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                                                   ABSTRACT 

Transposable elements (TEs) are mobile genetic elements. They are a significant 

component of many eukaryotic genomes. They are involved in chromosomal 

rearrangement by serving as substrates for homologous recombination, in creating new 

genes through a process of TE “domestication”, and in modifying and shuffling existing 

genes by transducing neighboring sequences (Lander et al., 2001). Therefore, both active 

and inactive TEs are potentially potent agents for genomic change (Kidwell and Lisch, 

2001, 2002; Rizzon et al., 2002; Petrov et al., 2003). In the meantime, active TEs are 

being explored as useful tools for genetic transformation and possible gene drive 

mechanisms to deliver genes in natural populations (Ashburner et al.,1998; Alphey et 

al.,2002; Handler and O’Brochta, 2004). 

My thesis project focuses on AGH1, a novel DNA-mediated TE in Anopheles 

gambiae and related mosquitoes.  I have studied its genomic structure, insertion 

polymorphism, evolution, and transposition activity.  

As part of the sequence and structural characterization of AGH1 in the A. gambiae 

genome, the boundaries of AGH1were determined. The TA target site duplications 

flanking AGH1 were verified by comparing a genomic sequence that had an AGH1 

insertion with the sequence of a corresponding empty site. AGH1 has relatively long, 

350bp, TIRs (Terminal inverted repeats). In addition to the transposase ORF (ORF1) that 
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contains a DD34E catalytic motif, it contains an unusual ORF2 with unknown function. 

Phylogenic analyses clearly suggest that unlike most DD34E transposons that are similar 

to the Tc1 family, AGH1 belongs to a different clade that is related to the previously 

characterized fungal TE Ant and protozoan TEC1 and TEC2. Truncated AGH1 and 

AGH1-related MITE (Miniature inverted-repeat TE) families were also identified. AGH1 

insertion polymorphism was studied using 4 natural populations that belong to two 

molecular forms of A. gambiae, M and S. AGH1 insertions showed considerable 

differences between M and S forms and the insertions of AGH1 are highly variable in two 

populations of M. These results are potentially significant in light of the hypothesis that 

M forms are newly derived incipient species that are only found in West Africa. PCR and 

sequencing results showed more than 99% sequence identity between AGH1 sequences in 

A. gambiae, A. arabiensis, and A. melas, which may indicate either purifying selection or 

recent horizontal transfer. To assess whether AGH1 is currently active, inverse PCR was 

performed which provided evidence for extrachromosomal circular AGH1 that may be a 

product of imprecise excision. RT-PCR detected transcripts for both intact and truncated 

transposase. Preliminary TE display experiments using genomic DNA isolated from 

different passages of an A. gambiae Sua1B cell line showed possible new insertions and 

deletions of AGH1 related elements, which may have been mobilized by AGH1.  

In summary, the structural and genomic characteristics of AGH1 and the 

phylogenetic relationship between AGH1 and other known transposons in the IS630-Tc1-

mariner superfamily have been determined. Significant divergence was shown between 

M and S forms of A. gambiae according to AGH1 insertion patterns. Observations of high 

level of insertion polymorphism and low insertion frequency per site in M populations 
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are preliminary indications that AGH1 may be active in some populations. AGH1 has at 

least been recently transposing and there are also indications for its current activity in A. 

gambiae cell lines.   

If AGH1 is indeed active, it has the potential to be used as genetic tools to study 

mosquito biology and to spread refractory genes into the field populations to help control 

mosquito-borne diseases. Although a few active DNA transposons have been discovered 

in different insects and are being used as tools to transform mosquitoes, no DNA active 

transposons have been reported in mosquitoes. It is our hope that active endogenous 

DNA transposons may present new features that will help us overcome some of the 

deficiencies of current transformation tools developed based on exogenous transposons. 

In addition, the discovery of an active DNA transposon will help us understand how TEs 

spread in natural populations of mosquitoes, which is critical if we are to use TEs to drive 

refractory genes into mosquito populations to control vector-borne infectious diseases.  

The differential insertion patterns of AGH1 in M and S populations are consistent 

with the hypothesis that the M and S forms of A. gambiae are in the process of incipient 

speciation. AgH1 showed much higher levels of insertion polymorphisms in two west 

African populations of the M molecular form compared to two east African S populations. 

Similarly, the maximum level of chromosomal differentiation is observed in west 

African dry savannah areas, while a much lower degree of chromosomal polymorphism 

is observed in east Africa. Therefore our insertion data support the hypothesis that the 

speciation process is likely to be originated in west Africa, probably as the result of the 

need of ecological flexibility created by the greater ecological variability of this region. 

From a biomedical perspective, this type of analysis is critical because the differences 



 v

between M and S forms may directly impact the effectiveness of mosquito control 

measure and perhaps disease transmission. 
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CHAPTER 1. REVIEW OF LITERATURE 

Transposable element 

   Transposable elements are mobile genetic elements, they have the ability to 

replicate and spread in genome and it is one of reasons why they are abundant in 

eukaryotic genomes (Doolittle and Sapienza, 1980; Orgel and Crick, 1980). Actually 

45% of the human genome (Lander et al., 2001) and 16% of newly reported Anopheles 

gambiae genome are TE-derived sequences (Holt et al., 2002). TE can generate genetic 

or genomic plasticity (Kidwell, 2002). For example, they are involved in ectopic 

rearrangement, creating new genes, modifying and shuffling existing genes (Lander et al., 

2001).  

   TEs in eukaryotic genomes can be classified into two groups, RNA-mediated 

(Class 1) and DNA-mediated (Class 2) elements according to their transposition 

mechanisms (Finnegan, 1992). (Fig.1.) For RNA-mediated TEs, the transposition is 

includes a reverse transcription step, which generate cDNA from an RNA molecule. 

After that, this cDNA molecule integrates in the genome (Eickbush and Malik, 2002). 

RNA-mediated TEs include long terminal repeat (LTR) retrotransposons, non-LTR 

retrotransposons, and short interspersed elements (SINEs) (Deininger and Roy-Engel, 

2002). On the other hand, DNA-mediated TEs transpose directly from DNA to DNA and 

don’t involve an RNA intermediate (Craig, 2002). There are three groups: Cut and paste 

DNA transposons, Miniature inverted-repeat TEs (MITEs), and a group of newly 

discovered rolling-circle elements (Kapitonov and Jurka, 2001; Le et al., 2000). The first 

two groups make target site duplication (TSD) when they insert in the genome 

(Kapitonov and Jurka, 2001; Eickbush and Malik, 2002; Craig, 2002)(Fig.2.).  
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DNA-mediated TEs  

   Here I will mainly describe the two predominant groups of DNA-mediated TEs. 

(Fig.3.) The first one is the cut and paste DNA transposons. They usually contain 10-

200bp terminal inverted repeats (TIRs) and one or more ORFs that encodes transposase. 

It functions through a “cut and paste” mechanism and transposase is critical for the 

activity. When they insert into the host genome, TSDs are generated. Transposase 

sequences and the sequence or length of the TSDs are important criteria for classification. 

This group of DNA transposons increases their copy numbers through a repair 

mechanism or by transposing ahead of a replication fork (Finnegan, 1992; Craig, 2002). 

The second group is the Miniature inverted-repeat TEs (MITEs). It is widely 

distributed in plants, vertebrate and invertebrates including mosquitoes (Wessler et al., 

1995; Tu, 1997, 2000, 2001). Most MITEs include certain structural characteristics such 

as Terminal inverted repeats (TIRs), small size, lack of coding potential, AT richness and 

potential to form stable secondary hairpin structures (Wessler et al., 1995). Several 

examples have shown that MITEs and autonomous TEs have relationship such as simple 

deletion of certain part from autonomous one, however most cases don’t (Beidler, et al., 

unpublished; Feschotte et al., 2003). MITEs may have been borrowing transposition 

machinery from the cut and paste DNA trasnposon by sharing same TIR (MacRae and 

Clegg, 1992; Feschotte et al., 2000b; Zhang et al., 2001). Alternative hypothesis of 

transposition mechanism is to make intermediate hairpin structure during replication to 

explain the relative high copy numbers (Izsvak et al., 1999).  
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The IS630-Tc1-mariner superfamily of DNA transposons 

Within the cut and paste DNA transposons, there is a superfamily that was named 

after its well-known members, the IS630 in bacteria, the Tc1 in a nematode, and the 

mariner in an insect (Capy et al., 1996; Capy et al., 1997; Shao and Tu, 2001). The 

transposase of TEs within this superfamily share a conserved catalytic motif. The 

common motif is the conserved D (asp) DE (glu) or DDD and which comprises the 

catalytic triad. The distance between the first two Ds is variable while the distance 

between the last two residues in the catalytic triad are mostly invariable indicating 

functional importance (Heinkoff, 1992; Doak et al., 1994;Robertson and Lampe,1995; 

Capy et al., 1996; Shao and Tu, 2001). As shown in Fig.4., there are several families of 

transposons in this superfamily. The element we are studying in this project is a member 

of the superfamily (see chapter 2).  

 

TEs and the Eukaryotic Genome 

   TEs inserted in a genome may cause several deleterious problems to the host such 

as insertional mutagenesis, additional transcriptional/translational cost and ectopic 

recombination. Therefore, host-control of TE activity is very closely related to the 

evolution of TEs, so do self-regulation of TEs, as well (Nuzhdun, 1999; Bartolome et al., 

2002; Kidwell and Lisch, 2002; Rizzon et al., 2002; Petrov et al., 2003). For the host 

control, repressor/inducer like mechanism is demonstrated in some case. For example, 

RNA interference (RNAi) is one of host defense mechanisms (Ketting et al., 1999; 

Tabara et al., 1999). Self-regulation of TEs is usually involved to express defective 

mutant versus active copies. Some express their own repressors, inhibitors which are 
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often derived from missensed or truncated mutants (Hartl et al., 1997; Kidwell and Lisch, 

2001). TEs may not transpose with their maximal capacity to perhaps to avoid substantial 

deleterious effects on the hosts (Eickbush and Malik, 2002)   

    Adding to earlier mentioned host control and self- control, non-random 

distribution is one of the factors to affect the evolution of TEs. Simply, there are some 

distributional biases for TEs such as heterochromatin. Although detailed mechanism is 

not revealed, inherent insertion-preference of TEs or selection by host are major 

hypotheses to explain this bias (Bartolome, et al., 2002; Holt et al., 2002; Kapitonov and 

Jurka, 2003a).  

    Although MITEs are DNA mediated TEs, their genomic dynamics appears to be 

different from cut and paste DNA transposons. Although DNA transposons tend to be 

low in copy number, many MITEs have high copy number despites some exceptions (Tu, 

1997; Tu, 2000; Tu, 2001a). In the evolutionary viewpoint, the reasons may be involved 

in its small size. The small size of MITEs may confer less deleterious effects on the host, 

either because they are less efficient substrates for homologous recombination or because 

their impact on neighboring genes may be less severe (Petrov et al., 2003). 

    As mentioned above, the activities of DNA mediated-TEs are regulated and thus 

can potentially be inactivated in a genome by several factors. Therefore, they may need 

ways to escape from such a fate and horizontal transfer is one of them (Hartl et al., 1997; 

Eickbush and Malik 2002; Robertson, 2002). Namely, horizontal transfer is necessary to 

enhance the evolutionary success for DNA mediated TEs. Although the mechanisms of 

horizontal transfer are not clear, several examples are studied in insects including 

mosquitoes (Silva et al., 2000).  



 5

 

The A. gambiae species complex and the incipient speciation of A. gambiae sensu 

stricto. 

    The African malaria mosquito, A. gambiae sensu stricto is the primary malaria 

vector in Africa. It belongs to the A. gambiae complex that includes at least seven closely 

related species: A. gambiae sensu stricto, A. arabiensis, A. melas, A. bwambae, A. 

quadriannulatus A, A. quadriannulatus B, and A. merus. They are morphologically 

indistinguishable but exhibit distinct genetic and eco-ethological difference. A. gambiae 

and A. arabiensis are similar according to their human adaptation and as malaria vectors. 

Also these two species are widely distributed in Africa (Coluzzi et al., 2002). 

 There are two molecular forms in A. gambiae sensu stricto, M and S. The status of 

the two forms is debated. Since M and S can be distinguishable according to sequences in 

the x-linked rDNA repeat unit, some researchers believe that they are in the incipient 

speciation process. (della Torre et al., 2002). Reproductive isolation was observed 

between the two forms in the same geographical region (sympatric). In addition M is 

located in west Africa while S form exists in both west and east Africa. M forms are also 

shown to be more associated with semi-permanent man-made sites and can survive dry 

seasons. However, S is involved in rain dependent temporary breeding sites (della Torre 

et al., 2001; della Torre et al., 2002). The speciation process clearly originated in west 

Africa, probably as the results of greater ecological variability in this region (della Torre 

et al., in preparation). The maximum level of chromosomal differentiation is observed in 

west Africa dry areas, while a much lower level of chromosomal polymorphism is 

observed in east Africa (della Torre et al., 2002). It was hypothesized that the 
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establishment of the M forms in dry regions in west Africa may be responsible for their 

high levels of malaria endemicity (della Torre et al., 2002). Prior to designation of these 

molecular forms, several chromosomal inversions were characterized as “chromosomal 

froms” (reviewed in Coluzzi et al., 2002). However, recent analyses show that the 

molecular forms are not characterised by form-specific inversion polymorphisms (della 

Torre et al., 2002) and chromosomal forms may not be informative taxonomic units. 

 

Mosquito TEs and genetic manipulation of mosquitoes. 

    Mosquitoes are related to some diseases such as malaria, dengue fever and 

encephalitis. To escape dangerous diseases, control of mosquitoes is one of the important 

methods and insecticides are useful to control those diseases. Because of the increase in 

the resistance of insecticide, new approaches are necessary. One of developing methods 

is to use TEs to integrate and spread refractory genes into natural populations (Ashburner 

et al.,1998; Alphey et al.,2002). 

   P element in D. melanogaster, Hermes, MosI, minos, and piggyBac in other 

insects species are active DNA transposns (Handler and O’Brochta, 2004). Some 

(Hermes, MosI, and piggyBac) have been used to transform mosquitoes. These are all 

exogenous TEs that are not found in mosquito genomes. It was shown that these TEs may 

interact with TEs in mosquito genomes which may be problematic (Sundararajan et al., 

1999; Jasinskiene et al., 2000). Therefore a better understanding of endogenous TEs in 

mosquitoes is important. Perhaps more importantly, none of the exogenous TEs that have 

been used to transform mosquito so far showed no evidence of remobilization in 

mosquito germline (reviewed in Tu and Coates, 2004). Therefore they may not be useful 
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genetic drivers to help spread refractory genes in mosquito populations. Searches for 

additional active class II transposons in mosquitoes are important. They may provide 

information on how TEs behave in mosquito populations and they may be used as 

additional genetic tools.  
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CHAPTER 2. AGH1 AND RELATED SEQUENCES IN A. gambiae: 

GENOMIC AND STRUCTURAL CHARACTERISTICS AND PHYLOGENETIC 

CLASSIFICATION 

 

ABSTRACT 

Three full-length or nearly full-length copies of AGH1 have been identified in the 

draft sequence of the A. gambiae genome, which was derived from the PEST strain of A. 

gambiae. Sequence and structural characteristics of AGH1 have been determined. 5’and 

3’ boundaries and putative target site duplication (TA) of AGH1 was identified by 

comparing these full-length copies. I have also obtained sequences of a corresponding 

“empty site” of one of the genomic insertions by PCR using flanking primers and 

genomic DNA isolated from an A. gambiae cell line. Comparison between the sequences 

of the “empty site” and the genomic insertion confirmed the TA target site duplication 

and provided evidence indicating past transposition activity of AGH1. AGH1 has 

relatively long TIRs (Terminal inverted repeats). In addition to the transposase ORF 

(ORF1) which contains a DD34E catalytic motif, it contains an unusual ORF2 with 

unknown function. Phylogenic analyses clearly suggest that unlike most DD34E 

transposons that are similar to the Tc1 family, AGH1 belong to a different clade that is 

related to the previously characterized fungal and protozoan TEs. Putative MITE families 

were also identified, one of which shares internal similarities with AGH1 while another 

shares similar TIRs with AGH1. Internally deleted copies of AGH1 are also found.  
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INTRODUCTION 

The report of the draft sequence of the A. gambiae genome (Holt et al., 2002) offers 

a great opportunity to investigate the diversity and abundance of different types of 

transposable elements in this important malaria vector and to search for active DNA 

transposons. The significance of this type of research has been discussed in the literature 

review (Chapter 1). Preliminary compilations of different TEs in A. gambiae have been 

reported (Holt et al., 2002; reviewed by Tu and Coates, 2004). These lists include a 

number of DNA transposons, some of which belong to the IS630-Tc1-mariner 

superfamily. Here I am focusing on the genomic, structural and phylogenetic 

characterization of a new DNA transposon that was previously identified through a 

BLASTX analysis using a transposase as query (Glayzer et al., 1995). We named this 

new transposon AGH1 and it shared the highest amino acid sequence similarity to a 

transposon named Ant1 from a fungus Aspergillus niger (Glayzer et al., 1995). We also 

surveyed the entire genome for AGH1-related MITEs, because many DNA transposons 

generate and cross-mobilize MITEs that share similar TIRs (Zhang et al., 2001).  

 

MATERIALS AND METHODS 

Find TIR 

    BlastN (http://www.ncbi.nlm.nih.gov/BLAST) was used to search for the TIR region 

of AGH1. My query was genomic sequence of AGH1. To find the TIR, I tried to find 

both the Plus/ Minus sequence and Plus/Plus matching hits in the same sequence of 

Query (self –Blast).  
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Find ORF/ Intron region  

  BlastX (http://www.ncbi.nlm.nih.gov/BLAST) was used to search for the 

conserved expressional regions in AGH1. Also Genescan (http://www.fruitfly.org) was 

used for the additional conserved ORF regions following default parameters. For the 

intron searching, gene scan (http://www.fruitfly.org) was used following default 

parameters.  

 

Find three copies of AGH1 

BlastN (http://www.ncbi.nlm.nih.gov/BLAST) was used to search for the AGH1.  

My query was genomic sequence of AGH1 and subject was A. gambiae genome.  

 

Cell culture 

 Two kinds of cell lines of A. gambiae, Sua1B and 4A3B were cultured. Media was 

Schneider medium (Gibco BRL) with antibiotics (100U/ml Pen.+100ug/ml Strep, Gipco 

BRL) and 10% heat activated FBS (Gibco BRL). Growth temperature was 28°C and CO2 

condition is 0.5 %.  

 

Preparation of Genomic DNA 

   To isolate Genomic DNA, the residual media from 70% confluent 10 cm culture 

dish (Falcon) was removed and 700ul DNAzol per one dish was poured. After incubation 

in ice for less than 5min, cell lysate was collected and centrifuged at 15000 rpm for 10 

minutes (Eppendorf microcentrifuge 5415). Taking supernatant, 500ul pre-chilled 100% 

EtOH per 1ml lysate was poured and mixed well. After centrifuging at 15000 rpm per 
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1min again, pellet was saved and prechilled 75% EtOH in the pellet was added for 

washing. After centrifuged at 15000 rpm for 30 sec then pellet was saved. Finally 200ul 

of autoclaved water was used to dissolve the DNA by gentle pipetting. The concentration 

of Sua1B genomic DNA and 4A3B’s is 0.1ug/ul. This genomic DNA was used for the 

whole experiment in this project.  

 

Flanking PCR 

   Genomic DNA of Sua1B was digested with Xba-1 (Promega) and its matching 

buffer for overnight at 37°C. Digested genomic DNA was used as the template of 

Flanking PCR. For the primers, flanking regions of 1
st
 copy of AGH were used and they 

are CTTTTGAAAACAACATACTGA and AACAGTGTGTTTGAATATAATA. r-Taq 

polymerase (TAKARA) and dNTP mixture (TAKARA) are used. Eppendorf PCR 

machine was used and the PCR program is 94°C/45 sec, 51°C/45 sec and 72°C/2 min. 

Cycle is 30 and final extension is 72°C for 5 min. 

 

DDE (D) alignment 

For the alignment of 30 different transposases, clustalX 

( http://www.hgmp .mrc.ac.uk) was run. For the parewise alignment, following 

parameters were used. (Gap open is 10, gap extension is 0.1 and the other factors are 

default.) For the multiple alignments, gap opening is 10, gap extension is 0.2 and the 

other parameters are defaults.   

 

Phylogenetic analysis 
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   Previously described DDE (D)-alignment was used for the phylogenetic analysis. 

The program was PAUP (Swofford, 2001) for the analysis of Distance parameter by 

bootstrap analysis with 1000 replicate searching. The other parameters were all default. 

Also, Parsimony parameter with 1000 bootstrap was applied.    

 

FINDMITE2NEW 

This program was to search for all putative MITEs that satisfy certain conditions. 

Parameters were below description.  Maximal fragment length was 10000. Direct repeats 

were TA. Length of TIR was 3-15 range and 11 were used. Number of mismatches in 

TIR region was 1. Filtering A/T strings, C/G strings and AT/TA repeats was selected. 

Parameter of filtering 2 Base was 80. Minimum distance of MITEs was 30 and maximum 

distance was 700. 50bp above and below flanking sequence of Mites were contained. 

 

PutativeMITE 

 This program was used to search MITEs with 50bp of each flanking region to 

remove simply repetitive sequences. Also this program found with three copies as the 

minimum copy number of MITEs.  For the input file, results from FINDMITE2NEW 

were used. 

 

presentMITE2 

 PresentMITE2 could select MITEs starting C in TIR. For the consistency of 

research, same parameters were used such as 50bp flanking length. Input file was the 

result of PutativeMITE.  
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RESULTS AND DISCUSSION   

Sequence and structural characteristics of the three “full-length” copies of AGH1. 

As the starting point for the study of AGH1, I conducted the structural analysis to obtain 

characteristics of this DNA mediated TE. Shown in Fig.5A is the schematic diagram of 

AGH1. TIRs were analyzed by the BlastN and they are relatively large, 350bp. Its target 

site is TA, 2bp. AGH1 has two ORFs inside TE. The 1
st
 ORF begins near the end of the 

TIR in the 5’end and codes the transposase to perform cut and paste mechanism. 

Predicted Transposase shares the DD34E domain. The 2
nd

 ORF is near the 3’ region and 

is relatively short (around 300bp). The expression product is unknown. Although I also 

searched for introns between these two ORFs, there is no evidence. Usually, most DNA-

mediated TEs contain one ORF with or without intron, and therefore two ORFs without 

intron in AGH1 are not common. In Fig.5B, it is the whole sequence of AGH1 where two 

TIRs  are underlined and two ORFs are bolded.  

Fig. 6 shows three copies of AGH1s in A.gambiae genome. Namely, the copy 

number is 3 and it is relatively low. I numbered them according to the last four digits of 

their scaffold number, 8960, 8990, and 8977. Flanking regions of three copies are very 

different but TEs are similar to one another. TA in the edge of flanking regions is target 

sites. In the 2
nd

 copy’s case, there is around 20bp deletion of the 3’ end and that is one of 

the reasons that 1
st
 and 2

nd
 copy are 99% identitical. Between 1

st
 and 3

rd
 copies, the 

identity of sequence is 97%. In the 3
rd

 copy, there is stop codon in the 1
st
 ORF region and 

there is some sequence difference in the end of 2
nd

 ORF region. 
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Evidence of past mobility and confirmation of the TA target site duplication.  

I designed a set of primers flanking the sequence of the 1
st
 copy of AGH1. These 

primers were used in a PCR to see if footprint of excision from this locus can be detected. 

If not, the PCR results will at least reveal a corresponding “empty site” which will 

provide evidence of past mobility and confirm the TA target site duplication. Shown in 

Fig.7A is the schematic diagram of this PCR experiment. Genomic DNA of A. gambiae 

cell line (Sua1B) is digested by Xba-1.Since the restriction site of Xba-1 is only in the 

AGH1 and there is no site in two flanking regions, I decided to use this restriction 

enzyme. Expected results are two for this PCR. The first one is no product. Because of 

the existence of AGH1 between flanking sequences, there isn’t adequate template for 

PCR. Therefore, there is no product through this PCR. The other is around 700bp of 

product that only contains two flanking regions because of lacking of AGH1 in certain 

location I used. In that case, Xba-1digestion doesn’t effect the template and moreover 

PCR.   

Fig. 7B shows the result of this PCR experiment. There is some band and its size is 

around 700bp. Fig. 7C revealed that PCR product contains only flanking sequences and 

there is no AGH1 sequence inside. Through this data, I conclude that AGH1 doesn’t exist 

in this specific locus in the genomic DNA of the Sua1B cell, which is not surprising 

considering that possible different insertion sites among different individuals or 

populations. However the PCR product contained only one “TA” and this may show that 

the result is simply polymorphism between cell lines and the PEST strain mosquito, 

which was used for the genome project (Holt et al., 2002). The identification of this 
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empty site and the presence of target site duplication in the corresponding insertion site 

provide evidence of past mobility of AGH1.  

 

Phylogenetic analyses suggest that AGH1 is not a typical DD34E transposon and it 

belongs to a unique clade that is related to protozoan and fungal transposons. 

Next to do is to confirm the relationship between original Ant TEs and AGH1s. For 

that, phylogeneric analyses were conducted to show that they are in the same sub-group. 

Since the alignment is important to do tree analysis, I focused on alignment of catalytic 

triad of transposase of 30 different TEs by clustalW and clustalX. Fig.8 shows the 

alignment of catalytic triad, DDD/DDE (boxes). For the first D (Asp), it is usually prior 

to E (Glu). The alignment of catalytic triad is good.   

 Using this alignment, I made four kinds of different trees. In Fig. 9A, this tree is 

produced by the distance parameter and 1000 repeats of bootstrap. The tree showed that 

Ant and Ant-likeTE are related each other as circles marked. Fig. 9B showed the different 

type of tree. In that case, parsimony parameter and also 1000 repeats of bootstrap are 

used to make tree. The result is similar to the previous one. Ant and AGH1 show some 

relationship according to this tree, too.  

In Fig.10, I used the alignment of only catalytic triad from transposase to make 

trees. Fig.10A is made by the distance parameter and 1000 repeats of bootstrap and also 

show the relationship between Ant and AGH1s. Although the tree in Fig.10B is made by 

parsimony parameter with 1000 repeats of bootstrap analysis, the result is similar to 

previous trees. From these data, the trasposase of AGH1 and Ant1 and TEC (Jahn et al., 

1993) may form a monophyletic clade. It is interesting that many other DNA transposons 
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in A. gambiae also belong to this clade (for detailed analysis of these other transposons, 

see Coy and Tu, unpublished data).  

 

Putative MITEs and other AGH1-related elements.  

AGH1 has relatively large TIR and there are many BlastN hits that share only the 

TIR regions. Therefore, I tried to find the MITEs that share the TIR of AGH1. Fig. 11 

shows the flowchart of MITEs analysis. This analysis is based on the repetitive 

characteristics of sequences and using certain conditions such as direct repeat or TIR. 

Because TIR of AGH1 starts C and direct repeat is TA, I chose same characteristics for 

the analysis of MITEs. By several computational works, I got the initial candidates. After 

I got, I examined them one by one to select real TEs and made representative candidates. 

Using them, I conduct certain processes to remove the redundancy or already published 

MITEs. Finally there are 15 families and I summarize certain characteristics of MITEs in 

Table 1. In table 1, I summarized each target site, TIRs, representative length and copy 

number of families. Based on this result, I performed the blast of AGH1 and each 

representative to compare the similarity of TIRs. From this analysis, mTAFam1 showed 

similarity however it is internal similarity. For the case of mTAFam4, it is the TIR 

similarity.   
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CHAPTER 3. AGH1 IN A. gambiae POPULATIONS AND CLOSELY-RELATED 

SPECIES: EVOLUTION AND INDICATIONS OF ACTIVITY. 

 

ABSTRACT  

TE display has been established for AGH1, which is an experimental method that 

detects multiple insertion sites using genomic DNA from individual mosquitoes or cells. 

TE display was performed using individuals from 4 natural populations that belong to 

two molecular forms of A. gambiae, M and S, and from two other species, A. arabiensis 

and A .melas. The specificity of TE display was confirmed by sequencing bands 

recovered from TE display gels. AGH1 insertions showed significant differences between 

M and S forms (Fst 0.108 +/- 0.175). Detailed examination also revealed that the 

insertion of AGH1 is highly variable in two populations of M, while two populations of S 

share common bands. These results are potentially significant in light of the hypothesis 

that M forms are newly derived incipient species that is only found in West Africa. These 

results also support the recent separation of M and S and the recent activity of AGH1. TE 

display results showed the existence of AGH1 elements in A. arabiensis and An .melas 

and the banding patterns of AGH1 are different between A. gambiae populations and the 

populations of the two related species A. arabiensis and A. melas. Additional PCR and 

sequencing results showed more than 99% sequence identity of AGH1 sequences 

between A. gambiae, A. arabiensis, and A. melas, which may indicate either purifying 

selection or recent horizontal transfer.  
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INTRODUCTION 

Knowing the sequence characteristics and distribution of AGH1 in the draft genome 

sequence, I have focused my attention in this chapter on insertion polymorphism of 

AGH1 in A. gambiae populations and on sequence comparisons between AGH1 in 

different species. High levels of polymorphism within and between populations would be 

consistent with recent TE activity. High sequence identity between AGH1s in closely 

related species may suggest conservation due to selection or recent horizontal transfer. To 

detect AGH1 insertion polymorphism, I adapted a method called TE display established 

by Biedler et al (2003). Here I am using AGH1 specific primers and a different restriction 

enzyme, Aci-I.   

  TE displays can provide insertion site of TEs in individuals of the African malaria 

mosquito. Through this, insertion polymorphism data are obtained and seqences analyses 

are also possible just to cut the corresponding band in the film and re-amplified. For the 

MITEs, relatively high insertion polymorphism is common according to their variable 

copy numbers. Additionally, one of establishments from TE display is phylogenetic 

analysis. The analysis of A. gambiae complex was performed. (Beidler et al, 2003). For 

this project, A. gambiae, A. arabiensis and A. melas are used among 7 members of the A. 

gambiae omplex.  

 

MATERIALS AND METHODS 

Mosquito samples 

The four populations of A. gambiae sensu stricto were from different locations. 

Detail information would be described below.  Labeling MC was M molecular form and 
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the location was Congo. MA marked population was M molecular form and the location 

was Angola. SA was S molecular form and the location was also Angola. Last, SK was S 

molecular form and it was from Kenya.  A. arabiensis were collected from Balonguen, 

Burkina Faso. A. melas were collected from Angola. For the experiment, approximately 

30 mosquitoes from each population were used. 

 

TE-display 

     15ul of individual genomic DNA was used to do 1-step digestion and ligation. 

For this reaction, Aci-1 (NEB) was incubated for the digestion of genomic DNA. 

Simultaneously, T4 ligase (Promega) was added for the ligation with digested DNA and 

adaptor called Aci-0 (Mixture of 5-GACGATGAGT-CCTGA A and 5-

CGTTCAGGACTCAT). Reaction condition was 10mM Tris-acetate, 10mM MgAcetate, 

50mM KAcetate (pH7.5) at 37°C for 3 hr. After that, diluted sample in the ratio of 1 to 

10 was used as the template of the 1
st
 (pre-amplification) PCR with two primers. The one 

was specific prime for the AGH1, AACGAAGAATGTCTAGATGT, and the other was 

for the Aci-0 adaptor, GACGATGAGTCCTGAACGC called Aci-0 adaptor primer. r-

Taq polymerase (TAKARA) and dNTP mixture (TAKARA) are used. Eppendorf PCR 

machine was used and the PCR program was 94°C/30 sec, 51°C/30 sec and 72°C/1 min. 

Cycle was 24 and final extension was 72°C for 5 min. After that, diluted 1
st
 (pre-

amplification) PCR product as the ratio of 1:4 was used for the template of the 2
nd

 

(selective) PCR. I labeled AGH1 specific primer, ACACGTTTCCACTATTAACAT with 

10µCi/µl gamma-33p-ATP (Amersham Phamacia) and T4 kinase (Invitrogen) for 30 min 

and 10 min heat inactivation was conducted at 75°C. Another primer was Aci-0 adaptor-



 20

primer that was same to the previously used one. PCR program was cascade and it started 

at 94°C for 30 sec, 61-52°C for 30 sec and 72°C for 1 min. After 9 cycles with previous 

condition, another PCR program was performed at 94°C/30 sec, 51°C/20 sec and 72°C/1 

min for 27cycles. Final extension was at 72°C for 5 min. Loading dye (10 mM EDTA, 

0.025 % Bromophenol blue, 0.025 % Xylene cyanol) was added and the sample was 

boiled at 95°C for 5min. On the 6% poly acryl amide gel, loading volume is 3ul per well. 

Running condition was at 35 mA for 2hr 30min. After that, the gel was dried using 

vacuum dryer for 1 hr 30 min and exposed to the x-ray film for about 12 hrs at room 

temperature. After that, film was developed. 

For the size detection of bands, the bands of the film were cut and used as the 

template for the PCR template. The primer sets and conditions were same to the 2
nd

 

(selective) PCR except using non-labeling primer.  

  

PCR to amplify AGH1 in A. arabiensis and A. melas for sequencing. 

5 each individual mosquitoes of A. arabiensis and A. melas were used as templates. 

For the reaction, two primers, ATGCCGTTAAGAAAAAAGATT and 

TTCAAGTTCCATGTAGGCA were used for amplification of combined ORFs in 

arabiensis. In the case of melas, 4 primers, ATGCCGTTAAGAAAAAAGATT, 

TCAATCAACAATTTCCTCCT for 1
st
 ORF and TGCACGAAATGTTAGATATAT, 

TTCAAGTTCCATGTAGGCA for 2
nd

 ORF, were used to amplify two separate ORFs. r-

Taq polymerase (TAKARA) and dNTP mixture (TAKARA) were used. PCR condition 

was 94°C/45 sec, 51°C/2 min and 72°C/1 min for 30 cycles. Final extension is at 72°C 

for 5 min.   
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Cloning PCR products 

After obtaining PCR products, clonings were sometimes performed before 

sequencing. After purifying PCR product by gel extraction (Amersham Phamacia), clones 

were constructed with T-easy vector and A-overhanging PCR product following 

manufacturers’ protocol (Promega). After that, DNA from white colonies was checked by 

digestion with EcoR1. 

 

Sequencing of PCR products and sequencing from plasmids.  

All samples were sequenced at the VBI core facility. For the PCR products, product 

specific primers were used and for the plasmid, T7 (forward) and SP6 (reverse) were 

used.  

  

RESULTS AND DISCUSSION  

High levels of AGH1 insertion polymorphism in M and S populations.  

               I compared the insertion sites of AGH1 in two molecular forms of A. gambiae, 

M and S. Because there are some conflicting data with regard to the status of the M and S 

forms, they may have been in the process of incipient speciation (della Torre et al., 2002).  

    For the TE display, I used 4 populations of A. gambiae. Two are molecular form 

of M from different locations, and the other two are molecular form of S from different 

locations in Africa. I named these populations as MC, MA, SA and SK. For detail, MC is 

M form and from Congo and MA is also M form but from Angola. SK is S form and 
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from Kenya and SA is S form and from Angola. Totally I used over 120 individual 

mosquitoes (around 30 mosquitoes from each group).  

  Shown in Fig.12A, there are the representative results of TE display for AGH1 in 4 

different groups. Ten samples were shown from each group. M forms (MC, MA) and S 

forms (SA, SK) are totally different in the band pattern of AGH1. There is a high level of 

insertion site polymorphism in the two M populations. There are many different bands 

but most bands are present at very low frequencies in MC and MA. Two bands had a high 

frequency among individuals in MA. In the cases of SA and SK, there are not many 

bands compared to the M forms and certain bands are shared through both S and SK form. 

A total of 18 bands were scored in all 4 populations. These results are described in Fig. 

12B. In the plot, occupation of bands from M form and S form is very different. The 

distribution of bands from M is wide. On the other hand, only a few bands are found in S.  

To quantify the genetic differences we see between these populations, we 

conducted a Fst analysis (Apostol et al., 1996) using all 18 sites from the TE display as 

dominant markers. The Fst value between the two forms when all 4 populations are 

included is 0.108 +/- 0.175. The high standard deviation reflects the fact that genetic 

differences between the populations are greater at some loci than others. Fst of 0.108 

suggests a moderate level of genetic differentiation (Hartl and Clark, 1997). The Fst 

value between the two M populations is 0.073 +/- 0.157, reflecting a slight genetic 

differentiation. The Fst value between the two S populations is 0.003 +/- 0.004, nearly no 

difference.  In Fig.13, sequencing results from cutting bands in TE display film are 

aligned. The sequences of the TE units are very conserved.  
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Analyses of these data suggest that M and S of A. gambiae may have some 

difference in their genetic characteristics related to the AGH1. AGH1 may have been 

active or there has not been enough time for the different AGH1 insertions to be 

homogenized. These results are potentially significant in light of the hypothesis that M 

forms are newly derived incipient species that is only found in West Africa. These results 

also support the recent separation of M and S and the recent activity of AGH1. It is also 

interesting to point out that some of the TE display bands showed high percentage in A. 

gambiae S, which may be the results of selection because that insertion may be beneficial 

for S.  

 

AGH1 insertions in members of the A. gambiae species complex. 

Next, I compared the AGH1 insertion patterns in A. arabiensis and A. melas with 

that of A. gambiae. All three species are members of A. gambiae complex and therefore 

these three species are very closely related.  

 In Fig. 14A, there are TE display bands from A. arabiensis. I used 30 individual 

mosquitoes and selected some bands for only pictures. For the size, PCR was conducted 

by cutting that band. Some bands are sequenced to confirm that they are derived from 

AGH1. Most of the insertion sites are highly polymorphic between individuals although 

there is one locus (~ 500 bp on the display gel) that showed high insertion frequency 

among individuals. For another species, A. melas, same processes are conducted and the 

results are in Fig.16. In Fig.16A, TE display bands show that AGH1 are also in A. melas. 

I also used 30 individuals and selected 10 individuals randomly for this figure. The band 

pattern is highly polymorphic. 
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Sequence conservation between AGH1 in different species. 

Fig. 15A is the schematic diagram of PCR. To check the conservation of ORFs of 

AGH1, I used combined primers, 1 and 4. From this PCR, I expected the long product 

contains ORF 1, ORF2 and some part of AGH1 and its size is around 2500bp. I used 5 

individual mosquitoes for the PCR and the results are in Fig. 15B. Size of PCR product is 

exactly matched although only three mosquitoes show the expected bands. Those bands 

are sequenced and analyzed to compare the similarity of sequence between arabiensis 

and gambiae in Fig.15C. For the sequence analysis, I separated my whole sequence into 

ORF1 and ORF2 and did align. In Fig.15C, the alignment for ORF1 is 99% identity 

between gambiae and arabiensis. For ORF2 region (Fig.15D), the identity is 100%.  

For another species, A.melas, conservation of ORFs of AGH1 is checked. Fig.17A 

is the schematic diagram, and I used 4 different primers for each ORF. Expected results 

are also marked as b and c. Fig.17C is the results of PCR for ORF1 and Fig.17D is for 

ORF2. In Both cases, sizes are right and sequence analysis is in Fig.17E and Fig.17F. 

Both showed that 99% identity between melas and gambiae and therefore, it may support 

the results of arabiensis. Although there is original sequence difference, the identity is 

highly matched which means that AGH1 is conserved in melas, too. This existence may 

have two meanings. One is the result of some proof that the ORFs are being selected for 

sequence conservation and the other is that it is the result of recent horizontal transfer or 

genetic exchange between these species.  

In summary, our population data support the recent separation of M and S and the 

recent activity of AGH1. Our sequencing results showed more than 99% sequence 
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identity of AGH1 sequences between A. gambiae, A. arabiensis, and A. melas, which may 

indicate either purifying selection or recent horizontal transfer. 
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CHAPTER 4. FURTHER EVIDENCE OF AGH1 ACTIVITY. 

 

ABSTRACT  

Using genomic DNA isolated from A. gambiae cell lines, we were able to obtain 

evidence of excision of AGH1 in A. gambiae cells. In other words, evidence was obtained 

that suggested the presence of at least one circular extrachromosomal copy of AGH1, 

which may be an excision product. Sequence analysis showed that the circular molecule 

was from precise excision from one side of the TIR and internal excision from the right 

side of the TIR. We also detected transcripts from possibly all three copies of AGH1. We 

proposed a hypothesis that explains the partially imprecise excision of AGH1 in the A. 

gambiae cells. Preliminary results from TE display also indicated possible activity of 

AGH1 through the analysis of AGH1-related insertions in different cell passages. We are 

also developing gel mobility shift assays and transposition assays to further confirm the 

activity of AGH1.  
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INTRODUCTION 

The purpose of this section is to assess current activity of the AGH1 to transpose in 

the A. gambiae genome.  Active TE may be applied in the field of genetic modification. 

Moreover, it may help us study the dynamics of genome via transposable element.  

In the case of Tc1, TEs found in Caenorhabditis elegans, extrachromosomal copies 

were detected on genomic blot hybridization in two closely related strains. The copy 

numbers in two strains are significantly different although most sequences are conserved. 

Those kinds of detection support the excision of Tc1 (Rose, et al., 1984; Ruan, et al., 

1984). Transposition of Tc1-type transposons involves the transposase dimer binding to 

the two TIRs (Watkins et al., 2004). Also, Tc1 showed précise and imprecise excision 

(Ruan, et al., 1987). Similar to Tc1, hAT found in Drosophila also showed imprecised 

excision (Handler, et al., 1996)  

 

MATERIALS AND METHODS 

Cell culture for Inverse PCR, RT-PCR and TE-display.  

Two kinds of cell lines of A. gambiae, Sua1B and 4A3B were cultured. Media was 

Schneider medium (Gibco BRL) with antibiotics (100U/ml Pen.+100ug/ml Strep, Gipco 

BRL) and 10% heat activated FBS (Gibco BRL). Growth temperature was 28°C and CO2 

condition was 0.5 %. For the inverse PCR and RT-PCR, these two cell lines was used.  

For the TE display, Dr. Hans Michael-Muller (EMBL, Germany) kindly provided 

their Sua1B cells of different passages. The passages were passage 8 (P8), passage 13 

(P13), passage 37 (P37), and passage 81 (P81).  
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Nested inverse PCR  

For the nested inverse PCR, four different primers were designed. The direction of 

primers was opposite. For the first PCR, two primers, TTCGTAATCTAACCTTCTTT, 

AACGAAGAATGTCTAGATGT were used. For 2
nd

 (amplifying) PCR, following two 

were the primers: AAACTCCCCAATGACATTG, ACACGTTTCCACTATTAACAT. 

For PCR amplification, r-Taq polymerase (TAKARA) and dNTP mixture (TAKARA) 

were used. PCR condition is 94°C/45 sec, 51°C/2 min and 72°C/1 min for 30 cycles. 

Final extension is at 72°C for 5 min.  

 

Preperation of RNA 

For isolation of RNA, each cell line were cultured with 70% confluent of  *cm
2
 dish. 

After harvesting, Ambion RNA isolating kit was used and manufacturer’s protocol was 

followed. Briefly, after washing the cell with cold PBS, collected the cell in eppendorf 

tube to centrifuge at 1200 rpm for 10min (Eppendorf Microcentrofuge 5415). Discarding 

supernatant, lysis solution was added into the resuspended pellet with PBS to mix well. 

Then centrifuged again at 12.000g, 4° C for 15min. With the supernatant, oligo-dT resin 

was added to incubate for 60 min. Then, centrifuged sample at 4000g for 3 min to remove 

the supernatant. After washing the resin, pre-warmed elution buffer was poured then 5M 

Ammonium acetate, Glycogen, and 100% EtOH were added to stay at -70°C for over 

night. After that, centrifuged it with 12000g for 20 min at 4°C for recovering RNA and 

add DEPC water into the RNA pellet. Using dissolving RNA, DNase (Ambion) was 

treated at 37°C for 1 hour, twice to remove genomic DNA. 
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RT-PCR    

   For the RT-PCR, 5 primers were designed for the amplification of ORF region. 

These primers were here; ATTGCTAGGATAATGGATCT, 

AGCTCTTCGTACTATATCC were for the first place of expression region, 

AGGAGGTCCACATAACAAA, TTTGTGGA 

TGAAGTTGGATT, TTAGACAATGTTGCTTTCCA were for the nested PCR of the 

first ORF region and TGCACGAAATGTTAGATATAT, 

TGCCTACATGGAACTTGAA were for the 2
nd

 ORF region. Melting temperature of all 

primers were 54°C and the PCR reaction were run with the condition, 94°C/45 sec, 

51°C/2 min and 72°C/1 min for 30 cycles. 0.2 unit of r-Taq polymerase (TAKARA) were 

used with dNTP and supplementary buffer. 

 

Sequence analysis  

BlastN(http://www.ncbi.nlm.nih.gov/BLAST) was used for the alignment and 

analysis of sequence. 

              

RESULTS AND DISCUSSION 

Inverse PCR identified evidence of extrachromsomal circular molecules of AGH1. 

DNA-mediated TEs are known to make intermediate circular form when they are 

excised to move. Since I believe that this circular formation is one of the crucial 

evidences of activity of TEs, I did inverse PCR to search this circular form of AGH1. 

Inverse PCR is same to the normal PCR except the direction of primers. The direction of 

primers is opposite compared to the normal one because opposite directional primers can 
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amplify intended priming region when the template formed circular molecules. In 

Fig.18A, there is schematic diagram of primers and certain positions for interpreting 

results. I used primer 2 and primer 3 for the 1
st
 PCR of two genomic DNAs. After that, I 

used primer 1 and primer 4 for the 2
nd

 PCR with the 1
st
 PCR as the template.  

After inverse PCR in two different cell lines, I got some bands around 250bp from 

Sua1B and 440bp from 4A3B (Fig.18B). Although two bands were submitted to 

sequence analysis, we were only able to obtain sequence from the PCR product from 

4a3b. Fig.18C shows that the band includes one perfect TIR (N-terminal direction: 

15672009-15672353) of AGH1 although sequence analysis start inside of TIR. On the 

other hand, there is only partial TIR (C-terminal direction: 15668831-15669137) in 

Fig.18D. Namely, there is around 150bp deletion at the 3’ end of TIR.  

    Through these data, interesting fact is the excision is not occurred the exact end 

position of two TIRs. If the excision is precision, result should contain two perfect TIR 

from 5’end and 3’end. In that case, size is around 550bp. Therefore, AGH1s may have 

some imprecise excision when they moved in the genome and 250bp in Sua1B of 

Fig.18B may explain this hypothesis. In Fig.18E, I described the excision in linearly 

based on the sequence of PCR product. Fig.18F showed circular diagram of imprecise 

excision.   

 An alternative explanation could be that the inverse PCR product we obtained was 

from two head to head dimer of the linear extrachromosomal copies of AGH1. One of the 

linear copies had a sequence truncation. Although we cannot rule out this possibility, this 

interpretation does not change our conclusion that excision of AGH1 had occurred. Of 
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course there is also the remote possibility that such dimer exists in the A. gambiae 

genome.    

    From these data, I may conclude that there is intermediate circular form of AGH1 

and this means that AGH1 may be active, namely moving, since the probability to detect 

circular form is relatively low. Although it is potential evidence to support the present 

activity of Ant like TE, it is not enough. Next, I try to check whether the expression of 

transposase of AGH1, because the crucial part of DNA-mediated TEs is cut and paste 

mechanism by transposase.   

 

Detection of AGH1 transcripts 

From early BlastX results, I designed several primers for two ORF regions. I 

summarized them in Fig.19A. Since it is nested PCR, I used three primer sets for the 1
st
 

PCR. With primer 1 and primer 5, I amplified ORF1 and the expected result is a. With 

primer 6 and primer 7, I amplified ORF2 and expected result is b. For the combination of 

ORF1 and ORF2, I used primer 2 and primer 7 and expected result is c. Using these three 

PCR products of 1
st
 PCR as templates, I performed 2

nd
 PCR with different combination 

of primers. Priming region for the 2
nd

 PCR is marked by two heads-arrows and also I 

marked prime (‘) for each product. To distinguished 1
st
 PCR product used, I aligned 2

nd
 

PCR products beyond 1
st
 PCR product. Namely, a’ and b’ is the expected results which 

used a PCR product as template. With primer 2 and primer 4, a’ is expected and with 

primer 3 and primer 4, b’ is expected.  

To detect transcription, I prepared mRNA from two different cell lines and did RT-

PCR (Fig.19B-19D). Fig.19B and Fig.19C are the 1
st
 PCR products of two different cell 
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lines. Because the amplifying region by combination of primer 2 and primer 7 is too long, 

1
st 

PCRs are failed in two cell lines in Fig.19B and Fig.19C. However, except c, other two 

1
st
 PCR products were exact size and sequence. For the negative control (NC), I used 

same materials except reverse transcriptase. For the PC, I used primers of high copy 

number-TEs. With these two controls, I may conclude that the results are not from 

genomic DNA. Fig.19D showed the 2
nd

 amplification of two cell lines. I almost got the 

expected sized bands and sequence analysis also revealed that it is AGH1s. In the 2
nd

 

PCR, I also add negative control to confirm that there is no genomic DNA contamination.  

Sequence analysis showed that two types of transcripts are made in the cells. The 

first is a transcript similar to the 3
rd

 copy found in the draft genome that contains a stop 

codon near the C-terminus of the transposase. This transcript would encode a defective 

transposase. The second is a transcript that is presumably from a copy similar to the 1
st
 

and 2
nd

 copies in the draft genome sequence.  This transcript could potentially encode a 

functional transposase (Fig.20, Fig.21).  

 

A hypothesis to explain the imprecise excision. 

Based on the inverse PCR and RT-PCR results, I hypothesize that expression of at 

least two AGH1 may explain the imprecise excision of AGH1. For the activity of 

transposase, dimerization of transposase to recognize each TIR is one of the hypotheses. 

Additionally, as I mentioned in Fig.6, the 3
rd

 copy has stop codon in the 1
st
 ORF and 

there are some sequence difference. This kind of variability may express abnormal 

transposase. I explained dimerization and hypothesis for the AGH1 activity in Fig.17G. 

Because 1
st
 or 2

nd
 ORF doesn’t have abnormality in its sequence, the expressed 
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transposase may be normal. These two transposases, normal from the 1
st
 or 2

nd
 copies and 

abnormal from 3
rd

 copy, may result the precise and imprecise excision. I described this 

hypothesis in Fig.22. For example, two normal transposase may excise precisely since 

each transposase recognized precisely to cut each end position. If two abnormal 

transposases are used for the excision, the type may be two-end imprecision. If the 

combination of one normal transposase and one abnormal transposase works to the 

moving of AGH1, the cutting type may be one-end imprecise excision. 

 

TE display of different cell passages. 

I performed TE display with 4 different cell passages to check whether there is new 

insertion of AGH1 TE. When TE display was performed using Aci1 as previously 

described, one invariable band was observed in all four passages and nothing else. 

(Fig.23). According to the flanking sequence, the insertion site is different from all three 

“full-length” copies found in the sequenced genome, which is not surprising considering 

the high levels of polymorphism we discussed earlier. There might be other bands that 

are beyond the approximately 1 kb detection limit of TE display. The fact that we did not 

observe new insertions or excisions does not necessarily suggest that AGH1 is not active 

in these cells because transposition is a rare event. We will be able to detect 

insertion/excision by this method only if cells in which these rare events occurred became 

a major fraction of the subsequent passages. 

Encouraged by a recent report showing the activity of a MITE using TE display 

(Jiang et al., 2003, Nature). We asked whether AGH1-related MITEs or deleted copies 

may have been transposing by borrowing AGH1 transposase. Such cross-mobility is 
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thought to be responsible for the evolution of MITEs (Zhang et al., 2004). 

Insertions/excisions of MITEs may be easier to detect because there might be less 

selection pressure to remove them due to their small size. We performed a TE display 

using BfaI digested genomic DNA and using primers that amplify both AGH1 and any 

sequences that contain similar TIRs. The results are in Fig.24 and I also confirmed that 

bands are from AGH1 by sequence analysis. The highly variable banding patterns of the 

TE display results suggest that there may be new insertions and excisions as well. If true, 

this would be strong evidence of AGH1 transposition activity in these cells. However, we 

need to identify the locations of these insertions and confirm by PCR that they are indeed 

new insertions.  
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Element Target TIR    Length    
Copy

number

mTAFam1           TA        CAATTCGAATC      294           5  

mTAFam2           TA        CACCGTTTTCG      499           6

mTAFam3           TA        CAGAGGTCGAG      527          12 

mTAFam4           TA        CAGGGTGTTCG      692           6

mTAFam5           TA        CGATTGTTTAA      605           4

mTAFam6           TA        CGTTTGGATCG      595          17

mTAFam7           TA        CTAATAAAAGG      141           9  

mTAFam8           TA        CTACTACCACT      661           3

mTAFam9           TA        CTGATTTGCAG       93           3

mTAFam10          TA        CTGTGGAGCTG      238           7

mTAFam11          TA        CACTGGTGGAC      431          39

mTAFam12          TA        CCCAGGTGACA      545           8

mTAFam13          TA        CTTGTTTCGAC      535          14  

mTAFam14          TA        CCCAGTCAGAC      533          11

mTAFam15          TA        CCTAGCCAATC      718           5 

Table 1. A. gambiae MITEs that have a TIR that starts with a Cytosine.

Note.

The parameters for the search include 11bp TIR and TA as the direct repeat. 
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A. RNA-mediated TEs

TE

Transcription

Reverse 
Transcription

Integration

mRNA
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TE

Cut & Paste 
Transposition

TE

B. DNA-mediated TEs

 

Fig.1. Transposition mechanism of TE 

A. Mechanism of RNA-mediate TEs. Important characteristic is that an RNA 

intermediate is involved when spreading into the genome.  

B. DNA-mediate mechanism. The mechanism is called “cut and paste” and DNA is 

directly transposed from one locus to another. There are other mechanisms that are not 

discussed here.  
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ATCGGCATA
TAGCCGTAThost genome

host genome
A

TAGCCGTA host genome
TCGGCATA

T

host genome host genomeAGCCGTAT

TE

TE

TSD TSD

TE insertion sites

host genome

ATCGGCAT
TAGCCGTA

TCGGCATA

A.

B.

C.

 
 

Fig.2. TE insertion creates target site duplication (TSD) 

TSDs are the result of TE insertion. When a TE is inserted in a certain site (A), staggered 

nick is formed (B) and filled to be double strands (C). Therefore, host genome has some 

repetitive region flanking the TE and it is TSD.  
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TIR TIR

B.  MITEs (Miniature inverted-repeat transposable elements)

A.  Autonomous elements

ORF (Transposase)

TIR TIR

 

Fig.3. Classification of DNA-mediated TEs. 

Class 2 transposons are classified as two major groups. One is the autonomous 

transposons  

A. It contains two terminal inverted repeats (TIR) and one or several ORFs. The ORF 

encodes a transposase that performs cut and paste function for transposition.  The other 

group is Miniature inverted-repeat transposable elements (MITEs)  

B. MITEs also contain TIRs but their size is usually small and they lack coding regions.  

 

 

 

 

 

 



 39

A.

Transposase ORF
D                 D          D (E)

Catalytic triadTIR TIR

TBE1
IS895

TEC2
TEC1

Hupfer1

Ant1

H75276

IS630Sd

IS630Ss

RIATL

RSA

H.sapiens.mar2

C.plorabunda.mar1

H.sapiens.mar1

G.tigrina.mar1

D.erecta.mar1

G.palpalis.mar1

D.mauritiana.mar1

M.destructor.mar1 O.sa
tiv

a.IT
m

D39D2

Soym
ar1

A.th
alia

na.IT
mD39D1

Ae.triseriatus.ITmD37E1

An.gambiae.ITmD37E1

Ae.epactius.ITmD37E1

Ae.atropalpus.ITmD37E1

Impala

Minos

S

Paris

Tc1.P.platessa

Tc1

Quetzal

Topi

Bari1

MsqTc3

Tc3

C.briggsae.ITmD37D2
Bmmar1

C.elegans.ITmD37D1
C.briggsae.ITmD37D1

S.peregrina.ITmD37D1

0.1 changes

III. DD37E
II. DD39D

I.
 m

ar
in

er
: D

D
34

D

V. DD37D

IV
. 
T

c
1
: 

D
D

3
4
E

VI. DDxE

I.   100/100/96

II.  100/100/100

III. 100/100/100

IV. 95/76/58

V. 100/100/98

VI. 52/-/-

IV & V. 69/54/-

I & II. 88/65/-

Bootstrap Values

O.sa
tiv

a.IT
m

D39D1B

 

Fig.4. The IS630-Tc1-mariner superfamily.  

A. The structure of transposons in the superfamily. The catalytic triad, D (Asp)DE(Glu), 

is highlighted.   

B. Classification of IS630-Tc1-mariner transposons according to the catalytic domain. 

Number in amino acids means the distance between the last two amino acids in the triad. 

Last amino acid is variable with D and E.  
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A. Structure of AgH1

TIR TIRORF1 ORF2

tacagggtttcgaatcatataagggaatagttcaatcagttaggggaatgttgcaaaccg 

gtaggggagtgttgcaagcacactgtggaaacttgcaatcatataagggaatttttcaag 

cagttaggggagagttgcaatgtcattggggagtttgcaatccgtaggggaatttttatc 

cgggcttcaatccaaccctgcaaatgtcaagtgtcagaagatcgtttgtttacattgcgt 

cgatgccggctcataaacattctatcaggcgaaggaaaaggtaactaattgcaataattt 

tatcaaattacccggtttaatgtgcctttttctttcaggcaaaggactgttgctaatttt 
actagaaataatcaatcaaagatgccgttaagaaaaaagatttcactggaggacaaacaa

M  P  L  R  K  K  I  S  L  E  D  K  Q    

aaaattgttaaattgtatcatgaggaatacagaatgacagacattgctaggataatggat 

K  I  V  K  L  Y  H  E  E  Y  R  M  T  D  I  A  R  I  M  D 

ctgaacatccaaacagtttctcgaattgttcataactttttaaaagaaggtgagattacg 

L  N  I  Q  T  V  S  R  I  V  H  N  F  L  K  E  G  E  I  T  

aaccattcgagccaaaaaggaggtccacataacaaaaaactcactgcggagcaattggaa 

N  H  S  S  Q  K  G  G  P  H  N  K  K  L  T  A  E   Q  L  E 

atgataaaatcgtgggtggacgaagactgcacaacaagtctcaaaaagatttccgaaaag 

M  I  K  S  W  V  D  E  D  C  T  T  S  L  K  K  I  S  E  K

tgtgcccgtgaatttggggttaatgtctgcatatcaactataaggaattatttaagcgaa 

C  A  R  E  F  G  V  N  V  C  I  S  T  I  R  N  Y  L  S  E  

ttccattacactttaaaaagagtgcaactattgccagtgcgacgcaatgctggagataat 

F  H  Y  T  L  K  R  V  Q  L  L  P  V  R  R  N  A  G  D  N 

gttcagatgcggaaggaatatgcgtcgcgttttttggatttgcagtcagatttaaatgac 

V  Q  M  R  K  E  Y  A  S  R  F  L  D  L  Q  S  D  L  N  D 

cacaacttcatgtttgtggatgaagttggatttaatatctcattacgatgcaaaagaggg 

H  N  F  M  F  V  D  E  V  G  F  N  I  S  L  R  C  K  R  G 

tggtcggtttccggtaaacctgcaacgcaagtcgtgccatctatcagaagccgaaatttg 

W  S  V  S  G  K  P  A  T  Q  V  V  P  S  I  R  S  R  N  L 

accatttgttgttgcatgtcccgaaatgggatcattgcctatgactccacgaacggggca 

T  I  C  C  C  M  S  R  N  G  I  I  A  Y  D  S  T  N  G  A

ttcaaccaaaatctttttctaggttttctagaaaaactcaaggaaagcatggcaactaat 

F  N  Q  N  L  F  L  G  F  L  E  K  L  K  E  S  M  A  T  N 

aatatcactgatccagtgatatttttagacaatgttgctttccataaaacaaacttagtt 

N  I  T  D  P  V  I  F  L  D  N  V  A  F  H  K  T  N  L  V

aaacaatttgcagaagagaataatataagattagagttccttcctccgtattcacccttc 

K  Q  F  A  E  E  N  N  I  R  L  E  F  L  P  P  Y  S  P  F 

ctcaatcctatagaaaatatgttttctaagtggaaggatatagtacgaagagctcgccca 

L N  P  I  E  N  M  F  S  K  W  K  D  I  V  R  R  A  R  P

acaaacgaagctgaactaatgaaagcaatacgagatggcagtgagctgataaatagacaa 

T  N  E  A  E  L  M  K  A  I  R  D  G  S  E  L  I  N  R  Q 

gattgcgatggatattttcgaaatatgcttaagtacattcgcaaatgcatcaatgaggag 

D  C  D  G  Y  F  R  N  M  L  K  Y  I  R  K  C  I  N  E  E 

gaaattgttgattgacatgttgctgttggtgttattaatacgaatgattgaatttttagt 

E  I  V  D

tcctgttacataagatattaggattaagaatttaagctaacaagagctgtgattgaacta 

ttttagactttctgaattcttatgtaattttattcaaaatcaaaaccaaacgaaaaatgc 

tgtgaattaaactctaatgaaataaacaatttttactgaattgtcctctgttgaattgtg 
ttccacagtagaaaagcccattactaaaacatttattgagatatgacatacacatgcatg 

aagcgggcgtcagcagcatcgcaaatatgttctgtaggactacagctctattgacaccgt 
tggtccaactgcaaccgttagacgcttctgtgacagctattgtgcataaatgcctaccgt 

ctggtcaggttcaatagcgaacgcgtaatgacctgccggcagattttaagtgtaaaatgg 
taatacacgttttaaaactttcatcgttgtctctaataggtttatagtatcgttggctat 

acagcgtttctcaagttagctcaacatcgtaacactatttttctaacacgttaaacgatt 
ctcaaaatcgtacatacaattcatatccataaactcttttcaattttgtaacattaggtt 

tcggaaccgtaaaatctcaactcgaatctgtaaaatgtataatgggaagatgggtactat 
ttttttcctatcgaagaggaaggtgacaaggagtcagctacgtgccctgccgtctataga 

accctatactacaatggctcctgataagattctaatgccaactccaacgccaactgccaa 
ctaatcagcaaagaataaaagagcgatcgagggttcgatcggggccatacttcgcttaac 

tttccgtgttcacttttcttcgacttaaaagttcctgtgctcgaaagaatttctgcccgc 
tacacaacaaaatacatatacactagctttcatcatcattagccacggttgataaaataa 

cactaatcatcagttatctcaatttataagtaactaattactacaagtgataaccttctc 

taaactgtaaaatatgcaccttactgctatctgctatatggacaacggcttcatcgactg 

ctgagatccagaagtcttcgaggctgcacgaaatgttagatatatcatatattgattcgc 

ccggtggtcctctatggacaggagtcttggaccatcctagcggaggatgcaaacactcta 

ttcgtgtttgagcgacgcatcctcctggtcatctttagcggtgtgttcgagcatgtagcg

E  H  K  L  S  A  D  E  Q  D  D  K  A  T  H  E  L  M  Y  R

tcgagaagaaggatgaacctcaagcttgccgatgctgacggtggcgaaggctggcaggat

R  S  S  P  H  V  E  L  K  G  I  S  V  T  A  F  A  P  L  I

acgatggctgaggcatgtcatgaggatgccggattcggtatgaggcacagcggagcacag

R  H  S  L  C  T  M  L  I  G  S  E  T  H  P  V  A  S  C  L

caaactcgatggctggatcatgtgaagcgagatcgggtgtctacatggtcggagatcggg

L  S  S  P

tgcctacatggaacttgaagtgtagcgctagaataaatatgttatgtaattttaatattc    

tgagttatcttaaatcattacatgttgaataattactcatattactatgacaccgtcgcg

I  V  G  D  R

tagttggtgcaaagaagaggtgctgatctgcgtaaaaaacttggagatcctaatgtgttc

L  Q  H  L  S  S  T  S  I  Q  T  F  F  K  S  I  R  I  H  E

caagcatttgatgcagttcggatgcaaacgaagaagaaagggcatagccttggaccgacc

L  C  K  I  C  N  P  H  L  R  L  L  F  P  M  A  K  S  R G
gtactggaaaaacataacatatgtatgtataaactgagtatatcgacacgactaatgtga

Y

cataccacaccaagaaggaaaaatttccggcattaacgaagaatgtctagatgttttaca 

tctggcagagggcacgctaatagctgctatctatgtagataaattacacgtacatagtaa 
accacacgtttccactattaacatatagcttcaatgaacctttgcctgaaagaaaaaggc 

acattaaaccgggtaatttgataaaattattgcaattagttaccttttccttcgcctgat 

agaatgtttatgagccggcatcgacgcaatgtaaacaaacgatcttctgacacttgacat 

ttgcagggttggattgaagcccggataaaaattcccctacggattgcaaaactccccaat 

gacattgcaactctcccctaactgcttgaaaaattcccttatatgattgcaagtttccac 

agtgtgcttgcaacactcccctaccggtttgcaacattcccctaactgattgaactattc 

ccttatatgattcgaaaccctgta

B. Sequenece of AgH1

 

Fig.5.  Structural chracteristics of AGH1. 

A. A schematic diagram of AGH1. It contains 350bp TIRs at each end and two ORFs. 

The first ORF encodes the transposase and it has a DD34E catalytic triad. The second 

ORF encodes an unknown product yet it has similar matches in other organisms. The size 

of the 2
nd

 ORF is approximately 300bp and the orientation is opposite.  

B. The entire sequence of AGH1. Underlined bold regions are TIRs. Deduced protein 

sequences are shown under the nucleotide sequence.  
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aaaccctatcattaCAGGGTTT::TTGAACTATTCCCTTATATGATTCGAAACCCTGtattaacccagtttca
gataatgctggttaCAGGGTTT::TTGAACTATTCCC--------------------aaccagcattatcgcg

aaggtgtctgtctaCAGGGTTT::TTGAACTATTCCCTTATATGATTCGAAACCCTGtagacgacaccttact

TIR TIRFlanking Flanking

 

Fig.6. AGH1 has three copies in the A. gambiae genome.   

It is the alignment of three copies with flanking regions. Franking regions are variable 

but the TE sequences are almost identical. In the 2
nd

 copy (middle sequence), there is 

approximately 20bp deletion at the 3’ end. The first two copies are more than 99% 

identical and the third copy (bottom) is 97% identical to copies 1 and 2.  
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750bp

AgH1(1st copy) :gcaaaccctatcattacagggtttcgaa::ttcgaaaccctgtattaacccagtttcac

PCR product   :gcaaaccctatcatta----------------------------ttaacccagtttcac

A.
TE

Xba-1

PCR

No

Product Product

~700bp

B.

C.

TE (Omitted sequence)

 

Fig.7. PCR using primers flanking the 1
st
 copy of AGH1.    

A. Schematic diagram of this PCR. Genomic DNA isolated from SUA1B cells is digested 

using Xba-I before PCR with two primers flanking the 1
st
 genomic copy. Because Xba-I 

only cut in the middle of AGH1, not in the flanking sequences, no PCR product is 

expected if AGH1 is present at this locus. However, if AGH1 is excised from this site or 

if the site is empty without AGH1 insertion, we would expect to see a ~ 700bp band 

which contains the two flanking regions and no AGH1.  

B. It is the result of the above PCR.  

C. The alignment between the sequence of the PCR product and the corresponding region 

of the draft A. gambiae genome that has the insertion of the 1
st
 copy of AGH1. PCR 

products contained only flanking regions and did not contain AGH1. Note that there is 

only one TA in the PCR sequence. Thus the two TA flanking AGH1 were duplications 

created as the result of AGH1 insertion.  
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Omitted

sequence

Omitted

sequence

 

Fig.8. Alignment of transposase sequences 

It is the alignment of 30 different transposases from different organisms. Only the DDE 

(D) region is shown. Red box indicates each DDE (D) position.  
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Fig.9. Phylogenic analysis of the entire transposase  

A. I analyzed 30 transposases using distance algorithm and ran 1000 bootstrap replicates. 

B. With same sequences, I changed the algorithm to maximum parsimony and also ran 

1000 bootstrap replicates. 
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Fig.10. Phylogenic analysis for the DDE(D) of transposase 

With same sequences in Fig.9, I selected the region surrounding the DDE (D) triad and 

did phylogenetic analyses.  

A. Distance analysis with 1000 bootstrap replicates.   

B. Maximum parsimony analysis with 1000 bootstrap replicates.    
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FINDMITES2NEW

putativeMITE

presentMITE2
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presentMITE2 

15 families

Final results

 

Fig.11. Flowchart of the process used for the identification of MITEs. 

This is the flowchart and overview of searching for MITEs. To get the initial candidates, 

I run three different programs and obtained the fasta files of all candidates. After that, I 

visually inspected candidates one by one. Next procedure is to remove the redundant, 

published MITEs and also improved alignment between members in each family. Finally, 

I got the 15 families.  
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Fig.12. TE display and insertion frequency of AGH1 in two molecular forms, M and S 

A.TE display was performed with four different populations of A. gambiae. I used 

approximately 30 individuals from each population. MC is M molecular form from 

Conge and MA is M molecular form from Angola. SA is S molecular form from Angola 

and SK is S molecular form from Kenya. Shown here are representatives from each 

population. To get the exact size, I cut some bands and used as the template for PCR. 

Two asterisks (*, **) are internal markers, which are used to help identify count the 

bands. 

B. Left panel is the internal markers for counting bands. I numbered 1~18 according to 

the size using two internal markers. Right plot showed the insertion frequency (%) of 

every locus.  
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Adapter

F2 R1

TE

Sequencing start

F1

td5    GCACCACAGCTGCAGCACACCAATTTACAGGGTTT
td21   GCACCACAGCTGCAGCACACCAATTTACAGGGTTT
td22   -CTTAAGTACAAATT----CCTTCATACAGGGTTT

td25   AGTGTCCTGGTTTGTACTACAACT-TACAGGGTTT
td24   CTAGGAGTATTTCAAAGCTTTAACATACAGGGTTT

************************************   ****************   

CGAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT
CGAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT
CGAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT

CAAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT
CAAATCATATAAGGAAATAGTTCAATCA   CATTGAAGCTATATGT

Flanking AgH1

Omitted

sequence

 

Fig.13. Sequencing analysis of bands from TE display  

Sequencing some bands from the TE-display to confirm that they are indeed from AGH1 

loci. I cut the band and re-amplify with primers R1 and F2 shown in schematic diagram. 

Since R1 primer is in the adaptor region, re-amplified bands contain flanking region and 

AGH1 TE orderly (red oval). Lower panel showed the alignments from four PCR 

products. As expected, the flanking regions are rather variable while the AGH1 regions 

are exactly same between these bands. Also note that there is characteristic direct repeat 

TA in the flanking region of AGH1.  
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500

1000

A. B.

Adapter

F2 R1

TE

Sequencing start

F1

td10   -------------GGGAATTCAGCGCTCAGGATTT
td11   -ATTTGGTACACATCAAAACCAGCTTACAGGGTTT
td12   ATTGTTATGTTACGTTATGAATTT-TACAGGGTTT
td13   TTTTTCGATTCATTTATTATTAATATACAGGGTTT

CGA-TCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT
CGAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT
CGAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT
CGAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT

td5    GCACCACAGCTGCAGCACACCAATTTACAGGGTTT
td21   GCACCACAGCTGCAGCACACCAATTTACAGGGTTT
td22   -CTTAAGTACAAATT----CCTTCATACAGGGTTT

td25   AGTGTCCTGGTTTGTACTACAACT-TACAGGGTTT
td24   CTAGGAGTATTTCAAAGCTTTAACATACAGGGTTT

*********** ************************   ****************   

CGAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT
CGAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT
CGAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT

CAAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT
CAAATCATATAAGGAAATAGTTCAATCA   CATTGAAGCTATATGT

Flanking AgH1

Omitted

sequence

C.

 

Fig.14. TE display and sequence confirmation suggests that AGH1 is also present in A. 

arabiensis. 

A. It is the TE display result. Some bands are confirmed by PCR and sequencing to check 

the AGH1.   

B. It is the schematic diagram of PCR for sequencing analysis. I circled the region of the 

expected products.  

C. It showed the alignment of sequences of the PCR products. PCR products of A. 

arabiensis are labeled Td 10, 11, 12, and 13. For the comparison, I added sequences from 

A. gambiae (Td 5, 21,22, 24,and 25). 
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Identities = 982/986 (99%)

ARA_ORF1   13 AAAATTGTTAAA GAAATTGTTGATTGACATGTTGCTGT 998

A.Gambiae 421 AAAATTGTTAAA <omitted sequence>  GAAATTGTTGATTGACATGTTGCTGT 1407

************ **************************

Identities = 446/446 (100%)

ARA_ORF2    906 GATTCGCCCGGTGGTCCTCTAT                     TGGAACTTGAA  1231 

A.Gambiae  2572 GATTCGCCCGGTGGTCCTCTAT <omitted sequence>  TGGAACTTGAA  2897

**********************                     ***********

C.

D.

1000

2000

a

TIR TIRORF1 ORF2
a

1 2 3 4
A.

B. 

 

Fig.15. ORF conservation between A. gambiae and A. arabiensis. 

A. PCR and subsequent sequence analysis were performed in this species to show the 

conservation of ORFs of AGH1. I numbered 1-4 to show the primers.  

B. It is the PCR result of primer sets 1 and 4 with 5 individual A. arabiensis mosquitos as 

the templates. The expected product is “a” in Fig.15A. It is the combined region of two 

ORFs. Among five, only three individuals gave the expected products.   

C. PCR products are sequenced and analyzed by BlastN. Identity between two ORF1 

(transposase) of AGH1 from A. gambiae and A. arabiensis is more than 99%, or 982 of 

986 nucleotides.  

D. PCR products are sequenced and analyzed by BlastN. Identity between two ORF2 

(Unknown function) of AGH1 is 100%, or 446 out of 446 nucleotides.  
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500

1000

1500

1000

250

A. B.

td17   CGTGCACAA--GTAATGGAGCG--TTACAGGGTTT
td16   ATAGCTGTTTGTCCAATTACTCAT-TACAGGGTTT
td15   ---------------------------CCGAGTCC
td14   ACGGGATCTTTACTTAAATTTTGTTTACAGGGTTT

CGAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT
CAAATCATATAAGGGAATAGTTCAATCA   CATTGAACCTATATGT
TCGATCATATAAGGGA-TAGTTCAATCA   CATTGAAGCTATATGT
CGAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT

td5    GCACCACAGCTGCAGCACACCAATTTACAGGGTTT
td21   GCACCACAGCTGCAGCACACCAATTTACAGGGTTT
td22   -CTTAAGTACAAATT----CCTTCATACAGGGTTT

td25   AGTGTCCTGGTTTGTACTACAACT-TACAGGGTTT
td24   CTAGGAGTATTTCAAAGCTTTAACATACAGGGTTT

CGAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT
CGAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT
CGAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT

CAAATCATATAAGGGAATAGTTCAATCA   CATTGAAGCTATATGT
CAAATCATATAAGGAAATAGTTCAATCA   CATTGAAGCTATATGT

* * **    **************************   ****************   

Adapter

F2 R1

TE

Sequencing start

F1C.

Flanking AgH1

Omitted

sequence  

Fig.16. TE display and sequence confirmation suggests that AGH1 is also present in A. 

melas. 

A. It is the TE display result and shows the existence of AGH1 in A. melas.  

B. Using an AGH1 primer and a primer designed according the flanking sequences 

revealed by TE-display, I was able to amplify an expected size band using DNA from the 

individual mosquito as template. It further confirms that the TEs in TE display are real 

and are not artifacts.    

C. Upper panel is the schematic diagram of PCR for sequencing analysis. I circled the 

region of the expected products. Lower panel showed the alignment of sequences of the 

PCR products. PCR products of A. melas are labeled as Td 14, 15, 16, and 17. For the 

comparison, I added sequences from A. gambiae (Td 5, 21,22, 24,and 25). 
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Identities = 943/947 (99%)

A.Gambiae    421 AAAATTGTTAAA GTACATTCGCAAATGC 1466

Melas_ORF1    10 AAAATTGTTAAA <omitted sequence>  GTACATTCGCAAATGC  746 

************ ****************

Identities = 316/318 (99%)

A.Gambiae   2582  CGGTGGTCCTCTAT TGCCTACATGGAACTTGAA 2900

Melas_ORF2    14  CGGTGGTC-TCTAT <omitted sequence>  TGCCTACATGGAACTTGAA  333

******** *****                      *******************

D.

E.

1000

1000

250

b cB. C.

TIR TIRORF1 ORF2

b c

1 2 3 4
A.

 

Fig.17. ORFs conservation of AGH1 in A. melas.  

A. PCR and subsequent sequence analysis were performed in this species to show the 

conservation of ORFs of AGH1. I numbered 1-4 to show the primers.  

B. It is the PCR result of primer sets 1 and 2 in 5 individual A. melas mosquitoes. 

Template is the 1
st
 PCR product with primer set 1 and 4 and genomic DNA of A. melas 

mosquitoes. The expected product is “b” in Fig.17A and it is the ORF1 region. All 5 

individuals showed ORF1.  

C. It is the PCR result of primer sets 3 and 4 in A. melas mosquitoes. Template is same to 

the Fig.17B and expected product is “c” in Fig.17A. It is for ORF2 region. 

D. PCR products are sequenced and analyzed by BlastN. Identity between two ORF1 

(transposase) of AGH1 from A. gambiae and A. melas is more than 99%, or 943 

nucleotides matched among 947 nucleotides.  
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E. PCR products are sequenced and analyzed by BlastN. Identity between two ORF2 

(Unknown function) of AGH1 from A. gambiae and A. melas is more than 99%, or 316 

nucleotides matched among 318 nucleotides.  
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C. 

440bp

1000

250

Sua1B      4A3B  

Query   : 4        cctaactgcttgaaaattccctt                  aaaccctgt 128

|||||||||||||||||||||||<Omitted sequence>|||||||||    

AgH1    : 15672226 cctaactgcttgaaaaattccct                  aaaccctgt 15672352

Query   : 128      tccgtaggggaatttttatccggg                  attcttcg 435                   

||||||||||||||||||||||||<Omitted sequence>||||||||                   

AgH1    : 15668831 tccgtaggggaatttttatccggg                  attcttcg 15669137

B.

E. 

15669137

15668831

15672352

15672226

TIR RIT

15672226

15672352 15668831

15669137

Deleted

TIR(~130bp)

D. 

F. 

1 2 3 4

15672352

15672226 15669137

15668670

TIR RIT

A.

 

Fig.18. Inverse PCR of AGH1 

A. It is the schematic diagram of inverse PCR of AGH1. Because it is nested PCR, I used 

2 pairs of primers. For the 1
st
 PCR, I used primers 2 and 3. After that, with the product as 

the template, I did 2
nd

 PCR with primers 1 and 4. Because primer 1 is in the TIR region, 

primer 1 also recognizes and binds the position of primer 4. (Actually primers 1 and 4 are 

the same.) I also indicate the end position of TIR.  

B. It is the nested type PCR and I run twice with two different PCR primer sets. There are 

two bands in the two cell lines and I got the sequencing result from 4A3B, 440bp.  

C. BlastN is used for the sequencing alignment. Sequence alignment shows the 5’ TIR 

region which starts at 15672226 and finishes at 15672352. 15672226 is the position of 

primer for the 2
nd

 PCR and sequencing primers at the same time. 15672352 is the end 

position of AGH1. Because it is inverse PCR product, the direction of the product is also 

opposite.  
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D. This sequence alignment showed the 3’ TIR which starts at 15668831 and finishes at 

15669137. Since actual end point of 3’ TIR is 15668670, there is around 130bp deletion. 

15669137 is the position of the primers I used at the 1
st
 PCR.  

E. Schematic diagram of excision of AGH1  

Sequencing alignment shows that the excision pattern between two TIRs is different each 

from other. 3’ TIR has around 130bp deletion from the end position.  

F. It is the schematic diagram of intermediate circular form of AGH1. 3’ TIR is shorter 

than 5’ TIR. 15672353, the end position of 5’ TIR directly connects to 15668831, 3’ 

deleted TIR position. Although sequencing only read from 15672226 to 15669137, that 

band indicates whole sequence may form circular molecule of AGH1.  
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NC PC a   b    c NC PC a   b   c

TIR TIRORF1 ORF2

SUA1B 4A3B

a c NC a c NC

1000

250

1000

250

a’ b’ c’ d’ e’

a

c

b
a’

b’
c’
e’ d’

A.

1 2 3 4 5 6 7

B. C.

D.

a’ b’ c’ d’ e’

 

Fig.19. RT-PCR of AGH1 

A. Primer sets of the RT-PCR of AGH1.  I numbered all primers. Primer 1, 2, 3, 4, and 5 

is for the 1
st
 ORF region and 6 and 7 is for the 2

nd
 ORF region. I used these primers for 

the nested RT-PCR. Expected PCR product is named alphabetically. a, b, and c are the 1
st
 

PCR product and a’,b’,c’,d’ and e’ for the 2
nd

 PCR product.  

B. It is the 1
st
 RT-PCR result from polyA RNA isolated from SUA1b. Negative control 

(NC) is performed with same condition of other reactions without reverse transcriptase to 

check the genomic DNA contamination. For the positive control (PC), I used primer sets 

of high copy number of TE as confirmed early in lab. The same primer set was also used 

in negative control. In “a” line, the primer set is 1 and 5 and the schematic product is “a” 

in Fig.19A. In the “b” line, the primer set is 6 and 7 and the schematic product is “b” in 

Fig.19A. In the “c” line, the primer set is 2 and 7 and the schematic product is “c” in 

Fig.19A.  Namely “a”, “b” and “c” are all 1
st
 PCR products.    



 57

C. It is the 1
st
 RT-PCR result of 4A3B. Results are exactly same to the Fig.19B except the 

template is mRNA from 4A3B. 

D. 2
nd 

RT-PCR results of AGH1. For the line a’, the primer set is 2 and 4. The template is 

“a” from 1
st
 RT-PCR. Expected product matched to the a’ in Fig. 19A. For the line b’, the 

primer set is 3 and 4. The template is “a” from 1
st
 RT-PCR. Expected product is b’ in Fig. 

19A. For the line c’, the primer set is 2 and 4. The template is “c” from 1
st
 RT-PCR. 

Expected product matched the c’ in Fig. 19A. For the line d’, the primer set is 6 and 7. 

The template is “c” from 1
st
 RT-PCR. Expected product matched the d’ in Fig. 19A. For 

the line e’, the primer set is 3 and 5. The template is c from 1
st
 RT-PCR. Expected 

product matched the e’ in Fig. 19A.  NC is the same to the Fig. 19B except the result is 

2
nd

 PCR and template is NC in Fig.19B.   
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Identities = 940/950 (98%)
RT-PCR_A:    4 actgtttcccgaattattcataagtttttgaaagaaggtgagattacaaacaattcnngc 62 

|||||||||||||||||||||||||||||||||||||||||||||||||||||||| || 

Sbjct:  103137 actgtttcccgaattattcataagtttttgaaagaaggtgagattacaaacaattctagc 103078

<Omitted sequence>

RT-PCR_A:    903 gctctgacactgcaacctcgcacaacacaaacatctatttacaaatatac 951

|||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct:    102237 gctctgacactgcaacctcgcacaacacaaacatctatttacaaatatac 102188 

Identities = 684/746 (91%)

RT-PCR_A :    7 gtttc-cgaattattcataagtttttgaaagaaggtgagattacaaacaattcnngcgaa 65
||||| |||||| ||||||| ||||| ||||||||||||||||| ||| |||| || || 

Sbjct: 15671858 gtttctcgaattgttcataactttttaaaagaaggtgagattacgaaccattcgagccaa 15671799 

<Omitted sequence>

RT-PCR_A :  721 tagaaaatatgttttctaagtggaag 746

|||||||||||||||||||||||||| 

Sbjct: 15671143 tagaaaatatgttttctaagtggaag 15671118 

3rd copy

1st & 2nd copy

TIR TIRORF1 ORF2
a

1

 

Fig.20. Sequence alignment of RT-PCR products.  

Schematic diagram showed the priming region for analysis. I used product “a” with 

primer 1 and the alignment is below. With these results, PCR products are from an AGH1 

that is similar to 3
rd

 copy rather than 1
st
/2

nd
 copy.  
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Identities = 328/330 (99%)

AgH1    : 4        ttgattcgcccggtggtcctctatggacaggagtcttggaccatcctagcggaggatgc 63

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Genome  : 15669782 ttgattcgcccggtggtcctctatggacaggagtcttggaccatcctagcggaggatgc 15669724                                                       
<omitted sequence>                                              

AgH1    : 304      ggagatcgggtgcctacatggaacttgaa 333

|||||||||||||||||||||||||||||
Genome  : 15669483 ggagatcgggtgcctacatggaacttgaa 15669455

Identities = 328/330 (99%)

AgH1   : 4       ttgattcgcccggtggtcctctatggacaggagtcttggaccatcctagcggaggatgc 63

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
Genome :  3261977 ttgattcgcccggtggtcctctatggacaggagtcttggaccatcctagcggaggatgc 3261919                                                        

<omitted sequence>                                            

AgH1   :  304     ggagatcgggtgcctacatggaacttgaa 333
|||||||||||||||||||||||||||||

Genome :  3261678 ggagatcgggtgcctacatggaacttgaa 3261650

Identities = 258/276 (93%)

AgH1 : 5      tgattcgcccggtggtcctctatggacaggagtcttggaccatcctagcggaggatgca 64

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Genome   : 100589 tgattcgcccggtggtcctctatggacaggagtcttggaccatcctagcggaggatgca 100531                                                         
<omitted sequence>                                              

AgH1    : 243    gcggagcacagcaaactcgatggctggatcatgtga 278

|||||||||||||||||||||| |||||||||||||
Genome  : 100356 gcggagcacagcaaactcgatgactggatcatgtga 100321

1st copy

2nd copy

3rd copy

TIR TIRORF1 ORF2

2ndcopy
3rd copy

1st copy

6 7

 

Fig.21. Sequencing alignment of RT-PCR products with other primers. 

Schematic diagram showed the amplifying region for sequencing. For that, I used primer 

6 to check the difference of sequences between 1
st
/2

nd
 and 3

rd
 copies. Below sequence is 

the result of alignment. These sequences showed high similarity with 1
st
/2

nd
 copies rather 

than 3
rd

 copy.  
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2. Hetero dimer reaction

B. Defective transposase

1. Homo dimer reactionRecognized
TIRs

Dimerization 
and excision

TE RITTIR A. Normal transposase

A B

 

Fig.22. Hypothesis of transposase action.  

Upper panel shows the dimerazation of two transposases to recognized each TIR. After 

that, transposase excised that position to make loop of TEs.  

Lower panel showed the hypothesis of action mechanism of AGH1. With certain 

combinations of two different transposases, different results are expected as shown.  
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TIR

Aci-1

A.

8  13  37   81

Sua1B

Adapter

F2
R1

TE

F1

Sequence start

 

Fig.23. TE-display with Aci-1of AGH1 in various passages of the A. gambiae Sua1B cells. 

A. Left panel showed the schematic diagram of TE display of Aci-1 digestion. The 

digestion site of Aci-1 is in the AGH1 specific region, not in the TIRs. Genomic DNA 

from 4 different cell passages is used for the TE display, as shown in the right panel. In 

this figure, there is only one conserved band.  Sequence of the same size band obtained 

from a different cell confirmed that it is from an AGH1 locus. 
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8  13  37   81
TIR

Bfa-1

A. Cloned SUA1B

Adapter

F2
R1

TE

F1

B.

Sequence start

td4 TATGATTCGA

Td6 TATGATTCGA
td5 TATGATTCGA

td7 TATGATTCGA

**********

AACCCTGT------------ATCACCTGTAGA---------TGAAGTTCACAGCAATGTG

AACCCTGTT-----------ANTGCAGGTAAA---------CGCAGCCATATCCTAAGTT
AACCCTGTATTAACCCAGATTTCACTTGTTAAAATTTGGTTTGCAGTGAAATTTTAGCAT

AACCCTGTA-----------ATGACAGACAC----------CTTACTCCAATACAATGTA

*******                *                   *          *

AgH1 Flanking

Omitted

sequence

Omitted

sequence

 

Fig.24. TE-display with Bfa-1of AGH1 in various passages of the A. gambiae Sua1B cells. 

 A.Left panel showed the schematic diagram of TE display of Bfa-1digestion. The 

digestion site of Bfa-1 is in the TIR, hence TE display may have chance to amplify some 

MITEs or internally-deleted AGH1 which share TIRs with the full-length AGH1. The 

genomic DNA used is the same as in Fig.18A. The band pattern is highly variable, which 

means the new insertion/deletion, however, they are not only from AGH1 itself.  

B. Sequences the TE display bands confirming that they are from AGH1-related 

sequences. 
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