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Abstract. The mobile DNAs of the Mutator system of 
maize (Zea mays) are exceptional both in structure and 
diversity. So far, six subfamilies of Mu elements have 
been discovered; all Mu elements share highly conserved 
terminal inverted repeats (TIRs), but each sub-family is 
defined by internal sequences that are apparently unre- 
lated to the internal sequences of any other Mu sub- 
family. The Mul/Mu2 subfamily of elements was 
created by the acquisition of a portion of a standard 
maize gene (termed MRS-A) within two Mu TIRs. 
Beside the unusually long (185-359bp) and diverse 
TIRs found on all of these elements, other direct and 
inverted repeats are often found either within the cen- 
tral portion of a Mu element or within a TIR. 

Our computer analyses have shown that sequence 
duplications (mostly short direct repeats interrupted 
by a few base pairs) are common in non-autonomous 
members of the Mutator, AciDs, and Spm(En) systems. 
These duplications are often tightly associated with the 
element-internal end of the TIRs. Comparisons of Mu 
element sequences have indicated that they share more 
terminal components than previously reported; all 
subfamilies have at least the most terminal 215 bp, at 
one end or the other, of the 359-bp Mu5 TIR. These 
data suggest that many Mu element subfamilies were 
generated from a parental element that had termini like 
those of Mu5. With the Mu5 TIRs as a standard, it was 
possible to determine that elements like Mu4 could 
have had their unusual TIRs created through a three- 
step process involving (1) addition of sequences to 
interrupt one TIR, (2) formation of a stem-loop struc- 
ture by one strand of the element, and (3) a subsequent 
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DNA repair/gene conversion event that duplicated the 
insertion(s) within the other TIR. A similar re- 
pair/conversion extending from a TIR stem into loop 
DNA could explain the additional inverted repeat 
sequences added to the internal ends of the Mu4 and 
Mu7 TIRs. This same basic mechanism was found to be 
capable of generating new Mu element subfamilies. 
After endonucleolytic attack of the loop within the 
stem-loop structure, repair/conversion of the gap 
could occur as an intermolecular event to generate 
novel internal sequences and, therefore, a new Mu 
element subfamily. Evidence supporting and expand- 
ing this model of new Mu element subfamily creation 
was identified in the sequence of MRS-A. 
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Introduction 

The Mutator (Mu) transposable element system of 
maize is exceptional in many of its most basic at- 
tributes. The system, only recently discovered by 
Robertson (1978), conditions a very high forward mu- 
tation rate in any maize line in which it is active. This 
high mutagenicity, otherwise known as Mutator activ- 
ity, has only been observed in plants derived from one 
maize line (Bennetzen et al. 1993). It is not known why 
the high activity of this system arose or was maintained 
only in this one line. Mutant alleles isolated from 
Mutator stocks are generally associated with the inser- 
tion of various 1-kb to 5-kb elements (reviewed in 
Bennetzen et al. 1993 and in Chandler and Hardeman 
1992). The Mu transposable elements all induce 



658 

9-bp-long flanking direct duplications of host DNA 
and also have the same approximately 200-bp terminal 
inverted repeats (TIRs). However, the internal se- 
quences of these elements fall into at least six classes 
that are unrelated at a hybridizational or DNA se- 
quence level. The origin of these "subfamilies" of Mu 
elements has not yet been explained. 

Some Mu elements can transpose at germinal fre- 
quencies exceeding an average of once per element per 
generation (Alleman and Freeling 1986; Bennetzen 
et al. 1987; Hardeman and Chandler 1989). Although a 
high percentage of the mutations isolated from Muta- 
tot stocks exhibit somatic instability (Robertson 1978), 
germinal reversion of these mutations is generally rare 
(Britt and Walbot 1991; Brown et al. 1989). Hence, a 
strong causal correlation between excision and trans- 
position has not been observed. 

The multiple Mu element subfamilies are variable 
in dispersal, as well as in internal structure. The first 
Mutator components cloned, the related elements Mul  
and Mu2, are both the most active and the most limited 
in their range within the Zea (reviewed in Bennetzen 
et al. 1993). The copy number of M u l / M u 2  elements is 
much lower in maize lines lacking Mutator activity 
than it is in the rare maize lines that exhibit Mutator 
activity (0-4 versus 10-60) (Bennetzen 1984; Bennet- 
zen et al. 1987; Chandler et al. 1986). Other Mu element 
subfamiles, like Mu4 or Mu5, exhibit a somewhat 
higher copy number in Mutator lines than in standard 
maize lines, but they appear to have a few (4-12) copies 
in most maize lines (Talbert et al. 1989). The higher 
activity of Mul /Mu2  elements, their limited dispersal, 
and their relatively low degree of internal and terminal 
sequence variability have suggested that the Mul /Mu 2  
subfamily has been more recently generated than any 
other Mu subfamily (Bennetzen et al. 1993). In this 
regard, Chandler and coworkers have identified and 
cloned a sequence, Mu-Related Sequence A (MRS-A), 
with extensive internal homology to Mul  and Mu2 
(Talbert and Chandler 1988). MRS-A has no Mutator 
inverted termini and is a portion of a Mu-unrelated 
gene. Mu2 was apparently generated by the 'capture' of 
a segment of chromosomal DNA by Mu ends. 
Similarly, Oishi and coworkers (K.  Oishi, personal 
communication) have identified and cloned sequences 
related to the Mu3 internal region but without 
Mu TIRs. 

Recently, genetic and molecular evidence has accu- 
mulated to indicate the existence of an 'autonomous'  
Mutator element (Chomet et al. 1991; Qin and Ellin- 
gboe 1990; Robertson and Stinard 1989). This element 
can both transpose and transactivate the transposition 
of other Mu elements. This autonomous element, or 
elements structurally quite similar to it, has been 
cloned (Chomet et al. 1991; Hershberger et al. 1991; 
Qin et al. 1991). By sequence criteria, the putative 

autonomous element Mu9 (Hershberger et al. 1991) 
contains some internal sequences unrelated to any 
previously identified Mu element. 

Through detailed structural analyses of the se- 
quenced Mu elements, we have been able to develop a 
consistent model for the generation and variation of 
new Mu element subfamilies. Our analyses also un- 
covered evidence supporting this model of element 
generation by DNA gap repair and gene conversion. 

Materials  and methods 

Sequence information 

The DNA sequences of Mul, Mu2(Mul.7), Mu4, Mu5, Mu7(rcy), 
Mu8, Adhl, Ac, Spm(En), Ds(wx-m5), Ds(bz-m4), Ds2, and dSpm(I) 
have all been published (Barker et al. 1984; Dennis et al. 1984; 
Fleenor et al. 1990; Gierl et al. 1985; Klein et al. 1988; Merckel- 
bach et al. 1986; Muller-Neumann et al. 1984; Pereira et al. 1986; 
Pohlman et al. 1984; Schnable et al. 1989; Talbert et al. 1989; 
Taylor and Walbot 1987; Weil et al. 1992) and were acquired 
through the GenBank and EMBL databases. The DNA se- 
quence of Mu3 was kindly provided by K. Oishi, University of 
Arizona, Tucson, Arizona. The DNA sequence of Mu9 was 
generously supplied prior to publication (Hershberger et al. 
1991) by V. Walbot, Stanford University, Palo Alto, California. 

Software 

DNA sequence information was studied by use of the Genetics 
Computer Group (GCG) package (Devereux et al. 1984), specifi- 
cally programs COMPARE, DOTPLOT, and PILEUP. Access 
to the databases and the GCG package was provided by the 
Purdue AIDS Center Laboratory for Computational Biochem- 
istry (ACLCB). 

Direct or terminal inverted repeats were arbitrarily chosen as 
significant only if they were greater than 80% identical over at 
least 11 contiguous base pairs. 

Results 

Internal repeats are unusually abundant 
in non-autonomous plant transposable elements 

Two of the many oddities of the Mutator system, when 
compared to other eukaryotic transposable element 
systems, are the relatively long (and nearly identical) 
terminal inverted repeats and the additional direct and 
inverted repeats associated with the Mu elements. 
Hence, in our sequence analyses, we not only com- 
pared each element to each other element (and their 
reverse sequence) but also compared each element to 
itself and the reverse of itself. 

Our sequence analyses confirmed and extended the 
observations that both terminal and internal repeats 
are common in Mutator elements (Fig. 1, Table 1). The 
putative autonomous element Mu9 is relatively defi- 
cient in extra repeats, containing three different types 
of repeats ("a", 'T', and "r") located in or near the TIRs 
(Fig. 1, Table 1). Similar analyses of the maize Ac and 
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Fig. 1. Maps of the sequenced Mutator transposable elements. Arrows within the bars indicate the terminal inverted repeats (TIRs) of 
each element, while arrows above the bars indicate additional repeats. Thefill of the bar indicates homology between sequences; the solid 
fill indicates homology to the TIRs of Mu5, which were defined as the reference Mu element TIRs. The orientation of other Mu element 
sequences was then chosen to optimize this homology. Hence, in the case of Mu9, the element is presented in reverse orientation relative 
to the published sequence (Hershberger et al. 1991). Only repeats within an element that exhibited 80% or greater identity over 11 or 
more contiguous basepairs are shown. The sequences of all of these repeats except "a'", "b" and "b*" are shown in Table 1. The "a" 
repeats found in Mu5 and Mu9 TIRs are relatively degenerate versions of the "a" repeat, with only 12-18/24-bp homology with the 
consensus sequence shown in Table 1. The inverted repeats labelled "r" (see Table 1) are found in each TIR, but were left out in order to 
simplify the figure somewhat. Repeat "s" (see text and Table 1) is also not shown, since it was not repeated within any single element 

Spm(En) transposable elements (Muller-Neumann 
et al. 1984; Pereira et al. 1986; Pohlman et al. 1984) and 
the maize Adhl gene (Dennis et al. 1984) did not indi- 
cate any extensive inverted or direct repeats other than 
the interrupted terminal inverted repeats of Ac and 

Table 1. Nucleotide sequences of Mu element repeats 

Repeat Sequence 

Spm(En) (data not shown). However, Ds(wx-m5), 
Ds(bz-m4), Ds2, and dSpm(1) elements (Gierl et al. 1985; 
Klein et al. 1988; Merckelbach et al. 1986; Weil et al. 
1992) from maize did exhibit many additional repeats 
and, as with the Mutator elements, these extra repeats 
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5'-A/T G A C / G A / G A G A A / G G A G T A C G C C / G A / T G A  C G  G-3' 
5'-T G A A  C A G  C T  G G A G G A / T  CAA-3 '  
5 '-CG C A A T A T C C T G G A  C T G  G G A T A C T C  G T G A - 3 '  
5 ' - A A C C A G C T C A T C G G - Y  
5'-CT G T  C G / C T  C N A A  C G/C A G C  T-3' 
5 ' - C A T C A A T C  C T C T G A A C T T C C T A T A T - 3 '  
5 ' - A T T A C A G A C A A T G C A G G A G C C T C C A A - 3 '  
5'-AC T A T  T T T  A A A  AA T T G / A  AA GA-3'  
5 '-AG A T G / A  AA C T T  G G T G / A  T A C  C A T-3' 
5 ' -CG C T G T G G A G A A G A A G G A G C A G A G C G C C / G C T G G - 3 '  
5 ' - G G C G C A G A G C C G A A C C A G G G G C G A G C T C A A  G-3' 
5 '-CT C A A  A G C T T  C T T T  C-3' 
5 ' -GC G C A  G G T T  G G  C C A/TC G-3' 
5 ' - C G T G T T C A T G C T C T C G - 3 '  
5 ' -CAG/T C A/C T C  A G  C G C C G-3' 
5'-C CA G C  G C  GA/C G C G/C T G G C-3' 
5 ' - T C T / C G T T T T G G A G - 3 '  
5 '-CG T C T  G C A / G C  C/AG A C  G C T G  C G/C G / C G / T A  G C C G-3' 
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were most abundant within and adjacent to the ter- 
minal inverted repeats (data not shown and Fig. 1). 
Hence, extensive sequence repetition beyond the in- 
verted termini appears to be a common feature of 
non-autonomous maize elements, but not of auton- 
omous elements of the same families. Of course, non- 
autonomous elements that have been simply derived 
from Ac or Spin by a single mutational (commonly, 
deletional) event (Fedoroff et al. 1983) have not accu- 
mulated significantly more duplications than the pa- 
rental autonomous element. 

Many of the additional duplications of sequences in 
Mutator elements are tightly associated with the TIRs, 
particularly with the inward-most ends of the TIRs. 
For instance, Mu2 exhibits two copies of a 24-bp direct 
duplication ("a") separated by 9 bp; one of the repeats is 
within the right TIR and one is just outside it (Fig. 1). 
Similarly, Mu7 has 31-bp direct repeats ("I'), separated 
by 46 bp, that are within its extended right TIR, while a 
pair of 32-bp inverted repeats ("k') is separated by 63 
bp and is totally contained within an interruption in 
the long Mu7 left TIR (Fig. 1 and Schnable et al. 1989). 
Hence, the mechanism(s) associated with generation 
and/or retention of additional repeats inside evolving 
Mu elements appear(s) to be most effective near the 
inner-most ends of the TIRs in the Mutator system. In 
many cases, the sequences found between two direct 
repeats appear to be one or more degenerate versions 
of the duplicated sequences; this is true for the 24-bp 
repeats in Mul/Mu2 ("a"), the 17-bp repeats in Mu4 
("f"), and the 31-bp repeats in Mu7 ('T'). Some of the 
direct repeats in Mu3 and Mu5 have a more compli- 
cated repeat-within-repeat structure (Fig. 1). Many of 
these cases of adjacent multiplications of short se- 
quences appear to be similar to the "simple" repetitive 
DNAs found in all eukaryotes (Blaisdell 1983; Tautz 
et al. 1986). Some direct repeats (e.g., the 138-bp dupli- 
cations in Mu2) appear to have totally novel sequences 
between the duplications, however. 

One specific repeat, "a", is particularly interesting. 
This element has the sequence 5'A/T G A C/G A/ 
G A G A A / G G A G T A C G C C / G A / T G A C G G - 3 '  
and is found in all Mu element TIRs except the left end 
of Mu3 and the right end of Mu8 (Fig. 1). In both of 
these exceptional cases, however, part of the "a" repeat 
is present at the internal end of the TIR and is then 
followed directly by internal sequences that are novel 
to this element subfamily. The "a" repeat is usually 
preceded, within zero to 1 bp, by the sequence 5'- 
GACGG-3'. The "a" repeat is commonly found at or 
very near to the point where Mu element ends differ 
due to some apparent structural rearrangement. The 
5'-GACGG-3' sequence just upstream from each "a" 
repeat has the potential to form an unequal and illegit- 
imate pairing with the complementary nucleotides on 
the other strand of the "a" repeat. Such a structure 

could give rise to unequal or "slipped strand" recom- 
bination events (Ehrlich 1989; Levinson and Gutman 
1987; Meuth 1989) that would duplicate the "a" se- 
quence or might initiate other rearrangements. For 
instance, the TIRs of Mu4 and Mu8 share a unique 
repetitive element, "s", that appears to be derived from 
a tripartite interaction of the "a" repeat with the "b" or 
"b*" repeat of Mul/Mu2 and with Mu5/Mu9 TIR 
sequences (Table 1). The structure of the 26 nucleotide 
"s" repeat is the following: 6 bp of perfect complement- 
arity with the 5'-C/G A/T GAC G-3' sequence near the 
end of"a", followed by 15 bp with 67-80~ homology to 
a sequence in "b" and "b*" that is positioned exactly at 
the site where the "b*" deletion occurred to give rise to 
"b" (Taylor and Walbot 1987), followed by 11 bp with 
73-82~ homology to portions of the Mu5/Mu9 TIRs 
that would not be otherwise represented in Mu4 or 
Mu8. These last two components of the "s" repeat 
overlap for 6 bp. This tripartite element is present only 
in the right end of Mu4 and the right end of Mu8 (in 
opposite orientations relative to each other), and both 
are found at the sites where the TIRs of these elements 
begin to show wholesale divergence with other Mu 
element ends (see below). 

Sequence relatedness among Mu element subfamilies 

Figure 1 presents a pictorial representation of previ- 
ously sequenced Mu elements. The Mu2(Mul.7) and 
Mul elements are members of the same subfamily, 
since they share internal sequences and differ primarily 
by the absence of 385 bp of Mu2 sequence within Mul. 
This 385 bp of sequence information extends the long 
direct repeats within Mul from 104 bp to 138 bp in 
Mu2 and suggests that Mul was generated primarily 
via deletion of a portion of Mu2 (Taylor and Walbot 
1987). None of the other Mu elements presented here 
share extensive internal homology, with the exception 
of Mu9 and Mu5. Most of the sequences found in the 
1320-bp Mu5 element are also found in the 4942-bp 
Mu9 element (Hershberger et al. 1991; Talbert et al. 
1989) (Fig. 1). 

Since Mul was the first Mutator element cloned, its 
215-bp (and 95~ identical) inverted termini have been 
used to define the termini of all Mu elements subse- 
quently identified. However, two Mu subfamiles were 
found to have even longer TIRs than Mul. Mu4 has 
516-bp inverted repeats that are 94~o identical. Only 
the most terminal 215 bp of this repeat are related (ca. 
85~ identity) to the Mul TIRs (Talbert et al. 1989). 
Similarly, Mu5 has 359-bp TIRs of which only the most 
terminal 215 bp are related (ca. 88~ identity) to the 
MuI TIRs (Talbert et al. 1989). Our sequence compari- 
sons uncovered the fact that all of the Mu elements that 
have been sequenced contain more extensive homolo- 
gies to the Mu5 TIRs than they do to the Mul TIRs 
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(Fig. 1). For  instance, although Mu8 has been reported 
to have an 185-bp TIR homologous to the outward- 
most 185 bp of the MuI TIR (Fleenor et al. 1990), the 
element contain 185 colinear bp of the Mul/Mu5 right 
TIR on its right end plus the most terminal 249 colinear 
bp of the larger Mu5 left TIR as its left TIR. In addition, 
directly adjacent to the 185-bp right TIR of Mu8 are 40 
bp of DNA that does not pair with the left TIR of Mu8, 
followed by 14 bp of Mu5 TIR-related sequence that 
pairs exactly with nucleotides 226-239 of the Mu8 left 
end (Fig. 1). 

These analyses indicated a general pattern of ex- 
tended Mu5-related TIR at one end or the other of each 
Mu element subfamily member. Hence, these data 
demonstrate that the progenitor element(s) that gave 
rise to most or all of these subfamily members had 
TIRs much like at least the most terminal 250 bp of 
Mu5. Relative to the Mu5 TIRs, the current TIRs of 
these other subfamilies of elements have been trun- 
cated to varying degrees off one or both ends. In the 
cases of Mu4, Mu7, Mu8, and Mu9, additional se- 
quences are found within one or both TIRs. With Mu7, 
Mu8 and Mu9, these additional sequences lead to 
interruptions in the TIRs. For  Mu4, the additional 
sequences are found in both TIRs, thereby leading to a 
longer pair of TIRs (Fig. 1). 

Generation of the extended Mu4 and Mu7 
terminal inverted repeats 

The uniquely placed and composed interruptions in 
Mu4, Mu7, and Mu8 suggest that insertion of se- 
quences into a Mu end is an evolutionarily frequent 
process. Some of these events could be due to the 
insertion of other mobile elements, as appears to have 
been the case for the inverted repeat-flanked insertion 
found in the left end of Mu7. This type of small mobile 
element is frequently observed in maize DNA and is 
often associated with restriction fragment length poly- 
morphisms of no detected biological effect (Ralston 
et al. 1988; Sachs et al. 1986). 

Chandler and coworkers (Talbert et al. 1989) de- 
scribed a simple process wherein a double-stranded 
break within a Mu element, followed by gap repair 
between the TIRs of a progenitor element, could gener- 
ate newly extended TIRs. Our related model, employ- 
ing repair/conversion of a single-stranded cruciform 
structure, provides an alternative process to transform 
a TIR-adjacent or TIR-interrupting sequence into a 
component of an extended TIR. Figure 2 describes the 
steps and outcome of a process wherein (1) an insertion 
occurs in one TIR, (2) the terminal inverted repeats of 
the Mu element form a stem-loop structure from either 
the Watson or Crick strand, and (3) DNA repair or 
replication occurs across the interruption within the 
TIR, thereby converting the TIR insertion into an 
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Fig. 2. Generation of an extended Mu element TIR by a re- 
pair/conversion process acting on a single stranded stem-loop 
structure. The bold line designated P-Q represents an insertion in 
one TIR that is eventually converted to part of a longer, shared 
TIR through a repair/conversion process 

inversely repeated component of a longer TIR. After 
this, the disparity, between the newly repaired/con- 
verted strand and the other strand would need to be 
resolved by a second repair process acting on the 
duplex element. This simple model could explain the 
origin of the extra inverted repeat sequences within the 
TIRs of Mu4. 

Extension of the TIR into previously TIR-adjacent 
sequences could be due to a co-conversion extending 
from the repair event described above, or could be 
initiated by DNAse attack of the single-stranded loop 
next to the double-stranded stem. Standard DNA gap 
repair of sequences deleted from the loop of such a 
stem-loop structure, using the free 3' hydroxyl end of 
the left TIR as a primer and the sequences 5' to the right 
TIR as template, would allow extension of a conver- 
sion process into the TIR-adjacent regions within the 
Mu element (Fig. 3A). This process could explain the 
extended internal ends of the TIRs of Mu4 and Mu7. 

Two types of evidence support this model. First, the 
unusual length and degree of sequence identity of the 
Mu TIRs provides them with a relatively high positive 
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Fig. 3A, B. Alternative outcomes of DNA repair/conversion of a 
degraded loop in a Mu stem-loop structure. A indicates an 
intramolecular repair/conversion event where sequences within 
the original Mu element are lost and others are duplicated to 
create an element with an extended TIR. B indicates an inter- 
molecular event where the free loop end generated by the degra- 
dation process invades a related sequence on another DNA 
molecule. One outcome of this process would be the generation 
of a new Mu element subfamily 

energy for stem-loop formation. The inability of the 
polymerase chain reaction (PCR) to run through a M u  
end, unless the two ends have been separated by restric- 
tion enzyme digestion (Britt and Walbot 1991), gives 
some idea of the high stability of this stem-loop struc- 

ture in vitro. These failures have occurred despite 
extensive efforts and the use of PCR conditions that 
work routinely for the interrupted TIRs of the Ac 
element (our unpublished observations). Second, the 
high level of identity of the M u  element TIRs (94-99%, 
between any pair of ends in the same element) could be 
explained by mismatch repair within the stem formed 
in a stem-loop structure. In addition, the higher level of 
identity observed in the inner-most, extended portion 
of the Mu4,  Mu5,  and M u 7  TIRs than in the outer- 
most sequences that are in common to all M u  elements, 
noted by Talbert et al. (1989), agrees with the idea that 
these internal repeats were generated more recently 
and by a repair/conversion process in which only one 
strand of DNA provided information. In this regard, 
the invasion/repair mechanism previously proposed 
by Chandler and coworkers (Talbert et al. 1989) to 
explain the extended Mu4 and Mu5 TIRs has many 
similarities with our model. 

Generation o f  new M u  element subfamilies 

One aspect of our model, that progressive degradation 
of the loop DNA from a M u  stem-loop structure could 
initiate intramolecular repair/conversion, leads direct- 
ly into a model that would explain the generation of 
new M u  element subfamilies by a similar intermolecu- 
lar repair/conversion phenomenon (Fig. 3B). The only 
requirement for such an intermolecular event is the 
formation of a single-stranded region in the M u  el- 
ement with homology to some sequence elsewhere in 
the genome. This homology need not be extensive, 
since "illegitimate" recombination (and subsequent 
recombinational repair) can be initiated between se- 
quences with as little as 4 bp of colinear identity (re- 
viewed in Ehrlich 1989 and in Meuth 1989). 
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action that follows an endonncleolytic cleavage at the stem/loop junction. 3 Ectopic pairing of the extra 26-bp repeat adjacent to the 
progenitor Mu element's right TIR with the single 26-bp repeat in the left Mu TIR, followed by completion of the exonucleolytic 
removal of loop sequences in a 5' to 3' digestion. 4 Sequences of the resultant Mu fragment and of MRS-A, with a short stretch of 
homology that would allow an illegitimate recombinational interaction. 5 Invasion of MRS-A by the unpaired 5'-GTCGC-3' free end 
to initiate a conversion process 
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The maize DNA fragment MRS-A, cloned and 
sequenced by Talbert and Chandler (1988), was orig- 
inally isolated due to its hybridization with the internal 
regions of the Mul/Mu2 element subfamily. MRS-A 
contains no sequences related to the Mu ends, but it is 
part of an apparently Mutator-unrelated gene that has 
been truncated within the Mul/Mu2 elements (Fig. 4). 
Hence, the MuI/Mu2 subfamily of elements was prob- 
ably generated through the acquisition of a portion of 
MRS-A by a pair of Mu TIRs. Thus, according to our 
model of Mu element subfamily generation, MRS-A 
should have significant sequence identity with the pa- 
rental element that was converted into a Mu2-1ike 
element by the acquisition of MRS-A sequences. More- 
over, this sequence identity should be situated at 
the site where the repair/conversion event was direc- 
tionally initiated. 

Our sequence analyses indicate that just such a 
short sequence of identical colinear nucleotides is 
shared by MRS-A and the left end of the Mul/Mu2 
TIR, and that this sequence identity occurs exactly at 
the point where the homology between MRS-A and the 
Mul/Mu2 elements begins. This short sequence found 
in MRS-A, 5'-GTCGC-3', must have been present in 
the parental Mu element since it is located in the part of 
the TIR (bp 211-215) that is conserved between 
Mul/Mu2, Mu3, Mu4, Mu5, Mu7, Mu8, and Mu9. 
Hence, a simple nucleolytic event in the parental el- 
ement that would free a single-stranded 5'-GTCGC-3' 
sequence with a 3' hydroxyl at the left TIR would allow 
this sequence to invade MRS-A and to serve as primer 
for the repair/conversion event. 

The sequence of the Mul/Mu2 elements provides 
further elaboration and support of this mechanism for 
Mu subfamily generation. The generation of a single- 
stranded 5'-GTCGC-3' sequence terminating with a 
free 3' hydroxyl in the parental Mu element could have 
occurred by any of a number of nucleolytic events. 
However, the structure of the right end of Mul/Mu2 
suggests that the specific nucleolytic events responsible 
for removal of most of the parental Mu element loop 
were an endonucleolytic event at the 3' end of the left 
TIR, followed by progressive 5' to 3' exonucleolytic 
removal of loop nucleotides. A direct duplication of 26 
bp at the internal end of the Mul/Mu2 right TIR 
surrounds the 5-bp sequence that could initiate the 
intermolecular repair/conversion event (Fig. 4). The 
5-bp invasion/primer sequence is at the very end of the 
identity between the Mul/Mu2 left and right TIRs, and 
the 26-bp direct repeat is adjacent to this 5-bp se- 
quence. As shown in Fig. 5, a progressive removal of 
the single-stranded sequences within the loop that 
began at the 3' end of the left TIR would leave a stem 
with a potential for unequal pairing at this 26-bp 
sequence. When this unequal pairing occurred, the 
5'-GTCGC-3' end would now be single-stranded and 

available to invade the duplex of MRS-A. The stability 
of the unequal pairing event would be relatively high, 
given that the unequal pairing gives 26/26 paired nucleo- 
tides and the standard pairing yields only 22/26 paired 
nucleotides (Fig. 5). Further single-strand-specific, 5' to 
3' exonuclease action would eventually remove all loop 
sequences except those within and 3' to the 26-bp 
repeat. After invasion of MRS-A by this molecule, gap 
repair would simply insert MRS-A sequences to re- 
place the degraded loop sequences previously present. 
The expected outcome of such a process exactly de- 
scribes the current Mul/Mu2 subfamily: a 215-bp left 
TIR ending in 5'-GTCGC-3', followed by MRS-A 
sequences, followed by the 26-bp duplication, 4 bp of 
unpaired sequence, and the right TIR. 

Discussion 

Compared to other eukaryotic transposable elements, 
the Mu elements are exceptional both in structure and 
diversity. The terminal inverted repeats (TIRs) of Mu 
elements are unusually long (185-359 bp), very precise 
(94-99% identity), and quite variable between Mu 
subfamilies. By comparison, the TIRs of the AciDs and 
Spm(En) elements of maize and the P and Tcl elements 
of animals are 11 bp, 13 bp, 31 bp, and 54 bp, respect- 
ively (Muller-Neumann et al. 1984; O'Hare and Rubin 
1983; Pereira et al. 1986; Pohlman et al. 1984; Rosen- 
zweig et al. 1983), and are nearly identical for all auton- 
omous and non-aut0nomous elements of the same 
family. Sequences that effect the response of the el- 
ements to transposase can be found over 100 bp from 
the exact termini of the Spm(En) or P elements (Karess 
and Rubin 1984; Schiefelbein et al. 1985), and the 
simple repeats within 200 bp of the exact Spm(En) ends 
can be theoretically assembled into a stem of over 65 
bp, with multiple interruptions (Gierl et al. 1985). Still, 
these elements do not seem to "repair" the extensive 
non-pairing regions of their greater TIRs. Most 
eukaryotic transposable elements with long and 
well-matched TIRs, like the fold-back elements FB 
of Drosophila melanogaster (reviewed in Bingham and 
Zachar 1989) and TU of sea urchin (Strongylocentrotus 
purpuratus) (reviewed in Hoffman-Liebermann et al. 
1989), have TIRs composed primarily of short direct 
repeats and may have little or no sequence internal to 
the TIRs. The recently discovered element Tc4, from C. 
elegans, seems to be intermediate between the Mu 
elements and the fold-back elements; it has long (774 
bp, > 99% identical) TIRs that are not composed of 
short direct repeats, and it has a unique internal sequence 
of 57 bp (Yuan e't al. 1991). Other direct and inverted 
repeats, in addition to the TIRs, were also found within 
the first Mu elements studied (Barker et al. 1984; 
Schnable et al. 1989; Taylor and Walbot 1987). 
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Our studies of the full set of sequenced Mutator 
elements and of members of the Ac/Ds and Spm(En) 
families have indicated that internal duplications are 
particularly frequent in Mu elements, but are also 
common to the non-autonomous members of other 
element systems. These duplications are primarily 
short direct repeats interrupted by a few base pairs of 
DNA. The largest such internal direct duplication 
observed in a Mu element is the 138-bp direct repeat 
found in Mu2 (Taylor and Walbot 1987). Only one 
copy of this 138-bp sequence is found in MRS-A, and 
the 263 bp of DNA between the 138-bp repeats has no 
sequence relatedness with MRS-A (Talbert and Chan- 
dler 1988) or with the DNA of any other subfamily of 
Mu elements. Hence, it is possible that these 263 bp of 
DNA were "picked up" in the same sense (but, perhaps, 
via a different mechanism) that MRS-A sequences were 
picked up by Mu ends to form the original founder of 
the Mul/Mu2 subfamily. Conversely, the "ancestral" 
MRS-A region may have contained this insert flanked 
by the "b*" duplication and subsequently lost it by an 
unequal recombinational event. Our ability to propose 
a mechanism for the acquisition of MRS-A sequences 
by Mu TIRs was dependent upon the isolation and 
sequencing of MRS-A DNA (Talbert and Chandler 
1988). A similar search for and analysis of the original 
source of this 263-bp sequence would provide some of 
the raw information needed to identify the processes 
that created this additional variation. 

Many of the short direct and inverted repeats found 
in Mu, Ac/Ds, and Spm(En) elements are tightly asso- 
ciated with the internal ends of these elements' TIRs. 
This suggests that internal ends of the TIRs are very 
active in the generation of duplications. Alternatively, 
the sites of generation may be random, but their chance 
of survival into subsequent generations could be 
greater if the duplications were end-adjacent. This is 
particularly likely for the autonomous elements, since 
internal duplications would commonly inactivate the 
coding potential for transposase or other essential 
trans functions. In this regard, the rare duplications 
that we found within the autonomous (or suspected 
autonomous) members of the AcIDs, Spm(En), and Mu 
families were all quite small and directly adjacent to the 
extended TIRs where they would not be likely to 
interrupt any coding frame. Selection for other internal 
structures, probably not related to gene expression, is 
also suggested by the observation that different Mu 
elements transpose at different frequencies (e.g., Mu2 
transposes about 3 times more frequently than Mu3, 
despite the fact that both have nearly identical TIRs) 
(Bennetzen et al. 1993). Since Mu element transposi- 
tion can lead to Mu element amplification (Alleman 
and Freeling 1986; Bennetzen et al. 1987; Hardeman 
and Chandler 1989), internal alterations that increase 
or decrease transposition frequency would influence 

the likelihood that any given Mu element would pass 
into the next generation. 

The internal ends of Mu TIRs appear to be excep- 
tionally active in various aspects of Mu element insta- 
bility. The cruciform or stem-loop structures feasible 
with a Mu element would generate two sites at which 
double-stranded DNA is juxtaposed with single- 
stranded DNA: the internal ends of the TIRs. It seems 
likely that specific enzymes associated with DNA re- 
pair, for instance, could be attracted to such an unusual 
structure. Studies in bacterial and animal systems have 
shown that palindromic sequences (like TIRs) can 
greatly enhance the frequency of illegitmate recom- 
bination events nearby, including transposon excision 
(reviewed in Ehrlich 1989 and in Meuth 1989). What- 
ever the mechanism, it seems likely that extra repeat 
association with the internal ends of the TIRs is not 
coincidental and that repair associated with a cleaved 
stem-loop structure is a component of the process that 
generates these duplications. 

The "a" repeat is found at or very near the break 
points for many of the rearrangements that differenti- 
ate Mu element subfamilies. The close 5' association of 
"a" with a short direct repeat of its 3' sequences (5'- 
GACGG-3') is a conserved and compelling aspect of 
this element's structure. Illegitimate recombination or 
"slipped strand" recombination (Levinson and 
Gutman 1987) between these short repeats may explain 
the involvement of"a" in many rearrangement events. 

The exceptional length and within-element similar- 
ity of the Mu TIRs may be self-reinforcing; long and 
well-paired TIRs would be most likely to form a stem 
and thereby allow the repair/conversion events that we 
have proposed as the mechanism accounting for the 
unusual length, diversity, and degree of identity of the 
Mu TIRs. Hence, the less frequent internal duplica- 
tions, shorter (and less variable) TIRs, and less diverse 
internal sequences of other element families (e.g., AciDs 
or Spm(En)) may largely be an outcome of their shorter 
TIRs. Alternatively, differences between transposable 
element systems in the interaction of transposases and 
other factors with the elements' TIRs might explain a 
higher frequency of stem-loop formation or subse- 
quent variability generation with Mutator than With 
other transposable elements. 

The Mu element stem-loop formation, or its in- 
volvement in the generation of variability, cannot be a 
particularly frequent event since some sequence dif- 
ferences do exist between a pair ofMu TIRs. Similarly, 
the generation of new Mu element subfamilies appears 
to occur on an evolutionary timescale; we have no 
evidence suggesting that any new Mu element sub- 
family has been generated in the 20 plus years that 
Mutator studies have been actively pursued. In this 
regard, the transpositional behavior, high level of 
homogeneity, and relatively limited dispersal of 
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Mul /Mu2  subfamily members have suggested that this 
element subfamily is the most recently generated of 
those that have been detected (Bennetzen et al. 1993). 
Yet, Mul and Mu2 elements are found in low genomic 
copy numbers across a wide array of Zea species 
(Bennetzen 1984; Chandler et al. 1986, 1988). Hence, all 
of the events that we have modeled, and the mechan- 
ism(s) that could give rise to them, act very infrequently 
and require detection in an evolutionary time frame. 

The variability of Mu element subfamilies is, in 
many ways, the most unusual feature of the Mutator 
transposable element system. Retrotransposons can 
acquire adjacent DNA sequences through reverse tran- 
scription of "fused" or "readthrough" transcripts 
(Swain and Coffin 1992), but the recruitment of novel 
internal sequences by other eukaryotic transposable 
elements has been rarely documented (Heslip et al. 
1992; Klein et al. 1988; Tsubota and Dang-Vu 1991). In 
the Mutator system, novel sequence acquisition ap- 
pears to be a relatively common phenomenon. More- 
over, as with the acquisition of MRS-A sequences to 
assemble the Mul /Mu2  subfamily progenitor, this in- 
sertion of new DNA is exceptional in its ability to 
proceed via a mechanism that replaces (i.e., removes) 
the DNA previously found between two Mu TIRs. Of 
course, we have no evidence that acquisition of 
sequences by Mu TIRs always requires complete re- 
placement. This issue will only be resolved by further 
analyses of other Mu element subfamilies and the 
chromosomal sequences that they have captured. The 
cloning and ongoing analysis of Mu3-related se- 
quences that lack Mu ends by Oishi and coworkers (K. 
Oishi, personal communication) will provide the first 
test of this question and of our models. Further isola- 
tion and analysis of TIR-free sequences that hybridize 
to the other Mu subfamily internal segments are also 
warranted. 

At the moment, we have no idea of the parental 
element(s) that may have given rise to any new Mu 
element subfamily. In cases like the acquisition of 
MRS-A sequences to form the Mul /Mu2  family, very 
few legacies of the parental Mu element have been left 
behind. This may not always be the case, however, and 
some elements may contain internal segments that are 
homologous to one or more parental elements. Given 
the variable distribution of the known Mu element 
subfamilies, it is likely that some additional subfamilies 
will only be present in a few maize lines or maize 
relatives, or that some Mu subfamilies may have be- 
come extinct. Hence, it is possible that the parental 
elements for some current Mu element subfamilies will 
not be found even with extensive efforts. 

On the basis of structural and transcript hybridi- 
zation criteria, Mu9 has been proposed to be the 
autonomous Mutator element (Hershberger et al. 
1991) and, by analogy to other systems, could be 

viewed as the most likely "original" Mu element. How- 
ever, our sequence comparisons indicate that Mu9 
could be a rearranged version of the "model" Mutator 
element; the internal-most 145 bp of the right end of 
Mu9 appears to have been extensively rearranged rela- 
tive to its left TIR and the Mu5 TIRs (Bennetzen et al. 
1993). There is also a 110-bp region in Mu9 primarily 
composed of scrambled sequences from a similarly 
placed 155-bp region in Mu5 (Bennetzen et al. 1993). 
The TIR rearrangement might have occurred without 
inactivation of the cis-or trans-activational compo- 
nents of an autonomous element. Since only about 200 
bp of the most external portion of the Mu TIR is shared 
by most Mu element subfamilies, it is very likely that 
the interrupted Mu9 TIRs are actually the canonical 
Mu inverted repeats. If this is true, then the longer and 
more perfect TIRs of Mu5 could have been generated 
by the conversion/repair processes discussed above. 
The fact that the innermost 138 bp of the Mu5 TIRs are 
99.5% identical, while the outermost 220 bp of these 
Same TIRs are only 90% identical (Talbert et al. 1989), 
suggests just such a relatively recent origin of the 
internal portions of the Mu5 TIRs. In this regard, it will 
be interesting to see the primary structure of the cloned 
Mu element that has been proven to be autonomous, 
MuR1 (Chomet et al. 1991). 
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