wa w h e n h e m i z y g o u s 
o r h o m o z y g o u s . M u t a t i o n s in t w o d o m i n a n t wa 

modif iers , Doa ( R a b i n o w & Bi rch le r , 1989), a n d loss 
o f func t ion r e v e r t a n t s o f t h e o r ig ina l n e o m o r p h i c 
E(wa) allele (B i rch le r & H i e b e r t , 1989), h a v e o n l y 
sub t l e effects a s h e t e r o z y g o t e s . Doa m u t a n t s , for 
e x a m p l e , e leva te w" p i g m e n t levels by o n l y two- fo ld a s 
h e t e r o z y g o t e s , b a s e d o n c o m p a r i s o n s wi th flies c a r r y 
ing a d u p l i c a t i o n o f t h e a p r i c o t al lele. T h e s u b t l e 
effects o f h e t e r o z y g o s i t y for d o m i n a n t m u t a t i o n s in 
Doa a n d E(wa) r e v e r t a n t s sugges t ed t he poss ib i l i ty 
t h a t m u t a t i o n s in su(f) a n d su(wa) m i g h t ac tua l ly b e 
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d o m i n a n t , b u t w i th less d r a m a t i c effects w h e n h e t 
e r o z y g o u s . T h i s s i t ua t i on is in fact t he ca se for t h e X -
l i n k e d modi f ie r m u t a t i o n mw2, in w h i c h m u t a n t 
h e m i z y g o t e s a n d h o m o z y g o t e s h a v e n e a r l y b l e a c h 
w h i t e eyes , whi le h e t e r o z y g o u s females a r e o n l y 
s l ight ly b u t r e p r o d u c i b l y r educed in p i g m e n t levels 
(B i rch le r et al. 1989). H o w e v e r , s c o r i n g for effects o f 
su(f) a n d su(wa) o n w" a s h e t e r o z y g o t e s in a s e g r e g a t i n g 
p o p u l a t i o n s h o w e d t h a t they a r e in fact recess ive 
m u t a t i o n s . T h i s dif ferent ia tes t h e m f r o m t h e o t h e r 
t h r e e modi f i e r s o f wa e x a m i n e d in th i s s t u d y mw, E(wa) 
a n d Doa, w h i c h all b e h a v e as d o m i n a n t m u t a t i o n s . 

(iii) Effects of w a modifiers on c o p i a insertions in 
other loci 

Copia i n s e r t i o n s h a v e been s h o w n t o b e a s s o c i a t e d 
w i t h m u t a t i o n s a t a n u m b e r of loci . T h e s e m u t a t i o n s 
a r e c a u s e d by copia i n se r t ions in v a r i o u s p a r t s o f t h e 
g e n e , a n d in different o r i e n t a t i o n s , i l l u s t r a t i n g s o m e o f 
t h e w a y s in w h i c h i n se r t i ons can c a u s e d i s r u p t i o n o f 
n o r m a l g e n e exp res s ion . T h e tes ted m u t a n t a l le les , t h e 
m o l e c u l a r n a t u r e o f the les ions , a n d the i r r e s p o n 
s iveness t o t he modi f ie r s of wa u n d e r s t u d y a r e 
s u m m a r i z e d in T a b l e 3. T h e i s o l a t i o n a n d i d e n t i 
fication o f these m u t a t i o n s as copia i n s e r t i o n s is 
r e fe renced a n d desc r ibed in M e t h o d s a n d M a t e r i a l s . 

N o n e o f t he modi f ie r loci tes ted h a d a n y d e t e c t a b l e 
effects o n w

h A 8 l b 2 5 o r ctns imp ly ing t h a t the i r a c t i o n is 
m e d i a t e d t h r o u g h m e c h a n i s m s w h i c h c o u l d n o t affect 
t h e c a u s e o f t h e m u t a n t p h e n o t y p e s ( T a b l e 3) . E v e n 
Doa h o m o z y g o u s e scape r s , wh ich c o m p l e t e l y s u p p r e s s 
t h e p h e n o t y p e of wa, h a d n o effect o n t he se t w o copia 
i n s e r t i o n s . 

HwUa h a s b e e n s h o w n t o b e c a u s e d b y the o v e r - a n d 
a b e r r a n t exp re s s ion of t he h o s t t r a n s c r i p t , w h i c h 
o r i g i n a t e s in t he n o r m a l l oca t i on , a n d t e r m i n a t e s in 
t h e 3 ' L T R of t he an t i -pa ra l l e l o r i e n t e d copia. U n l i k e 
t h e a n a l o g o u s copia inser t ion in vv*"*'"5, t h e g e n e 
r e t a i n s ac t iv i ty , a n d it is t he excess ive a n d a b e r r a n t 
e x p r e s s i o n of t h e p r o d u c t wh ich g e n e r a t e s t h e m u t a n t 
p h e n o t y p e . T h e copia inser t ion in HwUa o c c u r r e d in a 
sc1 b a c k g r o u n d , a n d t h u s t he w e a k Hairy-wing 
p h e n o t y p e o f th i s allele is p e r h a p s bes t d e s c r i b e d as a 
p a r t i a l s u p p r e s s i o n o f the sc' p h e n o t y p e , ( C a m p u z a n o 
et al. 1986), wh ich r e m o v e s br is t les f r o m the s c u t e l l u m 
a n d h e a d (L inds l ey & Gre l l , 1968). 

M o d i f i e r effects o n t he HwUa p h e n o t y p e w e r e 
d e t e r m i n e d b y c o u n t i n g the n u m b e r o f s c u t e l l a r 
b r i s t l es in i n d i v i d u a l s f rom e a c h o f t he p r o g e n y 
c lasses , a n d c o m p a r i n g t h e n u m b e r o f i n d i v i d u a l s in 
e a c h ( T a b l e s 3, 4) . Tes t s w i t h X - l i n k e d mod i f i e r s w e r e 
p e r f o r m e d w i t h o n l y su{f), a n d mw, d u e t o t h e t igh t 
gene t i c l i n k a g e b e t w e e n su(w") a n d Hw. M u t a t i o n s in 
su(f) a n d mw h a d n o effect o n t he HwUa p h e n o t y p e , in 
t h e a s s a y de sc r ibed a b o v e ( T a b l e 4 ) . E(w") h a d n o 
effect un less c a r r i e d o n the Frd E(w") sp Pin2 c h r o m o 
s o m e . T h u s , we c a n n o t a t t r i b u t e t he se effects t o E(w"), 
b u t m u s t sugges t s o m e i n t e r a c t i o n b e t w e e n a l i nked 

T a b l e 2. Interactions among modifiers of w a 
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T a b l e 3 . Mutations induced by c o p i a insertion tested for interaction with second-site modifiers 

Locus 
Alle le / 
c h r o m o s o m e Orientat ion Position 

Type of 
mutation 

Effect of modifier 

mw E(w") Doa su(f) su(w") 

white Parallel In t ron Hypomorph en en su en su 
whdSlb25 Anti-parallel Exon Null 0 0 0 0 0 

Hairy-wing y2 sc HwUa w° Anti-parallel Exon Hypermorph 0 0 su? 0 N D 
cut A49, Parallel 5' non- Hypomorph N D 0 0 N D N D 

y cf' v gf coding 

Copia insert ion alleles are described and referenced in Materials and Methods. 'Or ien ta t ion ' refers to the direction of 
t ranscr ip t ion of the inserted element relative to the host gene, which were deduced from published restriction maps 
accompany ing the descript ions of the insertion alleles. ' Pos i t i on ' refers to the site of the insertion in the host gene. 'Type of 
m u t a t i o n ' refers to the degree of the phenotype, as described in the cited reference. Mutat ions in E(w") were tested as both 
he te ro- and homozygotes . X-l inked muta t ions (su(f), mw and su(w")) were tested in males only. Doa mutants were tested as 
he terozygotes a n d as homozygous escapers of lethality. 
en, e n h a n c e d ; su, suppressed; 0, n o effect; N D , no t determined. See text for details, and Materials and Methods for stock 
sources , descr ipt ions and crosses. 
T h e alleles mw2, su(f), su(w") and E(w") and DoaHDI were used in the tests for interactions reported here. Additional Doa 
alleles tested for in teract ion with HwUa are shown in Table 4. Doa105 was also tested, while generating homozygous escapers 
of lethali ty with w

ida"'2S, HwUa and ctns. 

T a b l e 4 . Effects of w a modifier loci on scutellar bristle number of H w 1 

in segregating populations 

Modifier 

N u m b e r of individuals with 
scutellar bristle number 

0 1 2 3 4 

E(w") and siblings 
CyO/ + 0 2 45 68 73 
E(w")/ + 0 0 18 46 56 
E(wa)/FrdE(wa) Pin sp2 1 3 32 19 5 

su(f) a n d siblings 
y2 sc HwVa w" 
y2 sc Hw"" w" su(f) 

3 28 85 23 0 y2 sc HwVa w" 
y2 sc Hw"" w" su(f) 9 21 88 19 2 

mw a n d siblings 
y2 sc HwUa w" 0 7 80 38 17 
y2 sc HwUa w" mw2 0 0 21 11 3 

N u m b e r of individuals with 
scutellar bristle number 
0 1-2 3 4 

Doa and siblings 
CyO/ + — 8 37 23 
Doacc/ + — 86 17 4 
TM3/ + — 5 18 27 
DoaHD'/ + — 81 33 7 
7 7 1 / 3 / + — 10 28 42 
DoaEMS'/ + — 137 44 3 
TM3/ + 
Doa'~3/ + 

— 7 14 45 TM3/ + 
Doa'~3/ + — 96 12 2 

Doa h o m o z y g o u s escapers 
of lethality (siblings 
no t scored) 

Doa105/Doa" D l 6 1 0 0 

Balancer c h r o m o s o m e s listed are derived from the balanced stock from which the 
modifier was derived. F o u r scutellar bristles is wild type. 
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Allele/ Type of Effect of 
Locus Chromosome Orientation Position mutat ion mw2 

white wb'f Parallel In t ron Hypomorph en 
white Parallel 5' non-coding Hypomorph 0 
white y 2 wric spl ec Parallel copia in w° Hypomorph en 
white w" Parallel in w' Hypomorphic en 

Doc element Revertant of null en 
in or near (slight) 
m R N A leader 

Glued Gl Parallel Exon? Null 0 
vestigial vg"' Anti-parallel Into 412 Revertant of en 

element Hypomorph 
in intron 

cut W" ft" Anti-parallel 5' non-coding Hypomorph 0 

B104 insertion alleles are described and referenced in Materials and Methods. The tests with wsp, w" and wbf were reported 
in Birchler, et al. (1989). Notat ions are the same as in Table 3. All tests were performed in males only. The mw2 allele, a non-
mottling, uniform enhancer of w" was used in the tests for interactions reported here. The original mott l ing allele was also 
tested for interaction with wric, and mottl ing was observed. 

gene a n d Ac-sc m u t a t i o n s . In c o n t r a s t , al l 5 Doa 
alleles t e s t ed r e su l t ed in p a r t i a l s u p p r e s s i o n o f t he 
m u t a n t p h e n o t y p e . T h i s effect is c o m p l e t e in t he case 
of Doa h o m o z y g o u s escapers of l e tha l i ty , in w h i c h six 
o u t o f seven c o m p l e t e l y l acked scu te l l a r br i s t les , a n d 
t h e s e v e n t h l acked th ree of four ( T a b l e 4 ) . A c a v e a t is 
necessa ry in i n t e r p r e t i n g th is resul t , h o w e v e r , s ince it 
h a s been p r ev ious ly n o t e d t h a t a p p r o x i m a t e l y 5 0 % of 
h o m o z y g o u s e s c a p e r s of le tha l i ty l ack o n e o r m o r e 
scu te l la r br i s t les , even in a w i ld - type Ac-sc b a c k g r o u n d 
( R a b i n o w & Birchler , 1989). T h u s we c a n n o t a t t r i b u t e 
t h e effects seen wi th Doa o n HwUa a s u n a m b i g u o u s l y 
d u e e i the r t o i n t e r a c t i o n w i t h t he i n se r t ed copia 
e l e m e n t , o r w i t h wi ld - type Ac-sc s e q u e n c e s o r p r o 
d u c t s . 

(iv) Specificity of second-site modifiers of w a in tests 
with gypsy-induced mutations 

B o t h gypsy a n d copia a r e r e t r o t r a n s p o s o n s t h a t s h a r e 
s imi lar i t ies of overa l l o r g a n i z a t i o n . S ince t w o m o d i 
fiers of wa, su(wa) a n d su(f), a l so affect gypsy-'mAuctd 
m u t a t i o n s ( D o r s e t t et al. 1989; G r e e n , 1959 ; R u t l e d g e 
et al. 1988), w e t es ted w h e t h e r t h r e e r ecen t ly d e s c r i b e d 
modi f ie r s o f t he w" p h e n o t y p e a l so affect t h e m . Doa, 
mw a n d E(wa) failed t o affect t he p h e n o t y p e s o f y2, sc' 
a n d / ' , all of wh ich a r e p h e n o t y p i c a l l y mod i f i ab l e , a n d 
c a u s e d b y gypsy in se r t ions . T o c o n f i r m a n d e x t e n d 
the se resu l t s , we tes ted the gypsy i n s e r t i o n in ctk, 
w h i c h is p a r t i c u l a r l y sensi t ive t o s econd- s i t e mod i f i e r s 
( R u t l e d g e et al. 1 9 8 8 ; J . J a c k , p e r s o n a l c o m m u n i 
c a t i o n ) . N o m u t a t i o n in the t h r ee modi f i e r loci , w h i c h 
affect a n u m b e r of r e t r o t r a n s p o s o n - i n d u c e d al leles a t 
white, h a d a n y effect o n ctk. 

(v) Interactions of m w mutations with B 1 0 4 
insertions 

M u t a t i o n s in t he mw locus affect a s u b s e t o f 
t r a n s p o s o n - i n d u c e d white alleles (B i rch le r et al. 1989), 

i n c l u d i n g wbf, w h i c h is a s t r o n g h y p o m o r p h d u e t o t h e 
i n s e r t i o n of a B104 o r roo e l ement i n t o t h e f o u r t h 
i n t r o n of white, i n a t r a n s c r i p t i o n a l o r i e n t a t i o n p a r a l l e l 
t o t he gene (Levis et al. 1984; Z a c h a r & B i n g h a m , 
1982). whitehoney w a s o r ig ina l ly d e s c r i b e d a s a d e l e t i o n 
w i t h i n the Doc e l e m e n t in white', b u t it w a s s u b s e 
q u e n t l y s h o w n to b e a B104 i n s e r t i o n i n t o th i s 
e l e m e n t , pa r t i a l l y r e v e r t i n g the nu l l p h e n o t y p e ( K . 
O ' H a r e , p e r s o n a l c o m m u n i c a t i o n ) . I t a l so r e s p o n d s t o 
m u t a t i o n s a t mw, a l t h o u g h a th i rd B104 i n s e r t i o n a t 
white, wsv, d o e s n o t (B i rch le r et al. 1989) . T h i s l a t t e r 
i n se r t i on o c c u r r e d in a r eg i o n imp l i ca t ed in t h e c o n t r o l 
o f white exp re s s ion 5 ' t o t he c o d i n g r e g i o n , a n d i ts 
l o c a t i o n m a y a c c o u n t for the fact t h a t it is u n 
r e spons ive t o mw m u t a n t s . A s for t h e copia i n s e r t i o n s 
t e s ted wi th five modi f i e r loci, we d e t e r m i n e d if a 
n u m b e r o f a d d i t i o n a l B104 i n se r t i on m u t a t i o n s in 
t e rac t w i th mw2, a s t r o n g h y p o m o r p h i c o r nu l l a l le le . 
M u t a n t alleles a n d i n s e r t i o n s t e s ted a r e d e s c r i b e d in 
M a t e r i a l s a n d M e t h o d s . Resu l t s a r e s u m m a r i z e d in 
T a b l e 5. N o c h a n g e o f t h e Gl o r ctn p h e n o t y p e s w a s 
seen in tes ts for i n t e r a c t i o n with mw2. T w o i n s e r t i o n s 
o f B104 w i t h in o t h e r t r a n s p o s o n s , vgni a n d wTic d o 
r e s p o n d . 

W h e n m a l e vgn< a r e c ros sed to wa mw2 f emales , a n d 
t h e resu l t ing d o u b l y h e t e r o z y g o u s f e m a l e Ft p r o g e n y 
a r e b a c k c r o s s e d t o vgni m a l e s , a p p r o x i m a t e l y h a l f t h e 
w" mw2 m a l e p r o g e n y h a v e deeply s c a l l o p e d w i n g s , a 
s t r o n g l y e n h a n c e d p h e n o t y p e of vgnt ( F i g . 1). I d e n t i c a l 
c o n t r o l c rosses s h o w e d n o i n t e r ac t i on b e t w e e n mw2 

a n d vgBC, t he c h r o m o s o m e o f o r ig in o f vgni, a s 
i n d i c a t e d by l ack of c h a n g e in w i n g p h e n o t y p e in wa 

mw2; vgBG, flies. T h e vgBG allele is a s t r o n g h y p o m o r p h , 
b a s e d o n the c r i t e r i o n tha t t h e sever i ty o f t h e 
p h e n o t y p e of th i s al lele is i n c r e a s e d ( w i n g size 
d e c r e a s e d ) , w h e n t h i s a l le le is h e t e r o z y g o u s w i t h a 
de le t ion for t h e r e g i o n . 

C o n f i r m a t i o n t h a t i n t e r ac t ion b e t w e e n t h e B104 

T a b l e 5. B104 insertions tested for interaction with m o t t l e r - o f - w h i t e 
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(a) w* mw*; vgni/vg"' 

(b) w" mw2; vgni lvg"! 

Fig. 1. Interact ion of mw2 with vgni. The genotypes are 
indicated above each wing, which were derived from 
sibling progeny of separate crosses, (a) w* mw+; vgni/vg"' 
versus (b) w" mw2; vgni/vgni. Only occasional nicks are 
seen in the wing tips of flies wild-type for mw, whereas all 
individuals carrying mw2 showed wing-scalloping. This 
effect was mapped to the mw locus (see text for details). 

e l e m e n t in vgnt a n d t h e mw2 m u t a t i o n c a u s e s w i n g -
s c a l l o p i n g c o m e s f r o m a n u m b e r o f flies w h i c h w e r e 
r e c o v e r e d w i t h s i m i l a r l y d e e p l y s c a l l o p e d w i n g s a n d 
w i l d - t y p e eye c o l o u r . T h e s e flies w e r e be l ieved t o b e 
r e c o m b i n a n t s b e t w e e n white+ a n d mw2 in t h e he t 
e r o z y g o u s F j f ema le s . S i n c e t h e g e n o t y p e o f mw in 
t h e s e flies w a s u n k n o w n d u e t o w+, t h e y w e r e c r o s s e d 
i n d i v i d u a l l y t o wa f e m a l e s . Fy f emales f r o m this c r o s s 
w e r e t h e n b a c k c r o s s e d t o w". T h e w i n g - s c a l l o p i n g in 
t h e w+ m a l e s w a s in fact d u e t o t h e p r e s e n c e o f t h e mw2 

a l le le , s ince wa mw2 w a s r e c o v e r e d f r o m all e i g h t 
successfu l p r o g e n y t e s t s . T h i s a l s o d e m o n s t r a t e s t h a t 
t h e e n h a n c e m e n t o f vgni d o e s n o t r e c o m b i n e w i t h mw2. 

wric ( for lroo in copia') is a B104 i n s e r t i o n i n t o t h e 
copia e l e m e n t in wa ( D a v i s et al. 1987). W e tes ted wric 

for i n t e r a c t i o n w i t h mw, a s wel l a s E(w") a n d Doa, 
s ince t h e w" copia e l e m e n t is c o m p l e t e , a lbe i t d i s r u p t e d . 
wric is k n o w n t o i n t e r a c t w e a k l y w i t h t h e w" modi f i e r s 
su(f) a n d su(wa) ( M o u n t et al. 1988) . I t a l s o r e s p o n d s 
a s s t r o n g l y a s wa t o E(w") m u t a t i o n s , a s h e t e r o - o r 
h o m o z y g o t e s . Doa m u t a t i o n s , h o w e v e r , d o n o t effect 
w"c a s s t r o n g l y a s w", a l t h o u g h h o m o z y g o u s e s c a p e r s 
o f l e tha l i t y a r e e s sen t i a l l y w i l d - t y p e in c o l o u r , j u s t a s 
wa. B o t h mw a l l e les a l s o affect wric a s s t r o n g l y a s w". 
S i n c e mw i n t e r a c t s w i t h b o t h B104 a n d copia e l e m e n t s , 
w e c a n n o t d e t e r m i n e w h e t h e r o n l y o n e o r b o t h o f t he 
r e t r o t r a n s p o s o n s is r e s p o n s i b l e for t h e i n t e r a c t i o n 
o b s e r v e d in wric. 

(c) w* mw*; vg^/vg"0 

(c) w* mw*; vgni/vgBG versus (d) w" mw2; vgni/vgBa. mw* 
flies heterozygous for the vgni reversion allele and the 
progenitor vgBG (nomenclature of Williams & Bell, 1988), 
produce wing nicks in approximately 27 % of the flies 
(Lindsley & Grell, 1968), while the presence of mw2 causes 
the reappearance of a strong vestigial phenotype. 

4. Discussion 

I n this p a p e r , e x p e r i m e n t s a r e de sc r ibed s h o w i n g t h a t 
second-s i t e mod i f i e r s of a single t r a n s p o s a b l e e l e m e n t 
inser t ion al le le , w", a c t add i t ive ly w h e n m u t a n t a l le les 
a t two loci a r e c o m b i n e d . A l t h o u g h o t h e r i n t e r p r e 
t a t i ons a r e n o t ru l ed o u t , t he finding, b y us a n d o t h e r s 
( R u t l e d g e et al. 1988), t h a t all mod i f i e r m u t a t i o n s 
tes ted t o d a t e a r e a d d i t i v e in c o m b i n a t i o n s , s u g g e s t s 
t h a t these loci define genes w h o s e p r o d u c t s affect 
diverse p r o c e s s e s c a u s i n g the m u t a n t p h e n o t y p e . T h i s 
a r g u m e n t is s t r e n g t h e n e d by the finding t h a t s e c o n d -
site modif ier m u t a t i o n s c a n b e e i the r recess ive o r 
d o m i n a n t in n a t u r e , i m p l y i n g the ex i s tence o f p r o d u c t s 
wh ich a r e , a n d o t h e r s wh ich a r e n o t l imi t ing o n 
p rocesses i n v o l v e d w i t h t h e exp re s s ion o f t h e affected 
t r a n s p o s a b l e e l e m e n t s . F u r t h e r ev idence s u p p o r t i n g 
th is c o n c e p t c o m e s f rom the fact t h a t n e t w o r k s o f 
second-s i t e mod i f i e r loci exist w i th o v e r l a p p i n g , b u t 
n o t ident ical specificities for affected t r a n s p o s a b l e 
e l emen t s ( th is r e p o r t ; Bi rch le r & H i e b e r t , 1989 ; 
Birchler et al. 1 9 8 9 ; C h a n g et al. 1986; R a b i n o w & 
Birchler , 1989 ; R u t l e d g e et al. 1988 ; Sear les & V o e l k e r , 
1986). 

T h i s l a t t e r r esu l t a l so s u p p o r t s t h e idea t h a t t h e 
modif ier loci a r e i nvo lved in p roces ses specific t o 
inser ted t r a n s p o s a b l e e l e m e n t s . A l t h o u g h the al lele 
specificity of severa l modi f ie r s m a y i m p l i c a t e t h e m as 
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i n t e r a c t i n g specifically w i t h on ly o n e o r m o r e i n s e r t i o n 
alleles a t a g iven l ocus , it is poss ib le t o env i sage 
m o d e l s w h e r e b y it is t he p o s i t i o n of the inse r ted 
e l e m e n t in t h e l ocus w h i c h in ter feres w i t h its ex
p re s s ion . I n such a m o d e l , s econd-s i t e modi f ie r s a r e 
invo lved in e x p r e s s i o n of t h e h o s t locus , a n d w o u l d 
a p p e a r t o be specific for t h e inse r t ed e l e m e n t in al lele 
specificity t es t s . T h i s poss ib i l i ty seems un l ike ly for 
e a c h of t h e modi f i e r s e x a m i n e d in th is s t u d y , b e c a u s e 
t h e y all affect m o r e t h a n o n e t r a n s p o s a b l e e l e m e n t -
i n d u c e d allele of white, o r o t h e r genes , a n d the se 
i n se r t i ons a re in different l o c a t i o n s . A n a d d i t i o n a l 
a r g u m e n t , specific t o su(f) a n d su{wa), is t h a t t h e y 
affect exp re s s ion o f a s e c o n d c o p i a - i n d u c e d m u t a n t 
allele, i n se r t ed in t h e Adh p r o m o t e r ( S t r a n d & 
M c D o n a l d , 1989). E(wa) m u t a t i o n s affect f o u r 
different r e t r o t r a n s p o s o n i n s e r t i o n s a t white, in differ
en t l oca t i ons , m a k i n g it un l ike ly t h a t E(wa) is i nvo lved 
d i rec t ly in white e x p r e s s i o n . F ina l l y , the s a m e a r 
g u m e n t w h i c h a l so a p p l i e s t o mw, is re in forced b y o u r 
finding t h a t it affects a n allele o f vg c a u s e d b y t h e 
inse r t ion of a B104 e l e m e n t , a s well as a n allele a t 
white, w"f, c a u s e d b y the s a m e e l e m e n t . 

T h e abi l i ty o f a g iven i n se r t i on m u t a t i o n t o r e s p o n d 
t o second-s i t e mod i f i e r m u t a t i o n s is a p p a r e n t l y a r a r e 
case . W e e x a m i n e d m a n y different i n se r t i ons of copia 
a n d B104 e l e m e n t s for the i r r e s p o n s e t o s econd- s i t e 
modi f ie r loci ident i f ied by i n t e r a c t i o n s a t t he white 
locus . T h e s e e l e m e n t s w e r e i n se r t ed in different genes , 
in v a r i o u s r e g i o n s of t h e gene , a n d in v a r i o u s 
o r i e n t a t i o n s . T h e i r effects o n exp re s s ion o f t he h o s t 
gene r a n g e f rom c o m p l e t e d i s r u p t i o n of func t ion t o 
o v e r e x p r e s s i o n . T h e t ype o f m u t a t i o n c a u s e d by the 
in se r t ion , t he species o f e l e m e n t , i ts o r i e n t a t i o n a n d its 
p a t t e r n o f e x p r e s s i o n , a s wel l as t h e i n t a c t n e s s of t h e 
i nd iv idua l e l e m e n t , all p r e s u m a b l y d e t e r m i n e its ab i l i ty 
t o r e s p o n d t o s econd- s i t e modi f ie r loci . R e s u l t s 
p r e s e n t e d he r e i n d i c a t e t h a t for t he mw, t he o r i e n t a t i o n 
o f t he inse r t ed e l e m e n t is n o t a d e t e r m i n i n g f ac to r in 
its r e spons ivenes s , s ince B104 e l e m e n t s in pa ra l l e l (wbf, 
H>") as well a s a n t i - p a r a l l e l o r i e n t a t i o n s (vgni) w i t h 
respec t t o t he d i r e c t i o n of t r a n s c r i p t i o n , i n t e r ac t w i t h 
mw m u t a t i o n s . 

N o n - r e s p o n s i v e e l e m e n t s m a y interfere w i t h n o r m a l 
exp res s ion of t h e h o s t l ocus by d i rec t ly i m p e d i n g t h e 
f o r m a t i o n o f a f u n c t i o n a l R N A t h r o u g h p r e m a t u r e 
t e r m i n a t i o n o r b y d i s r u p t i o n o f a n exon , y ie ld ing a 
n o n - f u n c t i o n a l p o l y p e p t i d e (e.g. w A ( J * ' W 5

( Gl). D i s r u p 
t ion of s e q u e n c e s w h i c h r e q u i r e phys ica l p r o x i m i t y , as 
m a y be t he case in ctns a n d ct", is o n e e x p l a n a t i o n for 
h o w n o n - s u p p r e s s i b l e i n s e r t i o n s m i g h t affect p r o m o t e r 
r eg ions . It m a y be c o i n c i d e n c e , b u t these t w o i n s e r t i o n s 
a r e l oca t ed c lose t o o n e a n o t h e r , in t h e s a m e 
o r i e n t a t i o n , a n d h a v e p h e n o t y p e s of r o u g h l y t he s a m e 
severi ty a n d t y p e ( J a c k , 1985). O t h e r n o n - r e s p o n s i v e 
inse r t ion m u t a t i o n s m a y b e d u e t o inac t ive o r 
o the rwi se defect ive e l e m e n t s . 

M o l e c u l a r d e m o n s t r a t i o n s t h a t d iverse p roces se s 
a r e affected b y different modi f ie r loci h a v e recen t ly 

b e g u n t o a c c u m u l a t e . F o r e x a m p l e , m o d i f i e r loci 
i n t e r a c t i n g w i t h specif ic s e q u e n c e s i n t r a n s p o s o n s 
h a v e b e e n de sc r ibed ( G e y e r et al. 1 9 8 8 ; M a z o et al. 
1989 ; Peifer & Bende r , 1 9 8 8 ) . S t u d i e s d i f f e r e n t i a t i n g 
a m o n g t h e effects o f m o d i f i e r s o n wa R N A h a v e 
s h o w n different effects ( B i r c h l e r & H i e b e r t , 1 9 8 9 ; 
B i rch le r et al. 1989 ; L e v i s et al. 1 9 8 4 ; P i r r o t t a & 
B r o c k l 1984 ; R a b i n o w & B i r c h l e r , 1 9 8 9 ; Z a c h a r et al. 
1985), s u p p o r t i n g t he g e n e t i c d a t a p r e s e n t e d h e r e . 
F i n a l l y , s t ud i e s o f t w o m o d i f i e r s o f g y / w y - i n d u c e d 
m u t a t i o n s h a v e s h o w n d i r e c t l y o p p o s i t e effects o f 
t he se modi f i e r m u t a t i o n s o n levels o f t r a n s p o s o n 
R N A ( P a r k h u r s t & C o r c e s , 1986 a, b), a n d o n t h e 
efficiency o f t r a n s c r i p t i o n t e r m i n a t i o n w i t h i n t h e 
t r a n s p o s o n ( D o r s e t t et al. 1988) . M o l e c u l a r a n a l y s i s 
o f t w o c l o n e d modi f i e r l o c i i n d i c a t e s t h a t t h e p r o d u c t s 
c a n ac t t h r o u g h D N A b i n d i n g ( M a z o et al. 1 9 8 9 ; 
P a r k h u r s t et al. 1988; S p a n a , H a r r i s o n & C o r c e s , 
1988), o r posses s R N A b i n d i n g c o n s e n s u s s e q u e n c e s , 
i m p l y i n g i n t e r a c t i o n w i t h a n R N A p r o d u c t ( C h o u , 
Z a c h a r & B i n g h a m , 1 9 8 7 ; Z a c h a r , C h o u & B i n g h a m , 
1987) . I n s u m m a r y , t h e m a n y iden t i f i ed s e c o n d - s i t e 
mod i f i e r s o f wa, a n d o t h e r t r a n s p o s o n - i n d u c e d m u t a 
t i o n s a s wel l , e a c h a p p e a r t o affect a d i f fe ren t f u n c t i o n , 
a l l o w i n g a t h o r o u g h g e n e t i c a n d m o l e c u l a r d i s s e c t i o n 
o f t h e d ive r se p roces ses i n v o l v e d . 
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