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MosqGuide

Guide to GM Insect literature

1 Transgenic mosquitoes
General reviews:

(Alphey, 2009) Short review outlining several approaches to use of mosquito genetic
engineering for disease control, including population suppression/population replacement
and self-limiting/self-sustaining methods.

(Alphey et al., 2002)

(Knols et al., 2007) Opinion piece. Argues for international coordination of introduction and
use of GM mosquitoes for disease control.

(Catteruccia, 2007) Review of molecular genetic research in Anopheles mosquitoes,
including transgenic mosquitoes.

(James, 2007) Video interview with Tony James. Discusses various aspect of potential use
of transgenic mosquitoes.

(Marshall and Taylor, 2009) John Marshall and Charles Taylor review recent advances in the
development of transgenic mosquitoes for malaria control.

(Gould and Schliekelman, 2004)
(Curtis, 1994)

(Knols and Louis, 2006) Proceedings of the joint WHO/TDR, NIAD, IAEA and Frontis
workshop on bridging laboratory and field research for genetic control of disease vectors,
Nairobi, Kenya 14-16 July 2004

(Olson et al., 2006)
(Wimmer, 2003)

1.1 Transformation
Reviews:

(Atkinson et al., 2001)
(Handler, 2002)

Primary literature:



MosqGuide GM Insect Literature 2

(Catteruccia et al., 2000) First transformation of Anopheles stephensi. Used Minos.
(Allen et al., 2001) First transformation of a Culex mosquito.

(Miller et al., 1987) First genetic transformation of Anopheles gambiae. Used a P element
vector but insertion appears not to have been transposon-mediated and does not form a
reliable or reproducible method.

(Morris et al., 1989) Transformation of Aedes aegypti with P element plasmids. Integration
not easily reproducible; probably not transposon-mediated.

(Jasinskiene et al., 1998) One of a pair of papers describing the first transformation of a
mosquito (Aedes aegypti). This paper uses Hermes; Coates et al 1998 PNAS used
mariner).

(Coates et al., 1998) One of a pair of papers describing the first transformation of a mosquito
(Aedes aegypti). This paper uses mariner; Jasinskiene et al 1998 PNAS used Hermes).

(Jasinskiene et al., 2003) Shows cre-loxP recombination system works in Aedes aegypti for
site-specific excision of chromosomal insertion. Did not detect excision with FLP/FRT in
similar experiments.

(Grossman et al., 2001) First transposon-mediated transformation of Anopheles gambiae.
(Perera et al., 2002) First transformation of Anopheles albimanus.

(Nimmo et al., 2006) First description of a site-specific integration system in a non-
Drosophila insect. Phage C31 integrase system in the mosquito Aedes aegypti.

(Kokoza et al., 2001) Transformation of Aedes aegypti using piggyBac.

(Lobo et al., 2002) Transformation of Aedes aegypti using piggyBac

(Lobo et al., 2006) Optimised protocols for mosquito transformation

(Lycett et al., 2004) Conditional expression in Anopheles stephensi with Tet-on and Tet-off
(Nolan et al., 2002) piggyBac-mediated transformation of Anopheles stephensi

(Pinkerton et al., 2000) EGFP as transformation marker in Aedes aegypti

(Rodrigues et al., 2006) First transformation of Aedes fluviatilis. Used piggyBac.

(Smith et al., 2007) Fluorescent-labelled sperm in Aedes aegypti.

1.2 SIT/RIDL
Sterile insect methods

Reviews:

(Alphey et al., 2010) Comprehensive review of sterile-insect methods for mosquito control.
Includes use of Wolbachia, genetic engineering (including RIDL) and other advance. Poses
and addresses a series of specific questions about sterile-insect methods.
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(Alphey et al., 2008) Open access review on sterile-insect methods, esp RIDL, for vector
(mosquito) control

(Catteruccia et al., 2009) Review of potential use of transgenic methods for inducing ‘genetic
sterility' in mosquitoes for sterile-insect methods (replacing radiation). Negative impact of
radiation is noted. Focuses on the authors' research interests: genetic sexing by sex-limited
expression of a fluorescent protein;, embryo-specific RIDL and dominant male sterility (I-
Ppol)

(Alphey, 2000) Early, accessible, review of RIDL
(Alphey, 2002)

(Alphey, 2007) Review of the potential application of transgenic methods to SIT. RIDL.
Focuses primarily on agricultural insects.

(Alphey and Andreasen, 2002) Review of SIT-RIDL for mosquitoes. Now partially
superseded by Alphey, Nimmo, O'Connell and Alphey (2008) [Chapter in Aksoy book] and
Alphey, Benedict et al (2010) Vector-Borne and Zoonotic Disease

(Wilke et al., 2009) Evaluates classical and transgenic SIT (RIDL) for Aedes aegypti control.
Concludes that RIDL would be a valuable component of an integrated control program.

Primary literature:

(Windbichler et al., 2008) Expressed the homing endonuclease I-Ppol in male germiline of
Anopheles gambiae. Intended to get X-shredding and male bias in progeny. Observed
complete dominant male sterility. Molecular data indicate some preferential cutting of X
chromosome. Lack of male progeny may be due to carry-over of enzyme to embryos.

(Phuc et al., 2007) Show by mathematical modelling that late-acting lethality would be
advantageous in sterile male (RIDL/SIT) control of mosquitoes. Construct a transgenic
strain of Aedes aegypti with the necessary repressible, late-acting dominant lethality.

(Fu et al., 2010) Develop a conditional female-specific flightless strain for sterile-male
(RIDL/SIT) control of Aedes aegypti.

(Fryxell and Miller, 1995) Early proposal to use conditional lethals for insect population
control. Focused on a cold-sensitive allele of Notch.

1.2.1 Genetic sexing
Reviews:

(Papathanos et al., 2009)
Primary literature:

(Catteruccia et al., 2005) Describes transgenic Anopheles stephensi mosquitoes expressing
fluorescent protein in their gonads and sperm. Allows sex-separation based on gonadal
fluorescence from late larval stage.
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1.3 Refractory genes/constructs
General reviews

(Dimopoulos, 2007) Video interview with George Dimopoulos. Discusses refractory genes
and transgenic mosquitoes.

1.3.1 Molecular
Reviews:

(James, 2002)
Primary literature:

(Franz et al., 2006) Expression of a hairpin RNA from dengue-2 confers good refractoriness
(resistance) to dengue-2 virus in transgenic Aedes aegypti.

(Moreira et al., 2002) Describes construction of transgenic Anopheles stephensi mosquitoes
refractory to transmission of a rodent malaria due to expression of a bee venom
phospholipase. Later shown to impose significant fitness penalty (Moreira et al Genetics
2004); may be possible to overcome this by modifying the phospholipase.

(Rodrigues et al., 2008) Describes use of mutated (enzymatically inactive) version of bee
venom PLA, to confer refractoriness to Plasmodium berghei in Aedes fluviatilis. No fitness
cost was observed, in contrast to previous study with unmodified PLA, (Moreira et al JBC
2002 and Moreira et al Genetics 2004).

(Ito et al., 2002)

1.3.1.1 Promoters
Primary literature:

(Abraham et al., 2005) Describes use of promoter fragment from Anopheles gambiae adult
peritrophic matrix protein 1 (AgAper1) to drive expression in midgut of transgenic
mosquitoes. With PLA2, gave ~80% reduction in (refractoriness to) P. berghei oocyst
formation.; Moreira et al., 2000) Describes use of promoter fragments from Aedes aegypti
and Anopheles gambiae carboxypeptidase genes to drive blood meal-inducible midgut
expression in transgenic Aedes aegypti.

(Lycett et al., 2004) Conditional expression in Anopheles stephensi with Tet-on and Tet-off
(Lai et al., 1991)

1.3.1.2 Effectors (not full refractory systems)
Reviews:

(James, 2002)
Primary literature:
(Capurro et al., 2000)

(Kim et al., 2004)
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1.3.2 Theory only

1.4 Gene drivers
General reviews:

(James, 2007) Video interview with Tony James. Discusses various aspect of potential use
of transgenic mosquitoes.

(Sinkins and Gould, 2006)
(Braig and Yan, 2001)
(James, 2005)

(Curtis et al., 2006)
(Boéte and Koella, 2002)

1.4.1 Molecular and theory
Reviews:

Primary literature:
(Chen et al., 2007) Synthetic MEDEA-like gene drive system in Drosophila melanogaster.

(Adelman et al., 2007) A mariner/Mos1 transposon expressing Mos1 transposase under
control of a nanos-derived promoter fragment in Aedes aegypti can mobilise injected Mos1
transgenes but not itself.

1.4.2 Theory only
Reviews:

Primary literature:

(Medlock et al., 2009)

(Marshall, 2009)

(Marshall, 2008) Models spread of a transposon-based gene drive system
(Li, 2004)

(Curtis, 1968)

(Davis et al., 2001)

(Rasgon, 2009)

(Burt, 2003) Potential uses of engineered strains carrying homing endonucleases for
manipulating wild populations.
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(Marshall, 2008) Models spread of a transposon-based gene drive system
(Struchiner et al., 2005) Models invasion and spread of autonomous transposons.

1.5 Other
Reviews:

Primary literature

(Alphey et al., 2009) Follows Alphey et al JEE (2007); describes potential use of release of
engineered insects, e.g. RIDL, to manage actual or potential resistance to other
interventions. Explores a wider range of scenarios, primarily in the context of Bt crops.

(Alphey et al., 2007) Describes the potential use of released engineered insects, e.g. female-
specific RIDL, to manage potential or actual resistance against other interventions, e.g. Bt
crops.

Opinion:
(Benedict and Robinson, 2003)

(Knols et al., 2007) Opinion piece. Argues for international coordination of introduction and
use of GM mosquitoes for disease control.

1.5.1 Molecular

1.5.1.1 Stability
Reviews:

Primary literature:

(Franz et al., 2009) Describes loss of refractoriness over time in a transgenic line of Aedes
aegypti expressing a hairpin RNA derived from dengue-2. Transgenic line originally
described by Franz et al PNAS (2006).

(Sethuraman et al., 2007)
(O'Brochta et al., 2003)

(Adelman et al., 2007) A mariner/Mos1 transposon expressing Mos1 transposase under
control of a nanos-derived promoter fragment in Aedes aegypti can mobilise injected Mos1
transgenes but not itself.

(Adelman et al., 2004) Describes a single non-canonical insertion event of a piggyBac-based
construct in Aedes aegypti. Multi-copy array including transposase helper. Array is
unstable; possibly due to recombination events.

1.5.1.2 Fitness
Reviews:
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(Marrelli et al., 2006) Reviews literature on laboratory studies of fitness costs for transgenic
insects. Concludes that strains with low fitness costs can be constructed; fitness cost is not
an unsurmountable obstacle to beneficial field use of transgenic insects.

(Scott et al., 2002)
(Scott et al., 2008)
Primary literature:

(Catteruccia et al., 2003) Examined some aspects of fitness of four lines of transgenic
mosquitoes. Concluded fitness was poor. This study has been taken to mean that all
transgenic mosquitoes will have poor fitness/performance, but this conclusion would be
inappropriate due to (i) low number of lines studied and (iij) confounding effects of
inbreeding. Irvin et al (PNAS 2004)is a similar study with similar limitations. Several papers
from Marcelo-Lorena lab and others demonstrate opposite. Marrelli et al (TiPS 2006)
discuss.

(Marrelli et al., 2007) Transgenic refractoriness to Plasmodium can confer a net fitness
advantage. Effect considered by others to be restricted to specific lab circumstances only
(e.g. Lambrechts et al 2008) and not to remove need for gene driver.

(Lambrechts et al., 2008) Commentary, with additional modelling, on Marelli et al (Jacobs-
Lorena) PNAS paper indicating that malaria refractoriness can provide an overall fitness
advantage. Conclude that gene driver will still be required.

(Lai et al., 1991)

(Rodrigues et al., 2008) Describes use of mutated (enzymatically inactive) version of bee
venom PLA, to confer refractoriness to Plasmodium berghei in Aedes fluviatilis. No fitness
cost was observed, in contrast to previous study with unmodified PLA, (Moreira et al JBC
2002 and Moreira et al Genetics 2004).

(Moreira et al., 2004) Examines fitness of two sets of transgenic mosquitoes engineered for
refractoriness to malaria (Plasmodium berghei). Shows that transgenics expressing SM1
have no significant fitness reduction whereas PLAZ2 imposes a cost. Later (Rodrigues et al
IMB 2008) showed that mutating PLAZ2 to remove enzyme activity removes this fitness cost
while retaining anti-plasmodium activity.

(Howell and Benedict, 2009) Observed no effect of a transgene on fitness of Anopheles
arabiensis.

(Huho et al., 2007) Comparison of fitness of wild and lab-reared (non-transgenic) Anopheles
mosquitoes.

(Santos et al., 2010) Fitness studies on mPLA, transgenic mosquitoes (Aedes fluviatilis).
Found slightly increased body size, no change in insecticide resistance.

(Morrison et al., 2009) Mating competitiveness of a RIDL strain of Medfly (Ceratitis capitata)
in field cage.
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1.5.2 Cost-effectiveness
Reviews:

Primary literature:

(Atkinson et al., 2007) Analyses the effectiveness and cost-effectiveness of RIDL/SIT for the
control of dengue; concludes that it is an attractive strategy.

(Rafikov et al., 2009)
(Thomé et al., 2010)

(Esteva and Mo Yang, 2005)

2 Other transgenic insects

2.1 Transformation
Reviews:

(Handler and James, 2000)
(O'Brochta and Handler, 2008)
Primary literature:

(Loukeris et al., 1995) First transformation of a non-Drosophila insect (Medfly, Ceratitis
capitata). Used Minos

(Sarkar et al., 2006)

(Allen et al., 2004) First transformation of the New World screwworm, Cochliomyia
hominivorax. Used piggyBac.

(Berghammer et al., 1999) First transformation of a coleopteran (Tribolium castaneum).
Used piggyBac and an eye-specific marker (3xP3).

(Condon et al., 2007) First transformation of the Mexican fruit fly Anastrepha ludens. Used
piggyBac.

(Gong and Golic, 2003) Homologous recombination/integration system in Drosophila
melanogaster.

(Handler and Harrell, 2001) DsRed better than EGFP
(Handler and Harrell, 2001) First transformation of Anastrepha suspensa, used piggyBac.

(Handler and McCombs, 2000) Transformation of the Oriental fruit fly Bactrocera dorsalis.
Used piggyBac; insertions appeared stable despite presence of endogenous elements.

(Handler et al., 1998) Transformation of Medfly (Ceratitis capitata) with piggyBac.
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(Hediger et al., 2001) First transformation of the house fly Musca domestica; used piggyBac.

(Horn et al., 2003) piggyBac-based constructs for transposon mutagenesis, esp enhancer
trap. Tested in Drosophila melanogaster but may be suitable for other species.

(Horn et al., 2002) Transformation markers: fluorescent proteins expressed under control of
eye-specific 3xP3 enhancer.

(Koukidou et al., 2006) First transformation of the olive fly Bactrocera oleae. Used Minos.

(Li et al., 2005) Minimum cis-acting piggyBac sequences needed for efficient germline
transformation.

(Lorenzen et al., 2003) piggyBac-based enhancer-trap and remobilisation in Tribolium.
Shorter piggyBacs showed higher transformation efficiency than long ones (Table 1)

(Lorenzen et al., 2007) Tools for transposon-based mutagenesis in Tribolium castaneum

(Peloquin et al., 2000) First transformation of a lepidopteran (pink bollworm, Pectinophora
gossypiella). Used piggyBac.

(Schetelig et al., 2009) Site-specific recombination in Medfly (Ceratitis capitata) using phage
C31 integrase system (see Nimmo et al IMB 2006 and Groth et al Genetics 2004).

(Scolari et al., 2008) Fluorescent-labelled sperm in Medfly (Ceratitis capitata)

(Sumitani et al., 2003) First transformation of a Hymenopteran (sawfly, Athalia rosae). Used
piggyBac.

(Tamura et al., 2000) First transformation of the silkworm Bombyx mori. Used piggyBac.

2.2 SIT/RIDL
Reviews:

(Simmons et al., 2007) Prospects and progress for use of engineered pink bollworm for
area-wide control

(Alphey, 2007) Review of the potential application of transgenic methods to SIT. RIDL.
Focuses primarily on agricultural insects.

Primary literature:

(Thomas et al., 2000) First description of RIDL (Release of Insects carrying a Dominant
Lethal genetic system). Theory and proof-of-principle strain construction in Drosophila
melanogaster.

(Gong et al., 2005) Bisex-lethal RIDL system and strains for Medfly (Ceratitis capitata),
based on tetracycline-repressible positive feedback system.

(Horn and Wimmer, 2003) Embryo-specific-lethal tetracycline-based lethal system in
Drosophila melanogaster.
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(Schetelig et al., 2009) Attempt to develop embryo-specific-lethal strains of Medfly (Ceratitis
capitata) similar to those of Horn and Wimmer (Nat Biotech 2003). Achieved embryonic
lethality, but not strictly embryo-specific. Strain appeared competitive in cage studies.

(Fu et al., 2007) Use of alternative splicing for combinatorial control of gene expression.
Developed a female-specific RIDL system in Medfly (Ceratitis capitata)

2.2.1 Genetic sexing
Reviews:

(Marec et al., 2005) Proposes various methods for genetic sexing in Lepidoptera using
classical and/or transgenic methods

(Saccone et al., 2007) Discusses genetic sexing in Medfly (Ceratitis capitata) by female-to-
male transformation using conditional knockdown of Cctra.

Primary literature:

(Christophides et al., 2001) Unsuccesful attempt to engineer sex-specific differential ethanol
resistance in Medfly (Ceratitis capitata).

(Condon et al., 2007) Genetic sexing through the use of Y-linked transgenes (Medfly,
Ceratitis capitata)

(Heinrich and Scott, 2000) Tetracycline-repressible female-specific lethal genetic system in
Drosophila melanogaster as model for genetic sexing system for SIT.

2.3 Other
2.3.1 Molecular

2.3.1.1 Stability
Reviews:

Primary literature:

(Dafa’alla et al., 2006) A method for post-integration removal of transposon sequences to
generate transposon-free chromosomal insertions. Demonstrated in Medfly (Ceratitis
capitata)

(Handler et al., 2004)

(Lozovsky et al., 2002) Engineered mariner elements are extremely stable in Drosophila,
much more so than native elements, even when exposed to transposase.

(O'Brochta et al., 2003)

(Sethuraman et al., 2007)
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2.3.1.2 Fitness
Reviews:

Primary literature:

(Allen et al., 2004) Transgenic screwworm (Cochliomyia hominivorax) have no apparent
reduction in larval fitness relative to wild type (8 strains).

2.3.2 Use and Cost-effectiveness
Reviews:

(Miller, 2007) Transgenesis and paratransgenesis - economic, political and regulatory
difficulties of introducing a new beneficial technology

Primary literature:

(Alphey et al., 2007) Describes the potential use of released engineered insects, e.g. female-
specific RIDL, to manage potential or actual resistance against other interventions, e.g. Bt
crops.

(Alphey et al., 2008)

(Alphey et al., 2009) Follows Alphey et al JEE (2007); describes potential use of release of
engineered insects, e.g. RIDL, to manage actual or potential resistance to other
interventions. Explores a wider range of scenarios, primarily in the context of Bt crops.

(Schliekelman and Gould, 2000) Models use of female-killing transgenes for pest control.

(Schliekelman and Gould, 2000) Models use of conditional lethal (e.g. temperature-sensitive)
transgenes for pest control.

(Schliekelman et al., 2005) Models use of sex-ratio distorting transgenes for pest control.

(Tomita et al., 2003) Use of transgenic silkworm as protein factories.

3 Mosquito biology

Relevant to risk assessment
(ECDC, 2009) Development of Aedes albopictus risk maps for Europe

(Hemingway et al., 2002) Overview of insecticide resistance

3.1 Ecology
Reviews:

(Pates and Curtis, 2005)
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3.1.1 Dispersal
Reviews:

(Service, 1997)

(Reiter, 2007) "Skip oviposition" and implications for control

Primary literature:

(Reiter, 1998) Suggests that Aedes albopictus may have spread via trade in used tyres.

3.1.2 Mating biology
Reviews:

(Howell and Knols, 2009)
(Takken et al., 2006)
Primary literature:
(Ng'habi et al., 2008)
(Okanda et al., 2002)
(Tripet et al., 2003)

3.1.2.1 Mating songs
Primary literature:

(Pennetier et al., 2009) ‘Mating songs' based on wing-beat frequency may allow mate
recognition and potentially assortative mating in Anopheles gambiae.

(Warren et al., 2009) Sexual recognition through matching of flight-tone harmonics in Culex
mosquitoes

(Gibson and Russell, 2006) Toxorhynchites brevipalpis mosquitoes match wing-beat
frequency during courtship.

(Cator et al., 2009) Male and female Aedes aegypti detect potential partner's wingbeat
frequency and adjust as part of courtship.

(Tripet et al., 2004)

3.1.3 Inter- and intra-species interactions
Reviews:

(Juliano, 2007) Reviews mosquito population dynamics and implications for control,
especially biological control

(Juliano, 2009) Reviews ecological interactions between mosquito species

Primary literature:
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(Zhong et al., 2006)

(Dye, 1984) Models density-dependence in Aedes aegypti, largely based on data from
Southwood (1972) Thailand studies.

(Legros et al., 2009) Revisits Dye's 1984 model of density-dependence in Aedes aegypti;
suggests reduced importance of density dependence.

(Southwood et al., 1972) Classic study of Aedes aegypti ecology. Used by many later
analyses and models (e.g.) of larval density-dependence (e.g. Dye, 1984, Legros et al 2009)

(Menge et al., 2005)

3.1.4 Predators and prey
(Blum et al., 1997)

3.1.5 Toxicity of Green Fluorescent Protein
(Richards et al., 2003)

3.2 Monitoring
Reviews:

(Service, 1993)

(Focks and Alexander, 2006)
(Focks, 2003)

(Hagler and Jackson, 2001)

(Silver, 2008)

4 Existing guidance

4.1 Review / commentary

(Angulo and Gilna, 2008a) Suggests that regulation of GM insects with self-sustaining ("self-
spreading") genetics, i.e. gene drive would be extremely difficult, in contrast to self-limiting
(e.g. genetically sterile) strains.

(Angulo and Gilna, 2008b) Suggests that regulation of GM insects with self-sustaining ("self-
spreading") genetics, i.e. gene drive would be extremely difficult, in contrast to self-limiting
(e.g. genetically sterile) strains.

(Benedict et al., 2008) Guidance for contained field trials of GM mosquitoes with a gene
drive system

(Curtis, 2002)

(Malcolm et al., 2009) Field site selection for Anopheles arabiensis control by radiation-
based SIT. Sudan vs La Réunion.



MosqGuide GM Insect Literature 14

(Beech et al., 2009) Large UNDP-sponsored group with extensive DEC representation
examined three hypothetical release strains/strategies.

(Beech et al., 2009) Review of current (2009/10) initiatives relating to biosafety, risk
assessment/management and ESC aspects of potential use of transgenic mosquitoes for
disease control.

(Pew Initiative on Food and Biotechnology, 2004) Highlighted some policy issues including
potential gaps or uncertainties in US regulatory framework. Led to 2004 Pew conference
"Biotech Bugs".

(Pew Initiative on Food and Biotechnology, 2004) Proceedings of the conference following
the Pew Initiative's 2004 "Bugs in the system?" report on GM insects

(Mumford et al., 2009) Introduction to Mosqguide, a WHO-TDR sponsored initiative to
develop guidance on the potential deployment of genetically modified (GM) mosquitoes to
control vector borne diseases

(Wozniak, 2007)

(IAEA, 2006) Proceedings of a meeting in Rome (April 2002). Early, but now somewhat
outdated discussion of uses and risk assessment of GM arthropods.

4.2 Primary text
(NAPPO, 2007) North American Plant Protection Organization (NAPPO) standard for
importation and confined release of GM arthropods

(American Committee of Medical Entomology, 2003) Arthropod containment Guidelines
(USA)

(USDA, 2001) 2001 Environmental Assessment (EA) of transgenic pink bollworm
(USDA, 2006) 2006 Environmental Assessment (EA) of transgenic pink bollworm

(USDA, 2008) Final Environmental Impact Statement (EIS) on use of genetically engineered
fruit fly and pink bollworm

(USDA, 2009) Record of Decision regarding the Final Environmental Impact Statement
(FEIS) on the use of genetically engineered fruit fly and pink bollworm. “After a thorough
evaluation of the potential impacts of the alternatives considered in the FEIS, APHIS has
decided to integrate the use of genetically engineered insects into the sterile insect
technique used in agency plant pest control programs.”
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