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Preface to the 2nd Edition

There have been a few pivotal technology advances that have facilitated the development of
technologies for genetic engineering of insects; for example, the identification of trans-
posons such as piggyBac and Minos that have a wide host range; and the development of
fluorescent protein marker genes. More often, improvements in germline transformation
efficiency are due to small incremental steps such as changes in needle design and embryo
handling.

Since the publication of the first edition of this volume, there has been one game-changing
technology, CRISPR/Cas, which has revolutionized genetic manipulation of insect genomes.
Few chapters in this book do not mention the use of CRISP/Cas, which is used in many dis-
parate ways, from creating knock-ins and knockouts to gene drives. The rapid development
in the latter has led us to include several new chapters in this edition, on gene editing and
gene drive technology. The chapters on the considerations for release of transgenic insects
have been updated to consider gene drive in addition to reviewing the experience gained
from several open field trials that have been performed over the past few years.

Germline transformation and gene editing of some insects remains a major challenge.
Delivery of DNA to create modifications has also advanced in the form of Receptor-Mediated
Ovary Transduction of Cargo, known as ReMOT Control. Particularly for species with
embryos that are difficult to microinject, this allows a simple method for gene editing. In
addition to a chapter on CRISPR/Cas9 gene editing, we have included a chapter on RNAi as
this remains a very useful technology for targeted control of gene expression.

While there is much excitement around gene drive technology, researchers have con-
tinued to develop, improve and test insects carrying tetracycline-repressible female-lethal
genes, which is also known as fs-RIDL®. Consequently, the chapters on fs-RIDL® have been
retained and updated. Similarly, the chapters on paratransgenic control of insects have been
updated as this remains a promising approach, particularly for species that are difficult to
transform, such as tsetse fly.

We have also included a chapter on a non-insect: ticks. While germline transformation
has not been achieved, many of the tools that are described elsewhere are relevant for ticks.
Furthermore, their human and animal health importance make the content a good fit for
those interested in this volume.

XXi
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xXii Preface to the 2nd Edition

We hope that readers will appreciate that transgenic technology sometimes inches
forward but that many of the chapters in this book reflect those less-frequent leaps. For
those readers at the early stages of their careers, the wide availability of reference genomes
and the refinement of germline transformation and gene editing technologies make this a
wonderful time for basic and applied research on insect genetics.
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Preface to the 1st Edition

The advent of transgenic modification of model eukaryotes, particularly Drosophila melanogaster,
stimulated expansion into species that are of particular intrinsic scientific interest, but
more so into those that have industrial potential or whose pestiferousness might be miti-
gated by novel genetic approaches. Not surprisingly, species that are of high importance to
public health and agriculture occupy prominent places. The ostensible raison détre of such
explorations is invariably developing an insect for a control or industrial application, though
healthy scientific curiosity surely plays a role. Many of the molecular tools developed in
model organisms have now been transferred to such non-model insects. As the reader will
appreciate after reading even a few chapters of this volume, such transitions are often not
made seamlessly but require specific modifications to obtain satisfactory results in the spe-
cies of interest.

In the early days of Drosophila transgenesis when ‘Rubin and Spradling’ and ‘Spradling
and Rubin’ were on every aspiring insect molecular biologist’s tongue, I was awed by the
seemingly unlimited potential that the diverse gene-regulation systems and effector com-
binations offered to modify insect phenotypes. The permutations seemed more than suffi-
ciently numerous that any imaginable phenotype could be devised and engineered. While
that expectation was naive, some of the potential has in fact been realized, but not without
considerable effort.

Delivering control and industry-ready transgenic insects especially is a difficult and
often-perplexing enterprise. Great progress has been made in silkworm transgenesis, owing
in part to the large number of strains that are maintained and the commercial potential for
producing male-only strains and strains producing modified silk. Tephritid fruit flies have
also enjoyed remarkable success in transgenic applications owing in part to the control
applications that could clearly result, the ease of transformation compared to many other
non-model species and the existence of genetic control programmes that are a natural entrée
for transgenic improvements. The prior existence of non-transgenic sterile insect
programmes has also been a factor that opens the door for rapid adoption of transgenic
screwworm, blowflies and pink bollworm.

In my own field, mosquito biology, considerable transgenic insect work has resulted in
only one transgenic mosquito that I consider a ‘complete package’ that has been released in
the field for control purposes. Even that was made possible only by an intrinsic feature of
Aedes aegpti that allows one to eliminate females mechanically by size rather than using
transgenic technology. It is likely that if this technology, RIDL’, were applied to a major
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XXiv Preface to the 1st Edition

malaria vector, Anopheles gambiae, that the inability to separate sexes en masse would mean
a dead end for the application until some capacity to do so were developed. The versatility of
the technology should not be underestimated however: the same technology has been
adapted to several agricultural pests.

Some barriers to implementation of transgenic approaches to reduce pestiferousness
are due to lack of knowledge and may be eliminated progressively by further research in gen-
etics and molecular biology. The mechanisms of pathogen resistance, sex determination and
gene modulation are all insufficiently understood in species of interest that they restrain
transgenic applications. With time, research will reduce many of these barriers.

Other limitations are less amenable to a molecular biology solution. Large numbers of
insect colonies of some species are simply difficult to maintain. Some require development
of special skills to inject DNA into embryos without killing them. To reduce such hurdles,
supporting technologies in manipulation, stock-keeping and embryo cryopreservation must
advance before the full potential is realised. Tsetse flies develop a single larva at a time
in utero, making creating transgenic insects problematic. Paratransgenesis avoids this and
other challenges by utilizing the wealth of molecular tools available for bacteria and circum-
venting the need to create transgenic insects at all.

The creativity of scientists has and will result in transgenic and paratransgenic insect
‘products’ that — if they ever leave the laboratory — will face the more poorly defined require-
ments of acceptability, economy and regulatory compliance. The international mosaic of
attitudes, agreements and applications makes this difficult territory for scientists who are
accustomed to thinking of the next grant or manuscript and are not trained to navigate
these shifting and confusing channels.

Even a perusal of this volume will impress upon the reader that the remarkable advances
in insect transgenesis offer yet-undeveloped exciting prospects, frustrating difficulties and
complex social implications. It is my hope that the contents will present not only technical
information but will provide some familiarity with the breadth of issues that insect trans-
genesis involves. In my experience, scientists who are developing this technology wish to see
its benefits realized in a safe and transparent way for the improvement of human welfare
and environmental quality. To the extent that this collection accomplishes this, it has
achieved its objectives.

Mark Q. Benedict
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1 Transposon-Based Technologies
for Insects

David A. O’Brochta*
Department of Entomology, University of Maryland, College Park

1.1 Introduction

Insect science has benefited greatly from the
variety of technologies created from trans-
posons since their first use to develop
germline transformation technology in the
early 1980s (Rubin and Spradling, 1982;
Spradling and Rubin, 1982). They have not
only enabled the deep exploration of basic
insect biology but have also enabled and
continue to enable the development of new
technologies for controlling and eliminating
unwanted populations of insects of agricul-
tural and public health importance (Gorman
etal., 2016; Asadi et al., 2020; Shelton et al.,
2020). After briefly reviewing the trans-
posons currently known to be serviceable
gene vectors in insects the range of applica-
tions of transposon-based vector systems in
insects is considered, illustrating that cut-
and-paste DNA-type transposons continue
to have unique and important roles within
an ever-expanding genome manipulation
technology ecosystem. New advances in these
technologies are reviewed, including modifi-
cations affecting the performance character-
istics of the element-specific transposases
such that their activity and precision are
increased. Finally, the recent discovery of

*Email: dobrochta@fnih.org

novel transposons that have been shown to
be capable of serving as programmable inte-
grases, combining the best attributes of modern
gene editing technologies and transposons,
could further increase the transposon tech-
nology options available to insect scientists
interested in manipulating insect genotypes
and phenotypes.

1.2 Transposons Used in Insects

The current complement of transposable
elements with demonstrated functionality
in insects is of a type known as cut-and-
paste DNA transposons (Wicker et al., 2007;
Kapitonov and Jurka, 2008; Mufioz-Lépez
and Garcia-Pérez, 2010). DNA transposons
that include the cut-and-paste type, Heli-
trons and Polintons/Mavericks, move within
genomes using DNA intermediates. Cut-and-
paste DNA transposons whose movement
involves element excision and integration
serve as versatile platforms for genome ma-
nipulation technologies in plants and ani-
mals, including humans and insects (Wicker
et al., 2007; Mufioz-Lépez and Garcia-Pérez,
2010; Thomas et al., 2015; Kebriaei et al.,
2017; Laptev et al., 2017; Amberger and
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Ivics, 2020) (Fig. 1.1). Based on current
understanding of the biology, biochemistry
and genetics of cut-and-paste DNA trans-
posons it is likely that many, if not most,
would function in insect cells. The abundance
of these elements in genomes throughout
the tree of life is a reflection, in part, of a
general absence of host specificity and this in
turn reflects their structural and biochem-
ical simplicity. Cut-and-paste DNA transposons
are structurally simple genetic elements
whose mobility can be conferred essentially
to any DNA sequence by attaching essential
transposable element structural sequences
(inverted terminal repeat sequences) and
whose mobility can be controlled by regulat-
ing the expression of an element-specific
transposase in trans (Mufioz-Lépez and

ITR

Transposase

Garcia-Pérez, 2010 ) (Fig. 1.2). Consequently,
they have become robust and popular plat-
forms upon which a variety of genetic tech-
nologies have been assembled and deployed
(Bouuaert and Chalmers, 2010; DeNicola
et al., 2015; Amberger and Ivics, 2020; Cain
et al., 2020; Fedorova and Dorogova, 2020;
Kumar et al., 2020).

1.2.1 P elements

P elements were the first transposable elem-
ents to be isolated from insects and were ori-
ginally discovered in Drosophila melanogaster
as the genetic factors found in some wild-
caught lines that induced a genetic syndrome

ITR
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piggyBac
Minos
Hermes/hAT
mariner/Mos1

87 kD 31 bp 8 bp

68 kD 13 bp TTAA

40 kD 255 bp TA
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Fig. 1.1. Basic organization structure of cut-and-paste DNA transposon. Target: sequence motif into
which the transposon integrates and is duplicated during the integration reaction; ITR: inverted terminal
repeats; Transposase: a gene encoding the element-specific integrase.

(A)
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(8)
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Fig. 1.2. (A) A general representation of a cut-and-paste DNA transposon excising from

a chromosome. With the exception of piggyBac which excises precisely, restoring the integration site to
its exact pre-integration state, cut-and-paste DNA transposons excise imprecisely, resulting in the addition
or deletion of DNA at the integration site. (B) Integration reaction resulting in the direct duplication of
the element-specific target site. Filled arrow: target site; filled ovals: transposase protein; filled triangle:
inverted terminal repeat sequence



© CAB INTERNATIONAL. NOT FOR RESALE

Transposon-Based Technologies for Insects 3

known as hybrid dysgenesis (Kidwell et al.,
1977). The high levels of transpositional
activity of P elements in D. melanogaster
have made them particularly useful as plat-
forms for constructing genetic technologies
in that species (Ryder and Russell, 2003).
The P element has a loosely constrained 8 bp
target sequence and in D. melanogaster it
prefers to integrate in the 5’ regions of genes
(Majumdar and Rio, 2015). With one excep-
tion, its activity has not been reported in in-
sect species outside the family Drosophilidae
(O’Brochta and Handler, 1988; Kim et al.,
2003) and this extremely limited host range
is uncommon among cut-and-paste DNA
transposons isolated from insects (Table 1.1).

1.2.2 piggyBac

The piggyBac transposon was discovered as
an insertion sequence in a baculovirus gene
that was shown to be of insect origin and
probably arose during the passage of the
virus through Trichoplusia ni cells in vivo
(Fraser et al., 1983; Fraser et al., 1985). Na-
tive intact piggyBac elements are small: 2472
bp in length with 31 bp perfect terminal in-
verted repeats and a single 2.1 kb open read-
ing frame encoding for a 64 kD transposase
protein (Wang et al., 1989) and, with rare
exceptions, integrate into TTAA sites (Wang
and Fraser, 1993; Bouallégue et al., 2017).
Like P and other elements, piggyBac’s pat-
tern of integration in insect genomes is
non-random although in D. melanogaster this
pattern is quite distinct for that observed
with P and other elements (Thibault et al.,
2004; Bellen et al., 2011). The well-documented
broad host range of piggyBac which spans
eukaryotes makes it the most popular insect
gene vector and 45 species of insect have
been reported to have been transformed us-
ing piggyBac gene vectors (Yusa, 2015)
(Table 1.1). While the activities of all cut-
and-paste DNA transposon gene vectors ap-
pear to be inversely correlated with the
amount of transgenic DNA the elements are
carrying, piggyBac has been reported to be
active with 100 kb of transgene DNA (Li
et al., 2011). This element is unusual in that

excision perfectly restores the integration site
to its pre-integration state (‘scarless excision’),
something not seen with any other element
currently used as a gene vector (Fig. 1.2).
These elements are widely distributed
within insect species and many closely re-
semble the element used as a vector, sug-
gesting that horizontal transfer has occurred
(Zimowska and Handler, 2006). That en-
dogenous piggyBac elements might interfere
with the effective use of the popular piggy-
Bac gene vector is worth considering, as
cross-mobilization of related transposons
has been reported (Sundararajan et dl.,
1999). While piggyBac shows almost invari-
able preference for integrating into TTAA
target sites, piggyBac’s pattern of integra-
tion in insect genomes is non-random, al-
though in D. melanogaster this pattern is
quite distinct for that observed with P and
other elements (Thibault et al., 2004; Bellen
et al., 2011). Hyperactive variants of piggy-
Bac transposase have been developed in
non-insect systems and some also appear to
have elevated levels of activity in insects
(Yusa et al., 2011; Eckermann et al., 2018;
Wen et al., 2020).

1.2.3 Mos1

Mos1 is a Tcl/mariner element from Dros-
ophila mauritiana (Bryan et al., 1987; Med-
hora et al., 1988) that has been successfully
used as a gene vector in only D. melano-
gaster, D. virilis, Aedes aegypti and Tribolium
castaneum (Table 1.1). The Tcl/mariner
superfamily of transposons is perhaps the
most widespread group of transposons,
present throughout the tree of life (Tellier
et al., 2015). The rates of transposition of
mariner in these species are low relative to
other gene vectors and this has discouraged
the widespread use of Mosl in insects.
Transposase variants have been created
that have elevated activity and some have
elevated activities in insects (Pledger and
Coates, 2005; Liu and Chalmers, 2014).
However, while of limited utility in insects,
Tc1/mariner elements from insects have
proven to be highly active in bacteria and
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Table 1.1. Transposons used for insect germline transformation.

Type Element  Order Genus Species Reference
Composite
Tn5 Diptera Aedes aegypti Rowan et al., 2004
P
P Diptera Drosophila melanogaster Spradling and Rubin,
1982
hawaiiensis Brennan et al., 1984
simulans Scavarda and Hartl,
1984
Lepidoptera  Bombyx mori Kim et al., 2003
hAT
Hermes  Coleoptera Tribolium castaneum Berghammer et al., 1999
Diptera Aedes aegypti Jasinskiene et al., 1998
Culex quinquefasciatus Allen et al., 2001
Ceratitis capitata Michel et al., 2001
Drosophila melanogaster O'Brochta et al., 1996
Stomoxys calcitrans O'Brochta et al., 2000
Lepidoptera  Bicyclus anynana Marcus et al., 2004
Herves Diptera Drosophila melanogaster Arensburger et al., 2005
hobo Diptera Drosophila melanogaster Blackman and Gelbart,
1989
virilis Lozovskaya et al., 1996
Lepidoptera  Helicoverpa zea DeVault et al., 1996
hopper Diptera Anastrepha suspensa Handler and O'Brochta,
2012
Bactrocera dorsalis Handler and Schetelig,
2020
Drosophila melanogaster Handler and O'Brochta,
2012
mariner/Tc1
mariner  Coleoptera Tribolium castaneum Berghammer et al., 1999
Diptera Aedes aegypti Coates et al., 1998
Drosophila melanogaster Garza et al., 1991
virilis Lohe and Hartl, 1996
Minos Coleoptera Tribolium castaneum Pavlopoulos et al., 2004
Hypothenemus hampei O’Brochta, unpublished
Diabrotica virgifera virgiferai Chu et al., 2017
Diptera Anopheles stephensi Catteruccia et al., 2000
Bactrocera oleae Koukidou et al., 2006
Ceratitis capitata Loukeris et al., 1995b
Teleopsis dalmanni Warren et al., 2010
Drosophila melanogaster Loukeris et al., 1995a
suzukii Chu et al., 2018
Lepidoptera  Bombyx mori Uchino et al., 2008
TTAA-specific
piggyBac Orthoptera Gryllus bimaculatus Nakamura et al., 2010
Coleoptera Harmonia axyridis Kuwayama et al., 2006
Tribolium castaneum Berghammer et al., 1999
Hypothenemus hampei O’Brochta, unpublished
Diptera Aedes aegypti Kokoza et al., 2001
albopictus Labbé et al., 2010
fluviatilis Rodrigues et al., 2006
Anopheles albimanus Perera et al., 2002
arabiensis Bossin et al., 2006

Continued
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Table 1.1. Continued.

Type Element  Order Genus Species Reference
gambiae Grossman et al., 2001
sinensis Liu et al., 2021
stephensi Nolan et al., 2002
Anastrepha ludens Condon et al., 2007
suspensa Handler and Harrell,
2001
Bactrocera dorsalis Handler and McCombs,
2000
oleae Genc et al., 2016
tryoni Raphael et al., 2011
Ceratitis capitata Handler et al., 1998
Chironomus riparius Caroti et al., 2015
Cochliomyia hominivorax Allen et al., 2004
Drosophila ananassae Holtzman et al., 2010
erecta Holtzman et al., 2010
mauritiana Stern et al., 2017
melanogaster Handler and Harrell,
1999
mojavensis Holtzman et al., 2010
pseudoobscura  Holtzman et al., 2010
santomea Stern et al., 2017
sechellia Holtzman et al., 2010
simulans Holtzman et al., 2010
suzukii Schetelig and Handler,
2013
virilis Holtzman et al., 2010
willistoni Finokiet et al., 2007
yakuba Holtzman et al., 2010
Lucilia cuprina Heinrich et al., 2002
sericata Concha et al., 2011
Megaselia abdita Caroti et al., 2015
Musca domestica Hediger et al., 2001
Teleopsis dalmanni Warren et al., 2010
Lepidoptera  Bicyclus anynana Marcus et al., 2004
Bombyx mori Tamura et al., 2000
Cydia pomonella Ferguson et al., 2011
Junonia coenia Bossin et al., 2007
Ostrinia furnacalis Liu et al., 2012
Pectinophora gossypiella Peloquin et al., 2000
Plutella xylostella Martins et al., 2012
Hymenoptera Apis mellifera Schulte et al., 2014
Athalia rosae Sumitani et al., 2003

are used extensively as functional genomics
tools in these organisms (Picardeau, 2010).

1.2.4 Minos

Minos is a mariner-like element from Dros-
ophila hydei that is only 1.4 kb in length and

is somewhat different from the other elem-
ents used as insect gene vectors in that the
inverted terminal repeats are relatively long
at 255 bp, and the transposase gene consists
of two exons separated by a small 60 bp in-
tron (Franz and Savakis, 1991; Franz et al.,
1994) (Fig. 1.1). Like other Tcl/mariner
elements, Minos integrates into TA dinucleo-
tide target sites. Within insects, Minos has
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been used to create transgenic D. melanogaster,
D. suzukii, Ceratitis capitata, Bactrocera oleae,
Anopheles stephensi, Bombyx mori, T. castane-
um and Teleopsis dalmanni (Table 1.1). In
D. melanogaster, the pattern of Minos inte-
grations closely approximated a random dis-
tribution when considering distributions
along each chromosome. P and piggyBac
elements under the same conditions showed
distinctly non-random distributions (Bellen
et al., 2011). The mobility properties of
Minos in D. melanogaster and the differences
from P and piggyBac have made Minos a
very valuable asset in efforts to mutagen-
ize all protein-coding genes of this species.
Minos has a broad host range extending
beyond insects to include amphipods, as-
cidians and mammals (Drabek et al., 2003;
Sasakura et al., 2003; Pavlopoulos and
Averof, 2005).

1.2.5 Hermes, Herves, hopper and hobo

The hAT family of transposons is widely dis-
tributed throughout the plant and animal
kingdoms and they have been used effect-
ively as insect germline transformation vec-
tors in a range of species (Kempken and
Windhofer, 2001; Arensburger et al., 2011)
(Fig. 1.1). Hermes is an active hAT trans-
poson with a broad host range in insect and
non-insect species isolated originally from
Musca domestica (Atkinson et al., 1993;
Warren et al., 1994). It has been used as an
insect germline transformation vector in
D. melanogaster, C. capitata, Ae. aegypti, Culex
quinquefasciatus, T. castaneum and the butter-
fly Bicyclus anynana and has transposition/
integration rates comparable to other com-
monly used transposons (Guimond et al.,
2003) (Table 1.1). While Herves from Anoph-
eles gambiae (Arensburger et al., 2005 ), hop-
per from Bactrocera dorsalis (Handler and
Schetelig, 2020) and hobo from D. melano-
gaster (McGinnis et al., 1983) have also been
used effectively as gene vectors in insects,
less is known about their host ranges and
their patterns of integration (Smith et al.,
1993) (Table 1.1). However, they are not ex-
pected to differ greatly from Hermes.

1.2.6 Tn5

Tn5 is a composite transposon originally iso-
lated from bacteria consisting of two copies
of the insertion sequence IS50 flanking
three antibiotic resistance genes (Hayes,
2003; Reznikoff, 2008). Tn5 has been well
characterized at the biochemical level and
developed into a versatile functional genom-
ics tool primarily for prokaryotes, although
it has been shown to be an effective gene
vector in an insect and other eukaryotes as
well as a probe for genomics research (Gory-
shin et al., 2000; Shi et al., 2002; Suganuma
et al., 2005; Rowan et al., 2004; Li et al.,
2020). A unique aspect of this system that
distinguishes it from other insect vector sys-
tems is the commercial availability of puri-
fied hyperactive Tn5 transposase, enabling
the introduction of preassembled Tn5 trans-
pososomes (Kirby, 2007).

1.3 Mutagenesis

In their simplest form, active transposons
can be powerful mutagens whose integra-
tion into promoters, exons, introns, and 3’
and 5’ regions of genes can alter and disrupt
gene expression. These integration and mu-
tagenic properties can be used to identify
and subsequently isolate genes and have
been used with great effect in plants, ani-
mals and insects (Kawakami et al., 2017;
Shelake et al., 2019). The mutagenic poten-
tial of highly active transposons in D. mela-
nogaster has been the basis for identifying
and mutating every protein-coding gene in
D. melanogaster. While these efforts initially
relied solely on the mutagenic properties of
P elements (Bellen et al., 2004, 2011), be-
cause cut-and-paste DNA transposons have
non-random and dissimilar integration site
preferences a single transposon such as the
P element would not be able to reach all
genes. As other active transposon systems
were discovered in, and isolated from, other
insects, they too were used as mutagens in
D. melanogaster, resulting in more complete
coverage of the genome with transposon
mutations (Thibault et al., 2004; Metaxakis
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et al., 2005). While the transposons used to
mutagenize the genome of D. melanogaster
were initially small non-autonomous elem-
ents with little more than a genetic marker,
as other gene manipulation technologies
emerged mutator elements were modified to
contain other sequences that enhanced the
potential of those elements to be used for
other post-integration modifications of the
genome as described briefly below (Bellen
et al., 2011; Nagarkar-Jaiswal et al., 2015a;
Nagarkar-Jaiswal et al., 2015b; Lee et al.,
2018). Using similar strategies but on a small-
er scale, similar transgenic resources have
been created for Drosophila simulans, D. mau-
ritiana, D. yakuba, D. santomea and D. virilis
(Stern et al., 2017).

Transposon-based mutagenesis has also
been conducted on a large scale in the red
flour beetle, T. castaneum. In this case a pig-
gyBac transposon was introduced into the
genome of T. castaneum and then induced to
transpose at high rates. Trauner et al
(2009) generated 6816 piggyBac insertions
in their study; of the 5657 insertion lines
tested for lethality and sterility, 421 (7.4 %)
were confirmed as homozygous lethal lines
and eight (0.1 %) were homozygous sterile
(Trauner et al., 2009). While Trauner et al.
(2009) demonstrated the feasibility of us-
ing transposons as forward genetic tools in
non-drosophilid insects, the adoption of
this technology is constrained by practical
considerations such as one’s ability to
maintain and preserve the valuable genetic

transgenes +
other sequences

resources in the form of distinct genetic
lines that emerges from such studies
(Trauner et al., 2009).

1.4 Germline Transformation

The potential of transposons to be used as
gene vectors in insects for the purposes of
introducing new DNA sequences into gen-
omes was realized shortly after the initial
isolation of the P element from D. melano-
gaster (Rubin and Spradling, 1982; Spradling
and Rubin, 1982). Today there are multiple
transposon-based gene vectors available to
insect scientists. The mobility properties of
DNA transposons and their structural sim-
plicity make them particularly amenable to
being modified to carry genes and other
DNA sequences into genomes. Attaching
transposon sequences that serve a struc-
tural role in the transposition process, the
inverted terminal repeat sequences, to any
sequence of DNA confers upon that DNA
many of the mobility properties of the ori-
ginal transposon in the presence of transpo-
son-specific transposase protein (Fig. 1.3).
Using transposons as gene vectors to move
genes and other DNA sequences into genomes
is one of the most common transposon-
based technologies and is the foundation
upon which a number of other genetic tech-
nologies have been created (Ivics and Izsvak,
2010). Because the organization of DNA

—

H >-t or
+
Transposase mMRNA AAAAAA

Vector

or

Transposase protein

Fig. 1.3. General representation of binary vector systems. These systems consist of a plasmid with
the transgenes to be integrated flanked by transposon sequences that play essential structural roles in
the excision and integration processes along with a source of transposase. Transposase can be provided
indirectly by simultaneously introducing either a functional transposase transcription unit or functional
transposase mRNA with the vector. Transposase can, in some cases, be directly provided with the vector.
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transposons is simple and because transpos-
ition requires little more than active trans-
posase and a DNA target, transposon-based
gene vectors have been conveniently assem-
bled into binary vector systems with broad
host ranges. Binary vector systems consist
of a vector, comprising the inverted terminal
repeats of the transposon and the transgenes
to be introduced into the target genome and
a plasmid containing the transposon-specific
transposase open reading frame under regu-
latory control of a strong promoter that is
active in cells of the germline (Fig. 1.3). Mix-
tures of these two plasmids are introduced
into the appropriate germline stem cells
where the transposase gene is transiently
expressed and the resulting transposase
protein mobilizes the accompanying vector
(Rubin and Spradling, 1982; Spradling and
Rubin, 1982). Variations of this binary
vector/helper plasmid strategy are possible,
including, for example, co-injection of trans-
poson-specific transposase mRNA with the
vector-containing plasmids in lieu of ‘helper’
plasmids, a modification that reportedly in-
creases transformation efficiencies (Kapet-
anaki et al., 2002) (Fig. 1.3). Also, purified
transposase protein has been co-injected
with vector DNA, precluding the need for
any transposase gene expression in develop-
ing embryos (Coates et al., 2000) (Fig. 1.3).
Delivery of vector systems to insect germline
stem cells or developing gametes is accom-
plished almost exclusively by microinjecting
young embryos with a mixture of the sys-
tem’s two components and consequently
this can limit the applicability of the tech-
nology, since microinjecting embryos may
not be feasible in some species of insect.
Alternative delivery methods have been re-
ported (Baldarelli and Lengyel, 1990; Mialhe
and Miller, 1994; Yuen et al., 2008; Chaverra-
Rodriguez et al., 2018; Lule-Chavez et al.,
2021).

The development of transposon-based
transgenic technology for D. melanogaster
enabled this species to become a powerful
model system for discovering and under-
standing genes and gene functions. Matthews
and Vosshall (2020) recently recognized the
continued importance of transgenic tech-
nologies in their consideration of how an

organism can become a ‘model’ system and
the need to move beyond established model
systems. Transposon-based transgenic tech-
nologies can be foundational in efforts to
develop new model systems, because their
application does not depend on having a
well-annotated genome.

1.5 Transposons as Technology
Platforms

While delivering transgenes into genomes
has been used extensively for structure/
function studies of individual genes, trans-
posons have also served as platforms for
multiple functional genomic technologies
that greatly extend their utility and import-
ance. Some of those technologies include
modular systems for gene expression, cell
ablation, gene silencing, site-specific recom-
bination and gene sensors.

1.5.1 Gene expression

Modular gene expression systems consist of
an enhancer protein expressing a transgene
and a transgene whose expression is de-
pendent upon the presence of the enhancer
protein. Only when both the enhancer-regu-
lated transgene and the enhancer protein
are in the same cell will the transgene be ex-
pressed. There are a number of such systems
(see Schetelig et al., Chapter 2, this volume)
(GAL4/UAS, tTa/TRE, LexA/LexAop and
QF/QUAS) that depend largely on transpos-
on-based technologies for their implemen-
tation and they are being increasingly used
in non-model insects. By creating and main-
taining collections of transgenic insects with
different patterns of enhancer protein ex-
pression, a single transgene regulated by a
single enhancer can be expressed in differ-
ent spatial and temporal patterns by simply
performing genetic crosses to place the
transgene in the appropriate genetic back-
ground expressing the enhancer-binding
protein in the desired pattern (Gatz and
Quail, 1988; Bello et al., 1998; Baron and
Bujard, 2000; Stebbins et al., 2001; Duffy,
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2002; Imamura et al., 2003; Lycett et al.,
2004; Karasaki et al., 2009; Schetelig et al.,
2009; Schinko et al., 2010; Kokoza and Raik-
hel, 2011; Lynd and Lycett, 2012; O’Brochta
et al., 2012; Schetelig and Handler, 2012;
Riabinina et al., 2015; Riabinina and Potter,
2016; Adolfi et al., 2018; Driesschaert et al.,
2021; Poulton et al., 2021).

1.5.2 Cell ablation

Transposon-based gene vectors are also used
to introduce transgenes which, when ex-
pressed, will cause cell death — a technique
called genetic cell ablation. Regulating cell
death genes or genes encoding toxins using
versatile modular expression systems allows
great precision in ablating cells. Cell ablation
by transgene expression is now just one of
many options available for ablating cells
(Kunes and Steller, 1991; Sentry et al., 1993;
Liu et al., 2019).

Intentionally misexpressing genes with
respect to their normal temporal and spatial
patterns of expression can be a useful genetic
approach for determining gene function
(Feiler et al., 1988; Rorth, 1996; Huang and
Rubin, 2000; Foulger et al., 2001; Huffman
et al.,, 2001; Zhang et al., 2006; Stofanko
et al., 2008; Paik et al., 2012; Prelich, 2012;
Schinko et al., 2012; Jezzini et al., 2018; Meyer-
Nava et al., 2020). Inferring gene function
from phenotypes arising from transgene
misexpression can be difficult but it does repre-
sent a viable approach to the study of gene
networks and the relationship between spe-
cific genes and particular phenotypes. The
availability of transposon gene vectors and
robust modular gene transgene expression
systems is making this approach available in
a wide range of insect systems (Kiya et al.,
2014; Kitzmann et al., 2017).

1.5.3 Gene silencing

Transgene-based gene silencing of specific
genes at particular times and in particular
cells during development is a powerful gen-
etic technology for studying the roles of
genes that function at different stages in an

organism’s life cycle. Pleiotropy can compli-
cate genetic analyses, but gene silencing
technologies based on the expression of
transgenes triggering RNA interference
(RNAi) or components of RNA-guided DNA
endonucleases (CRISPRi) are two technolo-
gies that can reveal and help understand
pleiotropy. Transposon technologies have
been key to the implementation of these
technologies (Dietzl et al., 2007; Perrimon
et al., 2010; Ghosh et al, 2016; Heigwer
et al., 2018; Qiao et al., 2018; Wang et al,
2019; Xu et al., 2019). Transgenic RNAi and
CRISPRI silencing, while used mostly in D.
melanogaster, have been applied in other in-
sects (Franz et al., 2006; Lee et al., 2012;
Wang et al., 2019; Williams et al., 2020).

Transposon-based vectors are also used
to introduce the components of site-specific
recombination systems such as the Flp/FRT,
Cre/Lox and ®C31 systems (see Ahmed and
Wimmer, Chapter 5, this volume), which are
used for post-integration genome modifica-
tions and for site-specific transgene integra-
tion (Venken and Bellen, 2005, 2007;
Venken et al., 2016). These systems have
been used in a variety of ways in insects: to
selectively remove components of a trans-
gene cassette initially introduced into the
genome of D. melanogaster, B. mori, Ae. ae-
gypti or C. capitata (Jasinskiene et al., 2003;
Venken and Bellen, 2007; Schetelig et al.,
2009, 2011; Long et al.,, 2012), to create
chromosome deletions in Drosophila (Cook
et al., 2012) and to insert exogenous DNA
sequences into specific locations within
D. melanogaster and other species (Horn and
Handler, 2005; Bateman et al., 2006; Venken
et al,, 2011; Yonemura et al., 2012; Long
et al., 2015; Ahmed et al.,, 2020). These
site-specific recombination systems and
their applications are discussed in more de-
tail elsewhere in this book (see Ahmed and
Wimmer, Chapter 5, this volume)

1.5.4 Genetic sensors

Transposon gene vectors, upon integration,
can in some cases be induced to transpose
further if the appropriate functional transposase
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is provided. The potential of transposon
gene vectors to remobilize and their rates of
remobilization are element and host-species
specific but when gene-vector remobiliza-
tion within genomes is efficient, trans-
posons can be created to carry genetic
sensors that can be used to identify various
features of genomes at or near the site of
integration.

One of the first sensor technologies
constructed with eukaryotic transposons
was enhancer detectors. These sensors con-
sist of reporter genes (e.g. f galactosidase
(lacZ), Gal4 transcription factor (Gal4), fluor-
escent proteins) that are under the regula-
tory control of a minimal promoter, resulting
in only basal levels of expression, and whose
activity is insufficient to result in detectable
levels of gene product and a visible pheno-
type (Brand and Perrimon, 1993; Singh,
1995; Kvon, 2015). Only when the sen-
sor-containing transposon integrates into a
region of the genome under the influence of
an active enhancer are detectable levels of
reporter gene expression attained. The tem-
poral and spatial patterns of reporter gene
expression are identical to those of the genes
whose expression is normally regulated by
the enhancer. Therefore, inducing remobili-
zation of the transposon by providing trans-
posase allows the genome to be scanned for
the presence of regulatory elements (enhan-
cers) (Kvon, 2015). If the enhancer-sensor is
the gene for the transcription factor Gal4,
then the regulatory sequences detected by
the element can be used subsequently to
drive the expression of any other transgene
present within the same genome under the
regulatory control of the Gal4-responsive
UAS-containing promoter. Enhancer-traps
with Gal4 have been conducted extensively
in D. melanogaster, providing researchers
with a rich resource for investigating devel-
opment and manipulating gene expression
(Manseau et al., 1997; Phelps and Brand,
1998). Because identifying, physically iso-
lating and characterizing gene regulatory
elements (promoters and enhancers) is chal-
lenging, enhancer-trapping technology per-
mits these elements to be detected and then
used to regulate the expression of any trans-
gene without the need to clone or physically

characterize such elements (Kvon, 2015).
Enhancer-trapping has been used in T. cas-
taneum, B. mori and An. stephensi in addition
to D. melanogaster (Uchino et al., 2008;
Schinko et al., 2010; O’Brochta et al., 2011;
O’Brochta et al., 2012; Lynd et al., 2013).

Transposons can also be created that
carry sensors capable of reporting on the
presence of actively transcribed genes. These
so-called gene-trap elements consist of a
transposon with the open reading frame of a
reporter gene (e.g. EGFP) or a transcription
factor such as Gal4 lacking any 5’ regulatory
elements. Instead, a 3’ splice-acceptor site is
attached to the 5’ end of the open reading
frame. When the gene-trap element inte-
grates into the intron of a gene, an alternate
splicing event can occur leading to the expres-
sion of a fusion protein consisting partly of
the target gene product and the fluorescent
reporter protein (Lukacsovich et al, 2001;
Stanford et al., 2001) or Gal4 (Gnerer et al.,
2015; Nagarkar-Jaiswal et al., 2015b; Li-
Kroeger et al., 2018). The pattern of fusion
protein expression will parallel that of the
target gene, making a powerful means by
which genes can be identified based on tem-
poral and spatial patterns of gene expression.
The transposon containing this gene sensor
will be located in an intron of the target gene,
and isolation and identification of the inte-
gration site enables the target gene to be sub-
sequently isolated and identified. With this
strategy, genes can be identified based on ob-
servable patterns of gene expression, which
can provide invaluable information regarding
the function of the gene. It should be noted
that if these alternative splice events involv-
ing the gene-trap element are preferred, then
little or no normal gene product will be pro-
duced, resulting in a mutant phenotype. So,
gene- trap events can also be mutagenic and
this is an added benefit of this technology. To
date, gene-trap technology has been deployed
mainly in D. melanogaster although it has
been developed in An. stephensi (Lukacsovich
etal., 2001; Bonin and Mann, 2004; O’Broch-
taetal., 2012).

Transposons can also be used to sense
the presence of active promoters. Promoter-
trap elements contain a reporter gene lacking
any 5’ regulatory sequences, making it incapable
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of being expressed except under special cir-
cumstances. The reporter gene will only be
expressed when the element inserts 3’ of an
active promoter and within the 5 untrans-
lated region or the first exon (Larsen et al.,
2006). The use of this technology in insects
has only been reported in D. melanogaster but
is feasible in insects where enhancer- and
gene-trap technology is available, including
T. castaneum, B. mori and An. stephensi.

While gene-trap strategies based on al-
ternate splicing and the expression of fusion
proteins provide valuable information for
understanding gene function, such as tem-
poral and spatial patterns of expression
within the organism, little information is ac-
tually obtained concerning the function of
the target protein. Transposon-based pro-
tein-traps have been devised that permit the
subcellular localization of the target gene
product (Fedorova and Dorogova, 2020).
Protein-traps in Drosophila usually consist of
transposons carrying a promoterless fluor-
escent protein-coding region flanked by a
functional 3’ splice acceptor and a 5’ splice
donor (Larsen et al., 2006; Buszczak et al.,
2007; Quinones-Coello et al., 2007) . When
the protein-trap element integrates into the
intron of an expressed gene, the exon con-
taining the fluorescent protein-coding re-
gion is spliced into the target protein.
Because the target protein will contain all
signal sequences determining subcellular lo-
calization, an accurate representation of the
target protein’s distribution will result, pro-
viding key information about the function
of the protein (Morin et al., 2001). The use
of this technology in insects has only been
reported in D. melanogaster but, given the
successful development of gene- and en-
hancer-trapping technologies in T. castane-
um, B. mori and An. stephensi, it should be
highly feasible to implement protein-trap
technology in these insects.

1.6 Hybrid Transposase Systems
for Precision Integration

Altering the insertional profile of cut-and-
paste DNA transposon vectors has been of

interest as a means of mitigating undesir-
able mutagenic effects resulting from ran-
dom integration patterns of most native
cut-and-paste DNA transposons. Efforts to
date have followed a strategy involving teth-
ering of a secondary DNA-binding domain
to the transposase protein with the inten-
tion of redirecting the transposon to specific
target sites (Fig. 1.4). Maragathavally et al.
(2006) fused the Gal4 DNA-binding protein
to the Tcl/mariner-type element Mosl and
piggyBac transposases. They reported a
change in the targeting profile of these chi-
meric systems with insertions occurring
proximal to Gal4 DNA recognition sequences
in approximately 25% of the insertions
(Maragathavally et al., 2006). Yant et al.
(2007), working with Sleeping Beauty trans-
posase tethered to the Gal4 DNA-binding
domain and the zinc-finger protein EC2 in
human cells, found biased targeting of Sleep-
ing Beauty vectors. Owens et al. (2012, 2013)
fused a transcription activator-like effector
(TALE) protein to piggyBac transposase and
reported biased insertion correlated with
the TALE'’s target sequence. Insertions were
found within 250 bp of the TALE’s target se-
quence (Owens et al., 2012, 2013). Hew et al.
(2019) and Goshayeshi et al. (2021) reported
similar results. Luo et al. (2017) tethered
zinc-finger proteins, TALEs, SpyCas9 and
dSpyCas9 to piggyBac transposase and found
that some zinc-finger proteins and TALEs
increased transgene insertion specificity in
human cells. More recently, the specific
DNA-binding properties of Cas proteins
have also been used in attempts to increase
the precision of transposase-based integra-
tion of transgenes. Bhatt and Chalmers
(2019) reported that dCas9-Hsmarl hybrid
transposase resulted in 50% of in vitro trans-
positions into the dCas9-targeted site (dCas9
is a catalytically inactive — dead - Cas9).
Chen and Wang (2019) created what they
described as a Cas-Transposon (CasTn) in
which they fused Himarl transposase to
dCas9 that increased the insertion fre-
quency into a single targeted TA dinucleo-
tide more than 300 times compared with
when the unmodified transposase was used
(Chen and Wang, 2019). Kovac et al. (2020)
tethered dCas9 to Sleeping Beauty transposase
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Fig. 1.4. (A) A general strategy used to increase the precision of transposases. Transposase is
tethered to highly specific DNA-binding proteins including GAL4, specific zinc-finger proteins, transcription
activator-like effectors (TALEs) and Cas9 protein lacking DNA endonuclease activity (dCas9). (B) Two
Cas-transposon systems in which the transposon integration site can be programmed using a

guide RNA.

and reported successfully directing Sleeping
Beauty vector integration into regions of the
human genome that were otherwise refrac-
tory to Sleeping Beauty insertions. While
these systems have not been tested in insects
or insect cells, with the exception of Sleeping
Beauty, all of the transposon systems used
are known to be or are very likely to be active
in insects.

1.7 CRISPR-associated
Transposases

Gene editing systems such as CRISPR/
Cas (clustered regularly interspaced short-
palindromic repeat/CRISPR-associated pro-
tein) can be used to place transgenes in
genomes with high precision but at low effi-
ciency, while transposon vectors can integrate

even large transgenes with relatively high effi-
ciency but with low precision (see Concha
and Papa, Chapter 7, this volume). Gene
editing systems rely on DNA repair pathways
such as homology-directed repair (HDR) fol-
lowing double-strand DNA cleavage, a pro-
cess active in dividing cells. Transposon
integration relies on a different mechanism
that does not involve double-strand DNA
cleavage and is not limited to dividing cells.
As described in the previous section, there is
interest in combining the best of transposon
integration with gene editing precision.
Recently a new class of transposon from
bacteria was described that resembles Tn7, a
transposon originally isolated from Escheri-
chia coli, but which encoded CRISPR/Cas
systems (Kapitonov et al., 2016; Peters et al.,
2017). Target site integration of these trans-
posons is determined by a guide RNA associ-
ated with the Cas protein that is encoded
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within the transposon (Fig. 1.4). Tn6677, a
Tn7-Cas transposon from Vibrio cholerae, and
a Tn7-Cas transposon from Scytonema homan-
ni have both been shown to be experimentally
programmable transposon gene vectors that
are functional in E. coli (Klompe et al., 2019;
Strecker et al., 2019). In each case integration
occurred at a fixed distance from the target se-
quence determined by the guide RNA (Fig.
1.4). Although this technology has only been
tested and validated to date in E. coli, there is
sufficient interest in these technologies across
various sectors of biotechnology research and
development to ensure that their full poten-
tial as useful eukaryote programmable inte-
grase systems will be thoroughly explored.
They could eventually become important
tools for insect scientists.

1.8 Conclusion

Transposons are vital platforms upon which
insect genetic technologies are being con-
structed. To date, transposons had been

successfully demonstrated to have germline
mobility in 53 different species of insect and
the use of transposon-based technologies in
insects will continue. The current collection
of transposons with confirmed activity in
heterologous insect germlines includes a di-
verse collection of elements. While certain
elements have become extremely popular,
no single element is likely to serve all of the
needs of a given research community, as has
been aptly demonstrated during the study of
Drosophila. Having multiple elements with
excellent functionality in a broad range of
species is highly advantageous. The discov-
ery and development of new programmable
integrases promise to increase the utility of
transposons as tools of genetics research
and development. If new methods and strat-
egies for delivering these systems to insect
germ cells can be developed that do not rely
on embryo microinjection, the many tech-
nologies described here will become more
widely available and routinely applied in
a larger number of species. Accelerated
advances in insect functional genomics are
expected to follow.
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2.1 Introduction

In the context of applications of transgenic
insects, the capability to control gene ex-
pression enables genetic circuitries as well as
unique expression systems to be evaluated
and engineered. Close regulation of expres-
sion likewise enables the use of transgenes
whose constitutive expression, even when
limited to a particular tissue and stage,
would be harmful, lethal, or cause phenotypic
effects that would not be compatible with
creating, maintaining, or deploying trans-
genic insects. Therefore, identifying and
adapting existing inducible or repressible
gene expression systems is critical for creat-
ing a suite of flexible tools for transgenic in-
sects. For example, the ability to induce or
repress transgene expression could be used
to achieve male sterility in insects for popu-
lation reduction or for specific functions
such as female-killing as a sex separation
method to allow a male-only release. Ultim-
ately, the requirement for gene expression
systems that can be controlled by an easily
applied external treatment to facilitate the
production of transgenic animals for release

or other production settings is fundamental
to the economy and success of such efforts.

There is a variety of inducible or re-
pressible gene expression systems available
that merit further testing in insects. They
vary from adaptations of specific regulatory
machinery for exclusive use in the species of
origin, transfer to another species of inter-
est when gene regulation is conserved be-
tween species, to more complex engineered
systems, such as inducible homo-dimerization
and the Q-system. All these systems have to
face the possibility of the basal level of ex-
pression or leakiness, particularly important
when dealing with lethal genes. Moreover,
small molecule regulators could have an im-
pact on insect fitness; for example, antibiot-
ics could disrupt the microbiome or impact
the mitochondrial function.

In this chapter, we provide an overview
of inducible and repressible gene expression
systems with a specific focus on those that
have been demonstrated in insects or which,
in our estimation, merit consideration for
further development. We do not discuss bi-
partite systems such as Gal4/UAS except
when controlling their expression could be
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achieved other than by crossing lines. We
also do not discuss systems that harbour
blood-feeding-induced regulatory regions
of genes, as these can typically only be used
in specific insects or sexes. Instead, we
focus on versatile systems where some
externally applied conditions can control
either up- or downregulation of gene expres-
sion, and the removal returns expression to
the previous state.

2.2 Naturally Occurring Systems
of Conditional Expression

2.2.1 Heat shock — hsp70

The development of one of the early candi-
dates for inducible gene expression was
stimulated by observations of an impressive
increase in gene transcription and transla-
tion in Drosophila melanogaster when ex-
posed to near-lethal heat shocks, initially
observed as puffing of the polytene chromo-
somes in the vicinity of various heat shock
genes (Tissieres et al., 1974). The puffing,
and concomitant increase in transcription,
was rapid, inducible, reversible and correl-
ated with significantly increased expression
of a highly conserved family of large protein-
encoding genes (Lindquist, 1986). Heat shock
genes are both transcriptionally (Morimoto,
1993) and translationally regulated, with
their translation being favoured over other
mRNAs during heat shock (Storti et al.,
1980). Their role is that of chaperonins,
which protect proteins that otherwise might
be damaged during heat stress (Parsell and
Lindquist, 1993; Saibil, 2013). However,
they have numerous other functions and fig-
ure prominently as biomarkers of different
stresses and several pathologies. The heat
shock suite of genes is ubiquitous and, as
discussed below, many of the transcriptional
control elements are sufficiently conserved
to allow faithful interspecific expression of
transgenes.

A Drosophila heat shock gene, hsp70, be-
came a popular choice for transgene expression
due to its high induction above background -
at least two orders of magnitude - and low

constitutive expression (Lindquist, 1986).
Deletion analysis of Asp70 promoters identi-
fied the essential portions of the promoters
for heat induction (Pelham, 1982) contain-
ing one or more conserved ‘heat shock elem-
ents’ (Bienz and Pelham, 1987; Sakurai and
Enoki, 2010). These consist of a palindrome
GAAnnTTCnn that often occurs in tandem
arrays, usually located within a few hundred
bases of the TATA box. These promoters
were particularly interesting since the tran-
scription factors necessary for induction
were functionally conserved in Xenopus
(Voellmy and Rungger, 1982), green monkey
(Amin et al., 1987) and tobacco (Wing et al.,
1989). Additional heat-shock-specific ex-
pression is determined by 5" untranslated
regions (UTRs), which determine preferen-
tial translation of the transcripts during
heat shock in humans (Vivinus et al., 2001)
and Drosophila (Klemenz et al., 1985; Hess
and Duncan, 1996). Other sequences deter-
mining stress-specific transcript regulatory
mechanisms were eventually determined to
reside in the 3" UTR, promoting accelerated
hsp70 transcript degradation when not
under heat shock (Lindquist and Petersen,
1990). Drosophila melanogaster, Ceratitis cap-
itata and the blowfly Lucilia sericata (Mei-
gen) hsp70 promoters quickly found a use
for transgene expression (Tachibana et al.,
2005; Kalosaka et al., 2009), though often
without using the entire set of promoter, 5
and 3" UTR sequences that were eventually
identified as being crucial for low constitu-
tive expression, high inducibility and prefer-
ential translation (Papadimitriou et al., 1998;
Kalosaka et al., 2006).

The seminal observation of chromo-
some heat shock puffs was recapitulated at
the loci of transgene insertions containing
P element insertions of hsp70 5’ regulatory
sequences (+194 bp upstream of the tran-
scription start site) fused to a -galactosidase
reporter (Lis et al., 1983). Upon heat shock,
high levels of P-galactosidase expression
were observed with no detectable back-
ground expression. These results indicated
that only 5" sequences were necessary for
authentic expression. In the pre-PCR era,
where sequencing insertions from librar-
ies was laborious, unusual puffing provided
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an easily observed indicator of the trans-
gene location.

Many efforts to use the hsp70 promoter
revealed significant constitutive expression
in Drosophila (Steller and Pirrotta, 1985a,b)
and the first germline transformation of a
malaria mosquito, Anopheles gambiae (Miller
et al., 1987). This expression led to signifi-
cant non-shock expression, or leakiness, in
systems designed to achieve inducible expres-
sion using the hsp70 promoter. Discrimin-
ation was greatly enhanced once the correct
temperature to induce shocks was deter-
mined (Sakai and Miller, 1992). This should
be kept in mind when testing the expression
of hsp70-driven transgenes: the maximal
temperature for heat shock gene induction is
species-specific and dependent upon the
culture temperature. However, it can easily be
determined by performing survival analysis
(Benedict et al., 1991; Patil et al., 1996).

The D. melanogaster hsp70 promoter
and the 5" UTR (approximately 400 bp and
200 bp, respectively) were also used to ex-
press alcohol dehydrogenase (adh), which was
expected to create inducible tolerance to
ethanol but whose expression can also be
counter-selected with 1-pentyne-3-ol (O'Don-
nelletal., 1975; Bonner et al., 1984). Shocked
flies demonstrated increased tolerance to
usually lethal concentrations of ethanol.
While the purpose of these studies was to
analyse mutations affecting the heat shock
response, a useful selectable and inducible
marker was created.

Numerous heat shock genes have been
identified (Zhao and Jones, 2012), and both
Drosophila and native heat shock promoters
have been used for inducible transgene ex-
pression. With medfly (Ceratitis capitata),
the native hsp70 promoter was tested in
comparison with a D. melanogaster hsp70
promoter to drive lacZ expression in 15
independent lines (Kalosaka et al., 2006),
using the SV40 terminator, but not the na-
tive hsp70 3’ UTR. Despite superficial 5
regulatory sequence conservation, the Dros-
ophila promoter generally had low inducible
expression relative to the C. capitata pro-
moter. Both promoters resulted in low levels
of constitutive expression, which might be
acceptable in certain applications. The authors

suggest that further suppression of consti-
tutive expression could have been obtained
if the 3" UTR had been used. Regardless,
both promoters resulted in expression below
that of the native heat shock genes.

In the yellow fever mosquito, Aedes
aegypti, six members of the hsp70 family
have been identified (Gross et al., 2009) and
tested to find a native promoter capable of
providing low constitutive expression and
high inducibility of a luciferase gene (Carp-
enetti et al., 2012). Two regions containing
the promoter and 5" UTR sequences, extend-
ing up to -1456 bp, drove transcriptional
activation and an approximately tenfold in-
crease in reporter expression relative to un-
induced mosquitoes after a 1 h treatment at
39°C, and 25- to 50-fold increase in expres-
sion at 4 h post-treatment. In the absence of
heat shock, there was evidence of low levels
of luciferase activity.

The functionality of the D. melanogaster
hsp70 promoter control sequences across
various animal species has further been
demonstrated in transgenic Bombyx mori.
Inducible expression of a B. mori nuclear re-
ceptor, Ftz-F1, was obtained using both the
5" and 3’ sequences of a D. melanogaster
hsp70 gene (Uhlirova et al., 2002). While ex-
pression was again detected in non-induced
moths, high levels of transient induction
were obtained. Moreover, the hsp70 promoter
has been used to expresses double-stranded
RNA from a hairpin construct to trigger
RNAi-mediated knockdown of mRNA of the
B. mori eclosion hormone (Dai et al., 2007).
This study used only D. melanogaster hsp70
promoter sequences to drive the transgene.
Generally, RNAi might be an application in
which low levels of constitutive expression
are acceptable. Another study established
the so-called Pogostick heat-inducible expres-
sion vectors using the D. melanogaster hsp70
promoter and 3’ UTR sequences to overex-
press or downregulate genes of interest in
species that can be transformed with vectors
based on the piggyBac transposable element
(Chen et al., 2011). The system proved func-
tional in D. melanogaster and the butterfly
Bicyclus anynana. With the rise of CRISPR
technologies for genome editing, the hsp70
promoter and its 3° UTR were also used to
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establish transgenic, inducible Cas9 expres-
sion lines in Drosophila suzukii with variable
amounts of transient Cas9 expression (Yan
et al., 2021). After heat shock, the estab-
lished lines showed up to 85.7% gene editing
efficiency in the germline demonstrated by
creating knockout mutations in the yellow
gene of D. suzukii.

These examples provide evidence of the
broad use of hsp70 promoters; however, des-
pite potentially high inducibility, basal ex-
pression from the hsp70 promoter should be
considered, particularly when the transgene
to be induced might be toxic or when low ex-
pression is otherwise unacceptable. The saf-
est approach for creating such constructs is
to include a native promoter, 5" and 3" UTR
sequences in transgene fusions to maxi-
mize the chances of achieving highly
inducible expression and low levels of leaki-
ness. As an alternative, the CRISPR/Cas9
system could be used to target a genomic
region containing an hsp gene cluster to
provide the optimal epigenetic context for
heat-inducible expression (see Ahmed and
Wimmer, Chapter 5, this volume).

2.2.2 Natural temperature-sensitive
lethal elements and mutations

One application for temperature-controlled
systems like the hsp70 promoters and other
temperature-sensitive elements can be con-
ferring lethality in insect pest control pro-
grammes like the sterile insect technique
(SIT) (see Scott et al., Chapter 17, this vol-
ume). Classical genetic sexing strains (GSS)
for SIT programmes in C. capitata use ele-
vated temperature during embryogenesis
to achieve sex separation (Franz, 2005).
The GSS females are homozygous for a
temperature-sensitive lethal (tsI) mutation,
while males have an additional wild-type
(WT) rescue tsl allele translocated on the Y
chromosome. Thus, incubation of embryos
at 33-36°C causes female-specific lethality
while males survive the treatment ( Robin-
son, 2002; Franz et al., 2021). Since GSS
have been successfully used to produce bil-
lions of sterile male insects for field release,

it is attractive to consider other applications
of natural temperature-sensitive elements
to interfere with and control the expression
of essential genes for viability or fertility.

A C. capitata tsl mutation remains to be
identified but would likely be a mutation in
an essential gene that encodes a protein that
is unstable at elevated temperatures. The
first example of a dominant temperature-
sensitive (DTS) lethal mutation explored to
control and confer lethality under certain
environmental conditions was the 2 prote-
asome subunit gene (Prosfi2’), a proteasome
protein of D. melanogaster (Smyth and Be-
lote, 1999). Prosp2’ caused pupal lethality at
29°C, but allowed survival to adulthood at
25°C when tested in the tephritid Anastre-
pha suspensa (Nirmala et al., 2009). Other
temperature-dependent mutations of the
conserved sex determination gene trans-
former 2, essential for female development,
were first studied in D. melanogaster, and
mutant Tra2 proteins functioned normally
at 16°C but led to multiple sex determina-
tion-related effects at 29°C (Belote and
Baker, 1982). Later, D. suzukii and C. capitata
strains, carrying temperature-sensitive mu-
tations in conserved amino acids of the tra2
gene, were generated by CRISPR/Cas9 HDR
technology (Li and Handler, 2017; Aumann
et al., 2020). While the results were promis-
ing, the full potential for applications could
not be evaluated, due to the low survival of
D. suzukii above 26°C and the inability to
find a permissive temperature compatible
with regular breeding for C. capitata strains.
In addition, temperature-sensitive muta-
tions in the dynamin GTPase shibire gene
were discovered in D. melanogaster (Grigliat-
tietal.,1973; Chenetal.,1991; van der Bliek
and Meyerowitz, 1991), resulting in lethal
or paralytic phenotypes. Transferring one of
the mutations, shi®!, via CRISPR/Cas9 muta-
genesis into the tephritid Bactrocera tryoni
resulted in lethality in some individuals
even at the 21°C rearing temperature, which
was a more severe phenotype than in D. mel-
anogaster, and therefore the generated
strains were not suitable for further evalu-
ation (Choo et al., 2020). With the advent of
CRISPR/Cas9 technology (see Concha and
Papa, Chapter 7, this volume), it has become
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technically possible to make targeted muta-
tions that could make the encoded protein
temperature-sensitive.

Another temperature-sensitive system
is represented by inteins (intervening pro-
teins), described as ‘protein introns’, able to
excise themselves from a polypeptide and
join the N- and C-terminal flanking sequences
to create a WT version of the encoded pro-
tein. Temperature-sensitive Gal4 molecules
have been generated using conditionally
splicing inteins. The capacity of the mutant
inteins to be spliced out of the host protein
was shown to be sufficient to abolish all
Gal4 activity, both in S2 cell lines and in
transgenic Drosophila (Zeidler et al., 2004).
Moreover, in Drosophila, splicing of a tem-
perature-sensitive intein (TS-ClvR®¢) was
able to rescue the activity of an essential
gene, dribble, for conditional gene drive
(Oberhofer et al., 2021).

All temperature-sensitive systems have
in common that they would be optimal if
regulated by external heat stimuli whilst
harbouring minimal genomic modifications
of natural genes. In truth, those lines carry a
much lower level of genomic mutations than
classical genetic strains generated via chem-
osterilization or radiation. Such systems are
promising technologies because heat could
induce gene expression in many develop-
mental stages, as long as the effect is viable
and controllable under regular rearing con-
ditions of the insect.

2.2.3 Glucose repression

The expression of the Drosophila a-amylase
gene can be highly repressed by supplying
sugars in Drosophila diets (Benkel and
Hickey, 1986). Repression of more than
100-fold can be accomplished by the simple
addition of dextrose in the diet (Benkel and
Hickey, 1987). In contrast to hsp70-driven
gene expression, only 5’ promoter sequences
(478 bp) are necessary for repression in
Drosophila, and the same also function in
heterologous yeast expression experiments
(Hickey et al, 1994), showing that the
cis-acting elements controlling transcription

are conserved. We are not aware of any re-
ports of their use in non-drosophilid insects,
though it seems likely that regulation of this
important enzyme would be conserved.

2.2.4 Metallothionein

The environmental availability of complex
carbohydrates requires an animal to modu-
late expression of the a-amylase gene. Con-
versely, the environment presents threats to
which the organism must respond, requiring
induction of other systems, such as the
hsp70 regulatory sequences evolving as a
response to heat stress and other genes as
protection against environmental toxins.
One mechanism of increased metal tolerance
in D. melanogaster is naturally occurring du-
plications of metallothionein genes (Mtn)
(Maroni et al., 1987). Metallothioneins (MTs)
are small, conserved proteins that bind and
sequester ions of copper, zinc and cadmium
in fungi (yeast), plants and animals (Coyle
etal., 2002). They lack aromatic amino acids
but are cysteine-rich motifs that are neces-
sary to bind and sequester metal ions.

Not surprisingly, tolerance to environ-
mental threats might be under greater selec-
tion pressure in some environments than in
others. While the inter-population variation
in D. melanogaster tolerance to heavy metals
is determined partly by duplication of Mtn
genes, individual gene expression can be
modulated in response to heavy metal expos-
ure. Increased synthesis of MTs occurs via
transcriptional and translational regulation.
Mtn transcription increases in response to
heavy metals are widely observed in mam-
malian cells and animals (Zhu and Thiele,
1996).

To investigate the sequences responsible
for metal regulation of Mtn in D. melanogaster,
various portions of the Mtn gene have been
introduced into flies by P-element-mediated
germline transformation (Otto et al., 1987).
Metal-regulated Mtn expression required se-
quences between -373 and +54 bp of the
transcription start site. Mtn promoters con-
tain conserved metal response elements
(MRE) that are necessary for transcriptional
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induction. An MRE consists of a 12 bp DNA
segment repeated within the promoter,
which functions as a metal ion-dependent
enhancer (Andersen et al., 1987). The Mtn
promoter of Drosophila increased accumula-
tion of transgene mRNA when induced by
metals in baby hamster kidney cells. This
indicated that, as in glucose repression of
a-amylase, the cis-acting sequences and
trans-acting factors responsible for metal
regulation are highly conserved.

Induction of a D. melanogaster Mtn
MT-1 promoter has been accomplished in
mosquito cells (Aedes albopictus) transformed
to express Escherichia coli P-galactosidase
(Kovach et al., 1992). Copper and, to a lesser
extent, cadmium were both inducers. The
relative magnitude of induction by copper
was 10- to 20-fold over the non-induced
state. The cell line studied contained approxi-
mately 60 copies of the transgene, therefore
interpreting these results in the context of
transgenic Ae. albopictus carrying only one
transgene is difficult and, to our knowledge,
has not been attempted.

2.2.5 lac inducible systems

The lac operon of E. coli is a multi-gene sys-
tem repressed by the presence of lactose. In
E. coli, lac structural genes are transcription-
ally repressed by the lac repressor (Lacl,
termed LacR by some authors), which, when
not bound to an inducing chemical, binds to
the lac operator (lacO) sequence located be-
tween the promoter and the regulated gene.
Thus, in the absence of an inducer, tran-
scription is blocked. Various inducers, in-
cluding p-galactosides, can bind to and block
Lacl, allowing transcription. To prevent loss
of the inducer via metabolism, a chemical re-
agent such as isopropyl-p-D-thiogalactopyra-
noside (IPTG) is often used. Adding a
[B-galactoside such as lactose or IPTG causes
the repressor to undergo a conformational
change, allowing RNA polymerase to access
the promoter and initiate transcription.
While the lac operator-repressor inter-
action is a prokaryotic system, it has been
utilized for inducible protein expression in

Drosophila cells (Wakiyama et al., 2011),
mice (Wu et al., 1997; Cronin et al., 2001)
and canine cells (Lin et al., 1997), and for
reporter gene expression in Borrelia burgdor-
feri (Blevins et al., 2007). All components
required for regulation of gene expression
by lac can be included in a single trans-
formation vector. This system has not been
developed in mosquitoes and was only used
in S2 cells of D. melanogaster (Wakiyama et al.,
2011). More than 25-fold induction of trans-
gene expression was achieved in transient
assays, and the lac operator—repressor system
was observed to function in transformed cell
lines. Transfection of a vector containing a
DNA sequence encoding the lac repressor
protein driven by a modified Actin5C pro-
moter could regulate a gene stably integrated
into the S2 chromosome. Repression was
most effective if the operator sequence was
placed between the TATA box and the cap
site, suggesting that lacR bound to the operator
could be blocking transcription initiation.

A heterologous inducible lacl ‘P, ’ sys-
tem has also been developed, including the
hybrid trp/lac promoter P,__(de Boer et al,
1983) and the lac repressor from E. coli. This
inducible system has been used for gene ex-
pression analysis in a range of bacteria, for
example Pseudomonas (de Lorenzo et al., 1993)
and Myxococcus xanthus (Letouvet-Pawlak
et al.,1990), and for induction of expression
using lactose (Khlebnikov and Keasling,
2002) and temperature (Xue et al., 1996) in
E. coli. Variants have been developed that are
thermosensitive and others that are cold-
responsive (Makrides, 1996), so the system
has the potential to be very flexible in its
application.

Previous attempts to apply the tech-
nique in human systems have failed due to
the toxicity of IPTG (Makrides, 1996). Still,
reversible regulation of gene expression has
been achieved in mouse embryonic stem cells,
giving a five- to tenfold IPTG induction of
transgene expression (Caron et al., 2005).
Additionally, a transgenic inducible lac sys-
tem has been developed in vivo in axolotls to
investigate regeneration gene function (Whited
etal., 2012), and IPTG-mediated gene silen-
cing has been demonstrated in mice cells
(Grespi et al., 2011). lacl expression can be
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placed under the control of other pro-
moters, as demonstrated by the production
of conditional mutants in Helicobacter pylori
(Boneca et al., 2008), suggesting the poten-
tial for reducing toxicity and achieving a
broader application. The lac system has
even been combined with the Tet system
(see below) and named the lac/Tet dual-
inducible system for induction of two genes
simultaneously in mammalian cell lines by
adding IPTG and Tet, which were not cyto-
toxic when added at optimal concentrations
(Liu et al., 1998).

2.3 Synthetic Systems
2.3.1 Tetracycline-mediated expression

The tetracycline-based binary expression
systems (Tet systems) are among the best
characterized and versatile inducible expres-
sion systems originating from E. coli (Gossen
and Bujard, 1992). There are two variants of
the Tet system: one is the tTA system (‘Tet-
Off’ system) and the other the rtTA system
(‘Tet-On’ system). These are discussed in
more detail in various contexts in Chapters
17, 21 and 23 (this volume). The system
consists of two parts, the first being the
driver construct with tetracycline-controlled
transactivator (tTA) produced under the
control of a promoter that usually provides
tissue- or cell-specificity. The second part is
the effector, which contains a target gene
under the control of a minimal promoter se-
quence, which thus has a naturally low level
of activity. Expression from a minimal pro-
moter can be increased in the presence of an
enhancer or by a positive feedback system.
In the most commonly used example devel-
oped by Gossen and colleagues in mamma-
lian cells (Gossen and Bujard, 1992; Gossen
et al., 1995), the human cytomegalovirus
promoter (Pcmv) is combined with Tet oper-
ator sequences (tetO). In the absence of
tetracycline (or the derivative semi-synthetic
antibiotic doxycycline), tTA binds to tetO
and activates the Pcmv promoter to initiate
the transcription of an effector gene. In the
presence of tetracycline, tTA undergoes a

conformational change and dissociates from
tetO, terminating transcription of the target
gene. In the Tet-On system, the driver con-
struct has a mutant Tet repressor (rtTA),
while the effector construct is the same as
found in the Tet-Off system. In this case, the
system works through an opposite mechan-
ism. In the absence of tetracycline, rtTA
does not bind to tetO sequences, and the tar-
get gene is transcriptionally inactive. In the
presence of tetracycline, rtTA binds to tetO,
and Pcmv activates transcription of the tar-
get gene. Tet systems have been demon-
strated in animal models, including mice
and rats (Lewandoski, 2001; Zhu et al,
2002). However, problems related to the
system include leaky expression caused by
promoter-dependent or integration site-
dependent effects. These effects can comprom-
ise the stringent regulation of transgene
expression.

In insects, Tet-mediated expression has
been used in D. melanogaster to establish
conditional lethal systems. The conditional
female-lethal systems were initially based
on female-specific yolk protein promoters
expressing tTA and driving lethal effectors
(Heinrich and Scott, 2000; Thomas et al.,
2000). The technology was referred to as the
‘release of insects carrying a dominant le-
thal’, RIDL (Thomas et al., 2000). In contrast
to the sterile insect technique that leads to
population suppression by releasing bio-
logically sterile insects, RIDL and variants
thereof are described as the release of fertile
adults that confer unisex or female-specific
lethality in developmental stages of their
offspring as described above. Subsequently,
enhancer/promoters of genes that are ex-
pressed during the blastoderm stage, like
serendipity a (sry a) (Schweisguth et al., 1990),
have been used to limit the effect of the
transgene to the embryonic stage (Horn and
Wimmer, 2003). In D. melanogaster, the hid
gene driven by tTA under the control of a
cellularization gene promoter produced em-
bryonic lethality (Horn and Wimmer, 2003).
Both RIDL and transgenic embryonic le-
thality systems based on the Tet-Off system
were then transferred to different agricul-
turally, veterinary and medically relevant
insect pest species.
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In mosquitoes, the first Tet-system
transgenics were established in Ae. aegypti
using a construct containing a tetracycline-
repressible transcriptional activator (tTAV),
under control of TetO, and a minimal pro-
moter from Drosophila hsp70 (Phuc et al.,
2007). Then, a second version was created
using the promoter from the Ae. aegypti
Actin-4 (AeAct-4) gene that drives the ex-
pression of tTA in a stage-, tissue- and
sex-specific manner (Fu et al., 2010). AeAct-4
is expressed in the indirect flight muscles
(IFM) of female pupae. The AeAct-4 regula-
tory sequence was used to drive tTA expres-
sion in a driver line and crossed to a trans-
genic effector line carrying DsRed under the
control of a tetracycline responsive element
(tRE). The expression of DsRed was fully re-
pressed by adding tetracycline. Crossing the
strain carrying the AeAct-4-tTA construct to
transgenic lines containing lethal effector
genes NipplDm and Michelob_x under tRE
control produced a flightless phenotype in
female progeny, with both constructs due to
the expression of the lethal effector genes in
the IFM. A further driver construct was
made using the native AeAct-4 sequence,
which produces sex-specific alternative spli-
cing, to prevent the expression of functional
tTA protein in males, even if the promoter is
active. In this case, the transgenic line ob-
tained, OX3604C, when reared in the ab-
sence of tetracycline, produced a highly
penetrant female-specific flightless pheno-
type. In contrast, in the presence of tetracyc-
line, only 0.3% of females showed the flight-
less phenotype.

The Tet system has also been shown to
be capable of controlling gene expression in
Anopheles stephensi. In this case, a promoter
sequence from the An. gambiae SRPN10 gene
was used to drive the production of Tet-
dependent transactivators (Lycett et al.,
2004). A driver construct was developed for
Tet-Off and Tet-On systems along with an
effector line, which carries a lacZ reporter
gene regulated by a tetO sequence. The
progeny of crosses between the driver and
effector lines expressed p-galactosidase in a
significant fraction of haemocytes and
pericardial cells for both Tet systems. Tet
systems could be useful to characterize the

function of many genes involved in mos-
quito development, innate immunity and
parasite transmission. Generally, this sys-
tem could improve the sterile insect
technique (SIT) for mosquito control, par-
ticularly when the effectors make stock
maintenance difficult or impossible.

Tet systems for the purpose of insect
pest control have also been established in
many agriculturally important and live-
stock pest insects, such as the Mediterra-
nean fruit fly C. capitata (Schetelig et al.,
2009; Ogaugwu et al., 2013), the Caribbean
fruit fly Anastrepha suspensa (Loew)
(Schetelig and Handler, 2012a,b), the pink
bollworm Pectinophora gossypiella (Saun-
ders) (Morrison et al., 2012), the Australian
sheep blowfly Lucilia cuprina Wiedemann
(Yan and Scott, 2015), the New World
screwworm Cochliomyia hominivorax (Dip-
tera: Calliphoridae) (Concha et al., 2016),
the Mexican fruit fly Anastrepha ludens
(Loew) (Diptera: Tephritidae) (Scheteliget al.,
2016), and recently in the cherry vin-
egar fly D. suzukii (Schetelig et al., 2021).
Successful in laboratory, semi-field cage
and small-scale field tests, transgenic ap-
proaches for population suppression have
reached the stage of pilot control trials on
Grand Cayman (Harris et al., 2012) and in
Brazil (Carvalho et al., 2015).

Following the tTA paradigm, several
small-molecule regulated systems have been
developed which follow a similar design,
with a bacterial DNA-binding domain fused
to the VP16 transcription activation do-
main. Erythromycin-Off, Biotin-On, Vanillic
acid regulated, Phloretin-Off, Bile acid-Off,
and Quinic acid systems have been devel-
oped for expression control (Jaffri et al.,
2020), though they have not yet been widely
used in transgenic insects. Indeed, a recent
attempt to use corresponding small-molecule
ligands to control repressors from the
p-CymR operon from Pseudomonas putida,
PipR operon from Streptomyces coelicolor,
TtgR operon from P. putida and the VanR op-
eron from Caulobacter crescentus failed to
demonstrate a concentration-dependent
decrease in marker expression in D. melano-
gaster, unlike the parallel experiment with
tTA flies (Gamez et al., 2021).
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2.3.2 Dimerization

The use of dimerization-dependent indu-
cible gene expression is a further example
of engineering inducible or repressible
transgene expression using an endogenous
regulatory system as a starting point. Inter-
actions between pairs of proteins facilitate
molecular signalling by altering proximity
and orientation of proteins, create temporal
and spatial boundaries, enhance reaction
specificity and regulate gene expression
(Klemm et al., 1998). The production of
dimers from monomers may be stable or
dynamic. Interaction by dimerizing two
signalling proteins can be induced with high
affinity and specificity by an organic mol-
ecule with two binding motifs, a dimerizer,
which triggers many cellular processes. If
the motifs are identical, two identical mol-
ecules are joined, known as homodimeriza-
tion, and where two different molecules are
bound and induced to interact, it is known
as heterodimerization.

Synthetic dimerization can be used to
investigate molecular pathways by activat-
ing or inhibiting them (Klemm et al., 1998).
For example, dimerization proteins can be
created that lack functional domains and so
form ineffective dimers, so-called ‘dominant
negatives’, whose inhibition is dose-dependent,
or synthetic ligands can be applied that
induce artificial interaction between two
proteins by bringing them into close prox-
imity (Spencer et al., 1993). This latter reac-
tion is reversible by the addition of a second
competing ligand with only one binding site.

It is also possible to make protein-
protein interactions dimerizer-inducible by
fusing proteins to recognized binding motif(s).
The use of dimerizers, bivalent chemical in-
ducers of dimerization, allows regulation
of gene expression by inducing proximity
between the DNA-binding and activation
domains of transcription factors, expressed
as two fusion proteins with ligand-binding
domains (Pollock and Clackson, 2002). In
this way, adding or removing a dimerizer
leads to transcriptional activation of a gene
of interest downstream of a promoter con-
taining a binding site for the DNA-binding
domain. If the ligand-binding domains are

unreactive in the absence of the ligand and
correlated promoter, transcription of the
gene of interest only occurs upon the add-
ition of the dimerizer. Tight regulation can
be achieved, and the modularity allows step-
wise optimization of a system. The ability to
fuse any proteins to the binding domain/s
makes the system very adaptable. The ef-
fectiveness of this system is greater if a het-
erodimerizer is used or if proteins from the
target organism can be employed.

Protein interactions with nucleotide-
binding and oligomerization domain-like
(NOD) receptors (NLRs) in Hydra magnipa-
pillata, which are essential for the innate im-
mune system, were identified through the
co-transfection of chimeric hydra sequences
fused to FK506 binding protein (FKBP) into
human embryonic kidney cells and the
addition of a commercially available cell-
permeable homodimerization ligand. Con-
centration-dependent protein binding was
induced by dimerization of FKBP (Lange
et al,, 2011). Immuno-precipitation prod-
ucts were collected, and co-precipitation sig-
nalled that endogenous interaction may
occur with the target NLR; high levels of
co-precipitation were achieved upon the
addition of 100 nM AP20187 dimerizer to
proteins in which, in its absence, only a weak
interaction was detectable.

AP20187 dimerizer-induced apoptosis
of macrophages has been achieved in trans-
genic mice through the dimerizer-activated
expression of the FKBP-Fas suicide gene
(Burnett et al., 2004). Macrophage-like cells
were reduced by 78.3% in in vitro cultures
treated with dimerizer, with no impact on
viability seen in treated wild-type cells. An
IC50 of 0.37 nM was demonstrated for the
dimerizer. Daily peritoneal injections of
AP20187 at 10 mg/kg caused observable de-
pletion of macrophages within 24 h, and a de-
crease of nearly 90% was seen after five days of
treatment. Mice injected with the dimerizer,
which thus had reduced macrophage levels,
had reduced capacity to clear injected Yersinia
pestis bacteria. Some reversibility was seen
after seven days without treatment.

The iDimerize-regulated transcription
system is a form of inducible dimerization
(Fig. 2.1). Proteins of interest are fused to
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Fig. 2.1. The iDimerize inducible dimerization system. (A) The inducible homodimerization system
also requires a synthetic, cell-permeable ligand for induction. The B/B homodimerizer is used to induce
homodimerization of fusion proteins containing the DmrB domain inducing the transcription of the gene of
interest. (B) The DNA-binding domain, DmrA, recognizes and binds sequences within the inducible
promoter. Transcription of the gene of interest occurs when the DmrA and a transcription activation
domain, DmrC, both bind to the synthetic, cell-permeable ligand which is applied to induce transcription.
(C) The heterodimerization system motifs, fused to a transcription activation domain (TA) and a DNA
binding domain (DB), respectively, are bound by the heterodimerizer (A/C) and induce transcription of the

gene of interest.

domains recognized by a synthetic, bivalent,
cell-permeable dimerizer, which may be an
A/C heterodimerizer or a B/B homodimerizer,
depending on whether the proteins targeted
by dimerization are similar or different.
When the dimerizer is added, the two bind-
ing ligands can interact, resulting in an
interaction of the proteins of interest in a
dose-dependent manner. Transcription
activation of a target gene can be controlled
in this manner by inserting an inducible

promoter upstream that is recognized by a
DNA-binding component that binds to a
transcription activation component only in the
presence of a heterodimer. Dose-responsive
transcription is thus achieved on applica-
tion of the dimerizer. The system was ori-
ginally developed by Ariad Pharmaceuticals
to investigate gene function in eukaryotic
cell systems, and the iDimerize system is
now commercially available from Takara.
To date, the iDimerize system has been
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successfully used for basic research, includ-
ing studies in E. coli (Roostaee et al., 2009),
Saccharomyces cerevisiae (Niu et al., 2007),
different cell cultures (Song et al., 2007; Park
etal., 2012), Caenorhabditis elegans (Dossena
et al., 2011), Mus musculus (Shah et al.,
2007), Xenopus laevis (Isaacs et al., 2007)
and Danio rerio (Hirate and Okamoto, 2006),
but has not been adapted for insects or pest
control applications that involve transgenic
insects.

2.3.3 GeneSwitch

The Gal4/UAS system is one of the most
popular conditional gene expression sys-
tems available. It does not in itself result in
inducible expression as delineated in this
chapter, but an improvement has been de-
veloped. The GeneSwitch system is based on
a chimeric Gal4 gene that encodes the GAL4
DNA-binding domain, the ligand-binding
domain of the human progesterone recep-
tor, and the activation domain from the
human protein p65 (Osterwalder et al,
2001). The chimeric molecule binds to the
UAS sequence and activates transcription
only in the presence of the antiprogestin
RU486 (mifepristone). Hence, using tis-
sue-specific promoters and activation by ap-
plying the ligand, the expression of UAS
transgenes in both a temporally and a spatially
specific manner is possible. This system has
been demonstrated in D. melanogaster, facili-
tated by the availability of numerous extant
fly lines carrying UAS sequences that are
well characterized in terms of genetic envir-
onments and expression patterns (Poirier
et al., 2008). However, RU486 represses
mitochondrial gene expression in Drosophila,
a side effect that should be taken into con-
sideration when designing experiments and
interpreting the observed phenotypes (Robles-
Murguia et al., 2019).

GeneSwitch has been demonstrated in
mammalian cells using a steroid or doxy-
cycline (Ford et al., 2007), or ethanol and
mifepristone (Bhat et al., 2004) to induce ex-
pression. The system has been combined
with RNAI to achieve conditional expression

(Zhang et al., 2010) and conditional inacti-
vation (Ren et al., 2009), overexpression for
gene identification (Paik et al., 2012) and tis-
sue-specific alteration of gene expression
(Robles-Murguia et al., 2019) in Drosophila.

2.3.4 Qsystem

The Q transcriptional regulatory system, or
QF-QUAS (Giles et al., 1985, 1991; Potter
et al., 2010), of the filamentous fungus Neuro-
spora crassa is involved in the metabolism of
quinic acid as a carbon source in glucose-
limiting conditions through a transcription
factor (QA-1F, or QF) and the QUAS binding
site located upstream of QF-regulated genes
(Fig. 2.2). This interaction is repressed by
the expression of QA-1S, or QS, or by quinic
acid, in a feedback system whereby the mol-
ecule controls the expression of the genes
responsible for its catabolism (Goll et al.,
2009; Subedi et al., 2014).

In the absence of QF, low basal expres-
sion of QUAS-regulated genes is seen,
though the level of QF-induced expression
can be high (Potter et al., 2010; Potter and
Luo, 2011), allowing good control of trans-
gene expression. Potter and Luo (2011) and
colleagues (Potter et al., 2010; Saibil, 2013)
have characterized the use of the Q system
in Drosophila experiments in vivo to express
transgenic effectors in a tissue-specific
manner and in combination with the GAL4
system for mosaic analysis, among other ap-
proaches. The Q system has also been used
to drive temporally controlled, cell-specific
expression in C. elegans (Potter et al., 2010;
Wei et al., 2012). When separated, the QF
and QUAS domains were transcribed only at
a negligible level, but a significant level of
expression was observed when combined.

The use of QF-QUAS as a binary repress-
ible expression system was demonstrated in
Drosophila and mammalian cells (Potter
et al., 2010; Subedi et al., 2014). It was em-
ployed to determine cell division patterns
and gene function and to investigate neurons
involved in olfaction. Drosophila S2 cells
transfected with QF and QUAS-luc2 showed
3300-fold greater expression than in the
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Fig. 2.2. The Q system. Three components comprise this system: the QF transcription factor, the QS
suppressor, and QUAS-effectors. When QF binds to QUAS, target transgenes (X) are expressed. This can
be silenced by ubiquitous expression of QS. Quinic acid can then be supplied to bind and inhibit the QS
suppressor and can thus restore the transcription of the target transgene. Adapted from Potter et al., 2010.

absence of QF, compared with a 5300-fold
enhancement in the same system using
GAL4 induction. Equal concentrations of QF
and QS in the cells failed to achieve full sup-
pression, which was QS-dose dependent,
though QS suppression was achieved upon
the addition of quinic acid. The crossing of
separate transgenic lines of Drosophila car-
rying QUAS-driven markers, QF lines with
specific promoters and ubiquitously driven
QS lines demonstrated the functioning of
the Q system in vivo: strong marker expres-
sion was observed in QF-QUAS flies, re-
pressed by the introduction of QS (Potter
and Luo, 2011; Wei et al., 2012).

The system was shown to modulate
gene expression in the first vertebrate or-
ganism: zebrafish, Danio rerio (Subedi et al.,
2014). A substantial reduction in expression
of a transgene reporter under the control
of tissue-specific promoters was achieved
transiently by co-injection of the QS repres-
sor into embryos. Tissue-specific activation
of QUAS reporters by QF was shown by
crossing transgenic QF driver lines to a
QUAS:GFP reporter to be stable for three

generations. The effect of quinic acid on
gene expression was not tested.

The original QF consists of three struc-
tural domains: DBD (DNA binding and di-
merization domain), MD (middle domain)
and the transcriptional activation domain
(AD). However, QF was found to be toxic in
the Drosophila system (Riabinina et al.,
2015). Two variants of QF have been de-
signed to avoid toxicity and maintain the
functional activity of QF: the QF2 and
QF2w. QF2 was designed by deleting the
middle domain and was still fully capable of
driving gene expression in D. melanogaster
(Riabinina et al., 2015). QF2w was further
designed by changing the last two amino
acids (glutamic acid and glutamine) of QF2
to four lysine(s) that change the charge on
the C-terminus from negative to positive.
This makes QF2w a weaker transcriptional
activator but also less toxic. In addition, it
can be more efficiently suppressed by QS
than QF2. Temporal gene control can be
achieved by controlling the amount of quinic
acid fed to the flies, and the duration of ex-
posure. Drosophila larvae are more receptive
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to quinic acid in the food than adult flies.
That makes it a better control agent for em-
bryonic lethality control (Riabinina et al.,
2015). The Q system can also be combined
with other expression systems to induce
tightly controlled, specific and multi-gene
expression. For example, it can be used to-
gether with Tet (Eckermann et al, 2014;
Mao et al., 2019) and GAL4 systems (Potter
et al., 2010; Li and Stavropoulos, 2016). Al-
ternatively, the expression of a transgene
could be controlled by adding or removing
quinic acid, providing an additional level of
expression control and allowing the Q sys-
tem to be incorporated into stable trans-
genic insects. Interestingly, although in
Drosophila and C. elegans quinic acid blocks
repression of QF by QS and thus allows ex-
pression of QUAS-regulated genes (Ka-
wakami et al., 2000; Wei et al., 2012), in
mammalian cells quinic acid enhances QF
expression (Potter and Luo, 2011; Wei et al.,
2012). Quinic acid shows some toxicity in
zebrafish: quinic acid added to rearing water
at 0.5 mg/ml causes developmental abnor-
malities, though normal development can
be achieved at 0.3 mg/ml (Subedi et al.,
2014), but appears to be non-toxic to in-
sects. When cranberry juice, which contains
over 1% quinic acid, was added to the food
provided to Drosophila transformed with a
QUAS-regulated transgene inhibited by QS
expression, inhibition was reversed mark-
edly within 24 h, allowing transgene expres-
sion (Potter et al., 2010). No abnormalities
were observed in flies reared for nine gener-
ations on cranberry juice media.

To date, the Q system has been success-
fully used in D. melanogaster (Potter and
Luo, 2011), mammalian cells (Potter et al.,
2010), C. elegans (Maupas) (Wei et al., 2012),
Danio rerio (Hamilton) (Subedi et al., 2014),
An. gambiae (Riabinina et al., 2016) and the
plants Glycine max and Nicotiana benthamia-
na (Persad et al., 2020). The complexity and
amount of regulating elements of the Q sys-
tem can be an advantage for different appli-
cation scenarios. On the other hand, those
factors have to be transformed, evaluated
and optimized to achieve the tight control of
expression that is required for any pest con-
trol application.

2.3.5 Use of Cre/loxP recombination

Another system that allows the inducible or
suppressible transgene expression in a revers-
ible manner is the Cre/loxP site-specific DNA
recombination system (see Ahmed and Wim-
mer, Chapter 5, this volume). The Cre gene of
the P1 bacteriophage encodes a site-specific
recombinase that recombines a pair of short
target sequences called the lox sequences. This
technology can be used to introduce a particu-
lar gene into the genome to study its function.
Alternatively, it is possible to use an inducible
Cre with specific promoters to produce trans-
genic expression at a specific time and in a
specific tissue. Various laboratories have inte-
grated the tetracycline system with a Cre/loxP
to achieve inducible expression (Sun et al.,
2007; Bertram et al., 2009) or conditional
DNA recombination (Hennighausen et al.,
1995; Guo et al., 2005). Gene expression has
been modulated in various species using FLP-
and Cre-recombinase-mediated excision or re-
combination as well as the phiC31 integrase
system (see Ahmed and Wimmer, Chapter 5,
this volume for detailed information).

2.4 Conclusions

While a variety of inducible systems have
been described, there is still a lack of suitable
systems for insects that provide a range of
levels of controllable induction or repression
and negligible constitutive expression in the
non-induced or repressed states. The pheno-
type required constrains the possible choices
from among those discussed above: alow level
of expression might be acceptable for some ef-
fectors, but stringent control is essential when
toxicity or mutagenic effects are expected. As
methods for systematically analysing tran-
scriptomes and genomes develop further,
valuable new promoters will be identified as
non-model insects are exposed to potentially
inducing and repressing treatments. The ex-
amples we have described provide several im-
provements to transgenes that have been
tested in insects as well as candidates for fur-
ther exploration outside of those model or-
ganisms in which they have been developed.



© CAB INTERNATIONAL. NOT FOR RESALE

36 M.F. Schetelig et al.

References

Amin, J., Mestril, R., Schiller, P., Dreano, M. and Voellmy, R. (1987) Organization of the Drosophila melano-
gaster hsp70 heat shock regulation unit. Molecular and Cellular Biology 7, 1055—-1062.

Andersen, R.D., Taplitz, S.J., Wong, S., Bristol, G., Larkin, B. and Herschman, H.R. (1987) Metal-dependent
binding of a factor in vivo to the metal-responsive elements of the metallothionein 1 gene promoter.
Molecular and Cellular Biology 7, 3574—3581.

Aumann, R.A., Hacker, |. and Schetelig, M.F. (2020) Female-to-male sex conversion in Ceratitis capitata by
CRISPR/Cas9 HDR-induced point mutations in the sex determination gene transformer-2. Scientific
Reports 10, 18611.

Belote, J.M. and Baker, B.S. (1982) Sex determination in Drosophila melanogaster: analysis of trans-
former-2, a sex-transforming locus. Proceedings of the National Academy of Sciences USA 79,
1568-1572.

Benedict, M.Q., Cockburn, A.F. and Seawright, J.A. (1991) Heat-shock mortality and induced thermotoler-
ance in larvae of the mosquito Anopheles albimanus. Journal of the American Mosquito Control
Association 7, 547-550.

Benkel, B.F. and Hickey, D.A. (1986) Glucose repression of amylase gene expression in Drosophila mela-
nogaster. Genetics 114, 137-144.

Benkel, B.F. and Hickey, D.A. (1987) A Drosophila gene is subject to glucose repression. Proceedings of
the National Academy of Sciences USA 84, 1337-1339.

Bertram, R., Kolb, M. and Hillen, W. (2009) In vivo activation of tetracycline repressor by Cre/lox-mediated
gene assembly. Journal of Molecular and Microbiolial Biotechnology 17, 136—145.

Bhat, R.A., Stauffer, B., Komm, B.S. and Bodine, P.V. (2004) Regulated expression of sFRP-1 protein by the
GeneSwitch system. Protein Expression and Purification 37, 327-335.

Bienz, M. and Pelham, H.R. (1987) Mechanisms of heat-shock gene activation in higher eukaryotes.
Advances in Genetics 24, 31-72.

Blevins, J.S., Revel, A.T., Smith, A.H., Bachlani, G.N. and Norgard, M.V (2007) Adaptation of a luciferase
gene reporter and lac expression system to Borrelia burgdorferi. Applied and Environmental Micro-
biology 73, 1501-1513.

Boneca, I.G., Ecobichon, C., Chaput, C., Mathieu, A., Guadagnini, S. et al. (2008) Development of inducible
systems to engineer conditional mutants of essential genes of Helicobacter pylori. Applied and Envir-
onmental Microbiology 74, 2095-2102.

Bonner, J.J., Parks, C., Parker-Thornburg, J., Mortin, M.A. and Pelham, H.R. (1984) The use of promoter
fusions in Drosophila genetics: isolation of mutations affecting the heat shock response. Cell 37,
979-991.

Burnett, S.H., Kershen, E.J., Zhang, J., Zeng, L., Straley, S.C. et al. (2004) Conditional macrophage ablation
in transgenic mice expressing a Fas-based suicide gene. Journal of Leukocyte Biology 75, 612—-623.

Caron, L., Prot, M., Rouleau, M., Rolando, M., Bost, F. and Binétruy, B. (2005) The Lac repressor provides
a reversible gene expression system in undifferentiated and differentiated embryonic stem cell. Cellu-
lar and Molecular Life Sciences 62, 1605-1612.

Carpenetti, T.L., Aryan, A., Myles, K.M. and Adelman, Z.N.(2012) Robust heat-inducible gene expression by
two endogenous hsp70-derived promoters in transgenic Aedes aegypti. Insect Molecular Biology 21,
97-106.

Carvalho, D.O., McKemey, A.R., Garziera, L., Lacroix, R., Donnelly, C.A. et al. (2015) Suppression of a field
population of Aedes aegypti in Brazil by sustained release of transgenic male mosquitoes. PLoS Neg-
lected Tropical Diseases 9, e0003864.

Chen, B., Hrycaj, S., Schinko, J.B., Podlaha, O., Wimmer, E.A. et al. (2011) Pogostick: a new versatile pig-
gyBac vector for inducible gene over-expression and down-regulation in emerging model systems.
PLoS ONE 6, e18659.

Chen, M.S., Obar, R.A., Schroeder, C.C., Austin, T.W., Poodry, C.A. et al. (1991) Multiple forms of dynamin
are encoded by shibire, a Drosophila gene involved in endocytosis. Nature 351, 583-586.

Choo, A., Fung, E., Chen, LY., Saint, R., Crisp, P. and Baxter, S.W. (2020) Precise single base substitution
in the shibire gene by CRISPR/Cas9-mediated homology directed repair in Bactrocera tryoni. BMC
Genetics 21, 127.

Concha, C., Palavesam, A., Guerrero, F.D., Sagel, A., Li, F. et al. (2016) A transgenic male-only strain of
the New World screwworm for an improved control program using the sterile insect technique. BMC
Biology 14, 72.



© CAB INTERNATIONAL. NOT FOR RESALE

Inducible and Repressible Systems for Transgene Expression 37

Coyle, P, Philcox, J.C., Carey, L.C. and Rofe, A.M. (2002) Metallothionein: the multipurpose protein. Cellular
and Molecular Life Sciences 59, 627—647.

Cronin, C.A., Gluba, W. and Scrable, H. (2001) The lac operator-repressor system is functional in the mouse.
Genes & Development 15, 1506—-1517.

Dai, H., Jiang, R., Wang, J., Xu, G., Cao, M., Wang, Z. and Fei, J. (2007) Development of a heat shock in-
ducible and inheritable RNAi system in silkworm. Biomolecular Engineering 24, 625-630.

de Boer, H.A., Comstock, L.J. and Vasser, M. (1983) The tac promoter: a functional hybrid derived from the
trp and lac promoters. Proceedings of the National Academy of Sciences USA 80, 21-25.

de Lorenzo, V., Eltis, L., Kessler, B. and Timmis, K.N. (1993) Analysis of Pseudomonas gene products using
laclg/Ptrp-lac plasmids and transposons that confer conditional phenotypes. Gene 123, 17-24.

Dossena, S., Gandini, R., Tamma, G., Vezzoli, V., Nofziger, C. et al. (2011) The molecular and functional
interaction between ICIn and HSPCO038 proteins modulates the regulation of cell volume. Journal of
Biological Chemistry 286, 40659—-40670.

Eckermann, K.N., Dippel, S., KaramiNejadRanjbar, M., Ahmed, H.M., Curril, |.M. and Wimmer, E.A. (2014)
Perspective on the combined use of an independent transgenic sexing and a multifactorial reproduct-
ive sterility system to avoid resistance development against transgenic Sterile Insect Technique ap-
proaches. BMC Genetics 15 (Suppl. 2), S17

Ford, D., Hoe, N., Landis, G.N., Tozer, K., Luu, A., Bhole, D., Badrinath, A. and Tower, J. (2007) Alteration
of Drosophila life span using conditional, tissue-specific expression of transgenes triggered by doxy-
cyline or RU486/Mifepristone. Experimental Gerontology 42, 483—-497.

Franz, G. (2005) Genetic sexing strains in Mediterranean fruit fly, an example for other species amenable
to large-scale rearing for the sterile insect technique. In: Dyck, V.A., Hendrichs, J. and Robinson, A.S.
(eds) Sterile Insect Technique: Principles and Practice in Area-wide Integrated Pest Management.
Springer, Dordrecht, Netherlands, pp. 427—-451.

Franz, G., Bourtzis, K. and Caceres-Barrios, C. (2021) Practical and operational genetic sexing systems
based on classical genetic approaches in fruit flies, an example for other species amenable to
large-scale rearing for the sterile insect technique. In: Dyck, V.A., Hendrichs, J. and Robinson, A.S.
(eds) Sterile Insect Technique: Principles and Practice in Area-Wide Integrated Pest Management,
2nd edn. CRC Press, Boca Raton, Florida, pp. 575-604.

Fu, G., Lees, R.S., Nimmo, D., Aw, D., Jin, L., Gray, P., Berendonk, T.U., White-Cooper, H., Scaife, S.,
Kim Phuc, H., Marinotti, O., Jasinskiene, N., James, A.A. and Alphey, L. (2010) Female-specific
flightless phenotype for mosquito control. Proceedings of the National Academy of Sciences USA
107, 4550-4554.

Gamez, S., Vesga, L.C., Mendez-Sanchez, S.C. and Akbari, O.S. (2021) Spatial control of gene expres-
sion in flies using bacterially derived binary transactivation systems. Insect Molecular Biology
30(5), 461-471. doi: 10.1111/imb.12717

Giles, N.H., Case, M.E., Baum, J., Geever, R., Huiet, L. et al. (1985) Gene organization and regulation in
the ga (quinic acid) gene cluster of Neurospora crassa. Microbiological Reviews 49, 338-358.

Giles, N.H., Geever, R.F, Asch, D.K., Avalos, J. and Case, M.E. (1991) Organization and regulation of the
ga (quinic acid) genes in Neurospora crassa and other fungi. The Journal of Heredity 82, 1-7.

Goll, M.G., Anderson, R., Stainier, D.Y., Spradling, A.C. and Halpern, M.E. (2009) Transcriptional silencing
and reactivation in transgenic zebrafish. Genetics 182, 747—755.

Gossen, M. and Bujard, H. (1992) Tight control of gene expression in mammalian cells by tetracycline-
responsive promoters. Proceedings of the National Academy of Sciences USA 89(12), 5547-5551.

Gossen, M., Freundlieb, S., Bender, G., Muller, G., Hillen, W. and Bujard, H. (1995) Transcriptional activa-
tion by tetracyclines in mammalian cells. Science 268, 1766—1769.

Grespi, F., Ottina, E., Yannoutsos, N., Geley, S. and Villunger, A. (2011) Generation and evaluation of an
IPTG-regulated version of Vav-gene promoter for mouse transgenesis. PloS ONE 6, e18051.

Grigliatti, T.A., Hall, L., Rosenbluth, R. and Suzuki, D.T. (1973) Temperature-sensitive mutations in Drosoph-
ila melanogaster. X1V. A selection of immobile adults. Molecular Genomics and Genetics 120, 107—114.

Gross, T.L., Myles, K.M. and Adelman, Z.N. (2009) Identification and characterization of heat shock 70
genes in Aedes aegypti (Diptera: Culicidae). Journal of Medical Entomology 46, 496-504.

Guo, Z.M., Xu, K., Yue, Y., Huang, B., Deng, X.Y. et al. (2005) Temporal control of Cre recombinase-
mediated in vitro DNA recombination by Tet-on gene expression system. Acta Biochimica et
Biophysica Sinica 37, 133—-138.

Harris, A.F., McKemey, A.R., Nimmo, D., Curtis, Z., Black, I. et al. (2012) Successful suppression of a field mos-
quito population by sustained release of engineered male mosquitoes. Nature Biotechnology 30, 828—830.



© CAB INTERNATIONAL. NOT FOR RESALE

38 M.F. Schetelig et al.

Heinrich, J.C. and Scott, M.J. (2000) A repressible female-specific lethal genetic system for making trans-
genic insect strains suitable for a sterile-release program. Proceedings of the National Academy of
Sciences USA 97, 8229-8232.

Hennighausen, L., Wall, R.J., Tillmann, U., Li, M. and Furth, P.A. (1995) Conditional gene expression in se-
cretory tissues and skin of transgenic mice using the MMTV-LTR and the tetracycline responsive
system. Journal of Cellular Biochemistry 59, 463—472.

Hess, M.A. and Duncan, R.F. (1996) Sequence and structure determinants of Drosophila Hsp70 mRNA
translation: 5'UTR secondary structure specifically inhibits heat shock protein mRNA translation. Nu-
cleic Acids Research 24, 2441-2449.

Hickey, D.A., Benkel, K.1., Fong, Y. and Benkel, B.F. (1994) A Drosophila gene promoter is subject to
glucose repression in yeast cells. Proceedings of the National Academy of Sciences USA 91,
11109-11112.

Hirate, Y. and Okamoto, H. (2006) Canopy1, a novel regulator of FGF signaling around the midbrain-hindbrain
boundary in zebrafish. Current Biology 16, 421-427.

Horn, C. and Wimmer, E.A. (2003) A transgene-based, embryo-specific lethality system for insect pest
management. Nature Biotechnology 21, 64—70.

Isaacs, H.V., Deconinck, A.E. and Pownall, M.E. (2007) FGF4 regulates blood and muscle specification in
Xenopus laevis. Biology of the Cell 99, 165—-173.

Jaffri, S., Yan, Y., Scott, M. and Schetelig, M. (2020) Conditional expression systems for Drosophila suzukii
pest control. In: Garcia, F. (ed.) Drosophila suzukii Management. Springer, Cham, Switzerland, pp.
195-215.

Kalosaka, K., Chrysanthis, G., Rojas-Gill, A.P., Theodoraki, M., Gourzi, P. et al. (2006) Evaluation of the
activities of the medfly and Drosophila hsp70 promoters in vivo in germ-line transformed medflies.
Insect Molecular Biology 15, 373-382.

Kalosaka, K., Soumaka, E., Politis, N. and Mintzas, A.C. (2009) Thermotolerance and hsp70 expression in
the Mediterranean fruit fly Ceratitis capitata. Journal of Insect Physiology 55, 568-573.

Kawakami, K., Shima, A. and Kawakami, N. (2000) Identification of a functional transposase of the To/2
element, an Ac-like element from the Japanese medaka fish, and its transposition in the zebrafish
germ lineage. Proceedings of the National Academy of Sciences USA 97, 11403-11408.

Khlebnikov, A. and Keasling, J.D. (2002) Effect of JacY expression on homogeneity of induction from the P,
and P, promoters by natural and synthetic inducers. Biotechnology Progress 18, 672—674.

Klemenz, R., Hultmark, D. and Gehring, W.J. (1985) Selective translation of heat shock mRNA in Drosoph-
ila melanogaster depends on sequence information in the leader. The EMBO Journal 4, 2053—2060.

Klemm, J.D., Schreiber, S.L. and Crabtree, G.R. (1998) Dimerization as a regulatory mechanism in signal
transduction. Annual Review of Immunology 16, 569-592.

Kovach, M.J., Carlson, J.O. and Beaty, B.J. (1992) A Drosophila metallothionein promoter is inducible in
mosquito cells. Insect Molecular Biology 1, 37-43.

Lange, C., Hemmrich, G., Klostermeier, U.C., Lopez-Quintero, J.A., Miller et al. (2011) Defining the origins
of the NOD-like receptor system at the base of animal evolution. Molecular Biology and Evolution 28,
1687-1702.

Letouvet-Pawlak, B., Monnier, C., Barray, S., Hodgson, D.A. and Guespin-Michel, J.F. (1990) Comparison
of beta-galactosidase production by two inducible promoters in Myxococcus xanthus. Research in
Microbiology 141, 425-435.

Lewandoski, M. (2001) Conditional control of gene expression in the mouse. Nature Reviews. Genetics 2,
743-755.

Li, J. and Handler, A.M. (2017) Temperature-dependent sex-reversal by a transformer-2 gene-edited muta-
tion in the spotted wing drosophila, Drosophila suzukii. Scientific Reports 7, 12363.

Li, Q. and Stavropoulos, N. (2016) Evaluation of ligand-inducible expression systems for conditional neur-
onal manipulations of sleep in Drosophila. G3: Genes, Genomes, Genetics 6, 3351-3359.

Lin, H.H., Yang, T.P, Jiang, S.T., Liu, H.S. and Tang, M.J. (1997) Inducible expression of bcl-2 by the lac
operator/repressor system in MDCK cells. American Journal of Physiology-Renal Physiology 273,
F300-306.

Lindquist, S. (1986) The heat-shock response. Annual Review of Biochemistry 55, 1151-1191.

Lindquist, S. and Petersen, R. (1990) Selective translation and degradation of heat-shock messenger
RNAs in Drosophila. Enzyme 44, 147-166.

Lis, J.T., Simon, J.A. and Sutton, C.A. (1983) New heat shock puffs and beta-galactosidase activity resulting
from transformation of Drosophila with an hsp70-lacZ hybrid gene. Cell 35, 403-410.



© CAB INTERNATIONAL. NOT FOR RESALE

Inducible and Repressible Systems for Transgene Expression 39

Liu, H.S., Lee, C.H,, Lee, C.F, Su, I.J. and Chang, T.Y. (1998) Lac/Tet dual-inducible system functions in
mammalian cell lines. Biotechniques 24, 624—628, 630-622.

Lycett, G.J., Kafatos, F.C. and Loukeris, T.G. (2004) Conditional expression in the malaria mosquito Anoph-
eles stephensi with Tet-On and Tet-Off systems. Genetics 167, 1781-1790.

Makrides, S.C. (1996) Strategies for achieving high-level expression of genes in Escherichia coli. Microbio-
logical Reviews 60, 512—-538.

Mao, S., Qi, Y., Zhu, H., Huang, X., Zou, Y. and Chi, T. (2019) A Tet/Q hybrid system for robust and versatile
control of transgene expression in C. elegans. iScience 11, 224-237.

Maroni, G., Wise, J., Young, J.E. and Otto, E. (1987) Metallothionein gene duplications and metal tolerance
in natural populations of Drosophila melanogaster. Genetics 117, 739-744.

Miller, L.H., Sakai, R.K., Romans, P,, Gwadz, R.W., Kantoff, P. and Coon, H.G. (1987) Stable integration and
expression of a bacterial gene in the mosquito Anopheles gambiae. Science 237, 779-781.

Morimoto, R.l. (1993) Cells in stress: transcriptional activation of heat shock genes. Science 259,
1409-1410.

Morrison, N.I., Simmons, G.S., Fu, G., O'Connell, S., Walker, A.S. et al. (2012) Engineered repressible le-
thality for controlling the pink bollworm, a lepidopteran pest of cotton. PloS ONE 7, e50922.

Nirmala, X., Zimowska G.J. and Handler, A.M. (2009) Characterization of the proteasome beta2 subunit
gene and its mutant allele in the tephritid fruit fly pest, Anastrepha suspensa. Insect Molecular Biol-
ogy 18, 330-334.

Niu, H., Li, X., Job, E., Park, C., Moazed, D. et al. (2007) Mek1 kinase is regulated to suppress dou-
ble-strand break repair between sister chromatids during budding yeast meiosis. Molecular and
Cellular Biology 27, 5456—-5467.

O’Donnell, J., Gerace, L., Leister, F. and Sofer, W. (1975) Chemical selection of mutants that affect alcohol
dehydrogenase in Drosophila. 1l. Use of 1-pentyne-3-ol. Genetics 79, 73-883.

Oberhofer, G., Ivy, T. and Hay, B.A. (2021) Split versions of Cleave and Rescue selfish genetic elements for
measured self limiting gene drive. PLoS Genetics 17, e1009385.

Ogaugwu, C.E., Schetelig, M.F. and Wimmer, E.A. (2013) Transgenic sexing system for Ceratitis capitata
(Diptera: Tephritidae) based on female-specific embryonic lethality. Insect Biochemistry and Molecu-
lar Biology 43, 1-8.

Osterwalder, T., Yoon, K.S., White, B.H. and Keshishian, H. (2001) A conditional tissue-specific transgene
expression system using inducible GAL4. Proceedings of the National Academy of Sciences USA 98,
12596-12601.

Otto, E., Allen, J.M., Young, J.E., Palmiter, R.D. and Maroni, G. (1987) A DNA segment controlling metal-
regulated expression of the Drosophila melanogaster metallothionein gene Mtn. Molecular and
Cellular Biology 7, 17710-1715.

Paik, D., Jang, Y.G., Lee, Y.E., Lee, Y.N., Yamamoto, R. et al. (2012) Misexpression screen delineates novel
genes controlling Drosophila lifespan. Mechanisms of Ageing and Development 133, 234-245.
Papadimitriou, E., Kritikou, D., Mavroidis, M., Zacharopoulou, A. and Mintzas, A.C. (1998) The heat shock

70 gene family in the Mediterranean fruit fly Ceratitis capitata. Insect Molecular Biology 7, 279-290.

Park, J., Sarode, V.R., Euhus, D., Kittler, R. and Scherer, P.E. (2012) Neuregulin 1-HER axis as a key
mediator of hyperglycemic memory effects in breast cancer. Proceedings of the National Academy of
Sciences USA 109, 21058-21063.

Parsell, D.A. and Lindquist, S. (1993) The function of heat-shock proteins in stress tolerance: degradation
and reactivation of damaged proteins. Annual Review of Genetics 27, 437—-496.

Patil, N.S., Lole, K.S. and Deobagkar, D.N. (1996) Adaptive larval thermotolerance and induced cross-tol-
erance to propoxur insecticide in mosquitoes Anopheles stephensi and Aedes aegypti. Medical and
Veterinary Entomology 10, 277-282.

Pelham, H.R. (1982) A regulatory upstream promoter element in the Drosophila hsp70 heat-shock gene.
Cell 30, 517-528.

Persad, R., Reuter, D.N., Dice, L.T., Nguyen, M.A., Rigoulot, S.B. et al. (2020) The Q-System as a synthetic
transcriptional regulator in plants. Frontiers in Plant Science 11, 245.

Phuc, H.K., Andreasen, M.H., Burton, R.S., Vass, C., Epton, M.J. et al. (2007) Late-acting dominant lethal
genetic systems and mosquito control. BMC Biology 5, 11.

Poirier, L., Shane, A., Zheng, J. and Seroude, L. (2008) Characterization of the Drosophila gene-switch
system in aging studies: a cautionary tale. Aging Cell 7, 758-770.

Pollock, R. and Clackson, T. (2002) Dimerizer-regulated gene expression. Current Opinion in Biotechnology
13, 459-467.



© CAB INTERNATIONAL. NOT FOR RESALE

40 M.F. Schetelig et al.

Potter, C.J. and Luo, L. (2011) Using the Q system in Drosophila melanogaster. Nature Protocols 6,
1105-1120.

Potter, C.J., Tasic, B., Russler, E.V,, Liang, L. and Luo, L. (2010) The Q system: a repressible binary system
for transgene expression, lineage tracing, and mosaic analysis. Cell 141, 536-548.

Ren, C., Finkel, S.E. and Tower, J. (2009) Conditional inhibition of autophagy genes in adult Drosophila
impairs immunity without compromising longevity. Experimental Gerontology 44, 228-235.

Riabinina, O., Luginbuhl, D., Marr, E., Liu, S., Wu, M.N. et al. (2015) Improved and expanded Q-system
reagents for genetic manipulations. Nature Methods 12, 219-225.

Riabinina, O., Task, D., Marr, E., Lin, C.C., Alford, R. et al. (2016) Organization of olfactory centres in the
malaria mosquito Anopheles gambiae. Nature Communications 7, 13010.

Robinson, A.S. (2002) Genetic sexing strains in medfly, Ceratitis capitata, sterile insect technique pro-
grammes. Genetica 116, 5-13.

Robles-Murguia, M., Hunt, L.C., Finkelstein, D., Fan, Y. and Demontis, F. (2019) Tissue-specific alteration
of gene expression and function by RU486 and the GeneSwitch system. NPJ and Mechanisms of
Disease 5, 6.

Roostaee, A., Cote, S. and Roucou, X. (2009) Aggregation and amyloid fibril formation induced by chemical
dimerization of recombinant prion protein in physiological-like conditions. The Journal of Biological
Chemistry 284, 30907-30916.

Saibil, H. (2013) Chaperone machines for protein folding, unfolding and disaggregation. Nature Reviews
Molecular Cell Biology 14, 630—-642.

Sakai, R.K. and Miller, L.H. (1992) Effects of heat shock on the survival of transgenic Anopheles gambiae
(Diptera: Culicidae) under antibiotic selection. Journal of Medical Entomology 29, 374-375.

Sakurai, H. and Enoki, Y. (2010) Novel aspects of heat shock factors: DNA recognition, chromatin modula-
tion and gene expression. The FEBS Journal 277, 4140—4149.

Schetelig, M.F. and Handler, A.M. (2012a) Strategy for enhanced transgenic strain development for embry-
onic conditional lethality in Anastrepha suspensa. Proceedings of the National Academy of Sciences
USA 109, 9348-9353.

Schetelig, M.F. and Handler, A.M. (2012b) A transgenic embryonic sexing system for Anastrepha suspensa
(Diptera: Tephritidae). Insect Biochemistry and Molecular Biology 42, 790-795

Schetelig, M.F., Caceres, C., Zacharopoulou, A., Franz, G. and Wimmer, E.A. (2009) Conditional embry-
onic lethality to improve the sterile insect technique in Ceratitis capitata (Diptera: Tephritidae). BMC
Biology 7, 4.

Schetelig, M.F,, Targovska, A., Meza, J.S., Bourtzis, K. and Handler, A.M. (2016) Tetracycline-suppressible
female lethality and sterility in the Mexican fruit fly, Anastrepha ludens. Insect Molecular Biology 25,
500-508.

Schetelig, M.F., Schwirz, J. and Yan, Y. (2021) A transgenic female killing system for the genetic control of
Drosophila suzukii. Scientific Reports 11, 12938.

Schweisguth, F., Lepesant, J.A. and Vincent, A. (1990) The serendipity alpha gene encodes a membrane-
associated protein required for the cellularization of the Drosophila embryo. Genes & Development 4,
922-931.

Shah, V.R., Koster, M.l., Roop, D.R., Spencer, D.M., Wei, L. et al. (2007) Double-inducible gene activation
system for caspase 3 and 9 in epidermis. Genesis 45, 194-199.

Smyth, K.A. and Belote, J.M. (1999) The dominant temperature-sensitive lethal DTS7 of Drosophila mela-
nogaster encodes an altered 20S proteasome beta-type subunit. Genetics 151, 211-220.

Song, G.J., Jones, B.W. and Hinkle, P.M. (2007) Dimerization of the thyrotropin-releasing hormone receptor
potentiates hormone-dependent receptor phosphorylation. Proceedings of the National Academy of
Sciences USA 104, 18303—-18308.

Spencer, D.M., Wandless, T.J., Schreiber, S.L. and Crabtree, G.R. (1993) Controlling signal transduction
with synthetic ligands. Science 262, 1019-1024.

Steller, H. and Pirrotta, V. (1985a) Expression of the Drosophila white gene under the control of the hsp70
heat shock promoter. The EMBO Journal 4, 3765-3772.

Steller, H. and Pirrotta, V. (1985b) A transposable P vector that confers selectable G418 resistance to
Drosophila larvae. The EMBO Journal 4, 167—171.

Storti, R.V., Scott, M.P,, Rich, A. and Pardue, M.L. (1980) Translational control of protein synthesis in re-
sponse to heat shock in Drosophila melanogaster cells. Cell 22, 825-834.

Subedi, A., Macurak, M., Gee, S.T., Monge, E., Goll, M.G. et al. (2014) Adoption of the Q transcriptional
regulatory system for zebrafish transgenesis. Methods 66, 433—440.



© CAB INTERNATIONAL. NOT FOR RESALE

Inducible and Repressible Systems for Transgene Expression 41

Sun, Y., Chen, X. and Xiao, D. (2007) Tetracycline-inducible expression systems: new strategies and prac-
tices in the transgenic mouse modeling. Acta Biochimica et Biophysica Sinica 39, 235-246.

Tachibana, S., Numata, H. and Goto, S.G. (2005) Gene expression of heat-shock proteins (Hsp23, Hsp70
and Hsp90) during and after larval diapause in the blow fly Lucilia sericata. Journal of Insect Physi-
ology 51, 641-647.

Thomas, D.D., Donnelly, C.A., Wood, R.J. and Alphey, L.S. (2000) Insect population control using a domin-
ant, repressible, lethal genetic system. Science 287, 2474—2476.

Tissieres, A., Mitchell, H.K. and Tracy, U.M. (1974) Protein synthesis in salivary glands of Drosophila mela-
nogaster: relation to chromosome puffs. Journal of Molecular Biology 84, 389-398.

Uhlirova, M., Asahina, M., Riddiford, L.M. and Jindra, M. (2002) Heat-inducible transgenic expression in the
silkmoth Bombyx mori. Development Genes and Evolution 212, 145-151.

van der Bliek, A.M. and Meyerowitz, E.M. (1991) Dynamin-like protein encoded by the Drosophila shibire
gene associated with vesicular traffic. Nature 351, 411-414.

Vivinus, S., Baulande, S., van Zanten, M., Campbell, F,, Topley, P. et al. (2001) An element within the 5' un-
translated region of human Hsp70 mRNA which acts as a general enhancer of mRNA translation.
European Journal of Biochemistry 268, 1908—1917.

Voellmy, R. and Rungger, D. (1982) Transcription of a Drosophila heat shock gene is heat-induced in Xen-
opus oocytes. Proceedings of the National Academy of Sciences USA 79, 1776—1780.

Wakiyama, M., Muramatsu, R., Kaitsu, Y., Ikeda, M and Yokoyama, S. (2011) Inducible protein expression
in Drosophila Schneider 2 cells using the lac operator-repressor system. Biotechnology Letters 33,
2361-2366.

Wei, X., Potter, C.J., Luo, L. and Shen, K. (2012) Controlling gene expression with the Q repressible binary
expression system in Caenorhabditis elegans. Nature Methods 9, 391-395.

Whited, J.L., Lehoczky, J.A. and Tabin, C.J. (2012) Inducible genetic system for the axolotl. Proceedings of
the National Academy of Sciences USA 109, 13662—-13667.

Wing, D., Koncz, C. and Schell, J. (1989) Conserved function in Nicotiana tabacum of a single Drosophila
hsp70 promoter heat shock element when fused to a minimal T-DNA promoter. Molecular and Gen-
eral Genetics 219, 9-16.

Wu, J.D., Hsueh, H.C., Huang, W.T., Liu, H.S., Leung, H.W. et al. (1997) The inducible lactose operator-
repressor system is functional in the whole animal. DNA and Cell Biology 16, 17-22.

Xue, G.P, Johnson, J.S., Smyth, D.J., Dierens, L.M., Wang, X. et al. (1996) Temperature-regulated ex-
pression of the tac/lacl system for overproduction of a fungal xylanase in Escherichia coli. Applied
Microbiology and Biotechnology 45, 120—126.

Yan, Y., Kobayashi, Y., Huang, C., Liu, B., Qian, W. et al. (2021) Highly efficient temperature inducible CRIS-
PR-Cas9 gene targeting in Drosophila suzukii. International Journal of Molecular Sciences 22, 6724.

Yan, Y. and Scott, M.J. (2015) A transgenic embryonic sexing system for the Australian sheep blow fly Lucil-
ia cuprina. Scientific Reports 5, 16090.

Zeidler, M.P,, Tan, C., Bellaiche, Y., Cherry, S., Hader, S. et al. (2004) Temperature-sensitive control of
protein activity by conditionally splicing inteins. Nature Biotechnology 22, 871-876.

Zhang, H., Li, Y., Yang, J., Tominaga, K., Pereira-Smith, O.M. and Tower, J. (2010) Conditional inactivation
of MRG15 gene function limits survival during larval and adult stages of Drosophila melanogaster.
Experimental Gerontology 45, 825—-833.

Zhao, L. and Jones, W. (2012) Expression of heat shock protein genes in insect stress respones. Inverte-
brate Survival Journal 9, 93-101.

Zhu, Z. and Thiele, D.J. (1996) Toxic metal-responsive gene transcription. Experientia Supplementum (EXS)
77, 307-320.

Zhu, Z., Zheng, T., Lee, C.G., Homer, R.J. and Elias, J.A. (2002) Tetracycline-controlled transcriptional
regulation systems: advances and application in transgenic animal modeling. Seminars in Cell &
Developmental Biology 13, 121—-128.



© CAB INTERNATIONAL. NOT FOR RESALE

3 Sex-, Tissue- and Stage-Specific
Transgene Expression

Tony Nolan™ and Andrew M. Hammond?
'Liverpool School of Tropical Medicine: Department of Vector Biology; 2Johns
Hopkins Bloomberg School of Public Health | JHSPH: W. Harry Feinstone
Department of Molecular Microbiology and Immunology

3.1 Introduction

Transgenesis is perhaps the most powerful
tool in the hands of researchers hoping to dis-
sect the molecular pathways underlying the
biology of insects and their interactions with
pathogens and the microbiome. The past
decade has also seen a dramatic shift towards
applied transgenesis to exert genetic control
of pest and vector species by incorporating
effector transgenes designed to modify or
suppress target populations (Wang et al.,
2021). Critical to these efforts is the con-
trolled activity of transgenes over space and
time — ranging from cell and tissue specificity
to broadly active drivers in a particular stage
or sex. This chapter aims to describe the
methods and technologies used to exert
spatio-temporal control of transgene expres-
sion in insects, with an emphasis on mosqui-
toes, and to illustrate how these have been
implemented for research and genetic control.

3.2 Gene Regulation in Insects

Regulation of gene expression can occur at any
level as information flows from DNA to mRNA
and protein, including post-translational

modifications that can affect the precise level
and specificity of expression within cells and
tissues. Controlling this expression is com-
plex in insects, as with other eukaryotes, and
relies upon the interaction of cis-acting fac-
tors (i.e., regulatory DNA sequences and epi-
genetic modifications in close proximity to
the gene) and trans-acting factors (i.e., dis-
tally encoded DNA, RNA and protein that
interact with cis-acting sequences), many of
which are sex or cell-type specific. These are in
turn affected by cues that may be endogenous,
such as circadian, developmental, behavioural
and hormone signalling, or from externally
derived stimuli such as mating, feeding, gut
microbiota, environmental conditions and
exposure to chemicals.

3.2.1 Transcriptional control

Perhaps the most important and best-
understood mechanism of gene regulation is
at the level of transcription, controlled
primarily by the interaction between RNA
polymerase and transcription factors (TFs)
at non-coding cis-acting DNA elements:
promoters, enhancers, silencers and chro-
matin modulators. Transcription factors are
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themselves present in specific subsets of
cells or tissues and it is the combined bind-
ing of these factors to their cognate tran-
scription factor binding site (TFBS) that
drives unique and precise profiles of tran-
scription. The number, nature and strength
of these interactions determines the specifi-
city and intensity of transcription whereby
promoters and enhancers serve to recruit
RNA polymerase, but silencers limit expres-
sion by recruiting suppressor promoters
(reviewed in Zabidi and Stark, 2016).

3.2.2 The promoter

The promoter is a segment of DNA located
immediately upstream of a gene that contains
the primary signals to initiate gene expression
and is often sufficient to drive transgene ex-
pression with spatio-temporal specificity. Pro-
moters consist of three distinct regions: the
core promoter, proximal promoter and distal
promoter. Transcription is initiated at the
core promoter, a sequence typically several
hundred bases in length comprising the tran-
scription start site (TSS), a binding site for
RNA polymerase, and core TFBSs such as the
TATA box and B-recognition element — which
together promote formation of the pre-initia-
tion complex. Immediately upstream of this
sits the proximal promoter, which is decor-
ated with specific TFBSs to exert the most
important influence over spatio-temporal dy-
namics of transcription. The distal promoter
is located further upstream and contains
typically weak TFBSs that exert minimal in-
fluence over gene expression as compared
with the proximal promoter (reviewed in
Danino et al., 2015; Zabidi and Stark, 2016).
Many endogenous promoters have been iso-
lated, characterized and used to drive trans-
gene expression in insects and examples of
these are collated in Table 3.1.

3.2.3 Enhancers and silencers

Enhancers are cis-regulatory elements that
act similarly to the distal promoter, but
can function independent of orientation,

distance, or location with respect to the tar-
get gene. Typically located in intergenic
regions, they are decorated by TFBSs, and
physically locate cognate transcription fac-
tors to the promoter region - either by prox-
imity with the promoter, or by forming
loops during the activation of transcription.
Further interactions with cell type-specific
TFs, chromatin modifiers, co-regulators,
architectural proteins and RNA polymerase
lead to modified gene expression that can
show extreme cell-type specificity (reviewed
in Shaul, 2017; Panigrahi and O’Malley,
2021). Silencers can be thought of as the
lesser-known repressive counterparts of
enhancers, mediating gene expression by
recruiting repressive elements in much the
same manner (reviewed in Segert et al.,
2021). Whilst efforts to identify insect en-
hancer elements are ongoing (Nardini et al.,
2019; Schember and Halfon, 2021) they are
not usually incorporated into transgenic ex-
pression constructs by design, because few
have been defined and it is unclear how they
would be arranged; however, site-specific in-
tegration and enhancer/promoter trapping
strategies can make use of endogenous en-
hancers to modify transgene expression,
often resulting in unique expression pat-
terns distinct from defined promoters
(O’Brochta et al., 2012; Reid et al., 2018).

3.2.4 Chromatin structure and genomic
position effects

Genes display complex and highly regulated
profiles of expression that are dictated not
only by local promoter, enhancer and silen-
cer elements, but also by local chromatin
structure, distal enhancers/silencers and
epigenetic modifications that are, together,
known as position effects. Indeed, the pos-
ition of nucleosomes and dynamic epigen-
etic modifications to DNA and histones can
affect accessibility of promoters to transcrip-
tion factors, core transcriptional machinery
and other DNA-binding proteins. These
factors have been extensively studied in
the fruit fly, but efforts to uncover these
mechanisms in mosquitoes has begun only



Table 3.1. Promoters used to regulate transgene expression in mosquitoes. Sex and stage specificity are conserved in the core expression profile of
transgenics unless indicated otherwise.

Tissue
specificity of Gene ID Core expression
endogenous  Sex Stage (upstream profile in
gene specificity specificity Promoter Parent species promoter region) Species active transgenic insects References
Ubiquitous Male and Ubiquitous Polyubiquitin D. melanogaster FBgn0003943  Ae. aegypti, A. Broad expression Petra et al.,
Female (2 kb) albimanus in most somatic ~ 2002;
and germline Jasinskiene
tissues et al., 2007
An. gambiae AGAP001971 An. gambiae Broad expression Adolfi et al. 2018
(5'-2005 bp, in most somatic
3'-407 bp) and germline
tissues
Ae. aegypti AAEL003877 Ae. aegypti Broad expression Travanty et al.,
(1,386 bp) in most somatic  2004;
and germline Anderson
tissues et al., 2010; Li
et al. 2017; Li
et al. 2020
Ribosomal Protein Ae. aegypti AAEL006511 Ae. aegypti Ovary-, germline, Anderson et al.,
L40 (5' 421 bp) thorax- and 2010; Li et al.
midgut-bias, L1 2017; Li et al.
and adult bias 2020
C. quinquefasciatus CP1J002413 C. quinquefasciatus ND Feng et al. 2021
(5'-3413 bp,
3'-865 bp)
Actin 5C D. melanogaster FBgn0000042  An. stephensi, Posterior midgut ~ Catteruccia
(540 bp) Ae. aegypti, and gastric et al., 2000;
An. gambiae, C. caecae Pinkerton
quinquefasciatus et al., 2000;
Allen et al.,
2001; Ren
et al., 2008
C. quinquefasciatus CPIJ009808 C. quinquefasciatus ND Feng et al. 2021
(5'-7,368 bp,

3'-699 bp)
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Early embryos

Ovary and
embryos

Ovaries
(female
germline)

Testes (male
germline)

Male and Embryos
Female
None Embryos,
(embryo), pupae—
Female adults,
specific MD
(adult)
Female L1-adults,
MD
Pupae—
adults,
MD
Adults
L1-adults,
MD
Male L3—adults
L1-adults,
MD

KLC2

bZip1

Trunk

AAEL000923

Vitellogenin
Receptor
4-nitro

p2-tubulin (B2)

vasa-1

Ae. aegypti

Ae. aegypti

Ae. aegypti

Ae. aegypti

Ae. aegypti

Ae. aegypti

An. gambiae

Ae. aegypti

C. capitata

An. gambiae

AAEL011410
(1 kb)

AAEL009263
(5' 4,587 bp,

3'-150 bp from

A. stephensi
B2 gene
ASTEI09889)
AAEL007584
(3,041 bp)

AAEL010923
(2,934 bp)

AAEL014223
(1.5 kb)

AAEL007907
(2.5 kb)

AGAP008622
(1.4 kb)

DQ833526
(1 kb)
931 bp

AGAP008578
(Vas1 -3,758
to -1,801)

Ae. aegypti

Ae. aegypti

Ae. aegypti

Ae. aegypti

Ae. aegypti

Ae. aegypti

An. gambiae, An.

stephensi

Ae. aegypti

C. capitata

An. gambiae

Male germline
(pupae-adults)
and early
zygote

Female germline
(pupae-adults)
and early
zygote

Female germline

Female germline

Female germline

Female germline

Male germline

Male germline

Male germline

Male germline

Hu and Tu, 2018

Kojin et al. 2020

Akbari et al.
2014; Liet al.
2017; Li et al.
2020

Akbari et al.
2014; Li et al.
2017; Li et al.
2020

Cho et al., 2006

Akbari et al.,
2014
Catteruccia
et al., 2005;
Windbichler
et al., 2008
Smith et al.,
2007
Scolari et al.,
2008;
Meccariello
etal., 2021
Papathanos
et al., 2009;
Hammond
etal., 2021

Continued
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Table 3.1. Continued.

Tissue
specificity of Gene ID Core expression
endogenous Sex Stage (upstream profile in
gene specificity specificity Promoter Parent species promoter region) Species active transgenic insects References
Gonads (male Strong Pupae— Exuperantia (Exu) Ae. aegypti AAEL010097 Ae. aegypti Female and male Akbari et al.,
and female female adults, (3,193 bp) germline 2014
germline) bias MD
Male Adults An. gambiae AGAP007365 An. gambiae Male germline Hammond et al.,
(5’-849 bp, 2021
3’-1,173 bp)
Male and Adults, no  Zero population An. gambiae AGAP006241 An. gambiae Female and male Hammond et al.,
Female MD growth (zpg) (5°-1,074 bp, germline 2021
3’-1,037 bp)
L1-adults, vasa-2 An. gambiae AGAP008578 An. gambiae, Ae. Germline, MD, Papathanos
MD (Vas22,291to  aegypti (female leaky in soma et al., 2009;
+1) specific) Akbari et al.,
2014;
Hammond
et al., 2021
An. stephensi ASTE003241 An. stephensi Germline, MD, Gantz et al.,
(5'-4,009 bp, leaky in soma 2015; Adolfi
3'-1,014 bp) et al., 2020
C. quinquefasciatus CPIJ009286 C. quinquefasciatus Germline, MD, Feng et al., 2021
(5'-2,414 bp, leaky in soma
3'-761 bp)
Adults, nup-50 Ae. aegypti AAEL005635 Ae. aegypti Germline, MD, PD Li et al. 2017; Li
MD, PD et al. 2020
Adults, MD Nanos (Nos) An. stephensi (5’-3.8 kb, An. stephensi Germline, MD, Macias et al.,
3'-679) and soma 2017;
An. gambiae AGAP006098  An.gambiae Germline, MD Meredith et al.,
(5’-2,092 bp, 2013;
3'-601 bp) Hammond
et al., 2021;
Carballar-
Lejarazu

et al., 2020
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Female
(putative)

Fat body Female

L1-adults

Adults

(PBM)

Female bias L4-young

Male and
Female

Fat body,
haemocytes

Male and
Female

adults
L2—adults

L2—adults

Lipophorin (Lp)

Vitellogenin (Vg)

Hexamerin-1.2

Anopheles
Plasmodium-
responsive
Leucine-rich
repeat 1C
(APL1C)

Leucine-rich
immune protein
(Long) (LRIM1)

Thioester-
containing

protein 1 (TEP1)

C. quinquefasciatus CPIJ011551

Ae. aegypti

An. gambiae

An. gambiae

An. stephensi

Ae. aegypti

Ae. (Ochlerotatus)
atropalpus
An. gambiae

An. gambiae

An. gambiae

(5'-4,174 bp,
3-1,399 bp)
AAEL012107
(5"-1.6 kb,
3-335)

AGAP001826
(1.6 kb)

AGAP004203
(0.85 kb)

DQ442990

AAEL010434
(2.1 kb)

(=714 to -36)

AGAP007033
(2,050 bp)

AGAP006348
(1,906 bp)

AGAP010815
(3,103 bp, 268
bp minimal
promoter)

C. quinquefasciatus Germline, MD

Ae. aegypti

An. gambiae

An. stephensi, An.
gambiae

An. stephensi

Ae. aegypti

Ae. aegypti

An. gambiae

An. gambiae

An. gambiae

Germline
(putatively
female
specific), MD

Fat body, midgut
in L1

Fat body

Fat body

Fat body

Fat body

Fat body

Fat body

Fat body

Feng et al., 2021

Adelman et al.,
2007

Volohonksy
etal., 2015
Nirmala et al.,
2006; Chen
et al., 2007;
Volohonksy
et al., 2015
Isaacs et al.,
2012
Kokoza et al.,
2001a, b; Isoe
et al., 2007
Totten et al.,
2013
Volohonsky
etal., 2017

Volohonsky
etal., 2017

Volohonsky
etal., 2017

Continued
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Table 3.1. Continued.

Tissue
specificity of Gene ID Core expression
endogenous Sex Stage (upstream profile in
gene specificity specificity Promoter Parent species promoter region) Species active transgenic insects References
Haemocytes  Male and L4-adults  Prophenoloxidase An.gambiae AGAP004977  An.gambiae Haemocytes Volohonksy et al.
Female gene ppob (1.6 kb) 2015;
(ppo6) Volohonsky
etal., 2017
Cells CEC1 An. gambiae AGAP000693  An.gambiae in vitro assay only Lombardo et al.,
2013
Strong Adults, Hemolectin D. melanogaster FBgn0029167  An. gambiae Haemocytes Pondeville et al.
female BMI (5'-1,160) 2020
bias
Midgut Female Pupae— Carboxypeptidase A An. gambiae AGAP009593 Ae. aegypti, An. Midgut and Moreira et al.,
adults (8.4 kb and in stephensi, An. ventral nerve 2000; Ito
(24 h frame fusion) gambiae cord, 24 h PBM et al., 2002;
BMI) (A. aegypti), Meredith
3-6 h PBM et al., 2011;
(A. stephensi) Isaacs et al.,
2012;
Hoerrmann
et al. 2021
Ae. aegypti AAEL010782 Ae. aegypti, An. Midgut Moreira et al.,
(1.4 kb) gambiae 2000; Kim
et al., 2004
G12 An. gambiae AGAP006718 An. stephensi,An.  Midgut Nolan et al.,
(1.1 kb) gambiae 2011;
Volohonsky
et al. 2015
Female bias Adults Trypsin-1 An. gambiae AGAP008296 An. stephensi Variable/low level Nolan et al.,
(24-40h (1.1 kb) expression, 2011
BMI) midgut, BMI

6-48 h

8V
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Salivary gland Female

Indirect flight
muscle

Female bias

Male and
Female
Male and
Female

Adults (3 h Adult Peritrophic

BMI)

Adults
Pupae—
adults

Adults
(BMI)

Adults

Adults

Pupae—
adults

Matrix Protein 1

Alkaline
phosphatase 2
(AP2)

D7r4

Anopheline
Antiplatelet
Protein (AAP)

Apyrase

Maltase-like |

Actin88F

Female bias L4-adults Actin-4

(+

alternative

splicing)

An. gambiae

An. gambiae

An. gambiae

An. stephensi

An. gambiae

Ae. aegypti
Ae. aegypti

D. melanogaster

Ae. aegypti

Ae. albopictus

An. stephensi

AGAP006795
(2.6 kb and in
frame fusion)

AGAP006400
(in frame
fusion)

AGAP008281
(0.9 kb)

ASTMO015525
(1.7 kb)

AGAPO11971,
(2.4 kb)

AAEL006347
(1.5 kb)

AAEL000392
(1.5 kb)

FBgn0000047

AAEL001951
(3.3 kb)

9JN709493.1
(0.7 kb)

ASTMO009772
(1 kb)

An. stephensi,

A. fluviatilis

An. gambiae

An. stephensi

An. stephensi

An. gambiae, An.
stephensi

Ae. aegypti

Ae. aegypti

C. quinquefasciatus

Ae. aegypti, An.
stephensi, Ae.
albopictus

A. albopictus

An. stephensi

Midgut

Midgut

None, highly
variable tissue
expression

Salivary gland

Low level, poorly
regulated,
salivary gland
proximal-lateral
lobe bias

Salivary gland

Salivary gland

Flight muscle

Indirect flight
muscle

Indirect flight
muscle

Indirect flight
muscle

Abraham et al.,
2005;
Rodrigues
et al., 2008;
Hoerrmann
et al. 2021

Hoerrmann
etal., 2021

Lombardo et al.,
2005

Yoshida and
Watanabe,
2006

Lombardo et al.,
2000, 2005,
2009

Coates et al.,
1999

Coates et al.,
1999

Allen and
Christensen,
2004

Fu et al., 2010;
Labbé et al.,
2012; Marinotti
etal., 2013

Labbé et al.,
2012

Marinotti et al.,
2013

Continued

uoissaidxg susbsuel] oyoadg-abelg pue -anssi| ‘xasg

6v



Table 3.1. Continued.

Tissue

specificity of

endogenous Sex

gene specificity

Stage
specificity

Promoter

Parent species

Gene ID
(upstream

promoter region) Species active

Core expression
profile in
transgenic insects

References

Chemosensory Male and Late

appendages Female larvae—
and brain adults
Pan-neuronal  Male and Early
Female larvae—
adults
Central Male and Embryo,
nervous Female other
system stages

N/A

Odorant receptor  An.

co-receptor

(ORCO)
Ae.
lonotropic Ae.
Receptor
co-receptor
IR8a
Gustatory receptor Ae.
1(Gr1)
ppk301 Ae.
Ammonium An.
transporter
(Amt)

Synaptotagmin-1  Ae.

(Syt1)

Bruchpilot (Brp)  Ae.

y-aminobutyric Ae.

acid receptor
(GABAR)

gambiae

aegypti

aegypti

aegypti

aegypti

gambiae

aegypti
aegypti

aegypti

AGAP002560
(9,312 bp)

AAEL005776
(in-frame
fusion)

AAEL002922
(in-frame
fusion)

AAEL002380
(in-frame
fusion)

in-frame fusion

AGAP003989
(1 kb/3 kb)

AAEL000704
AAEL018153

AAEL008354
(2.5 kb)

An.

Ae.

Ae.

Ae.

Ae.

An.

Ae.

Ae.

Ae.

gambiae

aegypti

aegypti

aegypti

aegypti

gambiae

aegypti
aegypti

aegypti

Olfactory sensory
neurons within
chemosensory
appendages

Olfactory sensory
neurons within
chemosensory
appendages

Olfactory sensory
neurons within
chemosensory
appendages

Olfactory sensory
neurons within
chemosensory
appendages

Sensory neurons
within
chemosensory
appendages

Neuronal and
auxiliary cells in
antennal tissue

Pan-neuronal

Pan-neuronal

Embryo (other
stages N/A)

Riabinina et al.,
2016

Shankar et al.,
2020

Shankar et al.,
2020

Shankar et al.,
2020

Matthews et al.,
2019

Ye et al., 2020

Zhao et al.,
2021

Zhao et al.,
2021

Shotkoski et al.,
1996
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Eyes and
nervous
system

Midgut and

gastric caeca

Ubiquitous

Male and
Female

Male and
Female

Male and
Female

L1-adults 3xP3

L1-Adults

Ubiquitous U6 promoter

Actin-5¢ (Act5c)

D. melanogaster Synthetic

D. melanogaster FBgn0000042

(540 bp)

C. quinquefasciatus CPIJ009808

(5'-7,368 bp,
3'-699 bp)
An. gambiae, Ae. Various
aegypti, C.
quinquefasciatus

Most insects,
including An.
gambiae, An.
stephensi, Ae.
aegypti, Ae.
albopictus

An. gambiae, A.
funestus, Ae.
aegypti

Photoreceptor
cells, brain,
anal papillae

Midgut and
gastric caeca

C. quinquefasciatus Midgut and

An. gambiae, Ae.
aegypti, C.
quinquefasciatus

gastric caeca

Neuronal and
auxiliary cells in
antennal tissue

Sheng et al.,
1997; Horn
et al., 2000;
Kokoza et al.,
2001a; lto et al.,
2002; Groth
et al., 2004,
Catteruccia
et al., 2005;
Labbé et al.,
2010
Catteruccia
et al., 2000;
Quinn et al.,
2021; Kandul
etal., 2021
Feng et al., 2021

Konet et al., 2007;
Dong et al.
2015;
Hammond
et al. 2016;
Anderson et al.,
2020; Feng
etal., 2021

Abbreviations: BMI, blood meal induced expression; L, larva; MD, maternally deposited transcript; ND, no data; PBM, post-blood meal specific expression; PD, paternally deposited

transcript

uoissaidxg susbsuel] oyoadg-abelg pue -anssi| ‘xasg

LS



© CAB INTERNATIONAL. NOT FOR RESALE

52 T. Nolan and A.M. Hammond

recently (reviewed in Sharakhov and Sharak-
hova, 2015; Lezcano et al., 2020). Genome-
wide profiling of chromatin accessibility has
been used to reveal cis-regulatory elements
in the genomes of Anopheles gambiae (Perez-
Zamorano et al., 2017) and Aedes aegypti
(Behura et al., 2016; Mysore et al.,, 2018),
some of which were shown to be active in
Drosophila (Mysore et al., 2018). Exciting
new research points to specific instances
where differences in chromatin accessibility
are associated with tissue-specific differ-
ences in gene expression, such as the im-
mune protein lrim1 in An. gambiae for which
strong salivary gland expression is directly
correlated with tissue-specific chromatin
state (Ruiz et al., 2021).

3.3 Post-transcriptional and
Translational Control

Once an mRNA transcript is produced, its
stability, localization and cell-type specific
splicing and translation are controlled by
interactions with RNA-binding proteins and
regulatory RNAs, such as Piwi-interacting
RNA (piRNA), microRNA (miRNA), small
interfering RNA (siRNA), small nuclear RNA
(snRNA) and long non-coding RNA (IncR-
NA). These processes allow a fine-tuning of
the core expression dictated by the promoter
and other cis-regulatory elements.

3.3.1 Untranslated regions and introns

Untranslated regions (UTRs) are the tran-
scribed sequences immediately upstream or
downstream of a coding DNA sequence
(CDS) that are not translated alongside the
primary CDS. Their primary function is to
recruit RNA-binding proteins that mediate
translation, transcript stability and tran-
script localization, which can be further
fine-tuned by physical interaction between
5 and 3" UTRs.

An often-overlooked feature of the
UTR, particularly the 3’ UTR, is its ability to
restrict translation to specific cell types
through interactions with suppressors - a

layer of regulation that cannot be achieved
with promoters alone. The best character-
ized examples are the maternal effect genes
nanos and zpg that are broadly deposited
into the embryo, where signals on the UTR
mediate both mRNA trafficking to the em-
bryonic germ plasm and germline restricted
translation (Tazuke et al., 2002; Rangan
et al., 2009).

Specific sequences within the UTRs,
known as translational enhancers, have
been shown to dramatically enhance tran-
script and protein levels in insects and can
be included in transgenic constructs to boost
protein expression (Pfeiffer et al., 2010).
Conversely, some UTRs carry upstream open
reading frames (uORFs) that effectively sup-
press translation of their cognate mRNA,
and can be artificially included to dampen
transgene expression (Abraham et al., 2005;
Southall et al., 2013). Indeed, the term UTR
can be a misnomer, due to the presence of
uORFs.

In addition to UTRs, there is a growing
appreciation that introns can boost tran-
script levels, through both splicing-dependent
and splicing-independent  mechanisms,
affecting the rate of transcription, nuclear
export and transcript stability. This phe-
nomenon is known as ‘intron-mediated en-
hancement’ and is reviewed in Shaul (2017).
Additionally, there is increasing evidence of
promoter-like interactions between intron
transcription factors that can also affect
mRNA levels, though the evidence for this is
currently strongest in plants (Gallegos and
Rose, 2017).

3.3.2 Regulatory RNAs

Non-coding RNAs (ncRNAs) such as piR-
NAs, miRNAs and IncRNAs participate in a
wide range of regulatory activities, such as
epigenetic regulation, transcript silencing
and splicing (Ma et al., 2021). Small non-
coding RNAs play an important role in
modulating gene expression by targeting
mRNA transcripts, usually at the 3" UTR, for
degradation by Argonaute and Piwi-protein
dependent pathways. In mosquitoes, small
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non-coding RNAs are expressed in a wide
range of tissues, most abundant in the mid-
gut and least abundant in the ovaries (Bry-
ant et al., 2019, 2020), where they carry out
essential tasks such as targeting transposon
and virus RNA for degradation (Ma et al.,
2021). Though ncRNAs are least abundant
in germline tissues, piRNAs play an essential
and conserved role in gametogenesis, under-
pinned by their ability to silence and prevent
the remobilization of transposable elements
in the germline cells (Vagin et al., 2006;
Brennecke et al., 2007). Additionally, there
is evidence of this regulatory role being
co-opted into the control of endogenous
mRNAs essential for developmental transi-
tions and sex determination (Tang et al.,
2018). IncRNAs are ncRNA molecules ex-
ceeding 200 nt in length that participate in
both transcript and epigenetic regulation, with
potentially important roles in insect immun-
ity and germline maintenance (Satyavathi
etal., 2017). Both Aedes and Anopheles mos-
quitoes encode almost 3000 IncRNAs, some
of which show strong sex-specific biases
that are important for fertility (Jenkins
et al., 2015; Xu et al., 2019) and whose role
can be dependent on further interactions
with other ncRNAs such as piRNAs (Betting
etal., 2021).

3.3.3 Splicing

Intron retention and alternative splicing
create an incredible diversity of the tran-
scriptome, with transcript isoforms out-
numbering genes by 17-fold in Drosophila
melanogaster (Brown et al., 2014). More than
90% of genes are alternatively spliced, with
approximately 1% being processed into
hundreds of transcripts that can direct
cell-type-specific diversity. The extreme di-
versity of the transcriptome is most appar-
ent in neuronal and embryonic tissues,
whereas only several hundred genes show a
sex bias — often limited to the gonads (Brown
etal., 2014). This is also the case for mosqui-
toes, in which 10% of alternatively spliced
genes have a strong tissue bias, 1% show
complete tissue specificity and just a handful

show sex-specific splicing (Sreenivasamur-
thy et al., 2017). Indeed, sex determination
appears to be the only biological process
that is controlled by sex-specific splicing,
initiated by a splice cascade of core sex de-
termination genes including doublesex (dsx),
fruitless (fru) and transformer (tra), reviewed
in Wexler et al. (2019)(see Arien et al.,
Chapter 10, this volume). Sex-specific iso-
forms of these genes encode transcription
factors or splicing factors that establish de-
velopmental programming in all insects
studied thus far and recent research sug-
gests that cell-type-specific enhancers medi-
ate further control by enforcing tissue-spe-
cific splicing (Rice et al., 2019).

3.3.4 Translational control

Translational control can affect gene expres-
sion in myriad ways, including total levels
of expression, spatio-temporal specificity,
protein stability and intracellular or extra-
cellular localization. These features can be
encoded by the protein itself, such as pep-
tide signals conferring localization to the
nucleus, cytosol, membrane and export out
of the cell — which is important for immune
and salivary gland proteins that can affect
parasite development and transmission.
Translational control can also be dictated by
the mRNA transcript itself, for example
by the presence of motifs or structures in the
UTR (some referred to above) that affect
the efficiency of initiation of translation by
the ribosome machinery, or by codon biases.
All organisms show a species-specific bias in
codon usage that appears to fine-tune trans-
lational efficiency of an mRNA transcript,
including surprising differences between
Aedes and Anopheles mosquitoes (Behura
and Severson, 2011), reviewed in Behura
and Severson (2012). In insects, the greatest
bias is seen in highly expressed housekeep-
ing genes and whilst these authors would
generally not advise altering codon bias
between insect species when expressing a
transgene, prokaryotic genes such as Cas9
are typically codon-optimized for expression
in eukaryotes.
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3.4 The Basic Genetic Construct

The minimal requirements for reliable and
specific transgene expression can be described
as the expression cassette, comprising a cod-
ing sequence (CDS), promoter (containing
cis-regulatory elements and the 5" untrans-
lated region), and a terminator (containing
the 3’ untranslated region and signals to ter-
minate transcription by the RNA polymer-
ase). For the purpose of transgenesis, the
promoter and terminator sequences are usu-
ally defined as the entire regulatory se-
quences upstream of the start codon and
downstream of the stop codon, respectively.
Together, they are the most important elem-
ents controlling specificity of transgene ex-
pression. Several expression cassettes de-
signed to express transgenes and markers
are incorporated into the basic genetic con-
struct, which must also carry sequences de-
signed to mediate integration into the insect
genome, varying according to the method
used to achieve transgene integration -
typically either inverted repeats (IRs) used
by transposases (see O’Brochta, Chapter 1, this
volume) , attachment sites such as attP used
by integrases, or homology arms (HA) used
for CRISPR-mediated homology-directed

Tissue/stage/sex-specific
expression of transgene

— @

Transgene

repair (HDR) (see Ahmed and Wimmer,
Chapter 5, this volume) (Fig. 3.1).

3.5 Sex-Specific Gene Expression

Sex-specific expression is crucial to the de-
velopment of several genetic control strat-
egies, such as the sterile insect technique
(SIT) (see Scott et al., Chapter 17, this vol-
ume), gene drive and the general approach
of expressing anti-parasitic effectors in
female mosquitoes. It is also useful as a tool
to investigate sex determination and sex-
ual development. Fortunately, strategies to
achieve sex-specific expression vary more
widely than for stage or tissue specificity,
due to sexual dimorphisms at the level
of chromosomes and transcriptional pro-
grammes that can be exploited to achieve
expression that is restricted to a single sex.

3.5.1 Targeting chromosomes

In insects with an XY system for sex deter-
mination, the heterogametic sex is usually
the male and insertion of a transgene into
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Fig. 3.1. The basic genetic construct. Transgenic constructs designed for expression in insects must
contain sequences that allow its integration into the genome (yellow), such as attP sequences used by
$C31 integrase, inverted repeats (IRs) used by transposases, or homology arms (HAs) used in CRISPR-
mediated HDR. The transgene (blue) is typically placed under transcriptional control of a promoter
containing distal, proximal and core promoter regulatory sequences, as well as a 5 UTR, and followed by
a terminator that contains a 3" UTR. To help identify transgenic insects, a second expression cassette
should be included that can drive strong and unambiguous expression of a visible marker — such as
green fluorescent protein (GFP) or another fluorescent protein.
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the Y chromosome will confer male specifi-
city. This approach has proven successful for
An. gambiae, either by using CRISPR-mediated
HDR (Bernardini et al., 2018) or secondary
modification of an attP site mediated by
¢$C31 integrase (Bernardini et al., 2014).
Unfortunately, the Y chromosome is highly
repetitive and AT-rich, making it difficult to
sequence and difficult to design an effective
CRISPR-Cas gRNA against. Moreover, large
regions of the Y chromosome are hetero-
chromatic and can be subject to variegated
position effects.

Many other insect species do not have
XY systems for sex determination and may
rely upon X:A ratio, or the expression of an
autosome-linked male determining factor
such as nix in Ae. aegypti (Hall et al., 2015).
Whilst promoters from male-determining
factors do not tend to drive male-specific
expression when inserted elsewhere in the
genome (Criscione et al., 2013; Meccariello
et al., 2019; Aryan et al., 2020), it may be
possible by placing transgenes under control
of their original promoters and inserting at
or close to the native sex-determining locus
to take advantage of local enhancers.

3.5.2 Sex-specific splicing

Sex-specific splicing can also be exploited for
either male- or female-specific transgene
expression; for example, transgenes placed
inside synthetic exons designed to replicate
sex-specific splicing of the genes doublesex
(female-specific exon) and fruitless (male-
specific exon) have been successfully used in
a range of insect species (Phuc et al., 2007,
Magnusson et al., 2011; Jin et al., 2013).
This strategy is likely to be successful in
most insect species, because doublesex and
fruitless are highly conserved genes in the in-
sect sex determination pathway and show
similar splicing patterns across a range of
species (Salvemini et al., 2010, 2011; Price
et al., 2015). This is in stark contrast to
other members of the pathway, such as the
Drosophila gene sex-lethal, which appears to
play no role in sex determination in non-
drosophilid insects. Unfortunately, very few

genes show complete sex-specificity between
splice variants (Telonis-Scott et al., 2009)
and there may be as few as about 30-40
genes showing complete sex-specificity
within the Anopheles genus (Papa et al.,
2017). Further, the genetic engineering re-
quired to faithfully recapitulate, or hijack,
sex-specific splicing of endogenous genes
may be more complex than simply testing
the upstream regions of sex-specific genes
to see if they can confer sex-specific trans-
genic expression.

3.5.3 Sex-specific promoters

Many genes are naturally sex-specific and
their promoters have been used to drive
sex-specific expression in a wide range of in-
sects (Table 3.1). These include genes in-
volved in the development or function of
sex-specific tissues such as the ovaries, tes-
tes and their accessory organs, but also
sexually dimorphic tissues such as the mid-
gut, indirect flight muscle, claspers, head,
chemosensory appendages and the fat body.
The male-specific f2-tubulin promoter is ac-
tive in diverse insect species (Catteruccia
et al., 2005; Scali et al., 2005; Smith et al.,
2007) and is an excellent candidate for
others, because it is highly conserved, ex-
pressed at high levels and tightly restricted
to male germline cells undergoing spermato-
genesis. Another germline-specific pro-
moter, vasa-1, is expressed only in males in
An. gambiae, but can be modified to express
in both sexes by inclusion of an intron from
the 5" UTR, known as the vasa-2 promoter
(Papathanos et al., 2009). Equivalent female-
germline-specific genes have yet to be widely
tested, but there are several promising candi-
dates, such as the ovary-specific trunk pro-
moter, which is expressed in nurse cells but
maternally deposited into both male and fe-
male embryos (Akbari et al., 2014). Most
genes expressed in the female germline are
deposited into embryo, which may be a de-
sirable or undesirable feature, depending on
the eventual application. Sex-specific genes
expressed in sexually dimorphic somatic
tissues do not have this risk and can be
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identified by mining transcriptomics data.
These datasets cannot be used to guarantee
that expression is exclusive to one sex and so
candidates should be chosen on the basis of
a known or putative role in a sex-specific
process. For haematophagous insects, such
promoters have been isolated from genes in-
volved in female-specific processes such as
yolk protein synthesis in the fat body (Koko-
za et al., 2001a,b; Nirmala et al., 2006;
Isaacs et al., 2012; Volohonsky et al., 2015),
ovary development (Papathanos et al., 2009)
and bloodmeal digestion (Moreira et al.,
2000; Nolan et al., 2011). Similar advances
have been made in the identification of pro-
moters in the medfly Ceratitis capitata, in-
cluding the two fat-body male-specific
serum protein (MSSP) promoters (MSSP-a2
and MSSP-f2), which may prove useful for
SIT (Komitopoulou et al., 2004).

3.6 Tissue-Specific Gene
Expression

Tissue specificity is the most commonly
sought control for transgene expression, as
it allows full flexibility to manipulate a wide
array of biological processes, including those
relevant for parasite transmission, behav-
iour and gene drive.

3.6.1 Targeting tissues relevant for
parasite transmission

Mosquitoes and other haematophagous in-
sects require a bloodmeal to reproduce and
can transmit viral, apicomplexan, filarial
and trypanosome parasites to humans as a
result. Parasites must encounter several in-
sect tissues as they mature to their infective
stage. Efforts to understand and block host-
parasite interactions depend upon expres-
sion of effector molecules in these tissues
and may include a requirement for blood-
meal-induced expression to coincide with
parasite acquisition. To this end, promoters
have been tested that can drive expression
in the salivary glands (Coates et al., 1999;

Lombardo et al., 2000, 2005, 2009; Yoshida
and Watanabe, 2006), midgut (Moreira et al.,
2000; Ito et al., 2002; Kim et al., 2004; Abra-
ham et al,, 2005; Rodrigues et al., 2008;
Meredith et al., 2011; Nolan et al., 2011;
Isaacs et al., 2012; Volohonsky et al., 2015,
2017), fat body (Kokoza et al., 2001a,b; Nir-
mala et al.,, 2006; Chen et al., 2007; Isoe
et al., 2007; Isaacs et al., 2012; Totten et al.,
2013; Volohonsky et al., 2015; Hoermann
etal., 2021) and immune cells called haemo-
cytes (Lombardo et al., 2013; Volohonsky
et al., 2015, 2017; Pondeville et al., 2020).
Many of these have been used to express an-
ti-pathogen effectors in the mosquito and
recent efforts have incorporated these ex-
pression cassettes as a cargo/payload into
gene drives designed to modify natural
populations with the aim of reducing para-
site transmission (Gantz et al., 2015; Adolfi
et al., 2020; Carballar-Lejarazu et al., 2020)
(see Bottino-Rojas and James, Chapter 11;
and Franz, Chapter 22, this volume).

3.6.2 Targeting germline expression
for gene drives

CRISPR-based homing gene drives designed
to spread by homing require expression of
Cas9 in the germline to induce HDR and this
can be in both sexes or sex-specific, depend-
ing on the strategy. First-generation gene
drives made use of the vasa promoter to
drive high levels of Cas9 activity in the male
and female germline, which resulted in high
levels of homing (Gantz et al., 2015; Ham-
mond et al., 2016). Unfortunately, high
levels of maternal deposition in the embryo,
where the mutagenic process of non-homol-
ogous end joining is the predominant repair
pathway, led to the creation of drive-resist-
ant mutations at the Cas9 target site (Ham-
mond and Galizi, 2017; Hammond et al.,
2021). Furthermore, maternal deposition
combined with leaky somatic expression can
reduce fitness by disrupting target genes in
non-target tissues where the gene is re-
quired (Gantz et al., 2015; Hammond et al.,
2016). To address these issues, several novel
germline promoters have been tested that
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show varying levels of germline expression
and maternal/paternal deposition (Akbari
et al., 2014; Carballar-Lejarazu et al., 2020;
Li et al., 2020; Hammond et al., 2021). Of
these, all appear to drive high levels of ma-
ternal deposition except for zpg, which can
promote high levels of homing in the male
and female germline of Anopheles mosqui-
toes without inducing embryonic end join-
ing (Hammond et al., 2021), though the
suitability of this promoter in other insects
remains to be seen. In Ae. aegypti, the nup-50
promoter induces both maternal and pater-
nal deposition but can also drive high levels
of germline homing in both sexes (Li et al.,

2020).

3.6.3 Targeting expression
in chemosensory neurons

Mosquitoes and other vector species use
cues from their environment to identify po-
tential hosts, oviposition sites, mates and
other sources of food. Host-seeking behav-
iour is driven primarily by olfactory cues de-
tected on sensory neurons throughout the
chemosensory appendages — the antennae,
maxillary palps and labella. Several hundred
receptors mediate odour-specific responses,
but it is unknown which receptors and
odours are most important for host-seeking,
mating and other epidemiologically relevant
behaviours. This is particularly important
for anthropophilic vector species such as
Ae. aegypti and An. gambiae, whose extreme
preference for humans over other sources of
blood makes them uniquely important vec-
tors of human disease. Fortunately, spe-
cies-specific behaviours can also be targeted
for vector control, such as attractive
odour-baited traps and insect repellents.

To dissect and potentially disrupt these
molecular pathways, researchers have cre-
ated complex systems to express transgenes
in broad subsets of neurons by using cis-
regulatory elements from conserved olfac-
tory co-receptor genes. Unlike other tissues,
neuronal promoters are particularly suscep-
tible to position effects and tend to drive
very low levels of expression that may be

insufficient to visualize or manipulate neur-
onal tissues. Binary expression systems (see
section 3.9.8 below and Schetelig et al,
Chapter 2, this volume) such as Gal4-UAS
(Brand and Perrimon, 1993) and the Q-system
(Potter et al., 2010) can be used to ramp up
levels of expression with sex-, tissue- and
stage-specificity, and have already revolu-
tionized efforts to modify chemosensory
neurons (Riabinina et al., 2016). To further
mitigate against position effects, several
groups have targeted in-frame fusions of
QF2 to endogenous neuronal genes in Aedes
mosquitoes, allowing expression of activi-
ty-dependent sensors such as GCaMP and
CaMPARI that can be used to monitor cell-
specific responses to odours and other
stimuli (Matthews et al., 2019; Shankar
etal., 2020;Yeetal., 2020; Zhao etal.,2021).

3.7 Stage-Specific Gene Expression

As insects progress through developmental
stages, widespread shifts in the transcrip-
tome direct metamorphosis and responses
to changing environmental conditions, be-
haviours and infection.

3.71 Targeting developmental stages

Most insects encounter dramatic metamor-
phoses throughout their development that
can include eggs, larvae, pupae and adults.
A plethora of transcriptomics studies have
identified the changing landscape of gene
expression throughout development in mos-
quitoes (Table 3.2), yet very few promoters
have been isolated to drive specific expres-
sion in non-adult stages. To our knowledge
just two zygotic promoters have been adapted
for transgene expression in mosquitoes:
KCL2 (Hu and Tu, 2018) and bZip1 (Kojin
et al., 2020), with only KCL2 restricted to
the embryos. Targeting zygotic or late-larval
stages is important for the development of
novel genetic control strategies, such as
killer-rescue and adaption thereof (Hu and
Tu, 2018; Webster et al., 2020). Identifica-
tion of such promoters is not simple, as only
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Table 3.2. Studies investigating sex-, tissue- and stage-specific gene expression in An. gambiae and Ae.

aegypti.

Relevant studies in Anopheles

Stage/condition gambiae

Relevant studies in Aedes aegypti

Development egg to

adult et al., 2007; Neira Oviedo et al.,
2008; Goltsev et al., 2009; Cook
and Sinkins, 2010
Plasmodium/dengue Vlachou et al., 2005; Pinto et al.,
infection 2009; Mendes et al., 2011
Bloodmeal Marinotti et al., 2005; Vannini

etal., 2014
Rund et al., 2011
Wang et al., 2011

Circadian rhythm
Desiccation stress

Marinotti et al., 2005; Koutsos

Caragata et al., 2011; Neira-Oviedo
et al., 2011; Biedler et al., 2012; Akbari
et al., 2013; Harker et al., 2013;
Tomchaney et al., 2014; Li et al., 2017;
Hu and Tu; 2018; Tallon et al., 2019)
Behura et al., 2011; Etebari et al., 2015;
Anglero-Rodriguez et al., 2017;
Raquin et al., 2017
Dissanayake et al., 2010; Bonizzoni
et al., 2011; Raquin et al., 2017
Leming et al., 2014

Pascini and Martins, 2017

Poupardin et al., 2012; Riaz et al., 2013;
Maiga et al., 2014; Faucon et al., 2017

Akbari et al., 2013

Mating Rogers et al., 2008; Gabrieli
etal., 2014
Insecticide Isaacs et al., 2018
Tissues
Male reproductive Baker et al., 2011; Shaw et al.,
organs 2014; Cassone et al., 2017; Papa

et al., 2017; Izquierdo et al., 2019

Female reproductive

organs 2014; Papa et al., 2017; Bryant
etal., 2020
Chemosensory Pitts et al., 2011; Rinker et al.,
appendages / brain 2013; Hodges et al., 2014
Midgut Neira Oviedo et al., 2008; Baker

Baker et al., 2011; Gabrieli et al.,

Akbari et al., 2013; Pascini and Martins;
2017

McBride et al., 2014; Matthews et al.,
2016; Tallon et al., 2019
Akbari et al., 2013; Raquin et al., 2017

et al., 2011; Gomez-Diaz et al.,

2014; Bryant et al., 2020
Salivary gland

etal., 2014
Haemocyte Pinto et al., 2009
Malpighian tubules Baker et al., 2011

Brain and antennae Rinker et al., 2013
Sex

Male vs female Baker et al., 2011

Baker et al., 2011; Gomez-Diaz

Akbari et al., 2013; Ribeiro et al., 2016

Choi et al., 2012

Lietal., 2017

Tomchaney et al., 2014; Matthews et al.,
2016

Dissanayake et al., 2010; Akbari et al.,
2013; Jiang et al., 2015

18% of transcripts in the fly embryo are zyg-
otically expressed, with the remainder ma-
ternally derived (Lott et al., 2011). Whilst
embryonic time-course transcriptomics can
reveal such genes (Goltsev et al., 2009; Bie-
dler et al., 2012), new studies aimed at sin-
gle-cell RNA-seq may help in this regard and
several studies have identified a number of
genes exclusive to larval and pupal stages
(Koutsos et al., 2007; Akbari et al., 2013;
Harker et al., 2013).

3.72 Targeting environmental, circadian
and behavioural conditions

Adult insects engage in complex behaviours,
many of which are relevant for disease trans-
mission such as host-seeking, mating, in-
secticide avoidance and resting behaviours,
which are in turn affected by endogenous
cues such as circadian rhythm, bloodmeal
ingestion and infection status. Effector
transgenes expressed during these conditions
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can be used to target pathogens, induce
mortality, or modify mosquito behaviour to
interrupt disease transmission. Likewise, in-
vestigation and expression of immune genes
after infection can help in understanding
and boosting natural immunity. To this end,
researchers have investigated global tran-
scriptome changes in response to a wide
range of endogenous and exogenous cues,
such as circadian rhythm (Rund et al., 2011),
Plasmodium infection (Vlachou et al., 2005;
Mendes et al., 2011), bloodmeal (Marinotti
et al., 2005; Dissanayake et al., 2010; Boniz-
zoni et al., 2011), Wolbachia (Kambris et al.,
2009), desiccation stress (Wang et al., 2011)
and mating (Rogers et al., 2008; Gabrieli
etal., 2014).

3.8 Design of Expression Systems
for Sex-, Tissue- and Stage-Specific
Transgene Expression

The section below discusses common design
criteria to achieve sex-, tissue- and stage-
specific expression in insects and lists
promoters previously characterized in mos-
quitoes. We draw upon the experience of
ourselves and others to give guidelines on
how to choose the most appropriate system
for expression and how best to design such a
system. This includes advice on promoter
length and when to include UTRs, introns,
translational enhancers and insulator elem-
ents. We also describe strategies to mitigate
against position effects by use of docking
sites, CRISPR-mediated HDR, in-frame fu-
sions and binary expression systems.

3.9 Mining Transcriptomics Data
for Promoter Design

Though the list of characterized promoters
is growing rapidly, there remains a large
subset of tissues and stages wherein pro-
moters that can reliably drive expression
are not yet available. The first port of call
when characterizing a new promoter is to
identify endogenous genes with the desired
expression profile. Fortunately, a plethora of

transcriptomics studies have generated data-
sets that can be mined for such genes, whether
it be developmental, tissue/sex-specific, or
conditionally induced (Table 3.2).

Datasets such as these have been col-
lated for a large number of vector species
and compiled into VectorBase (http://www.
vectorbase.org), an online bioinformatics re-
source and repository for vector genomes
(Giraldo-Calderon et al., 2015). VectorBase
allows the user to build complex searches via
workspace tools that can be used to identify
broad groups of genes with similar ex-
pression profiles, or used to filter specific
expression characteristics based on RNAseq
and microarray datasets. Likewise, tran-
scriptomic databases that catalogue sexually
dimorphic or tissue-specific expression have
been developed for A. gambiae (MozAtlas:
http://www.tissue-atlas.org) and D. melano-
gaster (FlyBase: http://flybase.org, and Fly-
atlas?2: http://flyatlas.gla.ac.uk/FlyAtlas2)
(Drysdale and FlyBase Consortium, 2008;
Baker et al., 2011; Leader et al., 2018).

3.9.1 Limiting the promoter length

In many insects, including Anopheles mos-
quitoes, the most important regulatory
elements are generally captured within 3 kb
upstream of the translational start site and
1 kb downstream of the CDS, and should in-
clude both introns and UTRs. Unfortunately,
this is not always the case and can be par-
ticularly problematic for species with largely
expanded genomes, such as Ae. aegypti,
where long introns spanning 20-50 kb can
sit within 5" UTRs. To remedy this, we rec-
ommend combining RNAseq data with whole-
genome sequencing to identify endogenous
genes with a desirable expression profile
whose nearest upstream gene is no more
than 2-5 kb away, so that the most import-
ant cis-regulatory elements can be captured
within a shorter promoter region. Alterna-
tively, promoters from closely related spe-
cies may effectively recapitulate the desired
expression profile. For example, promoters
from Anopheles are generally shorter than
those of Aedes and maintain their specificity
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across the two species (see Table 3.1). New
strategies to uncover regulatory motifs may
help inform promoter design, and limit the
overall length, by combining next-generation
sequencing technologies with strategies to
probe chromatin state and putative tran-
scription-factor binding such as FAIRE-seq,
ATAC-seq and ChIP-seq (Behura et al., 2016;
Ruiz et al., 2021).

3.9.2 The importance of the UTR

The most common strategy for transgene
expression makes use of an endogenous pro-
moter (and its 5" UTR) combined with a viral
or non-tissue-specific 3’ UTR/terminator
such as the SV40 or hsp70 terminators.
Whilst usually sufficient to drive strong ex-
pression in the tissue of interest, the strat-
egy can be leaky, often failing to limit
spatio-temporal expression to that of the
endogenous gene. Two important but often
overlooked features of UTRs is their ability
to localize mRNA transcripts and to re-
strict translation. This is more commonly a
feature of the 3" UTR and can help restrict
expression in space and time. It is particu-
larly essential for the specific activity of
maternal effect genes, many of which are
broadly deposited into the developing oo-
cyte but transported to specific regions
where their translation is carefully delim-
ited. This has proved to be an important
consideration in the development of hom-
ing-based gene drives for which tightly
controlled expression is essential to direct
Cas9-mediated HDR in the germline whilst
avoiding somatic mutations that can re-
duce fitness or generate resistance to drive.
Indeed, vasa, zpg and nanos transcripts are
germline expressed but also maternally de-
posited into the embryo (Goltsev et al.,
2009; Papaetal., 2017). Both nanos and zpg
contain regulatory elements on the UTRs
that can restrict translation of their en-
dogenous protein to the embryonic germ-
plasm (Tazuke et al., 2002; Rangan et al.,
2009) and evidence in An. gambiae would
suggest that regulatory sequences flanking
zpg and nanos, but not vasa, are sufficient

to prevent substantial protein expression in
the embryo (Hammond et al., 2021).

3.9.3 Boosting levels of expression

The simplest strategy to achieve high levels
of transgene expression is to identify en-
dogenous genes with the highest levels of
expression in that target tissue by analysing
available transcriptomics data. Indeed, this
strategy proved effective in the identifica-
tion of genes expressed at high levels in the
male (Catteruccia et al., 2005) and female
germline of mosquitoes (Akbari et al., 2014;
Hammond et al., 2021), but it is sometimes
important to boost expression beyond what
can be achieved using endogenous promoters
by including translational enhancers, UTRs
and introns, or by optimizing codon usage.
Alternatively, transgenes can be placed
within a binary expression system (see sec-
tion 3.9.4 below).

Translational enhancers are perhaps
one of the simplest modifications to an ex-
pression cassette that can substantially in-
crease levels of protein expression. Several
of these sequences derived from plant and
insect viruses have been demonstrated to in-
crease levels of expression by as much as
20-fold in Drosophila (Pfeiffer et al., 2012).
Although the most commonly used 3" UTR is
derived from the simian virus 40 (SV40), the
p10 3’ UTR from Autographa californica nu-
cleopolyhedrovirus can increase expression
by tenfold when used on its own, or 20-fold
when used in combination with the syn-
thetic 5" UTR element Syn21 - itself confer-
ring a 7.5-fold increase in expression when
used alone (Pfeiffer et al., 2012).

Introns have also been demonstrated to
exert a modest improvement in transgene
expression levels in flies (Pfeiffer et al., 2010),
most likely by affecting the rate of transcrip-
tion, nuclear export and transcript stability.
The strategy has yet to be applied to non-
drosophilid insects as a means to enhance
gene expression; however, introns have been
used recently in Anopheles mosquitoes to
place entire expression cassettes within the
introns of other genes (Hoermann et al., 2021).
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Nevertheless, introns are not simple to in-
clude in expression cassettes, as their effects
on expression and splicing may be tissue
specific, and the mechanism underlying this
effect varies greatly between introns (re-
viewed in Shaul, 2017).

3.9.4 Dampening levels of expression

Most promoters used for expression in
non-drosophilid insects have been chosen
for their ability to drive strong expression,
but some transgenes may be toxic, or exhibit
undesirable effects when expressed at high
levels. Experimenters wishing to reduce ex-
pression levels can take several approaches
to this end: (i) integrate the expression cas-
sette into a less active region of the genome
(Galizi et al., 2014); (ii) introduce mutations
to the promoter region, such as the addition
of spacer between TFBSs (Simoni et al.,
2020); (iii) introduce primary ORFs to sub-
stantially deduce translation efficiency
(Southall et al., 2013); (iv) introduce PEST
sequences or other protein destabilization
domains (Sethi and Wang, 2017; Kogenaru
and Isalan, 2018); or (v) identify a novel pro-
moter with a similar but dampened expres-
sion profile using expression datasets (see
section 3.9, ‘Mining Transcriptomics Data
for Promoter Design’, above).

3.9.5 Signal peptides for subcellular and
extracellular localization

Endogenous proteins typically carry signal
peptides that mediate trafficking of the ma-
ture protein from its site of production in
the cytosol to its final destination within or
outside the cell. For this reason, experiments
designed to overexpress or mis-express an
endogenous gene are possible using novel
promoters and enhancers without the
need for modifications to the protein itself.
However, non-endogenous transgenes may
require the addition of N- or C-terminal
signal peptides to mediate their subcellular
localization, especially when using trans-
genes derived from viruses or prokaryotes

such as Cas9, phiC31 integrase and recom-
binases, all of which require the addition of
non-native NLS sequences to ensure their
movement into the nucleus.

More complex requirements for subcel-
lular or extracellular specificity may include
subcellular localization in neurons; unlike
other cell types, neurons may carry long
axon and dendrite projections that lack a
substantial cytoplasm in which transgenes
can be expressed and visualized. This is par-
ticularly problematic for studies aiming to
delineate the architecture of neurons and
their projections into the brain, because ex-
pressed fluorescent proteins will be primar-
ily limited to the cell body. This can be rem-
edied by including signal peptides, such as
from the mouse mCD4 or mCD8 genes, that
are sufficient to anchor fluorescent proteins
to the cell membrane in Drosophila and mos-
quitoes (Lee and Luo, 1999; Matthews et al.,
2019). Similarly, protein expression can be
limited to the synapse to facilitate func-
tional imaging and neuroanatomical recon-
struction of the brain by including signal
peptides from endogenous synaptic proteins
such as Synaptobrevin (nSyb), Synaptotag-
minl (Sytl), bruchpilot (brp) and embryonic
lethal abnormal vision (elav) (Zhao et al.,
2021). Unfortunately, there currently exist
few peptides known to induce specific local-
ization within cells, and experimenters may
need to identify signal peptides on endogen-
ous proteins that show the desired localiza-
tion, or target these proteins using an in-frame
fusion approach (see below).

3.9.6 Controlling for position effects

The degree to which canonical expression is
perturbed by a position effect can vary
greatly, from sex specificity conferred by in-
tegration within a sex chromosome to low or
undetectable levels of expression by integra-
tion within a heterochromatic region of the
genome.

To mitigate against position effects,
experimenters often generate several in-
dependent strains integrated at different
genomic loci by using transposases, such
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that the profile of transgene expression can
be compared between strains. Alternatively,
transgenes can be inserted at specific loci us-
ing CRISPR-mediated HDR (see Ahmed and
Wimmer, Chapter 5, this volume) (Gantz
et al., 2015; Kistler et al., 2015; Hammond
etal., 2016) or phiC31 integrase (see Ahmed
and Wimmer, Chapter 5, this volume)
(Nimmo et al., 2006; Meredith et al., 2011;
Haghighat-Khah et al., 2015; Hammond
et al., 2016), the latter being used to insert
transgenes into a ‘docking’ site previously
modified to contain one or two attP sites.
Defined loci, such as docking sites, are usu-
ally chosen for their lack of position effects
(Volohonsky et al., 2015), but some may im-
part robust and well-characterized modifica-
tions that can be used to generate desirable
and potentially unique patterns of trans-
gene expression, such as male specificity
conferred by integration onto the Anopheles
Y-chromosome (Bernardini et al., 2014).
Insulator sequences, and the insulator
proteins they recruit, may further limit the
action of nearby enhancers, silencers and
heterochromatin on gene expression through
the formation of DNA loops or nucleosome
modifications. Five core insulator proteins
have been described in D. melanogaster and
several have known orthologues in mosqui-
toes, including Su(Hw), dCTCE, CP190 and
GAF (Gray and Coates, 2005; Carballar-
Lejarazu et al., 2013). The best described
insulator is the 388 bp gypsy element isolated
from the D. melanogaster gypsy retrotrans-
poson which, like other insulators, relies
upon binding of its core insulator protein
Su(Hw) and supporting complex proteins to
function. Orthologues of Su(Hw) and sev-
eral gypsy complex genes, mod(mdg4)2.2 and
CP190, have been identified in the genomes
of four mosquito species (Carballar-Lejarazu
et al., 2016), lending credence to the possi-
bility that mosquito gypsy elements could be
used to mitigate position effects. Indeed,
the gypsy insulator element from Drosophila
is functional in mosquitoes (Lynd and Lyc-
ett, 2012; Carballar-Lejarazu et al.,, 2013;
Adolfi et al., 2018; Pham et al., 2019) and
can boost expression by as much as 60-fold
(Carballar-Lejarazu et al, 2013). Gypsy
elements can protect not only against

genomic position effects, but also against
perturbation by other enhancers and pro-
moters contained within the transformation
construct, such as those of the marker cas-
sette that might affect expression of an ef-
fector transgene. Whilst insulators can
dampen these effects, they rarely absolve
them completely and are also susceptible to
certain position effects (Markstein et al,
2008). As such, a prudent strategy to ensure
robust transgene expression may include
the use of gypsy elements and multiple inte-
grations into the genome, followed by visual
inspection of expression (if using a marker)
or transcriptomics.

3.9.7 In-frame fusions to capture

endogenous regulation

To mitigate against unpredictable position
effects and incomplete promoters/enhancers,
several research groups have begun to use
CRISPR-based HDR to target insertion
of a transgene into the genome as in-frame
fusions to an endogenous protein. In this
way, transgene expression may fully recap-
itulate that of the endogenous gene and
can be designed to have minimal interfer-
ence of the target gene, or to induce a knock-
out mutation.

Depending on the intended outcome,
transgenes can be tethered to the endogen-
ous protein such that subcellular and extra-
cellular protein trafficking can be mediated
by endogenous signal peptides, although
such approaches risk interfering with pro-
tein function. In-frame fusions of this type
must target the C- or N-terminus of an en-
dogenous protein such that the two are in
tandem, in frame, and separated by a pep-
tide linker (such as a GSG linker), allowing
transgene localization to mimic that of
the endogenous target gene. This has been
especially powerful for expression and
subcellular localization in neurons, where
position effects commonly cause low and
variegated expression for promoter-based
strategies (Matthews et al., 2019). Alterna-
tively, one or more proteins can be inserted
as in-frame fusions that are separated by a
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cleavage peptide (commonly T2A or F2A) to
prevent interference of either protein with
each other. This strategy has been effective
for expression of haemolymph-secreted anti-
parasitic effector proteins in the midgut of
An. gambiae by targeting carboxypeptidase A,
adult peritrophic matrix protein 1 and alkaline
phosphatase 2 (Hoermann et al., 2021).

The approach has proved powerful in
the study of mosquito neurobiology. Expres-
sion of GCaMP in subsets of Ae. aegypti
neurons has been achieved by targeting in-
frame fusions of ppk301 (Matthews et al.,
2019), fruitless (Basrur et al., 2020) and syn-
aptotagminl (Sytl) (Zhao et al., 2021). Be-
cause synaptotagmin is a synaptic protein,
the C-terminal in-frame fusion also localized
GCAMP to the neuronal synapse to facilitate
calcium imagining and neuroanatomical re-
construction of the brain. Whilst effective at
capturing highly specific subcellular specifi-
city, protein levels may be insufficient when
targeting genes with naturally low expres-
sion, such as olfactory receptors, and can be
boosted by using a binary expression system.

3.9.8 Binary expression systems

Binary expression systems have recently
been adapted for a broad range of non-model
insects to manipulate transgene expression
through the interaction of ‘driver’ and ‘re-
sponder’ elements (see Schetelig et al., Chap-
ter 2, this volume). Briefly, a driver is a
trans-activator under transcriptional control
of any promoter, and whose binding to its
cognate activation sequence drives expres-
sion of a downstream reporter transgene —
the ‘responder’. This allows a promoter to be
physically separated from the reporter
transgene in the genome, such that libraries
of different driver and responder strains can
be combined in novel combinations.

The first and most widely used binary
expression system is based on the Gal4
transactivator and its upstream activation
sequence (UAS), active in D. melanogaster
(Brand and Perrimon, 1993), Tribolium cas-
teneum (Schinko et al., 2010), Bombyx mori
(Uchino et al., 2008), An. gambiae (Lynd and

Lycett, 2012) and Ae. aegypti (Kokoza and
Raikhel, 2011), among others. Unfortu-
nately, high Gal4 expression can be toxic,
due to global non-specific activation of other
genes, and is no longer used in Ae. aegypti for
this reason. The recently adapted Q-system
for binary expression appears to show re-
duced toxicity in mosquitoes, is inducible by
quinic acid and benefits from a repressor
that can function independent of tempera-
ture (Potter et al., 2010; Riabinina et al.,
2015, Riabinina et al., 2016; Matthews et al.,
2019). Both Gal4-UAS and Q-systems are
available in a split format under which DNA-
binding and activation domains of the
transactivator can be placed under control
of separate promoters (Luan et al.,, 2006;
Riabinina et al., 2019). This allows for inter-
sectional reporter expression in a highly
specific and potentially novel subset of cells.
These systems also allow the gain on expres-
sion to be ‘toggled’ by expanding or con-
tracting the number of activation sequences
in a responder, which is particularly attract-
ive for neurobiology research where endogen-
ous neuronal promoters tend to drive weak
transgene expression.

3.10 Future Prospects

Advances in genome engineering and binary
expression systems have made a dramatic
impact on the potential to replicate endogen-
ous gene expression, but also to generate
novel patterns of expression.

The characterized promoters discussed
here can drive expression in key tissues
across insect species, but few show cell-type
specificity that will be essential to dissect
the molecular genetics of neurons, immune
cells, germline development and embryogen-
esis. Single-cell RNA sequencing (scRNA-seq)
will be important in characterizing such
promoters and has already revealed the
micro-scale transcriptional changes that
take place during spermatogenesis (Taxiar-
chi et al., 2019). Similarly, single-nucleus
RNA sequencing (snRNA-seq) methods have
shed light on the diversity of cell popula-
tions on the mosquito midgut (Cui and
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Franz, 2020). Further advances in snRNA-
seq will be needed for tissues that are diffi-
cult to dissociate, such as the peripheral
sensory appendages.

Computational approaches to identify
and characterize promoter and enhancer se-
quences are also under way (Schember and
Halfon, 2021) and will complement applied
methods such as promoter trapping (Reid
etal.,2018) and enhancer trapping (O’Broch-
ta et al., 2012) that have proved useful in
generating large collections of driver lines in
D. melanogaster (Bellen et al., 1989), Bombyx
mori (Tsubota et al., 2014) and Tribolium cas-
taneum (Trauner et al., 2009).

Novel expression patterns will also be
important to manipulate subsets of cells and

tissues and may be possible by expanding
split-binary systems to non-model insects.
Exciting new sensor technologies may
achieve similar results, such as riboswitches
that transition from an inactive to active
state upon interaction with RNAs (Galizi
et al.,, 2020). These interactions are se-
quence-specific and can be programmed to
respond to endogenous or exogenous RNAs,
such as those derived from a pathogen. In
this way, riboswitches can act as sensors. For
example, a transgene placed under transcrip-
tional control of a midgut promoter could be
additionally regulated by a riboswitch pro-
grammed to respond to arbovirus RNA. Al-
ternatively, riboswitches could be used for
intersectional expression in subsets of cells.
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4.1 Introduction

The discovery of RNAi brought forth a revo-
lution in fundamental and applied research
in non-model insects and enabled the next
wave of revolutions through genome editing
techniques. While genome editing, such as
CRISPR/Cas9, is increasing in popularity,
RNAi is far from obsolete. Because of its
transitive silencing of gene expression, RNAi
is a valuable technique to study genes crucial
for the development or survival of the insect,
which would be difficult with genome editing
techniques.

Traditional model insect species, such
as the fruit fly Drosophila melanogaster, have
many resources in functional genomics, but
they often have a low ecological context. On
the other hand, for many ecologically and
agriculturally important insects, the available
toolset is quite small. However, the recent
increase in genome and transcriptome sequence
databases for non-model insects, coupled
with the development of high-throughput
techniques for gene expression profiling and
functional characterization, has made it

possible to study the biology of non-model
insects. This is particularly interesting for
pest insect species, where understanding
the underlying mechanisms in their biology
through functional genomics could lead to
the development of potential pest control
strategies (Vogel et al., 2019; Cagliari et al.,
2020; Christiaens et al., 2020a; Mezzetti et al.,
2020; Taning et al., 2020).

Genome modification has long been an
important tool for scientists in all fields of
biology. Starting from unspecific mutagen-
esis with chemical mutagens and radiation,
genome editing has come a long way with
recent advances in protein biochemistry and
genetics having provided the scientific com-
munity with powerful tools for the precise
modification of genomes (Falk, 2010). These
game-changing technologies, including zinc-
finger nucleases (ZENs) (Kim et al., 2009),
transcription activator-like effector nucleases
(TALENSs) (Bogdanove and Voytas, 2011) and
clustered regularly interspaced short palin-
dromic repeat/CRISPR-assodated systems (CRIS-
PR/Cas9) (Sorek et al., 2013), allow a deeper
understanding of the mechanisms underlying

*Corresponding author, email: Guy.Smagghe@UGent.be

© CAB International 2022. Transgenic Insects (eds M.Q. Benedict and M.J. Scott)

74

DOI: 10.1079/9781800621176.0004


mailto:Guy.Smagghe@UGent.be

© CAB INTERNATIONAL. NOT FOR RESALE

RNA Interference to Modify Phenotype 75

developmental processes and diseases and
have potential in the treatment of diseases.

Also, in insects, these tools offer scientists
exciting opportunities for tackling public
health and environmental issues, to efficiently
generate novel economic insect strains and
for functional genetic studies (Taning et al.,
2017; Gantz and Akbari, 2018; Xu et al.,
2019) (see Concha and Papa, Chapter 7, this
volume). Despite the rapid increase in use of
these genome editing tools, and especially
CRISPR/Cas9, in insects, these technologies
are still facing several challenges and draw-
backs. For example, the complexity of design
(ZFNs) and construction (TALENs) and the
high production costs (ZFNs, TALENs) are
major factors constraining their use (Reid
and O’Brochta, 2016; Hillary et al., 2020). In
addition, challenges in the delivery of the
constructs limit the application of these
technologies to a small number of mainly (if
not all) model insect species (Reid and
O’Brochta, 2016; Taning et al., 2017; Xu et al.,
2019). This is also the case for gene drive
studies which have been focused on model
and high-profile species such as mosquitoes
(Hammond et al., 2017; Kyrou et al., 2018),
D. melanogaster (Guichard et al., 2019; Kan-
dul et al.,, 2020) and Tribolium castaneum
(Drury et al.,, 2017). Another obstacle of
genome editing is the difficulty and labour
intensity in selecting an edited insect (Xu
etal.,2019).

Because of these challenges, the selection
of a good candidate gene is of the utmost im-
portance. A quick and easy screening method
of potential targets and interesting phenotypes
could be beneficial, especially in non-model
organisms. RNA interference (RNAI) is a
naturally occurring gene regulation mechan-
ism, first elucidated in 1998 (Fire et al., 1998)
and since then frequently used for the func-
tional study of genes. RNAi is a highly con-
served mechanism in eukaryotic organisms,
in which messenger RNA (mRNA) is cleaved
by the RNAi machinery, leading to inactiva-
tion of gene expression (Baum and Roberts,
2014). This process is triggered by the pres-
ence of double-stranded RNA (dsRNA)
which is cleaved into small interfering RNA
(siRNA) fragments by the endoribonuclease

Dicer. These fragments bind to the Argo-
naute protein in the RNA-induced silencing
complex (RISC), after which one strand of
the double-stranded siRNA is removed. The
remaining strand directs the RISC complex
to homologous mRNA target sequences. Once
bound, the Argonaute protein can cleave the
mRNA, silencing the gene expression (Fig. 4.1).
Although RNAI efficiency is variable in dif-
ferent insect groups, growth stages and tis-
sues (Terenius et al., 2011; Scott et al., 2013;
Cooper et al., 2019), it offers an easy and
quick tool to study gene function. In add-
ition, the transient characteristic of RNAi
makes it possible to study genes essential
for the development, growth and survival of
the insect. Therefore, RNAi and genome
editing techniques could be complement-
ing functional genomics tools (Cagliari
et al., 2020).

Furthermore, RNAi technology allows
the design of high-throughput screening,
either by systemic screens targeting individ-
ual genes or by selection-based screens using
pooled libraries of dsRNA (Echeverri and
Perrimon, 2006). While the former provides
the broadest screen of loss-of-function pheno-
types, the latter allows study of the silencing
of complete pathways. In insects, several high-
throughput screens have been performed in,
for example, D. melanogaster (DasGupta and
Gonsalves, 2008; Billmann and Boutros,
2016), T. castaneum (Knorr et al., 2013;
Dénitz et al.,, 2015; Ulrich et al., 2015;
Schultheis et al., 2019) and Phaedon cochleariae
(Mehlhorn et al., 2021). The establishment
of these screening platforms offers a tool for
discovery of target genes with high potential
benefit (Knorr et al., 2013).

Through a series of examples, this chapter
will illustrate the potential of RNAi in a wide
variety of research topics, including the func-
tional analysis of genes involved in growth,
development and behaviour of the insects,
the study of mechanisms of pesticide resist-
ance and the protection of beneficial insects.
In addition, RNAI is shown to be a fast, easy
and high-throughput technology, comple-
menting genome editing techniques to gen-
erate clear phenotypes and screen potential
targets for genome editing application.
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Fig. 4.1. RNAi mechanism. dsRNA, delivered by either recombinant expression or environmental
application (e.g. food, injection), is processed into small interfering RNAs (siRNAs) by Dicer. These siRNAs
are incorporated in the RNAi-induced silencing complex (RISC) where one of the strands is removed. The
remaining strand guides the RISC complex to homologous mRNAs, which are cleaved by Argonaute.
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4.2 RNAi Phenotypes in Insect
Growth, Development, Behaviour and
Reproduction

RNAi has revolutionized fundamental re-
search in insects. Before RNAi, molecular
and genetic research was limited to a few
model insects such as D. melanogaster. How-
ever, the discovery of RNAi allowed the per-
formance of ‘loss-of-function’ experiments
in a wide range of insects for which genetic
tools and stable mutants were not available
or could not easily be obtained (Bellés, 2010;
Christiaens et al., 2020a). While genome
editing techniques will boost the next revo-
lution of research in non-model organisms,
RNAIi will remain an important asset as it
allows for transient knockdown of a gene
(Christiaens et al., 2020a). Indeed, for the
investigation of crucial genes involved in
insect development or reproduction, incom-
plete or even modulatory knockdown by

RNAI has an advantage over genome editing
techniques, as the complete knockout of the
gene would provide a lethal phenotype or
would not produce offspring.

Over the past decade, RNAi-based func-
tional genomics studies in non-model species
have provided us with insight into the gen-
omic and functional diversity within the insect
clade (Christiaens et al., 2018a). This section
describes several examples of RNAi experiments,
with genes of unknown function or orthologous
genes described in model organisms, which
reveal physiologically interesting and unique
phenotypes on embryonic and post-embryonic
growth, development, behaviour and repro-

duction (Table 4.1).

4.2.1 Growth and development

How growth and development of an organ-
ism are regulated is one of the fundamental
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Table 4.1. RNA phenotypes in development, behaviour and reproduction.

Insect Target gene Phenotype Reference
Embryonal development E. heros exd Complete developmental block Cagliari et al., 2021
lab Normal development, not viable Cagliari et al., 2121
dfd Abnormal structure on head Cagliari et al., 2121
scr Bifurcated leg-like rostrum Cagliari et al., 2121
pb Bifurcated leg-like rostrum Cagliari et al., 2121
Post-embryonal development T castaneum ETHR Mortality, ecdysis behavioural defects Arakane et al., 2008
B. dorsalis ETHR-A/ETH Tracheal defects, failure of ecdysis Shi et al., 2017
Crz/CrzR Delay larval pupal transition Hou et al., 2017a,b
P, citri Spo Inhibition of moulting Li et al., 2017
T castaneum InR Reduced food uptake, lethal Linetal., 2016
TOR Decreased appendage growth Linetal., 2018
FoxO Delay of pupation Lin et al., 2019
Lac2 Cuticle sclerotization defect, lethal Arakane et al., 2005
E. heros awd Deformed and short wing Cagliari et al., 2020
th Cuticle sclerotization defect, curved abdomen, Cagliari et al., 2021
malformed antenna and legs, lethal
T castaneum pgant Blockage of pupation Li et al., 2021
STT3/DAD1 Lethal Walski et al., 2016
GCS1/GCS2 Blockage of pupation Walski et al., 2016
N. lugens GCS1/GCS2 Mortality at transition to adult Yang et al., 2021
FucT6 Moulting defect Yang et al., 2021
Behaviour B. dorsalis TRP/THRP Loss of aversive behaviour Gui et al., 2017
T castaneum TpH Decreased mobility Xu et al., 2018
Reproduction B. dorsalis takeout2 Reduced fertility and fecundity in females Wei et al., 2021
AKHR Reduced courtship behaviour in males Hou et al., 2017a,b
ATHR-B Decreased egg production in females Shi et al., 2019
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questions in biology. It starts with the
embryonal development where a single cell
develops into a multicellular organism, pro-
ducing all of the different cells that comprise
the body of the nymph or larva. The embryo-
genesis requires key processes, including
axis formation and cell fate determination,
regulated by complex and cross-communicating
pathways. RNAi-mediated silencing of genes
involved in these processes can lead to severe
and fatal phenotypes. The study of genes in-
volved in the embryonal development is a
challenging subject and for this application
transgenerational or parental RNAi could
provide an interesting tool. In this variant of
RNAj, the silencing phenotype is observed in
the progeny of the treated parent organism
(Vélez et al., 2017). Parental RNAi has been
explored in a range of insect species span-
ning different orders, including Coleoptera
(Bucher et al., 2002; Khajuria et al., 2015;
Prentice et al., 2015; Vélez et al., 2017) and
Hemiptera (Hughes and Kaufman, 2000;
Angelini et al., 2005; Coleman et al., 2015;
Fishilevich et al., 2016; Lu et al., 2017; Riga
et al., 2019). In Euschistus heros, an import-
ant pest in leguminous plants in South
America, parental RNAi was used to investi-
gate the function of genes including labial
(lab), deformed (dfd), sex comb reduced (scr),
extradenticle (exd) and proboscipedia (pb) in
rostrum development (Cagliari et al., 2021).
While the embryos deposited by the lab-silenced
females developed all appendage structures,
they died before hatching. In contrast, with
exd silencing, development was halted and
the embryos did not show appendage struc-
tures. Parental silencing of dfd caused the
generation of abnormal structures between
the antenna and the labium. Treatment with
dsRNA targeting scr and pb caused the gen-
eration of a bifurcated rostrum with leg-like
structures in the offspring (Fig. 4.2). This
suggests the requirement of scr and pb in
the correct determination of cell fate in the
imaginal discs. The insects with the malformed
rostrum were unable to feed and died shortly
after hatching (Cagliari et al., 2021).

After hatching, the neonate insects con-
tinue their post-embryonal development
into adults. While many organisms display a
gradual growth until adult, insects have a more

fascinating development. As insects are
enclosed in an exoskeleton, they grow in dis-
tinct stages, requiring to moult in order to
grow larger. In addition, holometabolous
insects undergo a complete change in physical
structure during the transition from larva to
adult in the process of metamorphosis. As for
embryonal development, post-embryonal
development of insects is regulated by
complex cross-communicating pathways,
requiring hormones (juvenile hormone and
20-hydroxyecdysone), neuropeptides and
metabolites (Dubrovsky, 2004; Bendena,
2010; Lin and Smagghe, 2019).

Disruption of the genes involved in the
neuropeptide signalling pathways, e.g. the
neuropeptide receptors, regulating hormone
synthesis often causes severe developmental
phenotypes. For example, mutation of the
ecdysis triggering hormone receptor (ETHR) in
D. melanogaster causes high mortality and
ecdysis behavioural defects (Park et al., 2002)
and RNAi-mediated silencing of this recep-
tor in the model beetle T. castaneum results
in severe deficiencies in pre-ecdysis behav-
iour, strongly affecting ecdysis and eclosion,
ultimately leading to the death of the insect
(Arakane et al., 2008). Similarly, in Bactrocera
dorsalis, an economically important pest
insect of tropical and subtropical fruit, si-
lencing of ETHR-A and the ecdysis triggering
hormone (ETH) genes caused tracheal defects
in the larvae and developmental failure at
ecdysis, leading to the death of the insects
(Shi et al., 2017). Silencing of Corazonin (Crz),
a neuropeptide hormone and neuropeptide
modulator internally released within the
central nerve system, and its receptor CrzR
in B. dorsalis caused a delay in larval-pupal
transition and pupariation (Hou et al., 2017a).
The accompanied delay in the expression of
tyrosine hydroxylase and dopa-decarboxy-
lase genes suggested that the inhibition of
pupariation and cuticular melanization is
the result of a block in dopamine synthesis
(Hou et al., 2017a). Also in spider mites,
RNAi has contributed to the elucidation of
the ecdysteroid signalling. RNAi-mediated
silencing of the Halloween gene Spook (Spo)
in Panonychus citri, an economically import-
ant and widespread pest of citrus crops,
caused the inhibition of moulting which led
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Fig. 4.2. Rostrum development in the Neotropic stinkbug Euschistus hero. The RNAi phenotype in
nymphs from females treated with dsRNA targeting GFP (A, B), sex comb reduced (C), and proboscipedia
(D-F). (A) Details of the piercing/sucking mouthparts of the control treated insects (GFP). The red arrow
shows the tip of the labium. (B) Detail of the labium tip part under the SEM. (C) dsScr phenotype: the
labium appendage is transformed into a bifurcated rostrum with a leg-like structure, while the stylet structure
is normal. (D—F) dsPb phenotype showing the labium appendage is transformed into a leg-like structure. On
the transformed labium we can see claws (red arrows), and the stylet structure is normal as in the control.
(F) Details of the distal part under the SEM, showing the split appendage with two leg-like structures with
claws (red arrows). Ant, antenna; Lb, labium; St, stylet. Figure redrafted from Cagliari et al. (2021).

to the deaths of the pharate mites trapped in
the old cuticle (Li et al., 2017). Rescue ex-
periments revealed that while addition of
20-hydroxyecdysone (20E) could not overcome
this phenotype, supplementing ponasterone
A almost completely rescued the moulting
defect (Li et al., 2017). This data suggested
that ponasterone A and not 20E is the ecdys-
teroid hormone in mites (Grbi¢ et al., 2011;
Lietal., 2017).

Another pathway regulating growth
and development is the insulin/insulin-like
growth factor (IIS) and target of rapamycin
(TOR) pathway (IIS/TOR). Through cross-
talk with hormonal pathways, the IIS/TOR
pathway regulates cell growth and differen-
tiation, thereby controlling final adult body

and organ size (Lin and Smagghe, 2019).
RNAi-mediated silencing of the insulin recep-
tor (InR) and two major components of the
insulin signalling pathway, TOR and FoxO,
revealed distinct phenotypes in T. castaneum.
Silencing of TcInR caused a quick drop in
food uptake by affecting the sulfakinin sig-
nalling pathway, resulting in lethality before
pupation with a clear decrease in the weight
and size of the larvae (Lin et al., 2016). While
silencing of TcFoxO had an effect on the
whole organism and resulted in a delay of
pupation through the regulation of the ecdys-
teroid biosynthesis (Lin et al., 2018), silencing
of TcTOR had only a moderate effect on
the size of the whole organism. However,
the latter had a severe effect on appendage
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growth, caused by a decrease in cell size and
number (Lin et al., 2019).

Next to the neuropeptide, hormone and
insulin pathways, RNAi revealed the func-
tion of other genes in the development of
insects. For example, protein glycosylation
is one of the most important post-transla-
tional modifications of proteins and plays a
crucial role in a variety of biological and
physiological processes. RNAi allowed inves-
tigation of the role of the N- and O-glycosyl-
ation related genes in the development of
insects. Interfering in the early steps of the
N-glycosylation pathway leads to high mor-
tality of the insects. For example, silencing
of essential subunits of the oligosaccharyl-
transferase complex (STT3 and DAD1I) leads
to high and rapid mortality of the treated in-
sects (Walski et al., 2016; De Schutter et al.,
2019). Similarly, disruption of the glucosi-
dase activity (GCS1 and GCS2) causes high
mortality; however, this mortality was ob-
served specifically at the transition to adult
(Walski et al., 2016; Yang et al., 2021). Silen-
cing of these genes, involved in the protein
folding quality control, leads to a blockage of
pupation in D. melanogaster and T. castaneum
(Walski et al., 2016). Similarly, silencing of
these genes in Nilaparvata lugens causes
mortality at the transition to adult (Yang
et al., 2021). While targeting the genes
involved in the later processing steps in

T. castaneum had mild phenotypes on the
wing development, larval growth and adult
mobility (Walski et al., 2016), silencing of
Mannosidase-Ia and the a-1,6-Fucosyltrans-
ferase in N. lugens caused high mortality,
with an ecdysis phenotype in the latter case
(Fig. 4.3) (Yang et al., 2021).

Similarly, disruption of the O-glycosyla-
tion pathway in T. castaneum was shown to
influence the development of the insects.
RNAi-mediated silencing of N-acetylgalac-
tosaminyltransferases (pgants), required for
the synthesis of the abundant core 1 O-gly-
cans, caused a blockage of pupation, leading
to high mortality in the treated insects (Li
et al., 2021). Silencing of genes involved in
the synthesis of other O-glycan structures
had mild phenotypes on the adult mobility
and wing formation (Li et al., 2021). In add-
ition, in the Neotropical stink bug E. heros,
silencing of the abnormal wing disc (awd) and
tyrosine hydroxylase (th) genes revealed their
role in the development of this insect. Dis-
ruption of the awd expression resulted in a
distinct malformed phenotype. The wings of
the adult bugs were deformed and appeared
extremely shortened (Cagliari et al., 2020).
While silencing of awd was not lethal, RNAi
of th resulted in high mortality, with the
insects showing defects in cuticle sclerot-
ization, a curved abdomen and malformed
antenna and legs (Cagliari et al., 2020). The

Fig. 4.3. Silencing of the a-1,6-fucosyltransferase gene in the brown planthopper Nilaparvata lugens
led to a lethal phenotype with a failure of ecdysis. Following injection at 3rd nymphal instar, dsGFP-treated
insects moulted normally into the 4th nymphal instar (A), while dsFucT6-treated insects show high mortality
during the ecdysis event (B). Figure redrafted from Yang et al. (2021).
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sclerotization, or tanning, of the cuticle involves
the oxidative conjugation of proteins. Two
kinds of phenoxidases, laccase and tyrosin-
ase, have been suggested to participate in
tanning (Arakane et al., 2005). RNAi-mediated
screening of the four phenoxidases in
T. castaneum revealed a failure to tan in the
insects treated with dsRNAs targeting lac-
case 2 (Lac2) (Fig. 4.4). These insects were
soft bodied and deformed and subsequently
died, suggesting the essential role of laccase
2 in the sclerotization of larval, pupal and adult
cuticles in T. castaneum (Arakane et al., 2005).

4.2.2 Behaviour and reproduction

Insect behaviour covers a wide range of
activities, including locomotion, feeding,
communication, mating and various responses
to environmental factors (Hoy 2019; Smagg-
he et al., 2019). Neuropeptides are crucial in
regulating myriad behavioural actions and,
while these have been extensively studied,
relatively little is known about most neuro-
peptides and only in a selected set of model
insects (Schoofs et al., 2017). Using RNAj, a
functional analysis of genes involved in the sig-
nalling pathways leading to behavioural ac-
tions can be performed in non-model insects.

These assays have brought novel insight
into olfaction, attraction and fertility in in-
sects. For example, silencing of the tachykin-
in-related peptide (TRP) and its receptor (THPR),
involved in olfactory perception, locomotion
and aggression, led to a reduction in the
antennal electrophysiological response in
B. dorsalis (Gui et al., 2017). In accordance
with this, the dsRNA-treated flies lost their
aversive behaviour to ethyl acetate, represent-
ing late-stage fermentation repulsive to flies.
This confirms the role of TRP/TRPR signal-
ling in modulating the olfactory sensitivity to
avoid aversive odours (Gui et al., 2017).

In T. castaneum, the role of tyramine
B-hydroxylase (TBH) in the octopamine (OA)
biosynthesis pathway was investigated using
RNAi. Silencing of the gene encoding TRH
caused a decrease in OA levels while resulting
in an accumulation of tyramine, an inter-
mediate in the OA synthesis pathway. This
decrease of OA levels in the central nerve
system led to a decrease in the mobility of
the beetles (Xu et al., 2018).

In B. dorsalis, mating success and mating
duration of the adult male could be significantly
reduced by the RNAi-mediated silencing of
the male accessory gland-specific takeout2
gene (Wei et al., 2021). This ultimately led
to a reduced fertility and fecundity of the

Fig. 4.4. Inhibition of cuticle tanning in the red flour beetle Tribolium castaneum through
RNAi-mediated silencing of TcLac2. Late-stage larvae injected with dsRNA targeting Lac2 display a
lack of larval (A) and pupal (B) tanning. Similarly, injection at the prepupal stage prevented tanning of the
adult cuticle (C). In each picture, the control is shown on the left and the RNAi knockdown on the right.
Size bar 1 mm. Figure redrafted from Arakane et al. (2005).
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mated females, for which a reduction in the
number of eggs laid and the hatchability of
the eggs was observed (Wei et al., 2021).
Similarly, in D. melanogaster, takeout genes
were shown to affect courtship behaviour by
processing sex-biased signals (Dauwalder
et al., 2002). Silencing of the B. dorsalis adi-
pokinetic hormone receptor (AKHR) had an ef-
fect on the sexual behaviour of the male flies
(Hou et al., 2017b). Knockdown of this gene
resulted in a severe decrease in courtship be-
haviour and tethered-flight duration of the
males when starved. This phenotype could
be partially rescued when re-fed, confirming
the suggested dependency on the energy me-
tabolism. In females, sexual behaviour was
not affected by the RNAi, but their fecundity
was decreased (Hou et al., 2017b). While silen-
cing of ATHR-A resulted in a failure of ecdy-
sis, RNAi of ETHR-B in B. dorsalis affects the
reproduction in female adults. Silencing of
this gene caused a decreased expression of the
juvenile hormone acid methyltransferase and
Vitellogenin2 genes, leading to reduced juven-
ile hormone titre and egg production (Shi et al.,
2019), a phenotype that could be rescued by
co-injection of 20E (Shi et al., 2019).

4.3 RNAi Phenotypes Unravelling
the Duality of Gene Isoforms

The presence of isoforms (highly similar
proteins that originate from a single gene or
gene family) can complicate functional stud-
ies. Disrupting one of the isoforms might
not always give a clear phenotype, as many
isoforms perform the same or similar biological
roles. For example, silencing of either one of
the STT3 isoforms, the catalytic subunit of
the oligosaccharyl transferase complex, in
N. lugens and T. castaneum only resulted in
weak phenotypes, such as low mortality or
minor reduction of larval growth (Walski
etal., 2016; De Schutter et al., 2019). However,
co-silencing of both isoforms caused a high
and rapid mortality, suggesting functional
redundancy between both isoforms (Walski
etal., 2016; De Schutter et al., 2019). Similar
observations were made in T. castaneum where
silencing of either of the Manl isoforms only

caused mild phenotypes on mobility and
wing formation while co-silencing of both
isoforms resulted in the blockage of adult
formation accompanied by high mortality
(Walski et al., 2016).

However, the functional redundancy
between both isoforms is not always bi-
directional. In addition, different isoforms
might have unique functions or exert their
function in specific growth stages or in spe-
cific tissues. For example, silencing of Manla
caused high mortality in N. lugens, but, when
targeting its isoform Manlb, no phenotype
could be observed in the treated insects
(Yang et al., 2021). Similarly, silencing of
ETHR-A at larval stage caused developmen-
tal defects and mortality in B. dorsalis, while
knockdown of its isoform ETHR-B had no
obvious phenotypes, with nearly all insects
developing successfully to the next instar
(Shi et al., 2017). However, when treating
adult B. dorsalis with dsRNA targeting
ETHR-B, the fertility of the female insects
is affected (Shi et al., 2019). These results
illustrate the unique functions of isoforms
depending on the developmental stage.

This observed (partial) functional redun-
dancy between two isoforms, or the specific
spatiotemporal function of isoforms, should
be taken into account when selecting targets
with isoforms or isoenzymes where compen-
sation might take effect. RNAi can provide
easy and fast screening to check for this redun-
dancy before investing time and resources
into creating genomic edited insects.

4.4 RNAi Phenotypes to Understand
Insecticides, Mode of Action and
Resistance Mechanisms

The overuse of classical pesticides in past
decades has resulted in the emergence of
pesticide resistance in a wide range of pest
insects. RNAI offers a strategy which can be
applied to identify and target genes involved
in insecticide resistance. The knowledge
generated through these RNAi experiments
could then drive the development of gene
editing strategies to overcome insecticide
resistance in agricultural pests. For example,
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the oriental fruit fly, B. dorsalis, has devel-
oped resistance to different commonly used
pesticides, including malathion. It was sug-
gested that glutathione S-transferases (GSTs),
multifunctional enzymes that metabolize
insecticides directly or indirectly, are in-
volved in the resistance mechanism. Indeed,
RNAi of BdGSTd9 was shown to increase the
toxicity of malathion in a malathion-resistant
strain (Meng et al., 2020). Similarly, carbox-
ylesterases (CarEs) were suggested to be
involved in metabolic resistance to organo-
phosphate insecticides. This was confirmed
through silencing of the BdCarE2 gene,
which resulted in an increased malathion
susceptibility in the adult flies (Wang et al.,
2016). Also T. castaneum, a notorious pest of
stored grains, has evolved resistance to all
five classes of pesticides used against it. In a
functional genomics and reverse genetic
approach, cytochrome P450-mediated detoxi-
fication was identified as a major mechanism
in the deltamethrin resistance in T. castane-
um. Specifically, silencing of CYP6BQ9,
a brain-specific P450 gene, was found to
suppress the majority of the deltamethrin
resistance in a resistant strain (Zhu et al.,
2010). Similarly, acytochrome P450 (CYPEAE14)
from the cotton bollworm, Helicoverpa ar-
migera, was shown to be involved in larval
tolerance to gossypol, a natural occurring
cotton metabolite (Mao et al., 2007). While
RNAi-mediated silencing of CYP6AE14
retards larval growth under control condi-
tions, this effect is more dramatic in the
presence of gossypol (Mao et al., 2007).
Additionally, RNAi can be used to gain a
deeper insight into the molecular mechan-
isms that pesticides use to exert their ento-
motoxicity. For example, it was found that
the RNAi-mediated silencing of the immune
gene SI102, involved in the control of encapsu-
lation and nodulation responses, in Spodop-
tera littoralis significantly enhances Bacillus
thuringiensis (Bt)-induced insect mortality
(Caccia et al., 2016; Di Lelio et al., 2019).
This research revealed that the microbiota in
the host midgut trigger a lethal septicaemia,
which is enhanced by reducing the host im-
mune responses (Caccia et al., 2016), and led
to the design of an agricultural application
in which dsRNA-expressing bacteria are

used as an immunosuppressing strategy
(Caccia et al., 2020). In addition, in Plutella
xylostella, RNAi experiments showed the
involvement of a midgut trypsin gene in the
activation of the CrylAc protoxin, an insecti-
cidal protein produced by B. thuringiensis
(Gong et al., 2020). As the expression of this
gene was found to be reduced in resistant
strains, PxTryp_SPcl expression was si-
lenced in susceptible larvae. This resulted in
a reduced susceptibility to CrylAc protoxin,
confirming its involvement in the resistance
and its role in the activation of the protoxin
(Gong et al., 2020). Similarly, the role of cadher-
in in Bt-toxicity was confirmed in Manduca
sexta (Soberén et al., 2007). RNAi-mediated
silencing of the cadherin gene resulted in a
reduced susceptibility to CrylAb, confirm-
ing the hypothesis that resistance to Bt-toxins
in some insects is linked with mutations
that disrupt a toxin-binding cadherin pro-
tein (Soberén et al., 2007). This knowledge
allowed the modification of the CrylA
toxins, by which they no longer need cadher-
in to form oligomers, overcoming the resist-
ance in M. sexta and Pectinophora gossypiella
(Soberén et al., 2007).

These examples show the potential of
RNAI to elucidate the molecular mechanism
by which insecticides work and to function-
ally confirm the involvement of specific
genes in pesticide resistance. This allows
modification of toxins and the identification
of promising candidates for the generation
of gene drives through genome editing to
eliminate pesticide resistance in pests. While
resistance against classical pesticides is com-
monly observed, the diversity of the Dicer-
generated siRNAs was believed to impede
the emergence of resistance due to polymor-
phisms in the nucleotide sequence (Joga et al.,
2016). However, resistance to RNAi has
been observed due to mutation of the RNAi
machinery (Khajuria et al., 2018; Mishra
et al., 2021). In Diabrotica virgifera virgifera,
feeding on transgenic maize overexpressing
dsRNA resulted in a resistance to RNAi
which was localized to a single recessive locus
and associated with impaired dsRNA uptake
into the midgut cells (Khaljuria et al., 2018).
Similarly, chronic exposure to increasing con-
centrations of non-transgenic foliar-delivered
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dsRNA caused the emergence of a polygenic
resistance in Leptinotarsa decemlineata (Mishra
etal., 2021). As both these mutations offered
cross-resistance to other dsRNA targets, the
development of potential RNAIi resistance
is a concern and should be studied in more
detail.

4.5 RNAi Phenotypes in Crop
Protection

RNAi-mediated functional screening of gene
functions has allowed the identification of
interesting candidates for novel pest control
strategies. In contrast to the classical synthetic
pesticides which have a detrimental effect
on the environment, RNAi offers a novel,
specific, environmentally friendly and sustain-
able pest management strategy. RNAI relies
on a natural molecule as active ingredient
and this dsRNA can be designed to select-
ively target specific genes in specific insects,
limiting the risks of collateral damage and
negative effects on non-target and beneficial
organisms (Bachman et al., 2016; Christiaens
etal.,2018b). This specificity and biodegrad-
ability of the dsRNA has provided RNAi with
an immense potential for the development
of novel pest control approaches. The ability
of RNAI to turn off genes essential in the
survival, development or reproduction of
pest insects allows the creation of products
with unique modes of action compared with
the classical pesticides (Huvenne and Smagghe,
2010; Zotti et al., 2018).

Of crucial importance in RNAi-mediat-
ed pest control strategies is the selection of
the target gene. Several studies identifying
suitable targets for pest control in various
agricultural pest insects have been performed
(Table 4.2). Because of their high sensitivity
to RNAi (Zottietal., 2018), beetles are inter-
esting insects for high-throughput screen-
ing of genes as candidates for pest control.
For example, a large-scale RNAi screen in
T. castaneum revealed novel target genes for
pest control of this insect. From 5000 ran-
domly selected genes, 11 highly efficient RNAi
targets were identified, including novel targets
related to the proteasome (Ulrich et al.,

2015). Analysis of these genes allowed the
determination of gene ontology (GO)-term
combinations that are predictive for RNAi
target genes and this data could be useful in
guiding screenings for putative efficient
targets in other species (Ulrich et al., 2015).
Using the data from the high-throughput
screening in T. castaneum, a two-step screen-
ing set-up was designed for P. cochleariae, the
mustard beetle. In a first round, mortality
was screened after injection of dsRNA tar-
geting the orthologues of the T. castaneum
genes with high RNAI efficiency. Next, the
most promising targets were screened in a
foliar application set-up with oral uptake
of the dsRNAs (Mehlhorn et al., 2021). Simi-
larly, after demonstrating the efficiency of
the RNAIi response through oral application
of dsRNAs in the emerald ash borer, Agrilus
planipennis, targets for RNAi-mediated pest
control were identified in this invasive for-
est pest insect (Rodrigues etal., 2017, 2018).
From an initial screen with 13 target genes,
two genes showed good potential for RNAi-
mediated pest control. Silencing of shibire
(shi) and heat shock protein cognate 3 (hsp),
revealed a high mortality within one week
after RNAi-mediated silencing (Rodrigues
et al., 2018). Also, in D. v. virgifera, screening
the RNAi response after oral delivery of dsRNA
revealed several promising genes, including
vATPase, aTubulin and Snif7, for which silencing
resulted in larval stunting and mortality
(Baum et al., 2007).

Next to these large-scale screenings to
identify promising targets for pest control,
other studies investigated the potential of
individual genes. For example, in the pollen
beetle Brassicogethes aeneus, a key pest of
oilseed rape (Brassica napus) in Europe, a
subunit of the coatomer protein complex-I
involved in intracellular vesicle transport
(a-COP) was selected as target for a spray-
induced gene silencing (SIGS) approach
through feeding of dsRNA-treated buds
(Willow et al., 2020). Feeding for 3 days on
the treated buds caused a significant reduc-
tion in survival of the pollen beetle within
15 days (Willow et al., 2020). Chronic feeding
over an extended period of 17 days enhanced
the RNAi efficacy and resulted in greater
pest management efficacy (Willow et al., 2021).



Table 4.2. RNAI phenotypes in pest control.

Target pest

Target gene

Phenotype

Reference

Agrilus planipennis
Bactericera cockerelli
Bemisia tabaci
Brassicogethes aeneus

Cimex lecturarius
Diabrotica virgifera virgifera

Diaphora citri
Drosophila melanogaster
Helicoverpa armigera

Leptinotarsa decemlineata
Lymantria dispar
Mythimna separata
Nilaparvata lugens

Ostrinia furnacalis
Pectinophora gossypiella
Perigrinus maidis
Periplaneta fulignosa
Phaedon cochleariae
Phenacoccus solenopsis
Planococcus citri
Plutella xylostella
Spodoptera exigua

Tribolium castaneum

shilhsp

Actin

TLR7

aCOP
ncm/Rop/Rplll40/dre4
vATPase
ncm/Rop/Rplll40/dre5
vATPase/aTub/Snif7
Awd
RPS13/Vha26/aCOP
AK

Actin
Locus365/Locus28365
Chi

Ces/CYP18A1
vATPase

KTI

vATPase

vATPase

vATPase
srp54k/rop/aSNAP/hsc70-3/rpn7/rpt3
Bur/vATPase
Actin/CHS1/vATPase
AChE2

INT

CHSA

High mortality

Decreased progeny production

Increased nymphal mortality

High mortality

Mortality

Mortality

Mortality

Larval growth stunning, mortality

Malformed wings and increased mortality

Increased mortality

Drastic reduction in body weight, length and
pupation rate, high mortality

Mortality

Reduction in body mass and egg masses

Increased mortality and reduced body weight

Nymphal mortality

Mortality

Larval mortality

Mortality

Mortality

Mortality

High mortality

Physical deformities and mortality

Lower fecundity and increased mortality

60% mortality

Mortality

Reduction in survival rates

cact/srp54k/rop/aSnap/shilpp1a-96A/ High mortality

inr-alhsc70-3/rpn7/gwirpt3

Rodrigues et al., 2018
Wuriyanghan and Falk, 2013
Chen et al., 2015

Willow et al., 2020

Knorr et al., 2018

Basnet and Kamble, 2018
Knorr et al., 2018

Baum et al., 2007

Hajeri et al., 2014

Taning et al., 2018
Aietal., 2018

San Miguel and Scott, 2016
Ghosh and Gundersen-Rindal, 2017
Ganbaatar et al., 2017

Lietal., 2015

Chen et al., 2010; Liu et al., 2010
Gogoi et al., 2017

Mohammed, 2016

Yao et al., 2013

Sato et al., 2019

Mehlhorn et al., 2021

Khan et al., 2018

Khan et al., 2013

Gong et al., 2013

Kim et al., 2015

Tian et al., 2009

Ulrich et al., 2015

Table redrafted from Cagliari et al., 2019
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In this insect the use of a fusion dsRNA prod-
uct, targeting both a-COP and vitellogenin (vg),
was examined. Oral delivery of this fusion
dsRNA resulted in the efficient silencing of
both genes and led to high mortality of the
insects (unpublished). Next to a-COP, sev-
eral other genes were investigated for their
potential as targets for the RNAi-mediated
control of B. aeneus; for example, for ncm, Rop,
RplI140 and dre4, RNAi-induced mortality was
demonstrated after oral delivery of dsRNA
(Knorretal., 2018). In addition, orthologues
of these targets were shown to be effective
for controlling D. virgifera virgifera (Knorr
etal., 2018). Similarly, RNAi-mediated silen-
cing of subunits of the vacuolar protein
pump, vATPase, was found to be a promising
candidate for the control of a wide diversity
of insects, including D. virgifera virgifera
(Baum et al., 2007), N. lugens (Chen et al.,
2010; Liu et al., 2010), the corn planthopper
Peregrinus maidis (Yao et al., 2013), the pink
bollworm P. gossypiella (Mohammed,
2016), the smokybrown cockroach Periplan-
eta fulignosa (Sato et al., 2019) and bed bugs
Cimex lectularius (Basnet and Kamble, 2018).

While biting/chewing insects, such as
Coleoptera and Lepidoptera, are easy to target
for oral delivery of dsRNAs, phloem and plant
sap feeders provide a challenge for environ-
mental RNAi. In a study with Halyomorpha
halys and Diaphorina citri, two invasive hem-
ipteran pest insects of high-value specialty crops
and citrus fruits, with occurrence of pesti-
cide resistance, different non-GMO dsRNA
application methods were tested, including
root drench and trunk injection (Ghosh et al.,
2018). Efficient silencing of juvenile hormone
acid O-methyltransferase and vitellogenin was
shown in these insects after feeding on plants
confirmed the potential of these delivery
methods (Ghosh et al., 2018). However, sta-
bilizing of the dsRNA might be needed for
application in the field (Dubelman et al., 2014).

4.6 RNAi Phenotypes in Beneficial
Insects, Pollinators and Natural
Enemies

Applications of RNAI are not limited to pest
control. As a natural mechanism in the cellular

defence against viruses, this technology can
also be applied to protect beneficial insects
(Zotti and Smagghe, 2015). About half of
the leading agricultural crops, accounting
for 35% of the human diet, depend on pol-
lination by honey bees, Apis mellifera (Klein
etal., 2007). However, honey bees are facing
an unusually high rate of mortality, partly
because of a phenomenon known as colony
collapse disorder (vanEngelsdorp et al., 2007).
Infections with existing and emerging
pathogens have been directly or indirectly
implicated in this phenomenon (Cox-Foster
et al., 2007). To counter the loss of these
beneficial insects, RNAi-mediated strategies
have been developed as preventive treatments
for insect diseases. For example, feeding
honey bees with a dsRNA product, Remebee-I,
reduced the impact of the Israeli acute par-
alysis virus (IAPV), resulting in larger colony
populations and increased honey produc-
tion, not only under laboratory conditions
but also in a field study with 160 hives in
two discrete climatological and geographical
locations (Hunter et al,, 2010). Similarly,
oral administration of virus-specific dssSRNA
resulted in the effective repression of IAPV
in bumblebees, Bombus terrestris (Piot et al.,
2015). It was observed in this study that the
activation of RNAimachinerybynon-specific
dsRNA was also effective against [APV (Piot
et al., 2015). It is interesting to mention here
the development by the Monsanto company
(now Bayer CropScience) of the use of RNAi
through a technology called ‘BioDirect’. in
which dsRNA formulation is applied as a
spray or syrup to the honey bees (https://
www.cropscience.bayer.com/innovations/
agriculture-biologicals, accessed 2 April 2022).
In another approach, engineered symbiotic
gut bacteria, Snodgrassella alvi, were used to
induce RNAi-mediated immune responses
in honey bees (Leonard et al., 2020). On the
one hand, production of (aspecific) dsRNAs
by these bacteria caused the activation of
immune pathway genes in the host, thereby
priming the bees against infections. On the
other hand, engineered bacteria, expressing
dsRNA against the deformed wing virus, im-
proved bee survival after a viral challenge
(Leonard et al., 2020). Similarly, S. alvi bacteria
can be engineered to kill parasitic Varroa
mites by triggering the mite RNAi response
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(Leonard et al., 2020). These results prove
that symbiont-mediated RNAi approaches
are powerful tools for studying bee func-
tional genomics and safeguarding bee health
(Leonard et al., 2020). Similarly, engineered
viruses can be used for the delivery of dsRNA
in insects. This potential of virus-induced
gene silencing (VIGS) was successfully shown
in D. melanogaster cells and flies (Kolliopoulou
etal., 2017; Taning et al., 2018).

In addition, direct feeding of dsRNAs
targeting genes of honey bee-associated para-
sites can be employed to reduce the parasite
load (Brutscher and Flenniken, 2015). For
example, bees inoculated with Nosema ceranae
spores and fed dsRNA targeting Nosema-
specific ADP/ATP genes had reduced spore
count, and N. ceranae had a lower expres-
sion of the targeted genes (Paldi et al., 2010).
Likewise, when bees were fed dsRNA target-
ing sequence-specific housekeeping genes of
the mite Varroa destructor, the mites had
lower levels of the targeted transcripts (Gar-
bian et al., 2012). In another example, dsR-
NA targeting kinotoplastid membrane pro-
tein-11 was tested for its potential to control
gut trypanosomes, such as Crithidia mellifi-
cae and C. bombi, in honey bees and bumble-
bees. Treatment with the dsRNAs resulted
in a growth reduction of C. mellificae but not
for the bumblebee parasite, as no functional
Dicer or Argonaut genes were identified in
C. bombi (de Sousa Pereira et al., 2019).

However, many insect-infecting viruses
have evolved specific mechanisms to coun-
teract the RNAi-mediated antiviral defence
(Brutscher and Flenniken, 2015; Li and
Ding, 2006; Wu et al., 2010). These include
protein suppressors of RNAI (viral suppressors
of RNAi, VSRs) that act by diverse mechan-
isms to directly block RNAi-based restric-
tions on viral replication (Li and Ding, 2006;
Wu et al., 2010; Brutscher and Flenniken,
2015). VSRs are encoded in all insect-
pathogenic viruses, such as honey bee viruses
(Brutscher and Flenniken, 2015). For example,
the B2 protein dimer of Flock house virus
binds dsRNA, subsequently preventing Dicer
cleavage and siRNA loading into RISC (Chao
et al., 2005; Lingel et al., 2005). Arbovirus
infections in mosquitoes, on the other hand,
are generally non-pathogenic and a robust

suppression of RNAi would lead to patho-
genesis and death of the vector, which would
be detrimental to the virus (Myles et al.,
2008; Cirimotich et al., 2009). No VSRs have
been identified in these viruses, but these
have evolved more subtle mechanisms for
evading the mosquito RNAi (Blair and Olson,
2015; Liu et al., 2019). These mechanisms
include sequestering of the dsRNAs that
trigger RNAi. For example, dengue virus
infection leads to a rearrangement of intra-
cytoplasmic membrane structures in mosquito
cells to enclose dsRNA-containing replica-
tion complexes in double membrane vesicles
(Junjhon et al., 2014). In another strategy,
unique viral RNA structures act as molecular
decoys or sponges to sequester or inactivate
host cell proteins required for antiviral activ-
ities (Charley and Wilusz, 2014). For example,
West Nile virus sfRNA has been proposed to
act as a competing substrate for Dicer (Sch-
nettler et al., 2012). These studies reveal a
complex interaction between the viruses and
the host RNAi mechanism (Liu et al., 2019).

Natural enemies of pest insects, such as
predators or parasitic wasps, are also sensi-
tive to RNAi. For example, in Nasonia vit-
ripennis, a parasitoid wasp, an efficient RNAi
response was obtained after dsRNA injection
(Werren et al., 2009). Furthermore, four
closely related species make Nasonia an
excellent system for a variety of genetic stud-
ies and to investigate parasitoid/host dynamics,
host preference and specialist versus gener-
alist biology (Werren et al., 2009). Similarly,
two species of Coccinellidae, Coccinella sep-
tempunctata and Adalia bipunctata, were
found to be sensitive to dietary RNAi, with
C. septempunctata being more sensitive than
A. bipunctata (Haller et al., 2019). The zoo-
phytophagous mirid bug Nesidiocoris tenuis,
an efficient predator of Tuta absoluta, also
displayed an efficient RNAi response after
feeding on dsRNA targeting Nt-aCOP (Sar-
mah et al., 2021). On the one hand, the pos-
sibility to generate an efficient RNAIi
response in these natural enemies provides
a possibility for applications, but on the
other hand it is a risk for off-target effects as
these insects come into direct or indirect
contact with the dsRNAs applied in pest control.
Therefore, a thorough risk assessment is
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essential before bringing RNAi-based prod-
ucts into the field.

4.7 RNAI in the Field: Considerations
for Biosafety

The RNAi-mediated screening and functional
analysis of genes for pest control have led to
the development of the first commercial
RNAi-based products entering the market.
Using the host-induced gene silencing (HIGS)
approach, a maize variety (Mon87411) was
designed expressing dsRNA targeting the
Snf7 gene of the western corn rootworm
(D. virgifera virgifera). Another insect pest
receiving considerable focus for commercial
exploitation of the RNAi technology is the
Colorado potato beetle, Leptinotarsa decem-
lineata, a major and widespread pest of pota-
toes with a high sensitivity to RNAI effects.
Recently, Syngenta showed the efficiency of
the company’s spray-induced gene silencing
(SIGS)-based product against L. decemlineata
in a field trail, translating the RNAi-mediated
insect mortality and plant protection observed
in laboratory-based assays to field efficacy
(Bramlett et al., 2020). Also GreenLight Bio-
sciences presented data from two years of
successful trials (over 20 field trials across
five states in the USA) with positive per-
formance of dsRNA to control the Colorado
potato beetle (https://www.greenlightbi-
osciences.com/plant-and-animal-health,
accessed 2 April 2022). For the protection of
pollinators, RNAi-based products are moving
into the market: ‘BioDirect’, a SIGS-based
product for the control of Varroa in honey
bees, was developed by Monsanto/Bayer show-
ing high selectivity to Varroa and reducing
mite levels and increasing colony survival
rates (Masucci, 2019).

When applying RNAi-based products in
the field, not only the target pest insect will
receive the dsRNA molecules but also non-
target organisms might be exposed. There-
fore, the target region and dsRNA molecule
design are of the essence (Cagliari et al., 2019).
While a high degree of specificity towards
the target insect has been observed in genet-
ically modified plants (Dillin, 2003; Whyard

et al., 2009; Petrick et al., 2013), some studies
have shown that siRNAs can lead to the
silencing of non-target genes (Birmingham
et al., 2006). For example, plant-expressed
dsRNA targeting D. virgifera virgifera vAT-
Pase subunits A and E also caused significant
mortality in L. decemlineata (Baum et al.,
2007). However, a biosafety analysis with a
non-target lepidopteran species, Danaus
plexippus, revealed no effects on this organism
(Pan et al., 2017). In contrast, other dsRNAs
can be made very specific. For example, a
non-target organism screening with the
Syngenta dsRNA-based biocontrol product
targeting L. decemlineata revealed the select-
ivity and safety of the dsRNA sequence even
for closely related species and beneficial
insects (Bramlett et al., 2020). Similarly, a
genome-wide off-target screen in B. terrestris
with dsRNA targeting pollen beetle aCOP
revealed no reduction in the transcript level
for all putative off-targets, including an
off-target with a 20-continous-nt match
(Taning et al., 2021). Off-target effects were
also screened for a set of potential targets in
the emerald ash borer. This analysis confirmed
the specificity of the dsRNA and suggested
that they are potential targets to suppress
Agrilus planipennis populations (Rodrigues
etal., 2018).

4.8 RNAi Future Challenges for
Fundamental Mechanisms and
Applications

While injection of dsRNA is an easy method
to induce an RNAi response, it is not possible
in a pest control strategy. For pest control,
the RNAi approach can be applied in planta,
through the production of genetically modi-
fied crops expressing the dsRNA against a
target pest such as insects or mites (Niu et al.,
2018a; Christiaens et al., 2020b). While this
approach has been shown to be successful with
one product on the market, the HIGS ap-
proach faces several challenges, including
technical difficulties for transformation of
crop species and a negative public percep-
tion (Christiaens et al., 2020b; Arpaia et al.,
2021). These challenges have stimulated
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research into the use of exogenous applica-
tion of dsRNA, for example spraying of dsRNA,
root drenching, seed soaking and trunk in-
jection (Taning et al., 2019) (Fig. 4.5A).
However, environmental application of
the dsRNA leads to high variability in the
RNA:i response (Miller et al., 2012). Two im-
portant factors affecting RNAI efficiency are
differences in the dsRNA uptake into cells and
in the stability of the dsRNAs against, for
example, dsSRNA-degrading enzymes (nucle-
ases) (Zhu and Palli, 2020; De Schutter et al.,
2021). Owing to their large size and highly
negative charge, dsRNAs cannot easily enter
the cells (Whitehead et al., 2009; Scott et al.,
2013). Although some core components are
known, many questions still remain concern-
ing the dsRNA uptake pathways. In insects,
two different uptake mechanisms have been
described so far: (i) a pathway based on en-
docytosis-mediated uptake mechanisms
(Saleh et al., 2006; Cappelle et al., 2016); and
(i) a pathway mediated by specific dsRNA
channels (Winston et al., 2002). The RNAi-
mediated silencing of genes putatively involved
in RNA is an elegant strategy to study the
molecular mechanisms of RNAi, including
dsRNA internalization. Through these so-called
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RNAi-of-RNAi experiments, the contribution
of two different sid-1-like (sil) genes, silA and
silC, and two elements of the endocytic
pathway, clathrin heavy chain and the 16kDa
subunit of the vacuolar H+ATPase (vhal6),
to the RNAi response were demonstrated
(Cappelle et al., 2016). Besides cellular up-
take, stability of the dsRNA is also an im-
portant factor undermining RNAi efficacy
(Fig. 4.5B). The instability of dsRNA is mainly
attributed to the presence of nucleases. Next
to the microbial nucleases (Dubelman et al.,
2014), damage to the plant (during dsRNA
application) can result in the release of nu-
cleases and subsequent degradation of the
exogenously applied dsRNA and, especially
in insects, extracellular degradation of dsR-
NA by nucleases in the gut has been identi-
fied as a key factor explaining reduced RNAi
efficacy (Christiaens et al., 2014, 2016,
2018b; Prentice et al., 2017; Guan et al.,
2018; Castellanos et al., 2019; Ghodke et al.,
2019). This was confirmed through RNAi
experiments in which the expression of
dsRNAs was silenced. Treatment with the
dsRNAs improved the oral RNAI efficacy in
the southern green stinkbug Nezara viridula
(Sharma et al., 2021).
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Fig. 4.5. Methods of dsRNA application in exogenous RNAi approaches (A) and the barriers it
faces (B). External and internal barriers can affect the efficiency of the RNAi response. External factors
include the degradation of the dsRNA by microbial nucleases (1) and UV radiation (2) and the wash-off of
the applied dsRNA by rain or dew into the soil, where it is rapidly degraded by nucleases (3). Internal
factors include the inefficient cellular uptake of the dsRNA (4), low endosomal release (5) and the
presence of nucleases in the salivary glands, midgut and haemolymph of insects (6). Panel (B) redrafted
from De Schutter et al. (2021). Created with Biorender.com
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The use of dsRNA carrier molecules was
found to increase the RNAi efficacy. These
systems are designed to efficiently deliver
their dsRNA cargo into the cells by avoiding
RNAi barriers such as an inefficient cellular
uptake, a low endosomal release and extra-
cellular degradation of the dsRNA (De Schut-
ter et al., 2021). The use of carrier systems
has been proved to be effective to enhance
RNA delivery for medical applications and
the number of proof-of-concept studies to
apply these in the agricultural industry is
growing rapidly (Christiaens et al., 2018b;
Vogel et al., 2019; De Schutter et al., 2021).
Further research is needed to elucidate
the molecular mechanism by which these
carriers exert their function (De Schutter
et al., 2021).

Additional fundamental knowledge is
required on the mechanisms of RNAi. For
example, systemic RNAI is an understudied
aspect of RNAi, especially in insects (Zhu
and Palli, 2020). Although observations
suggested that a form of systemic transport
must be present (Vélez and Fishilevich,
2018), the underlying mechanisms have not
been elucidated. In plants, systemic RNAI is
based on the RNA-dependent RNA polymerase
(RdRp) and the spread of the siRNAs through
the plasmodesma (Dalakouras et al., 2020).
However, homologues of these RdRps have
notbeenidentified ininsects (Jose and Hunter,
2007; Tomoyasu et al., 2008; Tribolium
Genome Sequencing Consortium, 2008).
Recently, extracellular vesicles (EVs) were
shown to be (at least partially) involved in
the systemic spread of RNAi in T. castaneum
TcA cells (Mingels et al., 2020). Further
research is needed to fully elucidate the
mechanisms of systemic RNAI.

Regarding biosafety, several questions
remain. Although RNAi is perceived to pro-
vide greater selectivity in pest control, some
studies have shown that unintentional off-
target gene silencing in target cells and in
non-target organisms cannot be ruled out a
priori (Qiu et al., 2005; Sigoillot et al., 2012;
Haller et al., 2019). These off-target and
non-target effects are difficult to predict; for
example, in plants and human cell lines
silencing has been observed even with some
level of sequence mismatch to a processed

21-25 bp siRNA (Du et al., 2005; Liu et al.,
2014). Given the small sizes of siRNAs and
the ‘forgiveness’ of mismatches, it is not sur-
prising that off-target binding sites could be
quite common and could increase the poten-
tial for off-target gene silencing effects in
non-target organisms (NTOs) (Taning et al.,
2021). In insects, only very limited data
exist on the minimum requirements for an
siRNA sequence (length, mismatch toler-
ance, position of mismatch, etc.) to induce
transcript knockdown. Therefore, an improved
understanding of the minimum requirements
for effective transcript knockdown is required,
to improve our understanding on how to as-
sess the likelihood of off-target gene silen-
cing in the context of crop protection and
environmental safety (Taning et al., 2021).
Another challenge is to increase our know-
ledge on aspects of protein turnover and the
impact of isoforms, as these are crucial to es-
tablish phenotypes by RNAi. In addition, a
deeper insight into the effects of RNAi on the
innate immunity of the insects is needed to
understand the cross-talk between RNAi and
other immune pathways (Christiaens et al.,
2020a). For example, the potential fitness
cost by exploiting the RNAi pathway should
be investigated in insects, especially in bene-
ficial insects that will be exposed to nonspe-
cific dsRNA that will activate the RNAi- and
immune-pathways (Wangetal., 2016, 2020).
In addition, it needs to be investigated if the
exposure to non-target dsRNAs has an ef-
fect on the capacity to fight off viral and
other infections (Christiaens et al., 2020a).
Despite these challenges, RNAi is a
promising technology for pest control and
the protection of beneficial insects. In add-
ition, RNAi-based products can be used in an
integrated pest management (IPM) strategy.
IPM is an ecosystem-based strategy that
focuses on long-term prevention of pests or
their damage through a combination of
techniques such as biological control, habi-
tat manipulation, modification of cultural
practices, use of resistant varieties and targeted
and restricted use of pesticides. Because of
the different mode of action, RNAi can com-
plement the use of classical pesticides. For
example, for the control of Varroa in honey
bees, combining the RNAi-based treatment
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(BioDirect) with the classical chemical treat-
ment Apivar enhances the control of these
parasitic mites (Masucci, 2019). In addition,
due to the selectivity of the dsRNA, RNAi can
be used in combination with natural pred-
ators. For example, dsRNA targeting the
aCOP gene in Tuta absoluta has no lethal or
sub-lethal effects on its predator N. tenuis
(Sarmah et al.,, 2021). This indicates the
compatibility of this biocontrol agent along
with RNAi-mediated management in order
to suppress T. absoluta efficiently in tomato
crops (Sarmah et al., 2021). In an alternative
approach, silencing of the gram-negative
binding protein 1 gene in Acyrthosiphon pisum,
Myzus persicae and Aphis citricidus decreased
the activity of immune-related phenyloxidase
(Ye et al., 2021). This leads to an increase in
the virulence of the fungus Beauveria bassiana,
used as a biological control agent for aphids.
In addition, no negative effects of the dsSRNA
of B. bassiana treatment were observed in
the aphid predator Propylaea japonica, suggest-
ing that RNAi can be combined with ento-
mopathogenic fungi and ladybeetle predators
(Ye et al., 2021). The latter is a good recent ex-
ample of how RNAi phenotypes can contribute
to a greener and safer agriculture production,
combining RNAi and biological control in the
context of IPM (Niu et al., 2018b).

As RNAi-based approaches start making a
contribution towards IPM and sustainable
agriculture and as literature on RNAi-based
control in crop protection continues to
expand, the European ‘iPlanta’ Cooperation
in Science and Technology (COST) action,
CA15223 ‘Modifying plants to produce
interfering RNA’ (available at https://iplanta.
univpm.it, accessed 2 April 2022), with a
focus on RNAi in agriculture, has sug-
gested it is timely to evaluate both the
trends and influence of its development
and to provide an indication of the research
and development landscape, the prolific
centres of research and their collaborations

(Mezzetti et al., 2020). This COST action is a
multi-actor platform of excellence in RNAi
mechanisms, applications, biosafety, socio-
economic issues and communication in many
EU and nearby countries, and cooperating
researchers in associated countries in the
Americas, Australia and Asia.

4.9 Conclusions

While genome editing techniques are driv-
ing the next revolution in fundamental and
applied research in non-model insects, the
advantages of RNAi will ensure that RNAi
remains an important tool. Not only does
RNA: allow for fast, easy and high-throughput
screening of potential targets for genome edit-
ing, but also the transitive knockdown of
gene expression allows the investigation of
genes that are crucial for the development or
the survival of the insect, which would be
difficult with genome editing techniques. In
addition, RNAi can be applied in a non-GMO
strategy.

The knowledge generated through RNAi
experiments, not only on targets for pest con-
trol, but also on the mechanisms of pesticide
resistance and on its application for the pro-
tection of beneficial insects, can be used to
drive novel solutions and strategies using
genome editing and gene drive techniques. In
conclusion, RNAi and genome editing tech-
nologies can be complementary, supporting
and enhancing both technologies.
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5.1 Introduction

The ability to manipulate or engineer genomes
of living organisms by introduction of new
genetic information has revolutionized basic
and applied research alike and opened new
doors for functional genetic analysis and
applied biotechnology. In insects, this was
initially made possible by the discovery and
use of transposable elements as gene vec-
tors. The first successful deliberate germline
transformation was the manipulation of
Drosophila melanogaster using the P element
(Rubin and Spradling, 1982; Spradling and
Rubin, 1982). This has paved the way for an
unprecedented number of discoveries and
become instrumental in early functional and
developmental genetics studies in Drosophila:
insertional mutagenesis screens have pro-
vided loss-of-function (LOF) alleles of genes,
whereas expression systems led to gain-of-
function (GOF) situations. Unfortunately, the
use of P element-based vectors for insects out-
side of the Drosophila group was not successful,
due to the requirement for a host-specific
factor necessary for transposition (O’Broch-
ta and Handler, 1988; Rio and Rubin, 1988).
Other vectors based on transposable elements
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such as mariner, Minos, Hermes and importantly
piggyBac were developed and used to engin-
eer different insect taxa (Skipper et al.,
2013) (see O’'Brochta, Chapter 1, this vol-
ume). The piggyBac transposon has been
widely used to manipulate not only insects
but also other animals, including mammals,
and can therefore be considered a universal
vector (Ding et al., 2005).

Despite the fact that transposons remain
an important tool for germline transform-
ation in insects, transposon-based vectors have
the inherent drawback that they integrate
randomly in the genome and, as a result, the
inserted transgene is exposed to position
effects. This means that the surrounding
genomic environment such as enhancer
elements, silencers, or the state of local
chromatin configuration can affect the ac-
tivity of the transgene (Spradling and Rubin,
1983; Henikoff, 1992). This makes it diffi-
cult to compare diverse transgene activities
at different genomic positions. To overcome
this obstacle, scientists have engineered and
exploited different strategies based on gen-
etic recombination to introduce transgenes
to edit the genome site-specifically or sequence-
specifically.
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5.2 Classification and Mechanisms
of Site-Specific Recombination

Broadly speaking, genetic recombination
refers to the process of exchange of genetic
information within or between DNA mol-
ecules (Carroll, 2013). In sexually reprodu-
cing eukaryotes, recombination takes place
between homologous chromosomes during
meiosis in the process of gamete formation
(Thacker and Keeney, 2016). Homologous
recombination is also involved in the repair
process of DNA double-strand breaks
(DSBs) (Moynahan and Jasin, 2010). There-
fore, the introduction of DSBs can be used
to cause recombination-mediated genome
modifications. Besides, site-specific recom-
bination (SSR) (Craig, 1988; Parks and
Peters, 2018) is utilized mainly by temper-
ate viruses such as bacteriophages, transpos-
able elements, or plasmids in prokaryotes or
single-cell eukaryotes, to get their genetic
material integrated and multiplied along
with the host genome or as a mechanism to
ensure high copy numbers of the plasmid se-
quences (Grindley et al., 2006). The process is
mediated by enzymes known as site-specific
recombinases which bind to short recogni-
tion sequences (typically 30-200 bp) and
facilitate recombination between two DNA
molecules. Based on an amino acid residue in
the active site involved in the nucleophilic
attack of the DNA backbone, recombinases
are classified into two structurally and mechan-
istically distinct families: tyrosine or serine
site-specific recombinases.

5.2.1 Tyrosine and serine site-specific
recombinases

The founding and most studied member of
the tyrosine site-specific recombinase
(T-SSR) family is lambda integrase (A int),
which is encoded in the genome of and used
by the temperate virus Escherichia phage
lambda during its lysogenic cycle to medi-
ate integration and excision of its genome
from a specific site on the chromosome
of Escherichia coli (Campbell, 1963; Landy,
1989). Despite being the first to be

described, A int was not used in genome
modification, due to the requirement for
a host-encoded integration factor (Nash and
Robertson, 1981; Friedman, 1992), which made
its use in heterologous systems not feas-
ible. The most common tyrosine site-specific
recombinases used in heterologous situ-
ations are the Cre-Lox (causes recombination,
locus of crossover (x) (of P1)) system, isolated
some 40 years ago from the PI1 bacterio-
phage (Sternberg and Hamilton, 1981), and
the Flp-FRT (flippase, Flp recombination tar-
get) system from the 2 plasmid of the bak-
er’s yeast Saccharomyces cerevisae (Broach et
al., 1982). The two tyrosine recombinases
require no accessory factors to catalyse the
recombination reaction and therefore have
been adopted as tools for genome modifi-
cation in diverse model organisms. Both
Cre and Flp catalyse reversible recombin-
ation reactions between two identical rec-
ognition sequences: LoxP for Cre and FRT
for Flp (Venken and Bellen, 2005). The
LoxP site is 34 bp with a 13 bp palindromic
sequence, which Cre binds, and an 8 bp
intervening spacer, where crossover takes
place. Engineering hetero-specific Lox sites
by changing a few nucleotides in the 8 bp
spacer increased the applicability of the sys-
tem as a tool for transgenesis. Interest-
ingly, Flp also recognizes a 34 bp FRT site
with an 8 bp spacer. To increase its applica-
tions, the spacer has also been mutated to
generate a set of hetero-specific FRT sites
(Bode et al., 2005) (see ‘pC31 integrase me-
diated single site integration’ in section
5.3.1, below).

However, the integration of a transgene
into a single recognition site using the Cre-Lox
or Flp-FRT systems is hardly possible, because
the respective enzymes induce recombination
between two identical recognition sequences.
Therefore, both the forward (integration)
and the reverse (excision) reactions are
mediated by the same enzyme. Since the cis
recombination (both sites on the chromo-
some) is kinetically more favourable than
the trans recombination (one site in chromo-
some and one site on plasmid), the net outcome
is excision rather than integration of the
transgene (Fig. 5.1A) (Baer and Bode, 2001).
Nevertheless, based on the position and
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Fig. 5.1. Transgenesis by site-specific recombination. The red cross indicates recombination between
recombinase target sequences in the genome and the donor plasmid. (A) In the case of the FLP-FRT and
Cre-Lox SSR systems, the excision reaction between two identical recombinase recognition sequences
(RRSs) (green triangle) is more favourable over the integration, which is indicated by the thick arrow
(reviewed in Wimmer, 2005). (B) The ¢C31 integrase mediates recombination between two heterologous
RRSs, attP (pink triangle) and attB (purple triangle), and results in integration of the whole plasmid
carrying the transgenes (blue box) as well as antibiotic resistance (black line), creating two different
hybrid sites, attR and attL (mixed pink/purple triangles) (Thorpe et al., 2000). (C) CRISPR/Cas9-induced
double-strand breaks (DSBs) can be repaired by error-prone (indicated in red) mechanisms such as lig
1IV-dependent non-homologous end joining (NHEJ) (C') or ligase Ill-dependent microhomology-mediated
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orientation of two identical copies of the rec-
ognition sequence, genome modifications
such as deletion, inversion and translocations can
be performed, respectively (see ‘Chromosome
engineering by site-specific recombination’
in section 5.3.4, below).

In contrast, members of the serine site-
specific recombinase (S-SSR) family are known
to catalyse a unidirectional recombination
between two different recognition sites
called attachment sites (att), which can be
reversed in the presence of a protein called
recombination directionality factor (RDF)
(Rutherford et al., 2013). This fact made
S-SSR one of the best choices for genetic
engineering in heterologous systems. The
most commonly used S-SSR is ¢pC31 inte-
grase derived from the Streptomyces phage
$C31 (Rausch and Lehmann, 1991), which
mediates the integration of the phage genome
by recombination between two non-identical
att sites: the phage attachment site (attP)
and the bacterial attachment site (attB). The
recombination then leads to the integration
of the phage genome into the bacterial
chromosome and the generation of two hy-
brid sites called attL and attR (Fig. 5.1B)
(Thorpe et al., 2000). In heterologous sys-
tems this integration reaction is unidirec-
tional, because the resultant attR and attL
sites are no longer substrate for the inte-
grase enzyme alone and therefore the net
outcome is highly efficient integration. This
is the main advantage of ¢C31 integrase over
the tyrosine recombinases systems Cre-Lox
and Flp-FRT.

5.2.2 CRISPR/Cas-mediated DNA
double-strand breaks for site-specific
genome editing

In addition to the classical recombinases
mentioned above, site-specific genome tar-
geting was attempted using homologous
recombination, albeit with very low efficiency
(Aizawa, 1995; Rong and Golic, 2000; Gong
and Golic, 2003). However, it has been found
that induction of DSBs increases the effi-
ciency of homologous recombination by at
least two orders of magnitude (Rouet et al.,
1994), which prompted the development
and use of natural and synthetic endonucle-
ases for this purpose. DSBs can be induced
by means of rare cutting homing endonucle-
ases such as I-Scel (Jasin, 1996; Rouet et al.,
1994), designer nucleases such as zinc-finger
nucleases (ZFNs) (Urnov et al., 2010) or
transcription activator-like endonuclease
(TALENs) (Miller et al., 2011), and by the
latest technology of genome editing: the
clustered regularly interspaced short palin-
dromic repeat (CRISPR) and CRISPR-associ-
ated protein (Cas) system (Jinek et al., 2012;
Cong et al., 2013). The latter is an adaptive
immune system used by bacteria and archaea
to fight against parasitic DNA elements such
as bacteriophages and transposable elements
(Makarova et al., 2006; Barrangou et al., 2007;
Brouns et al., 2008) (see Concha and Papa,
Chapter 7, this volume). The system consists
of a Cas endonuclease (Cas9) and two RNAs:
the CRISPR-RNA (crRNA) and the trans-
activating CRISPR RNA (tracrRNA). The crRNA

Fig. 5.1. Continued.

end joining (MMEJ) (C") (reviewed in McVey and Lee, 2008) using microhomology regions (indicated in
black). The NHEJ pathway can also be exploited to knock-in large linear double-stranded DNA frag-
ments (indicated in green) into the genome (C") (Auer et al., 2014). The strategy involves co-injection

along with Cas9 and the target-specific gRNA of an extra plasmid containing the DNA to be integrated,
flanked by Cas9 target sites to facilitate linearization of the fragment (He et al., 2019). DSBs can also be
repaired by a more precise mechanism, homology-directed repair (HDR), that naturally relies on the
presence of homologous (indicated in black) chromosomes (CV) (Liang et al., 1998; Bibikova et al.,
2002). HDR has been used in genome editing to introduce site-specific genome modifications such as a
change of one or a few nucleotides (indicated in blue) using a single-strand oligonucleotide with short
homology regions (indicated in black) as repair template (CV) (Gratz et al., 2013). However, the pathway
has also been used to knock-in transgenes of interest (indicated in green) using single- (C¥') or
double-stranded DNA (C"") as repair templates containing left and right homology arms (indicated in
black) (Port et al., 2014; Kanca et al., 2019).
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is 42 nt long, contains about 20 nt specific
to the genomic target, and guides the Cas9
to the specific genomic target by complemen-
tary base-pairing (Gasiunas et al., 2012).
tracrRNA is involved along with Cas9 in pro-
cessing and maturation of the ctrRNA and
also mediates the interaction between crR-
NA and Cas9 (Deltcheva et al., 2011). For
ease of use or in vitro transcription of the
two RNAs, scientists have engineered them
into a single chimeric guide RNA (gRNA)
(Bassett et al., 2013). CRISPR/Cas can in the-
ory be easily programmed to target any 17-
20 bp genomic sequence to induce DSBs for
generating desired modifications (Fig. 5.1C).
The only prerequisite is the availability of a
PAM (protospacer adjacent motif), which in
the case of the most commonly used Cas9
from Streptococcus pyogenes (SpCas9) is the se-
quence NGG, where N stands for any nucleo-
tide. As well as genome editing, several CRIS-
PR/Cas systems have been discovered and
tailored to perform different tasks such as
gene activation and repression, base editing
and CRISPR screens, among others, which are
beyond the scope of this chapter. Here we
focus on the use of CRISPR-Cas9 in insects
for site-specific genome modifications.

5.3 Applications of Site-Specific
Recombination

5.3.1 Integration into a single specific site

CRISPR/Cas 9 genome editing

The CRISPR/Cas9 system was first used in
mammalian cell culture (Cong et al., 2013;
Mali et al., 2013), mouse (Platt et al., 2014)
and zebra fish (Hwang et al., 2013), which
demonstrated its feasibility to induce site-
specific genome modifications. Following
the first demonstration that CRISPR/Cas9
could induce heritable site-specific genome
modification in the model organism D. mela-
nogaster (Gratz et al., 2013), researchers have
adopted and established the system in many
more insect species, including insects of agri-
cultural and veterinary importance and vectors
of human diseases (Reid and O’Brochta, 2016).

The system was used in basic research in func-
tional genetic analyses as well as in applied
biotechnology to develop novel transgenic pest
control strategies based on gene drive (see
Champer, Chapter 9, this volume). The role of
CRISPR/Cas9 in genome modification is limited
to the generation of DSBs. The rest is taken
care of by the cell machineries of DSB repair.

The main pathways involved in the repair
of DSBs depicted in Fig. 5.1C are non-
homologous end joining (NHEJ) and homol-
ogy-directed repair (HDR) (Liang et al.,
1998; Bibikova et al., 2002). The former acts
fast to repair DSBs by an error-prone joining
and ligating of the two ends of the broken
DNA molecule often resulting in insertion
or deletion of a few nucleotides, which may
lead to gene knockout by frame-shift and
premature stop codons (Fig. 5.1C") (Bibikova
et al., 2002). In contrast, HDR is more pre-
cise but is limited to situations of the close
presence of a homologous DNA molecule to
repair a DSB by homologous recombination
(Fig. 5.1C"). A third and distinct DSB repair
pathway is the alternative non-homologous
end joining also referred to as microhomolo-
gy-mediated end joining (MMEJ) (Fig. 5.1C").
This pathway relies on annealing of minimal
homology between the cut strands from 1 to
14 nt usually causing small deletions. MMEJ
depends on ligase III to join the two ends
together, whereas the classical NHEJ uses
ligase IV (Nussenzweig and Nussenzweig,
2007; McVey and Lee, 2008).

The two main pathways involved in the
repair of DSBs have been intensively exploited
to introduce different site-specific genome
modifications, including gene knockout and
knock-in. Importantly, NHEJ can be used to
integrate large transgenes (Ishibashi et al.,
2006). In this case, the transgene to be inte-
grated has to be available as linear dsDNA
molecule at the time of repair of the DSB
(Auer et al., 2014; Vaidya et al., 2014). The
enzymes involved in this pathway will indis-
criminately use DNA ends as substrate and
join them together (Ishibashi et al., 2006).
The dsDNA to be incorporated in the genome
by NHEJ can be delivered as linear PCR
product or as a plasmid vector that can be
linearized in vivo using a site-specific endo-
nuclease (Fig. 5.1C™) (Auer et al., 2014). The
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NHEJ pathway had already been exploited
as a strategy for site-specific integration of
transgenes by direct ligation of an in vivo
linearized plasmid into a DSB generated by
ZFN which they named ObLiGaRe, an abbre-
viation for Obligate Ligation-Gated Recom-
bination (Maresca et al., 2013). With this
strategy, they were able to integrate a 15 kb
fragment into the genome of human cell lines
at a defined locus. Studies also demonstrated
that co-injection of a circular plasmid that
will be linearized in vivo concurrently with
the attack of the genome target is less toxic
and more efficient (Cristea et al., 2013; Auer
etal., 2014). In their work to study the func-
tion of the transcription factor Tc-foxQ?2 in
brain development of the red flour beetle
Tribolium castaneum, He et al. (2019) exploited
the CRISPR/Cas9 NHEJ-knock-in system to
generate a targeted enhancer trap situation,
in which the donor template was concomi-
tantly linearized in vivo at a single target site
by Cas9. This strategy has the disadvantage
of integration of the whole vector, including
the antibiotic resistance gene. Inclusion of
such huge unnecessary DNA can be omitted
by introduction of two endonuclease sites
flanking the transgene to be inserted (Fig. 5.1C™)
or by inclusion of FRT or Lox sites to facili-
tate removal of the backbone by site-specific
recombination-mediated excision in a separ-
ate later step to modify the transgene inser-
tion (see also ‘Modification and stabilization
of transgenes’ in section 5.3.3, below).

In contrast, site-directed integration by
HDR is less efficient but more precise than
NHEJ. In general, the efficiency of HDR in-
creases with the length of the homology
arms of the repair template (Fig. 5.1C"-C"™)
but drops with an increase of the cargo size
over 2 kb (Li et al., 2014; Wang et al., 2015).
Therefore, this strategy is more suitable for
small modifications causing directed precise
genome editing or integration of short
transgenic sequences. As repair templates,
single-strand oligodeoxynucleotides (ssODN)
(Kancaetal., 2019; Aumann et al., 2020) or a
circular double-strand donor can be used
(Fig. 5.1CY-C"M). Linear double-strand donor
can be integrated by NHEJ and is therefore
usually not used in HDR. Replacement of
the yellow gene of D. melanogaster with an

attP site was the first demonstration of HDR
using short ssODN as repair template (Gratz
et al., 2013). In vivo gene tagging is another
useful application for HDR, such as fusion of
the coding sequence of the green fluorescent
protein (GFP) (Shimomura et al., 1962) mostly
at the N- or C-terminal end in-frame with the
protein to be studied. In their early attempts
to establish Cas9 as a genome modification
tool for insects, Port et al. (2014) were able to
insert the coding sequence of GFP in-frame
in the Drosophila wingless (wg) gene and
showed that GFP followed the same pattern
of wg expression and that it was secreted as
well. Instead of generating a fusion protein, a
bicistronic situation can also be achieved by
using the viral 2A peptide strategy to mark
certain cells (Farnworth et al., 2020a,b).
Strategies that increase the overall effi-
ciency of generating Cas9-induced DSBs
have also been shown to increase the chance
of integration of transgenes by HDR. These
include the form of delivery of the different
components. For example, Cas9 can be de-
livered as ribonucleoprotein complex ready
to cut the target, as mRNA, or as a helper
plasmid with Cas9 coding sequence under
different cis-regulatory elements such as
heat shock protein promoters. However, gen-
eration of transgenic lines that express Cas9
from promoters of germline-specific or ubi-
quitous genes such as vasa and nanos or
Actin 5, respectively, was found to be the
most efficient and cost-effective alternative
to all other strategies (Port et al., 2014; Kan-
dul et al., 2021; Yan et al., 2021). The second
component of the system is the specific
gRNA, which guides Cas9 to where to cut.
The 17-20 nt at the 5’ end of the gRNAs
need to be designed for each specific gen-
omic target. The gRNA can be delivered in
the form of synthetic or in vitro transcribed
RNA and this form is compatible with Cas9
being delivered as mRNA or protein. It can
also be delivered in the form of plasmid to be
expressed from promoters of RNA pol III
genes such as the small nuclear RNA gene US6;
however, not all promoters of U6 genes of
the same organism are equally strong. In
D. melanogaster, there are three copies of the U6
gene and the promoter of the U6:3 gene was
found to be the strongest (Port et al., 2014).
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The same was observed in Drosophila suzukii,
in which the equivalent of the U6:3 pro-
moter referred to as Ubc outperformed the
other two in the overall efficiency of HDR-
based knock-in (Ahmed et al., 2019).

NHEJ competes with HDR to resolve DSBs.
To favour HDR, several strategies have been
followed. The use of tight germline-specific
promotors seems to increase the rate of HDR
in homing-based gene drive applications of
CRISPR/Cas9 (Champer et al., 2018). In add-
ition, knockdown or knockout of genes in-
volved in the NHEJ pathway were proposed
as strategies to improve on the efficiency
of integration by HDR. Attempts to silence
or use strains with null mutations of the ligase 4
(ligd) gene - the enzyme involved in NHEJ
repair — showed dramatic improvement in HDR
in D. melanogaster (Beumer et al., 2008).
Knockout of Ku70 was found to increase HDR
in the silkworm Bombyx mori embryos (Ma et
al., 2014). Highly efficient HDR was also ob-
served in B. mori ovarian cells that lack proteins
important for NHEJ such as lig4, Ku70, Ku80
and XRCC4 (Zhu et al., 2015). In the yellow
fever mosquito Aedes aegypti, knockdown of
Ku70 and lig4 increased HDR-based knock-in
from 0.1% to more than 2% (Basu et al., 2015).

The cargo size limitation of integration by
HDR has been solved in many instances by a
two-step strategy, where Cas9 is used to
site-specifically introduce first by HDR re-
combinase recognition sequences (RRSs)
such as attP (Gratz et al., 2013; Carrami
et al., 2018). In a second step, the transgene
will then be introduced by SSR (see ‘Recombi-
nase-mediated cassette exchange (RMCE)’
in section 5.3.2, below). Cas9-mediated inte-
gration is a very useful tool when specific
genes are targeted or suitable genomic loci
have been identified that support expression of
the transgene of interest. However, for many
emerging model systems or non-model organ-
isms such as agricultural pests and disease
vectors, there is only limited information on
suitable genomic target sites for successful
expression of transgenic constructs. In these
cases, SSR target sites for integration (see
‘GC31 integrase mediated single site inte-
gration’, below) or recombination-mediated
cassette exchange (RMCE) (see ‘Recombinase-
mediated cassette exchange (RMCE)’ in section

5.3.2, below) can be introduced by transpos-
on-mediated random genome insertion (Ecker-
mann et al., 2018). To identify the most usable
sites, they need to be characterized and evalu-
ated for their suitability to express transgenes
stably at sufficient levels and with minimal
position effects.

¢C31 integrase mediated single-site
integration

Before the discovery or engineering of
programmable endonucleases such as ZEN,
TALENSs and CRISPR/Cas9, SSR was routinely
used for site-specific genome modification.
For single-site integration into insect gen-
omes, the attP/attB $pC31 integrase system
is most commonly used. In a heterologous
situation, usually the phage-derived attP
site is stably integrated into the genome of
the target organism where it serves as a
landing or docking site for a donor plasmid
harbouring the transgene of interest and the
bacterial attB sequence (Fig. 5.1B) (Belteki
et al., 2003). The major advantage of this
system as a tool for genetic engineering is
that the reaction is directional and the trans-
gene, once integrated, cannot be excised by
¢$C31 integrase alone. The results of recombin-
ation between attP and attB are the hybrid
sites attL and attR, which require for the
reverse excision reaction, in addition to the
integrase, the phage encoded RDF gp3 (Fogg
et al., 2018). This system has been success-
fully established to engineer several model and
non-model insects, including D. melanogaster
(Groth et al., 2004), the medfly Ceratitis
capitata (Schetelig et al., 2009), the malaria
vectors Anopheles gambiae and Anopheles ste-
phensi (Amenya et al., 2010; Meredith et al.,
2011), Ae. aegypti and Aedes albopictus (Nimmo
et al., 2006; Labbé et al., 2010; Franz et al.,
2011), as well as the cherry vinegar fly D. suzukii
(Ahmed et al., 2020). The efficiency of $C31
integrase was improved by fusion of a nu-
clear localization signal at the C-terminal of
the enzyme (Andreas et al., 2002). In D. mel-
anogaster, the use of a transgenic source of
$C31 integrase using a germline-specific
promoter achieved more than 60% efficiency
of integration (Bischof et al., 2007). An add-
itional advantage of ¢pC31 integrase is the
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unlimited cargo size, which has been demon-
strated by integration of a complete 133 kb
bacterial artificial chromosome into the
genome of D. melanogaster (Venken et al.,
2006). However, the main disadvantage of a
single-site attP/attB SSR is that the whole
donor vector is integrated, which also in-
cludes the antibiotic resistance gene. This is
of particular concern when it comes to trans-
gene-based pest control strategies with the
final aim to release the transgenic insects in
the field. This issue can be addressed by in-
cluding additional independent SSR sites in
the donor plasmid that allow the subsequent
deletion of unwanted components (Schetelig
etal., 2009) (see ‘Modification and stabiliza-
tion of transgenes’ in section 5.3.3, below).

5.3.2 Integration into two sites

Recombinase-mediated cassette
exchange (RMCE)

Since the use of the Cre-Lox or Flp-FRT sys-
tems for integration at a single site is not
possible (Fig. 5.1A), a more sophisticated
strategy, termed RMCE, was developed
making use of mutant versions of the FRT
and Lox sites (Fig. 5.2A-C) (Bouhassira et al.,
1997; Baer and Bode, 2001). Similar to the
integration at a single recombination recog-
nition sequence mentioned above, this strat-
egy is also composed of two steps. In a first
step, docking or landing lines are generated
by introduction of a transformation marker
flanked by two different FRT (e.g. FRT and
FRT3) or Lox (e.g. LoxP and Lox2272) sites in
a head-to-tail orientation in the genome of
the organism of interest. In a second step, a
donor vector carrying the transgene of inter-
est flanked by the same two different FRT or
Lox sites in a head-to-tail arrangement is
delivered along with the respective recom-
binase enzymes flippase or Cre, respectively.
A double reciprocal recombination between
identical RRSs leads to the exchange of the
genomically integrated cassette between the
RRSs for the identically flanked cassette of
the donor vector (Fig. 5.2A). RMCE based on
the Flp-FRT system has been used more
often in insects than the Cre-Lox system.

The Flp-FRT system has been used in D. mel-
anogaster with an efficiency of 23% (Horn
and Handler, 2005), as well as in the silkworm
B. mori (Long et al., 2012) and an Sf9 insect
cell line (Fernandes et al., 2012). The Cre-Lox
system has been used recently in D. melano-
gaster (Oberstein et al., 2005), Ae. aegypti
(Huang et al., 2009; Hacker et al., 2017) and
D. suzukii (Schetelig et al., 2019).

In addition, to develop RMCE strategies
based on ¢$C31 integrase, a transformation
marker flanked by attP sites in a head-to-
head arrangement has been introduced in
the genome of the organism which will serve
as a landing or docking site for future trans-
genesis applications. To perform RMCE, a
donor vector with the transgene of interest
flanked by bacterial attB sites in a head-to-
head arrangement is delivered along with the
¢$C31 integrase, which results in double recip-
rocal recombination between the attPs and
attBs, leading to cassette exchange (Fig. 5.2B).
The integration of the transgene is not direc-
tional. Thus, the orientation of the integrated
cassette needs to be identified molecularly
after integration. RMCE based on ¢$C31
integrase has gained more popularity among
insect scientists and has been established
in D. melanogaster (Bateman et al., 2006),
Ae. aegypti, Plutella xylostella (Haghighat-Khah
et al., 2015) and B. mori (Long et al., 2015).
The RMCE system based on ¢pC31 integrase
has further been improved by introducing in
the first step, in addition to a transform-
ation marker, a transgene that expresses the
¢$C31 integrase from an inducible or germline-
specific promoter into the cassette flanked
by the attP sites (Fig. 5.2C). Such docking
lines are referred to as ‘self-docking’, since
they provide the enzyme required for the re-
combination reaction and preclude the need
to provide the enzyme as mRNA or plasmid,
which can improve the efficiency of trans-
genesis. This approach has been established
in An. gambiae (Meredith et al., 2013; Pondeville
etal., 2014).

Double-strand break-induced
recombination-mediated exchange (RME)

The clearest advantage of the RMCE systems is
that only the transgene of interest is introduced



(A) (B)

. ‘P e ‘ﬁ‘ @- -@* =<4 -
X X

Cre or Flp :or (p031 int
LoxP ~~ Lox2272
m 7

L HAT,

RMCE D RMCE \w RMCE \[ﬁ.,*‘ i]

RME

. or
pmmn — D PG —ImE—

Fig. 5.2. Transgenesis by recombination mediated exchange. (A) Recombinase-mediated cassette exchange (RMCE) (Baer and Bode, 2001) takes place by
recombination of two identical FRT or Lox sites and variations of these sites flanking a transgene of interest in the integrated transgene construct as well as in the
donor plasmid, leading to exchange of the old transgene with the new transgene. (B) ¢C31 integrase-mediated cassette exchange of an integrated transgene
flanked by two attP sites arranged head-to-head with a new transgene flanked by two aftB sites in the same arrangement in the donor plasmid (Belteki et al.,
2003). (C) The efficiency of the C31 integrase-based RMCE can be improved by transgenic expression of the ¢C31 integrase (Meredith et al., 2013; Pondeville et
al., 2014). The advantage of RMCE over integration in a single site is that the backbone is not integrated in the genome. (D) CRISPR/Cas9 can be used to
exchange a defective gene with a wild-type version and vice versa. In this case, two DSBs flanking the locus to be exchanged are introduced and a repair
template with homology arms (HA) is provided to achieve recombination-mediated exchange (RME) (Li and Handler, 2017) by which also additional transgenes

(TGs) can be introduced.

80}

JOWWIA V'S PUB PaWIYY “A'IN'H



© CAB INTERNATIONAL. NOT FOR RESALE

Site-Specific Recombination for Gene Locus-Directed Transgene Integration and Modification

109

and not the whole plasmid vector. More
recently, CRISPR/Cas9 has also offered a
strategy for targeted gene locus-specific
recombination mediated exchange (RME)
Fig. 5.2D). In this strategy, two DSBs flank-
ing the locus of interest are introduced by
Cas9, and a repair template is provided to
replace the locus by reintroducing the locus
with the desired modification. In this way
the yellow locus in D. melanogaster was
replaced by an attP site (Gratz et al., 2013).
To generate a temperature-sensitive allele in
D. suzukii, a modified transformer-2 locus
along with a transformation marker was
used to exchange the wild-type locus (Li and
Handler, 2017).

Site-specific integration and RMCE/RME
represent a major advantage, as they will
allow more detailed comparative analyses of
transgenes, eliminating variable genomic
position effects. Moreover, transgenesis by
SSR will have a major impact on non-model
insects. After landing sites’ have been gen-
erated by transposon-mediated random
transgenesis or CRISPR/Cas9 genome edit-
ing, suitable loci can be identified in a given
insect species. Since evaluated lines can be
reused for new modifications, fewer lines
need to be generated, examined and kept. For
biotechnologically improved approaches to
fight insect pests by a transgenic sterile insect
technique (SIT), identification of genomic loci
at which integration does not cause any major
fitness cost will be of high interest, since trans-
genes could be integrated again and again at
these particularly well-suited genomic target
sites (Wimmer, 2005; Franz et al., 2011).

5.3.3 Modification of transgenes

Mosaic transgene activiation

Ectopic gene expression to over- or mis-
expressed genes (Brand et al., 1994; Halder
etal., 1995) or to knockdown genes by induced
sequence-specific RNA interference (Schmitt-
Engel et al., 2015; Heigwer et al., 2018) have
been extensively used in functional genetic
analysis causing GOF or LOF situations,
respectively. These have been achieved by
transgenic expression of the gene of interest

by gene fusion to a tissue- or stage-specific
enhancer/promoter or a heat-shock indu-
cible promoter upstream of the coding
sequence of the gene of interest or to an in-
verted sequence generating double-stranded
RNA (dsRNA) (Lee and Carthew, 2003). In
many instances, constitutive ectopic expres-
sion is not suitable for gene analysis, especially
when the gene in question is involved in
different developmental programmes, and
its mutant or overexpression leads to either
sterility or lethality. In such cases, condi-
tional tissue- or stage-specific GOF or LOF is
advantageous. Different strategies based on
the use of binary expression systems (see
Schetelig et al., Chapter 2, this volume) and/
or recombination technologies such as the
Cre-Lox or Flp-FRT systems were developed
to achieve limited activation of the trans-
gene, which enables studying the function
of the gene in a particular tissue or at a
specific stage.

In D. melanogaster, a smart strategy to
control ectopic gene expression was devel-
oped by use of the Flp-FRT SSR system
(Struhl and Basler, 1993). A constitutive or
tissue-specific promoter is separated from
the gene of interest by a flip-out cassette which
contains a marker gene and a transcription
termination sequence (stop cassette) flanked
by FRTs in a head-to-tail arrangement.
Expression of flippase by heat-shock induc-
tion or under control of a tissue-specific
promoter can then induce recombination
between the two FRTs, which leads to exci-
sion of the cassette, and in consequence the
promoter can directly drive the expression
of the gene of interest (Fig. 5.3). The flip-out
strategy was further used by two independent
research groups to develop an elegant sys-
tem for domain-specific ectopic gene expres-
sion during early stages of Drosophila em-
bryogenesis when binary expression systems
cannot be used (Kosman and Small, 1997;
Wimmer et al., 1997). This system is super-
ior to the original flip-out system in the use
of region-specific enhancer/promoters ra-
ther than a constitutive promoter for a more
defined expression of the gene, and the in-
clusion of a marker gene in the flip-out cas-
sette that enables early selection for lines
that would later express the gene of interest
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Fig. 5.3. Mosaic activation of transgenes (Struhl and Basler, 1993; Wimmer et al., 1997). To spatially and temporally confine expression of a transgene, a
flip-out cassette containing an RNA Polll terminator (Stop cassette) flanked by two identical FRT sites is placed between the enhancer/promoter (E/P) and the
gene to be expressed. In this case the gene is not active, since the transcription will be terminated by the cassette. The transgene is activated by a cross between
flies harbouring the gene containing the flip-out cassette and flies carrying a flippase driver construct that leads to the expression of flippase in a particular tissue
or a stage using an independent tissue-specific E/P or heat-shock inducible promoter. With this system, both loss-of-function (LOF) and gain-of-function (GOF)
situations can be generated, by either mis- or overexpression of a transgene or the expression of a hairpin construct producing dsRNA causing RNA interfer-

ence, respectively.
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in the expected way. Moreover, the use of
another promoter driving flippase expres-
sion could further refine the rearrangement
of the transgene in a configuration ready for
expression in the right tissue and at the right
time or stage.

In insect biotechnology, toxic effector
molecules often need to be expressed con-
ditionally as well as tissue- and stage-
specifically to develop transgenic pest control
strategies suitable for SIT. Binary systems
such as tet-off have been intensively used to
build different transgenic systems to drive the
expression of effector molecules indirectly
and in a controlled fashion (Heinrich and
Scott, 2000; Horn and Wimmer, 2003) (see
Scottetal., Chapter 17; Handler and Schetelig,
Chapter 21; Morrison, Chapter 23, this volume).
In some cases, due to leakiness of basal pro-
moters used in the effector construct down-
stream to the upstream activation sequence
of the respective system, no functional
transgenic lines can be obtained. Here the
flip-out system can offer a great solution to
generate respective lines (Eckermann et al.,
2014). SSR-mediated small excision or inver-
sion strategies have also been successful
using the Cre-Lox system in Ae. aegypti
(Jasinskiene, 2003) or the attP/attB $pC31
system in B. mori (Wang et al., 2021).

Modification and stabilization of transgenes

Several class II DNA transposable elements —
such as P element, Minos, mariner, Hermes,
or piggyBac — have been identified and adopted
as gene vectors. Intact functional transpos-
able elements consist of a gene encoding
the transposase necessary for its movement
flanked by inverted terminal repeat (ITR)
sequences. For the element to move, the
transposase recognizes and binds the ITR
and catalyses a cut-and-paste reaction of the
element into a new genomic target (Rubin
and Spradling, 1982). This information was
exploited to build non-autonomous transpo-
son-based gene vectors (TBVs) that lack the
transposase and therefore cannot move by
themselves, and the respective transposase
is provided in trans from a helper plasmid
under constitutive or inducible promoters.
Genetic engineering of model and non-model

insects is routinely done by such non-
autonomous TBVs (see O’Brochta, Chapter 1,
this volume).

After integration into the genome, TBVs
can be remobilized, if exposed to their own
or closely related transposases, which might
lead to loss of the transgene or to reintegra-
tion at another genomic position affected by
different position effects. This instability
issue raised concerns for biotechnological
pest control strategies, for which millions of
transgenic insects need to be produced in
large facilities for field release. Loss or
mobilization of the transgene to new gen-
omic loci compromises the efficiency of the
strain for the intended purpose. To address
this issue, several transgene stabilization
strategies were developed based on the fact
that both the 5" and 3’ ITRs are necessary for
transposition (Handler et al,, 2004; Horn
and Handler, 2005; Dafa’alla et al., 2006).
The best transgene immobilization scenario
would be to delete both the 5" and 3" ITRs
(Fig. 5.4A). This has been achieved in C. cap-
itata by engineering a complex piggyBac vector.
Basically, the transgene of interest along with
a transformation marker M2 was flanked by
two intact piggyBac vectors harbouring two
additional different transformation markers
M1 and M3. When this vector was micro-
injected along with the transposase helper,
only F1 individuals that had the three mark-
ers were chosen, exposed again to transpo-
sase activity, and screened for progeny that
displayed only the marker M2 associated
with the transgene of interest (Fig. 5.4A)
(Dafa’alla et al., 2006). The major limitations
of the system are the size of the construct
and the different possible outcomes, which
both contribute to a very low efficiency of
germline transformation.

A similar approach has been developed
in D. melanogaster, but it deletes only one
ITR and thus renders the vector unable to
move (Fig. 5.4B). The TBV was arranged in
such a way that it contained two different
transformation markers and an alternative
internal 5’ ITR. Initially the construct was
integrated and flies that display both mark-
ers were selected. Those flies were then ex-
posed to transposase activity and only flies
that expressed M1 were chosen. Molecular



© CAB INTERNATIONAL. NOT FOR RESALE

112 H.M.M. Ahmed and E.A. Wimmer

(A)

Germline transformation; select M1, M2, and M3 marked flies

Selected progeny marked with (if needed, provide
M2, lacking M1 and M3 transposase again)

—f— i & —(—

Germline transformation; select M3 marked flies

15— 7 g/
X X

Tj

Provide flipase; selest progency 1

marked with M1 and M:

FRT -jpz»{
s 5 i -z - -
Provide transposes

i i

b -
/A — e e 2 -/

Select progency marked with M2,

lacking M1

/e -

(E)

Independent germline transformation; select M1 or M2 flies

'l//l«PY FRT .-»_,//_
Recombine M1 and M2 _/52»#-

a7 -
Provide flippase l
4}@%
X

e mea R ST T 2T

(B)

Germline transformation; select M1 and M2 marked flies

b o1 P

Provide transposase l

B
—//—d-h——) L//—

Select progency marked with
M1, lacking M2

- p o

(D)
Germline transformation; select M1 marked flies

-/M/—
X

AmpR

-//@&»hmwm/b
Provide transposase

) Ly comeimm -

Select progency marked with l

M1, lacking M2
- e el -

Co-injection of attB containing
plasmid and phiC31 integrase

(F)

Independent germline transformation; select M1 and M2

‘/f«”’%w .-»7//_
Recombine M1 and M2 7,/-@ i ’;ff '»7//-

e .»—//—«- o -

Provide flippase

-G MM
g "fa»-b—lj

S /e 1 = -

Fig. 5.4. Strategies for transgene stabilization. Blue arrow indicates transposase-induced remobilization
and loss of transgene parts. The red cross stands for recombination. (A-D) Strategies that rely on
removal of one or both transposon inverted terminal repeats (/TRs) rendering the transgene stable.
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characterization confirmed the deletion
of the internal 5’ ITR, marker M2 and the
3’ ITR, leaving behind only the outside 5’ ITR,
marker M1 and the transgene. The stability
of the transgene was verified by exposing
the flies again to transposase activity (Hand-
ler et al., 2004). However, this approach suf-
fers from the same limitations described
above in a decrease in the efficiency of germline
transformation.

To overcome this negative effect on
germline transformation efficiency as well
as the size limitation, a new strategy based on
the use of Flp-FRT SSR system was developed
in D. melanogaster (Fig. 5.4C). The original
TBV contained a transformation marker M3
flanked by two diverse flippase recognition
target sites (FRT and FRT3). By RMCE, an
additional 3" ITR flanked by two independ-
ent markers M1 and M2 was integrated,
thereby replacing the original marker M3. In
a next step the flies were again exposed to
transposase activity and only flies that dis-
played marker M2 were selected. Molecular
characterization revealed that the 5’ ITR was
removed along with marker M1 and the
3’ ITR, rendering the remaining transgene
stable (Horn and Handler, 2005). A related
strategy was also developed for the medfly
C. capitata for modification and stabilization
of transgenes (Fig. 5.4D) using a single $C31
attP site, which was included in the TBV.
Transgenic flies were then subjected to inte-
gration of a donor plasmid containing an
attB site, a second transformation marker
M2 and 3’ ITR. Flies showing the successful
integration of the donor plasmid indicated
by the presence of both transformation
markers were then exposed to transposase
activity. In the next generation, flies that

only expressed the initial marker M1 were
shown to have the 5" ITR removed along
with marker M2, the introduced 3’ ITR and
the integrated plasmid backbone. The
left-behind marker M1 and the transgene
were then proven to be stabilized (Schetelig
et al., 2009). All of the above strategies for
transgene stabilization were based on dele-
tion of one or both of the vector ITRs by in-
clusion of extra ITRs in the original TBV or
by a second step using SSR technologies.
This can also be achieved using CRISPR/
Cas9 to induce DSBs within the integrated
TBV and the use or HDR or NHEJ pathways
to introduce the additional ITR along with a
marker to enable screening. The ITRs of a
TBV can also be removed by introducing, in
a second step (mediated, for example, by
attP/attB ¢$C31 integration), endonuclease
recognition sites to generate DSBs. Along with
these sites short copies of the TBV-flanking
genomic regions are also inserted. The induc-
tion of DSBs then causes HDR between the
homologous sequences, thus removing the
TBV ends (Tkachuk et al., 2011).

A different approach for transgene sta-
bilization was developed in D. melanogaster,
which is based on recombination of two
linked transgenes each harbouring a single
FRT site in a head-to-head arrangement in
respect to each other (Figs 5.4E and 5.4F)
(Schetelig et al., 2011). The transgenic lines
were independently generated using either
piggyBac- or Hermes-based vectors and were
chosen to be on the same chromosome. Mei-
otic recombination was exploited to bring
the two transgenes together as a linked
group on one chromosome. The vectors are
built in such a way that the FRT is inserted
between the promoter and the coding

Fig. 5.4. Continued.

(A) A piggyBac vector contains additional internal 5’ and 3’ /TRs in an arrangement that facilitates
subsequent removal of all piggyBac ITRs (Dafa’alla et al., 2006). (B) Only an additional internal 5’
piggyBac ITR is included, which enables removal of the 3’ piggyBac ITR (Handler et al., 2004). (C) An
additional internal piggyBac ITR is introduced by RMCE (Horn and Handler, 2005) or (D) integration in
an attP site (Schetelig et al., 2009), which enable subsequent removal of the original 5’ piggyBac ITR
rendering the transgene stable. (E, F) Transgenes stability is achieved by intrachromosomal recombin-
ation between two FRT sites in two different transgene integrations located on the same chromosome in
a head-to-head arrangement. The two transgenes are either of the same (E) or different (F) transposon
origin. Rearrangement leads to two stable transgenes, each bordered by either two 3’ ITRs or two 5’ ITRs

(reviewed in Schetelig et al., 2011).
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sequence of the transformation marker. The
promoters and the transformation markers
are different for each of the two linked inser-
tions. Exposure of such lines to flippase ac-
tivity leads to an inversion of the DNA between
the two identical FRTs that are oriented in a
head-to-head fashion (Fig. 5.5A) (see also
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Fig. 5.5. Chromosomal engineering. Red triangles stand for FRT sites, yellow triangles indicate
CRISPR/Cas9 target sites. (A) Flippase-mediated recombination results in deletion of a chromosomal
part flanked by two FRT sites in a head-to-tail arrangement (Golic and Lindquist, 1989; Golic, 1991).
(B) Recombination between FRT sites in head-to-head orientation leads to a chromosomal inversion
(Golic and Lindquist, 1989; Golic, 1991). (C) Translocation of chromosomal material between non-homologous
chromosomes harbouring FRT sites (Beumer et al., 1998). (D) Induced mitotic recombination between
homologous chromosomes (Golic, 1991). (E) CRISPR/Cas9-induced chromosomal deletion achieved by
induction of two DSBs flanking the region to be deleted (He et al., 2015; Cullot et al., 2019). (F) Chromosomal
inversion following CRISPR/Cas9-induced DSBs and guided by provision of homology repair templates
(Iwata et al., 2016). (G) Similar to guided chromosomal inversions, chromosomal translocations can be
achieved by induction of two DSBs flanking the DNA stretch to be translocated, a single DSB where the
fragment should be translocated to and two homology repair templates to guide the precise translocation

(Jiang et al., 2016).
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(Fig. 5.4E) or different transposons (e.g.
piggyBac and Hermes) (Fig. 5.4F), which are
no longer able to move when exposed to the
respective transposase enzymes.

The combination of the two Cre-Lox and
Flp-FRT SSR systems also enables the co-
placement of two transgenic alleles by trans-
poson-based integration and successive
independent removal of either single allele
for comparison of the two different alleles at
the same genomic position (Siegal and Hartl,
1996). Successive rounds of SSR with differ-
ent systems can change again and again the
transgenic locus for additional modifications
(Huang et al., 2009, 2011). The CRISPR/
Cas9-based HDR strategy has also been used
to modify previously integrated transgenes.
In the flour beetle T. castaneum, an EGFP
marker was exchanged with a DsRed marker
(Gilles et al., 2015); in C. capitata, an EGFP
marker was converted into a blue fluores-
cent marker (Aumann et al., 2018); and in
the invasive fruit pest D. suzukii, a piggyBac
insertion was precisely modified by knock-in
of an EGFP-based body marker and the pro-
moter of the spermatogenesis specific gene
beta-2-tubulin to drive the expression of the
pre-inserted DsRed specifically in the testes
(Ahmed et al., 2019).

5.3.4 Gene locus-directed chromosome
modification: deletions, inversions and
translocations

Custom or controlled chromosomal modifi-
cations such as deletions, inversions and
translocations are collectively called chromo-
some engineering (Carlson and Largaespada,
2005). All can happen spontaneously due to
errors during cell division or exposure to
radiation and in these cases are referred
to as chromosomal aberrations or anomalies,
since they are the base of many genetic diseases,
including cancer (Preston, 2014). Induction
of inversions and translocation by radiation
was an important tool in early genetic stud-
ies (Kaufmann, 1939; Abrahamson, 1961).
Molecular biology tools such as SSR (Golic
and Lindquist, 1989) or induced DSBs can
also be used to generate chromosomal
rearrangements.

Chromosome engineering by site-specific
recombination

SSR using the Cre-Lox or Flp-FRT systems
requires the presence of two identical copies
of the respective system in the genome of
the target insect. Exposure to the recombin-
ase causes recombination between the two
target sites and the outcome is dependent on
the exact position (on the same or different
chromosomes) and arrangement (head-to-
head, head-to-tail) of the RRSs (Fig. 5.5A-D)
(Golic and Lindquist, 1989; Golic, 1991).

Chromosomal deletions are an import-
ant genetic tool to map mutations to defined
regions of the chromosome (Golic and Lind-
quist, 1989; Golic, 1991; Cook et al., 2012). In
addition, deletions can generate hemizygous
situations leading to enhanced or reduced
phenotypes arising from mutant alleles.
Traditionally, deletions were achieved by
chemical mutagens and irradiation or by
imprecise excision of P elements and other
transposon-based vectors (Preston et al.,
1996; Huet et al., 2002). Also, the Flp-FRT SSR
system has offered an attractive alternative
to produce regional chromosomal deficien-
cies. Meiotic recombination can combine two
FRT sites on the same chromosome. In case
they are in a head-to-tail arrangement, an
induced SSR can lead to the deletion of the
intervening region (Fig. 5.5A). This can be
highly efficient (up to 100%) when the two
FRT sites are only a few kilobases apart.
However, the efficiency drops to a few per cent
with the increase of the size to the range of
megabases. This system was used in large-
scale chromosomal deletion projects in
D. melanogaster, generating sets of deletion
stocks covering almost all of the genome
(Ryder et al., 2004, 2007).

To engineer chromosomal inversions
based on site-specific recombination, two
recombinase recognition target sites need to
be combined on the same chromosome in a
head-to-head orientation (Fig. 5.5B). Such
inversions have been generated in D. mela-
nogaster using the Flp-FRT SSR system as a
strategy to stabilize two transgenes that
harbour FRTs (Figs. 5.4E and 5.4F) (Schetelig
et al., 2011). These inversions also function
as meiotic recombination suppressors and
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can be used as partial balancer chromo-
somes (Dobzhansky and Epling, 1948).

Exchange of chromosomal segments be-
tween non-homologous chromosomes, known
as translocation, has been used as a tool to
study the mechanisms of segregation of meiotic
chromosomes and analysis of aneuploidy in
Drosophila (Beumer et al., 1998). Moreover,
translocations were proposed as vector con-
trol strategy to drive specific traits in wild
populations such as refractoriness of Anoph-
eles to malaria parasites and thus breaking the
transmission cycle (Gayathri Devi and Shetty,
1992; Davis et al., 2001). Autosome to sex
chromosome translocation is the base of the
most elegant and most widely used genetic
sexing strain for SIT of the medfly C. capitata
(Robinson and Van Heemert, 1982; Franz et al.,
1994). Traditionally such translocations were
induced by radiation (Kaufmann, 1939),
which complicates the analysis of the out-
come of the translocation due to radia-
tion-induced damage. The Flp-FRT SSR sys-
tem has been adopted to introduce defined
chromosomal translocations between heter-
ologous chromosomes in D. melanogaster
(Beumer et al, 1998) by recombining
chromosomes that each contain FRT sites
(Fig. 5.5C).

Among the most powerful tools for
Drosophila developmental genetics is mosaic
analysis to study cell autonomy, lineage tra-
cing and mechanisms of embryonic and
adult patterning. Genetic mosaics have been
generated using different strategies, includ-
ing cell or nuclear transplantation, the
ring-X chromosome technique, or induction
of mitotic recombination by ionizing radi-
ation. The use of the yeast Flp-FRT SSR
system to induce mitotic recombination be-
tween homologous chromosomes offered an
ingenious alternative to previous technologies
and overcame the shortcomings of ionizing
irradiation, such as unintended developmen-
tal defects and low efficiency (Fig. 5.5D).
Linked to different cell autonomous markers,
the Flp-FRT SSR system has been well estab-
lished in Drosophila for analysing embry-
onic, adult and germline clones (Dang and
Perrimon, 1992; Xu and Rubin, 1993). The
use of a germline-specific dominant female
sterile (DFS) mutation (Wieschaus et al,,

1981; Perrimon and Gans, 1983) has enabled,
in addition to the analysis of recessive female
sterile mutations, the detection of the
maternal effect of recessive zygotic lethal
mutations. The DFS system initially relied on
radiation-induced mitotic recombination
until it was demonstrated that induced mi-
totic recombination can be achieved in both
the soma and the germ cells of Drosophila by
the yeast Flp-FRT SSR system (Golic, 1991).
Later, an autosomal FLP-DFS technique was
developed by linking the DFS mutation to
FRTs on the second and third chromosomes
(Chou and Perrimon, 1996).

CRISPR/Cas9-mediated chromosome
engineering

High-resolution chromosomal rearrangements
can also be engineered using CRISPR/Cas9
genome editing tools (Fig. 5.5E-G). Rearrange-
ments can be achieved by targeting repetitive
elements in the genome and rely on NHEJ
or HDR using cis or trans uncut elements as
repair templates to put different fragments
together, in the hope of obtaining balanced
and heritable reshaped genomes (Fleiss et al.,
2019). However, to generate site-specific
chromosomal arrangements, Cas9 offers
the ultimate tool to induce defined DNA
DSBs and guide the arrangement using re-
pair templates that dictate the outcome.
The system was used to induce precise
chromosome deletions by using two guides
demarcating the targeted region (Fig. 5.5E)
(He et al., 2015; Cullot et al., 2019). It has
also been successfully used in the nematode
worm Caenorhabditis elegans to engineer
balancer chromosomes by inversions (Fig. 5.5F)
(Iwata et al., 2016) and in embryonic stem
cells to induce site-specific translocations
(Fig. 5.5G) (Jiang et al., 2016). For biotech-
nologically improved pest control, scientists
are using CRISPR/Cas9-mediated mutagen-
esis to copy selectable marker mutations
known from sexing strains of the medfly
C. capitata and transfer these to other pest
species by gene editing (Ward et al., 2021). In
a first step, CRISPR/Cas9 has been used to
induce LOF mutations in the white pupae
gene, which is essential for the normal brown
pupal colour. A wild-type rescue version of
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the recessive marker mutation could then be
translocated to the male sex chromosome to
rescue the phenotype in males only. This
should be achievable using a CRISPR/
Cas9-induced chromosomal translocation by
introduction of two DSBs encompassing the
wild-type allele and a single DSB on the Y
chromosome. The use of a repair template
should then guide the translocation to the Y
chromosome (Fig. 5.5G). In mass production,
brown male pupae could be readily separated
from white female pupae and then sterilized
by radiation before release.

5.4 Conclusions

SSR based on site-specific recombinases,
which bind to short recognition sequences,
as well as the site-specific introduction of
DSBs can be used to cause recombination-
mediated genome modifications leading to

gene locus-directed transgene integration
and modification. The induction of CRISPR/
Cas9-mediated DSBs to cause integration is
a very useful tool when suitable genomic loci
are identified that support transgene ex-
pression or when specific genes are targeted.
However, for many insects, the information on
suitable genomic target sites for successful
expression of transgenic constructs is very
limited. Therefore, transposon-mediated
random genome insertion can first be used
to introduce SSR target sites for integration,
RMCE, or chromosome engineering. The
most usable sites can then be identified by
characterization and evaluation for suitable
and stable transgene expression at sufficient
levels and with minimal position effects.
Once such chromosomal positions have
been identified, all the described recombin-
ation technologies can then be used to fur-
ther modify the transgenes in whatever in-
tended way.
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6.1 History of Transgenic Methods

in Arthropods

All biological fields have been impacted by
technological advances in the past 25 years.
None has developed faster than DNA sequen-
cing and bioinformatics, leading to a deep
understanding of the biology and genetics of
non-model organisms relevant to public
health, agriculture and socio-economics. Cur-
rently, full genome annotations of more than
150 insects have been publicly released
(mostly Diptera and Hymenoptera) (Li et al.,
2019), as well as extensive population data to
account for field diversity in an effort to con-
trol malaria (1000 Genomes Consortium)
(Miles et al., 2017). While there have been
great advances in insect vector genomics and
the field is continuously developing, the abil-
ity to easily obtain and retrieve sequencing
and ‘omics’ data allows for the design of tar-
geted gene manipulation of organisms and
enables further exploration of gene function,
genetic networks and interactions between
vectors and the pathogens they transmit.

*Corresponding author, email: jIr54@psu.edu

Genetic manipulation of arthropods of
medical and economic importance has al-
ways been and continues to be a challenge
in the entomological field. Classic vector
genome modification techniques (Table 6.1)
date back to the 1990s, when viral or plas-
mid expression vectors (baculovirus: Maeda
et al., 1985; SINV: Higgs et al., 1995; plas-
mid: Cornel et al., 1997) and transposon-
mediated integration (P-element: Miller
etal., 1987; Hermes: Jasinskiene et al., 1998;
Minos: Catteruccia et al., 2000; piggyBac:
Kokoza et al., 2001) were used to transiently
or stably express foreign DNA in mosquitoes
to study their biology, biocontrol and pro-
duction of non-native gene products. The
delivery of DNA to germ cells enables the
creation of heritable genetic changes that
are transmitted through generations. Trad-
itionally, the options to create such modified
arthropod lines have relied on direct micro-
injection of early-stage embryos with gene
vectors that produce a random (piggyBac,
Hermes, Minos, Mos1) or site-specific (bC31,
TALEN, zinc-finger nucleases) insertions
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Table 6.1. Comparison between classic and newly-developed gene-editing technologies. In blue, technologies that are currently being used and developed
in basic or applied entomological research.

CRISPR/Cas9
Homing
Endonuclease Zinc-Finger Embryo
Transposons $C31 Gene Nuclease TALEN mutagenesis Gene drive ReMOT Control
Biological DNA type-lII Phage DNA Natural selfish Fusion of a TALE proteins Prokaryotic defence system acting as acquired
origin transposable integration into genetic zinc-binding from immunity by storing DNA sequences of previously-
elements bacterial elements domain shared Xanthomonas infecting phages. Upon recognition of an incoming
discovered in genomes via capable to among conjugated to phage containing a stored target sequence, Cas9
maize $C31 be transcription Fokl eliminates the pathogen by DNA cleavage
recombinase transmitted factors that endonuclease
horizontally recognize DNA
in Super- with a Fokl
Mendelian endonuclease
fashion to mediate
site-specific
cleavage
First use in 1982 1982 1998 (E.coli) 2001 (X.laevis) 2010 (S. 2013 (human cells)
genome (D. melanogaster)  (S. pyogenes) cerevisiae)
editing

First use in 1998 (Ae. aegypti) 2006 (Ae. 2011 (An. 2013 (Ae. aegypti) 2013 (An. 2015 (Ae. 2015 (An. 2018 (Ae. aegypti)

mosquitoes aegypti) gambiae) gambiae) aegypti) stephensi)

Mode of action Transfer of DNA Site-specific I-Scel (HEG) ZFN/TALE domains recognize a Cas9-sgRNA Upon Cas9 P2C (or other
located between recombination recognizes sequence of nucleotide triplets, a RNP cleavage, the ovary-targeting
inverted terminal occurs between andcleaves  pair of endonucleases create a complexes chromosome is ligand) leads
repeats from a AttB (donor) DNA for a DNA double-stranded break mediate repaired using Cas9-sgRNA
DNA source and AttP gene recognition the drive- RNP complexes
(plasmid) into a (target) cassette to and cleavage containing to the adult
random location sequences integrate of a specific homologous ovaries for Cas9
in the target into the genomic DNA chromosome (or  cleavage to
genome cutsite via location. NHEJ  template DNA). occur in the

HDR repair creates This process growing
knockout leads to an oocytes, editing
mutations autonomously the germline

spreading
genetic element

in vivo

9cl

‘|e 1o sepels] ‘9



Efficiency
Knock-in

2-3%
Yes

Drive capacity Some
Drive efficiency Low

Pros

Cons

First available

technique for
insects. Lots of
resources widely
available

Random insertion

requiring
molecular
procedures to
detect insertion
site, relatively low
efficiency

10-20%

Yes

No

Site-specific and
high
transformation
efficiency.
Resources
constitutively
expressing
$C31
recombinase

Requires a
docking line
with pre-
inserted AttP
sequence

<1%

Yes

Yes

60%

Site-specific,
drive
capacity

<6%
Yes
No

Site-specific

2%

Yes

No

Site-specific,
efficient
mutagenesis
and TALENs
can be
produced
relatively easily

2-3%
No
No

1-2%
Yes

Yes
90-100%

1-6%
No
No

Site-specific, adaptable to many species, easy to
target multiple genes. Great efficiency and versatility.
Self-propagating Adult injections

Easy to
re-engineer
and adapt to
many gene
targets

Drive-resistant Requires modular Requires protein Potential

alleles,
requires
pre-existing
target sites
and
laborious
re-engineering
of the HEG
to target
different
genomic
locations

protein
engineering
and in vitro
optimization,
zinc-finger
recognition may
be difficult for
some codons

engineering
and timing: the
versatile
CRISPR/Cas9
took the
spotlight

off-target
effects,
mutants
difficult to
capture without
visible
phenotypes

genetic
element, easy
to produce a
homozygous
mutant stock of
any GOI.
Capacity to
alter wild
populations

are easier and
less difficult to
perform. Cheap,
does not require
specialized
equipment

Resistant alleles No HDR to induce

knock-ins,
mutants difficult
to capture
without visible
phenotypes
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into the genome (Table 6.1) (see O’Brochta,
Chapter 1; Ahmed and Wimmer, Chapter 5,
this volume). The most commonly used sys-
tems in insect transgenesis are piggyBac
transposon (Handler and Harrell, 1999;
Grossman et al., 2001; Kokoza et al., 2001)
and ¢$C31 (Nimmo et al., 2006; Labbé et al.,
2010), which have proven successful for a
range of species and for which reagents
(such as insect lines that constitutively ex-
press PB transposase, $C31 recombinase, or
contain AttP/AttB docking sites) are widely
available. Other more straightforward alter-
natives such as biolistics (Kravariti et al.,
2001) or electroporation (Thomas, 2003)
that were developed early on for manipula-
tion in somatic tissues are showing promise
for germline transformation (Jamison et al.,
2018; Lule-Chavez et al., 2021).

6.2 Development of CRISPR-based
Technologies

Following the discovery and subsequent
impact in medicine and biotechnology of
CRISPR/Cas technologies (Jinek et al., 2012)
(Table 6.1), the transgenesis field changed
completely. In nature, CRISPR/Cas acts as
an adaptive heritable immune system in
prokaryotes, providing protection from viral
DNA and plasmids (Mojica and Rodri-
guez-Valera, 2016). However, the system
was redesigned with the fusion of the tracr-
RNA and crRNA into a single adaptable
guide RNA (sgRNA) (Jinek et al., 2012) and
then modified for in vitro and in vivo genome
editing of eukaryotic cells and organisms
(Cong et al., 2013; Gratz et al., 2013; Jinek
etal., 2013). The typical CRISPR/Cas system
relies on the DNA nuclease spCas9 (or CRIS-
PR-associated protein 9 from Streptococcus
pyogenes) and a site-specific sgRNA that can
be tailored to target any genomic sequence
positioned next to a protospacer adjacent
motif (PAM) (see Concha and Papa, Chapter
7, this volume). Cas9 and sgRNA bind, form-
ing a negatively charged ribonucleic protein
complex with the sgRNA guiding Cas9 to the
DNA cut site. In an in vivo genetic modifica-
tion context, the ability to cleave the DNA at

a precise genomic location allows for tar-
geted mutagenesis of any gene within an or-
ganism’s genome. When a CRISPR-induced
DNA double-stranded break occurs, the
organism repairs it mostly via one of the
following two mutually exclusive processes:
(1) homology-directed repair (HDR), which
uses the homologous chromosome or other
homologous sequence as a template to copy
the missing sequence into the break; or (ii) by
the non-homologous end joining (NHEJ)
pathway, which occurs faster (hence more
often) and results in indels in the sequence
that can create loss-of-function mutations.
This duality in DNA repair mechanisms al-
lowed CRISPR to be used efficiently to gen-
erate gene knockouts via NHEJ (Gratz et al.,
2013; Wang et al., 2013; Dong et al., 2015;
Gilles et al., 2015) as well as knock-ins via
HDR (Gratz et al., 2013; Gantz et al., 2015;
Kistler et al., 2015). By using a donor DNA
template (as ssDNA, dsDNA or plasmid)
that has flanking sequences to a specific cut
site, the cellular machinery is tricked into
processing it as if it were the homologous
chromosome. Researchers can manipulate
which sequences are added in between these
flanking regions with no limitations except
cargo size (cargoes bigger than 20 kb in length
do not transform well). This way, Cas9 can
create a natural knock-in hotspot in any part
of the genome and the system can be used to
introduce any desired sequence by modifying
only two elements: the sgRNA target se-
quence and the DNA template. CRISPR tech-
nologies also have the potential to activate or
repress in vivo gene expression. A mutant
form of Cas9 (dCas9), which does not possess
endonuclease activity, was developed to study
the catalytic domains needed for Cas9 cleav-
age (Jinek et al., 2012), but rapidly became a
DNA-binding tool for transcriptional activa-
tion or repression (Bikard et al., 2013; Mali
et al, 2013; Qi et al., 2013), gene expression
modification (Cheng et al., 2013; Gilbert
et al., 2013) and editing of epigenetic factors
(Hilton et al., 2015).

The use of Cas9 and associated CRISPR
technologies revolutionized not only the
study of insect biology but also the popula-
tion control field, particularly in those species
that cause public health outbreaks (Aedes,
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Anopheles, Culex) or losses of agricultural
crops (Bactrocera tabaci, Drosophila suzukii).
Traditionally, vector control efforts relied on
the use of insecticide-treated nets and pesti-
cides. While they do work quite effectively in
areas of high vector and disease prevalence,
there is concern about their use due to the en-
vironmental damage caused by such chemical
compounds and the effects from the appear-
ance of insecticide-resistant strains. Al-
though the use of selfish elements to replace
wild populations had been theorized for some
time (Burt, 2003), the surge of CRISPR/Cas9
technologies, along with the capacity to gen-
etically encode its components, allowed for
the creation of the first practical autonomous
gene drive in insects (Gantz and Bier, 2015)
(Table 6.1). Most synthetic gene drives cur-
rently in development are genetically en-
coded Cas9-based selfish elements that have
the capacity to self-spread by biasing their in-
heritance from Mendelian (50%) to su-
per-Mendelian (> 50%) and can be adapted to
either crash (‘suppression’) or introduce
beneficial traits (‘modification’) into a wild
population (see Raban and Akbari, Chapter 8;
Champer, Chapter 9; Bottino-Rojas and
James, Chapter 11, this volume). When Cas9
and an sgRNA are encoded in the same organ-
ism, either linked in the same genomic loca-
tion (Gantz et al., 2015; Hammond et al.,
2016; Kyrou et al.; 2018, Adolfi et al.; 2020,
Carballar-Lejarazu et al., 2020) or split in two
independent loci (Li et al., 2020; Lépez Del
Amo et al., 2020; Terradas et al., 2021), Cas9
cuts the sgRNA target site in the non-drive
allele of the germline. That is where HDR oc-
curs and the non-drive chromosome is re-
paired using the homologous drive allele as a
donor, thus biasing the inheritance of the
drive towards super-Mendelian frequencies.
In the case of population modification, the
spread of the drive allele will be linked to the
spread of a beneficial cargo (for example, a
pathogen-refractory effector (Isaacs et al.,
2011; Dong et al., 2020)). For population sup-
pression, the spread of the drive will carry a
detrimental trait that hampers their survival
either via suppression of female fertility
(Hammond et al., 2016), sex-ratio distortion
by genetic selection of male offspring
(Kyrou et al., 2018) or targeted destruction of

the X chromosome (Galizi et al., 2014; Simoni
et al., 2020) (see Arien et al., Chapter 10, this
volume). While, to date, the effectiveness of
gene drives has not been assessed in field
trials, the results from laboratory-caged ex-
periments offer high potential for the technol-
ogy (Hammond et al., 2021; Adolfiet al., 2020).

6.3 Problems with Traditional
Embryonic Microinjection

The genome manipulation technologies de-
scribed above form the current state of mo-
lecular genetic arthropod control strategies.
A bottleneck of these techniques is their
need to deliver exogenous substances, such
as donor DNA constructs, proteins, or pep-
tides specific to each transgenesis system
(i.e., transposase, recombinase, Cas9), at
embryonic stages in a time- and loca-
tion-specific manner. Microinjection offers
the capacity to incorporate precise minus-
cule amounts of these compounds into in-
sect eggs with relatively high efficiency,
compared with other chemical (endocytosis
(Colosimo et al., 2000)) or physical (electro-
poration (Thomas, 2003), gene gun (Kravari-
ti et al., 2001)) manipulation techniques.
However, insect egg micromanipulation and
injection have significant limitations