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Synopsis In the past 20 y ears, sequencin g te chnolog ies have le d t o easy access t o geno mic data fro m no nmodel o r ganism s in 
a l l biolog ica l rea lm s. In sect g enet ic manipu lat ion, how ev er, con tin ues to be a cha l len g e due to various facto rs, incl uding tech- 
nical an d cost-re lated is s ues. Tradi tio nal t ec hniques suc h as microinj e ct ion of gene-e dit in g v ect or s int o e arly st ag e embry os 
h ave been u sed f or a rthrop o d tran sg en esis an d th e discovery of C lustere d regu larly int er sp ace d short p a lindr omic r epeats and 
CRISP R-as sociat ed prot ein (CRISPR–Cas) t ec hnologies allowed for tar g eted mutag en esis an d th e creatio n o f knockou ts o r 
knock-ins in arthro pods. Recep t or-Mediat ed Ovary Transd uctio n o f Car g o (ReM OT Control) acts as a n a lternat ive to embry- 
o nic micro inj e ct ions, which re quire expen siv e equi p m ent an d exten siv e h and s-on training . R eMOT Control’s main advantage is 
its ease of use coupled with the ab ili ty to hypothet ica l ly tar g et any vitellog enic spe cies, as inj e ct ions ar e administer ed to t he eg g- 
l ay ing ad ul t rat her t h an embryos. A fter i ts ini t ia l a pplica tion in the mosquit o Ae des ae gypt i , ReM OT Control h a s s ucces sfully 
p rod uced mu tants not o nly fo r mosqui toes bu t fo r mul ti ple arthrop o d sp ecies from diverse order s, suc h as tic ks, mit es, wasps, 
be etles, and t rue bugs, an d is being exten ded to crust ace an s, demon st rat ing the versat i li ty o f the t ec hnique . In this re vie w, we 
di scu ss the current state of ReMOT Control from its proof-of-concept to the advances and cha l len g es in the a pplica tion across 
species after 5 years since i ts develop ment, incl udin g nov el exten sion s of the t ec hnique suc h as dire ct p arenta l (DIPA)-CRISPR. 
Introduction 
Th e en orm ous growt h t hat se quencing te chnolog ies 
have endured this century has led to fast-evo l ving bi- 
olog ica l !elds, espe cia l ly genet ic eng ine ering and its re- 
lated disciplines. In entom ology, th ere have been great 
advances due to t he e asy access to genomic data from 
n onm ode l or ganism s that are relevant to public he alt h, 
ag ricu lture, and so cio econ omics. In th e pas t, Drosophi la 
wa s u sed a s the m ain insect m ode l orga nism, a n d n ew 
deve lopm ents were usua l ly b ase d on data generated in 
thi s organi sm !rst. Currently, how ev er, > 150 in sect 
species h ave h ad th eir gen om es pu b licl y re leased an d 
ann otated (m ostly Diptera an d Hym en o p t era; Li et al . 

2019 ). From th ose, m osqui toes o f hum an di sea se rel- 
evance have been r esear c hed ext en siv el y, not onl y in 
th eir biology an d be havio r bu t also looking into !eld 
po p u lat io n data, wi th o ne o f i ts p rime examples be- 
in g the g enomic div ersity observ ed in An oph e les ga m- 
biae in Africa in a n e"ort to cont rol ma l ari a (Ag1000G) 
through n ove l gen et ic te chnolog ies ( Mi les et al. 2017 ). 
Th ese advan cem ents a "e ct not on ly mos quito res earch, 
a s it i s re lative ly st raight forward to genera te da ta on 
rare insects to tar g et region s of the genome for the 
discovery of n ove l gen e fun ctions, gen etic n etwor ks, 
o r interactio n s betw een v ect or s an d th e path og en s 
they tran smit. Usin g t hese dat a, t ar g eted g enetic 
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2 G. Terradas et al .
manipu lat ions can be genera ted tha t result in organ- 
i sms th at c an c arry desirable traits or be m utan ts for 
th e gen es tar g et ed . Tradi tio nally, vecto r geno me edi t- 
ing h a s be en achieve d by t ransien tly (soma tic, n o h eri- 
tab ili ty) o r stab l y (germlin e, h eri tab ili ty through gener- 
atio ns) exp ressing fo reign DNA in mosquit oes t o study 
their b iology, b ioco ntrol, and p rod uctio n o f no nna- 
tiv e g ene p rod ucts by using viral or plasmid expres- 
sio n vecto rs such as b acu lovirus ( Mae da et a l. 1985 ), 
Sin d bi s viru s ( Higgs et al. 1995 ), and pla smid s ( Corn e l 
et al. 1997 ) or transposon-mediated in tegra tion such 
as P-element ( Mi l ler et al. 1987 ), Hermes ( Jasins kien e 
et al . 1998 ), Mino s ( Catt eruccia et al . 2000 ), and pig- 
gyBac ( Kokoza et al. 2001 ). Of t hose, t h e m ost com- 
mon in insect tran sg enesis are t he pig gyB ac transp o- 
son ( Ha ndler a nd Ha rr ell Ii 1999 ; Gr ossman et al. 2001 ; 
Kokoza et al. 2001 ) an d th e ϕC31 reco mb inatio n sys- 
tem ( Nimmo et al. 2006 ; Labbé et al. 2010 ). Both have 
proven highly s ucces sful for a ran g e of species, and their 
reagents (lines that co nsti tu ti vel y express pBac trans- 
posase, ϕC31 reco mb inase, o r A ttP-A ttB doc king sit es) 
a re ava ilable f or a sma l l number of sele cte d spe cies. De- 
sp i te these capab ili ties, t ec hniques, an d kn owledge, in- 
se ct genet ic manipu lat ion of me dica l and eco no mic im- 
portance h a s a lways be en and cont inues to be a chal- 
len g e in the !eld due to a variety of re asons, most ly t ec h- 
nical and cost-relat ed . 
CRISPR–Cas9 paves the way 
How ev er, biology an d m edicin e chan g ed comp letel y in 
2012 with the discovery that the b acteria l defense sys- 
tem CRISPR could be applied to di"erent or ganism s as a 
cut-a nd-repa ir mecha nism to create genetic edits ( Jin e k 
et al. 2012 ; Cong et al. 2013 ). Th e stan dard CRISPR/Cas 
system relies on the pairing of a DNA nuclease (spCas9; 
o r CRIS P R-as sociat ed prot ein 9 fro m Strep toc oc cus pyo- 
genes ) with a customizable guide RN A (sgRN A; crRN A 
f used to t he sca "old tracrRNA) t hat t ar g ets any g enomic 
sequence of interest adjacent to a protospacer adjacent 
motif (PAM; -NGG in the case of spC as9). The C as9 nu- 
c lease mediat es c leavage of the sequence of DNA com- 
plementary to the sgRNA u po n fo rmatio n o f the ri- 
bo nucleop rotein (RNP) co mplex co n sistin g of both el- 
emen ts. F or genetic modi!ca tion purposes, cleavage a t 
a precise genomic location is the !rst step to tar g eted 
mutagen esis. Th e secon d is h ow th e ce l lu lar machin- 
ery ca n repa ir th e dou ble-stran ded DNA break. In most 
or ganism s, cel lu lar rep air occurs through n onh om olo- 
gous end joining (NHEJ) or h om ology-dire cte d rep air 
(HD R), which a re mutua l l y exclusi ve. Th e form er—
NHEJ—i s a fa s ter proces s that do es not dep end on a 
tem pla te to repair the break and it of ten le ads to in- 
de ls creating s hifts in the DNA-reading frame or miss- 

in g codon s, h en ce very usef ul to cre ate gen e kn ockouts 
( Gratz et al. 2013 ; Wang et al. 2013 ; Dong et al. 2015 ; 
Gi l les et a l. 2015 ). On the cont ra ry, the latter—HD R—
scans the DNA se quences #an king the break and !nds 
th e h om ology in th e r emaining chr o moso me, o r in a 
do no r tem pla te, to repair the DNA b y cop ying in the 
missing sequences and thus being useful in genetic en- 
g ine er ing to cre ate knock-ins ( Gratz et al. 2013 ; Gantz 
et al. 2015 ; Kistler et al. 2015 ). 

The ab ili ty to mani pulate th e gen om e at wi l l h a s 
gre at l y ad van ced basic scien ce in th e insect biology !e ld 
and led to the development of po p u lat ion ve ctor con- 
t rol st rateg ies. Inse cts are of ten t he car r iers and t he 
sp readers o f et iolog ica l agents of di sea se, cau sing in- 
credible so cio eco no mic burdens in humans, either in 
he alt hc are w i th mosqui toes and t icks t ransmitt ing di- 
vers e arbovirus es, bacteria, a nd pa rasites, a nd in agri- 
cul ture wi th pes ts s uch as Bemis ia t abaci or Drosop hila 
suzu kii des t roying mi l lio ns o f dollars wo rth o f crops. 
Tradi tio nally, vecto r co ntrol e"o rts have b een fo cused 
on chemica l ly eliminat ing the vect or s with inse ct icide- 
t reate d nets and bro ad-spe ct rum pest icides. How ev er, 
t he appe a ra nce of resistance to these compounds and 
t he damage t he y caus e to th e environm ent, as we ll as 
the ki l ling o f no ntar g ete d spe cies, ma kes th e n e e d of a l- 
ter native met hods much more relevant. As such, there 
is on g oin g r esear c h t esting t he fe asib ili t y and sc al abil- 
i ty o f deployment o f genet ica l ly modi!e d inse ct st rains 
that reduce total po p ula tion n umbers in a given area as 
well as the possib ili ty o f reversal o f inse ct icide resistance 
( K ad uskar et al. 2022 ) in those po p u lat ions and coun- 
tr ies he avily a "ected by it. 
Limitations of insect genetic transgenesis 
A di$culty that most geno me mani pu lat ion te chnolo- 
gies face is how to deliver the correct quantities of donor 
D NA a n d complem enta l proteins spe ci!c t o eac h trans- 
genesis system (t ransposase, re co mb inase, Cas9, etc.) 
at emb ryo nic s ta ges wh ere tim e an d location are ex- 
cr uciatingly cr ucial. Tran sg enes are genera l ly inj e cte d 
into the emb ryo nic posterio r pole d uring p re bla s tocys t 
s ta g es ( Jasin s kien e et al. 2007 ), an d tra nsf o rmatio n ef- 
!cien cy is depen den t on di"eren t pa ra met er s suc h as 
inj e ct io n vol um e an d pres s ure, desiccation, bu"er pH 
and toxicit y associ ated w it h t he int roduce d s ubs tance 
on t he t ar g et in se ct. Microinj e ct io n o "ers the capac- 
ity to incorporate precise minuscule amounts of these 
com pounds in to insect eggs w ith rel ati vel y high ef- 
!ciency in co mpariso n t o other c h emical {en docyto- 
sis ( Colosimo et al. 2000 ), or physical (electropo ratio n 
[ Thom a s 2003 ]), and gene gun ( Kravariti et al. 2001 )} 
manipu lat ion te chniques. How ev er, ther e ar e di"er ent 
fact or s that can hamper or delay the s ucces s of o btaining 
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The development and expansion of in vivo germline editing technologies in arthropods 3 
the desired tran sg enic indiv idu al. The proper and t ime d 
deve lopm ent of embryos is essent ia l for genet ic modi- 
!cation, and this may be re duce d upon manipu lat ion 
and inj e ct ion, espe cia l ly when inj e cte d embryos su"er 
enough physic al d amage to co mp ro mise their v i ab ili ty 
and, whi le microinj e ct ion m eth o ds can b e mo di!ed to 
bes t s uit each insect s pe cies of each inse ct, som e n on- 
m ode l s pecies s u"er from their eggs g ettin g too dam- 
ag ed durin g the p roced ure. This ph en om en on can also 
be caused by intrinsic features of the tar g et po p u lat ion 
as some are incapable of laying syn chron ous eggs (such 
as the burying beetle [ Smiseth et al. 2006 ]), they give 
live birth to progeny—t hus t h ere are n o eggs to inj e ct—
(e.g., ts ets e #y [ Beno i t et al. 2015 ]), or that their eggs are 
in accessible a s they mu st be an ch ored t o ext erna l t is- 
s ues, s uch as the Asian cit rus psyl lids ovi posi tio n into 
host plants ( Ha l l et a l. 2013 ; C haver ra-Rodr iguez et al. 
2023 ). Rep rod ucib ili ty b etween exp eriments can also 
be hard to achieve due to environmental (tem pera ture 
and humidity) or user fact or s (t ec hnique , DNA/prot ein 
purity). 

The biggest barrier to using emb ryo nic micro mani p- 
u lat ion and microinj e ct ion i s th at r equir ed equi p ment 
is expen siv e an d tim e-con sumin g for the user (train- 
ing, inj e ct ion, re ar ing, a nd husba ndry). Theref ore, the 
tran sg en esis !e ld wou ld high ly bene!t fro m th e deve l- 
op ment o f mo re st raight forward , c h eaper, an d quicker 
m eth odologies. To get around these limi tatio ns, a few 
y ears ag o, our la bo rato ry deve loped a m eth od that by- 
passes the ne e d for embryonic microinj e ct ion to mod- 
ify an indiv idu a l genet ica l ly. Inst ead , it uses a natural 
ova ria n delivery syst em t o deliver Cas9 RNPs from the 
circulat ory syst em t o th e deve loping o o cytes of a vitel- 
logenic ad ul t fema le, resu lt ing in the t ra nsf o rmatio n 
an d m odi!catio n o f t he ger mlin e ( Figure 1 ). Th e t ec h- 
nique wa s n ame d Re ceptor-Me diate d Ova ry Tra nsduc- 
tio n o f Car g o (ReMOT Cont rol; C haver ra-Rodr iguez 
et al. 2018 ; Figure 1 and Table 1 ). In this re vie w, we fo- 
cus on the development and o p t imizat io n o f ReMOT 
Control and how far the t ec hnique h a s advan ced in th e 
5 years since its concept ion, exp an ding from Aed es ae- 
gypti to its seamless transi tio n to many di"erent arthro- 
p o d sp ecies and orders. 
The origin of ReMOT Control 
As m ention ed, in sect tran sg enesi s h a s tradi tio nally re- 
lied on the c apacit y to deliver exogenous nucleic acids 
to the embryo in a very time-consuming and expensive 
manner. How ev er, endocytosis p ro mote d by spe ci!c lig- 
and s h a s been a s ses sed as a therapeutic t ec hnique ca- 
pab le of deli ver ing var io us compo un ds ( Wagn er et al. 
1994 ; Qian et al . 2002 ) t o a desired cellular loca- 
tion. Tra nsf er r in is a prime exam ple tha t a ligand 

mole cu le can be adapted to chemica l ly bind speci!c 
mole cu l ar c ar g o es—lip osomes ( Hege et al . 1989 ), t ox- 
ins ( FitzGerald et al . 1983 ), prot eins ( Wagner et al. 
1994 ), or DNA ( St avr idis and Ps a l lido po ulos 1982 )—
and be interna lize d by cel ls ( Widera et a l. 2003 ; C hen 
et al. 2013 ). Th e e$cacy is determin ed by th e c apacit y 
of th ese m embran e-boun d vesic les t o rele ase t he car g o 
( Hege et a l. 1989 ; Wag ner et a l. 1994 ; Widera et a l. 2003 ). 
To aid in the in ternaliza tion and release of the con- 
tents, m embran e destabilizers can be used to slightly 
a nd tra nsi tio n ally di sru pt o r destab i lize cel lu lar mem- 
bran es, in ducing th e fo rmatio n o f po res ( Fuc hs et al . 
2013 ). Most chemical esca pe reagen ts tha t have been 
use d are cel l-penet rat ing cat io nic amphi phi lic pept ides 
( Huang et al. 2004 ), or nonpeptides such as amines, 
po l y mers ( Li a ng a nd La m 2012 ), mo nensin, sapo nin 
( Fuc hs et al . 2009 ) or c hloroquine ( Wu 1997 ). S imi- 
lar to transfer r in, which natura l ly b inds to iro n and 
aids o n i ts dispers al t hro ugho ut the b o dy, egg-l ay ing 
anim al s tra nslocate di"erent kinds of prot eins t o the 
dev elopin g ovaries in a highly con serv ed process for 
eg g for mation an d vite llogen esis. Yolk-p rotein p recur- 
sors (YPPs) are synthesized in the arthrop o d fat b o dy 
a nd a r e secr et ed int o the hemo l ymp h to bind to and 
be interna lize d thr ough r ecept or s locat ed in the o o cyte 
wh ere th ey accum ula te in endosomal vesic les t o be 
sort ed int o yol k g ranu les fo r nu trient sto rage. This path- 
way made the use of YPPs promising c andid at es t o 
tar g et g ene-e dit in g car g o to th e deve loping germlin e, 
p art icu larly as reco mb inan t Dr osophil a mel anogas t er 
yolk protein 1 (DmYP1) had previously been shown 
by immunohist oc hemistry t o be int erna lize d into 
An. gambiae o o cytes fol lowing int rathoracic inj e ct ion 
( Bownes et al. 2002 ). 

In order to check wh eth er ex og enou s m aterial wa s 
able to be e$ciently delivered into the ovary us- 
ing DmYP1, di"eren t itera tions of the DmYP1 pro- 
tein were fused to EGFP to check for internaliza- 
tion an d th en to Cas9 fo r edi tin g ( Chav er ra-Rodr iguez 
et al . 2018 ). When t esting the di"erent domains of 
the protein separate ly, th e po rtio n respo nsible fo r 
ova ria n loca lizat ion was ident i!e d and it is found 
in the N-terminal of DmYP1 ( Chaver ra-Rodr iguez 
et al. 2018 ). This is im portan t for eng ine ering ap- 
plicatio ns, as i t gre at ly reduces t he lengt h o f p ro- 
tein that ne e ds to be genet ica l ly encode d for ex- 
p ressio n and puri!catio n (fro m 439 to 41 amino 
acids). The 41 amino acid peptide ligand is known 
as P2C (sequence: NLQ Q Q RQ HGKN GN Q DYQ DQS- 
NEQ RKNQ RTSS EEDYS EE VKN; Chaver ra-Rodr iguez 
et al. 2018 ). 

In genera l, inj e ct io n o f P2C-C as9 rib o nuclear co m- 
plexes (P2C-Cas9 bound to a speci!c sgRNA) into the 
tho rax o f a mosquito female is r equir ed at 24–48 h 
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4 G. Terradas et al .

Fig. 1 Timeline of the development of in vivo targeted gene-editing technologies in arthropods. 
p ost blo o dm eal (vite llogenic s ta ge; Macias et al. 2020 ). 
While there can be passive ova ria n protein intake in 
some species, P2C guides the complex present in the 
h em o l ymp h to localize into the ovaries with high ef- 
!ciency. Thi s i s r equir ed in many species to achieve 
hig h enoug h levels of Cas9 RNP in the tis s ue ne e de d 
fo r emb ryo nic geno me edi ting . Once loc alized, Cas9 
cle aves t he DNA of t he embry o usin g th e boun d sgRNA, 
whic h det er mines t he speci!c t ar g et sit e . The e$cacy 
of the t ec hnique is similar to that of sta nda rd embry- 
o nic micro inj e ct ion-b ase d delivery o f CRIS PR co mpo- 
nents, wit h bot h p rod ucing heri table knockou ts by the 
fo rmatio n o f NHEJ in de ls in th e gen om e a t similar ra tes 
( Chaver ra-Rodr iguez et al. 2018 ). 

ReMO T Control , how ev er, is not suitable for species 
in which vite llogen esis does n ot o ccur or sp ecies in 
whic h vit e llogen esi s i s m a inly a n ova ria n a utosyn thetic 
proces s s uch as in som e high er Dipterans. In th es e cas es, 
y olk protein s are p rod uced and translocated from the 
nurse cells surrounding the o o cyt es, inst ead of extrao- 
va ria n fat b o dies ( Brenn an et al. 1982 ; Hou sem a n a nd 
Mor r ison 1986 ). 
Aedes aegypti , the !rst success 
Th e deve lopm ent an d o p t imizat io n o f ReMOT Co n- 
tr ol occurr ed in the yellow fever mosqui to Ae. aegyp ti , 
( Chaver ra-Rodr iguez et al. 2018 ). The choice was due 
to the organism being spread wor ldwide an d being 
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6 G. Terradas et al .
the vecto r o f viral di sea se to more than 400M people 
ye arly ( Let a et al. 2018 ), most ly d ue to i ts ge og raphic 
ran g e with high capacity of t ransmitt ing viruses such as 
dengue, Zi ka, C hi kungunya, an d ye llow fever ( Souza- 
Net o et al . 2019 ). Ae des ae gypt i ’s impact on so cio e- 
co no mics and human he alt h resulted in inten siv e re- 
search being done on this p art icu lar spe cies ( Matthews 
an d Voss ha l l 2020 ). This spe cies is a lso idea l to study 
g enetic en gineerin g t ec hnologies as egg deve lopm ent 
is synchronized by blo o d f eeding a n d vite llogen esis 
( Raikh e l 1984 ) an d , for ReMO T, it s h ows a certain 
level of natural ova ria n protein uptake ( Noah Koller 
et al. 1989 ; Attardo et al. 2005 ). ReMOT’s p roo f-o f- 
con cept study kn ocked out th e kynurenin e m on ooxy- 
gen a se ( kmo ) gene ( Han et al. 2003 ). kmo h a s been u sed 
exten siv ely as a c andid ate for genetic eng ine ering pur- 
poses due to its key role in the catabolism of tryp to phan 
an d omm ochrom e synth esis, wh ere h om ozygous re- 
cessive m utan ts produce white-eyed ( kmo w ) instead of 
t ypic al bl ack-eyed w ildt yp e ( kmo + ) mosquito es. Thus, 
this a l lows for easy scre ening of the nu l l ph en otype at 
a l l live s ta ges, from hat c hing t o ad ul tho o d. Chaverra- 
Rodriguez and colle agues ( Chaver ra-Rodr iguez et al. 
2018 ) r ear ed m utan ts for a spe ci!c kmo b ase p air po- 
si tio n ( k mo + / k mo 460 ), which as heterozygou s di splay a 
fu l l black-eye d ph en otype , t o inj e ct P2C-Cas9-sgRNA 
com plexes tha t tar g et a se condary nucle ot ide posit ion 
( kmo 519 ). In the case of s ucces sful gen om e e dit ing, the 
embry os w ould p resent whi te eyes ( k mo w / k mo w ) be- 
cause of the com plemen ta tion of th e kmo 460 an d kmo 519 
m uta tions. After in j e ct ion of P2C-Cas9-sgRNA 519 com- 
plexes a nd a n en dosomal re lease agent such as saponin, 
1–2% of the hat c hed G 0 larvae showed a knockout phe- 
notype. This r epr esen ts an im provemen t com p are d to 
th e e$cien cy o f emb ryo nic micro inj e ct ions as the num- 
ber of indiv idu a ls re quire d f or ReM OT is signi!ca ntly 
lower becaus e the y occur in t he eg g-l ay ing female in- 
stead of single embryos. 
Expansion to other mosquitoes of 
interest, Anopheles and Culex 
An oph el es : Th e p roo f-o f-co ncept paper o f ReMOT 
Cont rol a lready demonst rate d the uptake of P2C in al- 
t ernative mosquit o species inc l uding mul ti p le An oph e- 
l es an d Cul ex m osquit oes, t o display the pot ent ia l 
adaptab ili ty o f the t ec hnology t o mu lt iple or ganism s. 
How ev er, the t ec hnology was applied more exten siv ely 
in t hese ot her blo o d-s ucking s pecies later on—An. 
s t ep hens i ( Macias et al. 2020 ) and Cx. p i p iens ( Li et al. 
2021 ). The c apacit y to app l y ReMOT Contro l to these 
less r esear che d spe cies r epr esen ts an im provemen t be- 
cause their embryos ar e mor e di$cult to synchronize 
a nd ma nipu late as wel l as a certain int r insic refractor i- 

ness to e dit ing. For An. s t ep hens i ( Macias et al. 2020 ), 
th e In do-Paki stan m ain m al ari a vector and !rst non- 
Aedes arthrop o d to b e e dite d by ReMOT Cont rol, the 
au tho r s knoc ked out the ECFP (En hance d Cyan Flu- 
or escent Pr otein) marker fr om a dou ble-mar ked lin e, 
also containing DsRed (VgCp26.10 [ Gantz et al. 2015 ]). 
Thi s wa s th e gen e of ch oice because kmo has s h own 
im portan t h om ozygosi s-a ssociate d !t nes s cos ts in the 
spe cies, leading to fema le morta lity up on blo o d fe e d- 
ing ( Pham et al. 2019 ). In An. s t ep hens i , 4% of the avail- 
able a l le les en de d up being e dite d and present in g sta ble 
ECFP − m uta tions after in j e ct ion of tran sg enic adult fe- 
males with RNP complexes with saponin. These ECFP −
a l leles were in herite d in a Mendeli an fashion, show ing 
t he st ab ili ty o f t he ger m line e dits an d n ot transien t m u- 
tat ions. The e dit in g percentag e in th e species is high er 
than expe cte d by emb ryo nic micro inj e ct ion and a lso 
hig h enoug h to be co nsidered fo r an edi tio n o f those 
genes that do not show any visible ph en otype an d wh ose 
G 0 e dite d a l le les n e e d t o be det ect ed v i a po l ymerase 
chain reaction (PCR). 

Simi lar resu lts were obtaine d when ReMOT Cont rol 
was applied to the vivax mal ari a vector An oph eles sin en- 
sis ( Yang et a l. 2023 ). P2C delivere d the #uo rescent p ro- 
t ein D sRED t o t he ovar ies wit h 100% e$ciency after in- 
j e ct ion into blo o df ed f emales. Using a guide RNA ta r- 
g etin g the kmo gene and coinj e ct ing wit h s aponin, edit- 
ing e$ciencies of > 13% were observed in o "sp ring in- 
j e cte d with P2C-Cas9 ( Yang et al. 2023 ). These results 
demonstra te tha t the a pplica tio n o f ReMOT Co ntrol 
to An oph e les m osquitoes is like ly to be gen eralizable 
across the genus. 

Cul ex : Similar ly to Ae. ae gypt i , the study in Cx. p i p- 
iens ( Li et a l. 2021 ) demonst rate d that tar g etin g the 
kmo gene is an approach easily tra nsf er rable to ot her 
m osquito species an d a l lows f or easy qua n ti!ca tion 
of t ec hnique’s e$cacy across species. The injectio n o f 
sgRNA kmo RNPs, com plemen ted wit h eit her chloro- 
quine or saponin, resu lte d in the e$cient generation of 
mosa ic a nd dia l lelic knockout indiv idu als. Mos t s pecies 
t olerat e saponin well ( Chaver ra-Rodr iguez et al. 2018 ), 
how ev er in some cases the inj e cte d adu lts do not sur- 
vive . For those , an alt ernative c hlor oquine-based tr eat- 
ment ( Li et al. 2021 ), the use of low concen tra tio ns o f 
sapo nin o r even co mplete avo idance o f th ese en dosomal 
esca pe reagen ts is ne e de d, espe cia l ly fo r so me species 
wh ere th e t reat ment may lead to e dit ing in hibit ion (e.g., 
saponin in B. tabaci Heu et al . 2020 ). Researc h in Culex 
is more cha l leng ing t han wit h t he ot h er m osquito fam- 
ilies pre viously des cr ibed, as t hey a re ha rder to rea r f or 
tran sg enesis due to the problems on obtaining enough 
inj e ct able eg gs from t h e iconic Cul ex eg g raf ts, and in- 
j e ct ing those embryos is di$cult without disrupting the 
stab ili ty o f the raft th at u sua l ly leads to higher embryo 
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The development and expansion of in vivo germline editing technologies in arthropods 7 
mo rtali ty. Thus, the ab ili t y to use R eM OT Control f or 
p rod ucing knockou t tran sg enic lines hav e a l lowe d b asic 
r esear ch in this species and broadened its g ene-editin g 
cap acit ies. 
Other human health relevance vectors 
Ixo d es scapul aris: I . scapul aris , comm only kn own as the 
black-legge d t ick, is t he pr imary vector of signi!cant 
pu blic h e alt h concer n in the United States due to its 
ab ili ty to transmi t various pathog en s, includin g bacte- 
ri a, v iruses, and prot o zoa ( Hinc kley et al . 2014 ). Among 
th ese, Lym e di sea se i s th e m ost preva lent ve cto r-bo rne 
i l ln ess in th e Unit ed Stat es, whic h i s cau sed by the spiro- 
c het e Bo rrelia b urgdo rf eri and t ransmitte d by Ix o d es 
t icks. Inj e ct ing t ick embryos is an except iona l ly cha l- 
len gin g task due to various fact or s ( Sant os et al . 2013 ). 
Th ese in clude th e high pres s ure within th e egg, th e 
cho rio n and a layer of hardened wax surrounding the 
embryo that must be removed before inj e ct ion be cause 
a glass ne e d le i s un able t o penetrat e it. Aft er o p timiza- 
tio n, ReMOT Co ntrol co mpo nents were inj e cte d on 
the tick’s right spiracle ( Nijhof et al. 2007 ). Both P2C 
and a peptide (IsVg8; NFTKTKNY) based on the ticks 
en dogen ous vite llogenin protein were able to localize 
GFP t o tic k ovaries. To t est ReMO T Co ntrol fo r gene- 
e dit ing, P2C-Ca s9 wa s inj e cte d wit h sgRNAs t ar g et- 
ing Prob osce p edi a ( ProbP ), which had been proved a 
v isu al m utan t in a di"eren t arac hnid ( Sc hwager et al . 
2007 ), and sap onin. Up on inj e ct ion, a tota l of 11 mu- 
tants were isolated and co n!rmed, wi th deletio ns o f 
o ver 100bp follo wed b y GC-rich reg ions as #an king 
sequences being present in most of those individu- 
al s ( Sh arm a et al. 2022 ). Th e gen e-e dit ing e$ciency 
of tic k ReMO T is comparable t o that observed for 
mosquitoes ( ∼2–4%) and exper iment a l ly higher than 
emb ryo micro inj e ct ions (1.7% vs 4.1%) in t he s ame 
species. 

Triatom e bugs: Th e triatom e bug R . p ro lixus is the 
kissing bug vector of Ch aga s di sea se , whic h is caused by 
the prot o zo an p arasit e Trypano soma cruzi. Ch aga s di s- 
ease a "e cts up to 8 mi l lion pe ople in th e Am ericas, an d 
t reat ments fo r chro nic di sea se are lacking ( Lima et al. 
2023 ). Genetic t ools t o study t he tr i atome bugs are l ack- 
ing, pr imar i ly limite d to RNA i. Lim a et a l. teste d both 
th e P2C ligan d an d th e h emiptera n liga nd BtKV (origi- 
na l l y iso lated from B . tab aci —see be low) for th eir abil- 
ity to deliver #uorescent car g o to dev elopin g triatome 
ova ries. They f o und that bo th P2C and BtKV were func- 
t iona l in both R. p ro lixus and th e re late d spe cies Tri- 
at o ma in f es t ans , wi th BtKV mo re e"e ct ive than P2C. 
When fused to Cas9 and inj e cte d into blo o dfed R. pro- 
lixus , o "sp rin g g ene edits w ere det ect ed using both P2C 
and BtKV, but similar to the ovar y entr y experiments, 

BtKV was much more e"e ct iv e in g eneratin g g eneti- 
ca l ly modi!e d o "sp ring wi th al tered eye colo r and cu ti- 
cle color ph en otypes. Dire ct p arenta l CRISPR (DIPA- 
CRISPR; see below) was not e"e ct ive in R. p ro lixus 
( Lima et al. 2023 ). 
ReMOT Control in agricultural and 
household pests 
The e"e ct iveness o f CRIS PR–Cas t ec hnologies in ge- 
net ic manipu lat ion of n on dipteran species of agri- 
cu ltura l and he alt h interes t, s uch as white#ies, hy- 
m en o p tera ns, a n d mites, n e e ds to be o p t imize d. Al- 
tho ugh po p u lat io n and evol u tio na ry resea rch h a s been 
co nd ucted o n many o f t hese species, t he di$culty in 
crea ting m utan t lin es hin ders th e iden ti!ca tio n o f po- 
tent ia l genet ic ta rgets f o r pest co nt rol st rateg ies. Al l 
these species face similar challen g es when per for ming 
s ucces sful microemb ryo nic inj e ct ion, such as ext reme 
mo rtali ty rates, emb ryo size, an d h ost depen den cy. Re- 
MOT Co ntrol p rovides a crucia l te chnica l sol u tio n fo r 
g eneratin g biological reagents wi thou t th e n e e d for em- 
bryo inj e ct ion. 
Bemisia tabaci 
Th e silver leaf white#y, scient i!ca l ly known as B . tabaci 
[crypt ic spe cies Midd le East-Asia Minor I (MEAM1)], 
is a po l yp ha gous a g ricu ltura l p est that p oses a sig- 
ni!cant eco no mic t hre at. At a l l life s ta g es, this in sect 
fe e ds on ph loem sap usin g piercin g-suckin g mouth- 
p arts, causing dire ct ha rm to pla nts. Furt her mo re, i t is a 
vecto r fo r a ran g e o f viruses, incl udin g beg omoviruses 
( Czosn e k et al . 2017 ), whic h c ause d amage to impor- 
tant crop species. Currently, the primary control meth- 
ods f or B . tabaci a re inse ct icides and pre dat or s in g re en- 
houses ( Faria and Wraight 2001 ; Gerling et al. 2001 ). 

Emb ryo micro inj e ct ion is high ly cha l leng ing for B . 
tabaci (sma l l emb ryo size–0.2 mm). Al t hough t he P2C 
liga nd is e"e ct ive fo r mosqui to species, i t does not have 
t he s a me e"ec t in w hite#ies. To address thi s i s s ue, Re- 
MOT Control was developed v i a a vitellogenin-based 
peptide (BtKV; KPYGVYKTMEDSV Heu et al. 2020 ) 
in B . tabaci . Un li ke blo o d-suckin g in sects, ova ria n de- 
ve lopm ent in B . tabaci is asyn chron ous because their 
o o cytes are con tin uous ly deve loping. However, en doge- 
n ous vite l logenin has be en s h own to be u p regu late d and 
endocytosed by ph a se II o o cyt es ( Guo et al . 2016 ), mak- 
ing it suitable as an ovary transducer. Bemis ia t abaci 
w hite ( w ) wa s tar g ete d with mu lt iple sgRNA. In most 
insects, w encodes for an ABC transpo rter p rotein that 
is responsible f or tra n sportin g omm ochrom e pigm ent 
into t he eyes, t hus its nu l l mutants display a ltere d eye 
co lor p h en otypes ( Mor gan 1910 ; Chav er ra-Rodr iguez 
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8 G. Terradas et al .
et al. 2018 ; Feng et al. 2021 ). w m utan ts were recov- 
er ed fr o m 7 ou t o f 9 exp eriments using BtKV-C as9 
RNP co mplexes wi thou t o r wi th very low co ncentra- 
tio ns o f sapo nin as an endoso me escape agent, as higher 
concen tra tio ns o f sapo nin inhib i ted the edi ting p ro- 
cess. Bemis ia t abaci f emales ca n control the sex ra- 
tios of their o"spring, and a l l survivors that reached 
ad ul tho o d were haploid males, which is a bene!t as re- 
cessive m uta tions cannot be m a sk ed by a ny w ildt ype 
a l lele. E dit ing e$ciency in white#y females was ap- 
proximatel y two-fo ld higher than that of mosquitoes 
( Chaver ra-Rodr iguez et al. 2018 ; Heu et al. 2020 ), and 
germ line e dit ing was con!rmed by sequencing and ge- 
n etic crosses. Th e inh er it ance of t h e trait did n ot fol- 
low Men de lian ratios d ue to !tnes s cos ts as soci ated w ith 
c arry ing a nu l l ph en otype. How ev er, this s ucces sful ap- 
plicatio n o f ReMOT Co ntro l in B. taba ci o"ers possi- 
b ili ties fo r fu tur e r esear ch an d gen etic studies in eco- 
nomica l ly relevant ag ricu ltura l pests, which can lead 
to the development of s pecies-s peci!c b ioco ntrol mea- 
s ures ins tead o f b ro ad-spe ct rum chemica l agents. The 
BtKV ligand h a s al so been demonstrated to be highly ef- 
fe ct ive for both ovary tar g etin g and g ene e dit ing in other 
hemipteran species such as Triatome kissing bugs in the 
gen era Rho d ni us an d Tri at o ma ( Lima et al. 2023 ; Table 
1 ) and may act as a general ovary tar g etin g ligand for 
hemipterans. 
Diaphorina citri 
An oth er im portan t ag ricu ltura l pest worldwide is the 
Asian cit rus psyl lid, or D . citri , because o f i ts inva- 
siven ess an d it is role as the main vecto r o f Candi d a- 
tus li beri ba cter , the etio logical agent of Huanglo ngb ing 
(HLB), a di sea se th at dest roys cit rus crops rapid ly. Ge- 
net ic cont rol m eth o ds are b ein g dev eloped again st D. 
citr i b ecause of the inab ili ty to co ntrol the p ropaga- 
tio n o f the insect v i a inse ct icides or natura l pre dat or s 
tha t genera te resista nce a n d th e di$cu lt ies f or e"ec- 
ti ve app lication ( Ti wari et al. 2011 ; Milosavljevi ́c et al. 
2021 ). How ev er, deliv erin g ex og enous sequences into 
early embryos h a s been proven extrem e ly cha l leng ing 
mainly due to their a ttachmen t to host plant tissues that 
facilita te wa ter ex chan g e, makin g it impossible to col- 
lect and inject the eggs wi thou t a "e ct ing their surviva l. 
Th us, ReMOT con trol was adapted and opt imize d for 
the species in order to bypass emb ryo nic micro inj e c- 
t ions ( C haver ra-Rodr iguez et al. 2023 ). Th e auth ors tar- 
geted and edited visible eye ph en otypes ( w an d kh ) with 
go o d s ucces s in t he for m er (1–10% e$cien cy, depen d- 
ing on the sgRNA used), b ut no t the latter ( Chaverra- 
Rodrigue z et a l. 2023 ). DIPA-CRISPR (see below) was 
also s ucces sful for editing in this species ( Chaverra- 
Rodriguez et al. 2023 ). 

Nasonia vitripennis 
Naso nia vitri pen n is is a p arasit ic wasp that has been ex- 
ten siv ely studied as a m ode l organism in various !elds, 
including spe ciat ion, sex rat ios ( Werren 1983 ; Pa rk er 
and Orzack 1985 ), sex determinat ion ( Beu keb o om and 
K amp ing 2006 ; Beukeb o om et al. 2007 ), and evolu- 
t ion ( Bre euwer and Werren 1990 ; Bordenstein et al. 
2001 ) and i ts parasi tic behavio r makes it useful for 
b ioco ntrol o f unwante d inse cts ( Werren and L o ehlin 
2009 ). Genet ic manipu lat ion u sing CRISPR/Ca s9 h a s 
proven cha l leng ing as microinj e ct ion te chniques rely 
on Nasonia eggs (sma l l, rang ing from 0.08 to 1.16 mm 
( Lalonde 2005 ) to be dissected from host pupae, in- 
j e cte d with e dit in g reag ents thro ugh a visco us cyto- 
plasm an d th en tra nspla n ted in to a reci p ient b low#y 
pupa to ensure their pro per develo pment ( Li et al. 2017 ). 
Desp i te these di$cul ties, s e v eral g enes that p rod uce vis- 
ib le p henotyp es have b een s ucces sfu l ly m uta ted using 
CRISPR/Cas9 in Nasonia . RNP complexes con sistin g of 
P2C-Cas9 and a sgRNA tar g etin g cinnabar ( cin ) were 
delivered to late-s ta ge black pupae of Nasonia to test for 
gene e dit ing in the spe cies ( C haver ra-Rodr igue z et a l. 
2020 ). Saponin had no e"ects on the survival of G 0 
o "sp ring. Nu l l m uta tions in cin produce red eye phe- 
not ypes in Nas onia instead of w ildt ype bl ack eyes ( Li 
et al. 2017 ). Using high concen tra tio ns o f RNP ( ≈3 
µg/ µl) resu lte d in 8.8% of t he eg g-l ay ing females (4/45) 
p rod ucing in depen den t cin -m uta tin g ev ents, wit h t hree 
G 0 indiv idu al s di spl ay ing a bright red eye ph en otype 
an d on e s h owing a mi lder re d ph en otype ( Chaverra- 
Rodriguez et al. 2020 ). The presence of cin − pheno- 
types in the G 2 male progeny could only indicate that 
g ermline g ene e dit ing had ta ken place, as was the case 
fo r males wi th b right re d eyes. No mi ld ph en otypes 
w ere observ ed ov er g eneration s, thus indicatin g that 
th e mild ph en otype observed in G 0 was li kely cause d 
by somatic mos aicism rat her t han ger m line e dit ing 
( Chaver ra-Rodr iguez et al. 2020 ). 
Tribolium castaneum 
Tribol i u m c astan eu m (r e d #our be etle) is a glob a l ly dis- 
t ribute d maj or ag ricu ltura l pest of stored grain that 
h a s been u sed a s an exper iment al m ode l in gen etics 
an d deve lopm ental biology for decades. Knockouts of 
the Tr . cas t a neum ca rd i nal ( cd ) gene were achieved by 
inj e ct in g P2C-Cas9 sgRNA cd RNP complex es into 55 
ad ul t females (62% survival) resulting in one cd − male 
foun d in th e p rogeny o f t hose t hat la id progeny ( Shira i 
a nd Da imo n 2020 ). The mu tagenesi s e$ciency wa s 3% 
b ase d on the number of surv iv ing females (1/34), or 
0.2% b ase d o n the number o f hat c hed embryos (1/383). 
Th e kn ockout in div idu a l presente d a 4bp deletion with 
t he mut ation occur r ing e ar ly in deve lopm ent during 
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The development and expansion of in vivo germline editing technologies in arthropods 9 
oogenesis due to its lack of mosaicism ( Shirai and 
Daimon 2020 ). 
Halyomorpha halys 
R eMOT Control c an also be used to edit the genomes 
of species are not in labo rato ry cul ture. In fact, ma- 
teria l dire ctly from the !eld can be e dite d using this 
t ec hnique . Thi s m ak es ReM OT Control a useful tool 
for studying and manipu lat ing wi ld po p u lat ions. As a 
p roo f o f p rinci ple , ReMO T Control was used to gener- 
ate CRIS PR-edi te d !eld-col le cte d H . halys (brown mar- 
morate d st in k bug). At the t im e, th e st in k bug gen om e 
had not yet been made avai lable ( Sp arks et a l. 2020 ) and 
t hus t he study also proved that gRNAs designed from 
transcr ipt dat a can be ut i lize d for !eld-capture d inse cts. 
Halyo mo rp ha halys is a member of the family Pen ta to- 
midae , whic h inc l ude many p ro blematic pes t s pecies 
wor ldwide an d itse lf is an Asian invasive species to 
USA, C anada, Europ e, an d South Am erica ( Les k ey a nd 
Nie lsen 2018 ). Th e species is kn ow n to c ause signi!c ant 
crop loss to spe cia lty crops ( Leskey et al. 2012a ) and 
demonst rate d certain resistance to bro ad-spe ct rum in- 
se ct icides li ke pyr ethr oids an d n e onicot in oids ( Les key 
et al. 2012b ). P2C was found to be funct iona l in this 
species ( Terradas et al. 2022 ). To investigate the capac- 
i ty fo r CRIS PR-me diate d gene e dit ing, the H. h alys km o 
ort holog was t ar g eted f or ReM OT Control ( Terradas 
et al. 2022 ). Eleven in depen dent egg m a sses were laid 
by w ild-c a ugh t female H. halys injected with a sol u tio n 
co ntaining RNP co mplexes fo rm ed by sgRNA kmo an d 
P2C-Cas9. Ou t o f t hose nymphs t h at h at c hed , 4/194 
(2%) displayed kmo mos ph en otypes. This hig hlig hts the 
c apacit y of R eMO T Control t o be applied for stink bug 
r esear ch with an e$ciency similar to that observed with 
microemb ryo nic inj e ct ions (a lso t est e d in Terradas et a l. 
2022 ) and im portan tly, em pirica l ly demonst ra tes tha t 
!eld material can be e dite d. 
ReMOT Control in crustaceans 
As observed thro ugho ut the re vie w, th e P2C an d BtKV 
ligand s h ave been u se d to loca lize Cas9 to t he ovar ies 
of ma ny a rthrop o ds, fro m no n-mosqui to di pterans to 
hym en o p t erans t o hemipt eran s. How ev er, ligand-b ase d 
t ec hniques would bene!t fro m exper iment a l test ing 
o n the b read th o f use o f t he cur rent ovar ian delivery 
mole cu les and explore and c haract erize mole cu les ca- 
pable of editing the male germline or com plemen tary to 
t he cur rent fema le-spe ci!c. New o r o rthogo n al ligand s 
hav e been dev eloped for crust ace ans an d s h own proper 
deliv ery of car g o to t he t ar g et tis s ue . GFP entry t o the 
ovaries h a s be en achieve d for the Paci!c white shrimp 
(v i a newly developed Lv-Vmo1; Chen et al. 2023 ) and 
the marbled cray!sh (v i a orig ina l P2C; Stein et al. 2022 ). 

In bot h cases, t his is just the !rst st ep t o e dit in g, as g ene 
tar g ets and r esour ce avai labi lity increase . A st ep further 
t han t hese two species is t h e fres hwater prawn ( Mac- 
r obr achium r os enbergii ), w ith dsRNA a gains t PAX6 be- 
in g deliv ere d with g re at e$ciency to t he ovar ies t hrough 
VgP, which is an ortholog of vite llogenin, an d resulting 
in gen e silen cing in 87% of the o "sp ring ( Cohen et al. 
2023 ). 
DIPA-CRISPR 
In some arthrop o d sp ecies, it h a s be en demonst rate d 
t hat t h e deve loping ovaries can take up material from 
th e h em o l ymp h wi thou t a tar g etin g ligan d. In de e d, in 
t he or ig ina l ReMOT Cont ro l stud y in Ae . ae gypt i , mu- 
tants were obtained after inj e ct io n wi th unmodi!ed 
C as9 RNP, alb eit at low e$ciency ( Chaver ra-Rodr iguez 
et al. 2018 ). 

D er m auw et al. (2020) u sed thi s t ec hnique t o edit the 
two-s potted s p ider mi te ( Te . urtic a e ). Te tranychus ur- 
tic a e fe e ds on 1100 di"erent plant species and is resis- 
tant to > 90 pesticides. It is also considered an adapta- 
tion m ode l due to its generalist diet a nd aca ricide resis- 
tance ( Grbi ́c et al. 2011 ; Wybouw et al. 2015 ; Villarroel 
et al. 2016 ; Bui et a l. 2018 ). Dire ct inj e ct io n o f Cas9RNP 
was a ttem pted as there is a high mo rtali ty rate associ- 
ated with inj e cte d eggs ( Garb et al. 2018 ). Th e phytoen e 
desaturase gen e, en coding an enzym e essent ia l for re d 
b o dy pigmen ta tio n ( Armstro ng et al. 1990 ), was tar- 
g eted by RNP complex es ( D er mauw et al. 2020 ). The 
number of al bin o males r ecover ed fr o m the p rogeny was 
low (0.4–0.6%) and some died durin g dev elo pment, b ut 
o ne edi ted male was obtained for each injection, iso- 
lated and crossed to obtain two h om ozygous lin es with 
distin ct ph en otypic patter ns. L ine A displayed com- 
plete albinism in all life s ta ges, while B presented it 
only in immature s ta ges and adult legs. Both lines had 
m uta tions in the tar g eted g en e (A—fram es hift, com- 
plete disru ptio n o f th e enzym e; B—hypom orphic, par- 
t ia l loss of function) that fai le d to com plemen t each 
ot her ( D er mauw et al. 2020 ). Alt hough t he tra nsf orma- 
tion e$ciency was low, the inj e ct io n o f RNP co mplexes 
in duced two in depen den t even ts in spider mit es, whic h 
opens the possib ili ty fo r fu ture o p t imizat io n o f mu tage- 
n esis an d tran sg en esis in th e system. 

This t ec hnique was f urt h er exten de d by Shirai et a l. 
(2022) , wh o term e d it “dire ct p arenta l CRIS PR”, o r 
“D IPA-CRISPR”, a nd use d it to e dit cockro ach es an d 
Tribol i u m beetles. Cockr o ach fema les fert i lize and en- 
c apsul ate their o o cytes into an ootheca in their genital 
atr ium, where t hey wi l l remain unt i l hat c hin g ( Cornw ell 
1968 ). Because of this unique r epr oduction system, it 
is impracticable to inj e ct materia ls into early embryos 
of this glob a l urb an pest. Thus, genet ic manipu lat ion 
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10 G. Terradas et al .
of coc kroac h es had n ot be en achieve d unt i l the use of 
DIPA-CRISP R a gains t cinnabar in Bl attell a germani ca 
(German coc kroac h; S hirai et al . 2022 ). In the study, 
t he aut hors inj e cte d RNP complexes into ad ul t females 
a t di"eren t s ta ges o f their rep rod uctiv e cy c le , ac hieving 
an impressive 57 gene-e dit ing events out of 262 hat c h- 
lings (22% e$ciency) at 4 days a fter f ema le oothe ca 
dr op. Fr om thos e, s ome produce d bia l lelic cin − muta- 
tions, s h owing that e dit ing occurre d at early embryo- 
gen esis. Furth erm o re, mu tate d a l leles were t ransmissi- 
ble to progeny in a l l cases, ei ther fro m mosaic o r co m- 
plet e knoc kou t individ uals, demo n stratin g t hat t he gen- 
eratio n o f mu tants cou ld a lso aid in the develop ment o f 
knockout stable coc kroac h lines. 

Simila rly, D IPA-CRISPR wa s al so u sed in the red 
#our beetle Tr . cas t a neum . I m portan tly, three inde- 
pen dent kn ock-in events (3/817–0.36% knock-in e$- 
ciency) were p rod uced in the study by coinjecting the 
RNP co mplex wi th ssO D Ns conta ining h om ology arms 
to the cu tsi te and a 3 bp m uta tion ( Shirai et al. 2022 ). 
Thi s i s a br eak thr ough for the species as the c apacit y 
t o generat e knoc k-ins, a lbeit sma l l, exp ands the genet ic 
to olb ox immensely. 

W hile DIPA-CRIS PR is an att ract ive m eth od to at- 
tempt gen om e e dit ing in arthrop o ds, it s h ould be n oted 
that it does not always wo rk. Fo r exam ple, in R. pr olixus 
a nd B . tabaci , D IPA-CRISPR inj e ct ions did not result 
in any modi!ed o "sp ring ( Heu et al. 2020 ; Lima et al. 
2023 ). Similary, in An . s t ep hens i DIPA-CRISPR was not 
e"e ct ive ( Macias et al. 2020 ) and in An. s inens is it was 
signi!cantly less e$cient comp are d to ReMOT Control 
( Yang et al. 2023 ). 
Futur e dir ections in vivo editing 
The main advantages of using ReMOT Control and 
oth er in viv o t ec hniques over other tar g eted g ene- 
e dit ing appro ac hes suc h as emb ryo nic micro inj e ct ion 
is t he e ase of use, cost-e"e ct ive and t ran slata ble across 
species in a re lative ly easy manner. How ev er, ther e ar e 
cert ain cave ats to t he t ec hnique tha t m us t be addres sed 
in order to make them ma instrea m tools, ma inly the 
c apacit y to generate tar g eted knock-in s of medium to 
lar g e-sized car g oes. To do so, the delivery of a DNA 
tem pla te in to the ovaries is essent ia l and which, u po n 
DNA cle avage of t h e desired gen o mic locatio n, would 
ins ert s eamlessly v i a HDR. This templ ate could be pre- 
sented in any st able for m, be single or dou ble-stran d 
DNA, in a line ar ized or plasmid for m and, hypot heti- 
ca l ly, of any len gth. How ev er, the tran slocatio n o f DNA 
into the ovaries is not a natural pa thway, con trary to 
wh at h appens with proteins. Thus, certain mediat or s or 
cel lu lar com ponen ts would have to be p aire d to the tem- 
plate in order to facilit ate ovar ian access o r p roper DNA 

de livery. This lin e of r esear ch is essent ia l, on g oin g and 
wi l l exp an d as th e !e ld wou ld cata logue it a s a m ajor 
br eak thr ough. 

Desp i te not yet being able to generate large knock- 
ins, it is im portan t t o under stand th at m any species 
st i l l lack t ran sg enics or ev en basic g enetic r esear ch 
m eth ods, h en ce ReMOT Control aids on the capac- 
ity to cre ate t hos e res ources in hous e. Ne vertheless, 
the o p t imizat io n o f the t ec hnique is dependent on vi- 
sual ma rk ers a n d th e sea rch f or those is high ly va lu- 
a ble, amon g other o bs tacles. Vis ual ma rk ers a re usu- 
a l ly wel l-conserve d, va lidate d for genet ic manipu lat ion, 
and oft en associat ed wi th eye p igmen ta tion (e.g., white 
[ Chaver ra-Rodr iguez et al. 2018 ; Feng et al. 2021 ], car- 
d i nal [ Carb a l l ar-Lej arazú et al. 2020 ; Feng et al. 2021 ], 
cinnabar [ Sethura ma n a nd O’brocht a 2005 ; Chaver ra- 
Rodrigue z et a l. 2020 ], kmo [ Han et a l. 2003 ; Gantz et a l. 
2015 ; Feng et al. 2021 ], y ell ow [ Feng et al. 2021 ], an d 
ebony [ Feng et al. 2021 ]). If no v isu al ma rk er is ava il- 
able or known for a p art icu lar spe cies, a do minant no n- 
let hal mut atio n p resenting a ph en ot ype c an be suitable 
for G 0 screenin g. How ev er, these dominant non letha ls 
are di$cult to !nd, as most of them are highly detri- 
menta l to !t ness and thus probab l y a lso not avai lable for 
u se. Thu s, oth er n ontar g et ed t ec hniques could be used 
t o generat e the ne e de d #uo rescent tran sg enic lines in 
o rder to eval uate wh eth er ReMOT Con trol is e$cien t in 
the species of interest. Som e oth er cha l len g es are com- 
mon to a l l types of genet ic manipu lat ion, such as di$- 
cu lt ies in re ar ing t he or ganism s or that not a l l areas of 
th e gen om e are e qua l l y accessib le, p art icu la rly f or Cas9 
cleavag e ( Jen sen et al. 2017 ), and repa iring D NA with 
HD R ca n be less e$cient than other repair mech ani sms, 
which may lead to rando m mu tatio ns in the tar g eted se- 
quen ce with out in sertin g a car g o. How ev er, some o bs ta- 
cles are speci!c to each genus and even species. Among 
these, it is im portan t to consider the o p t ima l t iming of 
inj e ct ion, p art icu la rly f o r genera wi t h lengt hy or p o orly 
under st o o d o ogenesis, in order to ensure the survival 
of inj e cte d adu lts and s ucces sf ul DNA cle avage and re- 
pair. Furt her mo re, i t is essent ia l to per for m such in- 
j e ct io ns wi thou t interfering wi th the l ay ing c apacit y of 
females. 
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