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Thesis Abstract
The global aim ofthis research is to elucidate the role of retrotransposons in stress
and immune response. As cloning and sequencing of genes has become
commonplace, researchers are finding that the insertion and activity of transposable
elements including retrotransposons may directly influence phenotype. There is now
evidence that external as well as internal stress, such as that caused by pathogens, will
activate the movement of retrotransposons within the genome and this movement
may play a role in the organism's immune response (Wessler 1996; Grandbastien
1998). An understanding of the mechanisms behind this movement and determining
the identity of the genes that are disrupted due to retrotransposon insertion will lead
us to an understanding of the genes involved in the immune pathway.

Preliminary data indicates that stress may also induce retrotransposon expression in
shrimp (Penaeus stylirostris) making this an informative system for further
investigation. In a previous study, genetic markers were identified for infectious
hypodermal and hematopoietic virus (IHHNV) resistant and susceptible shrimp
populations (Hizer et al. 2002). Sequence characterization of two of the markers
revealed partial coding regions of the reverse transcriptase gene for retrotransposable
elements. In addition, increased expression activity and movement of the
retrotransposon in the virally infected shrimp was observed using real-time PCR.
Therefore, the overall goal of this project is to isolate the full-length retrotransposable
element and to determine its genomic and expression activity in response to viral

lll

stress. The specific objectives of this study are: to identify the full non-long terminal
repeat (L TR) element; to identify differences in number of elements present between
healthy and virally challenged shrimp; to determine if these elements lie within
important genes; and to determine if activation of these elements is important in viral
pathogenesis.

These studies will increase the limited body ofknowledge ofnon-LTR
retrotransposons role in response to stress. Specifically, it will begin to address
whether transposition events are consequential in stress immune response to viral
pathogenesis.

Key Words: Representational Difference Analysis, Penaeus stylirostris, IHHNV,
Retrotransposon
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Background and Significance

Transposable Elements
There are many genetic components involved in immune responses to viral attack.
As obligate intracellular parasites, DNA viruses require cell machinery to replicate
and for most organisms, innate immune response certainly involves differential gene
expression by the host. Recently, however, another aspect of genome response to
disease or stress involving expression or movement of transposable elements has been
identified. These elements were first identified by McClintock (1984), who described
them as being responsible for variegated phenotypes in maize in response to
"genomic shock." Her classical genetic studies involved examining segregation
patterns in maize when parents were exposed to major shocks, such as radioactivity.
In addition, McClintock researched chromosomal irregularities and its side effects on
the phenotype. Due to her many contributions, there is now accumulating evidence
that transposons in general have played a major role in the structural rearrangement,
gene expression patterns, and evolution of eukaryotic genomes (as reviewed in
Charlesworth et al. 1994; as reviewed by Kidwell and Lisch 1997; Kazazian 1998;
Malik et al. 1999; Kazazian and Goodier 2002). The most abundant ofthese
transposable elements in eukaryotes are retrotransposable elements.

Retrotransposable elements transpose through an RNA intermediate that undergoes
reverse transcription before insertion into the genomic DNA. These elements can be
classified into two groups, long terminal repeat (LTR) and non-LTR elements (the
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most commonly known non-LTR elements are the long interspersed nucleotide
elements or LINE's in mammals). The major differences between LTR and non-LTR
are their structure and mechanism of transposition including target site duplications
(Malik and Eickbush 1998). Initially it was theorized that non-LTR elements had
evolved through the loss of flanking repeats from LTR retrotransposons. However,
phylogenetic analysis using reverse transcriptase sequences from viruses,
transposable elements, and group II introns show that the non-L TR elements are a
monophyletic group and therefore must have either inserted prior to the metazoan
split or propagate by horizontal dissemination among taxa (Xiong and Eickbush
1988; Xiong and Eickbush 1990).

Among retrotransposable elements, the LTR's are the most commonly studied and all
retrotransposons in this group contain direct repeats flanking the open reading frames
and transpose by initiating target site duplications. These target site duplications help
to ensure that transcriptional promoters for reverse transcriptase (RTase) are always
regenerated at the 3'end ofthe mRNA. Therefore, an important characteristic of
L TR' s is their complete uniformity throughout the genome (Malik and Eickbush
1998). Conversely, non-L TR' s do not have flanking direct repeats and typically
contain a poly(A) tail at the 3' end. In addition, target site duplications adjacent to
most non-LTR's are varied in both length and sequence and as such, lack standard
insertion sites within the genome (as reviewed by Finnegan 1997). Initial analyses of
integration mechanisms proposed that non-L TR' s lack the genes necessary to cleave
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double stranded DNA and thus may insert at host mediated chromosomal breakage
sites (Finnegan 1997). In addition to opportunistic insertion events, an apurinic
nuclease-coding region and its associated enzymatic activity have been increasingly
documented in numerous non-LTR's with the ability to cleave DNA target sites for
transposition (Feng et al. 1996; Finnegan 1997).

In non-LTR class of elements there are typically two non-overlapping open reading
frames (ORF). The first ORF is believed to encode a binding protein similar to the
gag genes ofretroviruses and probably plays a role in the packaging of the RNA
intermediate for reverse transcription (Eickbush 1992). The second ORF almost
always encodes a reverse transcriptase gene similar to the pol genes of retroviruses
(Figure 1).

ORF 1

ORF2

I I

END

Figure 1: Consensus of structural organization of non-LTR
type retrotransposable elements. Adapted from Eickbush
(1992).
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In fact, the presence of a reverse transcriptase coding-region is one commonality
shared by all non-LTR's across different organisms. Due to the poor efficiency of
reverse transcriptase, it is common to have deleterious mutations and 5' truncations
present in many ofthe REinsertion sites. Hutchison et al. (1989) reports finding ten
times as many truncated as full-length LINE (L1, a type ofnon-LTR) elements in
mammals. These numerous truncated non-LTR elements are considered incapable of
transposition without enzymatic assistance from intact elements (Finnegan 1997).
However, due to the lack ofhomogeneity ofretrotransposable elements described in
the literature, generalizations about their genomic structure and transpositional
movement are limited (Malik et al. 1999).

Disease, Stress and Retrotransposable Elements
The importance ofnon-LTR retrotransposition is slowly being elucidated both in part
by accidental discovery within genes and experimental efforts to determine their
activity. The advent of genome sequencing projects shows that non-LTR partial or
full sequences often comprise large portions of the genome. For example,
approximately 15% ofthe total genome size in humans and 10-15% in Drosophila are
made up oftransposable elements. Furthermore, these mobile elements were
classified into three categories; DNA-based transposons, autonomous
retrotransposons, and non-autonomous retrotransposons. (Kidwell and Lisch 1997;
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Kazazian and Moran 1998). The recognition that these elements are causative or play
a role in human disease came in 1988 with the discovery of an L 1 non-L TR that
caused hemophilia A by interruption ofthe factor VIII gene (Kazazian et al. 1988).
Since that time, retrotransposon insertions have been shown to be the causal agent in
other genetic diseases, such as X-linked dilated cardiomyopathy. In this case, a
human L 1 element was found to be integrated into a region of a specific muscle exon,
causing a disruption (Yoshida et al. 1998). Retrotransposon insertions have also been
a causal agent in Duchenne muscular dystrophy (Holmes et al. 1994). Here, a novel
L 1 insertion gene was identified and its precursor was isolated. It has been estimated
that of the total disease causing mutations in humans, 1 in 670 have been attributed to
retrotransposition events, while even higher frequencies of spontaneous mutations by
retrotransposition have occurred in the mouse genome, at approximately 17 in 160
(Kazazian 1998; Kazazian and Moran 1998). Many ofthese disease causing insertion
events have occurred in germ line cells or during development, however,
transposition ofnon-LTR elements in somatic cells has been documented with the
discovery of an L 1 element in the adenomato us polyposis coli gene in colon cancer
cells where the human L 1 element had disruptively inserted itself into the tumor
suppressor APC gene (Miki et al. 1992) and the c-myc proto-oncogene in breast
cancer (Morse et al. 1988; as reviewed by Kazazian 2001).

There has been accumulating evidence that external as well as internal stress, such as
wounding, cell culture, and viral pathogen attack, will increase transposition
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frequencies and copy number in some retrotransposons within the genome (Wessler
1996; as reviewed by Grandbastien 1998). Consequentially, the transposable elements
were activated in tobacco plants when attempting to prepare leaf protoplasts using a
fungal extract which happened to be deleterious to the plant. The authors found that a
cis-acting element in the 5' LTR accurately reported the genomic pattern ofthe Tnt1
retrotransposon to other sites of the organism. In other words, the 5' L TR is required
for the activation ofTntl and is causing elements to be activated and have local
effects on the same chromosome. This has been well documented in plant genomes
with the discovery of the first stress- induced expression of the LTR Tnt1 in tobacco
cell culture (Grandbastien et al, 1989). It was discovered in these cell lines that the
nitrate reductase gene was disrupted by the insertion of a copia-like LTR
retrotransposon that was induced by digesting the plant cell walls with a fungal
extract (Grandbastien et al. 1989; Pouteau et al. 1991 ). In maize, activity of another
copia-like LTR retrotransposon within the alcohol dehydrogenase gene was identified
after barley strip mosaic viral infection (Johns et al. 1985). Support for the genomic
shock theory, or transposition activity, brought on by stress has been further
documented in rice species (Panaud et al. 2002; Jiang et al. 2003; Nakazaki et al.
2003), where irradiation withy-rays induced transposon activity in Oryza sativa and
resulted in insertion of roPing element into the slender glume mutant allele.
Likewise, in Drosophila activation of an LTR copia-like retrotransposable element
was observed after heat-shock (Ratner et al. 1992). Transposition activity has also
been documented for non-LTR elements in the mouse genome, where the sequences
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ofLlspa and LlOrl were shown to be nearly identical and belonging to a transposon
subfamily (Naas et al. 1998; Saxton and Martin, 1998). In addition, retrotransposon
movement has been observed in rheumatoid arthritis synovial tissue and may be
induced by aging in a murine model (Neidhart et al. 2000; Barbot et al. 2002).
Within the human genome alone, cell culture assays indicate that approximately 3060 non-LTR LINE (L1) elements are currently active (Moran et al. 1996).
Furthermore, stress induced non-LTR retrotransposon activity was observed in human
cell culture in response to treatments with a number of hormonal and pesticide
compounds (Morales et al. 2002).

Based on the evidence presented above, it would seem retrotransposon insertion
activity has only deleterious effects on its host. Despite the great deal of evidence to
support the negative impact of retrotransposable elements, there are indications that
advantages do exist. Retrotransposons are implicated to play a positive role in gene
expression, X chromosome inactivation, as progenitors of tel om erase (Eickbush
1997) and as a possible DNA repair mechanism (as reviewed by Ostertag and
Kazazian 2001; Eickbush 2002; Morrish et al. 2002). Certainly, retrotransposon
movement increases genetic diversity in a population, and on an evolutionary scale
may contribute to speciation (McClintock 1984; Furano 2000). Barbara McClintock
(1984) did indicate her beliefthat activations oftransposable elements are
representative of the plasticity of the genome and its ability to meet environmental
stressors. Research aimed at understanding retrotransposons and their role within the

8

cellular and genomic defense response mechanisms is increasing, however, the extent
of their importance in this capacity is poorly understood and needs to be further
characterized.

Non-LTR Retrotransposons in the Shrimp Genome and Previous Research
It appears that stress (specifically the stress generated by viral attack) may also induce

non-LTR transposition activity in shrimp (Penaeus stylirostris). Previously, we
identified eight genetic markers for infectious hypodermal and hematopoietic virus
(IHHNV) resistant and susceptible shrimp populations (Hizer et al. 2002). Sequence
characterization of two of the markers revealed partial coding regions of the reverse
transcriptase gene ofnon-LTR retrotransposable elements. With this in mind, we
would like to further characterize retrotransposon activity in shrimp and their
significance in genome restructuring and host immune response after stress induction
by viral attack. In addition to IHHNV induced stress, another important DNA virus,
white spot syndrome virus (WSSV) will be experimentally assessed to determine
non-LTR retrotransposon movement within the shrimp genome. Both viruses that we
have chosen are DNA viruses and while they do rely on host mRNA synthesizing and
DNA replication enzymes, they do not rely on reverse transcriptase activity. In fact,
further verification that reverse transcriptase is not supplied by these viral pathogens
is available as both IHHNV and WSSV genomes have been completely sequenced
(Shike et al. 2000; van Hulten et al. 2001 ). In addition, by choosing IHHNV and
WSSV we are including one virus (IHHNV) that belongs to the parvovirus family, a
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well characterized family of viruses, and another virus (WSSV) that is not related to
any known viruses. Thus, we will be able to elucidate if retrotransposon activity is a
specific viral response to IHHNV type viruses or a response to viral attack in general.

Both IHHNV and WSSV are significant viral pathogens to all penaeid shrimp species
(Lightner 1996; Flegel 1997). IHHNV is a small DNA virus with non-enveloped
particles, 22 nm in diameter that contains a single stranded linear DNA genome of 4.1
kb (Bonami et al. 1990). Gross clinical signs of IHHNV infection consist of erratic
swimming behavior, lethargy, reduced feed intake, and a white or buff mottled cuticle
(Lightner et al. 1983). The IHHN virus is similar to mosquito brevidensoviruses and
belongs to the family Parvoviridae (Shike et al. 2000). This family of single-stranded
DNA viruses infects both vertebrates and invertebrates and includes adena-associated
viruses whose use as gene therapy vectors has been well documented, erythroviruses
including the human pathogenic B 19 parvovirus, and feline/canine pathogenic
parvoviruses. WSSV is a large, double-stranded DNA virus of293 kbp, 65-70 nm in
diameter with an ovoid-to-bacilliform shape and tail appendage (Durand et al. 1997;
Nadala et al. 1998; van Hulten et al. 2001 ). Clinically, infected penaeid shrimp
rapidly reduce food intake, have a loose cuticle, develop the appearance of white
spots on the exoskeleton (Karunasagar et al. 1997), and show 100% cumulative
mortality within 3-10 days post infection (Lightner 1996). The viral genome
sequence analysis revealed 184 open reading frames, or gene-coding regions, where
only 6% of the coding genes have homologous matches in the databases (van Hulten
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et al. 2001). Based on the lack of gene sequence homology and phylogenetic
analyses, WSSV has been proposed as the only member of a new virus family termed
Whispoviridae (van Hulten et al. 2000; van Hulten et al. 2001).

Representational Difference Analysis (RDA) is a technique used to reveal difference
in genomes which are very similar in nature. This method relies on simplifying the
genomes of interest and creating "representations" of them for analysis. These
representations are created by digesting DNA with a restriction enzyme, separating
the two strands of DNA and allowing hybridization of the two different genomes to
occur.

The entire process, while complex, entails applying adaptors to DNA, amplification,
and dilution to an optimal ratio of the two genomes. The procedure has been
successful at identifying virulence genes in new strains of pathogenic Pseudomonas
aeruginosa (Choi et al. 2002), and has helped categorize microorganisms by detection
of strain-specific genes (Middendorf et al. 1999, Bart et al 2000, Iwobi et al. 2002).
RDA has also worked in isolation of X and Y chromosome specific markers from
Marchantia polymorpha (Fujisawa et al. 2001), characterization of transposable
elements in the genome of Oryza sativa L (Panaud et al. 2002), identification of
altered transcription levels in Atherosclerosis foam cells (Andersson et al2001),
detection of specific sequences which have contributed to classification and
taxonomy of flora (Zoldos et al. 2001, Thomas et al. 2003) and detecting small
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genetic differences between two Amish sisters (Lisitsyn et al. 1993). Thus, RDA is an
appropriate method to detect small differences between similar genomes, and
specifically isolate retrotransposons, and insertion activities.

Summary
The understanding of biological systems in vertebrates has often come from
extrapolation of data acquired from "simpler" invertebrate models. Likewise,
retention of cellular and genetic mechanisms involved in a stress response studied in
invertebrates also occurs in mammals (as reviewed by Stefano et al. 2002). All
organisms must attempt to maintain homeostasis in the face of constant internal or
external challenges and/or stresses. Both invertebrates and vertebrates appear to use
similar innate immune signals to deal with these stressors (Stefano et al. 2002).
Examples include the antibacterial agent enkelytin, and immunoregulatory peptides
adrenocorticotropin (ACTH) and corticotropin releasing factor (CRF) (Stefano et al.
2002). Ifthe development of the stress immune response is evolutionarily conserved,
then given the evidence to date, it is not unreasonable to assume that retrotransposons
may be part of the genomic strategy to deal with disturbances. Certainly the genome
reacts to stress by altered gene expression or genome restructuring events that include
the regulation oftransposable elements (McClintock 1984). Non-LTR
retrotransposons appear ubiquitous across organisms and particular types are often
simultaneously found in invertebrate and vertebrate species, however, there is limited
information on their role in genomic responses to stress. As such, knowledge gained
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on retrotransposon function in the shrimp genome is applicable in the larger scheme.
The objectives of this study include the identification of an active full-length nonLTR retroelement and determination of its activity in response to stress brought on by
virus infection with the long-term goal of determining the importance of
retrotransposable elements in the stress/immune pathway.
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Specific Aim: Assess genomic variation between healthy and virally infected

Penaeus stylirostris shrimp.

Hypothesis: Genetic rearrangements brought on by activation ofthe non-LTR
retrotransposon will affect gene functions that are important in viral immune
response .

Experiment: Subtractive hybridization of representative genomic libraries of healthy
and virally infected shrimp

Method and Rationale

The onset of disease and pathogenesis is often accompanied by genetic
rearrangements in the host (Lisitsyn et al. 1993; Chang et al. 1994; Watson et al.
1999). The detection of these differences in healthy vs. diseased genomes has been
important in identifying genes or regulatory elements that are biologically important
in this process (Watson et al. 1999). Representational difference analysis (RDA) is a
subtractive hybridization and enrichment technique that allows for the detection of
genetic variations between two complex genomes (Lisitsyn et al. 1993). Thus, RDA
is useful to detect genomic sequences (target) present in putatively rearranged DNA
(Tester) and not in normal DNA (Driver) samples. This method relies on simplifying
the genomes of interest by creating "representations" that are produced by digesting
DNA with a restriction endonuclease, ligating these fragments to oligonucleotide
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Briefly, the Driver and Tester genomes are digested with a four base pair restriction
enzyme and different adaptors are ligated to the two genomes. Subtractive
hybridization is performed with denatured Tester and 100 fold excess amplified
Driver DNA. This excess Driver DNA acts as a competitive inhibitor of the
formation of Tester homoduplex sequences (target) that are present in Driver. In this
procedure repeated rounds of hybridization/amplification are unnecessary because
linear amplification of heteroduplexes is avoided due to the incompatibility of the
ligated ends. In order to amplify Tester homoduplexes the 3' SP6 primer sites are
filled in using Taq DNA polymerase and all four nucleotides. Thus only one round of
amplification after subtractive hybridization is sufficient to produce clear RDA
products. RDA detection of difference products is based on genetic alterations, such
as insertions or deletions, which cause changes in restriction enzyme cut sites
between Tester and Driver genomes. Therefore, multiple restriction endonucleases
should be used in order to effectively scan all genomic variations.

Identified target sequences are electrophoresed for visualization and cloning into a
suitable vector for sequencing. Southern blot analysis will be performed to verify that
a cloned difference product is truly unique to Tester. Probing with a cloned target
sequence to Driver and Tester, cut with the same restriction enzyme used to obtain
the target should result in a band present only in Tester. Verified clones will then be
sequenced and characterized using homology searching algorithms, such as BlastX,
within the GenBank database.
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Lisitsyn et al. (1993) originally confirmed the validity and sensitivity of the RDA
method to detect small genomic differences by generating profiles in identical human
genomic DNA samples where only one was modified with the addition of phage
DNA. Furthermore, the RDA method was able to detect small genomic differences,
or polymorphisms, between two Amish sisters with an established pedigree (Lisitsyn
et al. 1993). Since that time, RDA has been successfully applied in numerous studies
including the isolation of target sequences that are implied in differentiating strain
pathogenicity in Neisseria meningitides (Bart et al. 2000), Yersinia enterocolitica
(Iwobi et al. 2002), and Pseudomonas aeruginosa (Choi et al. 2002). In addition,
RDA has been employed to detect genomic differences in normal and cancerous
tissue such as AIDS-associated Kaposi's sarcoma (Chang et al. 1994), pancreatic
cancer (U eki et al. 2001; Wallrapp et al. 2001 ), prostate cancer (Kibel et al. 1999),
and ovarian cancer (Watson et al. 1999). Interestingly, genetic variations due to
retrotransposons have also been discovered using RDA between two distantly related
oak species (Zoldos et al. 2001) and several rice species (Panaud et al. 2002).
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Materials and Methods

Preparation ofTester
(~g-quantities)

Genomic DNA

of P. stylirostris was extracted using the Puregene kit

(Gentra systems, Minneapolis, MN), digested with Sau3A (Promega BioSciences,
San Luis Obispo, CA) for 1.5 hr. at 37°C and the restriction enzyme inactivated by
incubation at 65°C for 20 min. Restriction enzyme and residues were removed with a
Microcon YM-100 ultrafiltration (Millipore, Bedford, MA). After two washing steps
using 150 ul of water and centrifugation at 4,000 g for 12 min., the DNA was eluted
with 20

~1

distilled water. Ten microliters of filtered digested DNA was combined

with 2.5ul of ligation buffer (Promega BioSciences, Obispo, CA) and 5

~1

of adapters

ASau12 [lOmM] (5'GATCTGTTCATG 3') and ASau24 [10 mM] (5'
ACCGACGTCGACTA-TCCATGAACA 3'). The ligation was achieved by heating
this mixture at 72°C for 3 min., and afterwards cooling it from 50°C to 10°C over an
hour period. Afterwards, lOU ofT4 DNA ligase was added and the reaction was
incubated at l6°C overnight.

The ligase was inactivated by incubation for 10 min. at 80°C. Removal of enzyme
and buffer residues was done by Microcon YM-1 00 ultrafiltration, and the DNA was
eluted with 50
DNA to 27.5

~1

~1

distilled water. The amplification was performed by adding 1 ~1 of

of distilled water, 2

~1

MgC12 (lmM), 5

~1

dNTPs, 5

~1

lOX PCR

Buffer, and 2.5 units ofTaq DNA polymerase (All items from Promega). This
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mixture was allowed to undergo a fill-in step by incubating at 72°C for 3 min.
Afterwards, 5 J..Ll of ASau24 adapter was added as primer and DNA was amplified by
first denaturing at 94°C for 5 min., and undergoing 30 cycles of 1 min at 94°C, 1 min.
at 62°C, and 1 min. at 72°C. This was followed by 72°C for 10 min., and held at 4°C.
PCR product was purified with a QIAGEN purification kit (QIAGEN Inc., Valencia,
CA).

Preparation of Driver
Genomic DNA [J..Lg-quantities] of P. stylirostris was extracted using the Puregene kit
and randomly sheared by sonication with a Sonifier 250, 20 kHz maximum output
(Branson Ultrasonics, Danbury, CT) for 30 seconds at an output of 1 to generate
fragments between 1 and 10 kb in length.

DNA subtractive hybridization
Tester (1 J..Lg) and Driver (20 J..Lg) were combined and filtered using Microcon YM-100
ultrafiltration using standard methods previously specified. DNA was eluted using 8
J..Ll of 5 X Buffer EE (50 mM EPPS, 5 mM EDTA, pH 8.0). After incubating
hybridization mix for 2 min. at 100°C, 2 J..Ll of 5M NaCl was immediately added to the
mix. DNA was allowed to hybridize overnight at 67°C. DNA was then amplified
using identical parameters as listed above in Preparation of Tester, specifically by
allowing the DNA to undergo a fill-in step by incubating at 72°C for 3 min, adding 5
J..Ll of ASau24 adapter as primer, and amplifying by first denaturing at 94°C for 5
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min., undergoing 30 cycles of 1 min at 94°C, 1 min. at 62°C, and 1 min. at 72°C. This
was followed by 72°C for 10 min., and held at 4°C.

Additional Round of Hybridization/Amplification
The PCR product from the first subtraction round was purified (Round 1 product)
using the QIAGEN PCR purification kit (QIAGEN Inc., Valencia, CA), and became
the DNA for use in the second round of amplification. Round 1 product was digested
using Sau3A and adapters TSau12 [10 mM] (5' GATCTTCCCTCG 3') and TSau24
[10 mM] (5' AGGCAACTGTGCTATCCGAGGGAA 3') ligated to it using
aforementioned method. This was then amplified using the same PCR parameters as
listed in Preparation of Tester, again by allowing the DNA to undergo a fill-in step
by incubating at 72°C for 3 min, adding 5 j.tl of ASau24 adapter as primer, and
amplifying by first denaturing at 94°C for 5 min., undergoing 30 cycles of 1 min at
94°C, 1 min. at 62°C, and 1 min. at 72°C. This was followed by 72°C for 10 min.,
and held at 4°C. Previously prepared Driver (Preparation of Driver) was used for a
second round hybridization. Tester and Driver were incubated at 67°C overnight, and
amplified using the same amplification procedure described above. Visualization was
done on a 1.5% agarose gel. Difference product was isolated from the gel using the
QIAGEN Gel Purification kit (QIAGEN Inc., Valencia, CA).
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Cloning and Plasmid Miniprep of Amplification Product
The isolated difference product was cloned into competent E. coli cells using the
pGEM-T Vector System kit using standard methods (Promega, San Luis Obispo,
CA). For the plasmid miniprep, cells were grown to saturation, and 5 mls of the
saturated cells were pelleted, resuspended in 100 J..d of GTE buffer (50Mm glucose,
25mM Tris pH 8.0, 10 mM EDTA), and incubated on ice for 5 min. Two hundred
microliters of Alkali-SDS Solution (0.2N NaOH, 1%SDS) was added and placed on
ice for another 5 min. Cells were then spun for 1 min. in a microfuge, and the
supernatant transferred into a new tube. RNAse A was added to the supernatant to 20
11g/ml, and incubated at 37°C for 20 min. The cells were centrifuged for 15 min. at
4°C after adding 0.9 ml of -20°C 100% ethanol. The supernatant was discarded and
the pellet rinsed with ice cold 70%ethanol. The pellet was allowed to air dry,
resuspended with 32 )ll of water, and followed by PEG precipitation (13% PEG), and
incubation on ice for 20 min. Afterwards, the mixture was centrifuged for 10 min., the
pellet was washed with 70% ethanol, and resuspended in 20 )ll of water. DNA was
sent for sequencing to Retrogen Inc. (San Diego, CA).

Southern Blot and Hybridization
Southern blot was done by standard methods (Sambrook et al. 1989). Briefly,
genomic DNA digested with Sau3A from IHHNV infected shrimp (Tester) and
Specific pathogen free (SPF) shrimp (Driver) was electrophoresed on a 2% agarose
gel, transferred to nylon membrane by capillary action, and fixed by baking at 65° C
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for 4 hr. Difference products obtained in the RDA procedure were labeled by random
hexamer method following the manufacturer's protocol (Prime-A-Gene kit, Promega,
San Luis Obispo, CA) with a 33 P dATP. Hybridization was performed with
MiracleHyb solution (Stratagene, Carlsbad, CA) at a temperature of 60° C overnight.
After two low stringency washes (2X SSC and 0.1% SDS) filters were exposed to
film for 3 days at -80° C and developed using a Kodak X-OMAT 1000 processor.
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Results

RDA

Genomic DNA from Tester (IHHNV infected shrimp) and Driver (SPF shrimp) was
isolated using the Puregene kit and delivered a high molecular weight band;
approximately 23 kb for Penaeus stylirostris (Figure 3A). When conducting RDA, it
is important to produce fragments smaller than 1 kb in size, which is the optimal
range at which RDA isolates difference products (Lisitsyn et al. 1993). Our digested
Tester with Sau3A produced fragments ranging from 23 kb to 100 bp (Figure 3B).
Once sonicated, Driver DNA produced fragments ranging from 10 kb to 100 bp
(Figure 3B). In order to create amplicons, Tester DNA was amplified with ASau24
adapter and produced a ladder pattern lower than 1kb (Figure 3C). During
hybridization, Tester was combined with excess Driver for formation of Tester
homodimers which are preferentially amplified during PCR and visualized as discrete
bands. Once hybridized, Tester homodimers were amplified with ASau24 adapter
(Round 1) and produced a smear ranging from 800 bp to 100 bp with a sharper
amplification at 400-200 bp (Figure 4A). Afterwards, the entire protocol was
repeated, this time using Round 1 products as Tester. This is a common step in RDA
for isolation and detection of difference product(s). Our second round of
hybridization/amplification was conducted with TSau24 adapter as the primer, and
produced fragments similar to Round 1 amplification with a sharper band at 300 bp
and 100 bp (Figure 4B).
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We attempted the same RDA procedure reversing the roles of Tester and Driver so
that SPF shrimp was Tester and IHHNV infected shrimp was Driver. Tester DNA
was digested with Sau3A, new adapters ligated (TSau adapters), and amplified using
the TSau24 adapter, while Driver was sonicated. During hybridization, Tester was
again combined with excess Driver for formation of Tester homodimers, amplified
during PCR, and visualized as discrete bands. Round 2 products with reversed Tester
and Driver roles produced much sharper bands at 300bp and 100 bp again (Figure
4C).

Sequencing and Blast
We sent four clones for sequencing; clones with inserts of 300 bp and 100 bp bands
produced in the original RDA procedure; IHHNV infected shrimp as Tester and SPF
shrimp as Driver, and clones with 300 bp and 100 bp bands produced when
alternating the amplicon roles; SPF shrimp as Tester and IHHNV infected shrimp as
Driver. Sequence analysis was performed using tools from the NCBI website
(www.ncbi.nlm.nih.gov) including VecScreen to remove contaminating vector
sequence, BlastX, and tBlastx algorithms for homology searching. Sequence
obtained from clones with either 300 bp fragments indicated no insert was present.
Sequence from the clone with putative insertion of the 100 bp fragment in the original
RDA method showed weak homology to mouse DNA sequence from clone RP2378B19 on chromosome 4 (Accession #29786583 E-value: 7.8), and human DNA
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sequence from clone RP11-255N24 on chromosome 9p13.3-21.3
(Accession#17065698 E-value: 7.8), which contains pseudogenes similar to anion
exchangers, adaptor proteins, and RNA binding motif proteins (Table 1).
Sequence from the 100 bp clone insert produced by reversing the roles of Tester and
Driver had weak homology to mouse DNA sequence from clone RP23-34Hl on
chromosome 4 (Accession#28412564 E-value:3.6), and Xenopus laevis hypothetical
LOC503676 (Accesion#50415189 E-value:5.0). See Table 1.

Southern Blotting
A nylon membrane blotted with Sau3A digested Tester (IHHNV infected shrimp) and
Driver (SPF shrimp) genomic DNA fragments separated by agarose gel
electrophoresis was probed with radioactively labeled 100 bp difference product
obtained in the original RDA protocoL As a positive control, 0.5 ul of unlabeled 100
bp probe was dotted on the membrane. No detectable bands were observed in the
Tester or Driver lanes, however the positive control successfully hybridized (Figure
5).
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Figure 3. Representational Difference Analysis using Penaeus stylirostris
challenged with IHHNV virus and pathogen free Penaeus stylirostris. (A)
Extracted genomic Penaeus stylirostris DNA from Tester (IHHNV infected shrimp)
and Driver (SPF shrimp). Genomic DNA from Tester and Driver delivered a high
molecular weight band of approximately 23. (B) Genomic DNA that has been
digested with Sau3A (left lane) and sonicated (right lane). Our digested Tester with

Sau3A produced fragments ranging from 23 kb to 100 bp, and Driver DNA produced
fragments ranging from 10 kb to 100 bp. (C) Amplified Tester DNA with ASau12
and ASau24 adapters. Tester DNA was amplified with ASau24 adapter and produced
a ladder pattern lower than lkb.
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Figure 4. Representational Difference Analysis using Penaeus stylirostris
challenged with IHHNV virus, and pathogen free Penaeus stylirostris. (A) Round
1 difference product amplified with ASau24 adapter produced a smear ranging from
800 bp to 100 bp with a sharper amplification at 400-200 bp (B) Round 2 difference
product amplified with TSau24 adapter produced fragments similar to Round 1
amplification with a sharper band at 300 bp and 100 bp (C) Round 2 difference
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product amplified with TSau24 adapter switching roles ofTester (SPF shrimp) and
Driver (IHHNV infected shrimp) produced much sharper bands at 300bp and 100 bp
again Difference products are niarked by arrows.
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A
Sequences producing weak alignments:
Mouse DNA sequence from clone RP23-78B 19 on
chromosome 4, complete sequence
Human DNA sequence from clone RP11-255N24 on
chromosome 9p13.3-21.3

Accession#
AL 731766.27

E Value
7.8

AL390844.12

7.8

Accession#
AL805976.12

E Value
3.6

BC077991.1

5.0

B
Sequences producing weak alignments:
Mouse DNA sequence from clone RP23-34Hl on
chromosome 4
Xenopus laevis hypothetical LOC503676

Table 1. BlastX Results of Difference Product Sequences

(A) Homology search using BlastX algorithm with 100 bp sequence that was
produced when conducting RDA on SPF (Driver) and virally infected Penaeus
stylirostris (Tester). (B) BlastX homology search using 100 bp sequence reversing the
roles of Tester (SPF shrimp) and Driver (IHHNV infected shrimp). Shown are the
first two matches and their respective E values.
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Discussion

Representational Difference Analysis (RDA) is a subtractive hybridization technique
used to reveal small differences between two similar genomes. Originally published
by Lisitsyn et al. (1993), this method relies on simplifying the genomes of interest,
creating representations (Tester and Driver), and amplifying small genomic
differences. Briefly, representations oftwo DNA populations are created by cleaving
genomic DNA with a restriction digest, ligating oligonucleotide adapters, a
subtractive hybridization step, and amplification by polymerase chain reaction (PCR).
In order to properly scan the genomes for differences, many different restriction
enzymes may be used in the original digestion step.

To determine the efficacy of this technique, Litisyn et al. (1993) analyzed two
different, yet similar, genomes. In the first test, single copies of adenovirus or
bacteriophage genomes were integrated into human DNA and became the Tester
while the original untouched human genome became the Driver in the RDA
procedure. Both DNA populations were digested using BgZII and Hindiii , specific
adapters were ligated, and both Tester and Driver representations were enriched using
PCR amplification. After enrichment, adapters were cleaved by digestion again, and
new adapters ligated to the Tester. In preparation for the hybridization and
amplification step, Tester and Driver were combined, and precipitated. Selfreannealing difference product(s) was then enriched at an exponential rate again using
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PCR. The amplified products were then analyzed, extracted, or further enriched by
ligating new adapters to their 5' end in additional RDA hybridization/amplification
rounds. After two rounds of hybridization/amplification with Bglll and Hindiii,
small adenovirus fragments (approximately 600, 400, and 300 bp in size) were the
identified difference products.

As another test, Litisyn et al. (1993) looked for genomic differences between two
sisters of an Amish family. Using the same RDA procedure, several difference
products ranging from 800 to 300 bp in size were produced after four rounds of
hybridization/amplification when Tester and Driver were digested with Hind III.
Lisitsyn et al. (1993) also used BamHI and Bgl II to scan the genome, however these
did not produce difference product(s). On the whole, Lisitsyn et al. (1993) laid the
groundwork for successful application ofRDA for isolating small differences in
highly similar genomes, and given the success of this method, the protocol has been
applied with slight alterations in other areas of molecular biology, microbiology, and
ecology.

Some of the work in which RDA has been successfully implemented include
identification of virulence genes in new strains of pathogenic Pseudomonas
aeruginosa (Choi et al. 2002), in which genes were found to differ substantially in

their counterpart strains. RDA has been implemented to detect strain-specific genes
which were used to differentiate microorganisms (Middendorf et al. 1999, Bart et al.
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2000, lwobi et al. 2002). Here, closely related strains of prokaryotes were identified
by uncovering DNA fragments specific to certain strains of the species. Furthermore,
it was observed in (Linum usitatissimum) flax, that a high plasticity of the genome
exists as a result of adaptation, and possible loci responsible for the plasticity were
found by utilization ofRDA (Oh and Cullis 2003). RDA was also administered for
isolation of X and Y chromosome specific markers from Marchantia polymorpha
(Fujisawa et al. 2001), and identification of altered transcription levels in
Atherosclerosis foam cells (Andersson et al. 2001), where candidate genes for
cancerous cells were generated. Finally, the original Litisyn et al. method was
successful in characterizing transposable elements in the genome of Oryza sativa L
(Panaud et al. 2002, Zoldos et al. 2001). Here, in an attempt to taxonomically classify
species of rice, it was discovered that one ofthe major aberrations between species
was the presence of a transposable fragment.

These studies were conducted using the original Lisitsyn et al. (1993) method,
however some modifications were required in order to successfully produce
difference product(s) in each study. These modifications include the use of new
restriction enzymes such as Sau3A, BamH1, Bg!II, and Dpnii, and varied rounds of
hybridization/amplification ranging from one to four rounds. Interestingly, Andersson
et al. implemented the use of Bglll adapters with Dpnii restriction enzyme in order to
successfully apply RDA to their research.
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RDA, although quite useful and successful in the field of biology, is a labor intensive
procedure. In 2002, Felske devised a streamline method that would yield difference
product(s) after only one round of hybridization/amplification (Felske 2002). In order
to accomplish this, different adapters were ligated to Tester and Driver DNA
representations, thus eliminating the problem oflinear amplification of Tester/Driver
hybridized strands (heterodimers) during PCR. However, there are currently no
published reports using this streamlined protocol. One year later, Allen et al. (2003),
simplified the procedure once more by omitting restriction digestion of Driver for
amplicon production and simply sonicated Driver for use in subsequent
hybridization/amplification steps. Again, there are currently no published reports
using this protocol.

To successfully apply RDA to our study of finding a retrotransposon fragments(s) in

Penaeus stylirostris it was necessary to create a protocol that would fit the system
and the genome we were using. As with any new protocol, this required a great
amount of modification and troubleshooting to adapt RDA for Penaeus stylirostris.
Initially, we used a protocol being implemented in the lab of Dr. James Archie at
California State University Long Beach (personal communication), which was
successfully applied in detecting sex-specific genes in Sceloporous lizard populations
using only one round of hybridization/amplification. The protocol used global
adapters (T7 and SP6 specifically), and Mboi as the restriction digest.
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Initially, this protocol for creating Tester and Driver amplicons worked well and
involved digestion of IHHNV infected shrimp and SPF shrimp with Mbol, followed
by ligation ofT7 and SP6 adapters, and amplification ofTester (IHHNV infected
shrimp). However, after subsequent hybridization of Tester and Driver and putative
amplification of Tester homodimers, no difference products were evident by
visualization on agarose gel. Litisyn et al. (1993), Allen et al (2003), and Fujisawa et
al. (200 1) noted in their initial studies that after first and even second round
hybridization/amplification steps, smears would result instead of distinct banding.
Because this protocol resulted in a blank gel, further modifications were necessary.

Based on literature review, and the desire to scan the genome with different
restriction enzymes, we implemented a protocol outlined by Oh and Cullis (2003),
which used BamHI as their digest and would undergo up to four rounds of
hybridization/amplification. However, this enzyme did not effectively cut the genome
to obtain fragments under 1 kb for Driver and Tester creation as necessary for RDA.
Because suitable Tester and Driver preparation could not be accomplished with this
enzyme, we continued to seek alternative methods for this step in the RDA protocol.

As previously mentioned Allen et al. (2003) used a novel technique for preparation of
Driver representations by sonication in order to randomly shear the genomic DNA.
Tester preparation was done by Sau3A restriction digest and the use of specific
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adapters for amplification. The sonication of Driver drastically reduces the time
required to prepare Driver by omitting the digestion and stripping of adapters
described in other protocols (Lisitsyn et al. 1993, Felske 2002). Also, following
hybridization of Tester and Driver, only Tester homoduplexes can undergo
exponential amplification, as only this target has available primer binding sites. Their
protocol contains two hybridization/amplification rounds and applies the use of Mung
Bean nuclease after the first round to remove single stranded DNA. Initially we found
that the sonication guidelines in the Allen et al. (2003) article required alteration for
the Penaeus stylirostris genome, and we lowered the output amount that was
recommended from 30 to 1. Also, a lack of description on Tester preparation in Allen
et al. (2003) led us to apply Felske (2002) guidelines for that step ofRDA. Thus, we
digested Tester (IHHNV infected shrimp) with Sau3A, and ligated the adapters used
in the Allen et al. (2003) protocol, specifically ASau12 and ASau24. After
amplification of Tester we combined it with excess sonicated Driver and amplified
Tester homoduplexes. The protocol was successful in creating Tester and Driver
DNA after the modifications we implemented, however we found that the smears
were still produced when visualizing Round 1 and 2 products.

We attempted to apply Mung Bean in between amplification steps to our procedure;
following the guidelines set by Allen et al (2003). After the first round of
amplification, we added Mung Bean nuclease to our Round 1 product, and purified
this as Tester for the next round of hybridization/amplification. The application of
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Mung Bean nuclease proved unsuccessful as it would cause the loss of DNA entirely
despite some small modifications in incubation time. Nonetheless, we also applied
Mung Bean to the Felske (2002) protocol with the same results. This led us to omit
the step entirely and undergo additional rounds without applying Mung Bean
nuclease.

As a result of numerous iterations and changes to the RDA protocol, we were able to
fine tune this method for application within Penaeus stylirostris. The most successful
method used restriction digest and amplification of Tester DNA following the Felske
(2002) protocol whereas Driver preparation and one additional round of
hybridization/amplification follows the Allen et al. (2003) guidelines. This form of
the protocol yielded difference products that were visible, yet still contained a smear.
This is common in other RDA protocols (Litisyn et al. 1993, Allen et al 2003, and
Fujisawa et al. 2001), and was overcome by undergoing further rounds of
hybridization/amplification. The final form of our protocol consisted of Tester
creation by digestion ofiHHNV infected shrimp using Sau3A, ligation of ASau12
and ASau24 adapters, and PCR amplification. Driver (SPF shrimp) was sonicated at
an output of 1 for 30 seconds. Tester and excess Driver was combined and allowed to
hybridize, followed by the amplification of Tester homodimers using ASau24 as the
primer. This Round 1 product would again be digested with Sau3A to remove the
ASau adapters, and ligated with new TSau12 and TSau24 adapters. This product was
PCR amplified and hybridized to Driver (SPF shrimp) in excess again. Following this

42
Curr Biol 7:R245-248.
Flegel, T. W. 1997. Major viral diseases of the black tiger prawn (Penaeus monodon)
in Thailand. World Journal ofMicrobiology and Biotechnology 13:433-442.
Fujisawa M, et al. 2001. Isolation of X andY Chromosome-Specific DNA Markers
From a Liverwort, Marchantia polymorpha, by Representational Difference
Analysis. Genetics. 159: 981-985.
Furano, A. V. 2000. The biological properties and evolutionary dynamics of
mammalian LINE-I retrotransposons. Prog Nucleic Acid Res Mol Biol64:255294.
Grandbastien, M.A. 1998. Activation of plant retrotransposons under stress
conditions. Trends in Plant Science 3:181-187.
Grandbastien, M.A., A. Spielmann, and M. Caboche. 1989. Tntl, a mobile retrovirallike transposable element of tobacco isolated by plant cell genetics. Nature
337:376-380.
Hizer, S. E., A. K. Dhar, K. R. Klimpel, and D. K. Garcia. 2002. RAPD markers as
predictors of infectious hypodermal and hematopoietic necrosis virus (IHHNV)
resistance in shrimp (Litopenaeus stylirostris). Genome 45:1-7.
Holmes, S. E., B. A. Dombroski, C. M. Krebs, C. D. Boehm, and H. H. Kazazian, Jr.
1994. A new retrotransposable human L1 element from the LRE2 locus on
chromosome lq produces a chimaeric insertion. Nat Genet 7:143-148.
Hutchison, C. A. I., S. C. Hardies, D. D. Loeb, W. R. Shehee, and M. H. Edgell.
1989. LINEs and related retroposons: long interspersed repeated sequences in

44
Kibel, A. S., D. Freije, W. B. Isaacs, and G. S. Bova. 1999. Deletion mapping at
12p 12-13 in metastatic prostate cancer. Genes Chromosomes Cancer 25:270276.
Kidwell, M.G., and D. Lisch. 1997. Transposable elements as sources ofvariation in
animals and plants. Proc Natl Acad Sci US A 94:7704-7711.
Lightner, D. V. 1996. Epizootiology, distribution and the impact on international
trade of two penaeid shrimp viruses in the Americas. Rev. Sci. Tech. Off. Int.
Epiz. 15:579-601.
Lightner, D. V., R. M. Redman, and B. T. A. 1983. Infectious hypodermal and
hematopoietic necrosis, a newly recognized virus disease of penaeid shrimp.
Journal of Invertebrate Pathology 42:62-70.
Lisitsyn, N., and M. Wigler. 1993. Cloning the differences between two complex
genomes. Science 259:946-951.
Malik, H. S., W. D. Burke, and T. H. Eickbush. 1999. The age and evolution ofnonLTR retrotransposable elements. Mol Bioi Evol16:793-805.
Malik, H. S., and T. H. Eickbush. 1998. The RTE class ofnon-LTR retrotransposons
is widely distributed in animals and is the origin of many SINEs. Mol Bioi Evol
15:1123-1134.
McClintock, B. 1984. The significance of responses ofthe genome to challenge.
Science 226:792-801.

45
MiddendorfB, et al. 1999. Representational difference analysis identifies strainspecific LPS biosynthesis locus in Bordetella spp. Mol Gen Genet. 262: 189198.
Miki, Y., I. Nishisho, A. Horii, Y. Miyoshi, J. Utsunomiya, K. W. Kinzler, B.
Vogelstein, andY. Nakamura. 1992. Disruption ofthe APC gene by a
retrotransposal insertion ofLl sequence in a colon cancer. Cancer Res 52:643645.
Minchiotti, G., C. Contursi, and P. P. Di Nocera. 1997. Multiple downstream
promoter modules regulate the transcription of the Drosophila melanogaster I,
Doc and F elements. J Mol Biol267:37-46.
Morales, J. F., E. T. Snow, and J.P . Murnane. 2002. Environmental factors affecting
transcription of the human L1 retrotransposon. I. Steroid hormone-like agents.
Mutagenesis 17:193-200.
Moran, J. V., S. E. Holmes, T. P. Naas, R. J. DeBerardinis, J.D. Boeke, and H. H.
Kazazian, Jr. 1996. High frequency retrotransposition in cultured mammalian
cells. Cell 87:917-927.
Morrish, T. A., N. Gilbert, J. S. Myers, B. J. Vincent, T. D. Stamato, G. E. Taccioli,
M. A. Batzer, and J. V. Moran. 2002. DNA repair mediated by endonucleaseindependent LINE-I retrotransposition. Nat Genet 31:159-165.
Morse, B., P. G. Rotherg, V. J. South, J. M. Spandorfer, and S. M. Astrin. 1988.
Insertional mutagenesis of the myc locus by a LINE-1 sequence in a human
breast carcinoma. Nature 333:87-90.

46
Naas, T. P. , R. J. DeBerardinis, J. V. Moran, E. M. Ostertag, S. F. Kingsmore, M. F.
Seldin, Y. Hayashizaki, S. L. Martin, and H. H. Kazazian. 1998. An actively
retrotransposing, novel subfamily of mouse L1 elements. Embo J 17:590-597.
Nadala, E. C. B., L. M. Tapay, and P. C. Loh. 1998. Characterization of a nonoccluded baculovirus-like agent pathogenic to penaeid shrimp. Dis. Aquat. Org.
33:221-229.
Nakazaki, T., Y. Okumoto, A. Horibata, S. Yamahira, M. Teraishi, H. Nishida, H.
Inoue, and T. Tanisaka. 2003. Mobilization of a transposon in the rice genome.
Nature 421:170-172.
Neidhart, M ., J. Rethage, S. Kuchen, P. Kunzler, R. M . Crowl, M . E. Billingham, R.
E. Gay, and S. Gay. 2000. Retrotransposable Ll elements expressed in
rheumatoid arthritis synovial tissue: association with genomic DNA
hypomethylation and influence on gene expression. Arthritis Rheum 43:26342647.
Ostertag, E. M., and H. H. Kazazian, Jr. 2001. Biology of mammalian L1
retrotransposons. Annu Rev Genet 35:501-538.
Oh, T.J., and C.A. Cullis. 2003. Labile DNA sequences in flax identified by
combined sample representational difference analysis (csRDA). Plant Molecular
Biology 52: 527-536.
Panaud, 0 ., C. Vitte, J. Hivert, S. Muzlak, J. Talag, D. Brar, and A. Sarr. 2002.
Characterization of transposable elements in the genome of rice (Oryza sativa
L.) using representational difference analysis (RDA). Mol. Genet. Genomics

47
268:113-121.
Pouteau, S., E. Huttner, M.A. Grandbastien, and M. Caboche. 1991. Specific
expression of the tobacco Tntl retrotransposon in protop lasts. Embo J 10:19111918.
Ratner, V. A., Z. S. A, S. A. Kolesnikova, and L.A. Vasil'eva. 1992. Analysis of
multiple transpositions ofMGE Dm412 induced in Drosophila by severe heat
shock. Genetika 28:68-86.
Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular Cloning: A Laboratory
Manual. Cold Spring Harbor Laboratory Press, New York.
Saxton, J. A., and S. L. Martin. 1998. Recombination between subtypes creates a
mosaic lineage of LINE-1 that is expressed and actively retrotransposing in the
mouse genome. J Mol Biol280:61l-622.
Shike, H., A. K. Dhar, J. C. Burns, C. Shimuzu, F. X. Jousset, and K. R. Klimpel.
2000. Infectious hypodermal and hematopoietic necrosis virus of shrimp is
related to mosquito brevidensoviruses. Virology 277:167-177.
Stefano, G. B., P. Cadet, W. Zhu, C. M. Rialas, K. Mantione, D. Benz, R. Fuentes, F.
Casares, G. L. Fricchione, Z. Fulop, and B. Slingsby. 2002. The blueprint for
stress can be found in invertebrates. Neuroendocrinology Letters 23:85-93.
Ueki, T., M. Toyota, H. Skinner, K. M. Walter, C. J. Yeo, J.P. Issa, R. H. Hruban,
and M. Goggins. 2001. Identification and characterization of differentially
methylated CpG islands in pancreatic carcinoma. Cancer Res 61:8540-8546.
van Hulten, M. C. W., M. Westenberg, S.D. Goodall, and J. M. Vlak. 2000.

48
Identification of two major virion protein genes of white spot syndrome virus of
shrimp. Virology 266:227-236.
van Hulten, M. C. W., J. Witteveldt, S. Peters, N. Kloosterboer, R. Tarchini, M. Fiers,
H. Sandbrink, R. K. Lankhorst, and J. M. Vlak. 2001. The white spot syndrome
virus DNA genome sequence. Virology 286:7-22.
Wallrapp, C., S. Hahnel, W. Boeck, A. Soder, A. Mincheva, P. Lichter, G. Leder, F.
Gansauge, C. Sorio, A. Scarpa, and T. M. Gress. 2001. Loss ofthe Y
chromosome is a frequent chromosomal imbalance in pancreatic cancer and
allows differentiation to chronic pancreatitis. Int J Cancer 91:340-344.
Watson, J. E., H. Gabra, K. J. Taylor, G. J. Rabiasz, H. Morrison, P. Perry, J. F.
Smyth, and D. J. Porteous. 1999. Identification and characterization of a
homozygous deletion found in ovarian ascites by representational difference
analysis. Genome Res 9:226-233 .
Wessler, S. R. 1996. Turned on by stress. Plant retrotransposons. Curr Biol 6:959961.
Xiong, Y., and T. H. Eickbush. 1988. Similarity of reverse transcriptase-like
sequences ofviruses, transposable elements, and mitochondrial introns. Mol
Biol Evol 5:675-690.
Xiong, Y., and T. H. Eickbush. 1990. Origin and evolution ofretroelements based
upon their reverse transcriptase sequences. Embo J 9:3353-3362.
Yoshida, K., A. Nakamura, M. Yazaki, S. Ikeda, and S. Takeda. 1998. Insertional
mutation by transposable element, L1, in the DMD gene results in X-linked

49
dilated cardiomyopathy. Hum Mol Genet 7:1129-1132.
Zoldos, V., S. Siljak-Yakovlev, D. Papes, A. Sarr, and 0. Panaud. 2001.
Representational difference analysis reveals genomic differences between Q.
robur and Q. suber: implications for the study of genome ·evolution in the genus

Quercus. Mol Genet Genomics 265:234-241.

