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Progress with schistosome transgenesis
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Genome sequences for Schistosoma japonicum and Schistosoma mansoni are now available. The schistosome
genome encodes ~13,000 protein encoding genes for which the function of only a minority is understood. There
is a valuable role for transgenesis in functional genomic investigations of these new schistosome gene sequences.
In gain-of-function approaches, transgenesis can lead to integration of transgenes into the schistosome genome
which can facilitate insertional mutagenesis screens. By contrast, transgene driven, vector-based RNA interfer-
ence (RNAi) offers powerful loss-of-function manipulations. Our laboratory has focused on development of tools
to facilitate schistosome transgenesis. We have investigated the utility of retroviruses and transposons to transduce
schistosomes. Vesicular stomatitis virus glycoprotein (VSVG) pseudotyped murine leukemia virus (MLV) can trans-
duce developmental stages of S. mansoni including eggs. We have also observed that the piggyBac transposon is
transpositionally active in schistosomes. Approaches with both VSVG-MLV and piggyBac have resulted in somatic
transgenesis and have lead to integration of active reporter transgenes into schistosome chromosomes. These find-
ings provided the first reports of integration of reporter transgenes into schistosome chromosomes. Experience with
these systems is reviewed herewith, along with findings with transgene mediated RNAi and germ line transgenesis,
in addition to pioneering and earlier reports of gene manipulation for schistosomes.
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The integral role transgenesis plays in the study of
various models and biomedically significant species is
well documented. Unquestionably the vast majority of
scientific information available in regard to pathogens
has been generated through transgenesis studies of model
species (e.g. Ding et al. 2005). The technologies have sub-
sequently been transferred to other systems (Langridge
et al. 2009). Schistosomes along with other helminths are
the causative agents of neglected tropical diseases; there
is a paucity of genetic manipulation techniques available
for investigation of their physiology. Nonetheless, the
scope of functional genomics studies in schistosomes has
advanced in recent years mainly due to the availability of
draft genome sequences for two of the medically impor-
tant schistosome species, namely Schistosoma mansoni
and Schistosoma japonicum (Berriman et al. 2009, Schis-
tosoma japonicum Genome Sequencing and Functional
Analysis Consortium 2009). Progress made on this front
includes the use of integration competent vectors, i.c.
transposons and retroviruses for the delivery of reporter
transgenes into the schistosome genome (Morales et al.
2007, Kines et al. 2008). Additionally, both conventional
and vector based RNAI studies have been successfully
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employed for gene expression studies in schistosomes,
this could potentially identify future drug targets in ex-
perimental chemotherapeutic studies. However, despite
these advances the attainment of a stable heritable system
for transgenesis has not been brought to fruition.

Pioneering reports - functional genomics for schis-
tosomes - Unlike some protozoan parasites for which
techniques for genetic manipulation are well advanced
(e.g. Balu et al. 2005), schistosomes and other helminths
lag substantially in terms of tools for genetic manipula-
tion. The transfer of exogenously derived nucleic acids
into a target organism or cells referred to as transgen-
esis is a relatively recent accomplishment in the field of
schistosome molecular biology. Functional genomics
approaches would enable manipulation of the genome
of these worms, including forward and reverse genetics.
However, the fundamental nature of parasitic helminths,
such as the blood flukes - intricate developmental cycles,
large size, multicellular tissues and complex organiza-
tion - along with the absence of immortalized cell lines
and our inability to rear the entire life cycle in vitro has
hindered development of tractable transgenesis tools and
models (Brindley & Pearce 2007).

Nevertheless, the first reports of successful transgen-
esis in schistosomes utilized biolistic particle delivery
(gene gun) to introduce plasmids encoding firefly Iu-
ciferase or jellyfish green fluorescent protein reporters
(Davis et al. 1999, Wippersteg et al. 2002). These reports
were able to demonstrate the utility of particle bombard-
ment for foreign gene introduction into adult (Davis et
al. 1999, Wippersteg et al. 2002) and sporocyst (Wipper-
steg et al. 2002) stages. Following these successes, Cor-
renti and Pearce (2004) introduced a luciferase encoding
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RNA into schistosomules using square wave electropo-
ration for the delivery of the transgene. In a time course
experiment they observed that transfection efficiency
was highest in schistosomules that had been cultured for
18 h prior to electroporation (Correnti & Pearce 2004).
Moreover, the findings indicated that the electroporation
was a less damaging method than biolistics with regard
to transfer of nucleic acids into cultured schistosomes.
Both of these gain-of-function approaches have shown
success in the transfer of mRNAs and plasmid based re-
porter genes to several developmental stages of S. man-
soni and S. japonicum. These and other pioneering stud-
ies into genetic manipulation of schistosomes have been
reviewed (Grevelding 2006, Brindley & Pearce 2007,
Kalinna & Brindley 2007, Mann et al. 2008).

Loss-of-function procedures involving RNA interfer-
ence (RNAI) targeting schistosome genes in several de-
velopmental stages have been reported (e. g. Skelly et al.
2003, Correnti et al. 2005, Dinguirard & Yoshino 2006,
Osman et al. 2006) and reviewed in Brindley and Pearce
(2007), Geldhof et al. (2007) and Kalinna and Brindley
(2007). RNAI was first demonstrated in schistosomes
by targeting the hemoglobinolytic protease cathepsin
B in schistosomules of S. mansoni soaked with double
stranded RNA (dsRNA) (Skelly et al. 2003). Correnti et
al. (2005) extended the investigation by introducing dsR-
NA in schistosomules by square wave electroporation.
These important advances have demonstrated transgene
delivery and activity of functional promoters. However,
they are unlikely to lead to integration of transgenes into
schistosome chromosomes, without which the transgene
effect would likely only be transitory.

Accessing the germ line - In order to advance our
ability to develop novel interventions for schistosomia-
sis, there is likely to be a valuable role for stable heri-
table transgenic lines of schistosomes. Establishment of
lines of transgenic schistosomes will require integration
of transgenes into the chromosomes of the schistosome
germ line. In order to achieve germ line transgenesis in
any organism several obstacles have to be overcome.
The vectors containing the constructs have to be able to
achieve stable integration into the genome. The trans-
genes not only have to integrate into the genome, they
have to specifically integrate into the germ cells. The
fundamental nature of the schistosome makes this chal-
lenging. Blood flukes are large, complex, multicellular
organisms composed of both somatic and germinal tis-
sues further lowering the chances of transforming the
germ line. In addition, once integrated, the transgenic
schistosome has to be viable to continue the develop-
mental cycle producing subsequent generations of trans-
genic progeny (Heyers et al. 2003). Using transfer by
particle bombardment, earlier investigations into germ
line transgenesis in schistosomes circumvented the
latter impediment by introducing the transgene in the
miracidia (Heyers et al. 2003) and allowing the trans-
formed miracidia to infect the intermediate host snail
via the natural route thereby obviating the need for ad-
ditional manipulation of the transformed organisms, e.g.
microinjection of sporocysts into snails. Furthermore,
these workers demonstrated the possibility of penetrat-

ing the germ cells through biolistic approaches. Though
their studies and others similar investigations provided
suitable methods in introducing constructs in the germ
cells, strategies for integration into the germ cells still
require further development.

The germ cell cycle in schistosomes - The conven-
tional meaning of “germ line” connotes the fusion of
gametes from the male and female gonads (testis and
ova, respectively) through the process of fertilization
resulting in the formation of a zygote that contains half
the DNA of each of the two parents, culminating in the
formation of the embryo from which individuals de-
velop, this is, the hallmark of sexual reproduction. Thus
the germ line of an organism contains the germ cells that
contain heritable genetic material that may be passed
on to offspring. Theoretically, if exogenous genetic ma-
terial was introduced into the germ line, the transgene
would constitute part of the heritable genetic material
and would be present in subsequent generations since
germ line cells, unlike somatic cells, are not constrained
by the Hayflick limit (Shay & Wright 2000), and are
therefore immortal because they can divide indefinitely.
Therefore the ratio of germ cells to somatic cells is high-
est during gastrulation and progressively decreases after
onset of organogenesis due to cellular differentiation.

Schistosomes have a complex developmental cycle
that encompasses both an asexual and a sexual phase in
an intermediate and a definitive host, respectively. The
asexual cycle is characterized by a series of germ cell rich
developmental stages that result in the progression of the
organism from the egg, to the miracidium, to the mother/
primary sporocyst, to the daughter/secondary sporocyst
and the cercariae (Yoshino & Laursen 1995). Although
the intramolluscan development of S. mansoni is asex-
ual in nature, studies into the method of schistosome
reproduction in the snail host have demonstrated that
larval development commences when daughter sporo-
cysts arise from the multiplication of germ cell derived
germinal cells in the mother sporocysts (Cort & Olivier
1943). This process is then followed sequentially by the
formation of cercariae which arise from the germ cells in
the daughter sporocysts. It should be further noted that
during progression through both the asexual and sexual
life cycle the germ cells are the only continuous cell line
in the schistosome life cycle (Grevelding 2006). And in
general, these germ cells as they progress through the
life stages form a cell lineage that is ultimately dedicated
to the production of future gametes.

Towards lines of transgenic schistosomes - ldeally,
target stages for the introduction of transgenes into the
genome of S. mansoni would be either the immature/
newly laid egg (where it contains only the single-celled
zygote prior to embryogenesis) or the early larval stages
(egg derived miracidia or miracidia derived sporocysts).
According to (Jurberg et al. 2009), S. mansoni eggs re-
main undeveloped when laid and contain the single cell
zygote that has not undergone any cleavage. In addition,
according to (Freitas et al. 2007), development of an im-
mature egg into a mature egg containing a miracidium
proceeds in vitro outside the female worm and takes
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about five days at 37°C. Therefore, to increase the prob-
ability of transforming the germ line introduction of
transgenes in the egg stage when the ratio of germ cells
to somatic cells is highest during the developmental cy-
cle would be optimal. Miracidia and sporocysts are also
attractive stages to target the germ line because at these
stages of development the schistosome exhibits a com-
paratively high germ to somatic cell ratio. The miracidia,
on average has ~20 germinal cells that are located at the
posterior of the larval fluke (Pan 1980). After penetrat-
ing the snail host, the miracidium discards its ciliated
epidermal plates, forms a new tegument and transforms
into a mother sporocyst (Olivier & Mao 1949, Pan 1996).
The mother sporocyst asexually produces 200-400 germ
balls from the 20 germinal cells of the miracidium (Pan
1980). Each of these germ balls develops into daughter
sporocysts that in turn produce thousands of cercariae.
The miracidia and sporocyst stage are also suitable for in
vitro cultivation (Grevelding 2006).

Transposable elements - Transposons are mobile ge-
netic elements that colonize the genomes of a variety of
organisms. Discovered by Barbara McClintock through
her studies of mutations in maize (McClintock 1950),
transposons move within and between genomes via a
process referred to as transposition. Transposons are
classified into two classes based on their mechanism of
transposition. piggyBac, a class I DNA transposon has
been used to mediate somatic transgenesis of S. mansoni
(Morales et al. 2007). DNA transposons move within the
genome via a “cut and paste” mechanism mediated by
a single or double stranded DNA intermediate and fa-
cilitated by a self encoded transposase enzyme. In addi-
tion to encoding transposase enzyme, autonomous DNA
transposons are characterized by the presence of termi-
nal inverted repeats (TIRs) (Feschotte & Pritham 2007).
Transposition is initiated when the transposase recog-
nizes the TIRs and excises the transposon. Depending
on the particular transposon and the transposase it en-
codes, the enzyme either arbitrarily or sequence specifi-
cally binds to a target site. The transposase then makes a
staggered cut producing sticky ends, excises the transpo-
son and ligates it into the target site. A DNA polymerase
fills in the resulting gaps from the sticky ends and DNA
ligase closes the sugar-phosphate backbone resulting in
target site duplication. DNA transposons can be classi-
fied into three groups: those that excise as double strand-
ed DNA and reinsert elsewhere in the genome, i.e., the
classic cut and paste transposons (Fig. 1) (Mann et al.
2008), helitrons that may use a mechanism similar to
rolling circle replication (Kapitonov & Jurka 2001) and
mavericks/politrons, for which the mechanism of trans-
position is not yet well characterized but may replicate
using a self encoded DNA polymerase (Kapitonov &
Jurka 2006, Pritham et al. 2007). [Notably, in nature,
parasitism appears to provide a bridge for dispersal of
transposons among phylogenetically unrelated host spe-
cies genomes (Gilbert et al. 2010).]

piggyBac - piggyBac, a lepidopteran class 11 DNA
transposon originally isolated from the genome of the
cabbage looper moth Trichoplusia ni (Fraser et al. 1983),

is a short inverted terminal repeat element that is 2.5 kilo-
bases (kb) in length with 13 bp inverted terminal repeat
sequences and a 2.1 kb open reading frame (Cary et al.
1989, Elick et al. 1996). Being a class II transposon, this
element moves via cut and paste transposition mediated
by a selfencoded transposase enzyme. Unlike other trans-
posons, piggyBac demonstrates precise excision upon
transposition (Cary et al. 1989, Fraser et al. 1996) as well
as an affinity for TTAA target sites (Fraser et al. 1996).
This element has been harnessed for somatic transgenesis
in a variety of model and pathogenic organisms including
Plasmodium falciparum (Balu et al. 2005), the planarian
Girardia tigrina (Gonzalez-Estévez et al. 2003), S. man-
soni (Morales et al. 2007) and mammalian cell lines, in-
cluding human cell lines (Wilson et al. 2007). piggyBac
is not known to be active in prokaryotic cells (Elick et al.
1996). In addition, piggyBac has facilitated stable herit-
able (germ line) transgenesis in various insects including
the Mediterranean fruit fly Ceratitis capitata (Handler
et al. 1998), the silkworm Bombyx mori L (Tamura et al.
2000), the pink bollworm Ectinophora gossypiella (Pelo-
quin et al. 2000), the oriental fruit fly Bactrocera dorsa-
lis and the malaria mosquito Anopheles stephensi (Nolan
et al. 2002). With the ability of piggyBac to jump within
phylogenetically diverse taxa and the successful somatic
transgenesis of S. mansoni (Fig. 2), this system has the

Structure and mechanism of transposition of class Il (DNA) transpons

TIR Tl
B [terasranon| TA e —feonoi ARG ——ET) TA o |,
= transposon
—— wonsposase  p——

systom
Helpar

Comm ] e com—

i —
Integration site / \ Excision site

E—
T ESS—

D [ integration and
DNA ropair

[T % [ Hostlcall chromosame . ==
i
DNA repair
T | 7

Fig. 1A: schematic representation of the structure and mechanism
of transposition of transposons. The terminal inverted repeats (TIR)
(black arrows) contain binding sites for the transposase (white ar-
rows). The element contains a single gene encoding the transposase.
The NH2-terminal part of the transposase contains a DNA binding
domain, followed by a nuclear localization signal. The COOH-ter-
minal part of the protein is responsible for catalysis, including the
DNA cleavage and rejoining reactions (not shown); B: schematic of
the donor cassette in which the transposase open reading frame has
been replaced with a reporter transgene driven by an endogenous pro-
moter; C: cut and paste mechanism of transposition. The transposase
initiates the excision of the transposon donor cassette with staggered
cuts and reintegrates it at the target integration site; D: the single-
stranded gaps at the integration site as well as the double-strand DNA
breaks in the donor DNA are repaired by the host DNA repair ma-
chinery. After repair, the target is regenerated at the integration site
in the host cell chromosome and at the site of excision from the donor
plasmid [adapted from Handler (2002), Miskey et al. (2005), Morales
etal. (2007) and Mann et al. (2008)].
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potential to achieve the vertical transmission of trans-
genes within the S. mansoni genome in both the sexual
and asexual phases of the lifecycle.

Investigations with human and mouse cell lines fur-
ther demonstrate the versatility of piggyBac as a vector
for the delivery of transgenes (Ding et al. 2005, Wilson et
al. 2007). piggyBac, unlike some other transposons (e.g.
the P element of Drosophila) is active in numerous spe-
cies from diverse phyla (Handler 2002, Sumitani et al.
2003). In addition, it has a high cargo capacity, endowing
the capacity to efficiently transpose transgenes ranging in
size from 9.1-14.3 kb without a reduction in transposition
frequency (Ding et al. 2005, Wilson et al. 2007). By con-
trast, sleeping beauty loses transposition efficiency with
larger transgenes (Karsi et al. 2001, Geurts et al. 2003).
piggyBac also appears to be unaffected by overproduc-
tion inhibition a phenomenon whereby an extremely high
ratio of transposase (helper) to the donor construct results
in a decrease in transposition efficiency and frequency
(Geurts et al. 2003, Zayed et al. 2004, Wilson et al. 2005).
Overproduction inhibition has been observed in mem-
bers of the Tcl/mariner family of transposons, including
sleeping beauty (Lampe et al. 1998).

Mos-1 mariner - Mos-1 mariner is a member of Tcl/
mariner superfamily. It is a small (1.3 kb) transposon that
is flanked by short inverted repeats sequence of 28 bp.
It was isolated originally from the fruit fly Drosophila
mauritania (Jacobson et al. 1986, Medhora et al. 1991)
and also been found in closely related species, including
Drosophila simulans and Drosophila sechellia (Capy
et al. 1991). It exhibits widespread natural distribution
- with orthologues known from nematodes, arthropods,
fish, dogs and humans (Plasterk et al. 1999). The Mos-1
mariner transposon gene encodes a single gene, trans-
posase, which is necessary for the transposition process
(Lampe et al. 1996). Transposition involves excision at
the donor site followed by insertion at the integration
target site. Mos-1 is capable of transposition in vivo in
the absence of host cell factors and in diverse species
including chicken (Sherman et al. 1998) and mouse em-
bryonic cells (Luo et al. 1998) and indeed Mos-1 mariner
appears to be transpositionally active in S. mansoni (YN
Alrefaei et al., unpublished observations).

Retroviral based transgenesis - Retroviral transgen-
esis offers a tractable method to introduce foreign genes
into schistosomes. In general, viral vectors are capable of
transducing > 90% of the cells to which they are exposed
while other non-viral transfection methods as those de-
scribed above are often much less proficient (Burns et al.
1993). Critically retroviruses such as gammaretroviruses
[e.g. murine leukemia virus (MLV)] and lentiviruses [e.g.
human immunodeficiency virus (HIV-1)] integrate into
the host cell chromosomes (Coffin et al. 1997). Retrovi-
ruses have been used to transfect, integrate and express
reporter genes in various complex organisms including
zebrafish, rhesus macaque, Xenopus (oocytes), newts,
mollusks, parasitic amoebae, mosquitoes and fruit flies
(Burns et al. 1994, 1996, Lin et al. 1994, Lu et al. 1996,
Matsubara et al. 1996, Franco et al. 1998, Jordan et al.
1998, Que et al. 1999, Boulo et al. 2000, Calmels et al.
2005). Moreover, transgenic cell lines from zebrafish,

dwarf surfclams and other complex species have been
established through this method (Lin et al. 1994, Lu et al.
1996). These successes indicated that retroviruses would
be good candidates as vectors to insert transgenes into
schistosome chromosomes.

Kines et al. (2006) demonstrated that the infectious
replication incompetent MLV retrovirus pseudotyped
with vesicular stomatitis virus glycoprotein (VSVG) was
capable of transfecting S. mansoni (Fig. 3). An MLV de-
rived vector, pLNHX, was modified to include a report-
er gene under the control of an endogenous schistosome
gene promoter. The constructs along with a plasmid en-
coding the VSVG gene were used to transfect GP2-293
packaging cells modified to express the MLV Gag and
Pol gene (Kines et al. 2006). Sporocysts, schistosomules
and adults of S. mansoni were exposed to the resulting
virions. Analysis by two-colour immunofluorescence,
southern hybridization and reverse transcription-poly-
merase chain reaction (RT-PCR) indicated successful
transduction of these schistosome developmental stages
by this retrovirus. A follow-up study confirmed that
VSVG-MLV could transduce blood-stage forms of S.
mansoni and demonstrated that the provirus integrates
into the schistosome genome with possible target site
preferences (Kines et al. 2008). This study also showed
that the S. mansoni actin promoter (Correnti et al. 2007)
can drive the reporter luciferase transgene.
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Fig. 2: southern hybridization analysis of piggyBac transposon inte-
gration into schistosome chromosomes. A: representation of the (BssS
1)-linearized pXL-BaclI-SmAct-Luc transposon construct. The trans-
poson cassette included the firefly luciferase reporter (gray arrow) fol-
lowed by the SV40 polyadenylation site (black box), driven by the schis-
tosome actin gene promoter (black arrow) and flanked by the piggyBac
terminal inverted repeats (white arrows); B: the structure of a piggy-
Bac-mediated integration site, depicting variable length fragments ex-
pected following Sph I digestion of gDNA from piggyBac-transformed
schistosomules. The luciferase probe (LUC) is indicated by a black bar;
C: ethidium-stained gel of gDNA from Schistosoma mansoni digested
with Sph I (left), southern hybridization of Sph I digested DNA (gDNA)
to the labeled LUC probe (right), size standards in kilobases (kb) (Lane
1), gDNA from control schistosomes (Lane 2), gDNA from schistoso-
mules after electroporation with donor piggyBac plasmid plus in vitro-
transcribed transposase mRNA (Lane 3), gDNA from schistosomules
seven days after electroporation with donor piggyBac plasmid alone
(Lane 4). [From Morales et al. (2007), with permission].
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In the studies of Kines et al. (2006) and Kines et
al. (2008), it is likely that the cells transduced by the
virions were tegumental and/or intestinal cells (Mann
et al. 2008). In order for heritable transmission to oc-
cur, germline transduction would have to have taken
place. The schistosome egg represents a potentially
advantageous developmental stage at which to direct
transgenes (Mann et al. 2011). Accordingly Kines et al.
(2010) proceeded to transduce schistosome eggs with
VSVG-pseudotyped MLV facilitated by electropora-
tion. These workers showed that square wave elec-
troporation was more effective in delivering VSVG-
pseudotyped Moloney MLV (MMLYV) into schistosome
eggs then passive soaking. Quantitative PCR analysis
revealed that schistosome eggs electroporated with
virions had several fold more copies of provirus than
eggs simply soaked in virions (Kines et al. 2010). This
analysis confirmed the potential of the schistosome egg
as a target for germ line transgenesis.

Although the studies by Kines et al. (2006, 2008,
2010) reported successful transduction and integra-
tion of transgenes in several S. mansoni developmen-
tal stages, the reporter genes were not especially large
(< 2 kb). To investigate the cargo capacity of MLV in
schistosomes, Yang et al. (2010) transduced S. japoni-
cum schistosomules with a longer transgene, human
telomerase reverse transcriptase (hTERT) gene that is
3.5 kb in length. RT-PCR, in situ hybridization immu-
nohistochemistry and immunoblot analysis determined
that S. japonicum can be successfully transduced with
VSVG-pseudotyped MMLV and that the MLV vector
can transport sizeable genes as cargo (Yang et al. 2010).
These findings also suggested a possible route to estab-
lishing immortalized cell lines from schistosome tissues
utilizing the oncogenic potential of hTERT. Retroviral
transgenesis for schistosomes is reviewed in greater de-
tail in Mann et al. (2008, 2010, 2011).

In summary, these findings confirmed that VSVG-
pseudotyped MMLYV is capable of integrating trans-
genes into schistosomes. Although the studies only
demonstrated somatic transgenesis, these findings
markedly enhance the likelihood that transgenic lines
of schistosomes will be a reality. In addition to MMLYV,
other retroviral vectors can be investigated for trans-
ducing schistosomes, including lentiviruses, which
have the ability to transduce non-dividing cells making
them attractive for transgenesis approaches for schis-
tosomes (Mann et al. 2008). Lentiviral vectors derived
from HIV-1 and feline immunodeficiency viruses have
been developed (Dull et al. 1998, Poeschla 2008) and
are commercially available.

RNAi and vector based RNAi - Along with the now
available draft genome sequences of two of the three
medically important schistosome species, S. japoni-
cum and S. mansoni (Berriman et al. 2009, Schistosoma
Jjaponicum Genome Sequencing and Functional Analysis
Consortium 2009), RNAi (Fire et al. 1998) has revolu-
tionized the world of functional genomics for schisto-
somes. This allows for among other things the ability
to identify potentially novel drug targets in a variety of
medically important organisms. It has been determined

that schistosomes possess the various components of
the RNAi machinery (Krautz-Peterson & Skelly 2008a),
(Verjovski-Almeida et al. 2003) and that RNA1 is active in
schistosomes. Previous studies in RNAI in schistosomes
targeted various enzymes and biochemical pathways in an
effort to elucidate their function and garner an overall bet-
ter understanding of these organisms. For instance, RNAi
has been used to disrupt the haemoglobin degradation
pathway by specifically targeting enzymes involved in
this process, cathepsin B (Correnti et al. 2005) and cathe-
psin D (Morales et al. 2008), both of which resulted in the
stunting of the growth of the parasites, underscoring the
importance of the pathway to the survival of the organism
and utility as a potential drug target (Correnti et al. 2005,
Delcroix et al. 2006, Krautz-Peterson & Skelly 2008b).
Other areas of schistosome biology investigated using
RNAI include water movement and drug uptake across
the parasite tegument, as well as various aspects of para-
site physiology and development (Faghiri & Skelly 2009).
As versatile a tool as RNAI is, its utility in functional
genomics is hampered by the fact that it is transitory in
nature (resulting in a temporary downregulation of gene
expression). In addition, it may be inaccessible to some
developmental stages and/or tissues of schistosomes.
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Fig. 3: schematic representation of retroviral replication and integra-
tion into a schistosome cell. After entering the cell, the retrovirus
RNA genome is reverse transcribed into double-stranded DNA by
reverse transcriptase (RT) present in the virion. The DNA copy mi-
grates to the cell nucleus and integrates into the host genome as the
provirus. Viral mRNAs are transcribed from proviral DNA by host
cell enzymes in the nucleus. Both spliced and unspliced mRNAs are
translated into viral proteins in the cytoplasm. The capsid precursor
protein, Gag, and RT are translated from full-length RNA. The gly-
coproteins are translated from spliced mRNA and transported to the
cell plasma membrane. Immature virions containing Gag, RT and the
genome RNA assemble near the modified cell membrane. [Adapted
from Strauss and Strauss (2002)].
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Conventional RNAi using dsRNA frequently leads
to transient gene silencing and, in addition, may be inac-
cessible to some developmental stages and/or tissues of
schistosomes. Vector based RNAi approaches that lead to
integration of transgene encoding cassettes that express
short interfering RNAs can circumvent deficiencies with
exogenous RNAi approaches by providing continuous
and/or conditional gene silencing (Brummelkamp et al.
2002, ter Brake et al. 2006). It was recently demonstrated
that MLV encoding long hairpin RNAs, ~120 bp long,
driven by a RNA polymerase II promoter (S. mansoni
actin) targeting S. mansoni cathepsin B in adult worms
delivers strong silencing (Tchoubrieva et al. 2010). On
the other hand, in many species, including insects, mam-
mals, birds and pathogenic protozoa, Pol III promoter-
based DNA vectors have been employed to express small
interfering RNA or short hairpin RNA (shRNA) (=21 bp
long) (Brummelkamp et al. 2002, Wakiyama et al. 2005).
Aiming to establish vector-based RNAi driven by a Pol 111
promoter, Ayuk et al. (2011) cloned S. mansoni and human
U6 gene promoters (~270 bp) into pLNHX driving shR-
NA targeting firefly luciferase. These workers targeted
luciferase because the effect of RNAi against luciferase
can be readily discerned (in contrast to many endogenous
genes) (Rinaldi et al. 2008, Ayuk et al. 2011). The findings
reveal that the putative S. mansoni U6 gene promoter of
270 bp in length is active in schistosomes. Given that the
U6 gene promoter drove expression of shRNA from an
episome, the findings also indicate the potential of this
putative RNA polymerase I1I dependent promoter as a
component regulatory element in vector-based RNAi for
functional genomics of schistosomes. Together the re-
cent reports from Tchoubrieva et al. (2010) and Ayuk et
al. (2011) demonstrate that vector based RNAI utilizing
integration-competent and/or episomal vectors that carry
transgene cassettes that include Pol II or Pol III promot-
ers can provide sustained endogenous gene knockdown
in schistosomes. This technology can be expected to find
wide utility in functional genomics for schistosomes.

Outlook - Significant progress has been made in schis-
tosome transgenesis (Grevelding 2006, Beckmann et al.
2007, Morales et al. 2007, Kines et al. 2008, 2010, Yang et
al. 2010, Tchoubrieva et al. 2010, Ayuk etal. 2011, Rinaldi et
al. 2011). Although the establishment of transgenic schisto-
some lines remains to be reported, transgene integration in
the germ cells holds the promise for development of lines
of transgenic schistosomes. Strategies for integrating con-
structs into the germ cells still need further development.
Two methods now proven to insert transgenes into schisto-
some chromosomes, MLV retroviral mediated transgen-
esis and piggyBac transposon mediated transgenesis, have
been successfully utilized for stable germ line transgen-
esis in vertebrate and invertebrate organisms (Burns et al.
1994, Franco et al. 1998, Jasinskiene et al. 1998, Jordan et
al. 1998, Boulo et al. 2000, Gonzalez-Estévez et al. 2003,
Balu et al. 2005). These findings suggest that establish-
ment of stable heritable lines of transgenic schistosomes
could be achieved in the not too distant future. If so, schis-
tosome transgenesis can be expected contribute substan-
tially to functional genomics analysis of schistosomes.
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