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Non-LTR Retrotransposons in Mosquitoes: Diversity, Evolution, and Analysis of 
Potentially Active Elements 

 

James K. Biedler 

Abstract 

  

This research focuses on non-Long Terminal Repeat (non-LTR) retrotransposons 

in the African malaria mosquito, Anopheles gambiae and other mosquito species. An 

unprecedented diversity of non-LTR retrotransposons (non-LTRs) was discovered by 

genome analysis in a recently released An. gambiae genome assembly. During this 

analysis, new computational tools were developed that can facilitate Transposable 

Element (TE) discovery in any genome. One hundred and four families were found by a 

reiterative and comprehensive search using the conserved reverse transcriptase (RT) 

domains of known non-LTRs from a number of organisms as the starting queries. These 

families, which are defined by at least 20% amino acid sequence divergence in their RT 

domains, range from a few to approximately 2000 copies and occupy at least 3% of the 

genome. An. gambiae non-LTRs represent 8 of the 15 previously defined clades, plus two 

novel clades, Loner and Outcast, raising the total number of known clades to 17. Five 

families were found belonging to the L1 clade, which had no invertebrate representatives 

until this study. All clades except one have families with sequence characteristics 

suggesting recent activity.  

Juan, a non-LTR of the Jockey clade originally discovered in the mosquito Culex 

pipiens quinquefasciatus (Mouches et al. 1991), has been implicated in horizontal 

transfer in three non-sibling species of the Aedes genus (Mouches, Bensaadi, and Salvado 
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1992). PCR was used to obtain sequences from 18 mosquito species of six genera. 

Phylogenetic analysis demonstrates predominant vertical inheritance of Juan elements 

among these species. There is strong evidence from sequence analysis supporting the 

recent activity of Juan in several divergent species. We hypothesize that the sustained 

activity (versus quick inactivation) of non-LTRs in mosquitoes may contribute to the 

diversity we observe in the An. gambiae genome today. 

TE display, a method similar to Amplified Fragment Length Polymorphism, was 

shown to be a highly specific and reproducible method to detect the insertion sites of 

TEs. TE display was also shown to be useful for the genome-wide identification of non-

LTR insertions in individual mosquitoes and cell lines. A high degree of polymorphism 

was detected for two non-LTR families Ag_I-2 and Ag_Jen-1 in An. gambiae 

populations, which is consistent with expectations of active elements.  

Promoter and transcriptional analyses were performed for several families 

previously identified as potentially active elements based on sequence analysis. RT-PCR 

results indicate that transcripts are present in An. gambiae cell lines that contain 

sequences corresponding to 13 of 15 tested non-LTR families. RACE and northern blot 

analysis failed to detect the presence of transcripts. The 5’ UTRs of An. gambiae non-

LTRs from the I, Jockey, and L1 clades were shown to support basal transcription in 

divergent mosquito cell lines from 3 species using a luciferase reporter assay. The Jen-1 

(Jockey clade) 5’UTR was active in An. gambiae cells, but did not support transcription 

in Ae. aegypti and had low activity in Ae. albopictus. The Ae. aegypti JuanA 5’UTR did 

not support promoter activity and appears to have an inhibitory effect on the Ag_L1-5 

5’UTR. We have not determined the mechanism responsible for the inhibitory effect by 
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the JuanA 5’UTR, although we speculate that a homology dependent mechanism such as 

RNA interference (RNAi) could be involved. The non-LTR Ag_L1-5 from An. gambiae 

was tested for activity by a retrotransposition assay designed for use in cultured mosquito 

cells but retrotransposition was not detected. 
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Chapter 1 

Introduction 

 

1.1 TE Classification, structural organization, and mechanism of transposition 

 Transposable elements (TEs) are mobile genetic elements that can move from one 

site to another in a genome. They are categorized as either Class I or Class II, depending 

on their mechanism of transposition (Figure 1) (Finnegan 1992). Within each class, there 

are both autonomous and non-autonomous elements. Autonomous elements encode the 

necessary proteins for their transposition. Non-autonomous elements do not encode 

functional proteins and are thought to utilize proteins expressed by autonomous elements. 

TEs transpose through either RNA-mediated or DNA-mediated mechanisms. DNA-

mediated TEs (Class II) generally transpose by a cut-and-paste process. TEs in this 

category include the nonautonomous miniature inverted-repeat TEs (MITEs). RNA-

mediated TEs (Class I) transpose by a replicative mechanism that involves transcription, 

reverse transcription, and integration of cDNA molecules, a process called 

retrotransposition. TEs in this category include the long terminal repeat (LTR) 

retrotransposons, non-LTR retrotransposons (non-LTRs) or long interspersed nuclear 

elements (LINEs), and short interspersed nuclear elements (SINEs).  

 Non-LTRs are generally 3-8 kb long and have been found in virtually all 

eukaryotes studied. A typical non-LTR and the basic retrotransposition process are shown 

in Figure 2. Unlike LTR retrotransposons that have long terminal direct repeats flanking 

the coding sequence, Non-LTRs do not, hence the name Non-LTR. Most non-LTRs have 

a reverse transcriptase (RT) domain that is essential for their retrotransposition. In 
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addition to the RT domain, many non-LTRs encode an additional protein related to the 

retroviral Gag gene products that is a nucleic acid binding-protein. Studies of this Gag-

like protein from L1 in mice show that it acts like a nucleic acid chaperone (Martin and 

Bushman 2001). Some elements also have a Ribonuclease H (RNase H) and/or AP 

endonuclease (AP) domain encoded in the same ORF where the RT is found. Other 

typical structural characteristics found in various non-LTR families are internal pol II 

promoters and 3' ends containing canonical AATAAA polyadenylation signals, poly (dA) 

tracts, or adenosine-rich tandem repeats. Target Primed Reverse Transcription has been 

proposed as the mechanism of retrotransposition for R2 of Bombyx mori and may be 

generally true for all non-LTR elements (Luan et al. 1993). This mechanism involves the 

generation of a 3’OH primer from cleavage of the target genomic DNA by an R1-

encoded AP endonuclease. The 3’OH is then used by the reverse transcriptase to initiate 

reverse transcription. Target site duplications (TSDs) flanking a TE sequence are a 

signature of TE integration and are generated by the repair of overhanging DNA cleavage 

products. 

 

1.2 Regulation of TEs 

 As TEs comprise a large portion of most eukaryotic genomes, most copies are 

inactive from accumulated mutations. Only a small subset of the total copies is typically 

still potentially “active” and able to transpose and replicate under permitting conditions. 

For a TE to remain active in a population, a minimum requirement is for transposition of 

a functional copy to occur in the germ line so that the copy is inherited in the next 

generation. TEs must amplify at a sufficient rate to increase their copy number in order to 
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escape inevitable inactivation by mutation. On the other hand, an excess of transposition 

can wreak havoc on a genome, which requires the existence of regulatory mechanisms to 

limit their activity. From the perspective of TE survival, a TE must be sufficiently active 

to ensure it’s own survival, while not so active as to eliminate its own existence from 

reduction of host fitness. 

Regulation of TE activity can be directed by the host or by the TE itself. 

Autoregulatory mechanisms have been documented for both the P and mariner elements 

of D. melanogaster (Hartl et al. 1997; Kidwell and Lisch 2001). Organisms have evolved 

ways to tightly regulate TEs in order to keep transposition suppressed. These mechanisms 

include heterochromatin formation, methylation, RNAi, and tissue-specific regulation 

such as alternative splicing (Siebel, Kanaar, and Rio 1994; O'Neill, O'Neill, and Graves 

1998; Finnegan, Peacock, and Dennis 2000; Vastenhouw and Plasterk 2004). TEs can 

also be removed by recombination during meiosis. Several lines of evidence support the 

regulation of non-LTRs by RNAi (Djikeng et al. 2001; Aravin et al. 2003; Robin et al. 

2003). Despite these regulations, many TEs have nevertheless been able to flourish in 

eukaryotic genomes by occasionally “escaping” the host defense mechanisms. 

Understanding more about the dynamics of TE regulation is important because TEs have 

a large impact on host biology and evolution, and they are utilized for such a broad range 

of applications. It is hypothesized that the level of activity of a TE and its interaction with 

its host genome may depend on the stage of the TE life cycle that the TE is in (Tu 2005). 

That is, a TE that has just invaded a naïve genome will have a different dynamic than an 

older TE. This is discussed later in the section 1.4 (Horizontal transfer). 
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1.3 Non-LTR diversity: clades and families 

 A non-LTR clade has been defined as a monophyletic group having ample 

phylogenetic support, shared structural features, and an origin dating back to 

approximately 600 million years in the Precambrian era (Malik, Burke, and Eickbush 

1999). Non-LTRs have been phylogenetically classified by their RT domains into 11 

clades with the total number being recently increased to 15 with the addition of NeSL-1 

(Malik and Eickbush 2000), Ingi, Rex1 (Eickbush and Malik 2002), and L2 clades 

(Lovsin, Gubensek, and Kordi 2001). Results of my research extend the total number of 

clades to 17. 

 A family is a somewhat ambiguous classification, with regard to TEs. 

Historically, a “family” includes TEs from diverse organisms that are monophyletic when 

subjected to phylogenetic analysis. Because the analysis of TEs usually deals with many 

paralogous sequences and not true orthologs, the definition of a family can be confusing 

because of the inclusion of divergent homologs. In chapter 2, a family is defined as those 

sequences having at least 80% amino acid identity over the region used for phylogenetic 

analysis. 

 Non-LTR diversity in sequenced eukaryotic genomes tends to be highly variable. 

While there exists an approximately linear relationship between genome size and TE 

density (Kidwell 2002), no such relationship is apparent when comparing genome size 

and non-LTR diversity. Interestingly, insect genomes appear to harbor a greater diversity 

of non-LTRs when compared to other genomes. In fact, 12 of the 17 currently described 

clades are represented in mosquitoes (Biedler and Tu, 2003). In Drosophila 

melanogaster, more than 10 families of non-LTRs were discovered which represent 6 of 
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the 15 clades (Berezikov, Bucheton, and Busseau 2000). Although non-LTRs occupy a 

significant bulk of the human genome, they represent only two of the 15 described clades 

(Malik, Burke, and Eickbush 1999; Lander 2001). Large-scale surveys of Arabidopsis 

thaliana, Caenorhabditis elegans, and a few other smaller eukaryotic genomes showed 

similar lack of diversity. However, the recently reported Fugu rubripes genome (Aparicio 

et al. 2002) showed significant diversity, containing non-LTRs from 5 clades. The 

observed variation in intragenomic non-LTR diversity is likely a result of the unique and 

dynamic nature of each genome. 

 

1.4 Horizontal transfer 

TEs become inactivated if they do not amplify at a sufficient rate to escape 

mutational inactivation or regulation by their host. One strategy that has apparently 

evolved to evade this fate is horizontal transfer. Horizontal transfer is well documented 

for Class II (DNA-mediated) TEs (Kidwell 1992; Robertson 1993; Bonnivard et al. 

2000). In contrast, Non-LTRs appear to have spread through their hosts predominantly by 

vertical transmission with horizontal transfer being a rare event (Kordis and Gubensek 

1999; Malik, Burke, and Eickbush 1999). Extensive study of the site-specific R1 and R2 

non-LTRs of Drosophila also support this (Eickbush and Eickbush 1995; Lathe et al. 

1995; Gentile, Burke, and Eickbush 2001). Despite the rare example cited above by 

Kordis and Gubensek (1999), it has been argued that there is no convincing evidence for 

horizontal transfer of non-LTRs (Eickbush and Malik 2002). The difference in potential 

for horizontal transfer between the two classes has been attributed to the differences in 

the mechanism of transposition for Class I and Class II TEs (Malik, Burke, and Eickbush 
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1999). The transposase of Class II TEs can bind to nonfunctional internally deleted 

copies that still retain the TIRs, the sequence recognized by the transposase. 

Amplification of these nonfunctional copies will eventually contribute to their 

inactivation. On the other hand, Non-LTRs replicate as a result of retrotransposition in 

which there is evidence for a cis preference by the RT for its own messenger RNA (Wei 

et al. 2001). This may result in a bias for retrotransposition of non-LTR mRNAs that are 

intact and functional. However, this mechanism has not precluded the successful 

amplification of SINEs, which presumably utilize the RT from non-LTRs for their 

retrotransposition. 

Three kinds of evidence can be used to support the claim of horizontal transfer 

(Silva, Loreto, and Clark 2004). These include phylogenetic incongruence between a TE 

and its host species, high sequence identity between TEs found in divergent hosts, and an 

inconsistent taxonomic distribution. When the phylogeny of a TE is congruent with the 

phylogeny of their host species, vertical transmission of the TE is the simple explanation. 

There are few reports of horizontal transfer of non-LTRs (Kordis and Gubensek 1999). 

However, it has been argued that such claims need to be examined and that no convincing 

evidence exits for the horizontal transfer of non-LTRs (Eickbush and Malik 2002). 

 

1.5 Evolutionary impacts of TEs 

 A significant portion of eukaryotic genomes is comprised of repetitive sequences 

and it is now known that much of these sequences are derived from TEs. For example, at 

least 45% of the human genome (Lander 2001) and 16% of the newly reported Anopheles 

gambiae genome (Holt 2002) are TE-derived sequences. These are likely to be 
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underestimates since many ancient TEs in the genome have probably mutated beyond 

recognition. TEs are integral components of the eukaryotic genomes and they have the 

ability to replicate and spread in the genome as primarily "selfish" genetic units (Doolittle 

and Sapienza 1980). These sequences were once thought to have little or no function and 

were called “junk” DNA. Analysis of the massive amount of genomic sequence from 

various eukaryotic genome projects has led to increasing evidence that TEs are not junk, 

but powerful agents of genetic change that have had significant influences on eukaryotic 

evolution (Brosius 1999; Makalowski 2000; Kidwell and Lisch 2001). 

 Several examples exist that demonstrate the impact TEs have had on genome 

evolution. The lack of correlation between genome size and biological complexity, called 

the C-value paradox, is partly attributable to TEs, as eukaryotes display a 200,000 fold 

difference in their genome size (Kidwell 2002). The mechanism of V(D)J recombination 

of T lymphocyte and immunoglobulin genes in jawed vertebrates has been linked to a 

transposase of an ancient TE (Agrawal, Eastman, and Schatz 1998). TEs can mediate 

ectopic recombination and other genomic rearrangements (Gray 2000) and have been 

found to be involved in chromosomal inversions (Casals, Caceres, and Ruiz 2003). 

 Specifically, Non-LTRs appear to have had significant influences on eukaryotic 

genome evolution. Some elements contain sequences that affect the expression of nearby 

genes, serve as homologous sites for recombination, and contribute to novel exons. For 

example, L1 from humans and a SINE named Alu, which is thought to be retrotransposed 

by L1, make up more than 27% of the human genome (Lander 2001). In addition, L1 has 

been shown to be capable of 3’ transduction (Moran, DeBerardinis, and Kazazian 1999), 

and is believed to be responsible for the duplication of up to 1% of the human genome 
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(Goodier, Ostertag, and Kazazian 2000; Pickeral et al. 2000). L1 is also believed to be 

responsible for the production of processed pseudogenes since they have the 

characteristics of retrotransposed sequences. Hybrid dysgenesis is a syndrome of germ-

line traits including mutation, chromosomal breakage, and sterility that results from a 

high transposition rate after certain Drosophila strains are crossed. TEs from both classes, 

the I factor (Bucheton et al. 1984) and the P element (Bingham, Kidwell, and Rubin 

1982), have been shown to participate in this phenomenon. Retrotransposons have been 

implicated in the repair of double strand breaks by reverse transcriptase-mediated 

mechanisms (Teng, Kim, and Gabriel 1996) and by gene conversion (Tremblay, Jasin, 

and Chartrand 2000). Telomere maintenance in D. melanogaster is carried out by two 

non-LTRs HetA and TART which preferentially insert in the telomeric region, protecting 

against DNA loss from replication (Levis et al. 1993). The continued study of TEs will 

undoubtedly further uncover and elucidate the many mechanisms by which they 

influence genome evolution and contribute to biological complexity. 

 

1.6 Non-LTRs in mosquitoes 

 Prior to this work, several non-LTR families have been characterized by 

molecular cloning and sequence analysis. RT1 and RT2 of the R1 clade, and T1 and Q of 

the CR1 clade were the first reported elements (Besansky 1990; Besansky et al. 1992; 

Besansky, Bedell, and Mukabayire 1994) probably because of the medical importance of 

their host, the African malaria mosquito An. gambiae, their high degree of representation 

in the genome and relatively high copy numbers. Later, the Juan element of the Jockey 

clade was discovered in Culex pipiens and Ae. aegypti (Mouches, Bensaadi, and Salvado 
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1992; Agarwal et al. 1993). More recently, MosqI and Lian were discovered in the 

yellow fever mosquito Ae. aegypti (Tu, Isoe, and Guzova 1998; Tu and Hill 1999). A 

novel element CM-gag was also discovered (Bensaadi-Merchermek et al. 1997) that 

encodes only the Gag-like protein that is usually encoded by ORF1 in non-LTRs. 

 

1.7 TEs in mosquitoes: applications 

 TEs are a valuable resource for the development of molecular tools for a wide 

range of applications. They can be used for mutagenesis, transgenesis, population 

genetics, gene traps, and as enhancer or promoter traps to find new gene regulatory 

elements. The discovery of active TEs can lead to a better understanding of the 

mechanism and characteristics of transposition, their influence on genome evolution, and 

gene regulation. Any mechanism used to regulate TE activity is possibly used for host 

genes as well. The study of TEs can also contribute to the development of control 

strategies for vector-borne diseases. 

 Genomes can be seen as an enormous repository for molecular tools that have yet 

to be developed because there exists such a high degree of diversity of TEs, and many 

more await discovery as genome sequence becomes available. Even mutationally 

inactivated TEs can be of great value for which the story of Sleeping Beauty (SB), a class 

II element from the Zebrafish is a good example. An active synthetic SB sequence was 

reconstructed from degenerate copies from the genomes of 8 fish species and found to 

transpose in fish, mouse, and human cells (Ivics et al. 1997). It has since been 

demonstrated to be useful for gene trap insertional mutagenesis and gene therapy (Clark 

et al. 2004; Ohlfest et al. 2005). 
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 Virtually all of the TE-based transgenic vectors are of the Class II type (DNA-

mediated) and only class II elements have been used in mosquitoes (Adelman, 

Jasinskiene, and James 2002; Moreira et al. 2002; Robinson, Franz, and Atkinson 2004). 

Although very successful, they are not without their limitations (O'Brochta et al. 2003). 

For example, the P element has proven to be a valuable tool for Drosophila genetics, but 

it is not functional outside the genus. As with many TEs, this host range restriction is due 

to host-specific factors that are necessary for transposition. The class II elements used in 

mosquitoes such as mariner and piggyBac discovered in Drosophila mauritiana and 

Drosophila melanogaster (Jacobson, Medhora, and Hartl 1986; Kapitonov and Jurka 

2003), display variable transposition characteristics in different species, which are 

sometimes undesirable and unpredictable until tested (O'Brochta et al. 2003). Because of 

their great diversity and unique characteristics, non-LTRs may be a vast resource for the 

development of novel molecular tools for which recent research shows promise. The 

human L1 has been used to create an adenovirus/non-LTR hybrid transgenesis vector to 

efficiently introduce stably integrated transgenes (Soifer et al. 2001). The human L1 also 

has recently been used to deliver genes in HeLa cells that stably express siRNA (Yang, 

Zhang, and Kazazian 2005). The bulk of functional research on non-LTRs is based on L1 

from H. sapiens and the I factor from D. melanogaster (Abad et al. 1989; Bouhidel, 

Terzian, and Pinon 1994; Moran et al. 1996; Seleme et al. 1999). Clearly, the discovery 

of more active elements is needed to explore their potential for the many possible 

applications, one of which is vector control. 

 Mosquitoes are the vectors for parasites and viruses that cause a number of human 

diseases including Malaria, Dengue Fever, and Yellow Fever. The Anopheles gambiae 
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species complex consists of seven cryptic species (Krzywinski and Besansky 2003) that 

include An. gambiae sensu stricto (referred to as An. gambiae herein) and An. arabiensis, 

two of the most important vectors of malaria, a disease that is responsible for more than a 

million human deaths every year (Breman 2001). Increasing insecticide resistance and the 

genetic heterogeneity of the vector complex hampers vector control, a major component 

of malaria control strategies. One novel approach that is actively being pursued aims to 

replace vector mosquitoes in wild populations with genetically modified mosquitoes that 

are incompetent as disease vectors. One major challenge to establishing sophisticated 

vector control programs and meaningful epidemiological studies has been the genetic 

complexities in An. gambiae populations (Powell et al. 1999). Several recent studies 

using a number of genetic markers have made significant progress towards illustrating 

this complexity while pointing to the need for more extensive research (Black and 

Lanzaro 2001; della Torre et al. 2001). The development of new population genomic 

approaches is needed because conflict exists between results obtained using different 

types of genetic markers and markers at different genomic locations (Besansky 1999). 

Because many non-LTR families are interspersed throughout the genome and because 

relatively high levels of insertion polymorphisms are expected on the basis of evidence 

for recent retrotransposition, non-LTRs are great sources of polymorphic markers across 

different regions of the An. gambiae genome. Like the human Alu elements, these 

polymorphic insertion sites provide co-dominant markers when sequences flanking a TE 

at the specific locus are used as primers to PCR amplify genomic DNA isolated from an 

individual sample (Batzer et al. 1994; Stoneking et al. 1997; Roy-Engel et al. 2001). Like 

Alu, inserted non-LTR copies are not subject to excision by retrotransposition, which 
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makes them ideal for use as markers in population genetics because the ancestral state is 

known which is non-insertion. 

Because non-LTRs transpose through a mechanism completely different from 

DNA-mediated TEs that are currently pursued as major vectors for the genetic 

manipulation of mosquitoes, non-LTRs can possibly be developed as alternative vectors 

with different features. For example, retrotransposed copies are not subject to further 

excision, which could make them more stable than DNA-mediated TE vectors. As 

mosquito biology is entering the post-genomic era, these potential new tools of 

population analysis and genetic manipulation will undoubtedly contribute to a better 

understanding of these important disease vectors and help towards an informed and 

sustainable control strategy. 

 

1.8 Research significance and objectives  

 

The specific aims of this research are: 

1 Identify and classify the non-LTR component of An. gambiae by genome analysis,  

 perform phylogenetic analysis, and identify potentially active elements. 

2 Use TE display to assess the potential to detect retrotransposition and use of non- 

 LTRs as molecular markers. 

3 Investigate transcription and promoter activity of potentially active elements in cell  

 culture. 

4 Clone a candidate “active” non-LTR and test its activity in vivo using 

 retrotransposition assays 
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 The long-term objectives of this research are to analyze the evolution, activity, 

and regulation of non-LTRs in mosquitoes, and to develop non-LTR-based genetic tools 

that can be used for population analysis, transformation, and investigation of 

retrotransposition. The An. gambiae genome sequence offers a unique opportunity in a 

second insect species to evaluate non-LTR evolution on a genomic scale. During this 

research, computer-based search tools were developed that will facilitate the rapid 

identification and comprehensive analysis of non-LTRs and other TEs in other genomes. 

The discovery of novel clades and non-LTRs described here is a testament to the 

comprehensive nature of these tools. The discovery of several recently active non-LTRs 

in An. gambiae has created a foundation for investigation of non-LTR regulation and 

non-LTR-host genome interactions. In addition, TE display was developed for TEs in 

mosquitoes that will be useful for identification of active TEs and polymorphic markers 

for population genetics. Recently active non-LTRs may serve as better markers that offer 

higher resolution for phylogenies of closely related species or populations. 
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Figure 1. Classification and structural characteristics of transposable elements. Both 

Class I and Class II categories include both autonomous and non-autonomous elements. 

RT–reverse transcriptase, UTR–untranslated region, (A)n–poly(A) tract, LTR-Long 

Terminal Repeat, TIR-Terminal Inverted Repeat, MITE-Miniature Inverted Repeat 

Transposable Element, Pol II-Polymerase type II promoter, Pol III-Polymerase type III 

promoter. 
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Figure 2. Structural characteristics and mechanism of retrotransposition of a 

typical non-LTR. Pol II-Polymerase type II promoter, AP EN-Apurinic Apyrimidinic 

Endonuclease, RT-reverse transcriptase, AATAAA-canonical polyadenylation signal, 

(A)n-poly(A) tract, TSD-target site duplication. 
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Chapter 2 

Non-LTR retrotransposons in the African malaria mosquito, Anopheles gambiae: 

unprecedented diversity and evidence of recent activity (modified from publication 

(Biedler and Tu 2003) 

Permission to reprint granted by the Society for Molecular Biology and Evolution for this 

article originally published in Molecular Biology and Evolution 

Mol. Biol. Evol. 20(11):1811-1825. 2003 

 

2.1 Abstract 

 Over a hundred families of non-LTR retrotransposons (non-LTRs) were found in 

the newly released Anopheles gambiae genome assembly during a reiterative and 

comprehensive search using the conserved reverse transcriptase (RT) domains of known 

non-LTRs as the starting queries.  These families, which are defined by at least 20% 

amino acid sequence divergence in their RT domains, range from a few to approximately 

2000 copies and occupy at least 3% of the genome. In addition to having an 

unprecedented number of diverse families, An. gambiae non-LTRs represent 8 of the 15 

previously defined clades plus two novel clades Loner and Outcast, more than what has 

been reported for any genome. Five families were found belonging to the L1 clade, which 

had no invertebrate representatives to date. One unique family named Sponge contains 

only a complete open reading frame (ORF) for the Gag-like protein and appears to have 

been mobilized by a family of the CR1 clade. Although most families appear to be 

inactive as expected, all clades except R4 have families with characteristics suggesting 

recent activity. At least 21 families have multiple full-length copies with over 99% 
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nucleotide identity and some or all of the following characteristics: target site 

duplications (TSDs), intact ORFs, and corresponding expressed sequence tags (ESTs). 

The high degree of diversity and the maintenance of multiple recently active lineages 

within different clades indicate a complex evolutionary scenario. An. gambiae non-LTRs 

have the potential to be developed as tools for population genetic studies and genetic 

manipulations of this primary vector of the devastating disease malaria. The semi-

automated reiterative search approach described here may be used with any genome 

assembly to systematically survey and characterize non-LTRs as well as other 

transposable elements that encode a conserved protein.   

 

2.2 Introduction 

 Transposable elements (TEs), or mobile genetic elements, are integral 

components of the eukaryotic genomes. Because they have the ability to replicate and 

spread in the genome as primarily "selfish" genetic units (Doolittle & Sapienza 1980), 

TEs tend to occupy significant portions of the genome. For example, at least 45% of the 

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

genome (Holt et al. 2002) are TE-derived sequences. Recent evidence suggests that the 

"selfish" property may have enabled TEs to provide the genome with potent agents to 

generate tremendous genetic and genomic plasticity (Kidwell & Lisch 2001). TEs 

transpose through either RNA-mediated or DNA-mediated mechanisms (Finnegan 1992).  

DNA-mediated TEs generally transpose by a cut-and-paste process, directly from DNA 

to DNA. RNA-mediated TEs transpose by a replicative process that involves 

transcription, reverse transcription, and integration of cDNA molecules. TEs in this 
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category include the long terminal repeat (LTR) retrotransposons, non-LTR 

retrotransposons (non-LTRs) or long interspersed nuclear elements (LINEs), and short 

interspersed nuclear elements (SINEs).  

 Non-LTRs are generally 3-8 kb long and have been found in virtually all 

eukaryotes studied. Most non-LTRs have a reverse transcriptase (RT) domain that is 

essential for their retrotransposition. The RT domain has been used for phylogenetic 

Classification of non-LTR retrotransposons into 11 clades, all of which date back to the 

Precambrian era, approximately 600 million years ago (Malik, Burke, and Eickbush 

1999). The total number of clades has been recently increased to 15, with the addition of 

NeSL-1 (Malik and Eickbush 2000), Ingi, Rex1 (Eickbush and Malik 2002), and L2 

clades (Lovsin, Gubensek, and Kordi 2001). In addition to the RT domain, many non-

LTRs encode an additional protein related to the retroviral Gag genes that is a nucleic 

acid binding-protein. Studies of this Gag-like protein from L1 in mice show that it acts as 

a nucleic acid chaperone (Martin and Bushman 2001). Some elements also have a 

Ribonuclease H (RNase H) and/or AP endonuclease (APE) domain encoded. Other 

typical structural characteristics found in various non-LTR families are internal pol II 

promoters and 3' ends containing canonical AATAAA polyadenylation signals, poly (dA) 

tails, or adenosine-rich tandem repeats. Target Primed Reverse Transcription has been 

proposed as the mechanism of retrotransposition for R2 of Bombyx mori and may be 

generally true for all non-LTR elements (Luan et al. 1993). Target site duplications 

(TSDs) are generated by most non-LTRs as a result of insertion of a new copy. 
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Non-LTRs may have had significant influences on eukaryotic genome evolution (Brosius 

1999; Makalowski 2000; Kidwell and Lisch 2001). They have been shown to occupy a 

large portion of some genomes, contain sequences that affect the expression of nearby 

genes, serve as homologous sites for recombination, and contribute to novel exons. For 

example, L1 from humans and a SINE named Alu, which is thought to be retrotransposed 

by L1, make up more than 27% of the human genome (Lander et al. 2001). In addition, 

L1 has been shown to be capable of 3’ transduction (Moran, DeBerardinis, and Kazazian 

1999), and is believed to be responsible for the duplication of up to 1% of the human 

genome (Goodier, Ostertag, and Kazazian 2000; Pickeral et al. 2000). L1 is also believed 

to be responsible for the production of processed pseudogenes since they have the 

characteristics of retrotransposed sequences. Although non-LTRs occupy a significant 

bulk of the human genome, they represent only two of the 15 described clades (Lander et 

al. 2001; Malik, Burke, and Eickbush 1999). Large scale surveys of Arabidopsis thaliana, 

Caenorhabditis elegans, and a few other smaller eukaryotic genomes showed similar lack 

of diversity. However, in Drosophila melanogaster (Berezikov, Bucheton, and Busseau 

2000), more than 10 families of non-LTRs were discovered which represent six of the 15 

clades. The recently reported Fugu rubripes genome (Aparicio et al. 2002) also showed 

significant diversity, containing non-LTRs from five clades. Here we report the discovery 

and characterization of a large number of non-LTRs in the newly released An. gambiae 

genome assembly. 
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2.3 Materials and methods 

Search strategy 

 A systematic strategy (Figure 3), which incorporates multi-query BLAST 

(Altschul et al. 1997) and a few computer programs described below, was used to search 

for non-LTRs in the An. gambiae genome assembly (Holt 2002). The assembly consisted 

of 8987 scaffolds comprising 278 Mbp of the An. gambiae genome. All search programs 

were executed on a Dell 530 Linux workstation with twin 2.0 GHz processors, 1.5 Gb 

RAM, and 80 Gb hard drive. Amino acid sequences containing the conserved 0-5 regions 

of the RT domain (Malik, Burke, and Eickbush 1999) of one representative non-LTR 

element in each of the 12 established clades (Malik and Eickbush 2000) were used as 

starting queries in a tBLASTn search (E-value cutoff of 1e-5). Starting query sequences 

included the conserved RT regions of known mosquito retrotransposons JAM1, JuanA, 

Lian, and MosqI from Aedes aegypti (Mouches, Bensaadi, and Salvado 1992; Warren, 

Hughes, and Crampton 1997; Tu, Isoe, and Guzova 1998; Tu and Hill 1999). To explain 

our strategy, we use the example of a representative non-LTR as shown in Fig. 3A. The 

initial step is a tBLASTn search with this query, the result of which is then organized 

using TEpost. Because low stringency parameters were used in tBLASTn to ensure full 

coverage, multiple families of non-LTRs are expected in the BLAST output. To organize 

the hits into different families on the basis of sequence similarity, a reiterative approach 

is employed. Starting with the nucleotide sequence of the most significant hit Xi as the 

query, BLASTn searches were performed on the An. gambiae genome assembly to 

identify all related sequences and their coordinates (see below for parameters of BLASTn 

and subsequent TEpost). All the BLASTn hits that had more than 80% nucleotide 
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sequence identity as the query Xi were considered members of the Xi family (see details 

below), which were subsequently masked from the genome assembly using TEmask (In 

later phylogenetic analysis, for the purpose of reducing crowding and redundancy in the 

tree, a family was defined as a group of sequences having ≥80% amino acid identity in 

the same region that was used as queries described above. This resulted in the merging of 

only a few families that had similar structural characteristics). After database masking, 

the cycle was repeated starting with tBLASTn using the same query described above. 

However, the cumulatively masked database was used during each cycle to ensure that 

only new families produced hits. This reiterative search was continued exhaustively until 

virtually all families were defined. The use of a large number of representative non-LTRs 

as queries in tBLASTn was designed to ensure discovery of non-LTRs from all clades 

and possibly novel divergent elements (not shown in Figure 3A). However, we later 

discovered that over 95% of RT families could be identified using the RT sequence from 

only one known non-LTR during the systematic reiterative approach. In cases where we 

used multiple RT queries in one tBLASTn search, TEcombine was used to produce a 

non-redundant list of hits. Nucleotide sequences for known An. gambiae non-LTRs Q, 

T1, RT1, RT2 (Besansky 1990; Besansky et al. 1992; Besansky, Bedell, and Mukabayire 

1994) and fragments Vash, Guildstern, AgJuan (Hill et al. 2001) were also used in 

BLASTn searches. At this point only 70 sequences of at least 100 bp long resulting from 

all of the tBLASTn searches remain uncharacterized, which all appeared to be copies of 

old, degenerate non-LTRs. It should be noted that the An. gambiae genome assembly was 

chopped up into 100 Kbp fragments before use to make search and data processing more 

efficient. The potential problem of chopping a RT sequence in the middle is insignificant. 
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 To test the robustness of family structure we examined the Ag-Loner-1 family 

that is closely related to the Ag-Loner-2 family. Using a nucleotide sequence of an Ag-

Loner-1 copy corresponding to the RT domain (same as that used for phylogenetic 

analysis), we performed a BLASTn search against the genome. The resulting hits were 

filtered using our described programs, retaining only sequences with 80% or more 

identity and a length of at least 500 nucleotides (the query was 687nt). After alignment of 

these sequences and the generation of a pairwise distance matrix, the most divergent 

sequence to the query was chosen to repeat the above procedure. The resulting "family 

structure" was identical to that of the first search and did not include any copies of the 

Ag-Loner-2 family. The above procedure was repeated with Ag-Jen-3 and the result was 

the same, the family structure was unchanged. The robustness of the family structure 

might be explained by the relatively inclusive criteria that we used to define a family. 

 

Identification of full-length elements 

 Alignment of the nucleotide sequences plus flanking genomic sequence of each 

family was performed with ClustalW to determine transposon boundaries and full-length 

elements (Figure 3B). The alignment was also used to identify TSDs. The alignment was 

done using ClustalW v1.81 for the Linux operating system (Thompson, Higgins, and 

Gibson 1994) and viewed with ClustalX v1.81 for Windows (Thompson et al. 1997). The 

following parameters were used: pairwise gap penalty (open=10, extension=0.1), 

multiple gap penalty (open=10, extension=0.2). The alignment process was facilitated by 

the use of FromTEpost to retrieve all qualified hits into a fasta file. In practice, the search 

for non-LTR families and the identification of full-length elements were performed 
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concurrently. Identified full-length elements were used in TEmask whenever available. 

Sequences obtained for all families in this research can be found online at the Ensembl 

An. gambiae TE database at the address: 

http://www.ensembl.org/Anopheles_gambiae/submission?action=AllTransposons 

 

Software description 

 Software modules designed for this study include four C programs TEpost, 

TEcombine, FromTEpost, and TEmask, all of which are available for download on our 

webpage (jaketu.biochem.vt.edu/ or http://128.173.80.165). Details of the programs can 

be found in the corresponding readme files on our webpage. TEpost uses a BLAST 

output file (produced by single or multiple queries) as an input file and produces an 

output file listing each BLAST hit in a row along with several characteristics associated 

with that hit. The parameters for TEpost are: maximum transposon length, maximum 

transposon gap, and minimal overlap. Maximum transposon length restricts the hits 

reported to those with a length less than the specified value. Due to the nature of BLAST 

and the presence of indels or other chromosomal rearrangements, BLAST hits 

corresponding to one transposon copy can be reported as multiple hits and can result in 

an overestimation of copy number. The gap length parameter was added to reduce this 

occurrence by grouping fragmented hits associated with one transposon copy as a single 

match. The formula for gap length is (Q2-Q1)-(S2-S1) where Q1 and Q2 are the start and 

end of the query aligning with the BLAST hits, and S1 and S2 are the start and end of the 

subject in the BLAST hits. Please note that the start and end positions are from 

neighboring hits being considered as potentially one “continuous” match. Situations 
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where query and subjects are on opposite strands are treated separately. A maximum 

cutoff value is used so that hits having gaps exceeding this value are recorded as separate 

hits and are assumed to originate from different transposon copies. Additional optional 

parameters that filter the TEpost output are E-value, hit length, and percent identity that 

are set as cutoff limits. When multiple queries from the same region of a transposon are 

used for BLAST searches, it is expected that the same hit will be reported for more than 

one query. This creates a problem when TEpost files generated from BLAST searches 

using different queries are combined. TEcombine was designed to eliminate these 

redundant hits by retaining only the hit listing with the most significant E-value. Minimal 

overlap is a parameter used here in the same way as that was described for TEpost. Both 

TEpost and TEcombine output files can be copied/pasted into Microsoft Excel for sorting 

and viewing. FromTEpost uses both TEpost and TEcombine files as input to produce 

fasta sequence files of the recorded hits. Flanking sequences can be included by choice of 

the user. Sequences on plus and minus strands are reported separately. TEmask uses 

information from either a TEpost or TEcombine file to mask a database for all of the 

recorded hits. As the previously described program RepeatMasker (Smit and Green, 

http://ftp.genome.washington.edu/RM/RepeatMasker.html), TEmask ensures that 

discovered families are not hit again in subsequent BLAST searches.  

 

Copy number estimation 

Most Non-LTR retrotranspsoson copies are truncated at the 5' end due to 

incomplete reverse transcription during retrotransposition. Copy numbers are therefore 

expected to be different for estimations based on the 5’ and 3’ends. Full-length elements 
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were identified by multiple sequence alignment for use as queries in copy number 

determination. When full-length copies were not identified, we used the longest 

obtainable sequence in a family (including the 3’ terminus when possible). A multiple 

query fasta file (one sequence per family) was used in a BLASTn search with an E-value 

cutoff of 1e-10. The BLAST output was then processed using TEpost and TEcombine, 

during which only sequences that showed more than 80% nucleotide identity were 

included for copy number estimation. Parameters used were: minimum hit length – 50, 

maximum transposon length – 10000; maximum transposon gap – 3000; minimal overlap 

– 50. To determine the minimum percent of the genome that non-LTRs occupy, we 

summed the total number of bases resulting from BLAST hits. Manual inspection of the 

output files used for copy number determination showed that a few copies were reported 

twice due to hits resulting from different parts of the query that exceeded the allowed 

gap. However, this occurrence was insignificant and the numbers were adjusted when 

such occurrences were identified. Some queries contained other repetitive elements 

within them that resulted in increased copy numbers but these hits were excluded from 

the reported copy numbers. It should be noted that we have used a working definition of a 

non-LTR family as a group of sequences having ≥80% amino acid identity in the 

conserved RT regions. This definition is more inclusive than the criteria used for copy 

number estimation, which is 80% nucleotide identity in the conserved RT region. 

Therefore, our current copy number estimation may be slight underestimates in some 

cases. 
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Phylogenetic analysis 

 Phylogenetic analyses were performed using multiple sequence alignments of 

approximately 260 amino acid characters in the conserved regions 0-5 of the RT 

domains. These alignments were obtained using ClustalW v1.81 for the Linux operating 

system (Thompson, Higgins, and Gibson 1994) and viewed with ClustalX v1.81 for 

Windows (Thompson et al. 1997). Parameters used for these alignments were: pairwise 

gap penalty (open=30, extension=0.8), multiple gap penalty (open=10, extension =0.25). 

Only one representative was used from each family found in the An. gambiae genome. In 

the case of the alignment used in the overall phylogenetic analysis shown in Figure 4, 

minor adjustments were made in the alignment at conserved region 5 (Malik, Burke, and 

Eickbush 1999) for two familes of the R4 clade, Dong of Bombyx mori and Ag-R4-1. All 

phylogenetic analyses were performed with PAUP v4.0b10 (Swofford 2002). Both 

Neighbor-Joining and maximum parsimony trees were constructed with bootstrap support 

of 500 replicates. In cases where it was not possible to obtain amino acid sequence 

including all regions 0-5, the longest obtainable amino acid sequence was used. Outgroup 

selections and specific parameters for the phylogenetic analyses are described in the 

legends of Figures 4 and 5 respectively. 

 

2.4 Results 

The An. gambiae genome harbors a rich diversity of non-LTRs 

 We have recently reported the presence of several non-LTR groups in the An. 

gambiae genome (Holt 2002). At the time of data submission for the previous report our 

survey was incomplete and no characterization or phylogenetic analysis of the limited 
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number of non-LTRs was presented. As shown in Table 1 and appendix A, here we 

present the characterization and Classification of 104 families of non-LTRs in An. 

gambiae, including four previously characterized families (Besansky, 1990; Besansky, 

1992; Besansky, Bedell, and Mukabayire 1994). A family is defined here as having at 

least 80% amino acid identity in the part of the RT domain used for phylogenetic analysis 

(see Methods). As shown in Figure 4, the phylogeny of An. gambiae non-LTRs are 

analyzed in the context of known non-LTRs of other organisms from established clades 

(Eickbush and Malik 2002). The 104 An. gambiae non-LTR families represent divergent 

lineages in eight previously established non-LTR clades (R4, L1, RTE, R1, L2, CR1, 

Jockey, and I) and two new clades named Loner and Outcast, which are described later.  

The majority of these clades were well supported by bootstrap analysis using either  

Neighbor-joining or maximum parsimony methods (Figure 4). No families were found 

corresponding to the CRE, NeSL-1, R2, Tad1, LOA, Ingi, or Rex1 clades. Representation 

appears to be biased toward the most derived clades in non-LTR evolution, especially the  

CR1 and Jockey clades, with 31 and 25 families respectively. The R1 clade also contains 

significant diversity, having 16 families. The rich diversity of non-LTRs within An. 

gambiae, both in terms of the number of clades represented and the number of divergent 

families within a clade, is unprecedented (Table 1 and appendix A). To provide an 

evolutionary context for the large number of An. gambiae non-LTRs in the CR1 and 

Jockey clades, a phylogenetic tree was constructed with these non-LTRs and CR1 and 

Jockey elements from a diverse group of organisms including non-Anopheles mosquitoes 

and other Dipteran insects (Figure 5). All of the 31 An. gambiae CR1 elements are 

grouped together with the Drosophila CR1 being a sister branch. On the other hand, there 
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appears to be three groups (I, II, and III) of the An. gambiae Jockey elements, which may 

have different sister elements either from other mosquitoes or other Dipteran insects. It 

should be noted that the bootstrap supports for these groupings are weak and only few 

relevant sequences are available in closely related species for the analysis. The 

evolutionary dynamics that may be responsible for the inter- and intra-cladal diversity of 

non-LTRs in An. gambiae is discussed later. 

 

Several families have characteristics suggesting recent activity 

 Sequence analysis can give clues to the history of transpositional activity of an 

element. These characteristics include the presence of full-length elements, intact open 

reading frames, multiple copies with high nucleotide identity, and TSDs. High nucleotide 

identity indicates recent amplification from a source element, without enough time for 

divergence caused by nucleotide substitution and other mutations. Most families 

identified appear to be inactive as expected. However, all clades except R4 have families 

with multiple copies having nucleotide identities over 99% (Table 1). Sequence identities 

of families in the R1 clade are excluded from the table because it was difficult to obtain 

full-length copies. Twenty-one families from eight clades were found to have at least two 

copies with nucleotide identity of 99% or more. Twelve of these families from seven 

clades have copies with 99.9% or more identity. The presence of perfect TSDs can also 

serve as an indicator of recent transposition. Fifteen families in six clades have multiple 

full-length copies flanked by TSDs. Although most elements create unique TSDs upon 

insertion, TSDs could not be found for families of the CR1 and the closely related L2 

clades. The inability to find TSDs had been previously reported for Q and T1 of the CR1 
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clade (Besansky 1990; Besansky, Bedell, and Mukabayire 1994). In addition, seven 

families in Table 1 had significant hits when BLAST searches were carried out against 

over 94,000 An. gambiae ESTs downloaded from NCBI. The above hits had E-values of 

less than 9e-97 and identities from 93-100% to the query sequences. Another 14 families 

in Appendix A have significant hits to ESTs as well. One caveat is that ESTs could arise 

from spurious transcription, for example if a copy resides within a host gene. This 

occurrence is expected to be more likely for high copy number elements. Consistent with 

the EST analysis, our initial RT-PCR analysis using mRNA isolated from an An. gambiae 

cell line (Mos 55) demonstrated the presence of transcripts of a Jockey element (data not 

shown). In summary, high level of intra-family sequence identity, the existence of full-

length copies flanked by TSDs, and the detection of possible transcripts all are consistent 

with the hypothesis that many of the non-LTRs are either currently or recently active in 

A. gambiae. 

 

Loner and Outcast are new clades each comprised of divergent families 

 Phylogenetic analysis (Figure 4) resulted in 2 novel deep branching groups, which 

are new clades named Loner and Outcast. Both are well supported by bootstrap analyses 

(100%) using neighbor-joining and maximum parsimony methods. Domains found 

present in ORF1 and ORF2 of these new clades are compared in Figure 6. ORF1 from 

elements of both clades contains 3 repeated Cystine-Histidine (Cys/His) motifs (CCHC) 

characteristic of nucleic acid-binding domains. A single Cys/His motif was also found in 

the 3’ end of ORF2 in families of these clades, similar to what has been described for 

elements in other clades (Malik, Burke, and Eickbush 1999). ORF2 from elements of 
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these clades contains domains in the order of APE, RT, and RNase H. While ORF2 of 

Ag-Loner-1 appears to require a frameshift for translation, the ORF2 of Ag-Outcast-6 

appears to start from an ATG 95 nucleotides downstream of the ORF1 stop. Three 

criteria have been proposed to define a clade including shared structural features, ample 

phylogenetic support for the group, and an origin dating back to the Precambrian era 

(Malik, Burke, and Eickbush 1999). The first two of the three proposed criteria are met 

for both the Loner and Outcast clades. The last criterion can be assumed based on the 

comparison of the branch origins of Loner and Outcast to those of other established 

clades. Multiple divergent families were also found within each clade. Copy numbers are 

relatively low for most of the families in these clades, ranging from 4 to 86 (Table 1 and 

appendix A). No representatives were found in other organisms on the basis of tBLASTn 

searches against the NCBI non-redundant nucleotide database using amino acid query 

sequences including the RT domains of the Loner and Outcast families. Loner and 

Outcast clades both contain families that appear to have been recently active (Table 1). 

The Ag-Loner-1 family has two copies with 99.3% nucleotide identity and a significant 

hit to an EST. Four copies of Ag-Outcast-6 are virtually identical having nucleotide 

identities of 99.9-100% when compared to the consensus sequence of 3 full-length 

copies. Two other families Ag-Outcast-2 and Ag-Outcast-5 also have copies with a high 

degree of nucleotide identity. Both clades have families with TSDs (Table 1). 

 

An. gambiae has the first reported invertebrate representatives of the L1 clade 

 Elements of the L1 clade have been found in diverse organisms such as mammals, 

plants, fish, and yeast, but none have been found in invertebrates until now. Five 
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divergent families were discovered in An. gambiae, two of which have multiple full-

length copies with high nucleotide identities (Table 1) and therefore appear to have been 

active recently. Four copies of Ag-L1-5 have identities from 99.7 to 99.9% and two of 

these copies have only two bases different over the full 4.5kb length of the element. 

TSDs could not be determined for one of the four elements. However, all copies are the 

same length with two ORFs and unique flanking sequences, and therefore this copy is 

also presumably full-length. Ag-L1-2 has two full-length copies with 99.7% identity, 

TSDs, and unique flanking sequences. These families have an APE upstream of the RT in 

ORF2, like other elements in the L1 clade (Figure 6; Malik, Burke, and Eickbush 1999). 

Interestingly, the ORF1 of Ag-L1-2 and Ag-L1-5 families contain a single Cys/His 

motif(C-X2-C-X4-H2-X3-C) which is in contrast to the leucine zipper motif found in 

ORF1 of a human L1 (Holmes, Singer, and Swergold 1992). Most of the Ag-L1 families 

have relatively low copy numbers that range from 7 to 60 (Table 1 and appendix A). 

 

An. gambiae has representatives of the recently described L2 clade 

 L2 was recently proposed as a new clade (Lovsin, Gubensek, and Kordi 2001), 

having diverse representatives from insect, sea urchin, snake and fish. This clade was 

once considered part of the CR1 clade, but later was established as distinct from CR1. In 

addition to three families in An. gambiae (Ag-L2-1, 2, and 3) and the Takifugu rubripes 

representative (Lovsin, Gubensek, and Kordi 2001), two diverse representatives were 

found from the Zebrafish in support of this clade. ORF2 of Ag-L2 families contain an 

APE upstream of the RT, like families in the CR1 clade. Representatives from diverse 

organisms, phylogenetic support, and the deep branching of this group support this as a 
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distinct clade from CR1. The Ag-L2-1 family has two 5.2 kb copies with nucleotide 

identities of 99.9% but their ORF2 proteins contain frameshifts. Ag-L2-2 and Ag-L2-3 

families have multiple copies with identities of 96% or less spanning roughly 300-500 

nucleotides. 

 

Sponge, a unique Gag-only non-LTR retrotransposon 

 While analyzing sequences of the Ag-CR1-3 family, a group of sequences of 

identical length were found that were much shorter than Ag-CR1-3. Further analysis 

revealed these sequences to be a distinct family that contained a 1.9 kb deletion in ORF2 

that eliminates the RT domain (Figure 6). This family was named Ag-Sponge for its 

dependency on another element for retrotransposition. It has at least 13 full-length copies 

that are approximately 2.4 kb long (not shown). These full-length copies have the same 5’ 

and 3’ termini, unique flanking genomic sequences, and a high degree of nucleotide 

identity, suggesting that they were once an intact unit of retrotransposition. Ag-Sponge 

and Ag-CR1-3 have 98% nucleotide identity covering 160 bases in their 3’ ends, 

including their tandem repeats. The remainder of Ag-Sponge has approximately 95% 

identity to Ag-CR1-3 and contains another 400 bp deletion in the APE region of ORF2. 

Sponge probably relied on the reverse transcriptase of an autonomous non-LTR, likely 

that of Ag-CR1-3. It should be noted that the discovery of a family of internally deleted 

non-autonomous non-LTRs is interesting because most non-autonomous non-LTRs are 5’ 

truncations that may no longer be able to form a unit for retrotransposition. 

  

3’ sequence characteristics 
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 The 3’ ends of non-LTRs contain important sequence characteristics such as 

polyadenylation signals, poly (dA) tails or unique tandem repeats, and in some cases 

conserved secondary structure (Finnegan 1997; Mathews et al. 1997). The first three of 

these characteristics are listed in Table 1 and appendix A for An. gambiae non-LTRs. The 

presence of these characteristics is variable for any given family. Considering all clades, 

the majority of families have polyadenylation signals but do not have poly (dA) tails in 

their 3’ end. For most elements with poly (dA) tails in the genomic sequence, the 

canonical AATAAA polyadenylation signal can be found upstream. Interestingly, there 

are some families in the R1 clade that have poly (dA) tails, but no canonical AATAAA 

polyadenylation signal. Other families have neither poly (dA) signals nor poly (dA) tails. 

The majority of An. gambiae elements have a 3’ tandem repeat, with exceptions in the L1 

and R1 clades. The repeat unit varies in length for different families, from the two base 

pair repeat AT for Ag-Jock-13 of the Jockey clade to the variety of 8 bp repeats for 

families of the CR1 clade. In some cases, the sequence of the tandem repeat units 

reported in the order 1,2,3 may actually be in the order 2,3,1 because it was difficult to 

determine the start and finish of the repeat unit (e.g. Ag-Outcast-2 and Ag-Outcast-5 have 

GAA and AAG repeats). A notable feature is that the presence of a tandem repeat and a 

polyA tail are apparently mutually exclusive. For most families, the total length of the 3’ 

tandem repeat is restricted to approximately 30 bp or less and starts close to or 

immediately downstream of the AATAAA signal. Another notable feature is that there 

appears to be a general correlation between the 3’ repeat sequence and RT phylogeny 

with a few exceptions.  

 



34 

Non-LTR families vary widely in copy number 

 To determine copy number, the longest obtainable sequence of a family was used 

as queries for a BLAST search. These queries included the 3’ terminus when possible. 

The majority of hits were not full length due to either incomplete reverse transcription or 

they did not fall within the specified parameters (see Methods for parameters used). Copy 

numbers are highly variable and range from just a few to about 2000 for An. gambiae 

non-LTRs (Table 1 and appendix A). Most families are of low copy number with 

exceptions in the RTE and CR1 clades. Ag-JAMMIN-1 and Ag-JAMMIN-2 families of 

the RTE clade both have copy numbers dramatically higher than any other An. gambiae 

non-LTR family. Together they contribute to about 25% of the non-LTR portion of the 

genome. The T1, Ag-CR1-13, and Ag-CR1-3 families of the CR1 clade also have 

attained significantly higher copy numbers than most families. We have determined that 

non-LTRs contribute to at least 3% of the An. gambiae genome. Reported TE copy 

numbers will often be an underestimate because older elements will be mutated beyond 

recognition. This will also result in a conservative estimate when determining the percent 

of a genome that non-LTRs comprise. 

 

 

 

2.5 Discussion 

A systematic computational approach to identify, Class Ify, and characterize non-

LTRs 



35 

 The semi-automated reiterative strategy presented here (Figure 3 and Methods) 

has proven useful for systematic and rapid identification of non-LTRs on a whole 

genome scale. The incorporation of a few computer programs described here with multi-

query BLAST (Altschul et al. 1997) greatly facilitated the discovery and characterization 

process. The use of the highly conserved RT domain and the inclusion of representatives 

from different known clades as queries helped towards a comprehensive coverage. The 

potentially comprehensive nature of our approach was demonstrated as two new clades 

were identified. The inclusive nature of our approach was further indicated when we 

observed that non-LTRs across all known clades were identified using the reiterative 

approach with a single Drosophila representative in the Jockey clade as the starting query 

(data not shown).  In addition, the reiterative feature of the strategy described in this 

study provides an opportunity for further automation by linking the modules described in 

Figure 3A. As a control, we tested an early version of such a fully automated program to 

identify all non-LTR families in the An. gambiae genome. Preliminary results showed 

that 102 of the 104 non-LTR families were identified in one run of the program that takes 

approximately 15 hours on the computer system described in Methods. A modification 

further reduced the run time to less than two hours, in which only sequences that 

significantly match the queries were used in subsequent searches. Only non-mosquito 

non-LTR sequences were used as queries in the automated survey, suggesting that as long 

as input files contain diverse representatives of a superfamily, this method should work 

for any TE with coding capacity in any genome. Two other methods have previously 

been employed to find repetitive elements in genomes. RECON (Bao and Eddy 2002), an 

automated comprehensive method, works to identify all repetitive sequences using a 
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multiple sequence alignment algorithm. RECON requires no previous information about 

the TE sequences yet it is computationally intensive. Berezikov, Bucheton, and Busseau 

(2000) used software based on profile hidden Markov models to find all sequences 

matching the full-length reverse transcriptase with the conserved FYXDD motif common 

to all reverse transcriptases. This method is potentially comprehensive for all reverse 

transcriptase-containing sequences, but requires further Classification of the sequences 

into retroviral, LTR retrotransposon or non-LTR families. The strategy described in the 

current study and its recent modifications offer an efficient alternative for simultaneous 

identification and Classification of TEs in any given genome.  

 

Unprecedented diversity, recent activity in multiple lineages, and evolutionary 

implications 

 Over a hundred families of non-LTRs were found in the An. gambiae genome, 

which occupy at least 3% of the genome. These families, defined by at least 20% amino 

acid sequence divergence in their RT domains, represent 10 different clades including 8 

of the 15 previously described clades plus two novel clades Loner and Outcast. To our 

knowledge, such a level of inter- and intra-cladal diversity of non-LTRs has not been 

reported in any genome. Considering that there are interscaffold and intrascaffold gaps 

(Holt et al. 2002), there still may be unidentified families in the genome. In this regard, 

An. gambiae is in great contrast to the human genome, where only three families in the 

L1 and L2 clades were found to occupy over 20% of the genome (Lander et al. 2001). 

Large-scale surveys of a few smaller eukaryotic genomes showed similar lack of 

diversity (Table 2). However, the recently reported Fugu rubripes genome (Aparicio et 
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al. 2002) showed a significant level of diversity, containing non-LTRs from five clades. 

In D. melanogaster, more than 10 families of non-LTRs were reported (Berezikov, 

Bucheton, and Busseau 2000) which represent six of the 15 clades, four of which are 

found in An. gambiae (I, Jockey, CR1, and R1; Table 2). Because their definition of a 

family was perhaps more inclusive than the one used in this study and because significant 

portions of the heterochromatic regions were not analyzed (Berezikov, Bucheton, and 

Busseau 2000), there may be even greater diversity to be discovered in D. melanogaster. 

The number of described non-LTR clades in all eukaryotes has increased dramatically 

from 11 (Malik, Burke, and Eickbush 1999) to 17 over the past few years. The 

availability of an increasing amount of genomic sequences and the development of 

computational approaches for database searches will further facilitate our understanding 

of this divergent group of long-time residents in a broad range of genomes. As genomic 

data accumulate, it will be very interesting to determine whether non-LTRs in the Loner 

and Outcast clades will be found in other species, and whether non-LTRs in the L1 clade 

will be found in other invertebrates.  

 Families in the novel clades Loner and Outcast have domains that are in 

accordance with their phylogenetic placement. Malik, Burke, and Eickbush (1999) 

proposed that in non-LTR evolution, domains were acquired in the order RT, APE, and 

RNase H. Although the branch length is short, the lineage leading to the Loner and 

Outcast Clades was derived prior to the I clade and after that of the lineages leading to 

the LOA, R1, and Tad1 clades (Figure 4). All of these clades have the RNase H domain 

in at least some representatives (Malik, Burke, and Eickbush 1999). Therefore, the 
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presence of the RNase H domain in families of the Loner and Outcast clades is not 

surprising.  

 At least 21 of the highly diverse non-LTR families show evidence of recent 

activity. All clades except R4 have one or more families with some or all of the sequence 

characteristics suggesting recent transposition activity such as multiple full-length copies 

with over 99% nucleotide identity, target site duplications (TSDs), intact ORFs, and 

corresponding expressed sequence tags (ESTs). Therefore it is clear that these divergent 

clades for the most part are not ancient "fossils". Rather, many families in these clades 

are or have recently been active components of the An. gambiae genome. It is remarkable 

that a large number of diverse non-LTR lineages have been maintained in the genome 

and many show evidence of recent activity (Table 1 and appendix A). In An. gambiae, 

both intra- and inter-cladal diversity are biased towards expansion in lineages of the non-

site-specific type, with the exception of some non-LTRs in the R1 clade that showed 

specific target sites. Elements in CRE, NeSL-1, R2, and R4 clades encode restriction 

enzyme-like endonucleases that confer site-specificity and represent the primordial non-

LTRs. Of these clades, only degenererate copies of R4-like elements were found in the 

An. gambiae genome. In contrast, the CR1 and Jockey clades have flourished, having 

more families than any other clade (Figure 4). At least six families in the Jockey clade 

and five families in the CR1 clade appear to have been recently active based on sequence 

analysis. Some of these families have significant hits to An. gambiae ESTs. These 

estimates are conservative because in the CR1 clade it was difficult to identify full-length 

elements for many families due to frequent 5’ truncations and the lack of TSDs. 
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 High levels of diversity and the maintenance of multiple recently active lineages 

within different clades in the An. gambiae genome indicate a complex evolutionary 

scenario. Unlike DNA-mediated TEs, for which horizontal transfer is well documented, 

analysis by Eickbush and Malik (2002) suggests that there is no reason to believe that 

non-LTRs have been involved in horizontal transfer. They showed that non-LTRs 

previously implicated in horizontal transfers on the basis of phylogenetic incongruence 

actually obey expectations for vertical transmission. The high degree of intracladal 

diversity described in our current study suggests that great caution should be applied 

when inferring horizontal transfer on the basis of phylogenetic analysis because the 

presence of a large number of paralogous families can easily confound the analysis. If we 

accept the assumption of vertical transmission, An. gambiae non-LTRs of the CR1 and 

Jockey clades must have gone through a tremendous diversification (Figure 5). Without 

extensive CR1 and Jockey sequences from other mosquitoes, it is difficult to determine 

whether the diversification has occurred prior to the common ancestor of mosquitoes or 

within the lineage leading to An. gambiae during mosquito evolution. However, most of 

the diversification events may have occurred after the divergence that led to D. 

melanogaster and An. gambiae lineages. Given the presence of multiple recently active 

lineages within the CR1 and Jockey clades, it is tempting to speculate that the observed 

diversity is driven by positive selection generated by competition among different non-

LTR families or by attempts to escape suppressive mechanisms by the host. Nucleotide 

sequences are too divergent between these families for substitution analysis to assess the 

selection pressure, especially in ORF1 which is under a lower degree of selection 
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pressure than the RT of ORF2. However, future comparative analysis of non-LTRs in 

closely related mosquitoes may provide answers to this question. 

 

3’ Sequence characteristics and their relation to retrotransposition 

 One of the earliest characteristics defining non-LTRs was the presence of the 

canonical AATAAA polyadenylation signal and either poly(dA) or A-rich tandem 

repeats. Except for families in the CR1, Outcast, and RTE clades, tandem repeats are not 

A-rich. Most of the families found in An. gambiae have the polyadenylation signal but 

only a small number of them have the poly (dA) tail associated with it in the genomic 

sequence. This is curious since it would be expected that RT would copy poly (A) 

sequence from the RNA during retrotransposition resulting in poly (dA) tails in the 

genomic sequence. Such a disconnect between polyadenylation signal and the presence of 

poly (dA) has been previously described in CM-gag, a non-LTR retrotransposon from the 

Culex pipiens mosquito (Bensaadi-Merchermek et al. 1997). Analysis of the transcript of 

CM-gag showed that it was polyadenylated immediately downstream of its TTGAA 

tandem repeat. It appears that in this case, reverse transcription is not initiated until the 

TTGAA repeat during retrotransposition. A recent study of the D. melanogaster I factor 

provided a similar conclusion (Chambeyron, Bucheton, and Busseau 2002). On the other 

hand, some An. gambiae non-LTRs in the R1 clade do not have a canonical 

polyadenylation signal but have a poly (dA) tail in the genomic sequence. Several non-

canonical poly(A) signal sequences have been documented (Graber et al. 1999; 

MacDonald and Redondo 2002), which could explain what is observed in these R1 

families, although no particular candidate sequence could be found. In addition, the D. 
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melanogaster I factor may have been using its TAA tandem repeat as a poly (A) signal 

(Chambeyron, Bucheton, and Busseau 2002). Finally, there are other non-LTR families 

in An. gambiae from the Jockey, L2, Outcast, and RTE clades that have neither poly(A) 

signals nor poly(dA) tails. If these families use cryptic polyadenylation signals, their 

poly(A) tails must have not been part of the reverse transcription reaction, or at least were 

not used as templates. Analysis of the 3’ regions of the transcripts from An. gambiae non-

LTRs may help clarify RNA processing for these different groups, provided that 

transcripts of functional copies can be obtained. The human L1s are so far the only non-

LTR families that are shown to be responsible for 3’ transduction and pseudogene 

formation because they recognize the poly(A) tail for reverse transcription (Esnault, 

Maestre, and Heidmann 2000; Wei et al. 2001). It will be interesting to determine 

whether An. gambiae L1s and other poly(dA) non-LTRs are capable of 3’ transduction or 

creating processed pseudogenes, which may determine whether poly(dA) non-LTRs had 

a broader genomic impact in species other than mammals.   

 The 3’ tandem repeat may originate from a telomerase-like activity of the 

retrotransposition machinery (Chaboissier, Finnegan, and Bucheton 2000). Such a 

mechanism could explain the conservation of the 3’ repeat sequence between some 

closely related non-LTR families (Table 1 and appendix A). However, there is also a high 

degree of variability of repeat sequences among some closely related families as well as 

variability in the number of tandem repeats in different copies of a given family. The 

apparent exceptions to the conservation suggest that the specific tandem repeat sequences 

may not be required for retrotransposition, which is consistent with previous hypothesis 

by Chaboissier, Finnegan, and Bucheton (2000). However, the 3’ tandem repeats may 
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influence retrotransposition in other ways. For example, Chambeyron, Bucheton, and 

Busseau (2002) showed that the TAA repeats of D. melanogaster I factor directed the 

precise initiation of reverse transcription. They also suggested that the tandem repeats 

could play a role in target site specificity (Chaboissier, Finnegan, and Bucheton 2000). 

 

Non-LTRs and non-autonomous retroelements 

 Many non-LTR families contain 5’ truncated copies, although these 5’ truncations 

most likely will not become a distinct unit of retrotransposition because of the lack of 

promoter. In this study we have discovered a non-LTR family Ag-Sponge that has a large 

internal deletion and is presumably derived from Ag-CR1-3. We have shown that Ag-

Sponge has been an intact unit of successful retrotransposition, probably by “borrowing” 

the protein machinery from Ag-CR1-3. This discovery underscores the potential for 

retrotransposition machinery to act in trans (Jensen et al. 1994; Wei et al. 2001). Two 

other non-autonomous non-LTRs, Het-A of D. melanogaster and CM-gag of Culex 

pipiens, have been reported which encode only the Gag-like protein (Bensaadi-

Merchermek et al. 1997; Biessmann, Walter, and Mason 1997). 

 SINEs are another type of non-autonomous retrotransposons, which presumably 

also “borrow” the retrotransposition machinery from “partner” non-LTRs. However, 

SINEs are different from Ag-Sponge because they have a composite structure and use Pol 

III promoters. A highly repetitive SINE family named Ag-SINE200 has been identified in 

An. gambiae, which has an apparent AAG tandem repeat at the 3’ end (Holt et al. 2002). 

Although several non-LTRs sharing the same 3’ tandem repeat have been identified 
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(Table 1 and appendix A), no significant similarity was found between Ag-SINE200 and 

the non-LTRs beyond the tandem repeats.  
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Figure 3. Strategy for the identification and characterization of all non-LTR 

retrotransposons in the An. gambiae genome. A. Identification of non-LTR families. B. 

Defining full-length elements. Circles indicate databases used for searches. Rectangles 

indicate input/output files. Programs used are written in bold beside arrows. See Methods 

for details such as E-value and other parameters. TSDs, target site duplications. Note that 

some non-LTRs are not associated with TSDs. 
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Figure 4. Phylogenetic analysis classifies An. gambiae non-LTRs into two new clades 

and 8 previously defined clades. The two new clades, Loner and Outcast, are in bold. 

Shown here is the neighbor-joining tree constructed using alignment of approximately 

260 amino acids of the RT domain from non-LTR retrotransposons of An. gambiae, Ae. 

aegypti, and divergent non-mosquito and non-insect species. The tree was rooted using 
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RTs of three prokaryotic Group II introns (not shown, Malik, Burke, and Eickbush 1999). 

Maximum parsimony was also used which produced a similar phylogenetic tree (not 

shown). Confidence of the groupings was estimated using 500 bootstrap replications for 

both methods. Each Arabic numeral at the base of a node is the bootstrap value that 

represents percent of times out of 500 bootstrap re-samplings that branches were grouped 

together at a particular node.  The first and second numbers at a particular node represent 

the bootstrap values derived from Neighbor-joining and maximum parsimony analysis, 

respectively. Only the values for the major groupings (clades) that are above 50% are 

shown. The scale at bottom left indicates amino acid divergence. The names of elements 

from previously established clades are given but names of new An. gambiae non-LTR 

families are omitted to save space (see Table 1 and Appendix A for family name). 

Previously reported An. gambiae non-LTRs in the tree are Q, T1, RT1, and RT2 

(Besansky 1990; Besansky et al. 1992; Besansky, Bedell, and Mukabayire 1994). Non-

LTRs from other mosquito species are MosquI, Lian, JAM1, and JuanA from Aedes 

aegypti (Mouches, Bensaadi, and Salvado 1992; Tu, Isoe, and Guzova 1998; Tu and Hill 

1999). Amino acid sequences from previously reported non-LTRs used in this 

phylogenetic analysis were obtained from an alignment produced by Malik, Burke, and 

Eickbush (1999). Accession numbers with corresponding positions for other sequences 

are as follows: Fugu1 (AJ459419, 1929-1123); Zebra2 (AL591210, 72154-72957); 

Zebra3 (AL831768, 51653-52456). Representatives of the recently described Ingi and 

Rex1 clades are not included in the tree. We performed phylogenetic analysis including 

representatives of the above two clades and the resulting groupings were unchanged (not 

shown). 
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Figure 5. The Jockey and CR1 clades contain a high level of intra-cladal diversity. 

Shown here is the phylogeny derived from the Neighbor-joining analysis of non-LTRs in 

the Jockey and CR1 clades in An. gambiae and other species. The tree was rooted using 

elements of the CRE clade (see Figure 1). All other phylogenetic analysis parameters are 

as in Figure 4. Asterisks indicate An. gambiae families that have evidence of recent 
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activity based on sequence analysis and hits to An. gambiae ESTs (see Table 1). 

Bootstrap values for 500 replicates are displayed for Neighbor-joining and maximum 

parisomony methods respectively. Values are shown only for major branches. Amino 

acid sequences from previously reported non-LTRs used in this phylogenetic analysis 

were obtained from an alignment produced by Malik, Burke, and Eickbush (1999). 

Accession numbers for the sequences of JuanDm and DmCR1 were obtained from 

Berezikov, Bucheton, and Busseau (2000). 
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Figure 6. Schematic showing structural features of selected non-LTR elements of 

interest. See Malik, Burke, and Eickbush (1999) for comparison to elements from other 

clades. Open boxes represent open reading frames (ORFs) and filled boxes represent 

domains (APE, RT, and RNH, indicate AP endonuclease, reverse transcriptase, and 

RNase H, respectively). Vertical bars indicate the location of cysteine-hystidine motifs 

typical of nucleic acid-binding domains. An asterisk is located above the cysteine-
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histidine motif in ORF1 of Ag-L1-5 to highlight this unique feature for this family. TSDs 

are in bold and underlined. The canonical polyadenylation signal is shaded in gray and 

two potential overlapping signals in the CR1/Sponge elements are underlined. TSDs were 

not identified for Ag-CR1-3 or Ag-Sponge. The inability to find TSDs in mosquito 

elements of the CR1 clade has been previously noted (Besansky 1990; Besansky, Bedell, 

and Mukabayire 1994). Flanking sequence letters are in lower case. Filled bars under Ag-

CR1-3 indicate regions of this element that are retained in Sponge. In the alignments, 

dashes indicate omitted internal sequence. Accession numbers with coordinates 

corresponding to the full-length elements in the figure are as follows: AAAB01008849, 

2633065-2639407; AAAB01008980, 2507563-2513883; AAAB01008799, 2183752-

2190172; AAAB01008859, 5480435-5486855; AAAB01008846, 1481833-1488240; 

AAAB01008807, 10233605-10238070; AAAB01008986, 2250740-2255203; 

AAAB01008904, 1312097- 1316560; AAAB01008933, 2055049-2059525; 

AAAB01008984, 7831634-7836275; AAAB01008960A, 3142131-3146786; 

AAAB01008960B, 6376559-6381153; AAAB01008847, 2204110-2208769; 

AAAB01008984A, 9556504-9558865; AAAB01008888, 1828526-1830888; 

AAAB01008792, 7850-10207; AAAB01008977, 60152-62512; AAAB01008984B, 

2896406-2898768; AAAB01008850, 376190-378552; AAAB01008971, 196324-198686. 
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Table 1. Classification and characteristics of recently active non-LTRs in An. 

gambiae.  

 

 Note: Numbers are excluded for the previously described non-LTR T1 (Besansky 1990). 

Only families having full-length copies with at least 99% identity were included. 

a family that showed a significant hit to an EST. 

b A poly (A) signal was considered present when the canonical sequence AATAAA was 

found conserved in the 3’ end of a family. 

c Column describing target site duplications (TSDs) lists length of TSD and number of 

copies in parentheses. 

d ND, not determined. It has been noted that TSDs could not be found in An. gambiae 

non-LTRs T1 and Q of the CR1 clade (Besansky 1990; Besansky, Bedell, and 

Clade Family 

 

# in 

Fig. 4 3' repeat 

Poly (A) 

signal b 
Poly (A) 

tail length(kb) TSDs – bp(# copies) c 

 

# of copies with intact 

ORFs/FL
e
 copies 

%identity(# of FL
e
 

copies compared) f Copy number g 

I Ag-I-2 

 

2 CAA yes no 5.6 10(1), 12(1), 13(2) 

 

 4/4 99.9(4) 48 

Jockey Ag-Jock-1 

 

8 not present yes yes 4.7 13(2), 15(1) 

 

3/3 99.9(3) 19 

 Ag-Jock-7 

 

14 CAAT yes no 4.3 12(2) 

 

2/2 99.9(2)
h 

16 

 Ag-Jock-12 

 

19 AACT no no 4.3 13(1), 14(1), 15(1) 

 

3/3 99.8-99.9(3) 27 

 Ag-Jock-13 
a
 

 

20 AT yes no 4.6 12(1), 14(1) 

 

1/1 99.9(4)
i 

29 

 Ag-Jen-1 

 

21 CTA yes no 4.3 12(1), 13(1), 15(2), 16(1) 

 

5/5 99.7-99.9(5) 25 

 Ag-Jen-11 

 

31 TTAC yes no 4.2 12(1), 14(1), 15(1) 

 

0/3 97.2-99.8(3) 25 

 

CR1 Ag-CR1-3 a 
 

35 TAAA yes no 4.7 ND 
d 

 

2/4 99.3-99.6(4) 228 

 Ag-CR1-7 

 

39 TATGAA yes no 4.3 ND d 
 

2/3 98.9-99.8(3) 209 

 

 T1 a 
 

TGAAA yes no 4.6 ND d 
 

7/9 99.4-99.9(9) 301 

 Ag-CR1-20  a 
 

52 CAAATAA yes no 4.5 ND d 
 

4/4 99.5-99.9(4) 184 

 Ag-CR1-22 

 

54 CAAATTAAA yes no 4.5 ND d 
 

1/4 99.3-99.8(4)
j 

92 

L2 Ag-L2-1 

 

62 TCA no no 5.2 ND d 
 

0/2 99.9(2) 86 

Outcast Ag-Outcast-2 

 

66 GAA no no 5.4 12(1), 15(1)    

 

0/2 99.4(2) 14 

 Ag-Outcast-5 

 

69 AAG no no 5.0 12(3) 

 

2/3 99.8-99.9(3) 27 

 Ag-Outcast-6 

 

70 GAA no no 6.4 12(2), 14(2) 

 

3/3 99.9-100(4)
k 

24 

Loner Ag-Loner-1 
a
 

 

76 not present yes yes 6.3 10(1), 15(1) 

 

0/2 99.3(2) 86 

RTE Ag-JAMMIN-1 

 

93 AAG no no 3.4 10(1), 11(1), 12(2) 

 

3/4 96.4-99.9(4)
l 

519 

 Ag-JAMMIN-2 
a
 

 

94 TAAG no no 3.3 9(2), 10(2), 13(1), 14(2) 

 

5/7 97.8-99.6(7)
m 

1950 

L1 Ag-L1-2 

 

96 not present yes yes 4.9 6(2) 

 

1/2 99.7(2) 59 

 Ag-L1-5 a 
 

99 not present yes yes 4.5 7(1), 8(1), 9(1) 

 

3/4 99.7-99.9(4)
n 

27 
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Mukabayire 1994). This likely explains the inability to find TSDs in other families of the 

CR1 clade and the closely related L2 clade. 

e FL, full-length. 

f Percent identities are listed with number of copies in parenthesis and identity values 

represent percent identity to the consensus when more than two sequences were used.  

g Copy numbers were determined using nucleotide sequences of full-length elements or 

the longest obtainable sequence for a family (including the 3’ terminus when possible). 

h a stretch of 20Ns are in the 3’ UTR of once sequence used for comparison. 

i only one putative full-length sequence was found having two intact open reading frames. 

The other three sequences were 5’truncated due to presumably incomplete reverse 

transcription or the presence of ambiguous sequence denoted by Ns. 

j one sequence has a stretch of 61 Ns. 

k one sequence used for comparison was not used to construct the consensus because it is 

5’ truncated and has a stretch of 496 Ns. 

l one sequence has a stretch of 59 Ns. 

m two sequences have Ns (20 and 33). 

n TSDs could not be found for one full-length copy. 
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Table 2. The An. gambiae genome contains a greater diversity of non-LTRs than reported 

for any other genome. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Organism 

Haploid genome 

size (MB) 

Number of clades 

found Clades represented 

Giardia lamblia
1  

12 1 close to NeSL-1/R2 

Candidas albicans
2  

12 1 L1 

Saccharomyces cerevisiae
3  

12 0  

Caenorhabditis elegans
4  

100 3 CR1, NeSL, RTE, 

Arabidopsis thaliana
5  

100 1 L1 

Drosophila melanogaster
6  

165 6 R2, CR1, LOA, R1, Jockey, I 

Anopheles  gambiae
 

278 10 CR1, L1, R4, RTE, R1, Jockey, I, L2, Outcast, Loner 

Fugu rubripes
7 

365 4 L1, L2, R4, RTE, Rex1 

Homo sapiens
8 

3400 2 L1, L2 
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Chapter 3 

Evolutionary analysis of Juan, a widely dispersed 

non-LTR retrotransposon in mosquitoes 

 

3.1 Abstract 

Juan-like sequences homologous to the non-LTR retrotransposon (non-LTR) 

Juan, originally discovered in the mosquito Culex pipiens quinquefasciatus (Mouches et 

al. 1991), were found in 18 mosquito species of five genera. Phylogenetic analysis in 

Chapter 2 groups Juan in the Jockey clade along with other Jockey clade elements BS, 

Doc, and Jockey from Drosophila melanogaster. Results reported here suggest recent 

activity of Juan in divergent species of different genera. Evidence includes high sequence 

identity among different copies in a given species, intact reading frames, and evidence of 

purifying selection by substitution analysis. Three potential cases of horizontal transfer 

are found in this analysis. This work demonstrates the most extensive analysis of a non-

LTR element without target site specificity that has been sustained in a major Dipteran 

lineage by vertical transmission. 

 

3.2 Introduction 

The high degree of diversity of families in the Jockey clade is highlighted in 

Chapter 2. In this chapter, I focus on the analysis of a single family in the Jockey clade, 

the Juan element, in order to study its evolution in the mosquito family Culicidae. While 

studies of the site-specific R1 and R2 elements support the vertical transmission of these 

elements (Eickbush and Eickbush 1995; Lathe et al. 1995; Gentile, Burke, and Eickbush 
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2001), the potential for horizontal transfer of Juan among Aedes non-sibling species Ae. 

aegypti, Ae. albopictus, and Ae. polynesiensis has been reported (Mouches, Bensaadi, and 

Salvado 1992). The site-specific nature of R1 and R2 may result in a bias towards vertical 

inheritance because their target specificity for ribosomal RNA genes may offer these 

elements a residence, while protecting the remainder of the genome from deleterious 

insertions. No broad analysis has been performed on non-target specific non-LTRs to 

examine whether they exhibit the same behavior regarding inheritance. The Juan element 

is a good candidate to investigate this question since homologs are known  to exist in 

diverse species and because of the report of potential horizontal transfer (Mouches, 

Bensaadi, and Salvado 1992). 

 

3.3 Materials and methods 

PCR amplification of genomic DNA and cloning 

Degenerate primers (Sigma Genosys) were designed according to conserved 

amino acid sequence flanking 939 bp found in an alignment of ORF 2 of the Juan 

element from JuanA of Ae. aegypti and JuanC of C. pipiens (Figure 7). Genomic DNA 

was isolated from several individuals of a given species using the DNAzol Genomic 

DNA Isolation Reagent (Molecular Research Center). PCR was performed on genomic 

DNA from a total of 30 species of mosquitoes from 10 genera. The calculated Tms of the 

forward and reverse primers were 54.2˚C and 62.7˚C. Each 20 ul PCR reaction consisted 

of approximately 3ng of gDNA, 1U of TakaRa Taq Polymerase (Takara), 1.5 mM MgCl2, 

and 0.2 mM each dNTP. PCR amplification was performed by denaturation at 95˚C for 

90s and 30 cylces of 95˚C for 30s, 48˚C for 50s, and 72˚C for 90s. Amplified products 
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were size-separated on a 0.7% agarose gel and purified using the Sephaglass BandPrep 

Kit from Amersham Pharmacia Biotech. (Piscataway, NJ). These products were ligated 

into the pCR 2.1 TOPO vector using the TOPO TA Cloning Kit version K2 from 

Invitrogen (Carlsbad, California) or the pGEM-T Easy vector from Promega (Madison, 

WI). Plasmids were purified using the Wizard Plus Minipreps DNA Purification System 

from (Promega). 

For construction of mosquito (host) phylogeny, a 987 bp region of a single copy 

yolk protein-encoding gene Vitellogenin-C (Vg-C) was used, excluding intron sequence 

(Isoe 2000). This region was amplified from Aedes simpsoni by nested PCR in our lab to 

add this species to the mosquito phylogeny. The following describes methods according 

to Isoe’s work. Degenerate primers were designed to amplify a 1.1kb region that is 

specific for the Vg-C ortholog that includes the second intron. Primers Vg-C-specific 

forward (5’-(A/G)A(T/C)(A/G)TNAA(A/G)CA(T/C)CCNAA(A/G)G-3’), Vg-C-specific 

reverse (5’-TC(A/G)TT(T/C)TG(T/C)TT(A/G)TA(T/C)TG(A/G/T)CC-3’), and Aedes 

universal reverse (5’-C(A/G)T(A/G)CCA(A/G)CANTCNCCCAT-3’) were used in 

nested PCR. The first PCR used the Vg-C –specific forward and reverse primers for 1 

cycle at 94˚C for 3 minutes, 32 cycles at 94˚C for 1 minute, 50˚C for 1.5 minute, and 1 

extension cycle at 72˚C for 10 minutes. The second PCR used the Vg-C-specific and 

Aedes universal reverse primers with the same conditions except that the annealing 

temperature was increased to 54˚C. PCR products for Aedes simpsoni were cloned and 

sequenced as described above. Cloned inserts were sequenced in our laboratory using a 

GENE READIR DNA sequencer from (LI-COR) with fluorescent-labeled T7 and m13r 

primers, or by DNA sequencing services (Amplicon Express and VBI–Blacksburg, VA). 
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Sequence and phylogenetic analysis 

Sequences were analyzed using the Wisconsin Package version 10.2-UNIX (Genetics 

Computer Group). Alignments were produced with ClustalX 1.81 that is available for 

download from the web at http://inn-prot.weizmann.ac.il/software/ClustalX.html. 

Phylogenetic analysis using conceptual translations of nucleotide sequence was 

performed using PAUP version PAUP 4.0b10 (PPC) (Swofford). Codon analysis was 

done using CodonW 1.3 (J. Peden). ds and dn was calculated for synonymous and 

nonsynonymous codon substitution analysis using the SNAP program on the web at 

http://www.hiv.lanl.gov (Korber). Only sequences that had intact open reading frames 

were used for analysis. 

 

Library screening 

Amplified genomic libraries for Aedes albopictus, Aedes polynesiensis, Culex 

tarsalis, and Culex quinquefasciatus made using the Zap Express or Dash II kits were 

screened using Digoxegenin-labeled (Roche Diagnostics) ssDNA probes generated from 

asymmetric PCR reactions. Two probes used for screening libraries of the Aedes or Culex 

genus were made from cloned PCR products amplified using degenerate primers 

described above. Probes were made from sequences amplified from Aedes aegypti and 

Culex tarsalis. The average insert size for the genomic libraries was 7 kb for Aedes and 

Culex libraries. Approximately 15,000 - 50,000 plaques were plated on NZY Agar plates 

and lifts were performed with nylon membranes (Osmonics). The membranes were 

blocked with prehybridization solution, containing 5 X SSC, 0.1% N-laurolylsarcosine, 
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0.02% SDS, and 2% nonfat milk for 2 hours at 55.0°C in a rotating hybridization 

incubator. Hybridization was performed with about 20 ng/ml of Dig-labeled probe in 

prehybridization solution for 6 hours to overnight at 55.0°C in a rotating hybridization 

incubator. Stringency washes were done using 0.5X SSC, 0.1% SDS. Membranes were 

incubated with an anti-Dig antibody conjugated to alkaline phosphatase, and then 

developed with substrates BCIP and NBT for colorimetric detection. The copy number of 

Juan was calculated using known values of haploid genome size, average insert size of 

the library, and the ratio of positives to total number of plaques. 

 

3.4 Results 

Juan is widely distributed in Culicidae 

Juan-like sequences were found in 18 species of five genera by PCR (Table 3). 

Additional sequences were obtained from Ae. albopictus and C. quinqefasciatus genomic 

libraries. PCR with 12 other species either yielded no product or bands of the expected 

size that corresponded to other retrotransposons . These 12 species are: An. gambiae, An. 

stephensi, An. freenborni, An. quadrimaculatus, An. albimanus, Armigeres subalbatus, 

Culex erraticus, Culiseta melanura, Mansonia dyari, Mansonia titillans; Psorophora 

ferox, Toxorhynchites amboinensis. After the An. gambiae genome sequence became 

available, it was apparent that one of the primers used for PCR may not work for Juan 

homologs in An. gambiae because this region was not conserved. 
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Vertical transmission of Juan 

 Based on phylogenetic analysis, Juan appears to have been vertically transmitted 

in the mosquito family Culicidae. The comparison of Juan and host phylogenies shows 

overall congruence of tree topology with few exceptions (Figure 8). In the host Vg-C 

phylogeny (Isoe 2000), W. michelli is an outgroup to the Culex genera with D. cancer as 

the next internal branch. In contrast, the reverse occurs in the Juan phylogeny. In 

addition, P. ciliata is an outgroup to the Aedes genus in the host phylogeny. However, the 

Juan-like sequence isolated from P. ciliata is found internal to a subgroup of Aedes 

sequences.  

 

Potential cases of horizontal transfer 

The Juan phylogeny suggests that horizontal transfer could have occurred in a few 

cases. One case involves Ae. aegypti and Ae. albopictus. Cloned PCR products from Ae. 

albopictus were almost identical to JuanA of Ae. aegypti. Sequences obtained by 

screening a genomic library are found grouped with Ae. polynesiensis sequences as 

expected. Another case involves Culex quinquefasciatus, for which we also have 

sequences from both PCR and a genomic library. The two library sequences group with 

C. molestus and C. pipiens, as expected according to the host phylogeny. Interestingly, 

the PCR sequences group most closely with C. nigripalpus. O. atropalpus (atr2) and O. 

epactius (epa6) sequences are almost identical with over 99% nucleotide identity, but 

they come from species that are in the same species complex where gene flow may exist. 
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Juan appears to have been active in a diverse range of mosquito species 

 There are several cases where in a given species multiple copies of Juan have a 

high degree of nucleotide sequence identity (Table 4). This suggests that Juan has been 

active in these species because retrotransposition is a replicative process. Looking at 

select species, sequence identity of clones at the nucleotide level ranges from about 

97.1% in Ae. aegypti to 99.4% in C. p. quinquefasciatus. Four sequences were obtained 

from C. p. quinquefasciatus that were over 99% identical. These do not appear to come 

from the same copy of Juan in the genome since a deletion is present in one sequence and 

substitutions can be found at various positions among the different sequences. 16 of 18 

species yielded sequences that do not have frameshifts or stop codons within this 

analyzed portion of the open reading frame (Figure 8B). These results indicate recent 

activity of Juan in both closely related and divergent species. 

 

Negative selection has been acting on Juan 

 The rates of synonymous (ds) and nonsynonymous (dn) codon substitution has 

been commonly used as a measure of selection pressure. A value of ds/dn close to 1 is 

taken to indicate neutral selection as would be expected for a pseudogene. Values below 

and above one indicate positive (or adaptive) and negative (purifying) selection. The 

ds/dn ratio was calculated for all Juan sequences of the Aedes and Culex genus that had 

intact reading frames. Vg-C sequences were also used for a comparison to a host gene 

that should display negative selection. Juan sequences analyzed display a significant bias 

toward synonymous substitution, over 10 times that of the nonsynonymous rate (Figure 

9). This would only be expected if Juan has been retrotransposing in mosquito genomes, 
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with this region under negative selection due to functional constraint. It should be noted 

that Vg-C is known to be a relatively fast-evolving gene, but the fact does not affect the 

interpretation of Juan ds/dn values. Vg-C was used for comparison because sequences 

were available for many divergent mosquitoes. 

 

A highly variable copy number of Juan exists among mosquito species 

Library screening results indicate a higher copy number in Culex than in Aedes 

mosquitoes (Table 5). Copy numbers had been previously reported for Juan in Aedes 

aegypti and Culex pipiens (Mouches, Bensaadi, and Salvado 1992; Agarwal et al. 1993). 

Data gathered here from the same species and additional species support previous reports 

and point to a genus-specific trend. However, preliminary results from database search of 

the newly released Ae. aegypti genome sequence is in sharp contrast to this idea, where 

over 10,000 JuanA-related copies can be detected by BLAST and repeatMasker (Smit 

and Green, http://ftp.genome.washington.edu/RM/RepeatMasker.html). A significant 

portion of the JuanA copies contain the 5’ UTRs, which will become relevant in promoter 

assays described in chapter 5. 

 

3.5 Discussion and future directions 

Most phylogenetic analyses of mosquitoes based on molecular data have been 

focused on the Anopheles genus due to its medical importance. More comprehensive 

analyses have been performed using the white gene (Besansky and Fahey 1997) and Vg-
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C (Isoe-dissertation, 2000). To analyze the distribution and evolution of Juan in Culicidae 

and address the topic of vertical transmission, a detailed phylogeny of the host species 

was needed. The Vg-C sequences available to us offered the most comprehensive 

phylogeny with many species representatives from the Aedes and Culex genera, where 

Juan was discovered. 

 It has been proposed that the horizontal transfer of non-LTRs are rare events and 

few cases have strong supporting evidence without alternative explanations (Eickbush 

and Malik 2002). In contrast, there are several cases documented for the horizontal 

transfer of DNA-mediated transposons. Although there has been research claiming the 

phylogenetic incongruence of retrotransposons and their hosts, comparisons were done 

with paralogous TE sequences making such research invalid. Without trying to make an 

argument against the possibility of horizontal transfers, my research finds the existence of 

Juan sequences that do mirror their host's phylogeny closely, supporting the vertical 

transmission of these elements. It is surprising that vertical transmission has been coupled 

with such widespread distribution and activity in the mosquito family. This demonstrates 

that JuanA and its homologs are highly successful genomic elements that are able to 

sustain their activity over long periods of evolutionary time. 

In cases of potential horizontal transfer, alternative explanations exist. For the Ae. 

albopictus (alb3, 6, 9) and O. epactius (epa6) sequences, the first suspicion is genomic 

DNA contamination of the PCR reaction. The Ae. albopictus sequences obtained from a 

genomic library were found grouped with A. polynesiensis, as expected. For Culex p. 

quinquefasciatus, sequences obtained from library screening correspond with the host 

phylogeny, being grouped in the Culex pipiens species complex. In contrast, sequences 
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obtained from PCR are found outside this group and placed closely with Culex 

nigripalpus with approximately 94% nucleotide identity to nig5. The nucleotide identities 

between the C. p. quinqefasciatus sequences and the C. nigripalpus sequence are not 

close enough to suspect genomic DNA contamination of the PCR. Another possibility is 

that different sublineages of Juan could have been sampled by PCR versus library 

screening. For example, there are two sublineages in Aedes taeniorhinchus.  

The amplification of Juan sequences from contaminating genomic DNA cannot be 

ruled out, especially when using degenerate primers with low stringency PCR conditions. 

This seems unlikely in the case of Culex p. quinquefasciatus, because these multiple 

sequences form their own homogeneous group with high nucleotide identity. If they 

resulted from contaminating genomic DNA, then they would be expected to group with 

sequences of the contaminating species. Further analysis is required to determine whether 

the unexpected phylogeny of the suspect sequences is due to horizontal transfer, genomic 

DNA contamination, or sampling of different sublineages. 

As shown in chapter 2, the analysis of a single mosquito genome reveals a 

tremendous diversity of non-LTR families, particularly in the Jockey clade. The fact that 

many of those families have been active suggests that non-LTRs can persist and remain 

active in the genome over a long period of evolutionary time. This analysis of a single 

family Juan, finds evidence of activity in many divergent species, which also supports the 

above claim but in many other mosquito genomes than An. gambiae. In the future, it will 

be interesting to determine if there is evidence of positive selection (or adaptive 

evolution) driving the diversification of non-LTRs, which can be measured by 
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substitution analysis. Alternatively, the diversification could be a result of the error prone 

nature of reverse transcriptase combined with continuous retrotransposition through time. 

It is interesting that evidence of activity for Juan is found in many divergent 

mosquito species. The Juan family has clearly been successful in ensuring its own 

survival in the genomic landscape. This raises the question of how successful other non-

LTRs have been at flourishing in such a wide coverage of species. Future studies should 

be directed toward determining how non-LTRs are regulated and how they affect host 

biology and evolution. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



65 

 
 
Figure 7. Structural organization of the JuanA element of Aedes aegypti. Open 

reading frame one encodes a nucleic acid binding protein and open reading frame 2 

encodes both an apurinic/apyrimidinic (AP) endonuclease and reverse transcriptase (RT) 

domain. F and R represent degenerate primers used to amplify the 939 bp region 

(underlined in alignment). A canonical polyadenylation signal sequence is shown in the 

3’ end of JuanA. 
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Figure 8. Phylogenetic comparison of Juan sequences and their hosts. A. Neighbor 

Joining tree of host phylogeny constructed using conceptually translated sequence of 

vitellogenin-C, a single copy gene. Vg-C from An. gambiae is used to root the tree. B. 

Neighbor Joining tree using conceptually translated sequences of Juan. Jockey elements 

from D. melanogaster and C. thumi are used to root the tree. An asterisk indicates that the 
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reading frame was intact. A bold capital “L” indicates that the sequence was obtained 

from a genomic library. The first three letters of a species name is used to label the tree. 

Both trees are shown with bootstrap values from 500 replicates displayed on each branch 

for Neighbor Joining and Parsimony methods (Neighbor Joining/Parsimony). 
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Figure 9. Negative selection is acting on Juan sequences. The ratio of synonymous (ds) 

to nonsynonymous (dn) substitutions were calculated for Vitellogenin-C (VgCAe) 

sequences from the Aedes genus, and Juan sequences from Aedes and Culex genera 

(JuanAe, JuanCu). Values shown are the averages of all pairwise comparisons for that 

group. 

 
 
 
 
 
 
 
 

ds/dn 
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Table 3. Species from which Juan sequences were obtained by PCR or library 

screening. An asterisk indicates that sequences were obtained by both PCR and library 

screening.  

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Genus species 

Aedes aegypti, albopictus*, polynesiensis, simpsoni, vexans 

Ochlerotatus atropalpus, bahamensis, epactius, taeniorhinchus, triseriatus 

Psorophora ciliata 

Culex molestus, nigripalpus, quinquefasciatus *, restuans, tarsalis 

Deinocerites cancer 

Wyeomyia michelli 
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Table 4. Juan sequences from several species of three genera have a high degree of 

sequence identity within each species. Values shown are means plus one standard 

deviation from pairwise comparisons of nucleotide sequences. The number of sequences 

used from each species is given in parenthesis. Sim (simpsoni), tae (taeniorhinchus), qui 

(quinquefasciatus), mol (molestus), mic (michelli). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aedes Culex Ochlerotatus Wyeomyia 

sim 97.1 +/- 0.3% (4) mol 98.5 +/- 0.2% (3) tae 99.1 +/- 0.1% ( 3 )  mic 97.5 +/- 0.7% (3) 

 qui 99.4 +/- 0.2% (4)   
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Table 5. Copy number determined for Juan by library screening using moderate 

stringency. Numbers in parenthesis were determined previously by Argawal et al. 1993 

and Mouches et al. 1992. 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Aedes Culex p. 

albopictus 300 (200) pipiens (2500) 

polynesiensis 100 (200) quinquefasciatus 1600 

 tarsalis 1400 

 

                         Aedes                             Culex 
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Chapter 4 

Transposable element (TE) display and rapid detection of TE insertion 

polymorphism in the Anopheles gambiae species complex  

(modified from publication Biedler, J., Y. Qi, D. Holligan, A. della Torre, S. 

Wessler, and Z. Tu. 2003) 

Permission to reprint granted by Blackwell Publishing Company 

Insect Molecular Biology 

Volume 12 Issue 3 Page 211  - June 2003 

Note: TE display data on non-LTRs was obtained after the publication of Biedler et al. 

2003. 

 

4.1 Abstract 

Transposable element (TE) display was shown to be a highly specific and 

reproducible method to detect the insertion sites of TEs in individuals of the African 

malaria mosquito, Anopheles gambiae, and its sibling species, An. arabiensis. Relatively 

high levels of insertion polymorphism were observed during TE display of several 

families of miniature inverted-repeat TEs (MITEs) that have variable copy numbers. The 

genomic locations of selected insertion sites were identified by matching sequences of 

their corresponding bands in a TE display gel to specific regions of the draft An. gambiae 

genome assembly. We discuss different scenarios in which TE display will provide 

powerful dominant and co-dominant genetic markers to study the behavior of TEs in An. 

gambiae populations and to illustrate the complex population genetics of this intriguing 
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disease vector. We suggest that TE display can also provide tools for phylogenetic 

analysis of the An. gambiae complex. 

 TE display may also be a useful tool to help identify active TEs. Recent 

retrotransposition events should result in low frequency alleles for a new insertion, 

having a highly polymorphic representation in a population. At the end of this chapter, 

we describe the application of TE display to several potentially active non-LTR families 

that were identified in Chapter 2 in order to find indications of their activity in mosquito 

populations.  

 

4.2 Introduction 

We are interested in molecular and genetic analyses of mosquito TEs, which may 

contribute to the genetic strategy to control mosquito-borne diseases by providing 

transformation tools, gene-driving mechanisms, and genetic markers for mapping and 

population studies. We have previously described eight families of MITEs in An. 

gambiae (Tu 2001). In chapter 2, we described a number of recently active non-LTR 

families in An. gambiae. Here we report the development of TE display, a genome-wide 

detection method of TE insertions (Van den Broeck et al. 1998; Casa et al. 2000), using 

several families of MITEs in An. gambiae and its sibling species An. arabiensis. More 

importantly, TE display revealed high levels of MITE insertion polymorphism in An. 

gambiae, which suggests that TE display can be used as a powerful tool to study the 

population genetics of this important vector. We also performed TE display on select 

non-LTR families to find indications of their activity in mosquito populations.  
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4.3 Materials and Methods 

Mosquitoes 

Two laboratory colonies of An. gambiae, derived from original collections from 

Cameroon (colony GAMCAM) and Mali (colony GASPIN), are maintained as previously 

described (della Torre et al. 2001). These two colonies belong to the M and S molecular 

forms respectively (della Torre et al. 2001). An An. arabiensis colony (ARMOR), 

originally collected from Mali, is also used. For non-LTR TE displays, field-collected An. 

gambiae (Molecular form M and S) and An. arabiensis individuals used were supplied 

from the same source. Also, mosquitoes of the Suakoko strain (Lycett-EMBL) and cell 

lines Sua1b and 4A3b (Muller-EMBL), and Mos.55 (Pudney et al. 1972) were used for 

TE display. 

 

TE Display 

Genomic DNA for TE display was isolated from individual mosquitoes using the 

DNAzol isolation reagent from Molecular Research Center, Inc. (Cincinnati, OH). The 

general procedures for TE display were modified from (Casa et al. 2000). Digestion of 

genomic DNA and ligation of adapters was done in a single step. Approximately 50 ng of 

DNA was digested/ligated in a 50 µl reaction containing 1X restriction/ligation buffer (10 

mM Tris-acetate, 10 mM Mg-Acetate, 50 mM K-Acetate, pH 7.5), 5 units of BfaI, 50 

pmols of Bfa-I adapter (5’-GACGATGAGTCCTGAG-3’ and 5’-TACTCAGGACTCAT-

3’), 50 ng/µl BSA, 5 mM DTT, 1.2 mM ATP, and 1 unit of T4 DNA-ligase. The quality 

of the digestion/ligation was monitored by running 20 µl of each sample on a 1% agarose 

gel stained with ethidium bromide. A smear of DNA fragments ranging in size from 
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approximately100 to 1,000 bp verified successful digestion. The remainder of the 

reaction was diluted four-fold with 0.1X TE, and was then subject to pre-selective 

amplification, in which PCR was performed using primers specific for the adapter 

sequence (BfaI+0, 5'-GACGATGAGTCCTGAGTAG-3’) and TE of interest (Pegasus-F1 

5’-AGTCGTGTCATGGTAACC-3’, TAA-II-Ag-F1 5’ GGATTTCAGCCATACAACC-

3’, TA-III-Ag-F1 5’-TGGATATCAATACAATTGGACCAA -3’). Pre-amplification was 

carried out in 30 µl reactions containing 3 µl of the diluted restriction/ligation reaction, 

2.5 mM MgCl2, 0.2 mM dNTPs, 0.3 µM Bfa-I + 0 primer, 0.3 µM TE-specific primer, 

2.5 units of Taq-Polymerase and Taq-Polymerase buffer. PCR condition is as following, 

1 x 72°C for 2', 1 x 94°C for 3', 24 x (94°C for 30", 58°C for 30", 72°C for 60"), and 1 x 

72°C for 5'. PCR amplification was monitored by running 10 µl of each reaction on an 

agarose gel as described above. The remaining volume was diluted ten-fold with 0.1X 

TE. A second round selective amplification was then performed in 10 µl reactions. In this 

case, [γ-33P] 5’-radio-labeled, TE-specific primers (Pegasus-F2 5’-

TGACACCCGCTTACTGCG-3’, Pegasus-F3 5’-CACCCGCTTACTGCGAAT-3’, 

TAA-II-Ag-F2 5’-ACGCTCTCCCATACAAATC-3’, TA-III-Ag-F2 5’-

AATATGGGAACCCACCAAAAATTGA-3’) were used in addition to primers specific 

for the adapter sequence (BfaI+0 5'-GACGATGAGTCCTGAGTAG-3’, or BfaI+T 5'-

GACGATGAGTCCTGAGTAGT-3’). Labeling of the primer and the 30-330 bp DNA 

ladder (GIBCO/BRL, Rockville, MD) was performed using T4 polynuleotide kinase 

(Gibco/BRL; Casa et al., 2000). A touchdown PCR protocol was used, which consisted 

of 1 cycle at 94°C for 5', 9 cycles at 94°C for 30", 67-59°C (decreasing by 1°C per cycle) 

for 30", and 1 cycle at 72°C for 60". The samples were further amplified for 27 cycles at 
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94°C for 30", 58°C for 30", 72°C for 60", followed by a 5' extension at 72°C. The PCR 

products were run on a sequencing gel. The gel was lifted to filter paper, dried, and 

exposed to an X-ray film for 24 hrs (Casa et al. 2000). Primers and adapter sequences 

used for TE display of Non-LTRs are in Appendix D. 

 

Recovery, cloning and sequencing of bands in TE display gels 

To recover bands from a TE display gel, a modified method of the previously 

described protocol (Stumm, Vedder, and Schlegel 1997) was used. A window was cut 

through the X-ray film to expose the band of interest. The TE display gel was scratched 

with a fine needle or pipet tip through the window on the film that was aligned with the 

gel. The scratched gel material was placed in a PCR tube containing 20 µl reaction mix 

for approximately 1 minute. PCR amplification then proceeded as in selective 

amplification. PCR products were separated on 1-1.5% agarose gels, excised, and 

purified using a Sephaglas Bandprep Kit from Amersham Pharmacia Biotech (Arlington 

Heights, IL). Purified PCR products were cloned in a pCR 2.1 vector using an Original 

TA Cloning Kit from Invitrogen (Carlsbad, CA). Cloned PCR products were sequenced 

with an IRD800 dye-labeled T7 primer using a 4200S Gene ReadIR sequencing 

instrument from Li-Cor (Lincoln, NE). Searches for matches of nucleotide sequences in 

the database were done using BLAST (Altschul et al. 1997). Multiple sequences were 

aligned using Pileup of GCG (Genetics Computer Group, Madison, WI, version 10, 

1999).   
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4.4 Results 

Pegasus TE display in An. gambiae: Specificity and reproducibility 

Pegasus was chosen for the initial development of TE display in An. gambiae 

because it is relatively low in copy number (34-90 copies; Besansky et al. 1996; Tu 

2001). In addition, Pegasus insertion site polymorphism has been previously 

demonstrated using in situ hybridization in a highly inbred An. gambiae strain named 

PEST (Mukabayire and Besansky 1996). Here we used the GAMCAM strain of An. 

gambiae to develop TE display. Briefly, approximately 50 ng of DNA was digested using 

BfaI. The digested DNA fragments were ligated to a BfaI adapter.  A pre-amplification 

and a selective amplification were used to amplify the fragments between specific 

Pegasus sequences and the BfaI adapter sequence (see Experimental Procedures, and 

Figure 10A).  A radio-labeled primer was used in the selective amplification. The 

amplified fragments were separated on a sequencing gel and the banding patterns of each 

individual were analyzed. Two methods were used to demonstrate the specificity of TE 

display. In selective amplification, the use of primer Peg-F3 resulted in a 3 bp shift in all 

bands that were produced with primer Peg-F2 (Figure 10B). Because the labeled primers 

(Peg-F2 and Peg-F3) are positioned 3 bp apart in the Pegasus sequence, the faithful 3 bp 

shift in all of the TE display bands indicates a high specificity of the technique. 

Furthermore, bands from a TE display gel were re-amplified and sequenced, showing that 

they contained Pegasus sequences as well as flanking genomic and adapter sequences in 

the expected order (Figure 10C). Co-migrating bands among different individuals had the 

same flanking genomic sequence, indicating that they were from the same genomic locus. 

Bands that were of different sizes had different flanking genomic sequences (Fig. 10C). 
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All of these flanking sequences were mapped to the An. gambiae genome assembly and 

their specific locations are described in the legend of Figure 10. It should be noted that 

none of the four mapped loci had a Pegasus insertion in the genome assembly, which was 

derived from the highly inbred PEST strain. It will be interesting to determine whether 

there is a significant difference in the insertion patterns of Pegasus between the PEST 

strain and the GAMCAM colony that was used in the current study. Finally, to test the 

reproducibility of this procedure, TE display was repeated using the same samples that 

produced the same banding pattern (data not shown).  

 

Display of TEs of variable copy numbers in An. gambiae 

TE display was performed with additional TE families that have different copy 

numbers including TAA-II-Ag (320 copies), TA-III-Ag (970 copies), and TA-Ια-Ag (1340 

copies), all of which are recently described MITEs (Tu 2001). To reduce the number of 

bands on the TE display gel (Casa et al. 2000), it was necessary to arbitrarily add a 

selective base (T) to the 3’ end of the adapter primer (Fig. 10A, BfaI primer) in the cases 

of TA-III-Ag (Fig. 11) and TA-Ια-Ag (data not shown). For TAA-II-Ag, no selective base 

was necessary (Fig. 12). We conclude that the TE display technique can be adapted for 

different TE families in An. gambiae. 

 

TE display revealed relatively high levels of MITE insertion polymorphism in An. 

gambiae 

Relatively high levels of insertion polymorphism were shown for three An. 

gambiae MITEs (Figs 10-12). On the basis of TE display of eight females in the 
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GAMCAM colony that originated from Cameroon, the relative percentages of 

polymorphic sites were estimated to be 90%, 72%, and 59% for Pegasus, TA-III-Ag, and 

TAA-II-Ag respectively. A polymorphic site is defined here as a band that is not shared in 

all individuals. Heterozygous and homozygous TE insertions are not distinguished. The 

TE display shown here is designed to maximize the detection of TE insertion 

polymorphism by using primers close to the termini and by using touch-down PCR, both 

of which reduce the amplification of degenerate copies, which may be fixed in the 

population. This is consistent with the fact that all of the sequenced bands contain the 

intact 3’ terminus (Fig. 10C). Therefore the above calculations are not absolute 

measurements of the level of MITE insertion polymorphism. However, the percentages 

are relatively high, indicating that at least significant fractions of the insertion sites of the 

full-length MITEs are polymorphic. Similar levels of polymorphism and banding patterns 

were observed in males and in a second colony GASPIN that is originated from Mali, 

although the relative frequencies at different loci are different between the GAMCAM 

and GASPIN colonies (data not shown).  

 

TE display and comparison of insertion patterns between An. gambiae and An. 

arabiensis 

When female individuals of An. gambiae and An. arabiensis were compared using 

TE displays for Pegasus, TA-Ια-Ag, TA-III-Ag, and TAA-II-Ag, obvious differences were 

observed. As shown in Figure 12, although some bands are shared between the two 

sibling species, many bands are unique. It is not yet clear whether this difference in TE 

display banding patterns is mainly due to insertion site variation or general sequence 
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difference between the two species that results in changes of BfaI sites near TEs. The 

specificity of An. arabiensis TE display was confirmed by cloning and sequencing 

several bands from a Pegasus TE display gel (Figure 10C). 

 

TE display for recently active An. gambiae non-LTRs 

TE display was used to survey insertion polymorphism of recently active non-

LTRs identified in Chapter 2. First, primers were tested for several non-LTR families 

with genomic DNA isolated from two cell lines and 5 individual An. gambiae mosquitoes 

(Figure 13A and B). Then more extensive analysis was performed for the Ag_I-2 and 

Ag_Jen-1 families using genomic DNA isolated from three cell lines, 5 An. gambiae 

individuals (Suakoko strain), and 60 An. gambiae and An. arabiensis field-collected 

individuals. The field samples used consisted of 39 An. gambiae molecular form M, one 

S, 6 An. arabiensis, and 14 unidentified individuals. The resulting TE display shows a 

high degree of polymorphism for both of these non-LTR families (Figure 14A and B), 

consistent with their recent activity as determined by sequence analysis. 

The insertion frequency of Ag_I-2 and Ag_Jen-1 was estimated by choosing 20 

bands in the boxed area in Figure 14A and B that includes known An. gambiae 

individuals. These bands include the loci near the top of the boxes that have obviously 

high insertion frequencies. None are fixed in An. gambiae. In other words, all bands are 

polymorphic with varying degrees of insertion frequency. Ag_I-2 insertion frequencies 

range from 3-87%. 16 of the 20 bands surveyed have a frequency of less than 10%, while 

7 bands have a frequency of approximately 3%. Ag_Jen-1 insertion frequencies range 

from 3 to 76%. Eight bands have a frequency of less than 10% while 6 bands have a 
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frequency of approximately 3%. It must be emphasized that these are rough estimates 

since it is difficult to score these bands with complete accuracy. 

 

4.5 Discussion and future directions 

Potential applications 

The development of a specific and reproducible TE display method and the 

demonstration of relatively high levels of MITE insertion polymorphism in An. gambiae 

provide exciting opportunities to develop TE-based population genomic tools and to 

study the behavior of TEs in populations of the An. gambiae complex. One major 

challenge to establishing sophisticated vector control programs and meaningful 

epidemiological studies has been the genetic complexities in An. gambiae populations 

(Powell et al. 1999). Several recent studies using a number of genetic markers have made 

significant progress towards illustrating this complexity while pointing to the need for 

more extensive research (e.g., Black and Lanzaro, 2001; della Torre et al., 2001). The 

development of new population genomic approaches is needed because conflict exists 

between results obtained using different types of genetic markers and markers at different 

genomic locations (Besansky 1999). Because many MITE families are interspersed 

throughout the genome and because relatively high levels of MITE insertion 

polymorphisms have been demonstrated, MITEs are great sources of polymorphic 

markers across different regions of the An. gambiae genome. For example, TE display 

may be used to rapidly generate a large number of highly specific and reproducible 

dominant markers for population studies and for genotyping. In addition, TE display can 

be used to rapidly isolate and locate polymorphic insertion sites by sequencing the 
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recovered bands (Fig.10C) and comparing the sequences to the genome assembly (Holt et 

al. 2002). These polymorphic insertion sites provide co-dominant markers when 

sequences flanking a TE at the specific locus are used as primers to PCR amplify 

genomic DNA isolated from an individual sample (e.g., Batzer et al., 1994; Stoneking et 

al., 1997; Roy-Engel et al., 2001).  One potential limitation of this method is the possible 

precise excision of a DNA-mediated TE, which may be confused with the non-insertion 

state. However, this is not likely a major issue because no active DNA transposons have 

been reported in An. gambiae, although there is evidence of excision of an internally-

deleted DNA-mediated TE named Ikirara in an An. gambiae cell line, at a rate of 0.038% 

(Leung and Romans 1998). In addition to the genetic heterogeneity at the population 

level, the An. gambiae species complex includes seven reproductively isolated cryptic 

species that can only be identified according to their chromosomal inversion patterns 

(Coluzzi et al. 1979; Krzywinski and Besansky 2003). Apparent differences in banding 

patterns were observed between An. gambiae and An. arabiensis in TE display of a few 

MITE families including TAA-II-Ag (Fig. 12). Comparative TE display of the seven 

sibling species may help resolve their phylogenetic relationship, which has so far been a 

very difficult problem, perhaps mainly because of introgression at some loci but not at 

others (Krzywinsky and Besansky, 2003). In this regard, TE display may be especially 

helpful because it presumably scans a large number of TE insertions interspersed in the 

genome. Finally, TE display and the locus-specific PCR methods will also provide useful 

tools for the study of how TEs are maintained and spread in field populations. Such 

information will help evaluate the possibility of using transposons to drive transgenes 

into wild populations. 
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Indication of active TEs 

 TE display can also be used to help detect active TEs that have been recently 

amplified. New transposable insertions in a genome should result in a low frequency 

allele at the population level and therefore a high degree of polymorphism among 

sampled individuals (Roy-Engel et al. 2001). This characteristic also makes recently 

active families good candidates as markers for population genetics. Note that the 

aforementioned estimated polymorphism of the MITE families is consistent with 

expectations based on the divergence of copies in each family. Recently amplified copies 

should have a high degree of nucleotide identity. Pegasus has the lowest degree of 

divergence among its copies and the highest degree of polymorphism. There is evidence 

of Pegasus excision in An. gambiae cells, indicating its activity (Coy and Tu, unpublished 

data). The high degree of polymorphism detected for Ag_I-2 and Ag_Jen-1 by TE display 

is consistent with expectations for active elements. However, it must be noted that there 

are alternative explanations for the observed polymorphism. For example, the 

polymorphism could result form random assortment of ancient insertions or negative 

selection could maintain a low frequency of such insertions in the population. On the 

other hand, there are many insertions that are of very low frequency among the sampled 

individuals and many appear to be unique for an individual, which argues against the 

above alternative explanations. In addition, retrotransposition in somatic cells, a sign of 

activity that would not be heritable may explain the many insertions unique to an 

individual. 
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Figure 10. TE display of Pegasus elements in Anopheles gambiae. A. A schematic 

showing adapter-ligated genomic DNA restriction products with TE-specific and adapter 

specific primers. Peg-F1 (Pegasus-F1) is used for the first round PCR. Either Peg-F2 

(Pegasus-F2) or Peg-F3 (Pegasus-F3) is used as the radio-labeled primer for the second 

round nested PCR. B. Partial image of a TE display using primers for the Pegasus 

element with eight female individuals from an An. gambiae colony (GAMCAM) 

originally collected from Cameroon. The eight samples on the left are amplified with 

Peg-F2. The eight samples on the right are the same as those on the left except they were 

amplified with primer Peg-F3, which is designed to amplify a product smaller by three 
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bases. The three base shift is clearly observable. A size marker is shown on the right. C. 

Sequence analysis of bands from a TE display gel, which were re-amplified and 

sequenced. Five co-migrating bands from different An. gambiae individuals represented a 

common Pegasus insertion site as indicated by the same flanking sequence, which was 

mapped to a unique fragment in the An. gambiae genome (AAAB01008815, positions 

68954 to 69092 on the minus strand). Three variable bands represented insertions at 

different loci, as indicated by variable flanking genomic sequences. The flanking 

sequences "gtccaag..." and "attgtggt..." were mapped to two repetitive regions while 

"gttgtgat..." was mapped to a short unique fragment in the An. gambiae genome 

(AAAB01008956, positions 193489 to 193514 on the minus strand). The specificity of 

Pegasus TE display is also demonstrated in An. arabiensis on the basis of sequencing of 

TE display bands, although the image is not shown here. The sequenced insertion site in 

An. arabiensis can also be mapped to a unique fragment in the An. gambiae genome with 

98% identity (AAAB01008888, positions 1044407 to 10444515 on the minus strand).  
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Figure 11. TE display of the TA-III-Ag elements in Anopheles gambiae. Shown here is 

a partial image of a TE display with eight female individuals from an An. gambiae colony 

GAMCAM. The primers for the first round PCR are TA-III-Ag-F1 and BfaI+ 0. The 

primers for the second round PCR are TA-III-Ag-F2 and BfaI+ T. The extra base added 

to the adaptor primer is designed to reduce the number of potential PCR bands because 

TA-III-Ag is highly repetitive. A size marker is shown on the left. 
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Figure 12. TE display of the TAA-II-Ag elements in Anopheles gambiae and An. 

arabiensis. Shown here is a partial image of a TE display with eight female individuals 

from an An. gambiae colony GAMCAM, and six female individuals from an An. 

arabiensis colony ARMOR that was originally collected from Mali. The primers for the 

first round PCR are TAA-II-Ag-F1 and BfaI+ 0. The primers for the second round PCR 

are TAA-II-Ag-F2 and BfaI+ 0. 
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Figure 13. TE display for several recently active Non-LTR families from An. 

gambiae. A. Numbers 1-8 indicate non-LTR families Ag_I-2, Ag_Jock-1,7,12,13, 

Ag_Jen-1, Ag_CR1-3, 7. For each family, genomic DNAs used were: Mos.55, Sua1B, 

and 5 An. gambiae individuals. B. Numbers 1-8 indicate non-LTR families T1, Ag_CR1-

20, 22, Ag_OC-5, 6, Ag_JAM-1,2, and Ag_L1-2. The same genomic DNAs was used for 

A and B. 
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Figure 14. TE display for Ag_I-2 and Ag_Jen-1 in An. gambiae and An. arabiensis. 

Genomic DNAs used were: 1 (cell lines-Mos.55, Sua1B, 4A3B, 5 An. gambiae 

individuals), 2 (29 An. gambiae molecular form M and 1 molecular form S), 3 (An. 

gambiae and An. arabiensis individuals, mixed). A. Primers specific for Ag_I-2. B. 

Primers specific for Ag_Jen-1. Estimates of insertion frequencies were calculated from 

the boxed areas in A and B. 
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Chapter 5 

Transcription and retrotransposition of potentially active non-LTRs 

 

5.1 Abstract 

Transcription and reporter assays were performed for several non-LTRs 

previously identified as potentially active elements based on sequence analysis described 

in chapter 2. RT-PCR performed using poly(A) RNA from cultured cells and primers 

designed to amplify a region in the 3’ end of An. gambiae non-LTRs yielded products for 

13 of 15 tested families. However, 5’ and 3’ RACE failed to detect non-LTR transcripts 

for Ag_I-2 and Ag_Jen-1. Also, transcripts for Ag_I-2 were not detected by northern blot 

using poly(A) RNA from cultured cells. The 5’ UTRs of Ag_I-2 and Ag_L1-5 were 

shown to support basal transcription in divergent mosquito cell lines from 3 species using 

a luciferase reporter assay. The Ag_Jen-1 5’UTR did not support transcription in Ae. 

aegypti and had relatively low activity in Ae. albopictus and An. gambiae. The Ae. 

aegypti JuanA 5’UTR does not support promoter activity and appears to have an 

inhibitory effect on the Ag_L1-5 5’UTR. The non-LTR Ag_L1-5 from An. gambiae was 

tested for activity by a retrotransposition assay designed for use in cultured mosquito 

cells. This assay takes advantage of an antibiotic resistance cassette to allow for selection 

of retrotransposition events. Retrotransposition for Ag_L1-5 was not detected and it still 

needs to be determined if this is because of technical problems with the assay or the 

cellular context in which this non-LTR is being tested. 
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5.2 Introduction 

As described in Chapter 2, several non-LTRs having evidence of activity were 

found in the An. gambiae genome by sequence analysis (Figure 15). TE display analyses 

of Ag_I-2 and Ag_Jen-1 described in chapter 4 are consistent with expectations of active 

TEs. A variety of methods were used here to find experimental evidence of activity for 

select families. Transcriptional analysis is a logical first step to study non-LTR activity 

because transcription is the major point of control for many genes. Internal pol II 

promoters have been described as the promoters used by non-LTRs from D. 

melanogaster and have been tested by reporter assays in cultured cells (Mizrokhi, 

Georgieva, and Il'in Iu 1988; Minchiotti and Di Nocera 1991; Contursi, Minchiotti, and 

Di Nocera 1993; Minchiotti, Contursi, and Di Nocera 1997).  

The study of non-LTR transcription is significant because it relates to questions 

regarding non-LTR regulation by the host. As opposed to a host gene, transcription of a 

non-LTR or any TE would normally not be beneficial to the host. If transcripts are 

present, then why isn’t there a dramatic increase in copy number of those non-LTRs? On 

the other hand, if transcripts cannot be detected, it may indicate tissue specificity of 

expression, the presence of regulatory mechanisms such as RNAi or lack of activity in 

that context. 

In my research, I have used mosquito cell lines for transcription and promoter 

analysis, as well as for a retrotransposition assay. Transcription of different non-LTRs in 

cultured cells is documented (Skowronski, Fanning, and Singer 1988) and 

retrotransposition has been demonstrated for different non-LTRs in cell culture-based 

assays (Jensen et al. 1994; Moran et al. 1996; Kajikawa and Okada 2002). Ag_L1-5 was 
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chosen for the retrotransposition assay because it is a good candidate as an active element 

and it is the first reported invertebrate homolog of the human L1, which plays an 

important role in human evolution and biology. 

 

5.3 Materials and methods 

Cell culture 

Aedes aegypti (ATCC – CCL-125) and Aedes albopictus clone C6/36 (ATCC) 

cells were cultured in MEMalpha (Invitrogen) with 5% CO2. The Anopheles gambiae cell 

line Sua1B (Hans Michael-Mueller–EMBL, Germany) was cultured in Schneider’s 

Drosophila medium without CO2. Media was supplemented with 10% fetal bovine serum 

and 1000 U/ml Penicillin, 1000 µg/ml Streptomycin (Invitrogen) and cells were cultured 

in an incubator at 28°C. 

 

RT-PCR 

RT-PCR was performed with the Retroscript kit (Ambion) using poly(A) RNA 

isolated from Mos.55 (Marhoul and Pudney 1972) and Sua1B mosquito cell lines. 

Poly(A)RNA was isolated with the Poly(A) Pure poly(A) RNA isolation kit (Ambion) 

and treated with DNA-free (Ambion). When Mos.55 p(A) RNA was used as template, 

PCR primers were designed to amplify a region in the 3’ end of the following 15 non-

LTR families: I-2, Jock-1, Jock-7, Jock-12, Jock-13, Jen-1, CR1-7, CR1-20, CR1-22, 

Outcast-5, Outcast-6, L1-2, L1-5, JAMMIN-1, JAMMIN-2 (Biedler and Tu, 2003). 

Reverse transcription was primed with oligo d(T). When Sua1B poly(A) was used as 

template, PCR primers were designed to amplify regions in both the 5’ and 3’ ends of the 
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Ag_I-2 and Ag_Jen-1 families. Reverse transcription was primed with random decamers. 

Negative controls were performed using primers for high copy number non-LTR families 

in reactions without reverse transcriptase. A positive control was provided with the 

Retroscript kit. See Appendix D for primer sequences. 

 

5’ and 3’RACE  

5’ and 3’ Rapid Amplification of cDNA Ends (RACE) was performed using the 

5’ and 3’-Full RACE Core Set (Takara) and poly(A) RNA isolated from the Sua1B An. 

gambiae cell line. 5’ phosphorylated primers were designed specifically for the antisense 

strand of the 5’ end of Ag_I-2 and Ag_Jen-1 families for reverse transcription. Primers 

were designed for the An. gambiae S7 ribosomal protein RNA as a positive control. 

Products were separated on a 2% TBE agarose gel. See Appendix D for primer 

sequences. 

 

Northern blot 

Biotinylated dCTP probes were designed for an approximately 200 bp region of 

Ag_I-2 and Ag_Jen-1 using the North 2 South Random prime DNA Labeling Kit (Pierce). 

A positive control probe was designed for the An. gambiae S7 ribosomal RNA gene. 

Northern blot procedures up to detection were performed using the Northern Max Gly kit 

(Ambion). Thirty micrograms of poly(A) RNA isolated from the Sua1B An. gambiae cell 

line was loaded onto a 1% agarose gel and run at approximately 3.7 V/cm for 1.25 hr. 

RNA was transferred to a Magnagraph 0.45 micron nylon membrane (Osmonics) with a 

semi-dry transfer apparatus. Membranes were cross linked with 120 mJ/cm2 using the 



98 

Spectrolinker XL-1000 UV cross linker (Spectronics). Labeled products were 

detected/visualized using the Chemiluminescent Hybridization and Detection Kit 

(Pierce). 

 

Promoter analysis 

The 5’UTRs of Ag_I-2, Ag_Jen-1, Ag_L1-5, and JuanA were cloned into the 

“promoter-less” pGL3 Basic vector from Promega by the addition of restriction sites by 

either PCR or gene synthesis by (Polymorphic) (Figure 16 and 17). The Ag_I-2 5’UTR 

was cloned by PCR using the forward and reverse primers 

GGTACCCAGTTCTGTGCGATAC and GCTAGCGGTGTTAAATCGTTTG. These 

primers added the restriction sites KpnI and NheI, allowing insertion of the Ag_I-2 

5’UTR into the pGL3 multi-cloning site. Ag_Jen-1, Ag_L1-5, and the JuanA 5’UTR were 

synthesized (Polymorphic) with restriction sites added to allow insertion into pGL3. The 

JuanA 5’UTR was synthesized with SacI and HindIII restriction sites, Ag_Jen-1 with 

KpnI and NheI sites, and Ag_L1-5 with MluI and BglII sites. The pGL3 Basic vector was 

used as a negative control and pGL3 with the An. gambiae CecA promoter (Zheng and 

Zheng 2002) was used as a positive control. An Ag_L1-5 5’UTR construct mutant for the 

initiator (INR) and downstream promoter element (DPE) sequences was made by gene 

synthesis and cloning into the pGL3 vector. Purines were substituted with pyrimidines 

and vice versa. The CAGT was changed to ACCA and AGACGT was changed to 

CCCACA. To test the potential inhibitory effects of the JuanA 5’UTR, the JuanA 5’UTR 

was inserted downstream of the Ag_L1-5 5’UTR. All constructs were confirmed by 
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sequencing. Plasmids used for transfection were purified using the PureYield Plasmid 

Midiprep System (Promega). 

Ae. aegypti, Ae. albopictus, or An. gambiae cells were transfected with 2 µg of 

plasmid in 35 mm 6-well culture plates using TransIT-Insecta Transfection Reagent 

(Mirus). Fourty-eight hours post-transfection cells were lysed and 20 µl lysate was 

assayed by a Monolight 2000 luminometer (BD Biosciences Pharmingen) for luciferase 

activity. Measurements were performed for 30 seconds in triplicate for each transfected 

35 mm well. 

 

Retrotransposition assay in the HeLa cell line 

 An established retrotransposition assay utilizing the mammalian expression vector 

pCEP4 and an antibiotic selection cassette has been used to test the functionality of non-

LTRs from human and eel (Moran et al. 1996; Kajikawa and Okada 2002) (Figure 18). 

This assay was used here as a positive control (Figure 19). The assay is designed to test 

retrotransposition of a non-LTR from a plasmid that has been transfected into cultured 

HeLa cells. After transfection, cells can be either directly selected for retrotransposition, 

or first selected for transfectants, then retrotransposition by using antibiotics for the 

different selective markers in the plasmid and non-LTR, respectively. Transposition can 

be verified by TE display (Biedler et al., 2003) or PCR and sequencing. 

The An. gambiae non-LTR Ag_L1-5 was cloned into pCEP4 and the Neomycin 

(Neo) selection cassette was inserted in the 3’UTR downstream of the ORF2 stop codon 

in a unique NheI restriction site (Figure 20). Another construct was made with the Neo 

cassette in the 3’ end of Ag_L1-5 but with the 3’UTR removed to test if the 3’UTR was 
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necessary for transposition. HeLa cells and positive and negative control plasmids 

containing the human L1 non-LTR were kindly provided by John Moran at the 

University of Michigan. HeLa cells at approximately 50% confluence in 35mm 6-well 

culture plates were transfected with 2 µg of plasmids JM101 (human L1 positive control), 

JM105 (human L1 negative control), Ag_L1-5/pCEP4 or Ag_L1-5/(-)3’UTR/pCEP4 

(majority of 3’UTR removed). Forty-eight hours post-transfection, cells were directly 

selected for retrotransposition with 400 µg/ml G418 (Geneticin) for 7 days. Genomic 

DNA was isolated from JM101-transfected HeLa cells and untransfected cells and 

assayed for retrotransposition by PCR. 

 

Retrotransposition assay in mosquito cell lines 

Three constructs were designed to test retrotransposition of Ag_L1-5 (Figure 21). 

Ae. aegypti, Ae. albopictus, and An. gambiae cells at approximately 50% confluence were 

transfected with two micrograms of either Ag_L1-5/pIBV5His or Ag_L1-

5/Zeo/pIBV5His. For transient transfections, cells were expanded two days post-

transfection. For selection of stable transformants, at two days post-transfection cells 

were grown in media containing 100 µg/ml Blasticidin (Invitrogen) for at least one week. 

To select for retrotransposition, cells were grown in media containing either 500 µg/ml or 

1000 µg/ml Zeocin. 

 

TE display 

Chapter 4 provides detailed methods for TE display. Here, nested primers were 

designed specific for the 3’ end of Ag_L1-5 in the sense orientation. A new adapter was 
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designed to have overhanging ends complimentary to TaqI restriction products. Genomic 

DNA from the An. gambiae PEST strain was used as a positive control for Ag_L1-5 

insertions. Genomic DNA was isolated from stably transformed Ae. albopictus cells 

(clone C6/36,  source-ATCC) at 2, 6, and 10 weeks post-transfection to test for 

retrotransposition. See Appendix D for primer and adapter sequences used. 

 

5.4 Results  

Transcripts containing sequences from several non-LTRs are present in cell lines 

derived from An. gambiae 

RT-PCR using primers designed to amplify a region in the 3’ end of An. gambiae 

non-LTRs yielded products for 13 of 15 tested families (Figure 23). Non-LTRs typically 

have a higher 3’ end copy number than 5’ copy number presumably due to incomplete 

reverse transcription. Therefore, the observed RT-PCR products may not be derived from 

transcripts from full-length non-LTR promoters but from a nearby host gene close to 

where the non-LTR has inserted. Primers were then designed to amplify a region in the 5’ 

end of Ag_I-2 and Ag_Jen-1 families to reduce the chance of this occurrence. RT-PCR 

targeted to the 5’ end of these elements also indicates that transcripts are present with 

these non-LTR sequences (Figure 24). To determine if the RT-PCR products were from 

transcripts initiated at the non-LTR’s own internal promoter, 5’ and 3’ RACE, and 

northern blot was performed. These methods failed to detect any specific products for 

select non-LTR families. A summary of transcription analysis results is presented in 

Table 6. 
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The 5’UTRs of An. gambiae non-LTRs Ag_I-2, Ag_Jen-1, and Ag_L1-5 support 

transcription in divergent mosquito cell lines 

Sequence analysis of the 5’UTRs of Ag_I-2, Ag_Jen-1, and Ag_L1-5 non-LTRs of 

An. gambiae revealed the presence of consensus sequences that are commonly found in 

the basal promoters of insect genes (Arnosti 2003) (Figure 17). The initiator (INR) and 

downstream promoter element (DPE) consensus sequences were found in all copies of 

the three analyzed families. The 5’UTR of JuanA from Ae. aegypti was found to have 

only the consensus INR sequence. To test whether these 5’ UTRs could support 

transcription in mosquito cell lines, a luciferase reporter assay was used. 

All three An. gambiae non-LTR 5’UTRs support basal transcription and have 

different relative activities in divergent mosquito cell lines (Figure 25). One exception is 

that the Ag_Jen-1 5’UTR did not have any detectable activity in the Ae. aegypti cell line. 

In contrast, the Ae. aegypti JuanA 5’UTR did not show any significant promoter activity 

in any cell line. To test the requirements of the Ag_L1-5 INR and DPE sequences for 

promoter activity, the consensus INR and DPE sequences were mutated (Figure 26). 

Promoter activity from the mutant construct was similar to the negative control. This 

result shows that the INR and/or DPE are required for Ag_L1-5 promoter activity and that 

the activity is specific. 

 

The JuanA 5’UTR exhibits an inhibitory effect on Ag_L1-5 promoter activity 

It was interesting that the JuanA 5’UTR did not support promoter activity in Ae. 

albopictus cultured cells (Figure 26). The activity was surprisingly lower than the 

negative control. To test the JuanA 5’UTR in other cells and to see if it had a inhibitory 
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effect, the JuanA 5’UTR was inserted downstream of the Ag_L1-5 5’UTR and was tested 

in Ae. aegypti and An. gambiae cell lines (Figure 27). The JuanA 5’UTR appears to have 

an inhibitory effect on the Ag_L1-5 5’ UTR in both Ae. aegypti and An. gambiae cell 

lines. Interestingly, the effect is greater in Ae. aegypti than in An. gambiae. 

 

Retrotransposition assay in the HeLa cell line 

Ag_L1-5 was tested with the construct used for analysis of human L1 

retrotransposition in HeLa cells because there is currently no positive control for 

retrotransposition in mosquito cell lines and a divergent non-LTR has been shown to be 

active using this system (Kajikawa and Okada 2002). Retrotransposition was only 

detected for the positive control JM101. PCR using primers flanking the intron in JM101 

resulted in the expected size product, verifying intron loss and retrotransposition (Figure 

19). Sequencing of the PCR product also supported retrotransposition. It has been 

suggested that more time than 3 days may be needed for an increase in concentration of 

factors required for retrotransposition (Ostertag et al. 2000). To test if this is why Ag_L1-

5 did not retrotranspose, cells transfected with Ag_L1-5/pCEP4 were first selected for 

transfection with Hygromycin for 10 days, then selected for retrotransposition. No 

resistant colonies were detected. 

 

Retrotransposition assay in mosquito cell lines 

Because retrotransposition was not detected for Ag_L1-5 in the mammalian 

system and this may be due to factors having to do with divergent vertebrate/invertebrate 

systems, an insect expression vector was used to test Ag_L1-5 in mosquito cells. Three 
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different constructs were designed, all utilizing the insect expression vector pIB/V5His 

(Fig. 21). Use of pIB/V5His as an expression vector in the Ae. albopictus cell line C6/36 

is documented (Kohl et al. 2004). For the first construct, Ag_L1-5 was cloned into 

pIB/V5His (Invitrogen). This was done because it is possible that a selection cassette may 

interfere with retrotransposition since the 3’UTR has been found to be necessary or at 

least affect retrotransposition efficiency (Mathews et al. 1997; Kajikawa and Okada 

2002). The second construct, modeled after the retrotransposition assay for the human L1 

in HeLa cells, was designed to contain a Zeocin resistance cassette in ORF2 of Ag_L1-5 

(Figure 22). The Zeocin gene was cloned from pIZV5His (Invitrogen). This cassette 

contains a 65 bp intron from the Ae. aegypti pyruvate carboxylase gene inserted in the 

coding region of the Zeocin resistance gene. The intron allows detection of 

retrotransposition by PCR as performed for the human L1. A third construct was 

designed which only has the pyruvate carboxylase intron inserted into ORF2 of Ag_L1-5 

so that detection by PCR is possible while still having a minimally invasive alteration of 

the non-LTR. This last construct has not been cloned and tested. 

Retrotransposition from Ag_L1-5/pIBV5His was first tested by transient 

transfection. Ae. aegypti is a “naïve” genome with respect to Ag_L1-5 so detection of 

retrotransposition is simplified since there should not be any sequence present in the 

genome with high nucleotide identity compared to Ag_L1-5. TE display using genomic 

DNA isolated from this transfection failed to identify new insertions indicative of 

retrotransposition (data not shown). 

Ae. aegypti, Ae. albopictus, and An. gambiae cell lines were transfected with 

Ag_L1-5/pIBV5His and selected for stable transformants. Resistant cells were only 
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obtained for Ae. albopictus. After 7 days, cells were expanded in non-selective media, 

and periodically grown in selective media to maintain transformants. TE display was 

performed using genomic DNA isolated at 2, 6, and 10 weeks post transfection (Figure 

28). An intense band of high molecular weight was detected in cells harvested at all time 

points corresponding to stable integration of the plasmid. Although unique bands were 

detected from the last time point, cloning and sequencing showed that they did not have 

characteristics of retrotransposition, such as a 3’ polyA tract terminating with Ae. 

albopictus genomic DNA. These sequences appear to have resulted from various plasmid 

recombinations into the genome because vector sequence downstream of Ag_L1-5 was 

found present.  

A different construct, Ag_L1-5/Zeo/pIBV5His, was transfected into Ae. aegypti, 

Ae. albopictus, and An. gambiae cell lines as described above. Two days post-

transfection, cells were directly selected for retrotransposition or for stable transformants 

to allow more time for retrotransposition to occur. No resistant cells grew when selected 

for retrotransposition and stable transformants were only obtained for Ae. albopictus. 

These cells were then selected for retrotransposition with 500 µg/ml and 1000 µg/ml 

Zeocin, but resistant cells were not detected.  

 

5.5 Discussion and future directions 

Transcription 

Much has been learned about non-LTR transcription from research with the 

human L1. Transcripts containing both L1 and host RNA in the same transcript have 

been detected in different cell types and arise from three processes. Transcription 
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initiated from the L1 promoter can read through the L1 pA signal into downstream host 

genes (Moran, DeBerardinis, and Kazazian 1999). This process is responsible for what 

has been called 3’ transduction, when sequence downstream of an L1 insertion is 

retrotransposed elsewhere in the genome. The human L1 contains an antisense promoter 

in its 5’ end and can result in transcription of host genes upstream of an L1 insertion 

(Speek 2001; Nigumann et al. 2002). Transcripts have been found up to 60 kb in length 

from this process. Also, transcription of L1 can be initiated upstream from a host gene 

promoter (Symer et al. 2002; Kazazian 2004). 

RT-PCR results show that transcripts for several non-LTRs are present in the 

Mos.55 cell line. Primers in this experiment targeted a region in the 3’ ends of the non-

LTRs. As mentioned, the copy number of the 3’ ends is much higher than the 5’ ends. 

Therefore, these transcripts may be from host genes that have non-LTR sequences 

inserted in their exons or these could be transcripts initiated from random promoters 

present near 5’ truncated non-LTRs. Experiments using primers targeted to regions in the 

5’ end of transcripts from Sua1B cells are more promising regarding Ag_I-2 and Ag_Jen-

1 being transcribed from their own promoters since these transcripts are more likely to 

have come from full-length non-LTR copies. Nevertheless, transcription could have been 

initiated from an upstream promoter as has been reported for the human L1.  

Northern analysis failed to indicate the presence of Ag_I-2 full-length transcripts 

or any homogenous sized transcript while the Ag_I-2 5’UTR supports transcription in 

cultured cells by reporter assay, although at a basal level. The genomic context where 

these non-LTRs reside and other potential regulatory factors must be considered when 

trying to make comparisons between results from the reporter assay and endogenous 
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expression. Expression of the non-LTR genomic sequences may be so restricted that they 

are undetectable by northern blot under these conditions.  

It is difficult to reconcile the differences between results from RT-PCR and 

RACE experiments. Non-LTR RNA should be polyadenylated because non-LTRs are 

known to contain canonical polyadenylation sequences and are typically polyadenylated. 

Both Ag_I-2 and Ag_Jen-1 contain canonical polyadenylation signal sequences. 

However, these signals may be weak as has been documented for the human L1, where 

read-through transcription can occur and polyadenylation occurs downstream at another 

signal sequence. Even if the RT-PCR products are all results of transcription initiated 

outside of the non-LTRs, it is a very interesting result. If these are transcripts containing 

RNA from host genes, then one must wonder what effect the non-LTR sequences may 

have on them.  

 The detection of promoter activity from An. gambiae non-LTRs is significant. 

Although cultured cells are not representative of a whole organism or the germ line, 

where retrotransposition must take place in order to be heritable, the promoter activity 

indicates that the 5’UTRs of Ag_I-2, Ag_Jen-1, and Ag_L1-5 can support basal 

transcription in these cell types, barring Jen-1 activity in Ae. aegypti. It must be 

determined if these promoters can support transcription in the germ line or other 

mosquito tissues. Collaborative efforts with Dr. Jun Isoe at the University of Arizona are 

underway to test the activity of our constructs in different mosquito tissues.  

The 5’UTRs of Drosophila Jockey clade non-LTRs F and Doc have been shown 

to support promoter activity in S2 cells (Minchiotti and Di Nocera 1997), but inhibition 

by a non-LTR 5’UTR has not been reported. It is interesting that the JuanA 5’UTR does 
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not support promoter activity and appears to have an inhibitory effect on the L1-5 

5’UTR. In Ae. aegypti and Ae. albopictus, the results could be explained by a homology-

dependent gene silencing mechanism such as RNAi. A homology dependent-like 

silencing activity has been documented for the D. melanogaster I factor (Jensen, 

Gassama, and Heidmann 1999; Robin et al. 2003), and the JuanA 5’-UTR is relatively 

long (341 bp), which is more than sufficient to induce the RNAi pathway provided that 

dsRNA is produced. Transcripts from the reporter could potentially hybridize with 

homologous cellular non-LTR RNA that is transcribed by an antisense promoter. 

Conversely, such a mechanism cannot explain the apparent inhibitory effects observed in 

An. gambiae since there should not be sequences of significant homology present in this 

divergent species. Therefore, other trans-acting factors may be responsible for this 

observation. Deletion constructs of the JuanA 5’UTR can be made to determine what 

sequence is responsible for this effect. In addition, a control needs to be performed to 

show that not just any insertion downstream of the Ag_L1-5 5’UTR will result in 

inhibition of promoter activity. If RNAi is responsible for the effects seen in Ae. aegypti 

and Ae. albopictus, then other sequences from the JuanA non-LTR should have a similar 

effect. That is, RNAi should target other regions than the promoter sequence. This can be 

tested by cloning various regions from the full-length JuanA into a promoter-containing 

reporter construct. This needs to be done for other non-LTRs as well to establish whether 

RNAi is a general mechanism that suppresses non-LTR activity. In addition, random 

sequences must be tested to be sure that a nonspecific effect is not conferred by the 

insertion downstream of the Ag_L1-5 5’UTR. From the standpoint of Ae. aegypti 

biology, where there are approximately 2,000 copies of JuanA with the 5’UTR (data not 
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shown), it is conceivable why the 5’UTR may be inactive. Transcription of 5,000 

promoters would impose a considerable load on Ae. aegypti cells. Uncovering the 

mechanism that controls JuanA promoter activity will be therefore important.  

It will also be interesting to determine if RNAi is regulating non-LTRs in these 

cells. Silencing effects due to the presence of non-LTR sequences in D. melanogaster 

have been documented. Short interfering RNAs, products of RNA-targeted degradation 

from RNA interference, have been found corresponding to the non-LTRs SLACS and 

INGI in Trypanosoma brucei (Djikeng et al. 2001). Northern analysis can be performed 

to look for siRNAs, degradation products of the RNAi pathway, which correspond to 

non-LTR sequence. This would suggest that RNAi is targeting non-LTR transcripts. 

 

Retrotransposition assay 

The failure to detect retrotransposition of Ag_L1-5 in the HeLa retrotransposition 

assay may be due to divergent invertebrate/vertebrate systems or mosquito-specific 

factors required for retrotransposition. Before a conclusion can be drawn, other methods 

must be used to determine if full-length Ag_L1-5 RNA was present in the cells, if the 

intron was spliced, and/or if Ag_L1-5 ORF1 and ORF2 proteins were present. As an 

alternative, the retrotransposition assay for insect cells was designed. 

Several bands were obtained from the Ag_L1-5 stable transformants, which 

appear to result not from retrotransposition, but from recombination of the vector with a 

breakpoint near the 3’ end of the Ag_L1-5 sequence. This could be due to a 

recombination bias in this region of the vector or possibly many random vector 

recombinations into the genome of one cell, some of which have a breakpoint in this 
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region. The C6/36 Ae. albopictus cell line has been known to incorporate a large number 

of plasmid sequences into its genome (Monroe et al. 1992). Also, total transfected cells 

were used here and not individual transformants, which would increase the chance of 

detecting bands from recombination in this region. The observed bands from TE display 

argue against the above explanations. In lane 2 and 3 (Figure 28), only one prominent 

band is detected of the expected size from a recombined plasmid sequence, because of a 

TaqI restriction site downstream of the vector poly(A) signal sequence. Another curious 

finding was that a BLASTn of the reamplified sequences showed that homologous 

sequences to pIBV5His are present in the Ae. aegypti genome assembly, possibly due to 

vector contamination (Figure 28).  

Design of the Ag_L1-5/Zeo/pIBV5His avoids the aforementioned complications 

by allowing selection directly for retrotransposition. On the other hand, it has more 

requirements such as RNA processing and that the indicator cassette does not interfere 

with the process of retrotransposition. In order to troubleshoot the retrotransposition 

assay, future investigations will have to focus on detection of Ag_L1-5 spliced RNA and 

ORF1/ORF2 proteins in stably transformed cells. Also, finding out target tissues where 

Ag_L1-5 may be expressed and the use of germ line transformation for the introduction 

of the Ag_L1-5 expression construct will be of interest. 
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Summary 

 

This research demonstrates that non-LTRs are very successful genomic elements 

that have flourished in the An. gambiae genome and have perhaps sustained their activity 

over long periods of evolutionary time. A more focused analysis of one non-LTR family 

(JuanA) in many divergent mosquito species suggests that the success of non-LTRs is 

probably not restricted to An. gambiae. The question of how non-LTRs have achieved 

such marked diversity in An. gambiae and other mosquito genomes will be of key 

interest. The existence of several families with characteristics of activity and the 

demonstration of specific and differential activity of non-LTR promoters in mosquito 

cells raises questions regarding regulation of non-LTRs and their interactions with the 

host genome. Significant efforts have been made toward establishing a retrotransposition 

assay to demonstrate non-LTR retrotransposition in mosquito cells. The computational 

approach and TE display methods developed during this research may be applied to 

systematic analysis of different groups of TEs in different organisms. 

 

 

 

 

 

 



112 

 

Figure 15. Non-LTR families having characteristics of activity in the An. gambiae 

genome. Phylogeny of An. gambiae non-LTR retrotransposons (numbered). Arrows 

indicate families that have characteristics of recent activity as determined in Chapter 2. 
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Ag_I-2 5’UTR (306bp)    
CAGTTCTGTGCGATACTCGGAGCCGATCGGACGTGTTTACGAGAGACTCTACTGAGGGCA 
ATACACAGTGTTATCAGCTATCGTTAGTTTGAAGCAACGACCTCCGTTGCTGTTTTTTTT 
TTTGGGTGAGAGAAAGAGACACTCACCTGGAAACTGGAAGATTGAAGAGTATAGAATTTC 
TCTCGCTTAAACAGCGCTGCCTCTCGTGGCGCGCACAAGCAAGTGCTGAAACAGGTTTTT 
TTTTCTCTTTCTAATTGATATTGTAAGTAGAAACACTTTATCTAATTTTTCAAACGATTT 
AACACC 
 
Ag_Jen-1 5’UTR (128bp)       
CAGTCGCAATCCAGCTCCGATCGAGAGCAGACGTAAATTTGCTGATCTCTAATCTGATAA 
GCAATCGATAGCGATAGAATCACAAACAAATACTAACAAGCAGCAGGTGTCCCGTTCCTA 
CCAACAAG 
 
Ag_L1-5 5’UTR (116bp) 
CAGTTCGGTTCTAGAGCTCGAGCAGTACAGACGTAGATGCAGAGTGCTCAGCAAAACAAA 
AAAAAAACTAAAGACAAGTGTGCGTTAAAAATACTAGCGTGTGGCAGACCGGCACC 

 

Figure 16. Promoter activity assay. The pGL3-Basic Vector (Promega) was used to 

assay the 5’UTRs of Ag_ I-2, Ag_ Jen-1, Ag_ L1-5, and JuanA for promoter activity. 

Expression of the luciferase reporter was measured by luminescence. CecA represents the 

promoter from an An. gambiae cecropin gene. Sequences of 5’UTRs are shown. 
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Figure 17. Basal promoter elements in An. gambiae non-LTRs. Consensus TATA, 

Initiator (INR) and Downstream Promoter Element (DPE) sequences are shown at top. 

INR and DPE sequences corresponding to the consensus are highlighted and boxed in 

Ag_I-2, Ag_ Jen-1 and Ag_ I-2 5’ UTRs. 
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Figure 18. Retrotransposition assay construct. The human L1 is inserted into the 

pCEP4 mammalian expression vector. An antibiotic resistance cassette (Neo) allows 

selection for retrotransposition with the antibiotic G418. Stable transformants can be 

selected with Hygromycin (HygR). The negative control (JM105) has a D702Y 

substitution at a residue required for reverse transcriptase activity. 
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Figure 19. Verification of retrotransposition. A. Neo cassette shown with expected 

size of PCR products using primers flanking the intron. B. PCR results using gDNA 

isolated from HeLa cells transfected with the positive control JM101 and selected for 

retrotransposition. C. Neo cassette sequence showing intron in gray. D. Blast of Neo 

sequence (without intron) against PCR product sequence from B. verifies intron removal. 
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Figure 20. Schematic of the An. gambiae non-LTR L1-5. Consensus Kozak sequences 

are present for both ORFs. A canonical polyadenylation signal (AATAAA) is present in 

the 3’ end. A unique NheI restriction site downstream of ORF2 was used to insert the 

Neo cassette for the retrotransposition assay performed in HeLa cells. 

 

 

AATAAA 
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Figure 21. Constructs designed for the mosquito retrotransposition assay. A. L1-

5/pIBV5-His. B. L1-5/Zeo/pIBV5-His. C. L1-5/PC/pIBV5His. All constructs were 

cloned into pIB/V5-His expression vector. 
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Figure 22. Features of the mosquito retrotransposition construct and design of the 

Zeocin antibiotic resistance cassette. The pIB/V5His expression vector (Invitrogen) is 

used for insertion of Ag_L1-5 with the Zeocin cassette. The Zeocin cassette was designed 

by DNA synthesis of the Zeocin gene from the pIZ/V5-His vector (Invitrogen) with a 

65bp pyruvate carboxylase intron from Ae. aegypti. 
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Figure 23. RT-PCR using Anopheles gambiae Mos.55 poly(A) RNA with primers 

specific for the 3’ end of 15 non-LTR families. M – 100 bp marker. 1-4 (negative 

controls, primers for high copy number families Ag_CR1-7, Ag_JAM-1, Ag_JAM-2 were 

used), 1-3 (without reverse transcriptase), 4 (no template), 5 (positive control), 6-20 (I-2, 

Jock-1, Jock-7, Jock-12, Jock-13, Jen-1, CR1-7, CR1-20, CR1-22, Outcast-5, Outcast-6, 

L1-2, L1-5, JAMMIN-1, JAMMIN-2). 
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Figure 24. RT-PCR using Anopheles gambiae Sua1B poly(A) RNA with primers 

specific for the 5’ and 3’ ends of I-2 and Jen-1 families. Negative controls (without 

reverse transcriptase). 
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Figure 25. Non-LTR promoter activity in mosquito cell lines measured by a 

luciferase reporter assay. A. Ae. aegypti (CCL-125). B. Ae. albopictus (C6/36). Positive 

control (CecA) is omitted so that relative values can be seen for non-LTR promoters. 

Ag_Jen-1 activity is higher than the negative control pGL3 by approximately 50% 

(p=.0006 by Student’s t-test). C. An. gambiae. The CecA promoter from an An. gambiae 

cecropin gene was used as a positive control. The pGL3 “empty” vector was used as a 

negative control. Values shown are the mean +/- SD. 
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Figure 26. Effects of mutation of INR and DPE sequences on L1-5 promoter 

activity. The INR and DPE consensus sequences were substituted by gene synthesis. The 

JuanA 5’UTR is also tested here. Values shown are the mean +/- SD. 
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Figure 27. Effects of JuanA 5’UTR on L1-5 promoter activity. Values shown are the 

mean +/- SD. 
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Figure 28. TE display for A. albopictus cells stably transformed with Ag_L1-

5/pIBV5His. A. M-marker, 1-positive control (An. gambiae PEST), 2, 3, 4-stably 

transformed Ae. albopictus cells (2, 6, and 10 week selection). Red arrow points to 

intense band corresponding to expected size resulting from TaqI cut in the vector B. 

Several bands sequenced from lane 3 contain vector sequence, indicative of plasmid 

recombination in the genome and not retrotransposition. BLAST search against the Ae. 

aegypti genome assembly using reamplified sequences showed the presence of sequences 

homologous to the pIBV5His vector, possibly resulting from contamination of the 

assembly. One example is shown here. 
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Table 6. Results and interpretation of transcription analysis. 
 

Method 
 

Result 
 

Interpretation 
 

RT-PCR 
 

+ 
 

Poly(A) RNA present that contains non-LTR sequence 
 

5’ RACE 
 

- 
 

Technical difficulty? 
 

3’ RACE (Ag_I-2, 
Ag_Jen-1 

 

- 
 

Technical difficulty? 
 

northern (Ag_I-2) 
 

- 
 

No full length or any homogeneous length RNA so either no 
transcription, expression too low to detect, or transcripts are 

degraded 
 

Promoter Assay 
 

+ 
 

Shows that promoters can support transcription in divergent 
cultured cell lines 

 
Promoter Assay (JuanA) 

 
- 
 

Negative regulation? RNAi or other regulatory mechanism? JuanA 
5’UTR effects on L1 in An. gambiae suggests at least another 

mechanism than RNAi that is working in An. gambiae. 
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Appendix A. Classification and characteristics of non-LTRs in An. gambie 
Clade 

# in 
Fig. 4 Family 3' repeat 

Poly (A) 
signalb 

Poly (A) 
tail length(kb) TSDs – bp(copies)c %identityd 

Copy 
numbere 

 
 

        

I 
 

1 Ag-I-1a ND ND ND ND ND ND 13 

 
 

2 Ag-I-2 CAA yes no 5.6 10(1), 12(1), 13(2) 99.9(4) 48 

 
 

3 Ag-I-3 not present yes yes 5.7 14(1) ND 22 

 
 

4 Ag-I-4 ND ND ND ND ND ND 12 

 
 

5 Ag-I-5 ND ND ND ND ND ND 11 

 
 

6 Ag-I-6 ND ND ND ND ND ND 11 

 
 

7 Ag-I-7 ND ND ND ND ND ND 56 

Jockey 
 

8 Ag-Jock-1 no yes yes 4.7 13(2), 15(1) 99.9(3) 19 

 
 

9 Ag-Jock-2 no yes yes ND ND ND 15 

 
 

10 Ag-Jock-3 a no yes yes ND ND ND 9 

 
 

11 Ag-Jock-4 ND ND ND ND ND ND 10 

 
 

12 Ag-Jock-5 TAACATT yes no ND ND ND 8 

 
 

13 Ag-Jock-6 ND ND ND ND ND ND 7 

 
 

14 Ag-Jock-7 CAAT yes no 4.3 12bp(2) 99.9(2) 16 

 
 

15 Ag-Jock-8 AAG no no ND ND ND 13 

 
 

16 Ag-Jock-9 TCTGA yes no 4.4 11bp (1) ND 19 

 
 

17 Ag-Jock-10 ND ND ND ND ND ND 23 

 
 

18 Ag-Jock-11 ND ND ND ND ND ND 6 

 
 

19 Ag-Jock-12 AACT no no 4.3 13(1), 14(1), 15(1) 99.8-99.9(3) 27 

 
 

20 Ag-Jock-13 a AT yes no 4.6 12(1), 14(1) 99.9(4) 29 

 
 

21 Ag-Jen-1 CTA yes no 4.3 12(1), 13(1), 15(2), 16(1) 99.7-99.9(5) 25 

 
 

22 Ag-Jen-2 a ACT yes no 4.4 13(1), 14(1) 97.0(2) 27 

 
 

23 Ag-Jen-3 ND ND ND ND ND ND 14 

 
 

24 Ag-Jen-4 AACT yes no ND ND ND 38 

 
 

25 Ag-Jen-5 TAC yes no ND ND ND 23 

 
 

26 Ag-Jen-6 a ND ND ND ND ND ND 10 

 
 

27 Ag-Jen-7 CTA yes no ND ND ND 20 

 
 

28 Ag-Jen-8 ND ND ND ND ND ND 16 

 
 

29 Ag-Jen-9 TGAA yes no 4.3 ND ND 26 

 
 

30 Ag-Jen-10 not present yes no 4.2 ND ND 31 

 
 

31 Ag-Jen-11 TTAC yes no 4.2 12(1), 14(1), 15(1) 97.2-99.8(3) 25 

 
 

32 Ag-Jen-12 TAC yes no ND ND ND 11 

CR1 
 

33 Ag-CR1-1 TAA yes no ND ND ND 46 

 
 

34 Ag-CR1-2 ND ND ND ND ND ND 28 

 
 

35 Ag-CR1-3 a TAAA yes no 4.7 ND 99.3-99.6(4) 228 

 
 

36 Ag-CR1-4 TAA yes no ND ND ND 41 

 
 

37 Ag-CR1-5 TAAA yes no ND ND ND 32 
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38 Ag-CR1-6 TAAA yes no ND ND ND 28 

 
 

39 Ag-CR1-7 TATGAA yes no 4.3 ND 98.9-99.8(3) 209 

 
 

T1 a TGAAA yes no 4.6 ND 99.4-99.9(9) 301 

 
 

40 Ag-CR1-8 TGAAA yes no ND ND ND 28 

 
 

41 Ag-CR1-9 a TAAA yes no 6.1 ND ND 276 

 
 

42 Ag-CR1-10 TGAAA yes no ND ND ND 80 

 
 

43 Ag-CR1-11 a CAATA yes no ND ND ND 30 

 
 

44 Ag-CR1-12 a CAAATAAA no no ND ND ND 149 

 
 

45 Ag-CR1-13 CAATA yes no 4.5 ND ND 233 

 
 

46 Ag-CR1-14 TAAA yes no ND ND ND 66 

 
 

47 Ag-CR1-15 TAAA yes no ND ND ND 79 

 
 

48 Ag-CR1-16 ND ND ND ND ND ND 13 

 
 

49 Ag-CR1-17 a CTAAA yes no 4.4 ND ND 123 

 
 

50 Ag-CR1-18 TATACAAA yes no ND ND ND 89 

 
 

51 Ag-CR1-19 a CATAAA yes no 4.4 ND ND 159 

 
 

52 Ag-CR1-20 a CAAATAA yes no 4.5 ND 99.5-99.9(4) 184 

 
 

Q a TAA yes no 4.5 ND ND 274 

 
 

53 Ag-CR1-21 a CATATTAAA yes no 4.5 ND ND 399 

 
 

54 Ag-CR1-22 CAAATTAAA yes no 4.5 ND 99.3-99.8(4) 92 

 
 

55 Ag-CR1-23 TAAA yes no ND ND ND 128 

 
 

56 Ag-CR1-24 CAATA ND ND ND ND ND 24 

 
 

57 Ag-CR1-25 TAAA yes no ND ND ND 32 

 
 

58 Ag-CR1-26 TAA yes  no ND ND ND 83 

 
 

59 Ag-CR1-27 ND ND ND ND ND ND 128 

 
 

60 Ag-CR1-28 ND yes no ND ND ND 108 

 
 

61 Ag-CR1-29 ND ND ND ND ND ND 40 

L2 
 

62 Ag-L2-1 TCA no no 5.2 ND 99.9(2) 86 

 
 

63 Ag-L2-2 CAT no no ND ND ND 24 

 
 

64 Ag-L2-3 ND ND ND ND ND ND 53 

Outcast 
 

65 Ag-Outcast-1 ND ND ND ND ND ND 4 

 
 

66 Ag-Outcast-2 GAA no no 5.4 12(1), 15(1) 99.4(2) 14 

 
 

67 Ag-Outcast-3 ND ND ND ND ND ND 5 

 
 

68 Ag-Outcast-4 ND ND ND ND ND ND 4 

 
 

69 Ag-Outcast-5 AAG no no 5.0 12(3) 99.8-99.9(3) 27 

 
 

70 Ag-Outcast-6 GAA no no 6.4 12(2), 14(2) 99.9-100(4) 24 

 
 

71 Ag-Outcast-7 AAG no no ND ND ND 9 

 
 

72 Ag-Outcast-8 ND ND ND ND ND ND 5 

 
 

73 Ag-Outcast-9 ND ND ND ND ND ND 8 

 
 

74 Ag-Outcast-10 AAG no no ND ND ND 8 

 
 

75 Ag-Outcast-11 GAA no no ND ND ND 4 
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Loner 
 

76 Ag-Loner-1 a not present yes yes 6.3 10(1), 15(1) 99.3(2) 86 

 
 

77 Ag-Loner-2 a not present yes yes ND ND ND 24 

 
 

78 Ag-Loner-3 CAAA yes yes ND ND ND 5 

R1 
 

79 Ag-R1-1 a not present yes yes ND ND ND 20 

 
 

80 Ag-R1-2 not present yes yes ND ND ND 7 

 
 

81 Ag-R1-3 not present yes yes ND ND ND 16 

 
 

82 Ag-R1-4 a not present yes yes ND ND ND 18 

 
 

RT2 not present yes yes 6.7 ND ND 16 

 
 

RT1 a not present yes yes 8.1 ND ND 30 

 
 

83 Ag-R1-5 ND ND ND ND ND ND 7 

 
 

84 Ag-R1-6 not present yes Yes ND ND ND 38 

 
 

85 Ag-R1-7 not present yes Yes ND ND ND 30 

 
 

86 Ag-R1-8 ND ND ND ND ND ND 5 

 
 

87 Ag-R1-9 ND ND ND ND ND ND 9 

 
 

88 Ag-R1-10 ND ND ND ND ND ND 4 

 
 

89 Ag-R1-11 a ND no yes ND ND ND 60 

 
 

90 Ag-R1-12 not present no yes ND ND ND 25 

 
 

91 Ag-R1-13 not present no yes ND ND ND 42 

 
 

92 Ag-R1-14 not present no yes ND ND ND 36 

RTE 
 

93 Ag-JAMMIN-1 AAG no no 3.4 10(1), 11(1), 12(2) 96.4-99.9(4) 519 

 
 

94 Ag-JAMMIN-2 a TAAG no no 3.3 9(2), 10(2), 13(1), 14(2) 97.8-99.6(7) 1950 

L1 
 

95 Ag-L1-1 ND ND ND ND ND ND 23 

 
 

96 Ag-L1-2 not present yes yes 4.9 6(2) 99.7(2) 59 

 
 

97 Ag-L1-3 not present yes yes ND ND ND 7 

 
 

98 Ag-L1-4 not present yes yes ND ND ND 34 

 
 

99 Ag-L1-5 a not present yes yes 4.5 7(1), 8(1), 9(1) 99.7-99.9(4) 27 

R4 
 

100 Ag-R4-1 ND ND ND ND ND ND 7 
 
 
 
Note: Characteristics for elements shown in Table 1 have been kept in this Table for 

reference. Our programs currently do not have the capability of automatically 

determining element boundaries and other structural characteristics. Manual inspection 

was required to determine these characteristics and naturally, characteristics of recently 

active families were more easily defined. Therefore, characteristics in the table are more 

complete for recently active families while characteristics for other families are included 

when we were able to obtain relevant data with confidence. Characteristics not 
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determined are indicated by ND. Numbers are excluded for previously discovered non-

LTRs Q, RT1, RT2, and T1. Some families were reported in previous studies as partial 

elements. Ag-CR1-13, Ag-CR1-23, and Ag-I-3 correspond to Agam2, Aara2, and Aara8 

(Cook et al. 2000). Ag-Jock-10, Ag-CR1-17, and Ag-R1-2 correspond to JuanAg, Vash1, 

and Guildstern (Hill et al. 2001). Q, T1, RT1, and RT2 were previously reported as full-

length elements (Besansky 1990; Besansky et al. 1992; Besansky, Bedell, and 

Mukabayire 1994). Sequence identities of families in the R1 clade are excluded from the 

table because it was difficult to obtain full-length copies. It has been noted that TSDs 

could not be found in An. gambiae non-LTRs T1 and Q of the CR1 clade (Besansky 

1990; Besansky, Bedell, and Mukabayire 1994). This likely explains the inability to find 

TSDs in other families of the CR1 clade and the closely related L2 clade. 

a family that showed a significant hit to an EST. 

b A poly (A) signal was considered present when the canonical sequence AATAAA was 

found conserved in the 3’ end of a family. 

c Column describing target site duplications (TSDs) lists length of TSD and number of 

copies in parentheses. 

d Percent identities are listed with number of copies in parenthesis and identity values 

represent percent identity to the consensus when more than two sequences were used. 

e Copy numbers were determined using nucleotide sequences of full-length elements or 
the longest obtainable sequence for a family (including the 3’ terminus when possible). 
 
Appendix B (Accession numbers with coordinates of nucleotide sequences used for 
determination of copy number and percent of the An. gambiae genome comprised of 
non-LTR retrotransposons.) and C (Amino acid sequences of Anopheles gambiae 
non-LTR retrotransposons used for phylogenetic analysis.) – available through 
Molecular Biology and Evolution (Biedler and Tu 2003) 
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Appendix D. Primers used in this research. 
 
3’RT-PCR 
Family Forward Reverse 
Ag-I-2 CAAAGAGTGGTAACAAGGTTG TGTTTGTAGAGATTGGTTTCC 
Ag-Jock-1 ATTAAGTGAAATCATTGAGTGC CGCTTACACTAGGTACATGTTAC 
Ag-Jock CGTAATAATTCCTTGGACTC CTATGATGGCTATCCTGTG 
Ag-Jock-7 ACCTACAATAACTTACGGTATCC TTGTCGCAACAACGGTG 
Ag-Jock-12 CGATCGATACACTAGGAATTC TACAAGATGCAGCACGTATG 
Ag-Jock-13 AACATATGCAGCTCCAGTATG TTTATCATGCCTGGACGAG 
Ag-Jen-1 CAAATGTCGCCAGAGCTC GCATAGCTGAGTAGAATATATGTTG 
Ag-Jen-11 TAGGCCAACAATTCTTTACTC TCTTTACCTGAATTGAAGTAGATC 
Ag-CR1-7 CCTTACGAGGACAGGTGTC GATTATGGAGGGTTCTGATG 
Ag-CR1-20 TGCGCTCCTGGAGTGTC CGCGACATGTCAGGTTG 
Ag-CR1-22 TACGCAACACGCTTGTTAC GTTAAACACCTTAATCATGGAG 
Ag-Outcast-2 CTGGTACGAGGAACAATGTC TAATCTATCAAATGTTATGTCTCC 
Ag-Outcast-5 ATCCAAGAAGACCTATTTCG GGTACCGTTGTATTTGTGTTG 
Ag-Outcast-6 AATACAAGAACAAGAACCGG ATCTTTCTGATTGATGCACAG 
Loner-Ag-1 TTCATCGGATTCATCCATG TGAACGTGAAGCGATCTG 
Ag-JAMMIN-1 TCGGACAACAACGTAAGC TGATGACCGTCAGGATGTC 
Ag-JAMMIN-2 CAGTACTCACATACGCCTCTG ATCTTGCCACCTCAATTTG 
Ag-L1-2 GCGCAATATTCATCGTTC GCGTTTACCTGCATTAATG 
Ag-L1-5 CGGATTCGCTTCCTCTAC TATATGCAACTCGTCCTTCAC 
Ag-Jen-2 TGATTCGATATGGCACCAG GACGAGATAGCGAAATCATC 
Ag-CR1-9 CATTGTTCGTCGGGTGTAC TCATCTGCAAACATAAGGAAG 
Ag-CR1-11 CGATTATGAACAGATGCCG AACGCCAGAAGAGCTCTC 
Ag-CR1-17 ATGTGGTCGTTCATATGCAG ATCATCTGCGTAGAGTAGGC 
Ag-CR1-21 TCTCCGCTACATCGAATTAC TGTATGAGCGTTCTGTGAGG 

 
5’ RT-PCR 
primers from 5’RACE were used 
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Appendix D (Continued) 
 
5’RACE 
Family RT A-F A-R 
Ag-I-2 CGTGGTTGGTTAGAC ATGGGAGGACCAGGCACTG  AACCTGTTTCAGCACTTGCTTG 
Ag-Jock-1 TTTGACCTTATCATG AAATCACGCCGGCGACAG GGTCGATGACTCCGGTTGAG 
Ag-Jock-7 AAGTTCATGACTTTC CCCCTCAACAGCTGCTTCC TGGATGATTTTTTCCCCCGAAC 
Ag-Jock-12 AGCCCTCGCACTACC GTCTCCCCACCACCTTCAAC TTTCGCCGAATTAACGCCTTC 
Ag-Jock-13  GTATGCGTGCAGAAC GATTGCAGCACCCATACCAAG GAAATCATCGTCGCCGATGTC 
Ag-Jen-1 TTCTTCATCTAGTTG ATAGAAGCAGGTGTAGTGAGGTAC GTATCTTCACACTCGCTTAGTAGC 
Ag-CR1-3  AGAACGTGAGGTATC GAAGGTGCTATTAGCAACGATCC AAACAACCGCAGGCGGATC 
Ag-CR1-7 GCGTTTTAGCGATTC GTCATCCGAGGAACTTACTTACAC GCGCAGGTCAAACAGTGATC 
T1  GTCAATCGTGGTGAG CCCACCGATAGTGCAAATTCG CACAGCACAAACTGACGAGTG 
Ag-CR1-20   ACCTCGGCGATAATC CGGCTGTGCGTACTGTGAG CACAGCACACGCGAAACAG 
Ag-CR1-22 CTAGAGGTTCAAGTG CGCATTCCTGAGAATGCACTG AAAGGAATTCACAGGTCGATGC 
Ag-Outcast-5 CTTATTCCCGCTATC CGGGAGAGGCCATAAAAATAGTG GCAATAGCCGTTGTCGTCATC 
Ag-Outcast-6 TTTGCCGTCTCTAAG GAGGTGTTTATGGTGTTGGAGAG ATCTTCCTCTCCCCTCTCTACC 
Ag-JAMMIN-1 TCGTCCGAAAGAATG GCATCCTACGGGACTTTAATCAG CCGCCCCTAACATGGAGAAC 
Ag-JAMMIN-2  GGTGCATAGCCTATC TGGAACGTACGCACTCTAAGC TTTTGTTTAGCGTCGGGTTGC 
Ag-L1-2 CGTAGGAGAGGATGG  GTCAAGGAACACAGAGGAAAGC TTCCATCGTCACAAACACACAG 
Ag-L1-5  CATCCTAACGTAGCG AAGGAGCAAAGTATTGCCTTGG CCAAGTTTCCCGGTTATGAAGTC 

 
Family B-F B-R 

Ag-I-2 GGGGGGAATATCCCACAACTC CAATCTTCCAGTTTCCAGGTGAG 

Ag-Jock-1 GCAGCGATGGATGGTATTGATG CAGCAAGTAAATCCGGCGTAC 

Ag-Jock-7 ACGTCCAAAGGACGGATTCC TTTCGCTGAGTGAGCGAGAG 

Ag-Jock-12 CAGGCCCACACAAGCTGTC TTGGGCTGGTATCTTCTCTCTTC 

Ag-Jock-13 TAAACCTGCTTGTGCAGACAAG CAGATGATTCTTCCAGCTGAGAG 

Ag-Jen-1 ACAAACAACGGGACCAATGTTC GTAGCTGTTTTCGGAACGATCC 

Ag-CR1-3  CGGTCTGTGTGAACACTATTACC ATACGTGAACGCGCGAGTG 

Ag-CR1-7 ACGGCTTCTGCAAGCGATG CATGACGATTCAACAGGCTCAC 

T1  CGTGATTCTACTCGTGAGCTTG CTGACGAAATAACAGGAGACTAGG 

Ag-CR1-20   TTGTTGCAGGCTGCCTTCC CGCGCAACAGTAACAGGAAG 

Ag-CR1-22 CCCAGTCGAGCATACAAACAAC GACCGACGAGCAATTGAAGAAG 

Ag-Outcast-5 TGTGTATGGGAAGCGCCATC TTGTATCACATAGCCCGGACTC 

Ag-Outcast-6 CCGGCAAAAGTGTGGCATG GGATTGATCTGCTCTGTGCAAC 

Ag-JAMMIN-1 TAGGCCCTACGACGAGACTG CCCCCCCGCTCAATTTAGC 

Ag-JAMMIN-2 TTGATGATGCCCTAGCCACAC CCTCCTGGTTCGCCATGTG 

Ag-L1-2 CATCACGCACGAGGAAAAGC CACTATTTAGCTGGGCGACTTG 

Ag-L1-5  TACTATGGACGATGGGTCAACG TGTTGGCTTGTTTGGGACATG 

 
 
3’ RACE 
3’ RT-PCR primers were used 
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Appendix D (Continued) 
 
TE display 

TE display   
Family TD-A-F TD-B-F 
Ag-I-2 TAACAAACATTTTCAACTTTCACCAG TTACGAGAGGCGAATGCTAAAAAG 
Ag-Jock-1 GCGAGGATTAAAAAACATCTTGTCTTTC TGAATAAATCATAACATCTTTTTGTGC 
Ag-Jock-7 ACCAAGTATATCAACCAATTATCTGCC AAGCATACTTTCTCACCATTAGCG 
Ag-Jock-12 TCAAAATACAGCAAGAAAGTGAAGCC GCATCTTGTAAAACTTGGAAAATCAAC 
Ag-Jock-13  GACATCTACGGATTCAAACGCC GGTACACCCCCGAAAAACATAC 
Ag-Jen-1 GCAAATGTAGGTTAAGATATAGGTTAGA TTCCCGATTATTGAGGAGAGCAC 
Ag-CR1-3  ACTCCTTCCAACTCCTTCGTG GCACTATTGCTGTAACCCAACG 
Ag-CR1-7 AACCCTCCATAATCCCGTGC GTTAGGTTAGGAACATAGGTAATAAGT 
T1  TTTTGTTTATTTGTTAGGGTTTATTTAG GTCTGCCTTATTTAGCCTTGATGG 
Ag-CR1-20   CGTTTATTCGTATGTGCCGTGAG ACAAATGAATGACCGTAATGTGACTATG 
Ag-CR1-22 TGTTTGATTTTGGAACCTCAGTGC ATCCATTGTTATCCATTGAACGAGTAG 
Ag-Outcast-5 CATCAAGTAAACAACACAAATACAACGG CATAGAAGACTACATCCTGCTCCAC 
Ag-Outcast-6 GTAGTCAAACCTCTGATTGTACCTTC GCCTCAACCTACCAACCC 
Ag-JAMMIN-1 AGCCCAGGACCGAGTTTC CGAATTGGCGACCTGGC 
Ag-JAMMIN-2  GGACTGGCAGACGAAGGC GTGAGCGGTTTCGGACAC 
Ag-L1-2 GCGAACTATGTCATCCACATCATTG GACATAGAAGTTCTGCGTTGTTCATTG 

Ag-L1-5 CAAAGAGAATTTCACCAATAGCATAGGC CAAGAATTATTATAGATTTAAGCTAGC 

 
 
TE display adapter 

TaqIAdp-F gacgatgagtcctgag 

TaqIAdp-R cgctcaggactcat 

TE display adapter primer 

TaqI2+0(-3’A) Gacgatgagtcctgagcg 

 

 

 

 

 

 

 

 

 

 

 

 


