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ABSTRACT
Themariner/ Tclsuperfamily of transposable elements is one of the most diverse
and widespread Class Il transposable elements. Within the larger assemblage,
themarinerlike elements (MLEs) and thecl-like elements (TLES) are distinct
families differing characteristically in the composition of the “D,D(35)E” cation-
binding domain. Based on levels of sequence similarity, the elements in each
family can be subdivided further into several smaller subfamilies. MLEs and
TLEs both have an extraordinarily wide host range. They are abundant in insect
genomes and other invertebrates and are found even in some vertebrate species
including, in the case ofariner, humans, in which one element on chromo-
some 17p has been implicated as a hotspot of recombination. In spite of the
extraordinary evolutionary success of the elements, virtually nothing is known
about their mode of regulation within genomes. There is abundant evidence that
the elements are disseminated to naive host genomes by horizontal transmission,
and there is a substantial base of evidence for inference about the subsequent
population dynamics. Studies of engineenearinerelements and induced mu-
tations in the transposase have identified two mechanisms that may be operative
in mariner regulation. One mechanism is overproduction inhibition, in which
excessive wild-type transposase reduces the rate of excision of a target element.
A second mechanism is dominant-negative complementation, in which certain
mutant transposase proteins antagonize the activity of the wild-type transposase.
The latter process may help explain why the vast majority of MLEs in nature
undergo “vertical inactivation” by multiple mutations and, eventually, stochastic
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loss. There is also evidence timariner/ Tclelements can be mobilized in hy-
brid dysgenesis; in particular, certain dysgenic crossBsasophila virilisresult
in mobilization of a TLE designateBaris as well as the mobilization of other
unrelated transposable elements.
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INTRODUCTION

This is a summary review of threarinerfamily of transposable elements: What

do we know? What do we not know that we should? Why is it important that
we know it? The end of the matter is that we know the most about mechanism
(much of it by inference from related transposable elements). We also know
quite a lot about general features of population dynamics and evolution, al-
though we are short on the details and lack a comprehensive model. The major
gap is that we know almost nothing about regulation. That the study of regula-
tory mechanisms has not been pursued more aggressively is quite paradoxical,
because regulation is perhaps the key issue in the applicatioadherlike
elements to methods of germline transformation of insect pests and vectors of
human disease. Happily, experiments carried out for other purposes have re-
cently identified several candidate mechanisms of regulation that may, singly
or in combination, mediate regulation of this important family of transposable
elements.
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RELATION TO OTHER D,D(35)E ELEMENTS

Members of themariner family of transposable elements (MLES), as well as
members of its presumed sister group, el family (TLES), are of great
current interest for a number of reasons. First, they are eukaryotic members
of a larger superfamily of transposable elements that includes such prokaryotic
members as the bacteriophage Mu, the transposadh dmd many bacterial
insertion sequences including tBscherichia colielements 13, 1S3, 1S4, and
IS30(19). Themariner/TcllS superfamily of transposable elements is related

to a still larger assemblage of sequences that includes human immunodeficiency
virus (HIV) and thecopia and gypsyfamilies of long-terminal-repeat (LTR)
retrotransposons (15).

What these sequences have in common is that their transposase or inte-
grase proteins include a sequence motif called the D,D(35)E motif, which con-
sists of two aspartic acid residues, typically separated by more than 90 amino
acids, followed by a glutamic acid residue, typically 34 or 35 amino acids fur-
ther toward the carboxyl end (19). Given its rather vague specification, the
D,D(35)E moatif is more a sort of signature than a “motif” in the usual sense of
the word. Nevertheless, the signature is found in a very diverse set of proteins.

The possible evolutionary relationships between various members of the
D,D(35)E superfamily have been examined by molecular phylogenetic meth-
ods (15). Even though there are not a large number of phylogenetically infor-
mative sites in the blocks of amino acids surrounding the key acidic residues
of the D,D(35)E signature, the analysis does lead to three seemingly robust
conclusions. First, theariner/Tclsuperfamily, on the one hand, and the LTR
retrotransposons and retroviruses, on the other hand, are separated into two
monophyletic groups. Second, the bacterial IS elements in the superfamily are
located willy nilly in the tree and not in a coherent group; it is not clear whether
the dispersion of the IS elements results from an inadequate number of phylo-
genetically informative sites or whether the IS elements are truly polyphyletic.
Third, there is relatively strong bootstrap support (though still less than 80%)
that groupsnarinerelements withifcl elements.

The apparent common ancestry of MLEs and TLEs is all the more interesting
in light of the fact thatmarineris the only member of the extended D,D(35)E
superfamily that does not have the D,D(35)E signature. Bear in mind that the
D,D(35)E signature is not a consensus sequence in the usual sense of “majority
rule” over a set of aligned sequences. Indeed, the three acidic residues are
absolutely invariant across members of Tted family thought to be functional
(65), and the last two are invariant across members of the extended superfamily,
prokaryotic IS elements included (19). In contrast, itherinerlike elements
have the signature D,D(34)D (65). Does it matter? Who would bet it does?
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After all, glutamic acid and aspartic acid are both acidic residues, the pK values
for the side-chain carboxyl groups are almost the same (4.3 versus 3.9), achange
from one residue into the other is “conservative,” and the amino acids are often
found at corresponding sites in homologous proteins. The answer, however, is
that it does matter. Imariner, the “conservative” change from D,D(34)D to
D,D(34)E completely obliterates transposase activity (40).

MECHANISM OF TRANSPOSITION AND EXCISION

Much of the work on the extended D,D(35)E superfamily concerns molecular
mechanisms. What is the molecular structure of the transposase? What are
its DNA-binding sites and what sequences are recognized in the transposable
element that is mobilized? What is the molecular mechanism of transposition?
Is the transposase alone sufficient to carry out the transposition reaction?

The D,D(35)E motif is thought to be a key player in the reaction mechanism,
part of the active site that serves as a binding domain for a divalent cation
(Mg?* or Mn?*) necessary for catalysis (34). The unifying mechanistic feature
of proteins that share this motif is the ability to execute a single-strand scission
in a duplex DNA molecule that exposes a reactivaygiroxyl (18). A single-
strand scission at each end of a mobile DNA sequence is the essential D,D(35)E
contribution to the simple insertion of a retrovirus or to cointegrate formation
of bacteriophage Mu (55). In each case, the reactivey@roxyl groups are
joined with nucleotides at displaced positions on opposite strands of a target
sequence, which, when repaired by host enzymes, creates the direct duplication
characteristic of transposable element insertions.

The transposase reactions of many Class Il transposable elements initiate with
a staggered cleavage of both strands at each end of the transposable element.
The entire element is thereby released from the donor molecule and free to insert
by a “cut-and-paste” mechanism into a target site, again through initial joining
of the 3 overhanging ends of the transposable element (18). Theeshang
created at the vacated target site apparently forms a short heteroduplex, which
is repaired by the host mismatch repair system and results in a characteristic
“footprint” after excision. First established for Tii17) and Tri0(33), the cut-
and-paste mechanism is also the mode of transpositibolfelated elements.

For Tc3and for onemarinerlike element, the cut-and-paste mechanism has
been demonstrated in vitro (35, 76, 77).

Based on general similarity witlicl-related elements, the presumption is
very strong that alinarinerelements also transpose by a cut-and-paste mech-
anism. The strongest indirect evidence comes from the footprints left after
marinerexcision. The experimental assay is based on a two-component exper-
imental system ilDrosophila. One component consists of ts1(mosaic-)
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Figure 1 Sequence organization of tMos1mariner element.

mariner element, which supplies the functional transposase. This element is
a full-length element of 1286 base pairs (bp), including the 28-bp inverted re-
peats, containing an uninterrupted open reading frame that codes for a putative
transposase of 345 amino acids (52,54). The functional organization of the
Moslelement is illustrated in Figure 1. The locations of the D,D(34)D sig-
nature residues are indicated. A bipartite nuclear localization signal has also
been identified by sequence similarity to a bona fide nuclear localization signal
present in certain TLES in zebrafish (26). The middle R of the RRK region is
conserved in both MLEs and TLEs (65); genetic evidence that it is essential
comes from an R-to-H mutation in thdos1transposase, which completely
eliminates activity (40).

The second component of the transposase assay is an inactiireer ele-
ment, calledpeach which is also a full-length element but one coding for an
inactive transposase (22, 27). Tpeachelement differs fromMosZlat 11 nu-
cleotide sites, including four amino acid replacements (52, 53). Presence of the
peachelement is detected through its phenotypic effects when inserted in the
5 noncoding region of th¥-linkedwhitegene; thgpeachinsertion in thevpch
transgene results in peach-colored eyes. Excision opdlaehelement from
wpchby functional transposase suppliedtiansrestores wild-type expression
of thewhite gene. In the soma, excision results in eye-color mosaicism (red
spots on a peach background); in the germline, it results in a reverse mutation
of wpchto wild type (9, 10).

In the wpchexcision assay, thBloslelement is highly active, resulting in
eye-color mosaicism in all flies that carry it (52,54). The type of footprints
remaining aftepeachexcision are exactly analogous to those found itB,
except that they are of a different length (8)c3 excision results in a typical
footprint consisting of two base pairs derived from either ther8he 3 end
of Tc3 and flanked by the TA target-site duplication created in the original
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Figure 2 Mechanism ofmariner excision inferred from excision footprints expected from mis-
match repair of the 3-bp heteroduplex (8). The pins denote the locations of the staggered cuts.
Modeled after the mechanism of excision and mismatch repdic8{76).

insertion event (76). The typic@t3footprintis therefore either 5STACATA-3’

or 5-TATGTA-3'. Moslexcision of the peach element yields a footprint of
the same type but including three nucleotides from either end of the element
instead of two. ThéMos1footprint is therefore usually eithef-FACCATA-3’

or 5-TATGATA-3'. These are the expected result of mismatch repair of a
heteroduplex formed by a double-stranded cleavage flankirgetaehelement

in such away as to leave &@serhang of three base pairs at each end (Figure 2).
Analysis of 20 independemarinerexcision events yielded 10 footprints of the
5-TACCATA-3 type, 8 of the 5TATGATA-3' type, and 2 with more complex
types of resolution (8).

DISTRIBUTION AMONG ORGANISMS

There are also wide-ranging evolutionary issues relative to MLEs and TLEs.
The elements are probably the most widespread and diverse group of Class Il
transposable elements found in animals (65, 67). They are prevalent not only
in insects and other invertebrates but also in vertebrates, including the human
genome. Judging from the sequence diversity of elements present within a
genome, MLEs can persist in a genome through evolutionary time, including
passage through speciation events.
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Insects and Other Invertebrates

The first demonstration of a wide phylogenetic distribution of MLESs came from
PCR amplifications using degenerate oligonucleotide primers complementary
to regions of the putative transposase found in elementsBrasophila mauri-
tianaandHyalophora cecropig64). In the initial survey of 404 insect species,
63 of the genomes were found to contain MLEs (69). The insect species in
which MLEs are present represent all major orders. The MLEs themselves can
be grouped into at least five distinct subfamilies based on three criteyieach
subfamily forms a distinct group in the phylogenetic tree (but usually not with
strong bootstrap supporth)the putative transposase from each subfamily con-
tains certain diagnostic amino acids for the subfamily, ajé#&ch subfamily
usually has at least one shared insertion/deletion characteristic of the subfamily
(69). The major subfamilies are designataduritiang cecropig mellifera,
irritans, andcapitata after the species in which the subfamily was originally
identified (69). There are at least an equal number of minor subfamilies (65).
At the DNA level, pairs of MLEs from different subfamilies are 40-56%
identical in nucleotide sequence. When the putative transposase proteins are
optimally aligned (usually after introducing small insertions or gaps in the
DNA sequence to disclose an open reading frame), the transposase proteins
from members of different subfamilies are 23-45% identical at the amino acid
level (64). MLEs are also found in invertebrates other than insects, includ-
ing the centiped&cutigera coleoptratand a tipulid mite (69), the nematode
Caenorhabditis eleganér2), and the planariaDugesia(Girardia) tigrina
(20,21). Among the most divergent MLEs is an element isolated from the
silk moth Bombyx mori This Bmmarlelement has many of the consensus
amino acids found iffcl-like elements, which is attributed to shared common
ancestry betweefcl-like elements and MLEs; but tHtmmarlelement also
has sites diagnostic of MLESs, including the residues DY at amino acid positions
315 and 316 (66).

Humans and Other Vertebrates

Perhaps the most unexpected host for MLEs is the human genome, but they are
indeed present in humans and also in other vertebrates. Three subfamilies of
MLEs have been identified in the human genormoecropia(3, 56, 60, 70, 74),
irritans (60), andmellifera(74). These elements appear to have been present for
avery long time, and it is not known whether functional copies are still present
(56, 70). The copy number of each MLE has been estimated at 100-300 (60).
A derivative of the humagopiasubfamily element has been identified that
consists of a pair of 37-bp inverted repeats flanking a 6-bp unique sequence
(60, 74). This element, callédrs (60) orMade1(74), is presentin an estimated
1000-5000 copies (60). The inverted repeat®¥of have only one mismatch
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with the consensus complete MLE. It seems likely that the truncated element
has proliferated in the human genome owingréms-activation by the cognate
MLE transposase (60).

A pair of MLEs separated by about 1.5 Mb in human chromosome 17p11.2-
p12 has recently received considerable attention because of its potential role
in human disease (24). These particular MLEs are part of a lar@érkb
duplication called theCMT1A-REPrepeats. TheCMT1A-REPrepeats are
prone to undergo misalignment and unequal crossing-over in male meiosis,
resulting in recombinant chromosomes that carry either a duplication of the 1.5
Mb or the complementary deletion. Within the 1.5 Mb is contained the gene
for peripheral myelin protein 22PMP22, and the duplication and deletion
products result in distinct hereditary neurological syndromes, namely, Charcot-
Marie-Tooth disease type 1A (CMT1A) and hereditary neuropathy with liability
to pressure palsies (HNPP), respectively. Analysis of the CMT1A-REP repeats
have implicated the MLE as the hotspot of recombination (32, 63).

What do MLEs do? At one level, they may represent “selfish DNA” that
invade the genome and are able to persist through time by virtue of their ability
to replicate and transpose. The elements are maintained presumably against
negative selection pressure resulting from slightly detrimental changes in gene
expression due to insertion. (Favorable mutations are possible but much less
likely.) Mariner elements are active in somatic cells, and it has been demon-
strated that somatic activity can result in a shortened life span and other unfa-
vorable effects on fitness Drosophila(57). A second type of host effect may
derive from the ability of the elements to serve as targets for DNA cleavage,
as exemplified by the MLE implicated as a hotspot of recombination in human
17p.

COPY NUMBER AND SUBFAMILY COEXISTENCE

The copy number of MLEs varies tremendously from one speciesto the next. At
the low end of the scale are species that have a very small number of copies, such
asDrosophila sechelliawhich has just two copies of an MLE closely related

to Mos1(14). D. mauritiang from whichMoslwas derived, has-30 copies

of this subfamily. It is not unusual to find species witti00 copies of any
MLE subfamily, such a®. erectg which has approximately this abundance
of an element in thenellifera subfamily (45). Next on the scale are MLEs
present in~1000 copies per genome, for example, teeropiaMLE found

in Hyalophora cecropig38). The planariambugesia tigrinacontains~8000
copies of acecropiasubfamily MLE (20). However, the current record for
copy number is held by ainritans MLE in the horn flyHaematobia irritans



MARINER/TC1 345

which is found in approximately 17,000 copies and accounts for 1 percent of
the total genome (68).

What accounts for the differences in copy number is not known. Each sub-
family of MLE apparently represents a different lineage. There may be dif-
ferences in promoter strength (perhaps depending in part on the host species),
differences in selection against MLE insertions (population size is certainly
one factor to consider), differences in regulatory mechanisms among species
(orin the relative preponderance of MLEs that have regulatory capabilities), or
differences in interactions among MLE subfamilies.

Not only do copy numbers vary among species, multiple MLE subfamilies
can exist in the same genome. There are many examples in a variety of or-
ganisms (64, 69), including human beings (70). Tingliferaelement found
in D. erectais also present ilb. yakubaandD. teissieri(45), and these latter
species also contain MLEs from theauritianasubfamily (51). The greatest
number of coexistent subfamilies thus far identified is in the Mediterranean
fruit fly Ceratitis capitatawhose genome contains MLEs from at least four of
the major subfamilies (69).

Do the MLE subfamilies in a genome interact? Do they cross-regulate one
another? Are there transposases that can bind to elements in more than one sub-
family? Can any of the subfamilies cross-mobilize? Do they compete for target
sites? Do they act independently in their effects on fithess? Are the different
subfamilies functionally divergent with respect to their ability to transpose and
self-regulate in different groups of organisms? Interesting questions, all, but
none of them resolved.

VERTICAL INACTIVATION

Although MLEs are abundant in many animal genomes, the majority of MLEs
present in natural populations are nonfunctional pseudogenes. Many are in-
active because they contain multiple chain-termination, deletion, or frameshift
mutations that disrupt the open reading frame (64, 69). Others have an open
reading frame with only missense replacements but produce an inactive trans-
posase; examples include tmauritianaelementpeach Ma31Q Ma311, and
Ma331from D. mauritiana(52). Still other MLEs with an open reading frame
produce atransposase with very limited activity (13, 52). Granted that not many
MLEs have actually been tested for activity in vivo, Mais1and closely related
mauritianaMLEs are the only elements so far demonstrated to be functional in
an intact organism. Indeed, actiMosl-related elements are active in natural
populations ofD. simulans(11, 13,16). Oddly, an element from tireitans
subfamily that has been reported to be functional in vitro does not appear to
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function when present iD. melanogaste(35). For that matter, neither does
Tclappear to work iD. melanogaste(75).

Why are most MLEs inactive? The simplest model is mutation pressure. If
an MLE is not selected for function, then mutations may accumulate by chance
alone. Since most insertions of transposable elements are probably short-lived
owing to slightly detrimental effects on fitness (28), the ability of MLES to be
mobilized by transposase suppliedtians would seem to be critical. Trans-
posable elements thatinsert in heterochromatin, such asahigerasubfamily
MLE in D. erecta which is concentrated in heterochromatin (45), may have
less of an effect on fitness and persist longer, thereby allowing more time for
mutations to accumulate. In a euchromatic location, once an MLE loses the
ability to move, it seems virtually doomed to extinction. It is also possible
that transposition itself is mutagenic, although transposition by a cut-and-paste
mechanism of a sequence that has been replicated by the host machinery ren-
ders this possibility unlikely except for regions at the ends near the cleavage
sites.

In accounting for the prevalence of inactive elements, a more interesting
possibility is that there is positive selection pressure for them. Inactive ele-
ments may participate in the regulation of transposition in at least two ways.
First, in serving as substrates for transposition, they titrate the functional trans-
posase, yet their multiplication does not increase the total amount of trans-
posase produced. A prevalence of inactive elements would therefore tend to
ameliorate the dysgenic effects of excessive transposase production and trans-
position. A second mechanism of regulation offered by MLEs with inactive
open reading frames is that of direct interference with functional transposase,
either through competition for transposase binding sites or through poisoning
the transposase with inactive subunits. Both of these mechanisms have been
described (40, 46).

STOCHASTIC LOSS

In species whose phylogeny is known and in which MLEs have been studied,
it is often found that a species whose genome almost certainly contained an
MLE at the time of speciation no longer harbors the element. The subfamily of
MLEs is said to have undergone stochastic loss (45), which means that, for a
long enough time, the rate of loss of elements by random genetic drift exceeds
the rate of gain by transposition until, eventually, no elements remain in the
genome. (Excessive sequence divergence is also a mechanism of “stochastic
loss” because the elements can no longer be identified by PCR or DNA hy-
bridization.) Among MLEs, the best known examples of stochastic loss are
in the subgroup of species related@omelanogaster In this case, sequence
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comparisons indicate that theauritianasubfamily of elements was present in

the common ancestor of the subgroup but lost in the lineage leadihgtecta
andD. oreng on the one hand, and in the lineage leadin®tanelanogaster

on the other hand (12, 51). Studiesdfsechelliaidentify what appears to be

a stage just short of stochastic loss. The genome of this species contains two
elements, each of which is fixed in the population (14). One element is inactive
owing to the presence of three deletions, the largest of which eliminates almost
the entire 3half of the element; the other contains an open reading frame that
appears to code for a transposase with very low or no activity (14). Given this
situation, there must have been a time when the presently fixed insertion sites
were both polymorphic, and an alternative course of evolution would have been
fixation of the noninsertions rather than the insertions, yielding stochastic loss.
Even though the MLEs are still presentinsechellia it seems inevitable that,
barring reinvasion by horizontal transmission or interspecific hybridization, the
MLEs will eventually be lost either by deletion, which happens at a high rate
in Drosophila(61), or by sequence divergence.

HORIZONTAL TRANSMISSION

Soon after the discovery of thdoslelement, MLEs capable of hybridization

with it were found in distantly related species (50). A case in point is the
isolation of an MLE fromZaprionus tuberculatughat was 97% identical in
sequence with th&loslelement fromD. mauritiang whereas anauritiana
subfamily element from a species in the same subgenus, nainelyacasi

was only 92% identical wittMos1(50). On the face of it, this sort of evi-
dence suggests horizontal transmission, because the MLE sequences are much
too similar given the phylogenetic distance between the species. Even within
smaller assemblages of the family Drosophilidae, the distribution of MLEs is
often nonuniform and inconsistent with the phylogeny of the host species (7).

Examples from Insects and Other Invertebrates

One example of horizontal transmission across orders of insects is summarized
in the data in Table 1. The comparisons are between an MLE im#ikfera

Table 1 Evidence for horizontal transmission

Sequence Identical Different  Percent

comparison nucleotide  nucleotide identity
Demarl2vs Cfmar10.6 140 6 95.9
Demarl19vs Cfmar10.6 148 1 99.3

Nat-K* pump gene 403 631 39.0
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subfamily isolated from eitheD. erecta(Demarl2and Demarl9 or from

the cat fleaCtenocephalides feli&fmar10.6§. Across about 150 codons, the
identity of the nucleotides in the third position was 96-99%. The contrast
with the chromosomal gene for the sodium-potassium transmembrane pump is
striking: only 39% identity in this case. (The comparison here is between the
genes inD. melanogasteandC. felis but the divergence times must be the
same as that fdD. erectaandC. felis)

A strong similarity between MLES in very distantly related species is taken
as evidence for horizontal transmission (64). Many other examples based on
the same type of evidence have also been found. For example, the major type
of MLE clones from the horn flilHaematobia irritansis >90% identical in
nucleotide sequence with that frokmopheles gambia@hereas these species
diverged at least 200 Mya; similarly, the major type of MLE clone from the
earwigForficula auriculariais >90% identical with that from the honey bee,
although the divergence time between the species is greater than 265 My (64).
Interordinal horizontal transmission is also indicated by the observation that
anirritans subfamily elementis-88% identical in nucleotide sequence between
Drosophila ananassaé@nopheles gambiaklaematobia irritansand the green
lacewingChrysoperla plorabund#68). Interphylum horizontal transmission
has also been reported in the caseaderopiaelement in the planaridbugesia
tigrina, which is not found in other species of planaria and- &% identical
at the nucleotide level with eecropiaelement from an ant (20).

The horizontal transmission ofaecropiaMLE into Dugesia tigrinais es-
pecially interesting because of the high copy number of this element and the
apparently quite recentinvasion (20, 21). It suggests that, at leastin some cases,
newly introduced MLEs can undergo an explosive increase in copy number. An
early explosive increase after horizontal transmission also seems to have taken
place in horn flyHaematobia irritang68), but it is not inevitable, as the related
MLE invader in the genome ddrosophila ananassars present in only three
copies (68).

Although horizontal transmission is strongly suggested by compelling se-
guence similarity between MLEs in highly divergent species, a truly rigorous
proof of horizontal transmission requires more than excessive sequence sim-
ilarity. In the Zaprionusexample, the gene for alcohol dehydrogenassh)
was sequenced and analyzed in comparison with homologous sequences from
variousDrosophilaspecies. The inferred molecular phylogeny of ffthgene
was found to be significantly different from that of the MLE sequences. In par-
ticular, the MLE fromZaprionusgrouped closely with the MLEs isolated from
themelanogastespecies subgroup, whereas tahgene fromzZaprionusfell
as an outgroup (50). A nonparametric approach to this type of analysis is given
in Reference 37.
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Prevalence of Horizontal Transmission

Whereas the occurrence of horizontal transmission of MLEs can be regarded
as well established, the rate at which horizontal transmission takes place is
unknown. Depending on the opportunities for horizontal transmission, the rate
may vary substantially through time and in different groups. It may be asking
too much to expect a rate per unit time. Perhaps a useful measure is the relative
rate, relative to, say, the rate of speciation. InEhanelanogastesubgroup,

the rate of horizontal transmission of MLEs seems to be on the same order
of magnitude as the rate of speciation (45,51). This subgroup has undergone
seven episodes of speciation, and there are two verified horizontal transmissions
(45, 50). (The evidence does not indicate the direction of the transmission, but
for estimating rates the direction does not matter.) Whatever the actual rate
of horizontal transmission, the process is apparently critical to the long-term
survival of MLEs because, otherwise, vertical inactivation and stochastic loss
would ultimately render each lineage extinct (45, 68).

The primary vectors for horizontal transmission of transposable elements are
still matters of speculation. Candidate vectors have been discussed (29, 30), and
a mite has been suggested as a specific vector for transmission of MLEs be-
tween species dbrosophila(25). There are many other possibilities: external
parasites, infectious agents, intracellular parasites and symbionts (especially
those in the germline), DNA viruses, RNA viruses, retroviruses, even hitchhik-
ing in other transposable elements. Considering the great diversity of animal
groups into which MLEs have invaded, it is possible that many different kinds
of vectors can be used.

GERMLINE TRANSFORMATION

The utility of P-element transformation iDrosophilahas been a strong incen-
tive to the development of germline transformation in other insects, especially
agricultural pests and insect vectors of human disease. A variety of transposable
elements are candidates for such systems (23, 49, 58, 59, 79).

The MLEs and TLEs are also of greatinterest as potential vectors for germline
transformation because of their wide taxonomic distribution and their apparent
indifference to host factors (31, 78). Gene transfer into the Med#yatitis
capitatawith a TLE from Drosophila hydeihas already been demonstrated
(47,48, 71) and made a great stir (2). Among MLEs Mus1system has been
shown to be capable of supporting germline transformation in various species
of Drosophila(39, 42, 43).

The autonomouMoslelement includes several convenient restriction sites
for the insertion of exogenous DNA, includingSal site at 349 and &ad
site at 790 (Figure 1). Initially, studies were carried out with a vector, called
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MIwB, having a 11.9-kb cassette inserted into 8w site; the cassette in-
cluded arhsp70:mini-whitegene as well as aa. coli 8-galactosidase reporter
gene and plasmid sequences for transformation rescue. When coinjected with
Mos1helper plasmid, the rate of transformation was 0.7%, or about 20-fold
less than that dfloslalone (39). The transformants were found to be remark-
ably stable in the presence of transposase (44). To assess whether size alone
was an important factor in the relative stability of tNdwB transformants,
another vector was constructed with only a 4.5Hdp70:mini-whitecassette
inserted into th&ad site. This also proved to be quite stable in the presence of
hsp70:Mosltransposase (44). Subsequent studies have shown that both con-
structs can be mobilized at a low frequency; both excision and transposition
were observed and showed typical DNA-sequence characteristiografier
transposase activity (43).

The two variables in these types of experiments are size of insert and choice
of insertion site. Insertion at any position in a transposable element necessarily
disrupts sequences that could, in principle, be important for DNA binding and
transposition (43). To separate size from site, we have created a composite
vector consisting of two directly repeated copies of peachelement flank-
ing anhsp70:mini-whitecassette (ER Lozovskaya, DI Nurminsky & DL Hartl,
unpublished). To prevent the element at each end from serving as a transpo-
sition or excision substrate, the two base pairs of the IR immediately adjacent
to thehsp70:mini-whitevere mutated. When introduced into the genome of
D. melanogasterthis composite construct does responti$p70:Mosltrans-
posase. In particular, about 11% of the flies are somatic eye-color mosaics, ap-
proximately half of the flies yielding one or more white sectors (expected from
somatic excision) and the other half with one or more dark red spots (expected
from somatic transposition). The 89% of the flies that are not obviously mosaic
for eye color are also somatic mosaics, because a PCR product diagnostic of
excision can be amplified. Length alone, then, does not seem to dramatically
impair transposition or excision, as the composite construef7Zid kb. Why
is the rate of somatic excision not greater than 11%? Perhaps the extra pair of
inverted repeats, although mutated, nevertheless serve as transposase binding
sites that interfere with transposase utilization of the extreme outer ends.

Thus, the simplest explanation of the relative stability of$lag constructs
is that an insertion in th8ad site disrupts a region necessary for transposase
recognition. This hypothesis would also explain why the region around the
Sad site is quite strongly conserved in amino acid sequence (64).

MECHANISMS OF REGULATION

Although germline transformation is not the main focus of this review, germline
transformation is relevant because it motivates perhaps the largest unanswered
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biological questionregarding MLEs and TLEs: How are they regulated? Unless
one knows something about the regulation of these elements, how is one to
devise a suitable strategy for germline transformation of diverse insects and,
perhaps, other organisms? To illustrate the conundrum, suppose one has a pest
insect, sayMandibulatis giganticalnot a real species), which contains three
major subfamilies of MLE in its genome. Should we isolate these MLEs and
engineer them into transformation vectors for the species? The logic seems
sound. If they are present in the species, then they certainly can function in
the species, and they are therefore ideal candidates as transformation vectors.
But wait. What if they are regulated? What if their transposition is largely
repressed? In that case, using MLEs isolated from the target species is the
worst possible strategy. The presence in the species does not mean that they
are active now, and continuously; it means only that they were active at one
time.

Are there mechanisms of MLE regulation? In principle, there need not be
any specific mechanisms. An MLE newly introduced into the germline of a
species may at first transpose without let or hindrance, increasing explosively
in copy number until, finally, there is so much genetic damage that heavily hit
chromosomes are eliminated by natural selection against their carriers. The
role of natural selection is probably minimal at first but increases gradually
in intensity. Eventually, an equilibrium is reached at which the gain of new
elements by transposition is offset by their loss through natural selection and,
through time, vertical inactivation and stochastic loss begin to take their toll on
the number of functional elements. But if this is a correct scenario, then what
accounts for the sometimes very large difference (1-2 orders of magnitude) in
the number of MLEs in closely related species? Chance, perhaps, but in the
absence of a comprehensive mathematical and computational theory, one does
not know what to expect.

On the other hand, regulatory mechanisms governing many other types of
transposable elements are well known, both in eukaryotes and prokaryotes (4).
Some of these mechanisms are exquisitely adapted to the host, such as the
germline-specific splice of the-element transcript itbrosophila(36). The
evolution of a regulatory mechanism for a transposable element implies, first,
that sufficient mutational genetic variation exists in both the transposable ele-
ment and the host to fashion such a mechanism and, second, that the force of
natural selection is sufficiently strong to incorporate the mechanism into the
transposable element as well as into the host genome. There is also a sort of
group-selectionist argument favoring the evolution of regulation, not unlike the
argument for the evolution of reduced virulence in pathogens, which is that
transposable elements that regulate their own activity, perhaps in concert with
host factors, will persist longer in lineages owing to reduced natural selection
for their elimination. In any event, the apparent ubiquitousness of regulatory
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mechanisms makes it seem unlikely that MLEs and TLEs have remained unaf-
fected by the mutational and evolutionary forces that have shaped the regulation
of other types of transposable elements.

There is also experimental support, not only for the existence of regulatory
mechanisms for MLEs, but also indicating what these mechanisms might be.
Let it be emphasized at the beginning that the experiments involve engineered
laboratory constructs and induced mutations, so it has yet to be ascertained
whether these mechanisms are operative in natural populations. Nevertheless,
the regulatory effects are manifest.

Overproduction Inhibition

One type of regulatory mechanism is observed wherMbeltransposase is
produced at a high level. This effect was observed initially with constructs
consisting of easp70promoter fused to part of tHdos1promoter and driving
transcription of theMosltransposase reading frame (41). The assay for trans-
posase activity was germline excision of geachelement from thevpchtrans-
gene, resulting in revertants with wild-type eyes. The regulatory phenomenon
is called “overproduction inhibition.” Increasing the number of copies of the
Mos1construct decreases the rate of germline excision by 25% &t 25d by

45% with heat shock; heat shock alone decreases the rate of germline excision by
13% with one copy of thilos1construct and by 37% with two copies (41, 46).
The mechanism of overproduction inhibition is still under investigation.

Dominant-Negative Complementation

A second type of regulatory mechanism is observed in certain missense muta-
tions in theMosltransposase (41, 46). In the presence of these mutations, the
overall activity of the wild-type transposase is decreased invfighgermline
excision assay. This effectis not observed with all missense mutations. Among
18 missense mutations in the transposase, 7 had no effect on wild-type trans-
posase as assayed by the raterp€hexcision (40). This is the result expected

of classical amorphic or loss-of-function mutations, and included in this class
is a knockout of the initiator methionine codon. Another eight of the mutations
did have an effect on the activity of wild-type transposase; in the presence of
the mutation, the rate afpchexcision decreased significantly from wild-type

to a level approximately equal to half that of wild-type. The greatest effect
was observed in three missense mutations that inhibited the activity of wild-
type transposase significantly more than twofold. Interestingly, all three were
located near the D(34)D motif, thought to be part of the active site, and one
of the mutations was a targeted D-to-E replacement at position 284 creating a
D(34)E signature (40). This effect was attributed to dominant negative com-
plementation from “poison subunits” that combine with wild-type monomers
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to create oligomers with impaired activity. In any case, the data from induced
mutations suggest that some of the missense mutations of MLEs present in nat-
ural populations may be positively selected and maintained by virtue of their
inhibitory effects on the wild-type transposase. This hypothesis lends itself to
straightforward experimental validation.

Transposase Titration

Defective MLEs in natural populations that retain their transposase binding
sites may play a role in regulation through “titration” of the active transposase.
Titration effects have also been suggested for defe&igkements (73). This
mechanism might explain why certain deletions have virtually replaced all
functional MLEs in a few species. MLEs with large internal deletions are not
commonly found, but one particular deletion olM®@s-like element is found

at an extremely high frequencyh ercepeaeThis deletion spans nucleotides
66—788 and does not have an intact open reading frame (P Capy, personal
communication). Although other explanations for the high frequency of this
deletion are possible, positive selection for transposase titration is a plausible
hypothesis.

A different deletion is especially common i teissieri(6, 51). This dele-
tion spans nucleotides 544—1260 and its length and position are consistent with
its originating through homologous recombination (or replication slippage) be-
tween direct repeats of a 7-bp sequence Moz 1like element (6); therefore,
all deleted copies are not necessarily identical by descent. Nevertheless, many
natural populations db. teissiericontain no active copies afiarinerbut 5-10
copies of the deleted element per diploid genome (6). Positive selection for
transposase titration may not be the only factor operating in this case, how-
ever. The deleted element retains an open reading frame coding for the amino-
terminal portion of the transposase, and it has been suggested that the truncated
transposase might serve a regulatory role (6), perhaps analogous to that of the
KP deletion of theP element inD. melanogaste(l, 5).

There is yet another potential level of regulation of MLEs and TLEs that
should be mentioned, although its molecular basis is not yet understood. There
is a type of hybrid dysgenesisih virilis in which at least four unrelated trans-
posable elements are all mobilized following a dysgenic cross (62). One of
the elements that is mobilized is a TLE designd®ads. This element is very
asymmetrically distributed between the parental dysgenic strains (euchromatic
sites of hybridization, 29 versus 1), and therefore its mobilization may reflect
a system of regulation specific Raris that is disrupted in the dysgenic cross,
leading to derepression of transposition. Alternatively, the data are also consis-
tent with a mechanism in which mobilization of a single element triggers that
of others, perhaps through chromosome breakage. Whatever the explanation,



354 HARTL, LOHE & LOZOVSKAYA

the phenomenon itself implies the existence of at least one other mechanism of
regulation of MLEs and TLEs that has yet to be characterized.

CONCLUSIONS AND PROSPECTS

Themarinerfamily of transposable elements (MLES) is unique among Class I
transposable elements because of its extraordinarily widespread distribution in
animals, from invertebrates to vertebrates including humans. The mechanism
of excision and transposition is via a cut-and-paste process initiated with a
staggered cut at each end of the element (not necessarily made simultaneously)
and insertion into a staggered cut flanking a TA dinucleotide in the target site.
The nucleotides flanking the excision form a heteroduplex that is mismatch
repaired, resulting in a characteristic footprint. Much still remains to be learned
about the details of target-site selection, the interaction of the transposase with
the terminal inverted repeats (and possibly internal sites in the element), the
cleavage and exchange reactions, and especially the molecular structure of the
transposition complex.

The phylogenetically wide distribution of MLES suggests minimal use of
host factors, except possibly factors that are highly conserved in evolution.
This promiscuity has probably contributed to the ability of MLES to persist by
occasional horizontal transmission. Inthe long run, the horizontal transmission
into new lineages balances the loss by mutational inactivation and stochastic
loss within lineages. The ability of MLEs to function in a wide variety of
animal genomes strongly suggests that these elements may be put to practical
use in the germline transformation of insect pests and vectors of human disease.
Because many potential target genomes already contain MLEs from one or more
subfamilies, it is important to define possible interactions between elements in
different subfamilies, especially regulatory interactions.

The functional status of MLEs in the human genome is still unclear. Three
distinct subfamilies of MLEs have been reported, but in no case has a copy
with an open reading frame been discovered. The association of an MLE
with a hotspot of unequal recombination in chromosome 17p, leading to the
CMT1A duplication and the reciprocal HNLPP deficiency, suggests that an
active transposase might be present, at least in some germline cells. Itis not yet
known whether MLEs are associated with hotspots of recombination in other
organisms.

The greatest unsolved mystery about MLEs (and also aboistike ele-
ments) is how these elements restrict their activity in the genome. Mecha-
nisms that restrict transposable element activity are critical for the survival of
both a transposable element and its host organism, because increased frequen-
cies of transposition result in reduced viability, reduced fertility, and increased
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frequencies of mutation. Restriction of activity of MLEs ancll-like elements

is even more critical than for most transposable elements, because these families
of elements are active not only in the germline but also in the soma. Knowl-
edge of regulation is essential to understanding both the molecular genetics
and evolutionary biology of these elements. It is also of practical importance

in learning how best to use these elements in the germline transformation of
insect pests and disease vectors. Three potential mechanisms of regulation have
been described: overproduction inhibition, dominant-negative complementa-
tion, and titration. Defining the molecular basis of overproduction inhibition is

a priority because this mechanism is potentially of great importance in restrict-
ing the level of activity ofmarinerelements and establishing the equilibrium
copy number.
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