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Abstract

Tardigrades are small aquatic invertebrates knawthieir remarkable tolerance to diverse extreme
stresses. To elucidate the vivo mechanisms underlying this extraordinary resikertbe genetic
manipulation methods in tardigrades have long e=ired. Despite our prior success in somatic
cell gene-editing by microinjecting Cas9 ribonugesieins (RNPs) into the body cavity of
tardigrades, the generation of gene-edited indalg&ltemained elusive.

In this study, employing an extremotolerant partdgsEmetic tardigrade specieRamazzottius
varieornatus, we established conditions conductive to genegagene-edited tardigrade individuals.
Drawing inspiration from the direct parental CRIP$BIPA-CRISPR) technique employed in
several insects, we simply injected a concentr@gsb RNP solution into the body cavity of parental
females shortly before their initial ovipositionhi¥ approach yielded gene-edited GO progeny.
Notably, only a single allele was predominantlyedétd at the target locus for each GO individual,
indicative of homozygous mutations. Through co4tijeg single-stranded oligodeoxynucleotides
(ssODNs) with Cas9 RNPs, we achieved the generafidromozygously knocked-in GO progeny
and these edited-alleles were inherited by G1/@geny.

This establishment of a simple method for genegatiomozygous knock-out/knock-in individuals
not only facilitatesin vivo analyses of molecular mechanisms underpinningeedrtolerance but

also opens avenues for exploring various topicduding Evo-Devo, in tardigrades.
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Introduction

Tardigrades are microscopic invertebrates livingnarine, limnic and limno-terrestrial habitats aatl of them
require surrounding water to grow and reproducesr@thave been more than 1,400 species describfa 4.
Among them, some limno-terrestrial species are kntavwithstand almost complete loss of water byeeny) a
reversible ametabolic dehydrated state referredaso anhydrobiosis [2]. Dehydrated tardigrades ekhibi
extraordinary resilience against various extrenresses including high hydrostatic pressure (7.5)GRav
temperature (-273 °C), high dose of irradiation aadon [3-7]. The molecular mechanisms underlyingirt
resilient ability has not fully understood. Althdugsome other desiccation-tolerant animals are knasvn
accumulate and utilize non-reducing sugar, trefalas vitrifying protectants against desiccationl(8: the
accumulation of trehalose is much less or even teatible in anhydrobiotic tardigrades [11, 12]téasl, recent
studies suggested that tardigrades have and uthiei own unique protective proteins whose expo@sss
abundant and/or significantly induced by desicecatiaring anhydrobiosis [13-16]. Their functions antes in the
resilient ability have been elucidated largely gdireterologous expression andiforitro systems [14, 15, 17-22].
Although RNAI is feasible and has successfully besed for the elucidation of gene functions in saases [17,
23, 24], the knock-down efficiency varied dependomg the target genes and was not always sufficianthe
previous study, we developed the delivery metho@a$9 ribonucleoproteins (RNPs) to adult tardigreelés via
the microinjection of Cas9 RNPs into the body cawf tardigrades and the subsequent electroporadimh
demonstrated that gene editing took place in soamasc cells of the injected tardigrades using rydly
transparent tardigrade speciblypsibius exemplaris whose tolerant ability is relatively weak amondpyfrobiotic
tardigrades [25]. The same study also revealedtiigatlectroporation is not a requisite and theromigection of
Cas9 RNPs into the body cavity is sufficient touod gene editing in some somatic cells in tardigsatHowever,
the delivery to germ line cells and the subseqgentration of gene-edited individuals has not getnbachieved.
Recently, Shirait al. (2022) developed a new gene editing method terasedirect parental CRISPR (DIPA-
CRISPR) in cockroaches and red floor beetles [B8]ng DIPA-CRISPR, the gene-edited progeny (GO) loan
obtained by simply injecting Cas9 RNPs into thenhmaeoel of parental female insects. The injecte DEASPs are
assumed to be incorporated to vitellogenic oocgimscomitantly with massive uptake of yolk precussan
agreement with the assumption, in DIPA-CRISPR is watical to inject into the females at the appiaie stages
during vitellogenesis prior to the first ovipositioOur previous observations that the injectiomalwas sufficient
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for the delivery of Cas9 RNPs to induce gene eglifim the somatic cells in tardigrades and the ssfoé
generation of gene-edited progeny by DIPA-CRISPRsame insects, prompted us to find out the appatgri
conditions which enable the generation of the gatited tardigrade individuals using DIPA-CRISPRelikethod.
In this study, we employed an anhydrobiotic andeswbtolerant tardigrad@amazzottius varieornatus because its
genome sequence is available [15], and lay eggsdeuof exuviae, which facilitated us to collecge@nd obtain
many individuals at a synchronous age to be injec#®e particularly examined two critical parametette
concentration of Cas9 RNPs and the age of femalég injected, both of which were quite differeetveeen our
previous somatic cell gene-editing in tardigraded the original DIPA-CRISPR in insects [25, 26]. Bgjusting
the conditions, we successfully obtained gene-dditegeny (GO) for two target genedR. varieornatus are
parthenogenetic species and lay eggs without mafifegfound that most of the obtained gene-editegppdfenies
carried the edited alleles as homozygous. In additive found that the simultaneous injection ofjrstranded
oligodeoxynucleotides (ssODNs) with Cas9 RNPs tethe generation of the knock-in progeny. To oupsse,
the gene editing efficiency (GEF) in the knockiiials was comparable to or even slightly highenthi@ose in the
knock-out trials.

This study demonstrated that DIPA-CRISPR like mdthorked in an extremotolerant parthenogenetiddeade,
R. varieornatus, and the simple injection of Cas9 RNPs (+ knockémnor if necessary) to parental tardigrades with
the appropriate conditions is sufficient to obthomozygous knock-out/knock-in tardigrade individudrthis gene
editing method will substantially promote vivo analysis of molecular mechanisms underlying exéreaterant

ability as well as other research subjects sudbvasDevo in tardigrades.

Results

Deter mination of Cas9 protein concentration for DIPA-CRISPR in Ramazzottius varieornatus

In DIPA-CRISPR, relatively high concentration of €@aprotein was used as the injection solution (8y3.L)
compared to that of our previous tardigrade stu@i¢l( pg/uL; Supplementary Table S1) [25], and tweled
concentration of Cas9 protein was reported to @dser¢he gene editing efficiency [26]. Therefore,attempted to
increase the concentration of Cas9 protein innfeciion solution. However, the commercial CasQgirosolution
usually contains relatively high concentration tfcgrol (e.g., 50% glycerol in IDT product), whidould affect
the viability of the injected animals. Accordinghye first examined how high concentration of glyteran be
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tolerated by the injected tardigrades. As showSupplementary Table S2, the injection of 20% glgtsolution
severely decreased the survival rate to 20%, whéesurvival rate remained around half (45.5%) whsing 15%
glycerol solution. We thus chose to use a 15% gblogoncentration, which allows 3.0 ug/uL of Casétpin in

the injection solution, comparable to those indhiginal DIPA-CRISPR method [26].

Generation of gene knock-out tardigradeindividuals by DIPA-CRISPR

The experimental scheme of DIPA-CRISPR in tardigeas shown in Fig. 1. In the original DIPA-CRISRRe
developmental stage of the parents to be injectas ame of the most critical parameters for the essfal gene
editing in progeny [26]. In most cases, the bemjestis shortly before the first oviposition, whishconsistent with
the idea that Cas9 RNPs could be transported tgte®concomitantly with massive uptake of yolk pirsors
during vitellogenesis. Given th& varieornatus usually starts to lay eggs around 10 days afteshivag [7], we
examined the time windows between 5 and 10 dags héttching for the injections to the tardigradesyainger
tardigrades (<5-day-old) seemed too juvenile (imurggtand were too small to be injected.

We chose the gene RvY_01244 as a target, whichdescan ABC transporter belonging to G subfamilytaining
the famousnhite gene responsible for a white eye color mutariDiinsophila melanogaster [27]. To improve the
gene editing efficiency, we synthesized 3 crRNAg.(RA) and injected RNP solution containing alc@RNAs
into parental tardigrades of each age from 5- tald@old. We expected some intervening regions an8arRNA
targets would be deleted from the genome and itdvoe easily detected by examining the genome P@Rieon
size. In total, we injected 322 parental tardigeadied 102 of them survived for more than 1 day/@lsurvival,
Table 1). Using whole bodies of GO progenies, weesssfully obtained genome PCR amplicons aboutf 884
GO progenies and found one sample termvadl exhibited apparently smaller amplicon size tttese expected
from the unmodified genome (Fig. 2B). Direct sequieg of the short amplicon revealed the complicagiting in
the target locus; i.e., the intervening region (2@ between crRNA1 and crRNA2 were lost and tt8624 ,bp
DNA fragment between crRNA2 and crRNA3 was re-itestin the inverted orientation (Fig. 2C). It isteaworthy
that only short amplicon was obtained from this gn{Fig. 2B) and no mixed peaks were essentiahgcted in
the direct Sanger-sequencing data, suggestingthifsaatardigrade carried the edited allele as horgoayg at the
target locus, or carried another mutated allelectvisuppress the PCR amplification around the tasijet e.g.,
huge deletion. Further direct sequencing of theaiamg 87 PCR amplicons identified two additionahg-edited

GO progenies, termed asm2 andw-m3.w-m2 carried a 1-nt insertion at the crRNAL cleavaige (Fig. 2D) and
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w-m3 carried a 3-nt deletion at the crRNA3 cleavage (Fig. 2E). Again, essentially no mixed peaksrev
detected in the direct Sanger sequencing data thf ®emples (Supplementary Fig. S1AB), suggestinty (B0
progenies were homozygous at the edited locusothl, tgene editing efficiency (GEF; the proportiohgene-
edited individuals out of all sequenced individyalgas 3.4% (Table 1). Overall, the three gene-ddiBO
progenies were yielded from the parental animgkscted at 8- to 10-day-old. Although the GEF is swmhat
lower than the original DIPA-CRISPR, our resultdigated that DIPA-CRISPR works and can be usecegte

gene knock-out individuals in this tardigrade spsci

Editing of trehalose synthesis gene impaired hatchability of next generation

Next, we examined the general applicability of timisthodology to other genes. As a next target, vesetps-tpp,
a gene responsible for trehalose synthesis. Tre@akknown to play important roles in desiccatiolerance in
several anhydrobiotic animals, e.g., nematodeseepimg chironomid, and brine shrimps [8-10]. Indtgrades,
however, the trehalose production is not a comneatufe in anhydrobiotic species and the trehalgeéhssis
gene has been found in only two lineages — supdyfavtacrobiotoidea and genus Ramazzottius, bothvbich
were suggested to acquire distinct bacterial todeabynthesis genes independently via horizontaé geansfer
[28]. R. varieornatus has a singldpstpp gene (RvY_13060) which encodes a fusion enzyméreffalose-6-
phosphate synthase (TPS) and trehalose-6-phosphasphatase (TPP) and is sufficient to produceatosie from
glucose-6-phosphate and UDP-glucose [15, 28]. Wsgded 2 crRNAs targeting exon 8 and exon Qpsftpp
gene respectively, both of which were located withPS domain (Fig. 3A) and injected RNP solutiontaming
both crRNAs into parental tardigrades of each age f7- to 10-day-old. As shown in Table 2, we ahddifive GO
progeny carrying edited genes. Of those, one iddaii yielded from the parent injected at 7-day-aidl four
individuals yielded from those injected at 10-ddg-dn total, GEF was 3.4%. In all examined GO moyg
including the gene-edited ones, genome PCR amplie@re essentially detected as a single band irosgael
electrophoresis (Fig. 3B). Sanger sequencing oathplicons revealed that four of the five geneestlit0s carried
distinct insertions or deletions without appareimted peaks, suggesting these 4 GO progenies cdraswzygous
mutation (Fig. 3C, Supplementary Fig. S2A-D). Tkenaining one exhibited partly mixed peaks in Sarniga
which could be interpreted as a mixture of two ssgpes; the unmodified genome and 1-nt deletioheatlieavage
site of crRNAL, though both sequences commonlyiedr833bp deletion at the cleavage site of crRNRA®.(

3CD). The peak signals of the unmodified sequener \wenerally stronger than those of the 1-nt ddlséquence,
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suggesting that the 1-nt deletion might occur imanicell population during the development of t8i8 progeny
resulting in a mosaic organism, while 333bp detetikely occurred in the oocyte stage resultingad®mozygous
mutation.

As shown, DIPA-CRISPR worked to generate titeetpp knock-out mutants in tardigrades. To examine ffects
of tpstpp knockout on the tardigrade physiology, we nexératited to establiskpstpp knock-out strains by
rearing GO individual till they lay G1 eggs befaracrificing for genotyping. We again injected C&d9Ps with
two same crRNAs targetinips-tpp to parental tardigrades of 7- to 10-day-old caiedty. After rearing the GO
progenies till they laid G1 eggs, we analyzed tberogne sequence of each GO progeny. As shown ire Tabke
obtained 6 GO progeny carrying the edited genesngni®l examined individuals (GEF = 4.0%). Of thdeey
individuals had the same editing, which was 1-seition at the crRNA2 cleavage site (Fig. 3E). ©he of two
remaining individuals had 8-nt and 3-nt deletiorihet crRNAL and crRNA2 cleavage sites respectijely. 3E)
and the other one lost thatervening region between crRNA1 and crRNA2 anwjmgoring 1 nt + 5 nt (Fig. 3E).
Again, in any edited GO individuals, only a singleplicon was detected in agarose gel electroplgmrasd no
mixed peaks were detected in direct Sanger sequeetiSupplementary Fig. S2EF). Each GO individuatyiag
the edited genes laid several G1 eggs (2-8 egg#@ividual), in total 24 eggs from 6 GO individuals
(Supplementary Table S3). However, unexpectedlypfaG1l eggs from the gene-edited GOs failed tathgthe
hatching rate was 0%; Supplementary Table S3). l@nother hand, the hatchability of G1 eggs laidGy
individuals carrying no-editing was 89.9% (Supplataey Table S4). These observations suggested tiigat

editing oftps-tpp gene impaired the hatchability of the G1 progemR.ivarieornatus.

Establishment of gene knock-in strains by DIPA-CRISPR

CRISPR/Cas9 system including DIPA-CRISPR has besexd to generate not only gene knock-out individbals
also knock-in individuals which enables the preaisedification of the target genome region as designro
investigate whether the method above is applicfslgene knock-in in tardigrades, we co-injectedyk-stranded
oligodeoxynucleotides (ssODNs) with Cas9 RNPs fatdigrades of 7- to 10-day-old. We again targeiedgene
white (RvY_01244). We designed the crRNA near C-terminfuthe coding sequence and the ssODN to introduce
11-nt substitutions; 10 of them are synonymous tiauta including two mutations in PAM and the otloare

changes the amino acid from valine (GTG) to metine{ATG) (Fig. 4A). As shown in Table 4, we obtadhfive
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GO progeny carrying edited genes out of 107 examn{®@ individuals (GEF = 4.7%). Three of them exta@btia
clear single sequence without mixed peaks in Sasgguencing, in which every nucleotide at 11 pos#iwas
completely substituted as designed in ssODN (Fi), 4uggesting they carried the knocked-in alleleai
homozygous manner. Sanger sequencing data of angghe-edited individual exhibited a mixture of thdly
knocked-in sequence as major and the unmodified) $&Guence as minor (Fig.4B), suggesting the mostice

of the individual. The remainder was in a more cboaped situation; it carried 1-nt insertion at theERNA
cleavage site in a homozygous manner, and alsdigedhi mixed peaks of the knocked-in sequence aed th
unmodified sequence at two furthest modificatidassfrom the crRNA cleavage site (Fig. 4B).

To examine whether these edited alleles are h&jtale examined the genotypes of G1/G2 progeniiedd gene-
edited GO individuals after propagation. From peatje knocked-in GO individuals, one knocked-in Biravas
successfully propagated and established, in whizlpf@geny were confirmed to carry the perfectly diead-in
allele as homozygous (Supplementary Fig. S3). RienG0 individual carrying mixture of knocked-imjsence as
major and unmodified sequence as minor, 5 G1 piegemere obtained. Although one G1 progeny couldbeo
genotyped due to amplification failure, the othe6G4 progenies were confirmed to carry the fully éked-in
sequence as homozygous leading to the establishofetite knocked-in strains in which G2 progeny were
confirmed to carry the same knock-in sequence. #hus, the observed knocked-in sequence was suattgssf
inherited by their progeny. From the remaining G@geny which carried homozygous 1-nt insertion arudaic 2-

nt knocked-in sequence, one G1 egg was obtainedhwddrried only 1-nt insertion. The detected 2imbdk-in

sequence as mosaic seemed not heritable, whileotinezygous 1nt-insertion was heritable.

Discussion

In this study, we demonstrated that DIPA-CRISPRcsssfully worked in the extremotolerant parthenagjen
tardigrade. By using this method, homozygous gersxk-out/knock-in tardigrade individuals were sissfally

generated in a single step. In the original DIPAIEIRR, the injected Cas9 RNPs are assumed to bgoreded
into vitellogenic oocytes concomitantly with the ssve uptake of vitellogenins by receptor-mediardocytosis,
thus injecting the individuals at appropriate depehental stages was one of the critical paramdtarghe

successful yielding of gene-edited progeny [26]. wa have no knowledge about vitellogenic procesRin

varieornatus, we tried to inject parental tardigrades at 5-1@day-old which corresponds just before the first
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oviposition and obtained gene-edited progeny fromparents injected at 7- to 10-day-old. In a eglaardigrade
speciesH. exemplaris which belongs to the same taxonomic familyRofvarieornatus, vitellogenesis proceeds in
three distinct modes lasting four days: the fisitf the yolk is synthesized by the oocyte itgalitosynthesis);
the second part is synthesized by trophocytes mmsgorted to the oocyte through cytoplasmic bsdgad the
third part is synthesized outside the ovary (irrage cells) and transported to the oocyte by endeisy[29]. In
this kind of vitellogenesis, the injected Cas9 RN®sld be incorporated into oocytes during thedttpart of
vitellogenesis. IR, varieornatus, the germ cells could uptake the injected Cas9 KiikBwise.

R. varieornatus is a diploid parthenogenetic species [7, 15], tfiothe cytological processes of progengdurction
and the mode of inheritance of genetic materiaisaieed unclear. Ammermann D. (1967) reported thelagical
processes of a diploid parthenogenetic reprodudtiothe related tardigrade specigs, dujardini which is a
species complex containing the recently redesciihezkemplaris and belongs to the same taxonomic familyRof
varieornatus [30, 31]. During oogenesis iAl. dujardini, the female germ cells undergo the first meiosid a
daughter cells received the mostly homozygous dyadised from the meiotic bivalent chromosomeseAthat,
this dyad disintegrates and the diploidy is recedemn the daughter cells. The meiosis is complédtedthe
following mitosis-like process of the second mesogihich keeps the diploidy. According to this cygital
process, the chromosomes of the oocytes are peddict be largely homozygous except the small plessib
heterozygous regions which could be derived fromomiosomal crossover during the first meiosis. Irr ou
genotyping analyses of the edited GO individual®ofarieornatus, only a single sequence was detected in most
direct Sanger sequencing, suggesting that mostr@gepy carried the edited allele in a homozygousmar(Fig.
2B-E, Fig. 3B-E, Fig. 4B; Supplementary Fig. Slpflementary Fig. S2). Especially, a similar reswds obtained
in the case of a very complicated editingabiite gene by 3 crRNAs, in which one intervening regizas deleted
and the other intervening fragment was re-inseitethe inverted orientation (Fig. 2C). It is unlikehat Cas9
RNPs independently performed the same complicatéthg@ on both alleles in a germ cell. And thuss tresult is
very difficult to explain ifR. varieornatus undergo a clonal (ameiotic) propagation. If théotygical process of
parthenogenetic reproduction I varieornatus is similar to that inH. dujardini, it was assumed that CRISPR-
Cas9 system would edit the single allele in a geethbefore meiosis and the mutation would be trepiicated
and transferred to the mature egg cell as homozydating a meiotic process (Supplementary Fig. BHis is a
good news for researchers, because a homozygoantuatuld be obtained in a single step, which Sigamtly

facilitate the downstream analyses. In a few ca$esir genotyping data, weak mixed peaks were tedeig.
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3CD, Fig. 4B). We assumed that these minor peaks likely derived from mosaic mutations which migittcur
by the delayed action of the remaining Cas9 RNRssmall cell population during the developmenGofprogeny.
In general, gene knock-in mediated by homologyeai@e repair (HDR) tends to occur at much lower rate
compared to gene knock-out mediated by nonhomokgoul-joining (NHEJ) [32-35], although germ celte a
more prone to HDR than somatic cells [36]. In thiginal DIPA-CRISPR, GEF (the proportion of edited
individuals out of the total number of individudlatched) in knock-in trials was 1.2%, while it vi#k8 - 71.4% in
knock-out trials in red flour beetles at the optied stages [26]. In this study, however, knockfficiency was
even slightly higher than those of knock-out (4.6 3.4 - 4.0%, respectively) and we rarely obskthe short
indels by NHEJ-mediated repair in the knock-in ekpents, suggesting that HDR might be a dominaptire
mode in the germ cells of this tardigrade spedids.noteworthy that usin®. variornatus (in this study), we did
not observe the tendency of no-indel NHEJ which wlaserved in somatic cells bf. exemplaris in our previous
report [25]. This could be consistent with the tigkly low efficiency in NHEJ-dependent repair (kakeout) in
this study.

In all tpstpp edited mutants obtained in this study, a framé s¥as introduced at the putative cleavage sites of
crRNAL1 or crRNA2 both of which were located withtime TPS domain (Fig. 3A). And thus, the mutatiesitpp
gene products likely lost the function of C-termiimegion of TPS and whole TPP (Fig. 3A). Because @
terminal region of TPS is responsible for the biglio the substrate UDP-glucose [37], the TPS iagtivas likely
lost in the edited tardigrades as well. Intpd-tpp edited mutants, GO individuals were able to hagcby and lay
eggs normally, but no G1 eggs hatched (Supplemeiii@le S3). The hatchability of G1 eggs was sigaiftly
lower intps-tpp edited mutants than in those harboring no-editirips-tpp gene = 2.57e-15, Fisher's exact test).
These results suggested that the mutatiomgsitpp gene had a maternal effect on the hatchabilithefembryos
in this tardigrade species. For instance, trehatosdd be synthesized in maternal tissue and tatesgp to oocyte
and might play important roles in embryogenesistref progeny, e.g., as an energy reserve. In cockesa
Periplaneta americana, the treatment with trehalase inhibitor validoxyiae A (VAA) inhibited normal oocyte
development, indicating that trehalose is neceskarguccessful oocyte development in this inspetcies [38].
However, we would like to leave a question open thwaetrehalose itself plays an important role irdigrade
physiology. Because the TPS-TPP proteifRofarieornatus contains extraordinarily long N-terminal regioniath
exhibits sequence similarity with trans-1,2-dihymeozene-1,2-diol dehydrogenase. This N-terminabregould

be translated even in titps-tpp mutants and the truncated gene products mighabrafhl and responsible for the
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observed phenotype in this study, instead of todwateduction.

In summary, we have successfully established a odefor generating both gene knock-out and knock-in
individuals in the anhydrobiotic and extremotoldrdardigrade speciesR. varieornatus, through adjusting
conditions of DIPA-CRISPR. Our findings indicatdtht the optimal injection window is between 7 afddhys
after hatching aligning with the period shortly dwe&f the first oviposition in this species. The sienimjection of
Cas9 RNPs (with knock-in donor when necessary)aeental tardigrades at the appropriate age iscéefffi to
obtain the edited progeny. Notably, these proggmiedominantly carried the edited allele as homomgg likely
attributed to the meiotic parthenogenetic modespfaduction. This feature significantly facilitatess of function
analyses downstream. While DIPA-CRISPR was injtialleveloped for insects [26], our study shows its
effectiveness in a non-insect, even non-arthropgdrosm, underscoring the broad applicability a$ tmethod to
various invertebrate species, including other taedles. This method will facilitaten vivo analysis of various
topics in tardigrades, including molecular mechausisunderlying their renowned extreme tolerance et as

many Evo-Devo subjects.

Materials and methods

Tardigrades

Ramazzottius varieornatus YOKOZUNA-1 strain was reared as described prevjo{@l]. Briefly, tardigrades
were maintained in 1.2% agar plates overlaid wirilzed pure water (Elix Advantage 3 UV, Millipey
containing live chlorella suspension (Recentedpasd at 22 °C. Water and food were replaced onceveek. To
prepare the staged tardigrades for injection, e@gge collected from culture dishes and were trarefieto a new
agar dish with food after the cleaning treatmernhvii% commercial chlorine bleach. Next day, unhadckbggs
and eggshells were removed from the dish to leale rewly hatched juveniles which were labeled atag-old.

These juveniles were reared as described abovbdithppropriate age.

Preparation of Cas9 complex (RNPs)
S.p. Cas9 Nuclease V3, CRISPR-Cas9 tracrRNA antlasRwere purchased from IDT. For each target genome

region, the list of possible crRNAs and off-targefiormation inR. varieornatus were retrieved using CRISPR
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direct (ttps://crispr.dbcls.j)/and on-target scores of crRNAs were also obtafneth manufacturer's web site

(https://sq.idtdna.com/site/order/designtool/inddxXlEPR_CUSTONL. Based on these information, appropriate

crRNAs were selected as described in Supplemeifi@ne S5. Cas9 complex (RNPs) was prepared astidisen
described previously with increasing the conceiunabf each component [25]. Briefly, the mixtureaRNAs and
tracrRNA (final 100 uM each) were heated at 95 8C5 min, and then gradually cooled into room terapee. In
10 pL scale, 1 pL of PBS (137 mM NacCl, 2.7 mM KOO, mM NaHPQy, 1.8 mM KHPQOy), 3 pL of 10 pg/pL
Cas9 protein (IDT, final 3.0 pg/uL), 6 puL of 100 pdlRNA (final 60 uM) were mixed and incubated atrmoo

temperature for 15-20 min to assemble Cas9 RNPs9 BAIP solution was kept at -80 °C until use.

Injections

The injection was performed as described in theipus study [25]. Briefly, the staged animals wanesthetized
in 25 mM levamisole (Sigma) and mounted on an tigecslide. The injection slide was placed on aveited
differential interference contrast microscope (Axddct 405 M, Zeiss). Glass capillary needle was areg from a
glass capillary (GD-1, Narishige) using a needléepyPC-10, Narishige). Cas9 RNP solution wasdillinto a
glass capillary needle and injected into a bodyitgaof a tardigrade, by using FemtoJet 4i (Eppefjdeith the
settings as pi=1500 hPa, ti=0.20 s, pc=50 hPa.&3sbd injection was confirmed by swelling of th@esimen.
Injected individuals were recovered onto agar glatith sterilized water and maintained with foodilulaying
eggs (G0). We collected GO eggs laid within 10 dafter injection. Successfully hatched GO progergren

subjected to genotyping before or after laying €g5).

Genotyping

Genome PCR was performed as described in the pewtudy with some modifications [25]. Briefly, genic
DNA was extracted from each GO individual in 10 gfilprotease K solution (500 pg/mL, in 0.5 x KOD R¢o
PCR buffer (TOYOBO) ) by incubating at 60 °C forOL&hin. Protease K was then inactivated by heatirgh&C

for 15 min. Genome samples were stored at -20 WCREBR reaction. Primers were designed to inclati¢arget
sites of crRNAs (Supplementary Table S5). The targgions were amplified from about 0.5 to 2 uL gee
samples with using KOD FX Neo (TOYOBO) in 10 pL ¢gan. PCR amplicons were examined by agarose gel
electrophoresis (AGE). Genome PCR products whictewenfirmed as a single band in AGE were subjetded

direct Sanger sequencing after decomposing rengainucleotides and primers by the treatment with 2U
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Exonuclease | (NEB) and 0.1U Shrimp Alkaline Phagpke (NEB).

Knock-in experiments

ssODN were designed to introduce 11-nt substitatibmo of which mutate PAM sequence (Supplemerifatyle
S5). The designed ssODN (189 bases) were syntleaizm purchased from IDT. RNP solution was prepaed
described above and 10 pL of RNP solution was mixid 1 pL of 14.5 pg/uL ssODNs (final 1.3 pg/uljda

used for injection. The solution was kept at -80utdil use.

13


https://doi.org/10.1101/2024.01.10.575120
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.575120; this version posted January 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

References

1. Degma, P. and Guidetti, R. Actual checklist afdigrada species. (2009-2023, 42

th Edition: 09-01-2023). https://iris. unimore. it/retrieve/bf8el14a4-625f-4cdd-8100-

347ebcbebf63/Actual%20checklist%200f%20Tardigrada%2042th%20Edition%2009-01-23. pdf (2023).

2. Keilin, D. The problem of anabiosis or laterfiélihistory and current concefroc. R. Soc. B. 150, 149-191.

https://royalsocietypublishing.org/doi/pdf/10.10&®b.1959.00181959).

3. Ono, F.et al. Effect of high hydrostatic pressure on to lifetloé tiny animal tardigradd. Phys. Chem. Solids.

69, 2297-2300https://doi:10.1016/].jpcs.2008.04.0(2008).

4. Rebecchi, L., Altiero, T., Guidetti, R. Anhydiobis: the extreme limit of desiccation toleranbtevertebr.

Survival J. 4, 65-81. (2007)

5. Horikawa, D. Det al. Radiation tolerance in the tardigradénesium tardigradum. Int. J. Radiat. Biol. 82, 843-

848.https://d0i:10.1080/0955300060097292609).

6. Jonsson, K. I, Rabbow, E., Schill, R. O., HafRmsgdahl, M., Rettberg, P. Tardigrades survive osxpe to

space in low Earth orbi€Curr. Biol. 18, 729-731 https://d0i:10.1016/j.cub.2008.06.0{z008).

7. Horikawa, D. D.et al. Establishment of a rearing system of the extreteant tardigraderamazzottius

varieornatus. A new model animal for astrobiologfstrobiology. 8, 549-556.https://doi:10.1089/ast.2007.0139

(2008).

8. Erkut, C.,et al. Trehalose renders the dauer larvaCaénorhabditis elegans resistant to extreme desiccation.

Curr. Biol. 21, 1331-1336. https://doi.org/10.1016/j.cub.2011068.(2011).

14


https://doi.org/10.1101/2024.01.10.575120
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.575120; this version posted January 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

9. Watanabe, M., Kikawada, T., Okuda, T. Increabenternal ion concentration triggers trehalose tegsis
associated with cryptobiosis in larvae Bélypedilum vanderplanki. J. Exp. Biol. 206, 2281-2286. https://doi:

10.1242/jeb.00418 (2003).

10. Clegg, J. S. The origin of trehalose and gmificance during the formation of encysted dormembryos of

Artmia salina. Comp. Biochem. Physiol. 14, 135-143. https://doi.org/10.1016/0010-406x(65)809 (1965).

11. Hengherr, S., Heyer, A. G., Kbhler, H. R., 8cR. O. Trehalose and anhydrobiosis in tardigeadevidence

for divergence in responses to dehydratioREBS J. 275, 281-288. https:/doi.org/10.1111/].1742-

4658.2007.06198.£2008).

12. Jonsson, K. I., Persson, O. Trehalose in threeiepet desiccation tolerant tardigrad&pen Zool. J. 3, 1-5.

https://doi.org/10.2174/18748801003010001 (2010).

13. Yamaguchi, A.et al. Two novel heat-soluble protein families abundarkpressed in an anhydrobiotic

tardigrade PLoS One. 7, e44209https://doi:10.1371/journal.pone.00442(2912).

14. Tanaka, Set al. Novel mitochondria-targeted heat-soluble protéitentified in the anhydrobiotic tardigrade

improve osmotic tolerance of human cel.oS One. 10, e0118272https://doi:10.1371/journal.pone.0118272

(2015).

15. Hashimoto, T.et al. Extremotolerant tardigrade genome and improveibtalerance of human cultured cells

by tardigrade-unique proteiNat. Commun. 7, 12808 https://d0i:10.1038/ncomms128(2016).

16. Murai, Y., et al. Multiomics study of a heterotardigradgchinisicus testudo, suggests the possibility of
convergent evolution of abundant heat-soluble fmetein Tardigrada. BMC Genom. 22, 813.

https://d0i:10.1186/S12864-021-08131(2021).

17. Boothby, T. C.¢t al. Tardigrades use intrinsically disordered protémsurvive desiccatiorMol. Cell. 65,

15


https://doi.org/10.1101/2024.01.10.575120
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.575120; this version posted January 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

975-984 https://d0i:10.1016/j.molcel.2017.02.0(3017).

18. Chavez, C., Cruz-Becerra, G., Fei, J., Kasgvet A., Kadonaga, J. T. The tardigrade damagprassor

protein binds to nucleosomes and protects DNA frohydroxyl radicals. Elife. 8, e47682.

https://d0i:10.7554/ELIFE.A7682019).

19. Kirke, J., Jin, X. L., Zhang, X. H. Expressioha tardigrade dsup gene enhances genome protectmants.

Mol. Biotechnol. 62, 563-571 https://doi.org/10.1007/s12033-020-0027§020).

20. Yagi-Utsumi, M.,et al. Desiccation-induced fibrous condensation of CAptStein from an anhydrobiotic

tardigrade Sci Rep. 11, 21328 https://doi.org/10.1038/s41598-021-007242621).

21. Tanaka, A.gt al. Stress-dependent cell stiffening by tardigraderémce proteins that reversibly form a

filamentous network and gé?LoSBiol. 20, e3001780https://doi.org/10.1371/journal.pbio.30017¢D22).

22. Zarubin, M. gt al. The tardigrade Dsup protein enhances radioresistan Drosophila melanogaster and acts

as an unspecific repressor of transcripti@ience. 26, 106998 https://doi.org/10.1016/j.isci.2023.1069@H023).

23. Tenlen, J. R., McCaskill, S., Goldstein, B. Rikerference can be used to disrupt gene fundtidardigrades.

Dev. Genes Evol. 223, 171-181 https://doi:10.1007/S00427-012-043Z2013).

24. Giovannini, l.,et al. Production of reactive oxygen species and invaket of bioprotectants during

anhydrobiosis in the tardigradRaramacrobiotus spatialis. Sci. Rep. 12, 1938.https://doi.org/10.1038/s41598-022-

05734-6(2022).

25. Kumagai, H., Kondo, K., Kunieda, T. Applicatiofi CRISPR/Cas9 system and the preferred no-indet e

joining repair in tardigrade®BRC. 623, 196-201 https://doi.org/10.1016/j.bbrc.2022.07.0@022).

26. Shirai, Y., Piulachs, M. D., Belles, X., Daimdn DIPA-CRISPR is a simple and accessible mefoodhsect

16


https://doi.org/10.1101/2024.01.10.575120
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.575120; this version posted January 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

gene editingCell Rep. Methods. 2, 100215 https://doi.org/10.1016/j.crmeth.2022.10032822).

27. Mackenzie, S. Met al. Mutations in the white gene @frosophila melanogaster affecting ABC transporters

that determine eye colouratiorBiochim. Biophys. Acta. 1419, 173-185. https:/doi.org/10.1016/S0005-

2736(99)00064-41999).

28. Hara, Y., Shibahara, R., Kondo, K., Abe, W.nlda, T. Parallel evolution of trehalose produttiwachinery
in anhydrobiotic animals via recurrent gene lossd ahorizontal transfer.Open Biol. 11, 200413.

http://doi.org/10.1098/rs0b.200412021).

29. Jezierska, Met al. Oogenesis in the tardigratypsibius exemplaris Gasiorek, Stec, Morek & Michalczyk,

2018 (Eutardigrada, Hypsibiida@licron. 150, 103126 https://doi.org/10.1016/j.micron.2021.10312021).

30. Ammermann, D. Die Cytologie der Parthenogebeselem TardigradeHypsibius dujardini. Chromosoma. 23,

203-213https://doi.org/10.1007/BF0033111(3967).

31. GAsiorek, P., Stec, D., Morek, W., Michalczyk, t. Anegrative redescription ¢ddypsibius dujardini (Doyere,
1840), the nominal taxon for Hypsibioidea (Tarddma Eutardigrada). Zootaxa. 4415, 45-75.

https://doi.org/10.11646/zootaxa.4415.1.2 (2018).

32. Mao, Z., Bozzella, M., Seluanov, A., Gorbuno¥a, DNA repair by nonhomologous end joining and
homologous recombination during cell cycle in humagells. Cell Cycle. 7, 2902-2906.

https://doi.org/10.461/cc.7.18.6679 (2008).

33. Auer, T. O., Duroure, K., De Cian, A., ConcordetPJ Del Bene, F. Highly efficient CRISPR/Cas9-ia¢et
knock-in in zebrafish by homology-independent DNAepair. Genome Res. 24, 142-153.

https://doi.org/10.1101/gr.1638.113 (2014).

34. Maruyama, Tet al. Increasing the efficiency of precise genome editvith CRISPR-Cas9 by inhibition of

17


https://doi.org/10.1101/2024.01.10.575120
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.575120; this version posted January 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

nonhomologous end joininlat. Biotechnol. 33, 538— 542. https://doi.org/10.1038/nbt.3190 (2015)

35. Chu, V. Tetal. Increasing the efficiency of homology-directegai for CRISPR-Cas9-induced precise gene

editing in mammalian cell$Nat. Biotechnol. 33, 543— 548. https://doi.org/10.1038/nbt.3198 (2015)

36. Devkota, S. The road less traveled: strategienhance the frequency of homology-directed re(p#dR) for
increased efficiency of CRISPR/Cas-mediated tramsgjs. BMB Rep. 51, 437-443.

https://doi.org/10.5483/BMBRep.2018.51.9.1@018).

37. Gibson, R. P., Turkenburg, J. P., Charnock].SLloyd, R., Davies, G. J. Insights into trehalsynthesis
provided by the structure of the retaining gluctsylsferase otsA.Chem. Biol. 9, 1337-1346.

https://doi.org/10.1016/S1074-5521(02)002922D02).

38. Kono, Y., Takahashi, M., Matsushita, K., NighitM., Kameda, Y. Inhibition of oocyte developmémnt a
trehalase inhibitor, validoxylamine A, inPeriplaneta Americana. Med. Entomol Zool. 52, 23-30.

http://dx.doi.org/10.7601/mez.52.23(2001).

Acknowledgements

This work was supported by JSPS KAKENHI Grant Nursb&20H04332, JP20K20580, and JP21H05279 to

T.K.. A.T. received a Grant-in-Aid for JSPS Fello(0. 21J11385).
Author contributions
K.K. and T.K. conceived and designed the study..Ko&rformed experiments and analyzed data. A.Tvigeol

materials. K.K. and T.K. wrote the paper and athats approved the manuscript.

Data availability

All data have been included in the manuscript &edsupplementary information.

18


https://doi.org/10.1101/2024.01.10.575120
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.575120; this version posted January 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Competing inter ests

The authors declare no competing interests.

19


https://doi.org/10.1101/2024.01.10.575120
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.10.575120; this version posted January 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Figurelegends

Fig. 1. Experimental schemefor DIPA-CRISPR in R. varieornatus.

The stage of parental females to be injected isit gmportant parameter for successful gene-eglitmDIPA-
CRISPR. To obtain parental females at the defigedta be injected, eggs were collected, and ttaahiings were
examined daily. Newly hatched juveniles (0-day-olMBre separated and reared for the defined perimd @
injection. After injection of Cas9 RNPs, the ingdttardigrades were reared for 10 days, and tdeelggs (GO
progeny) were collected and reared. Grown GO iddizds were separately subjected to genome DNA aidra

and PCR. PCR amplicons were directly analyzed mg&asequencing.

Fig. 2. Generation of gene-edited GO progeny at white gene locus.

(A) Schematic representation of the gene struatfifevY_01244 yhite) gene, and the locations of three crRNAs
(brown arrows) and genome PCR primers (blue arro®sgen boxes represent exons and gray lines esgres
introns or intergenic regions. (B) A representatigarose gel image of genome PCR amplicons defigedsome
GO progenies. In this gel, the left 4 samples atdibamplicons at the size expected from unmodifiedome

(WT) and the right sample termed wsn1 exhibited a single band at shorter six&) than WT, which roughly

corresponds the size with the deletion of the fraigiha (crNA1-crRNA2). Note: the amplicon at the \&lZe was
not detected in the-m1 sample. (C-E) Gene editing patterns in theedtobtained gene-edited GO individuals,
such as a complexed editing-fn1, C), 1-nt insertion¢-m2, D) and 3-nt deletionném3, E). Each direct Sanger
sequencing data of all three gene-edited GO indaisl clearly exhibited a single sequence withoutealipeaks
(Supplementary Fig. S1). (C) Red bent line reprisstire deletion of the intervening region betwedRNAL and
crRNA2. Orange box represents the intervening DM#giment between crRNA2 and crRNA3 which was re-
inserted in a reverse orientation. (D, E) Schemaficesentation of the gene-edited location andoineparison of

the amplicon sequences with the reference sequ@vitearound the edited sites.

Fig. 3. Generation of tps-tpp knock-out tardigrades.

(A) Schematic representation of gene structure \of R3060 {ps-tpp), and the locations of two crRNAs (brown
arrows) and genome PCR primers (blue arrows). Ghbeges represent exons and gray lines represeaht(B)

A representative agarose gel image of genome PCRicGms from some GO progenies. WT indicates the
amplicon size predicted from unmodified genome attAintervening-region indicates the size with the tefe
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of the intervening region between two crRNAs. Theple labeled as 478nt-del exhibited a single aroplat the
size of 478-nt deletion. (C) Comparison of the aogpl sequences in 5 gene-edited GO progenies \uith t
reference sequence (WT). The numbers of GO indaldgarrying each editing pattern are shown inrtpbt
column. Bold red letters and hyphens indicate timeand deletions. In Sanger-sequencing datané-gdited GO
individuals clearly exhibited a single sequencehautt mixed peaks (Supplementary Fig. S2A-D). ThHeobne
exhibited mixed sequences of unmodified one (majogd 1-nt deletion (minor) at the crRNAL cleavaiye, svhile
both of mixed sequences shared the same 333bodedebund the crRNA2 cleavage site. (D) Electrapgems
of direct Sanger sequencing of the gene-edited ri@vidual containing mixed peaks. The Sanger dats w
obtained using the forward primer (left in panel Ahere are no mixed peaks in the left portion ptm the
putative 1-nt deletion site. In contrast, in thghtiportion, minor peaks derived from 1-nt deletsayuence were
detected with the major peaks corresponding to wlifled sequence. (E) Gene editing patterns in teeeedited
GO progenies whose G1 eggs were successfully @atdior further analyses. The numbers of GO indigldu
carrying each editing pattern are shown in thetriglach GO individual exhibited only one kind ofited sequence
(Supplementary Fig. S2EF), indicative to homozygowsation. The intervening 466 bp regions betwa@NA1

and crRNA2 are shown as thin gray lines.

Fig. 4. Generation of gene knock-in tardigrades

(A) Schematic representation of gene structure wf R1244 {vhite) gene and the locations of crRNA (brown
arrows), genome PCR primers (blue arrows) and ss@@Nbw line). Green boxes represent exons any limas
represent introns and intergenic regions. The semuef ssODN to introduce the 11 stiosions (red letters) is
shown in aligning to reference sequence (WT). (Bh&editing patterns in the gene-edited GO progesiitained
by co-injecting ssODN and their representative tedgdherograms in direct Sanger sequencing of thelieoms.
The number of GO individuals with each editing pattis shown in the right. The three GO individuathibited a
clear single sequence carrying 11-nt substitutaandesigned in ssSODN (perfect substitutions). Grikeoother GO
individuals (shown in middle of panel B) exhibitedxed sequences of 11-nt substituted (knocked-ins&quence
as major and an unmodified sequence (WT) as mihime. other one (shown in bottom of panel B) cardeat
insertion at the cleavage site and also exhibitedl tonsecutive mixed peaks of unmodified and kndédke

sequences at the furthest knock-in position froendleavage site.
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Tables

Table 1. Summary of the gene editing targetiRgy_01244 (white) gene.
Age #injected #survivors #GO0 #genotyped # geneedited Names of

(days) individuals (ratio) eggs” GOs GOs (GEF) gene-edited GOs

5 29 9 (31.0%) 6 5

6 43 11 (25.6%) 20 9

7 60 17 (28.3%) 12 9

8 99 21 (21.2%) 31 24 2(8.3%) w-ml,w-m2
9-10 32 18 (56.3%) 52 24 1 (4.2%) w-m3

9 30 12 (40%) 27 5

10 29 14 (48.3%) 36 12

Total 322 102 (31.7%) 184 88 3 (3.4%)
& Laid by the injected animals within 10 days aftgection.

Table 2. Summary of the gene editing targetiRgy’ 13060 (tps-tpp) gene.
Age #injected #survivors #GO #genotyped # geneedited

(days) individuals (ratio) eggs” GOs GOs (GEF)
7 93 32 (34.4%) 44 36 1 (2.8%)
8 130 31 (23.8%) 54 43
9 77 14 (18.2%) 17 15
10 41 15 (36.6%) 73 52 4 (7.7%)

Total 341 92 (27.0%) 188 146 5 (3.4%)
& Laid by the injected animals within 10 days aftgection.

Table 3. Summary of generation gis-tpp gene-edited GO individuals laying G1 progeny.
Age #GO #hatched GO # genotyped GOs # gene edited

(days) eggs®  eggs (ratio) which laid G1 eggs GO0s (GEF)
7-10 182 165 (90.7%) 151 6 (4.0%)

% Laid by injected animals within 10 days after atjen.

Table 4. Summary of knock-in experiments targetiRgy’ 01244 (white gene).
Age #injected #survivors #GO  #hatched  #genotyped # geneedited
(days) individuals (ratio) eggss  eggs (ratio) GO0s GO (GEF)
7-10 210 73 (34.8%) 137 125 (91.2%) 107 5 (4.7%)
& Laid by injected animals within 10 days after atjen.
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WT GCTTTTCCAACGAGACCTTGTGG———CCGACG TCATTGGGTTCCACACT
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484 nt-del GCTTTTCCAACGAGAC- - - - - =« === sc=cce e —ooo GGGTTCCACACT
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