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Abstract

Project Code: MRG5480228

Project Title: Generation of knock-in zebrafish
Investigator: Assistant Professor Kannika Siripattarapravat
E-mail Address: fvetkks@ku.ac.th

Project Period: 2 years with extension

Abstract:

Zebrafish has been a widely used vertebrate model for human diseases and studies of

developmental biology. In comparison to mouse-model, however, homologous recombination
has not been successfully implemented in zebrafish, in part, due to the lack of a robust system
for derivation of embryonic stem cells - a practical approach for generating knock-in/ -out mice.
To utilize zebrafish model systems into parity with rodent model systems, a reliable and simple
method for reverse genetics is necessary. The zinc finger nucleases (ZFNs) technology has
recently been utilized in germ-line gene targeting in zebrafish. However, the mutant zebrafish
normally harbors mosaic lesions and as of yet, a combination of ZFNs and DNA repairing by
homologous recombination has not been reported in fish. Somatic cell nuclear transfer —
cloning has a potential to become a method of choice for germline genetic modification in
zebrafish. We have developed cloning method that can be used efficiently to produce cloned
zebrafish (Siripattarapravat et al., 2009). Our collaborator previously reported that ZFNs can
increase the rate of DNA repair and introduce DNA lesion resulting in knockout zebrafish
embryos (Meng et al., 2008). So, it is possible that, under appropriate selection systems,
cultured cells with gene targeting homologous recombination can be propagated from a primary
culture of ZFNs-mutant embryos. The cultured cells that are genetically knock-in can then be
exploited in the cloning system. Here, we proposed to combine cloning technique and ZFNs
technology, to achieve the goal of creating a knock-in zebrafish. We introduced ZFNs targeting
dx3b gene and dix3b template cassette into embryos and cultured cells. The dix3b template
composes of diphtheria toxin A (DTA) and neomycin resistant (NeoR) genes for negative and
positive selection, respectively. The knock-in cells had insertion of NeoR but not the targeted
location that disrupts dx3b gene, unfortunately, and the following somatic cell nuclear transfer

experiment was not conducted.

Keywords : Zebrafish, cloning, knock-in
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1. UANED (MUDNEISLUURNILLAY 2/1 Lag 2/2)

1.1 undngantelng

vanduilwgnuanliifudn mnasaiionumainemansdmiunsnulsaluinuduasmsfnuiauinms
voshseu Waliisuiunyneassiitlszuunsnandnifaulasiugnssuiiteltlunsveaeuideinanvansmeluladnsg
mamﬂm%u%’ﬁxlﬂuﬁmLLﬂaqﬁuﬁqﬂﬁuﬂfuﬁﬁﬁm Tnslonzmaluladiiansadaviereduilansyn (gene targeting) thilal
anusaihladhenewihiununagaes miﬁﬂﬂauﬁaLfJumﬂﬁﬂﬁamwaWwamé’miﬁmLLanﬁuqﬂiiulé' AzEITEUTEAY
asdfalunsilaauiisuan (Siripattarapravat et al., 2009) wazgsnAdoUszaudusalunsuanianuinily
Anudasiugnssumewailanisly Zinc Finger Nuclease (Meng et al., 2008) Fofunsnuannaiiatdendiaei
sghamnzay svanunsordnUanduiiisiendulddnsa {idulddawsendnineass syuuMsHsaTad syuunsand
gou uavszuumsilaauidlufomeasideudos Mntuwhnsmeasserniulushdeu wazwaduasandudiiiy
dnidonwadiisnuen Ga18 Tuviemnans waymsieaauNanIsFnulasiugnssy wuhilBusuen Ga18 luwadfidaden
18 wiildwudroglusiumisesdu Diab muiaus Jdlailiineadilldvasenilaauiwioly

1.2 UNANERAIIDING

Zebrafish has been a widely used vertebrate model for human diseases and studies of
developmental biology. In comparison to mouse-model, however, homologous recombination has not been
successfully implemented in zebrafish, in part, due to the lack of a robust system for derivation of embryonic
stem cells - a practical approach for generating knock-in/ -out mice. To utilize zebrafish model systems into
parity with rodent model systems, a reliable and simple method for reverse genetics is necessary. The zinc
finger nucleases (ZFNs) technology has recently been utilized in germ-line gene targeting in zebrafish.
However, the mutant zebrafish normally harbors mosaic lesions and as of yet, a combination of ZFNs and
DNA repairing by homologous recombination has not been reported in fish. Somatic cell nuclear transfer —
cloning has a potential to become a method of choice for germline genetic modification in zebrafish. We
have developed cloning method that can be used efficiently to produce cloned zebrafish (Siripattarapravat et
al., 2009). Our collaborator previously reported that ZFNs can increase the rate of DNA repair and introduce
DNA lesion resulting in knockout zebrafish embryos (Meng et al., 2008). So, it is possible that, under
appropriate selection systems, cultured cells with gene targeting homologous recombination can be
propagated from a primary culture of ZFNs-mutant embryos. The cultured cells that are genetically knock-in
can then be exploited in the cloning system. Here, we proposed to combine cloning technique and ZFNs
technology, to achieve the goal of creating a knock-in zebrafish. We introduced ZFNs targeting dix3b gene and
dix3b template cassette into embryos and cultured cells. The dix3b template composes of diphtheria toxin A
(DTA) and neomycin resistant (NeoR) genes for negative and positive selection, respectively. The knock-in cells
had insertion of NeoR but not the targeted location that disrupts dx3b gene, unfortunately, and the following

somatic cell nuclear transfer experiment was not conducted.
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embryonic stem cells (ESCs) Lﬁamiméwygﬂmam (chimeric mouse) TneisusuaInUsuLUAsuaILved
ANTIUTNITUUNEAIUYDI ESCs Fe78n1575enn cene targeting luveanmaes inmsdmdenlildiead
fifinmsuuidsuiugnasudinizud ntudisaddldlulslunisndanygnuan ysindina119:d
nauv A AURLS LTS Y RALNTIN gene targeted-ESCs dtuaganemondnumeiugnssuludiu
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Ju wisanuwerenilunisuananduiflvganas (Chimeric zebrafish) Adslsiszaunadnia (Fan
et al, 2004, Ma et al,, 2001) ¥lAusuazidlanalnnsdrinenfarannsodnuldluanduifei
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anudndavesnislaauia Dolly 91nwadiildanduuaesunzans (Wilmut et al, 1997) vilw
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ﬁwm%my’ﬁ\lmﬁugﬂﬁ’muﬂﬁﬁﬂszawﬁmwmﬂ%uiuﬁaaﬂﬁﬁ’ams%qm (Siripattarapravat et al., 2009)
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INNNTANTITIVIIUNITNAGDINUINERNTINTTFRULSU DNA vTin homologous recombination
Husannluwadeinduitlafle £SCs il cene targeting lulwadinzides uaznisdmdonivadiiie
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WiulseanSnmnisdeuwsy DNA i homologous recombination lalaan1sld Zinc finger nucleases
(ZFNs) LJus1%78 (Perez et al,, 2008, Santiago et al., 2008, Urnov et al., 2005) vaulasl ZFNs 4
drulsznovveslusiu 2 9in drunisdelusiu zinc finger ianusadusudundsuasnanizuy
genome 18 Sndrumilsoieulasl endonuclease fifiauauisalunisda DNA lfu1neondudesty
ZFNs vienuduguazazanunsada DNA lddeilelusiuyes ZFNs aesindusguusiiumisuas DNA Tu
swoyiflndfu WolWdulul endonuclease fiogfluusazdramnsidug uazdufudu active form vas
Eulesl Fadulaaiazdn DNA Tualalusundasnmeilndfusumdadiiusiu zinc finger Sutvindu
Fatfu gene targeting Imaiﬁm%ﬁﬁﬁmmLﬂulﬂlﬁqq



walulad ZFNs gniauailuinisifevanduifiuniled 2008 wedativinlaenisdn mRNA
909 ZFNs inllushseussesnilavad nafeaunsadase DNA Tusunidusimgluwadvesaild
Imw”naqﬂL{JumﬂﬁﬂﬁiﬁumsmamﬂmﬁaﬂLé"ﬂﬁlﬁ (Doyon et al., 2008, Meng et al., 2008) faLki11n13
é’fmmaqﬁuqﬂiimﬁ%ﬁaﬂfh gene targeting AR ATALBINEoNUTY DNA WUY non-homologous
end joining luildn1se9puianuuy homologous recombination ﬁqﬁu%alﬁmmsmzmuam%miﬁLﬁm
uu DNA ¢ u8unuu deletion 130 insertion wazfidfeyn1snan sene tarceted zebrafish dewAdia
Janansavhldanzusivandendni lianusavhdantiendu uas conditional knock-out/-in I

Tassmsideiliauensthgaiduresmeluladlaauils uaz ZFNs wwansaudu wielfluniswde
Uanflondu fesnnwmadia ZFNs gniawkagydnsaluiiseuvesUanduiily auggidedsauenis
nanwaatendulasldinaiadotuiluisou snduduhwadaniseunnideduiemeans dniden
sy waznsiaaeu Aeusztneadiululdidu donor cell dmdunisvlaauiisdely esan
Trssnsideiidulaseinsiisendiietiunisnsisaeudsyansamuedsnsidnauedinaiunse
Usegnaldldaie fideTadendnuiBu dixsb deuilfigniiondniluazdmatensiauveuie ey
(otic vesicle) wndu dix3b maluua 1 allele agliifinadonmuinsvesdisaulal WNUNITITY8BNLUL
seuumsAndenadluiemaaadlidainuduaesssuufe positive uaz negative selection fildifusgn
wsnanelunisinideneadudainsiiuauIug gene targeting  Msfndenwadilesduayiilagds
negative selection #18 Diphtheria toxin A (DTA) nd1afelwadfid random integration Y84 DNA
template Aidumisdug lavudlunavaedae DTA fiufl nsdmdendudeluile positive selection
Tnemsfiendudauvasdu Neomicin resistant (Neo®) wiluunsnlu exon3 ves dix3b sehuileld Gals
dlluemaidsasad wadfaregsenldfeiwadtionduiity iamsansaaoutuselulusedy
Tuana ieBusunudnuuzvonsad Aeufagdsadiualdlunisleauis wadiansudauaniiondu
Tngldwaluladlaauiissiudu ZFNs asdunisdalidnenmlunsdudnineaswesuadudfediun
Juninn Bnvsesdnruiildisansnveenalulunmandedn ifanasiugnssudungsiinguldly
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[
a

lugrafouunsiaufisiiunny uwnugil 58 wanstayaludisfouuweuisliguneu tneldadensd; J =
UNTIAY, F = NUAMUS, M = Ju1Ay, A = lWwiew, May = wguaiay, Jn = dquiey
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—4— Fertilization rate
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Survival rate
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UM 6 uHunTuanidnTINsUfaus (fertilization rate-U1vanusndiin), dnsinisitnda (Hatching rate-

a A Y] aa = a . a a a
ﬁLVﬁUQJaLa@G‘I‘V]Nv) LLazam’mﬁiam“U’mf\]ummq 1 U (survival rate-g@uliaguaLwel) ANNTHEN

D.

v 6

WUFAWETINYIR wanwnupaulaglidnysdevensiou uasimiavinamaanidiuassivinnisueyly
navnaAniug AUl WHUAN 6A uanslayalutiuseuuniAuddiuIal WNuni 68 uanstoyaludia
Wwanwguiliguieu laeldigensll; J = unsiay, F = nua1ius, M = duiey, A = wweu, May =

N WAL, Jn = Agungu.

nan1sUsTuUsEAVEN ez uUAURUg nudluieunnsieudulugisnvandiongUssuna 3
Wou Uansunanmginssunisnauiug uwidslifianuauysaliug deesiiuldanndunaissiou
nuUAUETINSHauiugiaranly urgnsnisiauausen lussulivauinisnauiugiasiinnisanle
PUIUNTU TINIERTINTUAUS Snsnsiind uazdnIINTTTeNTInIuneIY 1 e Lugely
WesnnUandiongld 5 wWeu Feasidngiaasyiudinud winuitlugiUaadeuiiuiaudnsinisnisuan
o & o = a ’ \ N ot ' aa 0
Wugantevad iewngumaiitieglutig 32-33 ssrwal@eadaandiionmniinvansaude 29-30



swnwaldua nneanmemaisoutu Suhmsutlaulaemsfefiduuanudouiividsios nuh
Snsnswanfdulutanaauyey wigamgivedliasinasSsasgaiuly fasduldandnsnisua
Tufounguniauiianas Sehlduuliufnnszanviedaduauutuefounazindeszuudeln
Inialusih shlvmuaugamgiuarUinamaddibetu vlisammanayludoudiqusuiie

3.4 7158579 Plasmid vector Lazn15911 in vitro transcription

MsLRELALOUe warendleulawiiasi Gene targeting Siumaugasioll

3.4.1 Fuusnth Plasmid vector fweslud Transformation TWguuafieiiioiiuduu uay
Faidendeds antibiotic resistance (Ampicillin) n&sanduain plasmid mmm’mcﬁugﬂaaﬂmﬁuﬁﬁa
T¥lunsmaassdeld (5Ufl 7A)

3.4.2 ¥nsas1e plasmid vector Wieidu DNA template wanafindwsududuuuulunisii gene
target gnisseulmiu Linearized plasmid Tngnsanematoules Notl Lwﬂimiawﬁimmﬁmi Agarose
gel electrophoresis LarfALenTuNaalinanLaa mﬂuuaﬂﬂimﬁamﬁ azangluih waztanny
\WUUAIELA309 Nanodrop

3.4.3 d@1u RNA wisuanwataia pCS2-5"ZFN wag pCS2-3'ZFN Tawiin in vitro transcripted
mMRNAs 983lUsFU zinc finger nucleases Fsunzsadu dix3b (mugﬂﬁ 2) Iﬂ&ﬂ%ﬂ;ﬂ In vitro
transcription kit %83 Ambion @ mMessage mMachine SP6 kit mfs%miﬁisqvmu@ﬁa d7UV03 RNA
gRANRAznaume Lithium Chloride oty

3.4.4 d@1unanvad DNA template (linearized targeted construct) ag RNA d1%5U 5’ wag 3’ Zinc
Finger nucleases grisssanandmiunsaadndseulmidiaanlagldiduuindonld (Ui 78)

A

3U# 7 Plasmid vector gnvi transformation Wluwuadiiseaiin Escherichia coli (Top10) WaZILYN

o

1huMAgeuUNIs expression vas plasmid vector wielugadienusledely (A), Wulaeunay

)

dunsvaneuusle (B)



3.5 Mawseaasasdiodmiuiaeuuile waznsvi1 Embryo injection

gunsaiflflunsdmenuile Useneumeduuiuaouvian yaedesile Micromanipulator Lay
n&as Stereomicroscope NMswieuduvtuesnuttiruIa 20 ul Tnethundalilansunauuass
YuR 10 pm sheaaiiuauie wagidndaedulmnduudesierios micro-grinder (UM
7B)

'
v

msdaeuutadumeatind1Aglelun1svia Gene targeting {33814 injection chamber fiviauLes
Ingld Petridish vunawduruAugna1s 100mm, Glass slide, Cover slip, ua Agarose gel ¥ngUnIaian
wwuu3leld Micromanipulator Tunistaduiienisnisindeulnvesdy wargunsalniuaunisuaesuas
I X Y] Y ¢ & a ao a Y PN Y] ¢
anansnUamedulagldniuiundesganssaiuasludnvineseuld (U7 8A) nasannUsenaugunsal
JuAsUIaNUa waziiuenuileongliiu 1 F9lus dinnnadedugesnusenauiuainnisie cover
slip Lishunilswazldninuvunves Agarose gel Autnadnaumil (5 88) naaeulaenisin 0.2M KCl
Tuasava1efil Phenol red wudnsnsentinveaduusloliunnaannguaiuny

=

3UN 8 uansgunsaluagisnisvin embryonic injection ¥ngunsal Micromanipulator Usenausie
gunsaldaduiiavnanisindeulmvendy wazgunsalmununisUdesuazgaansainUaiedy laevinau
SAUNFBIANTIAURUUTINGU (A), Injection chamber 1¥n138ugU Agarose gel lviildasdmiuns

wuUsle (B)

3.6 nMsvinnsufausuenda (In vitro fertilization)

nawieugadioewieltlunsineuuile lnglfenuileléannmsufausuensa (VF) edan
wAuasilefinuanysaliudd Aefinisenly 100-200 Wes wazdidnsin1sufaus wardnsnsilnidu
FuNndn 80% FN15IALAU oocyte wag sperm UsziliugmnInuad oocyte ﬁlﬁﬁwmi@é’ﬂwmsw
9ame3n1Ade Stereomicroscope WAEATIIAANINYDS sperm T1lé Tnevagounns activation V84
sperm #&IN1SNULUULGEY wdRshuvinsufauinieuend uazindnsnisiaufaus i vian
e Huarnafizauiv oocyte



n15911 in vitro fertilization THwmafla Stripping technique (gﬂﬁ 9) Tun153aLAU egg Uag sperm
Mnnuanladiute Auanamginssunmssauiug lundesaniieionld uazifumsiinanuduasvesuaiu
GRNAGH I Lﬁaammmm?ﬂmiumigﬂﬁuLLazLﬂéauﬁﬂLLamé’am na991nle egg uag sperm 11N
UsEUAMNINAIENADIRaNTIAN ANLMEUD egg Vi?mvﬁaaﬁlﬁaﬁmammfﬁ laidnanm, Yolk granule &
mma%aamﬂmu@mmnu (homogeneous) wagtludnies (yelLOW|sh) sperm AL MAFDY
svegLIa17 sperm :umiLﬂaauwlﬂmwmwmf\mmﬂivmumam (hypotonic activation) sperm A2%
wndoulmidiniduiasld LLauLimqmﬂaaulmmanmmulﬂﬂiumm 2-3 U9

nsufausuendvinlagniswsen semen 20 pl Lalutius LaswReuUsEan 500 pl (tank
water) Wlulhundnduntls du egg awgnussgeglu Petri dish Td sperm winudethaslusiuil Udos
flisvanas 1 wdl Saduthasluiisdn wimniuduiinduiushseuiidnmsimuluusazdu
WIsuiguiuran SHauiugmeIsessuwI

Ul 9 msdafuthideandaBuiiiiasag am A = ndessamiug wuiiiiudussunsafieliisey
w3e oocyte nauaslUSsitundosdinudns; nm B = dinadfiinginssunsnauiug snseaatlag
A3l Tricane (MS222) sasily tank water $051du 4% VAV wdnimndlusesivinlilurosi: aw
C = UM LaAuTweId i INTaRsUTRe AsUve Tagldnsyane Kim wipes; 2 D = 14
Capillary tube vw1a 5 pl Ut de Tnenanse genital opening udldurauiiadoulfmunaung
funagen wieusuldiUssresdufinsetudng: A E = SWL%@ﬁlﬁﬁ]zgﬂﬁﬂﬂLﬁﬂu Chilled Hank
buffer saline udauatnuds



3.7 mswssuaunianlun1snisanedniianied (Microinjection)

msaneehnfinadealuruiunistrauds Whluludu cytoplasm 109 esg TuuaTusily Fosdaru
micropyle @sAasumisiivin sperm fusion 33n1saRedldirdediolunsdniisnme warlddufiidu
ruAugnasiivaeduvun 6 pm ssduszneugunsaifdediusznouse ndesqanssativie
inverted microscope, needle holder wazgunsaidsfunsindeulwvedy maveslfianslieos
anumdoslunsilaauialiGeusosuds fauandluguil 10-12

sU# 10 AMWA1ARRAY Micromanipulation system wivelglun15vin Microinjection
Jun 10

' [

SUN 11 AWNISARAY Micromanipulation system tialalunsvin Microinjection; a1 A Lamsn1599
g Qy [ 14 <@ = . . =t

714 needle holder 719 3 U Tnadnliuansilnaneianals manipulation plate F9U339 5% PVP Tu

CSOF dmsuld egg wag 1% PVP lu LDF media @ wsuld donor cell, n1w B kanIn153n319Yn

gunsalnsmue dmsuvin nuclear transfer



Egz holder

Bon oeedle

SUN 12 AT Microscopic view ¥89015%11 Microinjection: AW A = And egg holder nsgneiiouas
Jun 12

injection needle MeuNilelviognsstnuiulazvIuiy 219 B = LAAINITRAA egg HIUNN micropyle;
2 C = NNVYIBANLAUNYDY micropyle

3.8 119911 Non-enucleated nuclear transfer

flosandawmaiasiiolunisvh Enucleation Ao Laser- -equipped objective lens Fldlunsvhane
fpdeavedlivar n13vi Non-enucleated nuclear transfer 3uludsusniiaznagoumnaiin waziznis
vinlaauils Maunsavihldad luviesufiRnsvesUssimale

3.8.1 n1tw3wu Donor nucleus

Donor cell Al#fe iwaduswes embryo luszey 12-16 somite W nnsHasTUSABIETINA B9
wgnisenliiadyianneglussesiisdesnisluiuiiozii nuclear transfer wef n1sie3ea Donor cell
Imamimmmumwaq embryo LLau‘UﬂL‘Uu‘ZIULaﬂG] inlugsse 0.025% trypsin 11 5 U UA9LAL
5% fetal bovine serum (FBS) LWEJEJUENUQWEEJ']‘UEN trypsm Mt 12,000 rpm
Wuan 5 unil @mmu supernatant 980 LAY 5% FBS wartudnads mniudiold cell pellet 39¥11n19
resuspend hetheiasuead LDF finay Polyvinylpyrrolidone (PVP) lusasaau 19% waanfiulii a°c
noutluld

3.8.2 N19L38 Recipient egg

Tudureuiuri nuclear transfer w3saamaguaziilelflundeaman Tudhvesiuiivih nuclear
transfer 1&3annLAEa donor cell Wi Saudoelviamaniugiu uazth embryo AlfunaTatusng



nsnaudn @enguanfilsdnsmsnaningeiigaanld IneSaufuldansade wulilu Chinook salmon
ovarian fluid (CSOF) (Siripattarapravat et al., 2009 - Gifted from Jose Cibelli, MSU) uaz21sl3lu
moist chamber gungil 24-25°C

3.8.3 N13L#38U Manipulation setting

gunsaifliUszneuie ndesqanssmivila inverted microscope, gunsalBaiiudn (needle
holder) gunsaitfsfunsidoulynveady (manipulator) uavgunsaldmiuaruaunsanas (injector)
(U7 10-12) \uild@adidusiuaudnarsiivaroduvun 6 pm wazsSen manipulation plate d1v3y
U559 egg hae cell luraugyi nuclear transfer

3.8.4 nMsaneenileduanazn139nn1s Reconstructed eggs

n15911 nuclear transfer Inan15aa donor cell WU cytoplasm U949 egg N"luVl’Ng micropyle
%8991n3n 11 reconstructed egg 1U incubate Tu COSF 8nutian 15 urd waidsthluansly 5%
bovine serum albumin Tu HBSS &3 11 reconstructed egg 1UviNN15 activation #8 egg water uay
Tuiindrusu embryo fitnsiasadulsluszezanan

3.8.5 4an15v11 Non-enucleated nuclear transfer

nann5¥1 Non-enucleated nuclear transfer sianun 13 ass (15797 1) shvieEY 310
reconstructed eggs WU118RTINTLATYLAULALABTINUDY embryo (g‘dﬁ' 13) snindewSeudisutune
nsneaesiAeiin1ssee (Siripattarapravat et al, 2009, Hattori et al,, 2011) srreuntni usiile
ﬁmmﬂmwiam%ﬁﬁqmimamwudwmaﬁlé’ﬁmmﬁuuﬂiqq WU 8RIINITNU embryo Tuszey
blastula wuaglutag 8-0% warluszss Gastrula oglutas 0-28% fumsudly Tnsaiuguiladesng
Tunsvnassusazadlidiaruaiuane gnuarfisondinimuaidiofongldussana 3-5 Weu awvhms
wonifngadaindruma witeia DNA ploidy niesvimaaeulinauriug iogaauauysaitus

100.0

90.0

80.0 -
70.0

60.0

50.0 Hattori et al, 2011

40.0

emims Siripattarapravat et al.,
2009

30.0

20.0 ~ Our experiment

10.0

5.2

0.0

Percentage of developed clone embryo

Clevage Blastula Gastrula D1 Hatched Feeding
fry

Developmental stage

sU 13 en51n150U embryo luszezaneg sesnsiasyiuln Anduiesazifieuiuanuidenoun
(Siripattarapravat et al., 2009, Hattori et al., 2011)



A15199 1 waves Non-enucleated nuclear transfer Miaving 13 A33, davluradunineiiesiuiu
embryo la WeAnduspearainduiu reconstructed eggs YNUA, hpa = hour post activation

Manipulation = Reconstructed  Cleavage Blastula Gastrula Segmentation Hatching Feeding
eggs (2.5hpa) (2.5- (5.5-10hpa)  (10.5-24hpa) fry
4.5hpa)

1 9 3 1 0 0 0 0

2 25 11 8 7 1 1 0

3 18 0 0 0 0 0

4 31 3 3 1 1 1

5 20 6 3 1 1 1

6 43 8 7 1 0 0

7 27 10 9 7 3 2 1

8 20 6 4 3 3 1

9 25 6 3 1 1 1

10 41 5 5 5 1 1 0

11 12 1 1 1 1 0 0

12 23 13 8 3 2 1 1

13 16 4 2 1 1 1 1
Total 310 90(29) 63(20.3) 44(14.2) 16(5.2) 12(3.9) 7(2.3)

3.9 n15tABe Primary cells 9MnfAasaulanduiily uaznisnadeunulanesn G418

3.9.1 svuunsiasaadUardusilswuuldld coz

domniteliaunsamgineiisneaduaiaguuifoungisnitgumniives (28 asm
waldea) filszuumuaussiumiveulaeenledly Jmaasadsneadluomsviaiild chemical buffer
%o Hepes Wnu Imaajmmmiﬁmmaaﬂ%’%a LDF media Usenaumie L15, Ham’s F12, kag DMEM Tu
g93187U 100:70:30 Lazld@Iunly 2mM N-acetyl-L-cysteine, 1mM L-Ascorbic acid 2-phosphate
sesquimagnesium salt hydrate, 2% Trout serum, 10%Fetal bovine serum, Wz Antibiotics NaN13
nPaRmUI WasTkenldnfseulanszes 15 somites ansavssaldAluomsdsaradyiing uay
annsolfiduiinmadeduduneudoluld Bmawdsummedosadilneignuarszes 15 somites 11
Anqufusgeusendne Forceps a1sagause PBS il 1x antibiotics $1121 5 50U wa dissociate
senstiatuandusiuau 30 addluemsidsasadeia LOF ilewdedldszeznan 1 iou axiidiuiu
wadunme (Uszanas 2 van T25) fagldlunisveassdely

3.9.2 MminagauanubvesgaiiaTuIHvRsu1auIaTN G418 (G418 killing curve)

nsnaaeuanuhvsrasUadui e fugatin G418 danuddglunisimvuaruianag
sveznafiwadarldsue wunadllii insilieadmeduiull awhlfusnamessadfisontinl
annsaiulaseluly mnnsnadeuisssadumiirnududuves Ga18 fisnetu waznudn wadiiuen
InsseuresUamduinfivasmerianuslunauanisiulumueududuresedugain ca1s
(M9 2) FATeIdldanudiduves Ga18 Tuszdu 1me/ml lumsmeasssiely



713199 2 ANUbITeLEaRfIBaUUATUITY doenfugaTn G418

vuafinagau (ug/ml) Sruauiufieadane (Ju)
800, 900, 1000 7-10 (all died)
550, 600, 700 10-12 (all died)
450, 500 14-15 (all died)
350, 400 18-20 (all died)
200, 250, 300 Still 30-50% confluency at d22
50, 150 Still 100% confluency at d22

3.10. NMsuanaaiondu

3.10.1 NMsAnneue tay RNA Tudssulanduiiivsses 1 wad

1h linearized plasmid wag in vitro transcribed wdesldande 3.4 smnassdaluldvesgnuan
I¢nmanawiusuuy IVF nmsvaaesdawui gnuaniidnssenidu 0% (e 2 asy) Jaudsu
WHUNTINAABIlABA1TYIN transfection Tu culture cells wnu

3.10.2 5911 Gene targeting Tu culture cells

I3eldIsn1saeguduvadlag Amaxa nucleofactor kit V saglusunsu T-020 Fnaaoundali
narbunshmanafinfifituSewmadifer (pCS2-Green fluorescence protein) Wiluwadimzidosld
nfvaulan (gﬂﬁ 14)

sUfi 14 UseAnSainaeanisvin Transfection lngldwanadin pCS2-GFP it promoter wliaLReniuiu
Zinc ﬂnger nucleases Vlﬁ]"f[ﬂj 1PUANUVNTUYDINAGNAT.5 Ug mwmama 1 TunasaN transfection
(A) waziflensiagousie Flag antibody Wun1swkanI98nvas Zinc finger nucleases (B)

nsneaed transfection Tagld RNA Hu lufugstulilaunsodanadfivarsidouas GFP meldndos
qanssntl FatueldiBnns transfection iefuilifionemen Targeted DNA template way wanadio
dw3U Zinc finger nucleases Wngiwas 14 7.5 pg vosnanaiin pCS2-5'ZFN uag pCS2-3’ZFN wag 5
pg Uaslinearized/targeted DNA template dix3b



183910 transfection Waguemsiasagadesmidluiun 3 waz 5 Mntuuasuduemsiass

sala v = Y v Y| A & &l v =~
\waademuIaTn G418 ANUNTY Ime/ml Tudui 7 uazildguamsidgaraafinaue1muIagnyn
3 Ju \dewioludn 20 Ju Fmealvien Wesialauasu 45 Ju Jadwasaunainfioue wasnagay
lesion TuRleuLasie7s PCR

Weanndiunaneadunn (95% confluency) lunguvaaes 331015 subculture wagiiuLBaHNY
wielwdui 21, 30, wag 45 Jundsannnisyin Transfection

I Check GFP+

I in control All control cell
I On G418 cg;goof;e ° Off PCR screening
Transfection | jCheck Flag 1mg/ml I G418 for lesions
1
v oo \’ v v ¥
L @ @
do di d7 d21 d30 d45

@ subcultured

=1

SUN 15 Timeline 989N15VMAABUMAANAI91A Transfection
aun 1>

Targeted
Inserted Neo"

Wildtype e “

5Ufl 16 NM3nTI9dUwasH87S PCR Tneld Primers 2F — 3R: DNA ladder 1kb, Ln1 = Cells after

G418 selection, Ln2-3 = Control cells (negative), Lnd = Positive control (plasmid) NUIWGAALN
Targeted insert az wildtype lTutszunsaanuenasiasnIunsAnaenaly G418

naey lesion Tufileueseds PCR Tagld Primer 2F way 3R (U7 3) wuin fwadiiAnnisdeuues
Aiowelneld Targeted DNA template 7ililU Tneaznu PCR products vwnalwajiu 2kb (insertion) 39
WANAINTLUIAVEY wildtype gene 7 amplified léann primers v;jif wikilenaaeude Primer 1F waw
4R Tinalduau



4. ayduaziansalnaniannass wazdaiauauuzdmniunudeluauian
fAfoannsnagUnansmasedlddutedosldfeluil
4.1 fideuszauanudiialumaniouanamiondwiuanuddenediusngn fail
- malsslanduiil fannsaduiuglianls Tneflaladuesuaranswus Tuebingen, AB uay
anwew Tu-AB %o TAB il reproductive soundness ﬁﬁﬂ’imwﬁuﬁ:iﬂimmﬁﬁu inbred line
- ulanaralsy wieldlunisuauiuy In vitro fertilization éegsiiuszansnm
- WATTUUNIANASWAIgoUIEEY 1 \wad laagaliuszdnsnin
- wasruuNmEIngdssaduia primary cell culture Indhgeuasan TngUsuusoms
doaadduriafild Hepes buffer naununsld bicarbonate buffer fifoadesluguuii
msuaulneanlen wazil G418 kill curve waneasa
- LATTUUNIIN transfection Tulwad
- ynsawadidlduaiuuu non-enucleation nuclear transfer (L‘ﬁ'mmﬂﬁmm laser system 7
aztunlelunsii laser-assisted ablation of egg genome

4.2 Q’%ﬁ’a‘lzjﬂszaumméu‘éﬂuﬁﬂLﬁumﬁaﬁ'&lﬁiammﬁLaual"ﬁu%'aLauaiﬂiamﬁ%’aﬁaﬁ

~lilgansonaneadfenduannisnsitaue (Mmsaafseulazdaueniasuyadansew)
dlosnnuenuinUnfivesdiseuiildiunisdaioue waversiews maindurauiain DTA gene 7ild
TUiiterfu negative selection tuvhanuluwaduessgou iliamiaunmsinauna

lylanunsandnmadiiendulaseianisii transfection Mtimainilesnngnsinisiia DNA
repair #1875 homologous recombination Husitios LLaza‘ﬁﬂ’liﬁlsi’fawaﬂajauuuiiﬁﬁqm Fous ot
nsUTulTTgasdealusdazyuIumsiivinzausely

- lailasfiunnsyin somatic cell nuclear transfer

4.3 Jorausuuy

- YUz iiEN s ILAR lesion Tudau DNA laun TALENs uay CRISPR/Cas9 7is1891uanil
AMNTUNIZNIN Zinc finger nucleases wagiinsnadouundrntglanalulan@ud iy Astununnassi
A33evilagld Zinc finger nucleases NiUsraAVEA MUATAUTIIIZURENT endonucleases seuulv
196U NMIneaesdusoluamsiasuldsustinues endonucleases 7lvinlAn lesion TudiumtouLe

- Yymndidedszaundannlasunuunniianie anunseuvesiasljians iesangided

A & 1 a = v a ua I3 a a Ql' 2
mentor MJuausyf Jslianueintuniseavieslfianslmivuunlulsewmelng denfande
AYUALIAITDIUIENAI) LU YITARDIT9ARETITN wazansiall UNASIAUIa ALY

Yo o a X o o | o a av vy oA I3 v a Y 2

- deiidaymaunmiesa sihilvldanansadnliunmsidelaseriies iWuaivglifnnisduUdos

wansadl warldszognatgnuiuniagaidunuideuanasalundazduneu
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Abstract

This chapter presents a detailed methodology for somatic cell nuclear transfer—cloning
of zebrafish. We aim to place the reader in a virtual lab experience to assist acquisition of
the technical skills required for reproducing the published protocol. All materials,
including catalog numbers for reagents and techniques for their preparation, are provided.
Our protocols describe laser inactivation of egg chromosomes, the transfer of a cell
through the oocyte micropyle, and spontaneous activation of the reconstructed embryo.
High-quality eggs are the key to cloning success, and Chinook salmon ovarian fluid is
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indispensable for keeping eggs arrested at the metaphase of meiosis II. This protocol
continues to be refined by our laboratory. However, naive investigators should be able to
apply it in its present form to generate cloned zebrafish.

INTRODUCTION

Since our first publication on somatic cell nuclear transfer (SCNT) in zebrafish
(Danio rerio) in 2009, we have been able to refine the technique as reported in
2010 (Siripattarapravat et al., 2010; Siripattarapravat, Pinmee, Venta, Chang, &
Cibelli, 2009) and later in two book chapters that followed (Siripattarapravat &
Cibelli, 2011; Siripattarapravat, Pinmee, & Cibelli, 2013). In this article, we attempt
to describe SCNT as if the reader is not familiar with the methodological steps, and
we are adding the latest refinements as of December 2014. However, the major steps
of zebrafish SCNT (also called cloning throughout this chapter) remain unchanged
and we recommend the reader to review our 2009 publication.

The technique of cloning itself is an acquired skill that requires as much practice as
patience. We usually remind students that one of the most important features of a suc-
cessful “cloner” is the capacity to rebound quickly from failure, since there is not a
single cloning session in which even the most skilled technician will not experience
it. The work must be performed in a semi-dark room, and all the motor skills required
(both hands and both feet) must be practiced to the point that muscle memory will free
the technician’s mind to make determinations as to which somatic cell is the best to
use, which is the best oocyte to enucleate, when is it necessary to change needles,
and even when is the time to take a break. Sessions last from 2 to 4 h depending
on the number of reconstructed embryos. We recommend having two people working
in tandem, with one person enucleating the oocytes and the other transferring the cell.
It is fair to say that we are still far from knowing the best approaches to obtaining the
largest number of viable clones. Nonetheless, if applied as here described, clones can
be successfully generated, thereby enabling the experimenter to begin to answer some
of the most fascinating questions regarding embryonic development, cellular differen-
tiation, nuclear reprogramming, and aging.

1. MATERIALS
1. Hank’s balance salt solution (HBSS).
1.1 HBSS
HBSS is prepared from Hank’s balanced salt, with Ca®" and Mg*" (Cat no.
B2261, Sigma), according to the manufacturer’s instructions and kept at 4°C.
1.2 HBSS with 0.5% (w/v) bovine serum albumin (H-BSA, Cat no. A8806,
Sigma).
H-BSA is prepared, filtered, aliquoted into 5-mL tubes, and kept at —80°C
until use.
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2. Chinook salmon ovarian fluid (CSOF).

We have described extensively the process of CSOF collection in our previous

publication (Siripattarapravat & Cibelli, 2011). We have access to Chinook

salmon through the Michigan Department of Natural Resources at the Little

Manistee River weir. Ovarian fluid surrounds matured oocytes in oviducts of

gravid salmonids. Any technique for collection of CSOF free of contaminants

(ie, water or fecal material) should work. We generally squeeze healthy females

to obtain eggs and the fluid simultaneously. CSOF is separated from eggs using

a strainer and kept on ice until processing. We recommend using the same batch

of CSOF for all CSOF-based solutions to be used in one cloning session.

2.1 Filtered CSOF.

The largest bottle top-filter unit with a 0.22 um filter (Cat no. 431098,
Corning) is generally used. Only small volumes of CSOF are filtered at a
time. Filtered CSOF must be kept on ice throughout this step. Aliquots of
filtered CSOF, 10 mL, are stored at —80°C until use.

2.2 CSOF with 5% (w/v) polyvinylpyrrolidone (PVP, Cat no. P0930, Sigma).
PVP is difficult to dissolve in CSOF. We recommend adding the PVP on top
of CSOF and placing it overnight at 4°C. By the next morning the PVP
should be dissolved. Homogenize the solution using a vortex at low speed,
make 1-mL aliquots, and store them at —20°C until use.

2.3 CSOF with 50 pg/mL bis-benzimide Hoechst 33342 trihydrochloride

(H33342, Cat no. B2261, Sigma).
H33342 is prepared as a 1000X stock solution (50 mg/mL of H33342 in
HBSS). When needed for staining, add 1 pL of stock solution to 1 mL of
CSOF, and vortex. Be aware that there might be a precipitate in the final
solution that could affect the final concentration of H33342.
3. Reagents for preparation of donor cells.
3.1 Laboratory of Human Carcinogenesis (LHC) basal media (Cat no. 12677,
Gibco), kept at 4°C.

3.2 TrypLE express (Cat no. 12604, Gibco), kept at 4°C.

3.3 1%(w/v) PVP in serum-free growth medium, kept at 4°C.

Growth medium is prepared using a base solution of Dulbecco’s Modified Eagle
Medium (DMEM) high glucose (Cat no. 11995-065, Gibco), supplemented
with 2 mM N-acetyl-L-cysteine (Cat no. A9165, Sigma), 1 uM L-ascorbic acid
2-phosphate sesquimagnesium salt hydrate (Cat no. A8960, Sigma), 10 ng/
mL bovine insulin (Cat no. 128-100, Cell Applications), 5% fetal bovine
serum, and 1% Trout serum (SeaGrow, Cat no. JJ80, EastCoast Bio).

4. Embryo medium.

Embryo medium is prepared as described by the Zebrafish book (Westerfield,

2000) using full-strength Hank’s balanced salt solution (Cat no. H1387, Sigma)

as a 10X stock. Filter the stock with bottle top-filter unit 0.22 pm (Cat no.

431098, Corning) and keep at 4°C. When needed, dilute 10X stock solution

with distilled water and keep it at room temperature. Adjust the pH to 7.2 with a

few drops of 1 M NaOH.
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5. Setup for micromanipulation.

5.1 Inverted microscope.
We use an ultraviolet (UV) phase contrast inverted microscope equipped with
4x and 20x objective lenses, and a 40x objective lens equipped with a
laser-drilling system. Our experience is limited to the Xyclone system
(RED-i class 1 laser product, Hamilton Thorne), but other systems that have
been used to drill the zona pellucida for in vitro fertilization (IVF) should
work. For practical purposes, we recommend footswitches to operate both
the UV shutter and the laser-drilling system. The diaphragm of the UV light
source must be set to the smallest diameter to limit exposure of the egg to
UV light.

5.2 Micromanipulators.
Any micromanipulator set that allows fine control of the glass pipettes at 40 x
magnification, such as those used for cloning in other species or for human
intracytoplasmic sperm injection (ICSI) can be used. In this case, Narishige
hydraulic (Cat no. 202ND) or Eppendorf electronic manipulators work well
for zebrafish SCNT.

5.3 Microinjectors.
Our preference is to use CellTram Air (Cat no. 5176000017, Eppendorf) for
the egg holder and CellTram vario (Cat no. 5176000033, Eppendorf) using
oil for the cell transfer needle. The “supporting needle” does not require a
connection to a microinjector.

6. Holder, supporting, and injection needles.

We custom-make our holder and supporting needles in our laboratory. For “home

made” needles we use borosilicate glass pipettes with an outside diameter of

1 mm and an inside diameter at approximately 0.58 mm (Cat no. B100-58-10,

Sutter Instrument Company). For the sake of consistency, we purchase injection

needles from Sutter Instrument Company.

6.1 Preparation of holder needle (Fig. 1).
Use a glass pipette puller (Cat no. P-2000, Sutter Instrument Company) to
pull the glass microtube and then cut the tip to a diameter of approximately
300 pm with a diamond cutter. Dip the cut edge in distilled water and sand it
with fine (No. 600) and extrafine (No. 2000) silicon carbide sandpaper.
Observe the polished edge under a microscope and continue sanding until a
straight and smooth cut with approximately 500 pm outside diameter is
obtained. Wash the needle tip thoroughly with distilled water and absolute
ethanol to remove any debris. Dry the needle and fire-polish its tip to smooth
sharp edges. Bend the needle approximately 8 mm from the tip using a
flame. The desired angle is 25—30 degrees.

6.2 Supporting needle preparation (Fig. 2).
Pull a glass pipette as described earlier and use a Microforge (Cat no. MF-
900, Narishige) to cut the tip at an outside diameter of 20 pm. Fuse the tip of
the needle by heating.

6.3 Injection—cell transfer—needle.
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(E)

500 um

FIGURE 1

Glass holder preparation steps. (A) Fine sandpaper (black), extrafine sandpaper (gray),
diamond cutter, glass microtube, and pulled glass needle; (B) polishing edges of the glass
needle with sandpapers; (C) fire-polishing edges; (D) bending to get 25—30 degrees angle;
and (E) close-up of the 500 pm outside diameter holder needle tip.

We recommend purchasing ICSI needles used with human sperm injections.
Depending on the size range of the donor cells, ICSI needles with an inner
diameter of 6—10 pm and bent at 20 degrees are most useful. We have
successfully used needles from European (Cat no. BM100T-15, Biomedical
instrument), Australian (Ref no. LISR, The pipette company), and
US companies (Cat no. MIC-50-20, MIC-8-20, and MIC-9-20, Origio).
7. Glass pipettes.

7.1 Microdispenser.
We use the microdispenser to transfer MII eggs (arrested in the metaphase of
meiosis II) in and out of a manipulation drop, ie, the place where eggs are
enucleated and cells are transferred. The Drummond microdispenser of
20 pL fixed volume (Cat no. 3-000-320) works perfectly for zebrafish MII
eggs. The glass capillary of the microdispenser must be fire-polished to
smooth any sharp edges prior to use.

7.2 Glass Pasteur pipettes with rubber bulbs.
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FIGURE 2

Supporting needle preparation steps. (A) Cutting pulled glass needle with heat at the point of
20 um outside diameter and (B) heating the tip until smoothly closed.

Nine-inch glass Pasteur pipettes (Cat no. 14672-380, VWR) are cut and fire-
polished to reduce their internal tip diameters to approximately 2 mm. These
pipettes are used for transferring eggs and embryos between different so-
lutions at low power under a stereomicroscope.
8. Miscellaneous items.

8.1 Stereomicroscope.

8.2 Warm plate and incubator, set at 28.5°C.

8.3 Mineral oil (Cat no. M8410, Sigma).

8.4 Fluorinert (Cat no. F9755, Sigma).

8.5 Glass rod for squeezing female and male fish.

8.6 Kimwipes (Cat no. 06-666A).

8.7 Dark-moist chamber.
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8.8 Falcon plastic dishes, noncoated, 35 x 10 mm (Cat no. 351,008),
60 x 15 mm (Cat no. 351007), and 100 x 15 mm (Falcon, Cat no.
351,029).

8.9 Cosmetic sponge with slit and glass microcapillary for milt collection.

8.10 MS222 (Cat no. A5040, Sigma) (Westerfield, 2000).

8.11 Fish breeding box. Any breeding apparatus that allows a single mating pair
setting can be used.

Remarks: Unless otherwise indicated, all procedures are carried out at room

temperature (23°C).

2. METHOD

We summarize the process below in chronological order.

2.1 FISH BREEDING

We have found that the single most important factor determining the success of
zebrafish SCNT is egg quality. Assuming that you are working with the Association
for Assessment and Accreditation of Laboratory Animal Care International
(AAALAC)-approved animal facility and are working under the animal husbandry
conditions described by the zebrafish book (Westerfield, 2000), we also recommend
the following animal care steps. Breeder fish should be fed three times daily, at least
twice with live hatched brine shrimp (atremia) and once with supplements such as
cyclops, worms, and spirulina. Use eggs from 6- to 15-month-old females of an
outbred line such as TAB (F1 cross between Tiibingen and AB). Select male/female
pairs that breed well in a breeding apparatus and monitor the quality of eggs
(as measured by percentage of fertilized embryos). Other characteristics of
good breeders include bright skin coloration—golden/black stripes for males and
silver/black stripes for females. Females should be allowed to breed regularly every
5—7 days and should ideally yield fertilization rates >90%.

Late afternoon on the day before cloning, prepare approximately 10 breeding
pairs, which should be sufficient to obtain, at minimum, 60 to 70 high-quality but
unfertilized, eggs for each individual who will perform SCNT the following day.
The male and female must be kept in a breeding tank but separated by a screen to
avoid premature mating.

On the morning of the cloning procedure, immediately after the room light
comes on, remove the screen separating the male and female in each breeding
tank, working with two or three tanks at a time. Continuously observe the mating
behavior of each pair. Typically, the male will chase a gravid female and, if the
courting is successful, she will lay eggs multiple times. After the female releases
eggs a couple of times, remove the male from the tank. Prepare the inverted micro-
scope and the micromanipulation tools. Then proceed with the collection of eggs not
yet released by each female (squeezing).
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FIGURE 3
Typical setting of the manipulation drops under mineral ail.

2.2 PREPARATION OF REAGENTS

Once you know that you have at least one female able to provide matured eggs, thaw
your stock solutions and CSOF. Most of reagents can be thawed in a water-bath at
room temperature including filtered CSOF, 5% PVP in CSOF, H-BSA, and MS222.
The egg staining solution is freshly prepared at this point by adding 1 pL of stock
H33342 to 1 mL of CSOF, vortexing, and storing in the dark until use. Keep the
remaining CSOF for egg collection and washing solution. Prepare the manipulation
drops—two middle drops of 5% PVP-CSOF, and three left-side drops of 1% PVP
media—then overlay these drops with mineral oil (Fig. 3).

2.3 SET UP THE MICROMANIPULATOR

Test the laser beam and adjust its target alignment prior to setting the glass needles.
To test the laser, mark a glass coverslip with a black, erasable-ink marker and place it
on a 100 x 15 mm petri dish, thereby emulating the distance between the laser and
an egg’s chromosomes. When the laser is properly adjusted, the laser pulse will pro-
duce a small hole in the black ink.

Connect the egg-holder needle to the CellTram pneumatic microinjector and po-
sition the needle within the field of view of the microscope using the 4 x objective.
The holder needle should be positioned on the left side at 9 o’clock. Fill the injec-
tion-cell transfer needle with fluorinert (Cat no. F9755, Sigma) and connect it to the
oil-filled CellTram vario. The injection needle should be on the right side of the field
of view, at 3 o’clock. The supporting needle must be set almost parallel with the in-
jection needle, somewhere between 2 and 3 o’clock within the field of view (Fig. 4).
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FIGURE 4

Setting of glass needles used for micromanipulation. (A) Stage view showing holder needle on
the left and injection and supporting needles on the right and (B) microscopic view of the
needles described in (A) at 4x.

2.4 EGG COLLECTION

Return to the breeding tanks to determine whether the eggs that were released by
each female are fertilized and developing. At this point in time, they should be at
the two-cell stage. The best quality eggs should have a fertilization rate close to
100%. These observations determine the female(s) that you are going to squeeze.
Prepare MS222 according to the Zebrafish book (Westerfield, 2000). Place 1 mL
of CSOF in a 35 x 10 mm petri dish and set it aside for egg collection. Place female
fish in the MS222 bath until fully anesthetized. As soon as slow movement of gills and
fins is observed, rinse each female briefly in fish water and place her on a
Kimwipe towelette. Hold the fish gently and belly-up in the folded Kimwipe with
the mid-body between your thumb and middle finger. Dry the posterior part of the
body (including pelvic fin, anal fin, dorsal fin, and caudal fin) with another
Kimwipe to remove residual water that will prematurely activate the eggs. Position
the female over the edge of the 35 mm petri dish in such a way that the genital opening
is almost touching the CSOF and squeeze the female’s abdomen gently with a glass
rod to release eggs into the CSOF. Make a small caudal fin biopsy while the female is
under anesthesia and then place her in fish water until she fully recovers. The section
of fin that was removed should be kept frozen at —20°C for DNA analysis. Place
breeders that have shed milt or eggs together in an isolation tank and leave them un-
disturbed for at least four weeks. After this period they can again be used as donors.
The unfertilized eggs that were collected by squeezing females should be at the
MII stage of meiosis. High-quality eggs will appear yellowish and uniformly agra-
nular, and their chorions will be intact and in direct contact with the cell membrane
of the egg. If you observe eggs that have granular cytoplasm and/or have detached
chorions, we recommended that you discard the batch, even if good quality eggs are
present. Assuming that you obtain good eggs, carefully move them to the H33342
staining solution using a glass Pasteur pipette and rubber bulb. Avoid carryover of
excess CSOF when moving the eggs since it will dilute the staining solution. Let
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the eggs settle in the H33342 solution by gravity. Place the 35-mm dish with the eggs
in a dark-moist chamber at room temperature for 20 min. Finally, transfer eggs to
2.5 mL of CSOF in a 35-mm petri dish and place them in the humidified, dark cham-
ber until use.

Note: It is important to use the H33342 product described in the Section 1 (Cat
no. B2261, Sigma). If you have difficulty obtaining a strong DNA signal, consider
remaking the stock solution according to the solubility reported in the H33342 spec-
ification sheet.

2.5 DONOR CELL PREPARATION

Prepare the donor somatic cells while eggs are in the H33342 solution (20 min).
Donor cells can be obtained both from embryonic tissue and from cultured cells. Me-
chanical dissociation is best suited for embryos at early stages (<24 h postfertiliza-
tion; hpf). Use TrypLE express to dissociate cultured cells or to release cells from
embryos beyond 24 hpf. Use LHC medium to inactivate the enzymes. Wash cells prior
to centrifugation at 3500 rpm for 3 min using growth medium (DMEM) and resus-
pend the cells in a solution of 1% PVP in serum-depleted growth medium.

2.6 MICROMANIPULATION

The zebrafish egg is approximately 800 pm in diameter, much bigger than a human
or bovine egg (~ 120 um), and manipulating it under an inverted microscope re-
quires some modifications from the conventional setup for mammalian species. In
addition to a larger egg holder needle in the left manipulator, two parallel nee-
dles—the supporting needle and the injection-cell transfer needle—are needed in
the right manipulator. The two needles in the left manipulator resemble a pair of
chopsticks at a fixed angle. The holder needle, injection-transfer needle, and sup-
porting needle enable you to control the rotation of the egg in all directions.

Transfer stained eggs to the manipulation drop containing 5% PVP in CSOF us-
ing the microdispenser. The goal is to maneuver the egg with the “chopsticks” to po-
sition the micropyle (sperm entry site) at the bottom of the petri dish. The micropyle
also indicates the region where the egg’s chromosomes are located, usually within
10—20 pum in any direction. Once the desired position is achieved, the egg is secured
in place using suction from the holder needle on the left. The PVP in the manipula-
tion drop slows movement of the egg.

To perform the laser-assisted enucleation, the operator first positions the micro-
pyle at the bottom of the petri dish using the 4x objective and UV illumination. In
this position, the stained metaphase plate is obvious, and the laser beam is more
effective. After aligning the micropyle, switch to the 40x objective equipped with
the laser. Identify the metaphase plate (ie, the oocytes chromosomes) using only a
few seconds of UV exposure, then trigger the laser. This step requires some practice
because the left joystick, which controls the egg holder and thus the movements of
the micropyle, must be moved very slowly to re-align the metaphase plate under the
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laser’s target zone without losing grip on the egg and without exposing the egg to
excessive UV light. At maximum power, the laser beam will raise the temperature
at the center of the target to 400°C. With the Hamilton Thorne laser system, we
recommend using 100% power and delivering two consecutive pulses of 500 ps
each aimed directly at the metaphase plate. Depending upon the dexterity of the
operator, one can perform 5 to 10 enucleations at a time (1 min per egg) before mov-
ing to the next step, cell injection.

To inject the somatic cell, the micropyle must be positioned in the equatorial re-
gion at 3 o’clock in the field of view in direct alignment with the transfer needle. The
donor cell is delivered through the micropyle to minimize an injury to the recipient
egg and to limit the injection volume. At the sperm entry site, the micropyle coin-
cides with the region where the animal pole will develop. The micropyle is shaped
as a funnel with the larger opening facing the outside of the egg. At its smallest, the
micropylar pit accommodates only a single sperm. Since the pit is small, one should
break the donor cell membrane using the injection-cell transfer needle. Chose a sin-
gle donor cell, break its plasma membrane, and transfer the broken cell to the enucle-
ated oocyte. Using a broken cell rather than a naked nucleus helps prevent clogging
the transfer needle.

The alignment of the egg for cell injection is important. The micropyle should be
positioned using the 4 x objective in the equatorial region at 3 o’clock facing the in-
jection needle. Secure the egg using gentle suction on the holder needle. Switching
to the 20x objective, confirm that you can see the whole shape of the micropyle as if
you are looking at a longitudinal cut of the funnel, from the largest opening to the
smallest. Lock your focus point and bring into the same focal plane the injection
needle, with the broken cell already loaded. Use the z-axis joystick control to
move the needle into position near the micropyle. Then, and only then, attempt to
go through the micropyle. Do not use excessive force; too much resistance indicates
that you have not aligned the injection needle with the longitudinal axis of the fun-
nel. If you encounter this problem, release the suction on the egg holder needle, re-
turn to the 4 x objective, and reposition the micropyle to establish better longitudinal
alignment of the micropyle with respect to the injection needle. Returning to the
20x objective, re-attempt to insert the injection needle into the micropyle. Success-
ful insertion is recognized by the absence of resistance as the needle penetrates the
egg cytosol. Inject the smallest amount of medium that guarantees delivery of the
cell into the egg. Due to the lack of transparency of zebrafish eggs, the release of
the somatic cell into the cytosol cannot be seen. You must rely upon visual observa-
tion of the distance traveled within the injection needle by the meniscus formed at
the fluorinert/manipulation medium interface. Once you have determined that the
donor cell has been transferred, gently remove the injection needle.

2.7 ACTIVATION OF RECONSTRUCTED EGGS

Rinse the reconstructed eggs twice using CSOF and incubate them for 15 min at
room temperature in a dark-moist chamber. Immediately prior to activation of the
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egg, rinse the reconstructed eggs twice with H-BSA, then transfer them into embryo
medium, and place them in a 28°C incubator. Monitoring and recording of the devel-
opment is done daily throughout the development phase until they are moved to the
conventional fish tanks. It is important to remove all embryos that show signs of
abnormal or no development. Alternatively, one may move healthy embryos to fresh
embryo medium each time development is monitored.

2.8 IN VITRO FERTILIZATION AT THE END OF THE SOMATIC CELL
NUCLEAR TRANSFER PROCEDURE

We described previously the method for determination of egg quality via natural
fertilization while eggs were squeezed from the donor female for SCNT. An equally
important control is to perform IVF on unused eggs from the same SCNT batch. This
should be done at the end of the SCNT procedure to ascertain whether the squeezed
eggs decayed in any fashion during the SCNT session. Depending on the level of
expertise of the operator, SCNT can last between 2 and 4 h, during which the
eggs can lose potency. A fertilization rate of >70% after completion of SCNT indi-
cates that the eggs retained their developmental potential while they were kept in
CSOF awaiting use.

2.9 CONFIRMATION THAT A “CLONE” IS A REAL CLONE

Cloned fish and the somatic cell donor must have identical phenotypes and geno-
types. Phenotypic screening can provide evidence that the clone originated from
the somatic cell donor. However, it is restricted to instances in which the phenotypes
of the egg donor and the somatic cell donor are quite obvious; for example, when the
egg donor is wild-type TAB and the cell donor is either a golden or casper mutant.

To evaluate the stability of the cloned genome, one should obtain a karyotype.
Replication banding, which has been recommended for its accuracy in identifying
zebrafish chromosomes (Amores & Postlethwait, 1999), can be applied to cultured
fibroblasts obtained from a fin clip of the cloned fish. The most stringent confirma-
tion that a clone has been generated from a somatic cell is obtained by Single
nucleotide polymorphism (SNP) analysis. We have described polymerase chain re-
action - restriction fragment length polymorphism analysis of 11 genomic SNP
markers for genotyping in our 2009 publication (Siripattarapravat et al., 2009).
SNPs from the donor cells and the cloned animals should match 100% and be
different than those from the egg donor.
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SOMATIC CELL NUCLEAR TRANSFER IN ZEBRAFISH

Kannika Siripattarapravat

Department of Pathology, Faculty of Veterinary Medicine, Kasetsart University,
Bangkok, Thailand.
E-mail: fvetkks@ku.ac.th

Zebrafish has been widely utilized as a model organism. The cloning of zebrafish has
been successfully reported by several groups of researchers, and is a potential tool for making
genetic modified fish. Any cloning system, so far, generates cloned fish at the percentage of
efficiency in a single digit. Major parameters that limit a number of cloned-fish produced are
a stage of recipient eggs, donor cells, and an egg activation protocol.

Of all parameters, the quality of recipient eggs is the most significant. Either
unfertilized-activated eggs or eggs arrested at metaphase 11 of meiosis (MI1) have been shown
to produce cloned fish. The latter has a better control over fluctuation of maturation
promoting factors, so that recipient eggs are more stable over the course of
micromanipulation. Maintenance of MIl eggs in arrested stage depends upon quality of a
holding medium — Chinook salmon ovarian fluid. These MII eggs are with intact chorion — an
eggshell, making enucleation by a regular technique impossible. Laser targeted-ablation of
egg genome is implemented to overcome such challenge.

Zebrafish can be cloned from a variety of tissues, with subtle differences in a success
rate. Epigenetic memory of each cell type might be a reason for the minimal variation
observed. Characterization of the cell-cycle stage of donor cell, in accordance with one of
recipient eggs, could be advantageous.

Zebrafish eggs undergo spontaneous-parthenogenetic activation in seconds of contact
with spawning medium — fresh water, independent of sperm initiation. Parthenogenetic
embryos go through abortive cleavages and die, while fertilized eggs go on embryogenesis.
Although the pattern of calcium oscillations between parthenogenetic activation and
fertilization is not different, the compartmentalization of calcium in each activated egg is
distinct. Following nuclear transfer, the reconstructed eggs are subjected to spontaneous
activation. The detail differences in signaling cascades following egg activation might help
answer why fewer cloned fish survived.

Regarding cloning efficiency in zebrafish, more could be achieved. The comparative
studies in cloning of other species can warrant gradual improvement of fish cloning and later
that would bypass steps toward making knock-in/-out zebrafish.

The Thailand Research Funds (TRF), Center for Advanced Studies for Agriculture
and Food (CASAF), and Center for Agricultural Biotechnology (CAB) have supported this
work.
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INTRODUCTION

In trying to understand why cloning zebrafish is impor-
tant, we must first analyze its evolution as a model organ-
ism. A decade ago, only limited groups of researchers
were familiar with zebrafish; today, it is recognized as one
of the best model organisms to study embryonic develop-
ment, and human disease and treatment. Zebrafish, Danio
rerio, belong to the Cyprinidae family, the same family as
carps and minnows. They were extensively promoted as a
model organism by George Streisinger at the University of
Oregon, and quickly embraced by the world’s community
of developmental biologists. The Zebrafish Information
Network (ZFIN) gathers most essential information to
outreach utilization of this model organism (Bradford
etal., 2011).

Zebrafish are native to the tropical climate of Asian
countries, and were first identified in India (Engeszer
et al., 2007). Many fish strains are utilized for research,
the more popular ones being Tiibingen, AB, and wild
type. Adult zebrafish are relatively small freshwater fish,
approximately 3—4 cm in length, allowing them to be kept
in a simple aquarium system in almost any laboratory.
The desirable characteristics are fecundity, external ferti-
lization, rapid embryonic development, and a short gen-
eration interval (Nusslein-Volhard and Dahm, 2002; Zon,
1999). Zebrafish eggs are large and transparent, facili-
tating DNA injection, cell labeling, and transplantation
experiments. The embryos, being transparent and devel-
oping ex vivo, allow for the study of embryonic develop-
ment from fertilization to hatching. This characteristic

Principles of Cloning. DOI: http://dx.doi.org/10.1016/B978-0-12-386541-0.00018-7
© 2014 Elsevier Inc. All rights reserved.
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Conclusion and Closing Remarks 205
References 205

has now been extended to adulthood with the creation
of Casper, a new, completely translucent, mutant strain
(White et al., 2008).

The zebrafish represents a relatively inexpensive model
for the study of normal and pathological animal develop-
ment, genetics, physiology, aging, cell death, and diseases
(Beis and Stainier, 2006; Berghmans et al., 2005; Kishi,
2002; Pyati et al., 2007). It is also a great complement to
D. melanogaster and C. elegans for developmental biol-
ogy studies (Amsterdam et al., 2004; Driever et al., 1996;
Haffter et al., 1996). The number of genetically modi-
fied zebrafish has grown exponentially in recent decades.
According to ZFIN, to date, there are thousands of trans-
genic zebrafish expressing fluorescent proteins (Sprague
et al., 2008).

Completion of the human genome project has accel-
erated the study of functional genomics in humans, as
well as other vertebrate systems. The sequencing of the
zebrafish genome was initiated in 2001; at present, the lat-
est version, Zv9, covers 87% of the euchromatic genome.
Many zebrafish orthologues of human genes have been
identified, increasing the demand for studies of functional
genomics in this vertebrate model system. Most of the
mutant fish lines utilized to date were created from random
mutagenesis followed by large-scale and laborious screen-
ing (Wienholds er al., 2003). Target gene knockdown
is possible using antisense technology — morpholinos
(Nasevicius and Ekker, 2000). However, it is transient,
and if the inactivation of gene expression is not com-
plete, non-specific phenotypes can be observed. Targeted

197
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gene inactivation technology is being used to create new
zebrafish mutants. Zinc finger nucleases (Doyon et al.,
2008; Meng et al., 2008) and transcription activators, like
effector nucleases (Miller et al., 2010), have been shown
to produce germ-line competent mutants at reasonable
mutagenesis rates, but they are still not fully amenable to
knockin experiments (Bedell et al., 2012).

Embryonic stem cells (ESCs), used extensively to gen-
erate knockin/-out mice, have shown limited progress in
zebrafish (Ma et al., 2001; Fan et al., 2006; Wong et al.,
2011). As with other species in which ESCs are not a fea-
sible approach to make knockin/-out animals, somatic
cell nuclear transfer (SCNT) has become a method of
choice for germline genetic modifications (Kuroiwa et al.,
2002; Lai et al., 2002; McCreath et al., 2000; Richt et al.,
2007). This approach calls for gene targeting by homolo-
gous recombination in cultured cells and, subsequently,
for transferring the mutant nuclei into recipient eggs and
later producing mutant clones. Only a few research groups
have reported successful SCNT in fish species (Tanaka
et al., 2010; Wakamatsu et al., 2001; Lee et al., 2002).
Two major methods for SCNT in zebrafish have been
investigated, the main difference being the cell cycle stage
of the recipient egg: activated one-cell eggs (Lee et al.,
2002; Luo et al., 2009) versus metaphase II arrested eggs
(Siripattarapravat et al., 2009). At the moment, though, the
low rate of homologous recombination in cultured cells
and problems associated with poor developmental rates in
SCNT embryos are drawbacks for successfully implement-
ing gene targeting.

The efficiency of cloned animal production — measured
as the number of healthy adult clones over the number of
reconstructed embryos — depends upon technical aspects
as well as the success of the nuclear reprogramming the
donor cell has undergone following SCNT. It is fair to say
that, at the moment, success is a rare event. Efficiency of
cloned animal production has remained relatively low
across all species cloned; very subtle improvement has
been observed, probably as a result of streamlining the
process and not so much due to proper understanding of
the molecular mechanism underlying nuclear remodeling.
The recipient egg is arguably one of the most sophisticated
genome reprogramming units known in biology. However,
the somatic nucleus must be amenable to such influence.
It must shed its somatic cell identity by erasing its epige-
netic memory, and assume an embryonic path. The in vitro
manipulation calls for protocols that can best resemble
that of natural fertilization. When all conditions are met,
cloned animals can develop into seemingly healthy adults.
This chapter focuses on how to optimize the parameters
for zebrafish SCNT. It is aimed to help those that want to
implement the technique for the first time, as well as those
that would like to transition from a mammalian system
into the zebrafish.
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The recipient egg is arguably one of the most sophisticated
genome reprogramming units known in biology.

THE RECIPIENT EGG

The arrested egg or oocyte at metaphase II of meio-
sis (MII) is generally used as a recipient cell for cloning,
although it has been demonstrated that zygotes can be used
as recipient cells as long as they are metaphase-arrested
at the time of enucleation and nuclear transfer (Egli et al.,
2007). The MII eggs can be obtained by either in vitro or
in vivo maturation. In frogs, eggs are collected from hor-
monally stimulated females. Prior to fusing with the
somatic cell, their genetic materials are removed by
mechanical suction with a glass needle (Briggs and King,
1952) or UV irradiation (Gurdon and Uehlinger, 1966). In
mammals, oocytes are obtained from either super-ovulation
or in vitro maturation, according to species-specific prefer-
ences, and are subjected to manual enucleation. In medaka
fish, MII eggs can be isolated and X-ray irradiated prior
to being used as recipient cells (Wakamatsu et al., 2001).
Zebrafish MII eggs can be easily obtained by gentle strip-
ping from breeding sound females, as well as by in vitro
maturation in well-established media (Seki er al., 2008).
The first report of successful zebrafish cloning utilized acti-
vated unfertilized eggs (Lee et al., 2002). In a subsequent
report, we described a method that uses eggs arrested at
MII for a more efficient zebrafish cloning (Siripattarapravat
et al., 2009).

To better characterize a suitable recipient cell for
zebrafish cloning, understanding of the biology of
zebrafish eggs from the arrested mature stage until ferti-
lization is fundamental. Oogenesis of zebrafish is regu-
lated by gonadotrophic hormone (GTH). After stimulation
by gonadotrophic hormone (GTH), the oogonium enters
meiosis and starts its development. Oocyte growth is medi-
ated by GTH-I or follicle stimulating hormone. GTH-II or
luteinizing hormone is responsible for maturation of the
fully grown oocyte, including germinal vesicle breakdown,
synthesis of maturation inducing hormone, and induc-
ing ovulation. MIH stimulates synthesis of the maturation
promoting factor (MPF), and maintains it at a high level in
the mature MllI-arrested oocytes. Ovulation is completed
after the female is exposed to a male fish at dawn. It is
not clear what really induces ovulation in zebrafish upon
mating, but it is thought to be pheromones. In medaka,
hydrolytic enzymes are responsible for follicular rupture
prior to ovulation (Ogiwara ef al., 2005). The mature eggs
detach from the ovaries as denuded eggs, and are held
in the ovarian cavity until the female is ready for mating.
The eggs are released upon the natural mating behavior, at
the same time that the milt is released from the male fish.
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The gametes are then fertilized externally within a few
minutes. Over the course of a single mating, zebrafish
release eggs and milt many times.

The female fish usually holds hundreds of mature
arrested eggs in its ovarian cavity. These eggs can be
released following the natural courtship behavior of the
mating pair, or gently stripping from anesthetized females
(Westerfield, 1993). A zebrafish egg undergoes spontane-
ous parthenogenetic activation as soon as it comes into
contact with spawning media. A synthetic holding media,
Hank’s balance salt solution supplemented with 0.5%
bovine serum albumin (H-BSA), and an ovarian fluid of
salmonids, such as Chinook salmon ovarian fluid (CSOF),
have been reported to maintain MII arrested eggs for up to
1 hour (Sakai et al. 1997) and up to 6 hours (Corley-Smith
et al., 1999), respectively.

Maintenance of zebrafish eggs in holding media is
essential for keeping them at the MII stage, and these
eggs can be used for in vitro fertilization with a high
success rate. The MPF level in zebrafish eggs declines
within a few minutes following contact with water, and
subsequently the eggs exit the metaphase stage of the
cell cycle (Siripattarapravat et al., 2009). When eggs are
held in H-BSA or CSOF, however, MPF levels remain
constant, keeping the eggs at a “fertilizable” state.
Fluctuation of MPF levels as the cell cycle progresses
were observed following egg activation, either by parthe-
nogenesis or fertilization; chemical modulation of acti-
vated eggs could not maintain MPF at constant levels as
it does in MII eggs (Siripattarapravat er al., 2009). The
irregular level of MPF in activated eggs argues in favor of
using mature arrested eggs for efficient cloning. Keeping
a mature MII egg in CSOF can maintain constant high
level of MPF for extended periods (Siripattarapravat
et al., 2009), facilitating its use instead of activated eggs
as a recipient cell for SCNT.

It is generally understood that MII eggs are tran-
scriptionally silent, so that all reprogramming factors
are already presented in the ooplasm and upon activa-
tion they are summoned to support development of ferti-
lized or cloned embryos. Exposure of a somatic cell to a
mitotic oocyte will trigger chromatin condensation, an
essential step in almost all mammalian SCNT protocols
(Wakayama et al., 1998). It is hypothesized that conden-
sation of somatic chromatin may mechanically facili-
tate an exchange of chromatin-associated factors, which
could promote embryonic gene transcription. The mitotic
environment of the recipient cell primes the chroma-
tin of the somatic cell to be converted into an embryonic
one. In Xenopus, following treatment with egg mitotic
extracts, the inter-origin of replication spacing in red
blood cells was decreased to as little as one embryonic
cell as a consequence of an increase in the recruitment
of replication initiation factors (Lemaitre er al., 2005).
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This finding explains how mitotic conditions might pro-
mote somatic cell replication in cloned frogs, and why, in
some instances, serial transplantation enhances cloning
efficiency (Gurdon et al., 1975; Hoffner and DiBerardino,
1980). This evidence points to MII eggs becoming a safe
choice of recipient cells in most species.

The anatomical structure of zebrafish MII egg is dif-
ferent from the activated counterpart (Figure 16.1). The
mature arrested egg has a thick shell, called the chorion
(comparable with mammalian zona pellucida), which is
closely associated with egg cytoplasmic membrane. On
the chorion, there is a micropyle (Figure 16.1A, inset).
Scanning electron microscopy studies revealed that the
sperm of zebrafish must enter the egg through a micropyle,
a single cone-shaped entrance on the chorion (Wolenski
and Hart, 1987). The micropyle is a landmark of egg
chromosomes (metaphase plate) and the first polar body
(Figure 16.1B). At the time of exposure to water, the fish
egg undergoes egg activation independent of contact with
sperm. The sperm must find the micropyle within seconds
of ovulation, otherwise fertilization will fail. The process
is facilitated by the abundance of sperm surrounding the
egg, the micropylar grooves surrounding the micropylar
pit (Amanze and Iyengar, 1990), and the chorionic glyco-
proteins that can promote binding affinity of the sperm to
the micropyle area (Iwamatsu et al., 1997). Only one sperm
per egg can go through the micropyle (Wolenski and Hart,
1987), and when one does, a filamentous actin network in
the egg helps the fusion of the sperm to the egg at the ferti-
lization cone (Hart ef al., 1992; Wolenski and Hart, 1988).
The activated egg generally increases intracellular calcium
concentration in waves that vary in frequency and magni-
tude; these are known as calcium oscillations (Ducibella
and Fissore, 2008). In zebrafish, a single calcium wave was
recorded as soon as an egg came into contact with water
(Lee et al., 1999). A new line of evidence suggests that fer-
tilization, not parthenogenesis, activates a Src-family pro-
tein kinase, the Fyn kinase (Sharma and Kinsey, 2006; Wu
and Kinsey, 2000); calcium oscillations are separated into
two types, one that occurs at the center of the cytoplasm
and another which starts from the micropyle and diffuses
cortically throughout the cortex of the egg (Sharma and
Kinsey, 2008). The latter is shown to be a sperm-specific
calcium wave, and is different from the one triggered by
pathenogenetic activation. In both cases, an activated egg
shows indistinguishable structural changes, including exo-
cytosis of cortical granules, metaphase exit to complete
meiosis, extrusion of the second polar body, formation of
a female pronucleus, expansion of the chorion, and the for-
mation of the blastodisc after ooplasmic segregation toward
the animal pole of the egg.

The chorion of mature arrested eggs is very thick, mak-
ing it impossible for mechanical removal of chromosomes
from intact eggs and to transfer nuclei. Dechorination
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FIGURE 16.1 Anatomical structure of zebrafish egg at mature arrested stage (A-B) and after parthenogenetically activated (C-D). The

mature arrested egg has intact chorion (A) and a micropyle (A — inset) that is closely associated with the metaphase plate (MII) and the first polar body
(B). The parthenogenetically activated egg has a detached chorion and cytoplasmic stream toward its animal pole (C); it completes meiosis by extrusion
of a second polar body and subsequent formation of female pronuclei (D). Scale bar = 200 pm.

with pronase is possible, but in almost all cases will
trigger egg activation (Siripattarapravat et al., 2009).
Nonetheless, if the egg is activated, the female pronuclei
can be removed from dechorinated eggs — although tim-
ing is of the essence (Lee ef al., 2002), and at the time of
nuclear transfer, the egg should have passed metaphase of
the second meiosis division (Siripattarapravat et al., 2009).
When using mature arrested eggs as recipient cells, we
have described a technique that uses laser-assisted inac-
tivation of the egg genome and cell transfer through a
micropyle (Siripattarapravat et al., 2009). We found that
the MII eggs can be held in CSOF for up to 6 hours, and
that the Hoechst 33342-stained metaphase plate can be
target-ablated with laser firing pulses (Figure 16.2A, B).
The cytoplasmic membrane of the somatic cell can be
gently broken in a glass needle and transferred through a
micropyle to the animal pole of the egg — the region that
is closely associated with a place where female and male
pronuclei usually fuse (Figure 16.2C, D). Egg activa-
tion can be triggered 15 minutes later in water. Since the
chorion is an innate shield of zebrafish embryos, it helps

cloned embryos to tolerate in vitro micromanipulations,
and subsequent embryonic development.

The term “inactivation” is used to describe the outcome
of target ablation of the egg genome using laser-firing
pulses. Removal of the metaphase plate is conventionally
performed by micropipetting or irradiation, and is referred
to as enucleation. We have extensively characterized and
validated laser ablation as an efficient approach to inac-
tivate the egg’s genome. The main concern is a complete
absence of the egg’s maternal genome in resulting cloned
embryos (Siripattarapravat et al., 2009). The laser system
applies high heat transiently, with manageable time and
frequency, to the target, allowing for powerful ablation of
the target with minimal effects on the surrounding areas.
For inactivation of the zebrafish genome, isotherm rings
are set for the highest laser beam of 400°C at the center
of the Hoechst-stained metaphase plate, and for 100°C
at the outer periphery to cover all genomic areas (Figure
16.2B). Full power is applied twice, each time for 500 ps.
Since zebrafish eggs are approximately 800pum in diam-
eter, the metaphase target must be aligned closest to the
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FIGURE 16.2 Method for somatic cell nuclear transfer in zebrafish.
The egg micropyle is positioned facing the bottom of a Petri dish to visu-
alize the metaphase plate (A). The Hoechst 33342-stained metaphase
plate of the egg is ablated using the laser XY clone module (B). The areas
under red and yellow circles, when the laser-pulse is introduced by a 40x
laser-equipped objective lens, would be at 400°C and 100°C, respectively.
An individual donor cell is picked up using a beveled-tip needle (C) and
is then transferred through a micropyle to an animal pole of the egg (D).

laser objective lens to minimize power absorption into a
liquid phase (Figure 16.2A). The micropyle is an impor-
tant landmark of the egg genome, and when it is aligned
facing down towards the bottom of the Petri dish it allows
for both a minimal UV exposure time of the recipient eggs
as well as quick focus of the metaphase plate with a 40x
laser-equipped objective lens. Conveniently, the laser abla-
tion technique does not activate zebrafish eggs.

It has been shown that ultraviolet light and Hoechst
33342 have an indistinct adverse effect on the develop-
ment of cloned embryos (Siripattarapravat et al., 2009). It
is speculated that zebrafish eggs, similar to the membrane
transporter of bone marrow stem cells’ side population
(Kobayashi er al., 2007), can effectively pump out Hoechst
33342 dye, and, as such, visualization of stained DNA
continues to fade over the SCNT manipulation time. A
concentration of 50 pg/ml of Hoechst 33342 in CSOF and
20 minutes incubation is used to visualize the metaphase
plate of the egg under UV light with a 40x laser-equipped
objective lens. We found that a few seconds of UV expo-
sure time does no harm to the eggs because UV-treated
eggs give normal embryos following in vitro fertilization
(Siripattarapravat et al., 2010).

We performed extensive validation when developing
this new technique. We had to confirm that laser ablation
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was indeed efficient in inactivating the egg genome.
Following spontaneous activation, DNA-stained laser-
treated eggs revealed only the clump of chromatin remain-
ing in the egg cytoplasm, without extrusion of the second
polar body. We did not track the fate of burnt/denatured
DNA over the course of hours after attempting partheno-
genic activation due to the degradation of the egg itself,
but in the case of SCNT, the denatured DNA is likely to be
subject to degradation later on.

Zebrafish with the golden phenotype have mel-
anocytes with less melanophores in each cell, so their
skin has a lighter color (“golden”) which is caused by
homozygous mutation of the SLC24AS5 gene — an orthol-
ogous gene partly responsible for human skin tones as
well (Lamason er al., 2005). SLC24A5 is a recessive
gene, so the heterozygous mutant will display a dark
stripe, as does the wild type. The combination of recipi-
ent eggs from wild-type lines coupled with donor cells
of golden fish can facilitate the screening of cloned
embryos with golden phenotypes, and confirm efficient
inactivation of the egg genome by targeted laser ablation
(Siripattarapravat et al., 2009).

During the development phase of this new protocol we
used homozygous golden strain (Lamason et al., 2005)
somatic cell donors transferred into laser-ablated eggs of
wild-type or transgenic histone H2A tagged with green
fluorescence protein zebrafish (Pauls er al., 2001). All
cloned embryos had the golden phenotypes. We also gen-
otyped all cloned zebrafish, using 11 SNP markers. SNPs
of the cloned zebrafish matched those of the cell donor
but not those of the female from which recipient eggs
were obtained. Adult cloned zebrafish produced by this
technique had normal karyotypes, and, when backcrossed
with golden individuals, gave rise to fertile offspring, all
of which possessed golden phenotypes (Siripattarapravat
et al., 2009).

Cloned animals are expected to have the genomic DNA
identity of the cell donor and the mitochondrial DNA
identity of the egg donor. In some instances there can be
remnants of mitochondrial DNA from the donor cell,
but at very low levels. The mitochondrial DNA contains
hypervariable regions that are used for tracing a maternal
linage. Zebrafish lines used for cloning experiments, how-
ever, show uniform DNA sequences of the D-loop region,
a well-known hypervariable region of mitochondrial DNA
(Siripattarapravat, unpublished data), making it impractical
to track an egg donor. The nuclear DNA of cloned animals
however, can be evaluated using microsatellite markers
(Spence et al., 2006) or SNP markers (Siripattarapravat
et al., 2009). Genetic analysis using microsatellite mark-
ers requires more sophisticated instruments than those
used during SNP analysis. The single nucleotide poly-
morphisms can be easily identified and tested using poly-
merase chain reaction with restriction fragment length
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polymorphism (PCR-RFLP), requiring much simpler tools.
A SNP database of zebrafish is readily available online at
the National Center for Biotechnology Information (Sayers
et al., 2010). Using PCR-RFLP for 11 SNP markers, we
found that our cloned zebrafish had the genetic identity of
cell donors but not of egg donors (Siripattarapravat et al.,
2009). SNP analysis also provided more evidence that
no genetic trace of the egg donor remained in developing
cloned zebrafish when laser ablation was used. Further
investigation revealed that cloned zebrafish had normal
karyotypes, were fertile, and could produce fertile off-
spring that carry their genetic trait, and this substantiates
such a technique (Siripattarapravat et al., 2009).

We have shown that it is possible to use MIl eggs as recipi-
ent cells for zebrafish cloning provided that all manipu-
lations are performed in a “holding medium” that can
maintain high levels of MPF activity for at least 2 hours after
isolation of the eggs from the ovary.

We have shown that it is possible to use MII eggs as
recipient cells for zebrafish cloning provided that all
manipulations are performed in a ‘“holding medium”
that can maintain high levels of MPF activity for at least
2 hours after isolation of the eggs from the ovary. The
synthetic holding medium described previously by oth-
ers (Sakai et al., 1997) is not as good as the natural ovar-
ian fluid of salmonids. We have observed that when
using synthetic medium, the quality of the eggs declines
within an hour after collection (Sakai er al. 1997); CSOF,
when used as holding medium, can extend the quality of
the eggs for up to 4-6 hours (Corley-Smith et al., 1999;
Siripattarapravat et al., 2009). Unfortunately, CSOF is not
commercially available and must be obtained from a direct
source, if possible. We have found that the quality of the
fluid can fluctuate depending on the collection technique
and the health of the Chinook salmon females. While the
ionic composition of CSOF has been reported (Rosengrave
et al., 2009), to date there is a lack of proper understanding
regarding how the fluid works to maintain the zebrafish
egg at the MII stage. More work needs to be done to
develop a synthetic ovarian fluid of stable quality for the
purpose of egg manipulation in zebrafish.

THE DONOR CELLS

The cells used for cloning experiments are either freshly
isolated or primary cultured from variety of adult and
embryonic tissues. The recurring success of cloning
experiments has proved that genomic DNA of differen-
tiated cells remains constant from the embryonic stage
throughout to adulthood (Cibelli, 2007). In mammals,
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almost any cell tested has been demonstrated to be capable
of producing cloned animals. The success rate is notice-
ably different from one cell type to another (Rideout et al.,
2000; Oback, 2009; Oback and Wells, 2007), and the main
characteristic is that the percentage of live births over the
number of cloned embryos made is always in single digits,
regardless of the cell type. Differences in epigenetic sta-
tus among cell types used are most likely responsible for
such variations, and epigenetic memory in somatic cells
(Ng and Gurdon, 2005, 2008) as well as technical factors
are ultimately responsible for the outcome. In addition,
full synchronization between the donor cell cycle and the
recipient cell is an important parameter that was clearly
demonstrated by Campbell and colleagues in their paper
describing the generation of the first cloned transgenic
sheep produced from a cultured cell line (Campbell et al.,
1996) and, later, on cloning an adult individual (Dolly)
(Wilmut ef al., 1997), and should be taken into account in
zebrafish cloning as well.

Cloned zebrafish originated from cultured of embryo-
derived cells (Lee et al., 2002), freshly isolated cells from
embryos, and cultured adult fin cells (Siripattarapravat
et al., 2009). Even though it has been demonstrated that
cells isolated from specific tissues can give rise to cloned
zebrafish at different developmental rates (Siripattarapravat
et al., 2010), to date, the reason underlying such variation
of cloning efficiency in zebrafish is not understood.

The different plasticity of the epigenetic state among
donor cells is likely to facilitate cellular reprogramming
at different levels. There is evidence of epigenetic modi-
fication enzymes in zebrafish, which suggests their role as
gene expression regulators in early embryogenesis (Lan
et al., 2007; Mhanni and McGowan, 2004; Yokomine
et al., 2006; Andersen et al., 2012; Lindeman et al., 2010).
The first zygotic transcripts appear as early as the first cell
division (approximately 20 hours) in mice and at the sixth
cell division (approximately 2—4 hours) in frogs and fish
(Tadros and Lipshitz, 2009). The midblastula transition, an
initial switching point of maternal to zygotic gene expres-
sion, starts, in zebrafish, at 2.5-3 hours post-fertilization
(Kane and Kimmel, 1993). Many genes are shown to be
newly transcribed at this point (Mathavan et al., 2005;
O’Boyle et al., 2007). Donor cells of any somatic origin,
in zebrafish cloning, must be reprogrammed and start
embryonic gene expression within a few hours following
egg activation. Successful cloned fish development would
require turning off genes of differentiated cells, switch-
ing on the embryonic genes, and bypassing to a rapid cell
division of early embryonic cells. Cloned zebrafish, at the
dome stage, were reported to have differential expressed
genes from those of fertilized counterparts (Luo er al.,
2009). The limited time to complete such tasks might lead
to dysregulation of early embryonic gene transcription in
most cloned embryos (Luo ef al., 2009), and only a few
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are capable of developing into seemingly healthy adult
fish (Lee et al., 2002; Siripattarapravat et al., 2009, 2010).
Chemical modulation of global epigenetic status has
proven successful in increasing the efficiency of cloned
mice (Kishigami et al., 2006, 2007; Thuan et al., 2010). Its
effectiveness in zebrafish remains to be investigated.

Zebrafish cloning efficiency is higher when donor cells are
freshly isolated cells from embryos, rather than cultured of
adult cells.

We found that zebrafish cloning efficiency was
higher when donor cells were derived from freshly iso-
lated cells of embryos rather than cultured adult cells
(Siripattarapravat et al., 2009). Zebrafish embryos develop
very rapidly during the first hours after fertilization. The
cells used for SCNT are selected from a pool of cells,
making it difficult to determine the exact origin and cell
cycle stage of such cells. Although, at G1/G0, the size of
cells might be slightly smaller than cells at other stages
of cell cycle, and most of selected donor cells were small
cells (Siripattarapravat ef al., 2009), the size of cells is
not an actual indicator. Whether the cell cycle stage of the
donor cell plays an important role in zebrafish cloning is
still undetermined. The utilization of readily available
transgenic zebrafish Fucci, which can express dual fluores-
cence proteins, degradable (red and green), upon entering
each cell cycle stage (Sugiyama et al., 2009), may help in
narrowing down the choices of SCNT donor cells.

The in vitro system for culturing of cells isolated from
zebrafish has been described for both embryonic stem
cells (Fan er al., 2004) and primary cells derived from
embryos and adult tissues (Siripattarapravat et al., 2009;
Collodi et al., 1992; Driever and Rangini, 1993; Ghosh
and Collodi, 1994). Transgenesis of cultured cells can be
performed by liposome-mediated transfection and elec-
troporation; however, the latter is recommended as giving
high transfection efficiency (Siripattarapravat, unpublished
data). Homologous recombination events have been inves-
tigated and can efficiently introduce targeted gene inacti-
vation in embryos (Wu et al., 2006) and cultured cells of
zebrafish (Fan ef al., 2006). Positive and negative selection
systems for cultured zebrafish cells have been described
(Fan er al., 2006). Zinc finger nucleases have been
shown to increase the rate of the DNA repair mechanism
by homologous recombination in cultured human cells
(Porteus and Baltimore, 2003; Urnov et al., 2005). The
successful implementation of both zinc finger nucleases
(Doyon et al., 2008; Meng et al., 2008) and transcription
activator-like effector nucleases (Miller et al., 2010; Huang
et al., 2011) in zebrafish, in combination with the high rate
of DNA transfection, could enhance the success rate of
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gene targeting events in cultured cells. All the above evi-
dence suggests that genetic modified zebrafish, especially
conditional knockin/-out cloned zebrafish, might be gener-
ated from in vitro cultured and selected donor cells.

EGG ACTIVATION FOLLOWING
NUCLEAR TRANSFER

The pattern of calcium oscillation following fertiliza-
tion is important for nuclear reprogramming (Ross et al.,
2009) and subsequent embryonic development (Ducibella
and Fissore, 2008). In zebrafish, egg activation using a
hypotonic shock triggers parthenogenesis or spontane-
ous activation. Normally, zebrafish eggs undergo par-
thenogenetic activation as soon as they are released from
a female breeder, and that happens independently from
a sperm. The sperm of zebrafish must find a micropyle
within seconds after the eggs and milt have been released
from the breeders, or fertilization would fail. Activated
unfertilized eggs would undergo several abortive cleav-
ages and never make it to developing embryos. Although
a single wave of transient calcium has been recorded in
both parthenogenesis and fertilization (Lee et al., 1999),
detailed mechanisms underlying egg activation are differ-
ent. Parthenogenetically activated eggs lack calcium oscil-
lation at the cortical compartment (Sharma and Kinsey,
2008) and lack of active Fyn kinase, a Src family tyrosine
kinase, that is upstream of Phospholipase C and Inositol-
3-phosphate (Sharma and Kinsey, 2006; Wu and Kinsey,
2000). The unfertilized eggs supplemented with zebrafish
sperm extracts, following parthenogenetic activation, sus-
tain a pattern of calcium oscillation at the cortex, similar to
that of fertilization (Sharma and Kinsey, 2008).

The protocol for egg activation following nuclear trans-
fer in zebrafish calls for exposure to a hypotonic medium,
which is plain fresh water. It is possible that a recent egg
activation protocol following nuclear transfer — i.e., expo-
sure to egg water — is not sufficient to trigger downstream
pathways mimicking fertilization. This is an area that
deserves further investigation. Modulation of the calcium
oscillation pattern of activated reconstructed embryos, to
mimic that of fertilized embryos, might improve nuclear
reprogramming and increase cloning efficiency in zebrafish.

CLONING EFFICIENCY IN ZEBRAFISH

Cloning efficiency in zebrafish is shown in Table 16.1
(Siripattarapravat et al., 2009, 2010). The developmen-
tal rates of cloned embryos were recorded every 3 hours,
and, as shown here, include the blastula stage, germ ring
(entering gastrulation), 90% epiboly (complete gastrula-
tion), day 1 (complete segmentation), day 4 (hatched fry),
eating fry, and adult. Each stage of embryonic develop-
ment has been previously characterized and described in



TABLE 16.1 Zebrafish Cloning Efficiency*

Strain
of egg
donor

WT
WT
H2A
H2A
TAB
TAB
TAB
TAB
TAB
TAB
TAB

Strain of
cell donor

Golden-ET
Golden-AF
Golden-ET
Golden-AF
TuLF-ET
TuLF-AF
HGn62A
HGn30A
HGn28A
HG21c
HGn8E

Number
of SCNT
operation

4
4

Number
of eggs in
all SCNT
operations

109
125
149
193
143
207
290
225
225
256
185

Modified from Siripattarapravat et al. (2009, 2010).
'SCNT operations were performed using wild-type eggs (WT), transgenic H2AzGFP eggs (H2A) or TAB outcrossed eggs (TAB). Donor cells were isolated from either freshly dissociated tailbuds of embryos at the
15- to 20-somite stage embryonic tailbud (ET), or cultured adult fin fibroblasts (AF), from homozygous golden with AB background or Tiibingen-long fin (TuLF) fish (Siripattarapravat et al., 2009). Donor cells of
HGn62A-skin, HGn30A-hatch gland, HGn28A-skin, HG21C-fin and notochord, and HGn8E-heart, were freshly isolated from green fluorescence protein-tagged specific cells of indicated tissue (Siripattarapravat
etal., 2010). Each SCNT operation was performed with egg and donor cells from separate individuals.

Total number of embryos reaching indicated stage

(mean percentage of embryos + s.e.m.; n = number of SCNT operations)

Blastula

44 (38.7 £ 4.8)
49 (39.7 £ 6.5)
78 (51.8 + 6.0)
66 (33.7 £ 2.7)
73 (50.1 £ 10.5)
86 (37.9 +8.9)

180 (61.85 + 3.00)
146 (58.88 + 18.79)
116 (52.21 + 6.43)
147 (54.62 +9.11)
62 (33.24 + 3.95)

Germ Ring

11 (10.0 £ 2.5)
17 (13.4 £2.2)
33 (21.4 £3.9)
19(9.8 +£2.2)
36 (24.4+£7.9)
25(10.9 + 3.6)
26 (9.36 + 3.86)

39 (15.22 £ 7.01)
35 (15.15 + 3.65)
75 (27.56 + 8.20)

16 (8.82 + 1.02)

90%Epiboly

7 (6.7 +1.0)
9(7.3 £2.6)

28 (18.1 £ 4.0)
13 (6.7 = 1.4)
22 (14.7 £ 6.0)
15(7.2 £3.2)
15 (5.30 £ 1.93)
18 (6.84 + 3.46)
17 (7.51 £ 3.32)

59 (20.22 £ 6.76)

12 (6.32 + 0.66)

1 day

7 (6.7 +1.0)
2(1.7£0.9)

23 (15.0+4.2)
10 (5.3 £ 1.1)
16 (10.7 + 4.2)
7(3.3+0.7)

12 (4.27 = 1.94)
8 (3.05 + 1.53)
9 (3.95 +2.10)

39 (13.93 = 4.50)

8 (4.25 +1.26)

4 days

7 (6.7 +1.0)
1(1.0+1.0)
20 (13.0 £ 3.4)
0(0)

12 (7.9 +3.7)
1(1.8+0.4)

2 (0.74 £ 0.43)
2(0.78 £ 0.78)
4(1.74 + 0.88)
12 (4.55 £ 2.03)
8 (4.25 + 1.26)

Live (Eat)

3(3.6+2.5)

9(6.0+2.1)

0 (0)

1(0.38 £0.38)
0 (0)

2(0.95 + 0.95)
1(0.29 £ 0.29)
3(1.71 £0.61)

Live (Adult)

222+12)

1(0.48 + 0.48)
0 (0)
1(0.71 £0.71)
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detail (Kimmel er al., 1995). At the blastula stage, cell
division is a major event until approximately the tenth
cell division, when the embryo enters mid-blastula transi-
tion — the stage where the cell cycle is no longer homo-
geneous and lengthens; at this point, zygotic genes start
transcription. At the gastrulation stage, the cells begin
differentiation and migration, which is completed at 90%
epiboly; three germ layers are formed. At the segmenta-
tion stage, cells progress in differentiation, form somites,
and start organogenesis. By day 3, the embryos have fin-
ished organogenesis, hatch from the chorion, and develop
a swim bladder.

Approximately half of reconstructed embryos can
undergo rapid cell division like normally fertilized
embryos, and reach the blastula stage. Less than half of
such embryos are able to upregulate zygotic transcripts,
possibly shut down tissue specific gene expression, and
continue to differentiation and migration. Only a handful
of reconstructed embryos are finally capable of complet-
ing normal embryonic development and hatch. A thor-
ough characterization of embryos that fail to develop at
each step of development may provide clues indicating the
major barriers to be overcome during SCNT.

Many strains of zebrafish have been used as labo-
ratory animals. The most popular include wild type,
Tiibingen, AB line, and Tiibingen—long fin. These fish
lines have been examined for their potential as donor
cells in cloning experiments (Siripattarapravat et al.,
2009, 2010), and all of them are capable of giving rise to
cloned fish (Table 16.1).

Of all the parameters we have tested so far and that
are known to have an impact on the overall efficiency of
SCNT, the quality of recipient eggs seems to be the most
significant. Although we have yet to find a reliable marker
for “good” and “bad” eggs, the eggs obtained from out-
crosses of the Tiibingen and AB line, namely TAB, seem to
give the best quality eggs so far.

Wild-type, Tiibingen, AB line, and Tiibingen-long fin fish
lines have been examined for their potential as donor cells
in cloning experiments, and all of them were capable of
giving rise to cloned fish.

CONCLUSION AND CLOSING REMARKS

The first cloned zebrafish was generated in 2002 (Lee
et al., 2002), a half century after the very first cloned
frogs. We have been able to replicate such an experi-
ment, albeit with major modifications in the protocol
(Siripattarapravat et al., 2009). At this point, SCNT in
zebrafish is again being discussed as a real possibility
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for introducing multiple genetic modifications in the
fish genome, including knockin experiments. There is
still much room for improvement in increasing the effi-
ciency of zebrafish cloning. We speculate that compara-
tive studies between species will shed light on common
problems during SCNT, including that of mammalian
models.
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