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A b s t r a c t  The transposition of the maize transposable 
element Enhancer (En) had been focused on one chromo- 
some 3 for several generations. From the al-m(Au) allele 
with an autonomous En, a new En reporter allele 
al-m(r)3927-1, was isolated that undergoes very infre- 
quent and late excision events, producing one or two small 
spots in the aleurone. This allele is seriously impaired in 
its capacity to excise. Coincident with the origin of this 
allele, an En was located at a site close to the al locus. 
From this initial insertion site, the movement of this En 
was followed for three to four generations in 974 families 
with a higher transposition rate of this En (50% of the test- 
cross progeny) than that found in a previous study of En 
transposition. This is the first case reported where a par- 
ticular En was followed for more than three generations. 
The higher rate of wanderings of this En along the same 
chromosome led to the term 'vagabond' En (Envag). Ge- 
netic evidence that En may transpose from a replicated do- 
nor site to an unreplicated site is provided. Speculative 
mechanisms on the origin of al-m(r)3927-1 and En rag are 
discussed. 

K e y  w o r d s  Maize transposable element �9 
Enhancer (En) �9 En rag transposition - 
En reporter al-m(r)3927-1 

Introduction 

It has been well-established that maize transposable ele- 
ments move from one chromosome position to another, or 
even onto different chromosomes. The studies illustrating 
this were conducted with two autonomous maize transpo- 
sons, namely, Activator (Ac) (McClintock 1949; van 
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Schaik and Brink 1959; Greenblatt and Brink 1962; Green- 
blatt 1984; Dooner and Belachew 1989; Schwartz 1989; 
Chen et al. 1992; Athma et al. 1992) and Enhancer/Sup- 
pressor-mutator (En/Spm) (Peterson 1960, 1965; Nowick 
and Peterson 1981; Pereira et al. 1985). Transposition pat- 
terns have also been examined in Drosophila in genetic 
and molecular studies of the P element (Raymond and Sim- 
mons 1981; Levis et al. 1985; Daniels and Chovnick 1993; 
Tower et al. 1993; Zhang and Spradling 1993; Golic 1994). 

Transposition profiles of Ac have been extensively in- 
vestigated mostly with the mutable pericarp allele, P-vv 
[Ac (=Mp) at the p locus], (Brink and Nilan 1952 and sub- 
sequently by van Schaik and Brink 1959; Greenblatt and 
Brink 1962; Greenblatt 1984; Chen et al. 1987, 1992). In 
these studies the unique feature of the negative dosage 
effect of Ac (McClintock 1950, 1951) combined with the 
P-vv allele was utilized to isolate germinal events and ex- 
amine transposition patterns associated with chromosome 
replication. Several studies have shown that Ac and its 
receptor element Ds mostly transpose without distinct po- 
larity to target sites over short distances in maize and other 
species (van Schaik and Brink 1959; Dooner and Belachew 
1989; Dooner et al. 1991; Moreno et al. 1992; Athma et al. 
1992; Bancroft and Dean 1993; Healy et al. 1993; Osborne 
et al. 1991). 

Transposition of the Drosophila P element has been ex- 
amined in several loci such as white, rosy, singed and oth- 
ers (Levis et al. 1985; Tower et al. 1993; Zhang and Spra- 
dling 1993; Daniels and Chovnick 1993; Golic 1994 and 
references therein). While the tendency for transposition 
of P to nearby sites has been frequently reported in these 
studies, some P elements in the rosy locus transposed more 
often to independent sites (Levis et al. 1985; Golic 1994). 
These contradictory observations can explain an important 
role of genomic positions in determining excision and 
transposition profiles for these elements. 

In a study with En at the al locus on chromosome 3L, 
about 20% of the progeny contained a transposed En that 
showed a preference to sites proximal to al in regions up 
to 30 map units distant (Nowick and Peterson 1981). This 
report showed that like Ac, En also moves with regional 



152 

pre fe rences  in  bo th  d i rec t ions .  In  a s tudy at the wx-m8 al- 
lele ( S c h w a r z - S o m m e r  et al. 1985), the f r e q u en cy  of  exci-  
s ion even ts  was es t ima ted  to range  f rom 10% to 20%.  In  
Arabidopsis the average  f r equency  of  g e r m i n a l  exc i s ion  of  
En-1 was 7 .5% (Cardon  et al. 1993). U s i n g  somat ic  obser -  
va t ions  wi th  appropr ia te  repor ter  al leles ,  Dash  (1991),  and  
Dash  and  Pe te r son  (1994)  repor ted  that  En unde rgoes  rep- 
l ica t ive  t ranspos i t ion .  

The  e x p e r i m e n t s  repor ted  he re in  d e m o n s t r a t e  that  an 
o r ig ina l  En t r ansposed  f rom the a u t o n o m o u s  m u t a b l e  
al -m(Au)  (Pe te rson  1978; N o w i c k  and  Pe te r son  1981) to 
a nea rby  pos i t ion .  This  par t i cu la r  En has b e e n  fo l lowed  
s ince  1986 after  its in i t ia l  loca t ion  was c o n f i r m e d  (Fig-  
ure 1). This  n e w  a u t o n o m o u s  En ' m i g r a t e s '  on ch rom o-  
some  3 m o v i n g  back  and  forth re la t ive  to the al  locus  ap- 
p r ox ima te ly  50% of  the t ime;  the rest  o f  the t ime  it  t rans-  
poses  to a site on  c h r o m o s o m e  3 far r e m o v e d  f rom the a l  
locus  or to an i n d e p e n d e n t  site. The  expec ta t ion  is that this 
En wil l  c o n t i n u e  to m o v e  up and  d o w n  this c h r o m o s o m e  
indef in i te ly .  Our  s tudy  is the first case in wh ich  one  En was 
pursued  over  an ex t ended  pe r iod  of  t ime,  and  the resul ts  
sugges t  that t r ansposons  once  on  a c h r o m o s o m e  wi l l  con-  
t inue  to m o v e  on  that c h r o m o s o m e  the ma jo r i ty  of  the t ime,  
l ike ly  l e av ing  footpr in ts .  

We also repor t  the d i scove ry  of  a u n i q u e  repor ter  a l le le  
and  an En that  t ransposes  qui te  f r equen t ly  c o m p a r e d  wi th  
the one  repor ted  by  N o w i c k  and  Pe te r son  (1981);  it is thus 
t e rmed  ' v a g a b o n d '  En (EnVag). C o i n c i d e n t  wi th  the or ig in  
of  En vag is the d i scove ry  a n e w  n o n a u t o n o m o u s  al lele,  
al-m(r)3927-1,  wh i c h  o r ig ina ted  upon  exc i s ion  of  En f rom 
the al -m(Au)  allele.  This  a l le le  is u n i q u e  in  that its r e sponse  
to En/Spm is expressed  wi th  one  or two exc i s ions  (spots) 
(Fig. 2D) even  in  the p re sence  of  a ve ry  s t rong En/Spm. 
Prov ided  fur ther  in  this repor t  is gene t ic  ev idence  that  En 
m a y  also m o v e  f rom a rep l ica ted  d o n o r  site to an un rep l i -  
ca ted  target  site in a man n e r ,  s imi la r  to that  o f  Ac at the 
p locus.  

Materials and methods 

Genetic testers, phenotypes and terminology 

Testers available in our laboratory were used to isolate and study 
the transposition profiles of a newly isolated, autonomous element, 
En rag, and to confirm the infrequent excision state of a new En-re- 
porter allele, al-m(r)3927-1. Gene symbols, related phenotypes and 
terminology are well described in Reddy and Peterson (1984) and 
also provided in this text whenever necessary. Phenotype abbrevia- 
tions are used to accommodate the phenotypic expression of geno- 
types. For example, dominant phenotypes [e.g. pale colored (CI) and 
plump (pl)] result from both dominant homozygotes and heterozy- 
gotes. Examples are sp pl (=spotted-plump), C1 sh (=pale colored- 
shrunken), cl pl (=colorless-plump) and sp sh (=spotted-shrunken). 

Origin of En rag and al-m(r)3927-1 

From a testcross of the autonomous En-containing mutable al-m(Au) 
allele (79 0222-21 ) (cross 1 in Fig. 1) a Iarge number of mutant col- 
orless derivatives arose. Most of these derivatives were proven to be 
En-containing and non-responsive al-m(nr), which indicates that 
they arose from excision events at the al-m(Au) allele, thereby leav- 

ing the allele non-functional (Peterson 1970; Menssen 1988). 
One derivative, 80 3927-1 (cross 2 in Fig. 1), though originally 
isolated as a colorless kernel, expressed a rare spot on some of the 
kernels among the progeny of a self (Figure 2D). Further tests with 
other reporter alleles (Fig. 1) showed that a strong-acting En was 
present (high frequency of spots as in Fig. 2B, C). This observation 
indicates that the infrequent excision events were due to a drastical- 
ly impaired response of a new reporter allele to this strong En, named 
as al-m(r)3927-1 and En v'g, respectively, as explained in the Re- 
suits. 

Crossing strategy and crossover calculations 

This strategy was aided by testers carrying al alleles (al, al-m(r) 
and al-ml) and closely linked markers (sh2 and etl: 0.25 cM and 12 
cM from al, respectively). Genetic crosses used to determine link- 
age positions ofEn w'g relative to al were as follows: cross 1 al-m(r) 
Sh2 En/al-ml sh2+x al sh2/al sh2; cross 2 al-m(r) Sh2 En/al-ml 
sh2 +• al etl/al etl ; cross 3 al-m(r) Sh2 En/al sh2 +x a l-ml sh2/a 1- 
ml sh2; cross 4 al-ml sh2 En/al Sh2 +• al-ml sh2/al-ml sh2. 

Determination of transposition by chi-square (Z 2) test 

Unlike the situation in other transposition studies where the element 
of interest was at an autonomously mutable locus, En rag followed in 
our study was located at a site linked to al. Following a testcross 
verifying the linkage position of En rag to al, the progenies were eval- 
uated by a chi-square test to confirm the heritability of the En rag po- 
sition. Because the linkage values between al and transposed En's 
seemed to be quite variable among sib families from the same par- 
ent, chi-square contingency tests for uniformity were performed to 
confirm the transposed En's (Nowick and Peterson 1981 ; Snedecor 
and Cochran 1989). Ears with less than 100 kernels were discarded. 
When the chi-square test on a set of sib data from the same parent 
was significant, some of the sib data were assumed to be the result 
of transposition events. The test was repeated by excluding the most 
deviant lines one by one (they can have the largest or smallest c/o 
values depending upon component values in a set of data) until the 
test was not significant (Nowick and Peterson 1981 ). (This test meth- 
od is named 'exclusion chi-square test' to distinguish it from the 5n- 
clusion chi-square test' that was developed for this study). Howev- 
er, in this study there were sets of data in which at a first glance most 
of the data in a set were significantly different from their parental 
linkage (c/o value) to al (data not shown). In these data the exclu- 
sion chi-square test could lead to the wrong conclusion that some of 
the closest values to the parent were transposition events. To avoid 
this error, we made some modifications to the exclusion chi-square 
test: (1) inclusion of the parent value, and (2) when significant, in- 
clusion of one by one the closest values to the parent value until just 
before the test is significant. The test procedure used in this study 
(=inclusion chi-square test) is illustrated and compared to the exclu- 
sion chi-square test in Fig. 3. The exclusion chi-square test can some- 
times take an otherwise homogeneous c/o for a heterogeneous c/o or 
vice versa (e.g. 19.89 and 42.74, respectively, in Fig. 3) and result 
in a different transposition frequency compared to the inclusion chi- 
square test (not demonstrated in Fig. 3). While in a dataset indicat- 
ing a low transposition frequency, the exclusion chi-square test may 
not affect a result, the inclusion chi-square test is appropriate to ap- 
ply in a dataset with a high transposition frequency. One should re- 
alize that the chi-square test cannot detect a certain degree of short 
distant transposition events. It can only confirm two distantly spaced 
En elements that originated either by conservative or replicative 
transpositions. 

There are three situations of En-location that can be respective- 
ly divided into three percentage classes of spotted kernels: (1) less 
than 50% (En linked to al), (2) 50% (En independent o fa l )  and (3) 
more than 50% (two or more En's present). In the case of recombi- 
nant values close to 50%, each case was assigned to one of these 
three classes using the chi-square test for independence. Table l 
shows how this assignment was made with respect to these ambigu- 



Fig. 1 Origin of a1-m(r)3927- 
1 and En rag. Series of crosses 
that were carried out to isolate 
a1-m(r)3927-1 and En wg and to 
generate the materials used in 
this experiment, a1-m(r)3927-1 
is marked with an asterisk (*) 
to distinguish it from al-m(r). 
Parental phenotype or mutabili- 
ty pattern planted in the next 
generation is indicated in 
parenthesis, with the mutability 
pattern indicated by scale 1-10 
(1 infrequent excision events, 
10 most frequent events) and 
a-e (a very late excision events, 
colored spot covering one to six 
aleurone cells, e very early 
events, colored spots covering 
one-half to one-quarter of the 
kernel). Final progenies entered 
into this study were divided in- 
to branches for convenience be- 
cause each assigned branch was 
planted at the same time in the 
1986 summer nursery and lin- 
kage was calculated the first 
time with its progeny. For more 
details see text 

Cross 1 
al-m(Au) Sh2 

al  sh2 

al-m(r) Sh2 
Cross 2 

. . . . . . . . . . . . . .  X 

al-m(r) Sh2 I 
[(sp) 

al-m(r) Sh2 + 
Cross 3 

al-m(r)* Sh2 En 

](la) 
al-m(r)* Sh2 Etl  En a l -ml  sh2 

. . . . . . . . . . . . . . . . . . . . . .  X . . . . . . . . . . .  

al  Sh2 etl  + a l -ml  sh2 

(5-6c-d) 

al  etl  

al  etl  

al-m(r)* Sh2 En 

. . . . . . . . . . . . . . . . . . .  X 

a l -mI  sh2 + 

I 
I ( l a )  

al-m(r)* Sh2 Et l  En 

. . . . . . . . . . . . . . . . . . . . . . .  : selfed 

al  Sh2 etI + 

X 

I 
al  eti  

al  etl  

(la) 

al-m(r) Sh2 

a l - m l  sh2 
X 

al-m(r)* Sh2 Et l  En 

a l  Sh2 etl  + 

(6b-d) 

Branch 6 

al  sh2 

aI sh2 

i 80 3927-1 

al-m(r)* Sh2 En 

. . . . . . . . . . . . . . . . . .  : selfed 
al  sh2 + 
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al  etl  

X . . . . . .  

al  etl 

a l -m l  sh2 

a l -m l  sh2 

( la)  

al-m(r)* Sh2 Etl  En 
. . . . . . . . . . . . . . . . . . . . .  

al  Sh2 etl + 

x 

( la )  ] 

al-m(r) Sh2 Et l  En 
. . . . . . . . . . . . . . . . . . . . .  

al  

(8-9b-c) 

(4-5c-d) 

Sh2 etl  + 

Branch I 

Branch 2 

( la)  

Branch 3 

(la) l 
al-m(r)* Sh2 Et l  En 

. . . . . . . . . . . . . . . . . . . . . .  X 

aI Sh2 etl  + 

al-m(r) Sh2 

a l -ml  sh2 

al  etl  

a l  etl  

(sector 8b) B r a n c h  4 

( la )  

I 
al-m(r)* Sh2 En 

X . . . . . . . . . . . . . . . . . . .  

al  sh2 + 

I (3b & 7c-d) 

Branch 5 

Table 1 Examples of determi- 
nation of recombination per- 
centage classes; linked, inde- 
pendent and two or more En's 
present 

Plant no. Segregation 2-2-test: (z=0.05, d.f.=l, value=3.84) 

Parent Recombination Total % Recombination )(Z-value Class a 

90 1650-21 294 230 524 43.89 7.82 1 
-22 184 271 455 59.56 8.32 3 
-23 214 182 396 45.96 2.59 2 

a Class refers to locations of En relative to al: 1, linked; 2, independent; 3 extra En's (see Materials and 
methods) 
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Fig. 2 A - D  Heritable pheno- 
types of al  alleles in the pre- 
sence of En. A, al-m(Au), an 
autonomous allele, produces 
kernels that are almost comple- 
tely covered with colorless sec- 
tors from the cross al-m(Au) 
Sh2/al  sh2 x a l  sh2/al  sh2. 
B, al-m(r) + En: heritable va- 
riegation pattern of 7-9b-d 
from the cross al-m(r) Sh2 
En/al  sh2 + • a l  sh2 a] sh2. 
C, a l - m l  + En: heritable pat- 
tern of 4-6b-d on a colorless 
background from the cross 
a l - m l  sh2 En/al  sh2 + x a l -o  
wx/al-o wx. D, al-m(r)3927-1 
+ En from the cross a]- 
m(r)3927-1 Sh2 En /a l -ml  sh2 
+ x a l  sh2/al  sh2: this new al- 
lele produces one or two spots 
(la-b), or no spot 

ous cases. The decision depends on the population size, because the 
greater the number of kernels on an ear, the greater the accuracy. In 
the independent situation (class 2), the number of parent and recom- 
binant types are expected to be theoretically equal in the chi-square 
test. The expected value of each type will therefore be the average 
of the sum of the observed numbers for parent and recombinant types, 
respectively. On the basis of this criterion, for example, the location 
of En showing a recombination of 45.96% (90 1650-23) was deter- 
mined to be independent of al.  

Results 

D e s c r i p t i o n  o f  the o r ig in  o f  E n  rag and a l - m ( r ) 3 9 2 7 - 1  

Approx ima te ly ,  one- f i f th  o f  the kernels  obse rved  on the ear  
f r o m  the cross  o f  a l - m ( A u )  S h 2 / a l  s h 2 •  s h 2 / a l  sh2  

(cross 1 in Fig.  1) were  co lor less  and p lump,  wh ich  was not  
expec ted .  Were  these  the resul t  o f  n o n - r e s p o n s i v e  al le les  
(Pe terson  1970)? To ve r i fy  the non - r e spons ivenes s  o f  these  
co lor less  der iva t ives ,  we ou tc rossed  co lor less -p lurnp  ker-  
nels f r o m  each  o f  the n ine  p r o g e n y  ears to con f i rm  the pres-  



Parent c/o Progeny c/o's 

29.13 13.74 15.23 19.89 28.79 33.75 40.94 42.22 42.74 

A , , , , , 
3 1 2 4 5 A 

Avg ~o X2-value 

29.60 34.83** 

32.45 10.83 ns 

33.92 13.03" 
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B 13.74 15.23 19.89 28.79 33.75 

1 2 3 

Figure 3A, B Comparison of chi-square (Z 2) test procedures: the 
inclusion chi-square test (A) developed for this study and the exclu- 
sion chi-square test (B) used in the previous study by Nowick and 
Peterson (1981)..;-'2=Z[(O-E):~-/E] (O---observed c/o's for individual 
ears, E=expected value, equals the average c/o of all observed c/o's). 
*Significant. **Highly significant, nSNot significant. Part of the da- 
taset from 89 1831 and 89 1832 derived from the same parent was 
used for convenience. Arrows with numbers underneath indicate the 
order of sequential inclusion (A) and exclusion (B) of observed num- 
bers in the chi-square test. A The parent c/o is included in the test 
and when the test is significant, the closest c/o's to the parent are in- 
cluded one by one until just before the test is significant. The test 
with six c/o's (parent c/o and five progeny c/o's) shows non-signifi- 
cance. The test with seven c/o's, including the sixth, 42.74, shows 
significance. This test indicates that three out of eight (13.74, 15.23, 
42.74) are transposition events. B, The parent c/o is not included in 
the test and when the test is significant, the most deviant c/o's from 
the average c/o are excluded one by one until the test is not signifi- 
cant. This test indicates that 13.74, 15.23 and 19.89 are transposi- 
tions. In this particular set of data, both tests show the same trans- 
position rate (3/8), although the rate is different depending upon the 
component c/o's in a set of data. The inclusion chi-square test is de- 
veloped to avoid errors that are made when most of the values in a 
set of data are different from their parent value 

ence of  a transposed En and selfed them as well to preserve 
the original derivative (cross 2 in Fig. 1). Outcrossing to a 
combination reporter genotype [al-m(r)/al-ml] confirmed 
that these colorless derivatives contained a strong transposed 
En [al-m(r), densely spotted kernels (7-9b-d, Fig. 2B) and 
al -ml ,  medium-spotted kernels (4-6b-c,  Fig. 2C)]. The 
numbers and letters describing mutability patterns are well 
explained by Reddy and Peterson (1984). Briefly, scale 1-10 
indicates very infrequent (1) to very frequent (10) and a-e, 
late (a) to early (e) excision events. 

Among  the outcrosses, the ear f rom plant 80 3927-1 was 
an exception. Like the other crosses, this cross to the com- 
bination reporter showed the presence of  a strongly acting 
En. But in the confirmation of  the Fls by crossing to al etl 
(cross 3 in Fig. 1), the kernels of  a noticeable number  of  
the progeny colorless, plump and very lightly spotted (Fig- 
ure 2D). When  lightly spotted plump kernels were again 
tested by a l - m l  (a l -ml  sh2/al -ml  sh2), densely spotted 
plump kernels reappeared. When these densely spotted 
plump kernels were crossed by a null al tester (al e t l /a l  
etl), the lightly spotted plump types reappeared among the 
progeny (Fig. 1). Progeny with a confirmed linkage of  En 
to al entered into this study in 1986. 

40.94 42.22 42.74 29.66 34.75** 

37.69 4.02 ns 

In reviewing these crosses, we were convinced that the 
original selection (80 3927-1) had a strong En, and we later 
determined it not to be a non-responsive derivative but to 
be a very low-responding allele to this very strong En. To 
confirm the phenotype of  this allele, we reexamined the 
progeny from the original self (cross 2 in Fig. 1). The reader 
will appreciate that if spot frequency is variable and if some 
kernels include only one spot, one would expect that some 
kernels would lack spots. The presence of  the lightly spot- 
ted kernels in the selfed progeny confirmed that this allele 
originated as a lightly spotting al-m(r), despite containing 
a very strongly acting En. This new allele was named 
al-m(r)3927-1, and the autonomous En was termed 
'vagabond '  En(En rag) because of  the continuous nature of  
its high transposition frequency over several generations. 

Transposition profiles of  En rag 

Transposition of  En rag was evaluated in 974 families over 
more than three generations (Table 2) and included all three 
classes of  En locations. Transposition of  this En occurred 
at an average frequency of  approximately 45%, based on 
the chi-square cont ingency test. Transposition to linked 
and independent target sites relative to the al  locus took 
place at a similar rate. However,  transposition frequencies 
of  sister-emanating lines f rom an original stem parent var- 
ied f rom 0% to 100% (data not shown). 

Because of  the frequent transposition of  this En in the 
previous three years of  experiments (Table 2), we non-ran- 
domly selected a set of  lines in 1992 that were genetically 
homogeneous  to the parental lines and that agreed with 
their parental values within 20 map units f rom al.  The 
transposition rate of  these lines is about 25%, about half  
the overall rate found in the previous three years 
(1988-1990).  This is not very different f rom the value re- 
ported by Nowick  and Peterson (1981). However,  in the 
previous three generations of  experiments, no stable ge- 
netic position was found. Nowick  and Peterson (1981) also 
described En sites giving rise to both transpositions and 
lacking further transposition within every interval of  2 map 
units. One could expect that selection of  the latter would 
not result in as many frequent transpositions as selection 
of  the former. Whether  D N A  modificat ion such as meth- 
ylation or rearrangement occurred in these En's is a pos- 
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Table 2 Overall transposition 
rate of Erl rag o v e r  more than 
three generations of testcrosses 

Year Number of ears considered % of ears Ratio (%) 

Total Trans- Inde- Linked Trans- Inde- Indep : linked 
positions pendent positions pendent 

1988 157 87 45 42 55.41 2 8 . 6 6  51.72:48.28 
1989 315 149 66 83 47.30 2 0 . 9 5  44.29:55.71 
1990 502 236 92 144 47.01 1 8 . 3 2  38.98:61.02 

Average 974 472 203 269 48.46 20.84 43.01 : 56.99 

1992 185 46 19 27 24.86 1 0 . 2 7  41.30:58.70 

sibility, as has been reported (Schwartz and Dennis 1986; 
Bennetzen 1987; Chomet et al. 1987; Keller et al. 1993). 

Two-point mapping between En and a l  does not allow 
the determination of proximal or distal positions, and the 
sh2 marker is too close for use. In the Nowick and Peter- 
son study (1981), transposed En's  were found on either side 
of a l .  In our study, the distribution of the insertion sites 
linked to a l  was also examined, but regardless of  direc- 
tion. Approximately 68 % of the transpositions of  En rag oc- 
curred within 16 map units (data not shown); the rest of 
the linked transposition events were evenly distributed 
between 17 and 44 map units from a l .  Such distributions 
were likely because parental En sites close to a l  were pref- 
erentially selected to test in the next generation. 

Exceptional segregation pattern is genetic evidence 
of transposition from a replicated to an unreplicated 
chromosome during chromosomal replication 

The presence of some individual progeny with unexpect- 
edly large crossover values (>> 50%) indicated that these 
types might result from the presence of extra En's.  Accord- 
ing to the replication model of Ac (Greenblatt and Brink 
1962; Greenblatt 1984; Chen et al. 1992), extra Ac 's  are 
created by replication of a donor site, followed by replica- 
tion at a target site after Ac has transposed. This model has 
been supported in studies with En (Dash and Peterson 
1994). Data signifying the presence of extra En's  were cho- 
sen and examined to determine the segregation pattern. 

This investigation was possible with crosses producing 
two groups of plump and shrunken kernels, each with par- 
ent and recombinant classes. In Cross 1 of Table 3, the 
plump group includes one parental class (sp pl=spotted- 
plump) and recombinant class (C1 pl=pale colored-plump). 
In this same cross the shrunken group includes the other 
parental (C1 sh=pale colored-shrunken) and recombinant 
(sp sh=spotted-shrunken) classes. In Cross 2 of Table 3, 
the shrunken group includes one parent (C1 sh) and recom- 
binant (sp sh), and the plump group includes the other par- 
ent (sp pl) and recombinant (C1 pl). 

Among the progeny segregating all four distinct classes, 
23 entries showed an unexpected segregation that indicated 
extra En's  present (Table 3). In the classical segregation 
with four different classes, the number of progeny in one 

parent class is expected to be equal to that in the other class, 
and this is also expected for recombinant classes. All of 
the families listed in Table 3, however, showed an unex- 
pected segregation; the size of the opposite parental or re- 
combinant segregates was quite different (cross 1 : sp pl vs. 
C1 sh; C1 pl vs. sp sh; cross 2: sp pl vs. C1 sh; C1 pl vs. sp 
sh), and this segregation pattern was consistent among all 
of  them. Recombination can be calculated within one group 
of one parental class and one recombinant class. If  segre- 
gation occurred as expected with En at a site, two cross- 
over values from plump and shrunken groups, respectively, 
should be similar or homogeneous. However, linkage cal- 
culation from these two groups showed two values signif- 
icantly different from each other. Linkage values from the 
plump group of Cross 1 (shrunken group of cross 2) were 
similar to parent values and those from the shrunken group 
of Cross 1 (plump group of cross 2) were in most instances 
larger than 50. In the case of 88 1623-26 (cross 1, Table 3), 
the crossover value of the plump group was 7.69 [=22/ 
(264+22)] and that of the shrunken group 56.52 [=130/ 
(100+130)]. In these instances, we believe that two posi- 
tions were occupied by transposable elements: one by the 
donor En and the other by the transposed En(trEn).  The 
original or parental site was designated as "parent c/o" and 
the site inserted by the donor as "donor c/o". This diffe- 
rentiation was made because parent c/o and donor c/o are 
not always the same (see plant no. with asterisks in crosses 
1 and 2, Table 3). The site occupied by the trEn was ab- 
breviated as "trans c/o". 

It seems that in most situations the donor c/o was very 
close to the parent c/o, whereas the trans c/o was signifi- 
cantly different from both the parent c/o and the donor c/o 
(Table 3). This difference could be explained if one of the 
En's  transposed after replication (Fig. 4). This aberrant 
segregation with extra En's  follows the replicative trans- 
position model of Ac (Greenblatt and Brink 1962; Green- 
blatt 1984; Chen et al. 1992). Under this assumption the 
expected segregation pattern was tested and confirmed by 
chi-square test (Tables 4 and 5). The segregation ratios can 
be divided into three cases according to the locations of 
trEn's  (Table 4). Table 4 describes the chi-square test pro- 
cedure used to verify the expected segregation, depending 
upon each of the cases, as will be indicated in the next par- 
agraphs (cases 1, 2 and 3). The results from the chi-square 
test results confirmed and classified each entry in Table 3 



Table 3 Lists of families 
showing aberrant segregation 
from testcrosses 1 and 2, and 
estimation of En insertion sites 
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Cross 1 : al-m(r) Sh2 En/al sh2 + x al-ml sh2/al-ml sh2 

Plant no. Parent C/O b Segregation a Total Donor C/O c Trans C/O d 

sp pl C1 pl C1 sh sp sh 
(P) (e) (P) (R) 

88 1623-26 11,46 264 22 100 130 516 7.69 56.52 
88 1624-23 6.79 174 15 82 94 365 7.94 53.41 
88 4659-25 2,94 120 4 28 72 224 3.23 72.00 
89 1803-24 2.48 206 19 106 115 446 8.44 52.04 
90 1615-21 3.90 97 l l  52 42 202 10.19 44.68 
90 1617-21" 11.02 192 64 92 112 460 25.00 54.90 
90 1617-27 11.02 49 3 33 36 121 5.77 52.17 
90 1621-22 1.60 245 6 171 40 462 2.39 18.96 
90 1647-27 e 33.45 205 12 147 72 436 5.53 32.88 
90 1648-31 10.40 193 25 112 103 433 11.47 47.91 
90 1652-29" 8.70 132 81 54 114 381 38.03 67.86 
90 1653-29 8.70 235 11 48 143 437 4.47 74.87 
90 1654-28 7.33 208 6 69 77 360 2.80 52.74 
90 5012-12" 13.13 135 1 40 105 281 0.74 72.41 
90 5013-2 6.54 146 10 98 42 296 6.41 30.00 
90 50t3-10 6.54 101 4 53 35 193 3.81 39.77 
90 5014-16 6.54 125 13 49 59 246 9.42 54.63 

Cross 2: al-ml sh2 +/al Sh2 En x al-ml sh2/al-ml sh2 

Plant no. Parent C / O  b S e g r e g a t i o n  a Total Donor C/O ~ Trans C / O  d 

sp pl C1 pl C1 sh sp sh 
(P) (R) (P) (R) 

90 1645-25 16.13 142 81 178 23 424 11.44 36.32 
90 1645-29 16.13 109 93 167 20 389 10.70 46.04 
90 1646-21 16.13 134 89 185 23 431 11.06 39.91 
90 1646-26" 16.13 17 17 30 1 65 3.23 50.00 
90 1646-27 16.13 101 71 144 29 345 16.76 41.28 
90 1646-28 16.13 114 86 163 22 385 11.89 43.00 

asp pI, Spotted-plump; C1 sh, pale colored-shrunken; C1 pl, pale colored-plump; sp sh, spotted-shrun- 
ken; (P)arent and (R)ecombinant types 
b Parent C/O is the previously estimated, original En site 
c Donor C/O is the site occupied by En that will transpose to trans c/o, e.g., 88 1623-26: donor 
c/o = 7.69 [=22/(264 + 22)] 
d Trans C/O is the target site of the transposed En, e.g. 88 1623-26: trans c/o = 56.52 [= 130/(100 + 130)] 
e The calculated trans c/o is close to parent c/o. Thus, this family, unlike other families, has a donor c/o 
of 32.88 and trans c/o of 5.53, indicating a transposition event toward al regardless of the donor site 
* These families are possible indications of two cases of transposition when inferred from the diffe- 
rence between parent c/o and donor c/o (see text for details) 

into a specific case, which indicates whether the donor En 
transposed to an independent  site (relative to donor c/o) 
(case 1), a l inked site (case 2) or a site on a sister chro- 
matid (case 3). These results are summarized in Table 5 

Case 1 

Transposi t ion of En to independent  target sites relative to 
donor c/o (e.g., 88 1624-23,  cross 1, Table 3). Case 1 re- 
sults from model  A (Fig. 4), in which one of the En's  
after replication transposes to an unrepl icated site, inde- 
pendent  of donor  c/o. The transposit ion site can be either 
on the same chromosome or on any other chomosome 
( intra / inter-chromosome transposition).  The parental  

classes are (1) sp pl [a l -m(r)  Sh2 En t r E n / a l - m l  sh2 + +] 
and (2) C1 sh (a l  s h 2 / a l - m l  sh2), but here trEn will  act in- 
dependent ly of a l .  Therefore, half  will be segregating with 
trEn (thus sp sh). The donor En could affect the number  of 
this type but this would not be significant  because the dis- 
tance between a l  and En is small. The recombinant  classes 
are (3) C1 pl [al -m(r)  S h 2 / a l - m l  sh2] and (4) sp sh (al sh2 
E n / a l - m l  sh2 +), plus sp sh (a l  sh2 t r E n / a l - m l  sh2 +) 
from the second parent, C1 sh. 

Case 2 

Transposition of En to sites l inked to donor c/o (e.g. 90 1621- 
22, cross 1, Table 3) is illustrated with model B (Fig. 4). 
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Intra/inter-chromosome 
transposition (Case 1) 

Intra-chromosome 
transposition (Case 2) 

/ k  

Inter-homologous chromo- 
some transposition (Case 3) 

Fig. 4 Replicative transposition models of En to explain the aber- 
rant segregation due to extra En's. For each case, refer to Table 4. 
A, Transposition occurs after replication of En to an unreplicated si- 
te independent of the donor site, leading to a second replication. 
Whether the insertion site is on the same chromosome or on another 
chromosome is not known. This model accounts for case 1 in 
Table 4. B, Transposition occurs to a site linked to the donor site on 
the same chromosome. This model explains case 2 in Table 4. C, En 
transposes after its replication to an as yet unreplicated target site, 
likely closely linked to the donor site in repulsion, on the homolo- 
gous chromosome, resulting in three out of four chromatids posses- 
sing one element. This pattern supports case 3 in Table 4 

Table 4 Methods of genetic and chi-square tests to verify aberrant 
segregation (df= 3, ~ = 0.05, value = 7.81). All cases were selected 
from Cross 1 in Table 3 

Case 1: Transposition of En to sites independent of its donor site 

Phenotype a Plant no. 88 1624-23 

Observed Expected b Expected c Z2-value 

sp pl (P) i74 168.01 168.01 0.21 
C1 sh (P) 82 168.01 84.00 0.05 
C1 pl (R) 15 14.49 14.49 0.02 
sp sh (R) 94 14.49 98.50 0.20 

Total 365 365.00 365.00 0.48 

Case 2: Transposition of En to sites linked to the donor site 

Phenotype a Plant no. 90 1621-22 

Observed Expected Expected Z2-value 

sp pl (P) 245 225.48 225.48 1.69 
C1 sh (P) 171 225.48 187.21 1.40 
C1 pl (R) 6 5.52 5.52 0.04 
sp sh (R) 40 5.52 43.79 0.33 

Total 462 462.00 462.00 3.46 

Case 3: Transposition of En to sites on a different sister chromatid 

Phenotype ~ Plant no. 88 4659-25 

Observed Expected Expected if-value 

sp pl (P) 120 108.39 108.39 1.24 
C1 sh (P) 28 108.39 27.10 0.03 
C1 pl (R) 4 3.62 3.61 0.04 
sp sh (R) 72 3.62 84.90 1.69 

Total 224 224.00 224.00 3.28 

T r a n s p o s i t i o n  occurs  to an  un rep l i ca t ed  site, l i nked  to 
dono r  c/o, on the s ame  c h r o m o s o m e  ( i n t r a - c h r o m o s o m e  
t ranspos i t ion) .  Thus ,  the p ropor t ion  of  the second  paren ta l  
p h e n o t y p e  (C1 sh) wi l l  be  ca lcu la ted  by  the sub t rac t ion  of  
ha l f  the n u m b e r  of  s ing le  c rossovers  b e t w e e n  donor  c/o and  
trans c/o (total  n u m b e r  of  ke rne l s  d i s tance /2)  f rom the 
n u m b e r  that  is expec ted  u n d e r  no  t ranspos i t ion .  D i s t ance  
b e t w e e n  donor  c/o and  t rans  c/o is s h o wn  in  Table  5. The  
sub t rac t ed  por t ion ,  i.e. sp sh, adds to the second  r e c o m b i -  
n a n t  pheno type ,  sp sh. 

Case 3 

Trans  c/o va lues  a round  70 (e.g., 88 4659-25 ,  cross 1, Ta-  
b le  3). To a c c o m m o d a t e  these  values ,  t r anspos i t i on  to an 
un rep l i ca t ed  target  site m u s t  occur  on  the h o m o l o g o u s  
c h r o m o s o m e ,  the site l i nked  to d o n o r  c/o in r ep u l s i on  ( in-  
t e r - h o m o l o g o u s  c h r o m o s o m e  t ranspos i t ion) .  This  even t  
can  be  exp la ined  by  m o d e l  C (Fig. 4). U n d e r  this cond i -  
t ion,  three  of  the four  ch roma t id s  wi l l  have  a d o no r  En or 
trEn. The chance  of  the second  paren ta l  p h e n o t y p e  (C1 sh) 
to get  a donor  En or trEn therefore  increases  up to approx-  
ima te ly  75%,  wh ich  are r ecovered  as sp sh. In  case 3, t rans  
c/o c a n n o t  be  detected.  Trans  c /o ' s  (Table  3) and  d i s t ance  
(Table  5) are r ega rded  as no t  real.  

This  a s s u m e d  rep l i ca t ive  t r anspos i t i on  m o d e l  (Fig. 4) 
seems  to be adequa te  to exp la in  this segrega t ion  based  on  
the ch i - squa re  test. There  was  on ly  one  dev i a t i on  to this 
rule.  L i n e  90 1 6 5 4 - 2 8  had a ch i - squa re  va lue  of  12.84, 
w h ich  was h igh ly  s ign i f i can t  (12 .92>11 .34 ,  (~=0.01) (Ta- 
ble  5). There  is no  p laus ib le  ex p l an a t i o n  for this. Also ,  sev-  

a For abbreviations, refer to Tabie 3 
b Expected number under the condition that transposition does not 
occur, i.e. with En only at the donor site 
c Expected number under the assumption that one of the duplicated 
En's transposed and replicated again, i.e. with En at the donor and 
trEn's at the target site (Fig. 4) 
Case i In 88 1624-23, donor c/o is 7.94, trans c/o is 53.41 and di- 
stance between donor En and trEn is 45.47 (= 53.41 - 7.94) (Tables 3 
and 5). Provided that transposition occured to an independent site, 
independent segregation of the trEn turns half the parent Clsh into 
sp sh (84 = 168/2), and half add to the number of the recombination 
sp sh (98.49 = 14.49 + 84) 
Case 2 In 90 1621-22, donor c/o is 2.39, trans c/o is 18.96 and di- 
stance is 16.57 (Tables 3 and 5). Given that one En transposed to a 
linked site on the same chromosome, the expected number of C1 sh 
is after the subtraction of half the crossovers between donor c/o 
and trans c/o [187.21 = 225.48 - 38.27 = (462 • 0.1657/2)], and half 
(sp sh) add to the recombinant sp sh (43.79 = 5.52 + 38.27) 
Case 3 Given that transposition occurred to the homologous chro- 
mosome, three-quarters of the gametes carry En, allowing a quarter 
of parent C1 sh to have no En thereby remaining C1 sh 
(27.10 = 108.38/4), and three-quarters to have En, becoming sp sh, 
which is the same as the recombinant sp sh [84.90 = 3.62 + (108.38 - 
27.10) 



Table 5 Chi-square test of fa- 
milies from Table 3 to classify- 
each into a specific case de- 
monstrated in Table 4 (df= 3, 
ce= 0.5, value = 7.81) 

Cross 1 : al-m(r) Sh2 En/al sh2 + • al-ml sh2/ai-ml sh2 

Plant no. Parent C/O Segregation a Total Case b Distance c 

sp pl C1 pl C1 sh sp sh 
(P) (R) (P) (R) 

88 1623-26 11.46 2.81 0.23 3.06 0.57 6.67 1 48.83 
88 1624-23 6.79 0.21 0.02 0.05 0.20 0.48 1 45.47 
88 4659-25 2.94 1.24 0.04 0.03 1.96 3.28 3 68.77 
89 1803-24 2.48 0.02 0.00 0.01 0.01 0.04 2 43.59 
90 1615-21 3.90 0.44 0.05 0.27 0.22 0.97 2 34.50 
90 1617-21 11.02 2.20 0.73 1.33 1.61 5.88 2 29.90 
90 1617-27 11.02 1.13 0.07 0.71 0.50 2.40 1 46.40 
90 1621-22 1.60 1.69 0.04 1.40 0.33 3.46 2 16.57 
90 1647-27 33.45 0.00 0.01 0.00 0.00 0.01 2 27.35 
90 1648-31 10.40 0.01 0.00 0.01 0.0 0.02 2 36.44 
90 1652-29 8.70 1.65 1.01 0.85 1.81 5.31 2 29.83 
90 1653-29 8.70 3.31 0.15 0.34 3.27 7.07 3 70.40 
90 1654-28 7.33 6.24 0.18 3.04 3.39 12.84"* 2 49.94 
90 5012-12 13.13 0.14 0.00 0.76 0.00 0.90 3 71.68 
90 5013-2 6.54 0.40 0.03 0.30 0.13 0.86 2 23.59 
90 5013-i0 6.54 0.72 0.03 0.45 0.30 1.50 2 35.96 
90 5014-16 6.54 1.66 0.17 0.83 1.00 3.66 2 45.21 

Cross 2: al-ml sh2 +/al Sh2 En x al-ml sh2/aI-ml sh2 

Plant no. Parent C / O  b S e g r e g a t i o n  a Total Case Distance 

sp pl C1 pl C1 sh sp sh 
(P) (R) (P) (R) 

90 1645-25 16.13 0.51 0.07 0.36 0.21 1.14 2 24.88 
90 1645-29 16.13 0.26 0.03 0.16 0.13 0.58 2 35.34 
90 1646-21 16.13 0.23 0.03 0.16 0.10 0.52 2 28.85 
90 1646-26" 16.13 0.07 0.00 0.10 0.00 0.18 1 46.77 
90 1646-27 16.13 0.00 0.00 0.00 0.00 0.00 2 24.52 
90 1646-28 16.13 0.26 0.03 0.17 0.13 0.58 2 31.11 

a For abbreviations, refer to Table 3 
b See Table 1 
c Distance = donor c/o-trans c/o 
** Highly significant 
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eral families were not s ignif icant  at the 5% level, but had 
rather high chi-square values. This might  be due, in part, 
to the crossover between a] and donor En, which was not 
considered in the calculat ion because of the small distance. 

In four families (90 1617-21, 90 1652-29, 92 5012-12 
and 90 1646-26: see plant  no. with asterisks in crosses 1 
and 2, Table 3) it is possible that these En's  transposed 
twice as inferred from the difference between parent and 
donor c/o's.  Whereas  parent and donor sites of En's  in these 
four families seemed to be heterogeneous to each other 
(11.02 vs. 25.00, 8.70 vs. 38.03, 13.13 vs. 0.74 and 16.13 
vs. 3.23, respectively),  genetic donor sites in other fami- 
lies were quite close to the parental  sites. These data cer- 
tainly indicate that En sometimes moves a second time in 
one generation,  l ikely conservat ive transposit ion in the 
first, i.e. before replicat ion and replicative transposit ion in 
the second. 

Discussion 

It has been shown that a transposed En from a l -m(Au) ,  
named En ~ag, has been followed for several generations 
and found to transpose at a high rate on chromosome 3. 
Coincident  with the origin of En ~ag, a new reporter allele 
a l - m ( r ) 3 9 2 7 - 1  appeared (Figure 1), with a low-spott ing 
phenotype ( la -b)  (Figure 2D). En rag expresses strong ac- 
tivity with other reporter alleles, a l - m ]  and a l - m ( r )  (Fig- 
ures 2B and C), showing a full mutator funct ion of En/Spm. 

Isolation of the state of a l - m ( r ) 3 9 2 7 - I  

With the isolation of the phenotype/state of al-m(r)3927-1 
allele, differentiation among the three En-reporter  alleles 
is definable by somatic excision rates: a l -m ( r )  excises 
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at a high frequency, al-ml  at a medium frequency and 
al-m(r)3927-1 at an extremely low rate (Fig. 2). 

The influence of transposable elements inserted into the 
al gene has been well-documented by molecular studies 
(Schwarz-Sommer et al. 1987). The insertion site of the 
defective e lement / in  al-m(r) and En in al-m(Au) is in the 
same orientation 20 bp from the 5' side of exon 2 (Men- 
sen et al., in preparation). Two states of the al-ml  alleles, 
16078 and its deletion derivative I5719A-1, are at the 3" 
end of exon 2. Part of one side of the terminal inverted re- 
peats is deleted in I5719A-1 (Schwarz-Sommer et al. 1987; 
Tacke et al. 1986). Such differences are also possible for 
the different patterns of al-m(r) and al-m(r)3927-1. Only 
by isolating and sequencing the al-m(r)3927-1 allele will 
this pattern difference be resolved. 

Transposition profiles of En rag 

Overall, this En transposed among approximately 45% of 
the progeny through three generations, with half of the 
transpositions being to target sites independent of al (Ta- 
ble 2). Insertion sites linked to al were distributed around 
68% of the time within a 16 map unit region flanking al, 
indicating a preference for short-distance transposition. 
Even if the recombination values of sister lines were ho- 
mogeneous based on the chi-square test, they look quite 
variable from one another, probably because the test can 
not detect very short movements along the chromosome. 
This suggests that the actual transposition frequency could 
be higher than that detected by the chi-square test. 

The three-point mapping transposition study of En by 
Nowick and Peterson (1981) illustrated that proximal 
transposition events were predominant and that distal 
transposition events were all within 24 map units from al, 
which may imply the maximum distal map unit location of 
a target site of En on 3L. The direction on chromosome 3 
with respect to al could not be determined in this two-point 
mapping study. However, close examination of linked rep- 
licative transposition events (Tables 3 and 5) may reveal 
that transpositions occurred in both directions relative to 
al, taking advantage of three markers of al, donor c/o and 
trans c/o plus a probable maximum distal unit of 24 from 
al. Larger trans c/o's than donor c/o's indicate transposi- 
tion events away from al, and smaller trans c/o's are trans- 
position events toward al. Except for one family (90 1647- 
27), all of the trans c/o's were larger than donor c/o's (Ta- 
ble 3), likely indicating that the 90 1647-27 family is the 
latter case and the remaining, the former. Further, distances 
between donor c/o and trans c/o larger than 24 map units 
in these latter families imply that these were likely proxi- 
mal transposition events. It can be inferred that replicative 
transposition may preferentially occur in one direction de- 
pending upon the insertion site relative to a replicon initi- 
ation site. 

Replicative nature of En 

Somatic genetic studies by Dash and Peterson (1994) 
showed that En transposes after replication, as in the case 
of Ac in the P-vv allele (Greenblatt and Brink 1962; Green- 
blatt 1984; Chen et al. 1992). Families of exceptional seg- 
regation that were selected in our study support these ob- 
servations. Extra En's in the progeny relate to about 5% of 
the experimental lines and appear as four distinct types 
(data not shown). A characteristic of these families is that 
the number of kernels of one parental type is always, and 
in most cases significantly, larger than that of the other 
(e.g., cross 1 in Table 3: sp pl vs. CI sh). This is because 
half the latter contained trEn and thus became part of one 
recombinant class (sp sh). The recombination value calcu- 
lated from one group (shrunken) is therefore always much 
larger than that from the other group (plump). Provided 
that one of two En's moves from an already replicated site 
to an as yet unreplicated site, either independent of or 
linked to the donor site on the same chromosome, leading 
to a second replication, both chromatids should have one 
or two En's. Transpositions to independent sites on the 
same chromosome are not distinguishable from those on 
other chromosomes. The genetic data reported here sup- 
port both intra/inter-chromosome transposition (Fig. 4A) 
and intra-chromosome transposition (Fig. 4B). 

There are three lines of case 3 (88 4659-25, 90 1653-29 
and 92 5012-12) that show one difference from the other 
lines of cases 1 and 2 (Tables 3 and 5); the number of pale 
colored-shrunken (C1 sh) in case 3 is approximately one 
quarter of that expected. This can be explained by three- 
quarters of the C1 sh being recovered as spotted-shrunken 
(sp sh). This phenomenon can result if inter-homologous 
chromosome transposition occurs (inter-homologous chro- 
mosome transposition, Fig. 4C), giving rise to three of the 
four chromatids possessing an En. The transposition site 
in case 3 is expected to be linked close to the donor c/o in 
repulsion, otherwise the transposition is to an independent 
site and not identifiable from case 1. 

Transposition along the chromosome 

Genetic and molecular proofs have focused on transposi- 
tion mechanisms. These include (1) 'cut-and-paste' by 
SADImR and Nevers (1985) and (2) synapsis of homolo- 
gous sequences (Robbins et al. 1989; Dooner et al. 1994). 
In the Dooner et al. (1994) studies unlinked receptor sites 
of transposedAc from the bz-m2(Ac) were mapped, and the 
results suggested to the authors that a physical chromo- 
some association between donor and receptor sites during 
transposition accounts for the non-random distribution of 
target sites. These sites were associated with a spatial or- 
dering of the chromosomes in the interphase nucleus, 
which was also consistent with the aberrant chromosome 
rearrangement studied for Tam3 from Antirrhinum majus 
(Robbins et al. 1989). En uag was followed for several gen- 
erations and was found to move frequently. In some of the 
progeny, En w'g remains on chromosome 3 and is assumed 
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to transpose indefinitely on this chromosome. Instead of a 
free complex, a physical link of donor and target sites dur- 
ing transposition supports our study. 

The molecular studies are also supportive of the phys- 
ical link model. Because the TNPAs (transposase A - one 
of En/Spm proteins) bound to each of the subterminal mo- 
tif sequences are in contact with each other through a dim- 
erization domain (Frey et al. 1990; Trentmann et al. 1993), 
it is possible that a physical association between donor and 
target sites during transposition can be mediated by this 
TNPA dimerization domain (Masson et al. 1991). The pre- 
dominance of the short-genetic-distance transposition may 
support the assumption that the interaction between two 
TNPAs, one bound: to a TNPA binding site (Grant et al. 
1993) and the other to a sequence having some homology 
to the TNPA binding site, occurs in most situations before 
the cutting by TNPD (transposase D - another En/Spm pro- 
tein). Quasi-homologous TNPA binding sequences (Mas- 
son et al. 1991) may be distributed over the genome, but 
TNPA is assumed to be mostly localized in the adjacent 
area of the original En insertion site. It could also happen, 
although not often (Masson et al. 1991), that if TNPD 
cutting takes place before the interaction of the TNPAs 
between the donor and recipient sites, a transposition inter- 
mediate can be free to move and can reinsert. 

Speculation on the origin of al-m(r)3927-1 and En ~g 

The simultaneous isolation of both a reporter allele and an 
autonomous allele in a single event is not common. McClin- 
tock (1955) reported, without providing any explanation or 
data, that Ac excised from the bzl locus creates and thus 
leaves a Ds at bzl, even though an Ac is still present. This 
newly generated Ds led to a marked increase in the fre- 
quency of occurrence of somatic mutation at the bzl locus, 
which is in contrast to the low somatic mutability of 
al-m(r)3927-1. This similar phenomenon of increased 
transposition frequency of nonautonomous elements was 
observed with a bronze-mutable allele, bz-mi3 (dSpm at 
bzl), where the germinal transposition frequency of dSpm 
was high (50-83%) (Nelson and Klein 1984; Raboy et al. 
1989). This increase could be attributed to the altered struc- 
ture of the nonautonomous elements relative to respective 
autonomous elements, with smaller elements typically 
moving faster than larger elements. However, this phenom- 
enon does not seem to be common, and all of the indepen- 
dent nonautonomous derivatives of the bz-ml3 allele re- 
sulted in a drastically reduced transposition frequency both 
somatically (Schiefelbein et al. 1985) and germinally (Ra- 
boy et al. 1989). To our knowledge, such a high transposi- 
tion rate of an autonomous En/Spm has not been reported. 

A critical mechanism may account for the coincident 
discovery in this study of a residue left at the locus [origin 
of al-m(r)3927-1] and an autonomous transposon (Envag). 
For excision to occur, elements should contain both the 
13-bp terminal inverted repeats (TIRs) and at least a min- 
imum region of 12-bp subterminal motif sequences, to 
which TNPD and TNPA bind, respectively (Frey et al. 

1990). This coincident occurrence of the two elements can 
be explained by two hypotheses. First, in the "independent 
origin model" the origin of a new nonautonomous element 
(I/dSpm) from an autonomous element (En/Spm) can be ac- 
counted for by at least three mechanisms: (1) incomplete 
gap repair at the donor site following transposition, (2) 
transposition of the En on one chromosome or chromatid 
at the same time as an internal deletion of the En on the 
same chromosome or chromatid occurs and (3) internal de- 
letion unrelated to transposition. The first mechanism re- 
quires the parent to be homozygous. Otherwise, the 3' frag- 
ment of the new element will be absent, which is neces- 
sary for transposition. The parent of the al-m(r)3927-1 
is heterozygous (Cross 1 in Figure 1), and thus this mech- 
anism can be excluded. The occurrence of the second 
mechanism in the heterozygous parent, in this study 
al-m(Au)/al (cross 1 in Fig. 1), will produce no kernels of 
the al-m(Au) allele phenotype (Fig. 2A). The observed 
phenotypes of al-m(Au) in the progeny of Cross 1 there- 
fore eliminate the second mechanism. The third is a pos- 
sible mechanism under the condition that there was another 
autonomous element present nearby al but not detected. 
At present, however, this cannot be confirmed. The insuf- 
ficient explanation for the simultaneous discovery of the 
al-m(r)3927-1 and En rag led us to adopt a second hypoth- 
esis for the heterozygous parent from the gap repair model 
for the homozygous parent by Engels et al. (1990). 

The 'double-strand gap repair' model to explain the co- 
incident origin of the two elements was suggested by En- 
gels et al. (1990) to account for the frequent occurrence of 
internal deletion derivatives of the P element in Drosoph- 
ila meIanogaster. This model requires the homozygosity 
of two copies for the fill-in process of both strands to oc- 
cur at the same time. However, Cross 1 in Figure 1 shows 
that En was present in the hemizygous state. Given that 
one En excised after replication and became a new ele- 
ment, En rag, the remaining one copy should have been used 
as a template. But this time, the gap repair synthesis oc- 
curred in one strand only. In this instance, if the repair pro- 
cess is interrupted, the non-synthesized segment is lost, 
leading to the loss of all of the 3' cis-determinants. How- 
ever, cis-determinants can bring together and align them- 
selves in association through TNPA binding. If this hap- 
pened during the time of the gap repair process, which in 
turn was interrupted possibly by TNPA bound to a 12-bp 
motif, the fill-in process could jump to the opposite strand 
and proceed to synthesize the 3' cis-determinants. We 
would name this mechanism the 'single-strand gap repair' 
model. We assume that this gap repair model in the heter- 
ozygous parent is a very rare event. One should realize that 
this model is limited to the explanation for the simultane- 
ous origin of al-m(r)3927-1 and En rag and not extended 
to models for the replicative transposition events listed in 
Tables 3 and 5. We expect this element to contain suffi- 
cient cis-determinants to produce the low-mutating pattern 
of the al-m(r)3927-1 allele ( l a -  late and infrequent spot- 
ting). This can be and will be resolved from molecular clon- 
ing of this allele, What makes the transposition of En rag 
more frequent than its progenitor still remains a question. 



162 

References 

Athma P, Grotewold E, Peterson T (1992) Insertional mutagenesis 
of the maize P gene by intragenic transposition of Ac. Genetics 
131:199-209 

Bancroft I, Dean C (1993) Transposition pattern of the maize ele- 
ment Ds in Arabidopsis thaliana. Genetics 134:1221-1229 

Bennetzen JL (1987) Covalent DNA modification and the regulation 
of Mutator element transposition in maize. Mol Gen Genet 
208:45-51 

Brink RA, R. A. Nilan RA (1952) The relation between light varie- 
gated and medium variegated pericarp in maize. Genetics 
37:519-544 

Cardon GH, Frey M, S aedler H, Gierl A (1993) Mobility of the maize 
transposable element En/Spm in Arabidopsis thaliana. Plant J 
3:773-784 

Chen J, Greenblatt IM, Dellaporta SL (1987) Transposition of Ac 
from the P locus of maize into unreplicated chromosomal sites. 
Genetics 117:109-116 

Chen J, Greenblatt IM, Dellaporta SL (1992) Molecular analysis of 
Ac transposition and DNA replication. Genetics 130:665-676 

Chomet PS, Wessler S, Dellaporta SL (1987) Inactivation of the 
maize transposable element Activator (Ac) is associated with its 
DNA modification. EMBO J 6:295-302 

Daniels SB, Chovnick A (1993) P element transposition in Drosoph- 
ila melanogaster: an analysis of sister-chromatid pairs and the 
formation of intragenic secondary insertions during meiosis. Ge- 
netics 133:623-636 

Dash S (1991) Study of En at the wx-844 allele: Modifier of En ex- 
cision, weak En and transposition of En. PhD thesis, Iowa State 
University, Ames, Iowa 

Dash S, Peterson PA (1994) Frequent loss of the En transposable ele- 
ment after excision and its relations to chromosome replication 
in maize (Zea mays L.). Genetics 136:653-671 

Dooner HK, Belachew A (1989) Transposition pattern of the maize 
element Ac from the bz-m2 (Ac) allele. Genetics 122:447-457 

Dooner HK, Keller J, Harper E, Ralston E (1991) Variable patterns 
of transposition of the maize element Activator in tobacco. Plant 
Cell 3:473-482 

Dooner HK, Belachew A, Burgess D, Hardings S, Ralston M, 
Ralston E (1994) Distribution of unlinked receptor sites for trans- 
posed Ac elements from the bz-m2(Ac) allele in maize. Genetics 
136:261-279 

Engels WR, Johnson-Schlitz DM, Eggleston WB, Sved J (1990) 
High-frequency P element loss in Drosophila is homolog depen- 
dent. Cell 62:515-525 

Frey M, Reinecke J, Grant S, Saedler H, Gierl A (1990) Excision of 
the En/Spm transposable element of Zea mays requires two ele- 
ment-encoded proteins. EMBO J 9:4037-4044 

Golic KG (1994) Local transposition of P elements in Drosophila 
melanogaster and recombination between duplicated elements 
using a site-specific recombinase. Genetics 137:551-563 

Grant SR, Hardenack S, Trentmann S, Saedler H (1993) Functional 
cis-element sequence requirements for suppression of gene ex- 
pression by the TNPA protein of the Zea mays transposon En/Spm. 
Mol Gen Genet 241:153-160 

Greenblatt IM (1984) A chromosome replication pattern deduced 
from pericarp phenotypes resulting from movements of the trans- 
posable element Modulator in maize. Genetics 108:471-485 

Greenblatt IM, Brink RA (1962) Twin mutations in medium varie- 
gated pericarp in maize. Genetics 47:489-501 

Healy J, Corr C, Deyoung J, Baker B (1993) Linked and unlinked 
transposition of a genetically marked Dissociation element in 
transgenic tomato. Genetics 134:571-584 

Keller J, Jones JDG, Harper E, Lira E, CarIand F, Ralston E, Doon- 
er HK (1993) Effects of gene dosage and sequence modification 
on the frequency and timing of transposition of the maize ele- 
ment Activator (Ac) in tobacco. Plant Mol Biol 21:157-170 

Levis R, Hazelrigg T, Rubin GM (1985) Effects of genomic position 
on the expression of transduced copies of the white gene of Dro- 
sophila. Science 229:558-561 

Masson R Stem M, Fedoroff NV (1991) The tnpA and tnpD gene 
products of the Spm element are required for transposition in to- 
bacco. Plant Cell 3:73-85 

McClintock B (1949) Mutable loci in maize. Carnegie Inst Washing- 
ton Yearbook 48:142-154 

McClintock B (1950) The origin and behavior of mutable loci in 
maize. Proc Natl Acad Sci USA 36:344-355 

McClintock B (1951) Chromosome organization and gene expres- 
sion. Cold Spring Harbor Symp Quant Biol 16:13-47 

McClintock B (1955) Controlled mutation in maize. Carnegie Inst 
Washington Yearbook 54:245-255 

Menssen A (1988) Vergleichende analyse der autonomen enhancer- 
elemente En-1, En-Au and En-Papu aus Zea mays. Universit~it zu 
K61n, Germany 

Moreno MA, Chert J, Greenblatt I, Dellaporta SL (1992) Reconsti- 
tutional mutagenesis of the maize P gene by short-range Ac trans- 
positions. Genetics 131:939-956 

Nelson OE, Klein AS (1984) Characterization of an Spin-controlled 
bronze-mutable allele in maize. Genetics 106:769-779 

Nowick EM, Peterson PA ( 198 l ) Transposition of the Enhancer con- 
trolling element system in maize. Mol Gen Genet 183:440-448 

Osborne BI, Corr CA, Prince JP, Hell R, Tanksley SD, McCormick 
S, Baker B (1991) Ac transposition from a T-DNA can generate 
linked and nnlinked clusters of insertions in the tomato genome. 
Genetics 129:833-844 

Pereira A, Schwarz-Sommer Zs, Gierl A, Bertram I, Peterson PA, 
Saedler H (1985) Genetic and molecular analysis of the Enhanc- 
er (En) transposable element system of Zea mays. EMBO J 
4:17-23 

Peterson PA (1960) The pale green mutable system in maize. Genet- 
ics 45:115-133 

Peterson PA (1965) A relationship between the Spm and En control 
systems in maize. Am Nat 99:391-398 

Peterson PA (1966) Phase variation of reguIatory elements in maize. 
Genetics 54:249-266 

Peterson PA (1970) The En mutable system in maize. III. Trans- 
position associated with mutational events. Theor Appl Genet 
40:367-377 

Peterson PA (1978) A test of a molecular model of a controlling ele- 
ment transposon in maize. Proc Int Cong Genet 14:49 

Raboy V, Kim H-Y, Schiefelbein JW, Nelson OE Jr (1989) Deletions 
in a dSpm insert in a maize bronze-1 allele alter RNA processing 
and gene expression. Genetics 122:695-703 

Raymond JD, Simmons MJ (198I) An increase in the X-linked le- 
thal mutation rate associated with an unstable locus in Droso- 
phila melanogaster. Genetics 98:291-302 

Reddy LV, Peterson PA (1984) Enhancer transposable element in- 
duced changes at the A locus in maize: the a-ml 6078 allele. Mo] 
Gen Genet 194:124-137 

Robbins TP, Carpenter R, Coen ES (1989) A chromosome rearrange- 
ment suggests that donor and recipient sites are associated 
during Tam3 transposition in Antirrhinum majus. EMBO J 8: 
5-13 

Saedler H, Nevers P (1985) Transposition in plants: a molecular mod- 
el. EMBO J 4:585-590 

Schielfelbein JW, Raboy V, Fedoroff NV, Nelson OE Jr (1985) 
Deletions within a defective Suppressor-mutator element in 
maize affect the frequency and developmental timing of its exci- 
sion from the bronze locus. Proc Natl Acad Sci USA 82: 
4783-4784 

Schwarz-Sommer Zs, Gierl A, Cuypers H, Peterson PA, Saedler H 
(1985) Plant transposable elements generate the DNA sequence 
diversity needed in evolution. EMBO J 4:591-597 

Schwarz-Sommer Zs, Shepherd N, Tacke E, Gierl A, Rohde W, Le- 
clercq L, Mattes M, Berndtgen R, Peterson PA, Saedler H (1987) 
Influence of transposable elements on the structure and function 
of the A1 gene of Zea mays. EMBO J 6:287-294 

Schwartz D (1989) Pattern of Ac transposition in maize. Genetics 
121:125-128 

Schwartz D, Dennis E (1986) Transposase activity of the Ac control- 
ling element in maize is regulated by its degree of methylation. 
Mol Gen Genet 205:476-482 



Snedecor GW, Cochran WG (1989) Statistical Methods, 8th edn. The 
Iowa State University Press, Ames, Iowa 

Tacke E, Schwarz-Sommer Zs, Peterson PA, Saedler H (1986) Mo- 
lecular analysis of states of the A1 locus of Zea mays. Maydica 
31:83-91 

Tower J, Karpen GH, Craig N, Spradling KC (1993) Preferential 
transposition of Drosophila P elements to nearby chromosomal 
sites. Genetics 133:347-359 

Trentmann SM, Saedler H, Gierl A (1993) The transposable element 
En/Spm-encoded TNPA protein contains a DNA binding and dim- 
erization domain. Mol Gen Genet 238:201-208 

163 

van Schaik NW, Brink RA (1959) Transpositions of Modulator, a 
component of the variegated pericarp allele in maize. Genetics 
44:715-738 

Zhang P, Spradling AC (1993) Efficient and dispersed local P ele- 
ment transposition from D1vsophila females. Genetics 133: 
361-373 


