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Abstract Transposable elements are widely distributed in
eukaryotes. Due to its high copy numbers, high forward
mutation rate and preferential insertion into low-copy
DNA sequences, among others, the Mutator system has
been widely used as a mutagen in genomic research. The
discovery, classification, transposition specificity and epige-
netic regulation of Mutator transposons were described. The
application of Mutator tagging in plant genomic research
was also presented. The role of Mu-like elements in genome
evolution was briefly depicted. Moreover, the direction of
Mutator transposon research in the future was discussed.

Keywords maize, Mutator transposon, transposon tag-
ging, epigenetic modification, exon shuffling, genome
evolution

1 Introduction

The discovery of transposition can be traced to January of
1949 from Barbara McClintock’s unpublished manuscript
(Fedoroff, 2001). Transposable elements, or ‘jumping
genes’, are DNA fragments which can move from one
genomic site to another. Transposons are widely distrib-
uted in plants, animals, fungi and bacteria (Okamoto and
Hirochika, 2001).

More and more researchers have shifted their attention
from structural genomics to functional genomics. The
mutant library is the platform of functional genomics
research. There are many ways to construct the library,
including T-DNA insertion and transposon tagging
(Jeong et al., 2002; Kumar et al., 2005). Although Ac¢-Ds
and Spm (En)-dSpm (I) mobile elements were first discov-
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ered in maize, these two transposon tagging elements have
been developed and widely used in exploiting gene func-
tion in heterogeneous plants (Aarts et al., 1993; Jones
et al., 1994).

To date, Mutator (Mu) transposon has the highest
transposition frequency and mutagenicity in the plant
kingdom. Mutator transposon already existed in plants
60-70 million years ago when the differentiation of the
ancestor of rice and maize occurred (Bennetzen, 1996).
Since the discovery of the Mutator system, several large-
scale genomic projects, such as the trait utility system for
corn (TUSC) (Brutnell, 2002), the maize targeted muta-
genesis (MTM) project (May et al., 2003), the maize gene
discovery project (MGDP) using Rescue Mu (Lunde et al.,
2003), the MuArray/ MulD protocol based on fluorescent
labeling technique (Edwards et al., 2002), and the maize
endosperm  development project by UniformMu
(McCarty et al., 2005), have been initiated. Details of
these programs can be obtained from the website (http://
www.mutransposon.org). Moreover, Mutator transposon
tagging has proven to be a powerful and reliable tool for
exploiting gene function in genomics research. Mu-like
elements (MULESs) are capable of reshuffling the host
genome by capturing host genes and gene fragments dur-
ing evolution (Jiang et al., 2004). The interaction between
MULESs and their hosts provides a window for investi-
gating the mode and temple of genome evolution.

2 Discovery of the Mutator system

The Mutator system was first identified and characterized
by Robertson in 1978 (Robertson, 1978). The inbred line
containing active Ac transposon and inbred line W23 were
used as backcross parents. In advanced backcross popu-
lations, Dr. Brink found that some lines lost transposition
activity. Dr. Brink transferred these lines to Dr. Kermicle.
A pale-yellow endosperm mutant was identified by Dr.
Kermicle in self population. Dr. Robertson obtained this
endosperm mutant in 1961. Robertson named the locus
controlling the endosperm color as y9. The line containing
y9 was first crossed with some maize lines to generate F;.
F,; was selfed. In a selfed population, some mutant
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phenotypes during seedling were identified, such as
albino, pale-yellow, pale-green, and spotted leaf.
Further results indicate that the mutation frequency of
populations containing y9 locus was 30 times higher than
that of the common line without y9. Most importantly,
somatic reverse mutation was observed in populations
containing the y9 locus. Robertson speculated that there
was a new kind of mobile element in the population con-
taining y9. Robertson named the line containing y9 locus
as “Mutator”. Because this new mobile element was from
the maize Mutator line, the new transposable element was
referred to as Mutator, short title Mu (Bennetzen et al.,
1993).

3 Classification of Mutator family

The Mutator family can be divided into some subfamilies,
including Mul/Mu2, Mu3, Mu4, Mu6/Mu7, Mu8 and
Mu9/Mu5. All subfamilies share 170-220 bp conservative
terminal inverted repeats (TIRs), and their internal
sequences are distinct (Lisch, 2002). The 1367-bp Mul
has the highest copy number and mutation rate (Barker
et al., 1984). The Cylbz-rcy locus first identified by
Schnable and Peterson (1989) is classified as the Mu7 sub-
family. The 4942-bp Mu9 missing 3748-bp sequences near
its TIRs generated the Mu5 subfamily. To honor Dr.
Donald Robertson for his outstanding contribution to
Mutator system research, the autonomous mobile ele-
ments are all named MuDR (Bennetzen et al., 1993).

MuDR, the master element of the Mutator family, has
two genes mudrA and mudrB (Fig. 1). The transcription
initiation sites of mudrA and mudrB are located in TIRs.
Two genes transcribe convergent from opposite strands
and mainly generate 2.8 kb and 1.0 kb transcripts
(Lisch, 2002). mudrA encodes 120 kDa transposase
MURA, which is highly similar to bacterial transposases.
The 32-bp binding sites of MURA lie in the highly con-
servative TIRs (Benito and Walbot, 1997). mudr B encodes
23 kDa MURB, which is essential for Mu transposition
activity and specially in maize (Jane Hershberger et al.,
1995). The internal sequence of MuDR tends to delete.
When 2.8-kb transcripts were deleted, all transposition
behavior will disappear (Lisch et al., 1999).

MuDR miidrA -
mudrB

Fig. 1  General structure of MuDR
Note: MuDR has 220 bp TIRs (black triangles) at both ends
and two genes mudrA and mudrB. The 9-bp target site duplica-
tions (TSDs) are encompassed by ellipses in Fig. 1. Structures
are not drawn to scale.

How is a Mutator subfamily generated? One hypothesis
is that Mutator subfamilies originate from deletion or
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rearrangement of MuDR sequences (Bennetzen et al.,
1993). Additionally, MULEs transport host DNA
sequences and place these ‘borrowed’ sequences between
their TIRs. Many new types of Mutator subfamilies are
formed this way. It is very useful for mobile elements to
enhance their diversity and viability during evolution.
Transposon Mul.7 research provides the first evidence
of the capture behavior. The ancestor of Mutator subfam-
ily Mul.7 is derived from the functional domain MRS-A4
(Mu-related sequence) in combination with Mu TIRs
(Talbert and Chandler, 1988).

4 Characteristics of Mutator transposition

Mu transposes during the late developmental stage of
reproductive cells (Robertson, 1980). Mu transposes in a
replicative manner in premeiotic cells and gametes (Lisch
et al., 1995). The transposition frequency of Mu is 107>~
107> per gene per generation. The 9-bp TSDs are dia-
gnostic of Mu insertion (Alleman and Freeling, 1986).
Different Mutator subfamilies have different transposi-
tion frequencies. The Mul and Mu2 subfamilies transpose
at least once each generation. On the contrary, the Mu4
subfamily is not mobile (Bennetzen, 1996). Mu preferen-
tially inserts into low-copy and unmethylated DNA
sequences. Mu is able to jump in promoter, exon, intron,
5" leader region and 3’ untranslated region (Hanley et al.,
2000). To a certain gene, Mutator subfamilies may show
the site bias. The site bias may be related with chromatin
structure and DNA methylation (Hardeman and
Chandler, 1993). The frequency of germinal excision of
Mu is very low (<10™* per gene per generation)
(Bennetzen et al., 1993). The Mu insertion mutant is
mainly recessive (Bennetzen, 1996).

5 Epigenetic modification of Mutator
transposons

Mutator transposons and their hosts have a variety of
strategies for their survival during genome evolution.
First, hosts trigger Mu transposition specificity and fre-
quency validly at transcriptional and post-transcriptional
level. Many methods are employed as a defensive system
to restrain Mu transposon ‘flooding’ (Fig. 2) (Lisch,
2002). Of any, DNA methylation modification plays an
important role in modulating Mu transposition activity.
The methylation of cytosine residues, which are located in
the 5’ termini of TIRs, is the hallmark of Mu transposition
activity loss. Hypomethylation generally contributes to
the restoration of mobile ability (Chandler and Walbot,
1986). Lisch and coworkers found that methylation elim-
ination does not cause immediate reactivation of the
silenced Mu transposons. A likely explanation for this
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Fig. 2 Mutator transposon and host interaction during genome evolution
Note: Many strategies, including co-suppression mediated by siRNAs, are adopted by the host to suppress Mu transposition activity.
To avoid extinction, Mu transposons must keep their mobile ability. Rapid amplification and horizontal transfer of subvarients are
useful for maintaining mobile ability. Sequence capture, an important way to communicate, enhances the diversity of genomes.

phenomenon is that complex and particular pathways are
involved in Mu transposon silencing (Lisch et al., 2002).

Paramutation is a heritable change in gene expression
induced by an allelic interaction. The mediator of paramu-
tationl (mopl) gene, an RNA-dependent RNA polymer-
ase gene, is required for paramutation in maize (Alleman
et al., 2006). The mopl mutant is not inclined to change
the methylation state of other transposons except for
Mu elements. In other words, only silenced Mu elements
are demethylated and reactived in mopl mutants
(Woodhouse et al., 2006a, 2006b).

6 Maintenance and loss of Mutator
transposition activity

The maintenance of genomic integrity is partly ascribed to
the optimal self-regulation of transposons. The signifi-
cance of optimal self-regulation is that transposable ele-
ments transpose and expand with the minimum, even
without ‘detriment and cost’, to their hosts. During gen-
ome evolution, there is a lasting struggle between the Mu
transposon and its host. To avoid extinction, Mu trans-

posable elements have no choice but to maintain their
transposition activity. However, negative selective pres-
sures from their host are against their transposition. Mu
transposons are always in an ‘embarrassed’ state. The first
way to overcome host repression is rapid amplification of
Mu subvariants. One massively amplifying Mu transpo-
son subfamily is subject to the host suppression.
Simultaneously, variants of this Mu transposon subfamily
(subvariants) escape the host triggering by chance.
Although many subvariants of the Mutator family have
been found in maize and rice, knowledge on their trans-
position behavior remains limited (Lisch et al., 2001). A
second way to keep Mu transposition activity is by hori-
zontal transfer, where genes shift between reproductively
isolated species. Mu transposons hop into some hosts,
which belong to neutral selection, and do not constrain
their transposition. Diao et al. (2006) found that some
MULEs are capable of horizontal transfer between
Setaria and rice lineages. This marks the first report dem-
onstrating that nuclear-encoded genes can horizontal
transfer between higher plants.

The loss of Mu transposition activity is mainly attrib-
uted to hybrid segregation, internal sequence deletion and
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epigenetic silencing (Bennetzen et al., 1993). A single dom-
inant loci Mu killer (Muk) capable of silencing autonom-
ous mobile element MuDR was also identified in a
minimal line. Muk is the derivative of MuDR element.
Muk results in the methylation of MuDR TIRs. About
26 bp siRNAs are produced during MuDR silencing, indi-
cating that RNA-dependent DNA methylation is
involved in MuDR silence (Keith Slotkin et al., 2003).
Additionally, Muk is unlinked with mopl and does not
influence the methylation state of centromere and
rRNA. It implies that chromatin remodeling caused by
Muk does not occur at the whole genome level
(Woodhouse et al., 2006a, 2006b). This is similar to the
DDM]I gene in Arabidopsis (Jeddeloh et al., 1998).
Moreover, iMuDR (homologous MuDR sequence) is
the product of point mutation and Indel (insertion and
deletion) of MuDR. Although AMuDR cannot transpose,
it is able to transcript and translate normally. The func-
tional defect proteins generated by AMuDR translation
negatively regulate MuDR transposition activity
(Rudenko and Walbot, 2001).

7 Genes cloned by Mutator transposon
tagging

Mutator transposon tagging has been widely used for
exploiting gene function in functional genomics research.
Genes cloned by Mutator transposon tagging in maize are
listed in Table 1. These genes play roles in the growth and
development of organisms such as affecting plant mor-
phogenesis, pigment accumulation, carbohydrate
biosynthesis, and cell programmed death.

8 MULEs and genome evolution

MULEs are widely distributed in grasses, such as rice,
wheat, barely, oat, sorghum, and bamboo (Lisch et al.,
2001). After a genome-wide survey of MULEs in
Arabidopsis thaliana, Hoen et al. (2006) identified some
ubiquitin-like protein-specific protease (ULP). ULP-like
genes have been recruited into non-TIRs regions to form
the autonomous MULEs. Captured ULP-like genes are
found to be used to generate new MULEs in rice and
melon genome as well (van Leeuwen et al., 2007). The
diversity of MULE:s is also discovered through database
minings in Arabidopsis thaliana (Yu et al., 2000). The
structure of MULEs is polymorphic in different species.
Structural diversity may represent functional diversity.
The presence of MULESs in rice and Arabidopsis thaliana
also implies that previous MULEs have the ability to
transpose in dicotyledonous and monocotyledonous
plants. There is evidence supporting the ability of
MULEs (AtMul) to transpose in DDMI mutant in
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Arabidopsis thaliana (Singer et al., 2001). The transposi-
tion behavior of MULEs (Hopl) is observed in fungi
(Chalvet et al., 2003). To date, MULEs have not been
found in animals (Bennetzen, 2005).

Many MULEs are capable of reorganizing host genes
or gene fragments. Jiang et al. (2004) referred these chi-
meric elements to Pack-MULEs. There are more than
3000 Pack-MULEs in rice containing gene fragments
from over 1000 host genes. Genes capture occurs at
DNA level. Intriguingly, some MULEs have the ability
to fish gene fragments from multiple chromosomal loci
and fuse them together (Fig. 3). By genome sequence
shuffling and duplication, many distinct genes with novel
biological functions are generated. The mechanism and
frequency of gene shuffling are not well known to date.
It is presumed that DNA replication errors in repairing
double broken strands caused by transposon excision con-
tribute to gene capturing (Dooner and Weil, 2007).

9 Possibility of Mutator system used as
transformation vector

The P element has been successfully used in increasing
transgenic efficiency in Drosophila (Ryder and Russell,
2003). The Mutator system has high transposition activity
and is very similar to the P element. It implies that the
system can be adopted as a transformation vector to
increase transgenic efficiency in maize. Unfortunately,
MuDR tends to lose its transposion activity in E. coli
and Agrobacterium. mudrA gene encoding transposase
MURA produces frameshift and point mutation in E.
coli. Moreover, mudrA containing introns is toxic in E.
coli (Rudenko and Walbot, 2001). This makes it difficult
to transfer the Mutator system to heterogenous plants.
One way to solve this problem is to modify the mudrA
gene. By adding regulatory sequence into mudrA gene, it
makes transposase MURA express in the transformation
receptor, not in E. coli.

10 Perspectives

There is no doubt that the discovery of autonomous
mobile element MuDR is a landmark in Mutator system
research. Some problems concerning the MuDR element
need to be further investigated, including the mechanism
of MuDR high transposition frequency and epigenetic
silencing. How to suppress MuDR transposition activity
by Muk also needs to be analyzed at transcriptional level.
The application of Mutator systems in heterogenous
plants is a challenging proposition. The interaction of
MULEs and their hosts during genome evolution is the
hotspot in Mutator system research. To date, there are still
many unanswered questions relating to the functions and
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Chr. 1 VAN N

Fig. 3 Schematic diagram of gene capture from multiple loci
Note: Pack-MULESs capture gene fragments of Chr. 1 and Chr.
2, then combine them together. Exons are indicated by open
boxes in Chr. 1 and griddings in Chr. 2, respectively. Introns are
shown by single lines. Start codon and stop codon are denoted
by diamond and star, respectively. TIRs at both ends are fig-
ured by black triangles. 9-bp TSDs are circled by ellipses in
Fig. 3.

fates of captured genes and gene fragments. One hypo-
thesis is that most captured gene spieces belong to pseu-
dogenes (Gupta et al., 2005). Only a few captured gene
segments, which express under certain environmental con-
ditions, may be involved in the regulation of exiting gene
expression (Juretic et al., 2005). In such a scenario, these
pseudogenes will be lost from the host genome within a
few million years due in part to the ‘dilution’ effect.
Alternatively, there is an increasing body of evidence that
these chimeric transcripts have novel functions, including
cell defence and signal transduction (Jiang et al., 2004,
Lisch, 2005). The functions of chimeric genes need to be
further verified by experimental methods such as mutagen-
esis or other methodology. Microcolinearity violation
does exist within the species (Lai et al., 2004, 2005).
Taking into account the capturing behavior of transpo-
sons, it is reasonable to reassess the microcolinearity viola-
tion (Bennetzen, 2005). Evidently, sequence information
derived from large-scale sequencing projects is invaluable
for elucidating the mechanism of microcolinearity viola-
tion. It is obvious that the Mutator system is mature
enough for genome research. However, somatic insertion,
cosuppression and low frequency of germinal excision
increase the complexity of Mutator system research.
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