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Abstract

We will describe the development and implementation of assays which permit the mobility of
hobo elements injected into developing insects embryos to be detected and examined. These assays have
enabled us to classify hobo elements as members of a transposable element family which includes the
Ac element of maize and the Tam3 element of snapdragon - two plant transposable elements that have
wide host ranges. We will present data that show that hobo also has a wide host range in that it can
excise and transpose in a number of non-drosophilid insect species. These results have led us to use hobo
as a gene vector in the tephritid, Bactrocera tryoni, and we will discuss the progress of these ongoing
experiments.

1. Introduction

The inability to genetically transform insects of medical and agricultural importance has prevented the
application of the full repertoire of molecular biological and modern genetic techniques to these species.
For example, reverse genetics, gene tagging and enhancer trapping are three powerful techniques which
are, at present, restricted for use in only one insect species, Drosophila melanogaster. P transposable
element mediated genetic transformation was developed for this species over 12 years ago [1]. As a
consequence, our understanding of many of the basic developmental and biochemical mechanisms of
D. melanogaster has increased dramatically. In addition, similarities between these processes in D.
melanogaster and vertebrates have also been revealed.

The ability to genetically transform other insect species will not only have a similar impact on our
understanding of basic biological approaches across a very diverse class of arthropods but will also
enable us to design and implement effective pest control strategies based on the use of, for example,
autocidal genes. This will serve to reduce our dependency on chemical insecticides and thus will impact
not just on pest control but also on the quality of the environment in regions where this control is
implemented.

A number of attempts have been made to develop genetic transformation technologies in non-drosophilid
insects. Most of these have involved the use of the P transposable element which has proved to be
successful in D. melanogaster and some closely related drosophilid species [2,3]. A few have been
successful in that transgenic insects have been obtained, however subsequent analysis has revealed that
in no cases were transposable element sequences involved in the integration of the foreign DNA [4].
Rather, integration appeared to occurr via a low frequency non-homologous recombination mechanism
[4,5,6]. In the majority of cases no evidence for transformation of any nature was detected for the insect
species examined.

We have chosen an alternate approach to the development of transposable element-based transgenic
systems in non-drosophilid insects. This approach, which utilizes assays to detect the excision and
transposition of transposable elements, is based on research previously performed in D. melanogaster
and plants [7, 8]. It was first utilized for non-drosophilids by O'Brochta and Handler [9] in their analysis
of P transposable element mobility in non-drosophilid insects. We have used this approach to examine
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the mobility of hobo elements in D. melanogaster and non-drosophilid insects. We have found that hobo
based mobility assays are reliable indicators of the hobo element's potential to mediate genetic
transformation in insects. In addition, these assays have enabled us to identify the presence of
endogenous hobo-Wkz elements in some non-drosophilid species.

2. Excision assays

Hobo excision assays enable the removal of the hobo element from an indicator plasmid to be detected.
The DNA sequence of the empty excision site can be obtained thereby permitting the nature of the
excision event to be determined. A diagram of the hobo excision assay is shown in Figure 1. The
indicator plasmid'contains a hobo element with an internal deletion which renders it non-autonomous.
A suitable marker gene, such as B-galactosidase or supF is then inserted into this deleted hobo element
at the site at which the deletion was created. The indicator plasmid is co-injected into blastoderm insect
embryos together with a helper plasmid containing the hobo transposase-encoding region placed under
the control of the hsp70 promoter of D. melanogaster. Upon appropriate heat shock conditions, this
promoter enables the production of high levels of hobo transposase. Injected embryos are allowed to
develop and, approximately 20 hours post-injection, indicator plasmid DNA is rescued from developed
embryos or hatched larvae. This plasmid DNA is then transformed into an appropriate strain of E. co/i
which permits the loss of the marker gene to be detected. Plasmids are then recovered from colonies
lacking this marker and analysed, by restriction enzyme mapping and DNA sequencing, to determine the
structure of the excision event.

When these assays are performed in a strain of D. melanogaster lacking hobo elements, the production
of deletions was found to be dependent both on the presence of hobo transposase on the helper plasmid
and on the presence of hobo sequences on the indicator plasmid 110]. Moreover, the DNA sequence
remaining at the empty excision site following the excision of the hobo element was very similar to
empty excision sites remaining after the excision of the Ac and Tam3 transposable elements from maize
and snapdragon respectively [10]. These empty sites did not contain any transposable element DNA, but
rather contained additional DNA which was an inverted repeat of DNA flanking the transposable
element. This similarity, together with the similarities in structure and sequences of these elements, led
us to support the proposition that hobo, Ac and Tami belong to a single family of transposable elements -
the hAT element family [11]. Excision assays performed in D. melanogaster using a hobo element
located in the chromosomes led to the recovery of empty excision sites that had identical structure to
those recovered from the plasmid-based assays [12]. This indicates that the plasm id-based hobo excision
assay accurately reflects the mechanism of hobo excision from chromosomal DNA.

We further examined the pattern of hobo excision in D. melanogaster. We were specifically interested
to determine if target site duplications were required for subsequent excision of the hobo element and
whether the flanking DNA located either side of the element made equal contributions to the templated
addition of the additional DNA remaining at the empty excision site. When 8bp target site duplications
were present, a common class of excision product was obtained (Figure 2). A second indicator plasmid.
identical to the first except that the hobo element was not flanked by an 8bp target site duplication, was
constructed and used in assays in which helper plasmid was co-injected. The frequency of excision
products obtained from these experiments decreased relative to the experiments using the original
indicator plasmid [12], In addition, no common class of excision product was obtained however all
products contained additional DNA which was a templated inversion of flanking genomic DNA.
Significantly, flanking DNA on both sides of the hobo element made approximately equal contributions
to this additional DNA present at the empty excision site [12], Since, in many cases, some of the
flanking DNA was deleted during the excision of the hobo element, we believe that the templated
addition of DNA during excision must occur prior to the creation of these deletions. We suggest that this
indicates that 8bp target site duplications are not necessary for the subsequent excision of hobo elements
and that the mechanism of hobo excision involves the linking of hobo terminal sequences thereby
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FIG. 1. Hobo excision assay
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FIG. 2. Excsion products recover edfrom D. melanogaster The solid bar represents
the hobo element while the arrows show the 8bp target site duplications flanking the
hobo element. Additional DNA sequences present at the empty excision sites are
shown. 5 different types of excision product were recovered however the first type
was the most common form recovered.

enabling the interaction of hobo flanking sequences. This is similar to the mechanism proposed for the
addition of P DNA to the coding joints generated during V(D)J recombination in the developing
vertebrate immune system [13].

We also constructed an indicator piasmid in which the hobo element was flanked by 40bp of directly
duplicated DNA. Chromosomal and plasmid-based excision assays revealed that the hobo element
flanked by this DNA excises at a high frequency compared with a hobo element flanked by the normal
8bp target site duplication. All excision products were characterized by an absence of hobo element
DNA and an absence of additional DNA at the empty excision site [12]. We propose that the presence
of the long direct repeats increases the efficiency of the DNA repair process which acts upon the double
stranded gap left by the excision of the hobo element.
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We performed these assays in a number of non-drosophilid species including the housefly, Musca
dornestica, the Queensland fruitfly, Bactrocera tryoni and the Old World cotton bollworm, Helicoverpa
armigera.[\O, 14]. A common feature of these experiments was that hobo helper transposase was not
required in order to recover deletions in the indicator plasmid. Addition of hobo helper transposase had
little or no effect on the type or frequency of deletions recovered and no precise deletions were recovered
from any of these species. Some of the deletion breakpoints were located in or near the inverted terminal
repeats of the hobo elements, however there was no clear pattern of deletion other than a dependency on
the presence of hobo sequences on the indicator plasmid. Figure 3 shows the excision products obtained
from M. domestica. Despite the absence of precise excisions, these experiments showed that the hobo
element was capable of mobility in these insect species. By comparison, similar assays performed with
the P element in non-drosophilid species, did not produce excision products which were dependent on
the presence of f element sequences on the indicator plasmid [9].

We hypothesized that the occurrence of deletions in non-drosophilid insect embryos injected without
transposase helper plasmid was caused by the presence of hobo-\\ke factors that were capable of
recognizing hobo sequences in these insects but were incapable of excising these sequences correctly.
The genes encoding these factors would most likely be contained on hobo-Y\ke elements endogenous to
these species. Subsequently we have been able to isolate the Hermes, hermit and homer transposable
elements from M. domestica, Lucilia cuprina and B. tryoni respectively that will be described in
subsequent manuscripts [15,16, 17].

3. Transposition assays

The demonstration that hobo was capable of mobility in non-drosophilids as measured by excision assays
led us to examine whether this element was also capable of transposition in these species. To explore
this, we developed a plasmid-based transposition assay [18]. This is shown in Figure 4. Three plasmids
are co-injected into blastoderm insect embryos. One of these plasmids is a helper plasmid similar to that
used for excision assays. A second plasmid contains a hobo element containing a gene encoding
resistance to the antibiotic, kanamycin. The third plasmid contains a target sequence, the disruption of
which can be detected by an appropriate genetic test. We have used the sucraseRB gene of B. subtilis
as a target sequence. This encodes the enzyme levansucrose which is toxic when expressed in E. coli

Hobo excision indicator

(not to scale)
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HG. 3. Excision products recovered from M. domestica. The solid bar represents
hobo element DNA and flanking D. melanogaster genomic DNA. Arrows indicate the
location of the hobo terminal sequences. The empty bar represents pBR322 vector
sequence. The lines under the bar represent the DNA deleted in each excision event
characterized.
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grown on media containing sucrose as a carbon source. Thus inactivation of this gene can be detected
by growth on sucrose containing media. Plasmid DNA is rescued from developed embryos
approximately 20 hours following injection and then transformed into the appropriate E. coli strain which
is then grown on media containing sucrose and antibiotics which select for both the target plasmid and
the hobo element. Plasmid DNA is prepared and examined for the presence of the hobo element in the
sucrascRB gene.

When performed in D. melanogaster, transpositions of hobo occur at a frequency of approximately I per
50,000 target plasmids screened [18]. Transposition of hobo is accurate; the sequence transposed is
delimited by the inverted terminal repeats of hobo and an 8bp target site duplication is created in the
target gene. Thus there appears to be no apparent difference between the plasmid to plasmid
transposition of hobo, the chromosomal transposition of hobo, or the plasmid to chromosome
transposition of hobo that occurs during D. melanogaster transgenesis. This is further supported by the
similarities in consensus target sequence obtained from chromosomal insertions of hobo [19] compared
with the 15 insertions of hobo in the sucraseRB target sequence.

We performed transposition assays in three non-drosophilid species, M. domestica, B. tryoni and H.
urmigera, in which we had evidence, from excision assays, that hobo was capable of mobility. Hobo was
found to be capable of accurate transposition in all three species [18, 14]. As for hobo transposition in
D. melanogaster, the sequence transposed was delimited by the inverted terminal repeats of the hobo
element and an 8bp duplication was made at the target site. There was also a similarity between the
consensus target sequence obtained and the consensus target sequence obtained from hobo insertions into
D. melanogaster chromosomes [19]. The frequency of transposition was, however, reduced relative to
that observed in D. melanogaster, in M. domestica the frequency was approximately 1 per 200,000 target
plasmids screened, in B. tryoni it was approximately 1 per 540,000 and in H. armigera, it was
approximately 1 per 3 million target plasmids screened [18, 14].

Comparison of the target sites recovered from these transpositions revealed that hobo preferentially
inserted into a particular location within the sucraseRB gene. Eleven out of the 40 transpositions
recovered occurred at nucleotide position 1210 in this target gene. The 8bp target site duplication created
at this site has little similarity to the consensus target sequence obtained from hobo transposition in D.
melanogaster. We have commenced our examination of the length of target sequence required for this
insertional specificity by removing a 39bp fragment centered on the 1210 site and cloning it into pUC19.
This plasmid was then used as the target plasmid in transposition assays performed in D. melanogaster.
Over 50% of the transpositions obtained were located at the 1210 site indicating that the nucleotide
sequence at this location was a preferred site for the integration of the hobo element [18].

The ability of hobo to undergo accurate plasmid to plasmid transposition in these three non-drosophilid
species suggested that the hobo element could be used to mediate genetic transformation of these species
by a plasmid to chromosome transposition. Hobo has already been shown to mediate this in its host
species, D. melanogaster [20]. We were therefore interested to determine if it could mediate genetic
transformation of these non-drosophilid species.

4. Transformation

We investigated whether the hobo element could achieve genetic transformation of the Queensland
fruitfly, B. tryoni. B. tryoni is a member of the family tephritidae and is estimated to cost the Australian
horticulture industry approximately AUD$300 million per year through lost production and sales. We
determined that B. tryoni is sensitive to the antibiotic G418 when reared on Carolina instant media [21]
and therefore decided to use the neomycin phosphotransferase gene encoding resistance to this antibiotic
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FIG. 4. Hobo transposition assay

as a marker for hobo integration. We inserted this gene, placed under the control of the D. melanogaster
hsp70 gene, into the hobo element. This was co-injected with a helper plasmid into blastoderm B.
tryoni embryos. G1 embryos were placed on media containing G418, thereafter, from each line, embryos
were placed on media containing or not containing G418. Lines exhibiting resistance to G4I8 were
examined for the presence of the hobo element by Southern blot analysis. A total of 5 lines were
obtained which contained individuals displaying resistance to G418 and which contained hobo sequences
[21]. We are currently determining the precise breakpoints of integration of the hobo element in these
lines using inverse PCR.

5. Conclusions and Future Work

Our results indicate that hobo element excision and transposition assays are accurate indicators of this
transposable elements ability to mediate genetic transformation of those species in which it is mobile.
We believe that the hobo element, and other hATelements, will be useful vectors for insect transgenesis.
The ability of hobo to accurately transpose in these species suggests that either this element has no
requirement for host-encoded factors which participate in the transposition reaction orthat, if host factors
are required, they are conserved across the species we have so far examined. The extended host range
of hobo is consistent with other /^Telements such as Ac and Tarn which are capable of mobility in a
number of plant species [22]. These mobility assays can be applied to other transposable elements such
as Hermes and mariner [15.23] as well as other hAT elements that we have isolated. We will be
examining the mobility properties of each of these transposable elements not only in their host species,
but in other insects as well.

It is also clear from our results that ^Telements are capable of cross-mobilizing one another. This may
present problems when a /z.4relement is introduced into a species already containing an endogenous hAT
element. We will be examining whether the homer element of B. tryoni is capable of mobilizing the
hobo element present in our transgenic lines. If so, it may be necessary to construct hAT e\emen\ vectors
which can be rendered suicidal following their initial integration into the recipient genome. It is also
clear that a renewed emphasis should be placed on the development of marker genes which will enable
the efficient detection of transgenic individuals.
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