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World distribution of Aedes albopictus

Kraemer et al. 2015
4 Reiter 1998
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World distribution of Aedes albopictus

5 Kraemer et al. 2015
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World distribution of Aedes albopictus
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World distribution of Aedes aegypti
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Kraemer et al. 2015
8 Soghigian et al. 2020



DENV CHIKV ZIKV

9 WHO Global Vector Response 2017-2030, Puntasecca et al. 2021
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Aedes-borne viruses cause severe illnesses costing over 2M DALYs annually

& & &
DENV CHIKV ZIKV YFV
> 2M DALYs

year

10 WHO Global Vector Response 2017-2030, Puntasecca et al. 2021



Life cycle of Aedes mosquitoes

11
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Current vector control against Aedes mosquitoes

Mechanical suppression
+ Larvicides

12 Labbé et al. 2011, Reiter 2007
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Current vector control against Aedes mosquitoes

Mechanical suppression Insecticide
+ Larvicides spraying

13 Labbé et al. 2011, Beketov et al. 2013, Antwi et Reddy 2015, ANSES 2020



The Sterile Insect Technique (SIT) is a promising alternative

Mass. Sterilization Release Population
production reduction
of males

14 Knippling 1955, Belliniet al. 2013
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Rendon et al. 2004, Papathanoset al. 2018
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Aedes sex dimorphism

16 Moorefield 1951
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Current sexing methods exploit the size dimorphism at the pupal stage

LY Fay et Morlan 1959
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Current sexing methods exploit the size dimorphism at the pupal stage

18 Fay et Morlan 1959, Mamai et al. 2020
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Current sexing methods exploit the size dimorphism at the pupal stage
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30% male recovery

<1% female contamination
1800 pupae /min

20 Belliniet al. 2013



Belliniet al. 2013, Zheng et al. 2019






Comparison of the sexing methods developed during the last |5 years

Trends in Parasitology QJ

Wolume 35, Issue 8, August 2019, Pages 649-662

Beview

Sex Sorting for Pest Control: It’s Raining Men!

Célia Lutrat I % 2 David Giesbrecht *, Eric Marois °, Steve Whyard #, Thierry Baldet 1+ 2, Jérémy Bouyer 1+ 2 2,
=
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/ criteria for a good sexing method

Sorting stage
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/ criteria for a good sexing method

Sorting stage Male recovery
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/ criteria for a good sexing method

Sorting stage Male recovery Female contamination
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/ criteria for a good sexing method

Sorting stage Male recovery Female contamination

Sorting speed
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/ criteria for a good sexing method

Sorting stage Male recovery Female contamination

Sorting speed Initial investment
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/ criteria for a good sexing method

Sorting stage Male recovery Female contamination

Sorting speed Initial investment Consumable cost
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/ criteria for a good sexing method

Sorting stage Male recovery Female contamination

Sorting speed Initial investment Consumable cost

Acceptability

30



3 strategies identified

Conditional female death /
conditional masculinization




3 strategies identified

Conditional female death / Converting females into
conditional masculinization males by RNA.I




3 strategies identified

Conditional female death / Converting females into Sex-specific expression of a
conditional masculinization males by RNA.I fluorescence marker
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This approach has already been developed in Anopheles mosquitoes

¥ n\\t

34 Maroiset al. 2012
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Sample tank
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Laser
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Developing Genetic Sexing Strains carrying a sex-specific fluorescent markers
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Developing Genetic Sexing Strains carrying a sex-specific fluorescent markers
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Developing Genetic Sexing Strains carrying a sex-specific fluorescent markers
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2 GSS allow 2 uses: transgenic or non-transgenic
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2 GSS allow 2 uses: transgenic or non-transgenic
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2 GSS allow 2 uses: transgenic or non-transgenic
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2 GSS allow 2 uses: transgenic

or non-transgenic

Non-transgenic males
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2 GSS allow 2 uses: transgenic
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CRISPR-Cas9 allows targeted genome editing

sgRNA

PAM sequence
PO

D@ IO
Double-stra~nded break

Non-homologous end joining
Disrupts gene of interest

I
| |

"4 ‘(@

DM/DID]IDID]]IDHBIDDD]IDD]]DID]DI

Nucleotide deletion Nucleotide addition

l l
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Disrupted DNA Disrupted DNA

47 Reviewed in Adli 2018



Vic | UL
CRISPR-Cas9 allows targeted genome editing

sgRNA

PAM sequence
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Double-stra~nded break

Non-homologous end joining Homology-directed repair
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48 Reviewed in Adli 2018
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Vic | UL
CRISPR-Cas9 allows targeted genome editing

sgRNA

PAM sequence
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piggyBac allows non-targeted genome editing

piggyBac piggyBac
transposase Transgene transposase

Sticky end break

50 Fraser et al. 1995; Fraser et al. 1996



ViE 1 HUL

piggyBac allows non-targeted genome editing

piggyBac piggyBac
transposase Transgene transposase

AAW

Sticky end break

Transgene insertion at TTAA site
Non-targeted genome edition

Transgene
TTAA [ 1 TTAA
~@OGALL OO LTS T T T DA D=
5ITR 3'ITR

51 Fraser et al. 1995; Fraser et al. 1996
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Development of transgenic lines

Design Cloning Microinjection Crossing, Screening, Repeat Sequencing / PCR
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Development of transgenic lines

Design Cloning Microinjection

Crossing, Screening, Repeat

GO

Transcient
expression
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Development of transgenic lines

Design Cloning Microinjection Crossing, Screening, Repeat Sequencing / PCR
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CRISPR-Cas9
approach

!

SgRNA

PAM sequence
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CRISPR-Cas9
approach

!

Design Cloning Microinjection Crossing, Screening, Repeat Sequencing / PCR

sgRNAs
+ repair plasmids
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CRISPR-Cas9 200 Cas9-
apprloach expressing eggs
Design Cloning Microinjection Crossing, Screening, Repeat Sequencing / PCR

sgRNAs
+ repair plasmids
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CRISPR-Cas9 200 Cas9-
apprloach expressing eggs
Design Cloning Microinjection Crossing, Screening, Repeat Sequencing / PCR

sgRNAs | transgenic larva
+ repair plasmids in pooled GI!
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Interpretation

M-linked insertion m-linked insertion Autosomal insertion
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Interpretation

M-linked insertion m-linked insertion Autosomal insertion
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Interpretation

M-linked insertion m-linked insertion Autosomal insertion
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Interpretation

M-linked insertion m-linked insertion Autosomal insertion
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Interpretation

M-linked insertion m-linked insertion Autosomal insertion
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Interpretation

M-linked insertion m-linked insertion Autosomal insertion
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Interpretation

Offspring
phenotype
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Interpretation
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Males
GFP

Females
non-GFP *

*DsRed = Cas9 marker
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Obtaining of an M-linked line PCR failed

=» sequencing

!

Design Cloning Microinjection Crossing, Screening, Repeat Sequencing / PCR

77 Gilpatrick et al. 2020
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Coﬁro[led integration site:
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2"d round AAELO19619
|4 transgenic fathers I | transgenic mothers
M-linked insertion m-linked insertion Autosomal insertion
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2" round AAELO19619

( M-linked insertion \

10 M-linkages
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2" round AAELO19619
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AAELO19619 is located at the neighboorhood of both sex loci

LG2

. 25
m- FMég
1 2 3

83 Fontaine et al. 2017
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AAELO19619 is located at the neighboorhood of both sex loci
g 3
g 3

84 Fontaine et al. 2017

Non- recomblnlng

region
1
m-
Non-recombining
region



- AFNFS /

AAELO19619 is located at the neighboorhood of both sex loci
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85 Fontaine et al. 2017
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AAELO19619 is located in the non-recombining region near both sex loci

Non-recombining region

AAELO19619 AAELO19619

86 Fontaine et al. 2017
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AAELO19619 is located at the neighboorhood of both sex loci
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Both the M and m-linked lines can be sorted by COPAS

M-linked GSS m-linked GSS
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Obtaining non-transgenic males
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Obtaining non-transgenic males
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Obtaining non-transgenic males
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In Aedes albopictus, there are no chromosome-long scaffolds.

Reference genome Aalbo_primary.1 sC2
None (2019). Isolate: FPA.
RefSeq GCF_006496715.1 |scas
|sc15
Current e set
@ Protein-coding
Genome size 2.5Gb @ small RNAs T —
) ® Pseudogenes
Contig N50 1.2 Mb @ Non-coding
Genes 40,494
|sc8
SC148
NCBI Annotation Release 102 Jul 3, 2019 |
lscs
View all genes
Isc13

94 NCBI, Palatiniet al. 2020



95

: - JEDES ALBOF

In this genome, Nix belongs to scaffold 26|, which is <IMbp

M-locus:

Nix

SC2

|sca8
|sc15

SC4

Tsc21

|sc8
|sc148

lSCS

|sc13

NCBI, Palatiniet al. 2020
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There is no information about the m-locus

M-locus:
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If the non-recombining region is the same in Ae. albopictus, there is a
~5% chance to randomly land in a sex locus by non-targeted approaches

3

97 Fontaine et al. 2017
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If the non-recombining region is the same in Ae. albopictus, there is a
~5% chance to randomly land in a sex locus by non-targeted approaches
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) 3 transposons
m-
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98 Fontaine et al. 2017
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approach
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Design Cloning Microinjection Crossing, Screening, Repeat Sequencing / PCR
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6 piggyBac plasmids
encoding different fluorochromes
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piggyBac Injection of 100s
approach of WT eggs
Design Cloning Microinjection Crossing, Screening, Repeat Sequencing / PCR

| V)
N

6 piggyBac plasmids
encoding different fluorochromes
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Design Cloning Microinjection Crossing, Screening, Repeat Sequencing / PCR
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M-linked insertion m-linked insertion Autosomal insertion
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M-linked insertion m-linked insertion Autosomal insertion

SR S

~ | m-linkage with
1 0.1% recombination
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This m-linked line allows sex separation of neonate larvae
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Targeted sequencing recovered the sequence of the insertion locus

Design Cloning Microinjection Crossing, Screening, Repeat Sequencing / PCR
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No clear mapping
Scaffold 9 and/or 39?
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Targeted sequencing recovered the sequence of the insertion locus

No clear mapping
Scaffold 9 and/or 39?
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inding targets for the M-locus

~ — ‘ — Aedes albopictus isolate F

NCBI Reference Sequence: NW_021838423

laced genomic scaffold, Aalbo_primary.1 scaffold_261, whole genome shotgun sequence
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~ — ‘ — Aedes albopictus isolate F

NCBI Reference Sequence: NW_021838423

M-locus:

Nix is the only
gene we know
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inding targets for the M-locus
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Targeting Nix by CRISPR-Cas9 failed

Cloning Microinjection Crossing, Screening, Repeat Sequencing / PCR

No transgenic
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Genetic Genetic
male female

113 Aryan et al. 2020



Genetic Genetic male Genetic female Genetic
male expressing Nix  expressing Nix female
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If you can’t reach the M-locus: create your M-locus!

ST
T
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If you can’t reach the M-locus: create your M-locus!

mﬂl I I I I I m_iI |Fm‘ I ‘ I
1 2

3 Nix + GFP
/ = pseudo-M
1 2 3
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piggyBac

piggyBac piggyBac
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22 transgenic males
9 transgenic females
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Design Cloning Microinjection Crossing, Screening, Repeat Sequencing / PCR
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M-linked insertion
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Amplification of the

controls endogenous Nix gene
Q dGFB
B

121



controls ‘Males’ from the 8 lines

QdG$P1z 34 5 6 7 8



controls ‘Males’ from the 8 lines

QdG$P1z 345 6 7 8



Hypotheses

Amplification of the

endogenous Nix gene
mﬂl lm‘ | I I
1 2

3 NiX+GdFPI\/I / out of 8 carry it:
= pseudo- :
/ M linkage
d m-— M
1 2 |

| does not:

pseudo-M linkage
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Aedes albopictus isolate

NCBI Reference Sequence: NW_02183842:
GenBank FASTA
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Issue: GFP is weak and unevenly expressed under the OplE2 promoter
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Solution: replacing OplE2 with PUb promoter

Cloning Microinjection Crossing, Screening, Repeat Sequencing / PCR
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> |00 transgenic individuals
~85% of males
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| 3 single-male lines
with 100% male fluorescence

Masculinizing insertion M-linked insertion

m's=E m MiEEMm
11 AA

m.A A

>
-
-—

132



| 3 single-male lines
with 100% male fluorescence Amplification of the

endogenous Nix gene

Masculinizing insertion M-linked insertion
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| 3 single-male lines
with 100% male fluorescence Amplification of the

endogenous Nix gene

Masculinizing insertion M-linked insertion

4 out of |3 were
pseudo-M linked (GFP)
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| 3 single-male lines
with 100% male fluorescence Amplification of the

endogenous Nix gene

Masculinizing insertion M-linked insertion

4 out of |3 were
pseudo-M linked (GFP)

7/ out of |3 were
M linked
(YFP and/or DsRed)
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Selection of an M-linked GSS Mapped to

scaffold |6

|

Design Cloning Microinjection Crossing, Screening, Repeat Sequencing / PCR
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Obtaining non-transgenic males
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Obtaining non-transgenic

850 non-transgenic

females from the M-
linked GSS

males
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Obtaining non-transgenic males

N -
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850 non-transgenic 250 hem!zygous
transgenic males
females from the M-
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linked GSS linked GSS
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Obtaining non-transgenic males
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850 non-transgenic 20 hemiZ)’gous
transgenic males
females from the M- from the m
linked GSS linked GSS

12,000 non-transgenic
males in their progeny
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Fecundity

Bloodfeed Sort bloodfed Place 1 bloodfed Remove females Count eggs laid
cage females and allow female per well after 48h by each female
to recover for 48h

- i

"OO006S
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= SIS,
> CEELEES

24-well plate coated '

\@/ \@/ with humid filter paper

Anesthetize Anesthetize
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Bloodfeed Sort bloodfed Place 1 bloodfed Remove females Count eggs laid
e ‘ u n I cage females and allow female per well after 48h by each female
o recover for 48h
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Egg hatching rate

Count eggs Submerge eggs Count larvae using Calculate
and apply a vaccuum COPAS larva/egg ratio

30' vaccuum
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Egg hatching rate
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Male competitiveness

Equal competitiveness
Mix equal numbers of WT females, 50% of the females mate with a WT male
WT males and transgenic males 50% of the females mate with a transgenic male

Result:
75% non-transgenic
25% transgenic
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B 00 Bt et e
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Male competitiveness

Reduced competitiveness
Mix equal numbers of WT females, >50% of the females mate with a WT male
WT males and transgenic males <50% of the females mate with a transgenic male

Result:
>75% non-transgenic
<25% transgenic
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Male competitiveness
Mix equal numbers of WT females, >50% of the females mate with a WT male >75% non-transgenic

WT males and transgenic males «50% of the females mate with a transgenic male <25% transgenic
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Male competitiveness
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Male competitiveness
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>50% of the females mate with a WT male
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Result:
>75% non-transgenic
<25% transgenic
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Valorisation

communications biology

Explore content v  About the journal v  Publish with us v

nature > communications biology » articles » article

Just out in Communications Biology!

Article | Open Access | Published: 07 March 2022

Transgenic expression of Nix converts genetic females
into males and allows automated sex sorting in Aedes
albopictus

Célia Lutrat &, Roenick P. Olmo, Thierry Baldet, Jérémy Bouyer & Eric Marois

Combining two Genetic Sexing Strains allows sorting of non-transgenic males for dedes

genetic control
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/ criteria for a good sexing method

Sorting stage Male recovery Female contamination

Sorting speed Initial investment Consumable cost

Acceptability
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Evaluating our sexing method

Sorting stage
Neonatelarvae
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Evaluating our sexing method

Sorting stage Male recovery
Neonate larvae 70%
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Evaluating our sexing method

Sorting stage Male recovery Female contamination
Neonatelarvae 70% 0-0.1%
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Evaluating our sexing method

Sorting stage Male recovery Female contamination
Neonatelarvae 70% 0-0.1%
Sorting speed

60 larvae / sec
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Sorting stage Male recovery Female contamination
Neonatelarvae 70% 0-0.1%

Sorting speed Initial investment
60 larvae / sec NS



Sorting stage Male recovery Female contamination
Neonatelarvae 70% 0-0.1%

Sorting speed Initial investment Consumable cost
60 larvae / sec +++ Decreased



Sorting stage
Neonatelarvae

Sorting speed
60 larvae / sec

Male recovery
70%

Initial investment
NS

Acceptability
To be defined

Female contamination
0-0.1%

Consumable cost
Decreased






Going further

Lab testing Semi-/mass rearing

1st estimate of
parameters Refine parameters
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Graphicalfigures were designed on Biorender.com.Data figures were plotted on R.
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Economical interest

i & o

162 296 k€ly 20 MO /wk

A
w

340 m?

1880 m’

2.8 M€

Manual sorting 2 é Ibg l

178



179

Economical interest
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Economical interest
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Economical interest
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Adaptation
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O

f the nCATS sequencing method

Region of interest

01. OB OO DAV OIIO DDA D DO DO OIOIIDIIDIN 0

Transgene Region of interest
Gh DDA OO O DI OO OO DL O DT DT DT DTN NI ‘|°

G]A DO OLDDIOIDIOIDIODIDIOLHIDIOI OO ‘lo

Dephosphorylate DNA ends

VOB OOIOBIOIOIDIDITOIDIOIDIOIDIOIOIOIODIWN

MPOADOIOA DO OIDIDIIODIOHI DD DO OIOIDDOIOLD

Introduce cuts with Cas9 Introduce cuts with Cas9

o)
I

MO OIOHOIODIOI DAL OLIOIODOIOAOIBIDADOI O OB
End-prep + adaptor ligation

&MM&W‘
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Load to sequencer

Adapted from Gilpatrick et al. 2018



Af

Nix ectopic expression results

Masculinizing insertion

= 'EE' - pseudo-M
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4 out of |3 were
pseudo-M linked (GFP)
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Nix ectopic expression results: size dimorphism

b Wing length
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Nix ectopic expression results: fertility

b
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Hatching rate
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Nix ectopic expression results: expression levels of genes of interest
RT-qPCR

. A L s a

0 ab b
. * [
'l." ‘\‘ O 5 h . .
»'" ‘! < ? +
doublesex fruitless  doublesex fruitless | *
- ¥y ¥ e 197 c
dsXg frug dsxu frum
dsXe, frucom frucom Y
151 +
m ;m | {g\%\@ 6\@\0 6\0\0 {0&6 @’b\@
< &
Q é\ S N ¢
Line

186



Af

Nix ectopic expression results: expression levels of genes of interest
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a Flight ability ¢
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Nix ectopic expression results: expression levels of genes of interest

RT-qPCR
a Flight ability . b Myo-sex orthologues
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COPAS sorting speed

Prepare samples of a Sort by COPAS Determine Control
defined number of larvae recovery rate sorting accuracy
at different concentrations
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Determine
recovery rate

COPAS sorting speed &= ™
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Contral
sorting accuracy

o Prepare samples of a Sort by COPAS Determine
defined number of larvae recovery rate
at different concentrations
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Contral
sorting accuracy

o Prepare samples of a Sort by COPAS Determine
defined number of larvae recovery rate
at different concentrations
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o Prepare samples of a SortbyCOPAS ~ Determine
defined number of larvae recovery rate
at different concentrations
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Insert mosquitoes
in the bottom chamber
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Let them fly up the tubes

Insert mosquitoes
in the bottom chamber

196 o w Culbert et al. 2018



The fan blows air in the opposite
direction, making it harder

Let them fly up the tubes

Insert mosquitoes
in the bottom chamber

197 o Culbert et al. 2018
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The fan blows air in the opposite
direction, making it harder

The ones that managed to
make it to the bigger chamber:
successed

Let them fly up the tubes

Insert mosquitoes
in the bottom chamber

Culbert et al. 2018



Male flight ability

_ A Ee——— R — ’ The fan blows air in the opposite
- [l ZA\L S— direction, making it harder

The ones that managed to
‘ | make it to the bigger chamber:
e ||| | [ [T =y successed

Let them fly up the tubes

The ones that stayed in the
tube or in the bottom
chamber:failed

Insert mosquitoes
in the bottom chamber

199 | | | - Culbert et al. 2018
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Male flight ability - GSS
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Male flight ability - GSS
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